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Abstract
This article aims to establish a methodological basis for aligning the parametric generation 

of alternatives with architectural evaluation criteria at the early stages of design. The study 
uses conceptual analysis, a comparison of scholarly publications, and theoretical synthesis. It 
distinguishes between dimensional variation, transformations of spatial relationships allowed 
by the model, and revision of the model structure. A sequence of problem formulation, param-
eterisation, model verification, alternative generation, and comparative evaluation is proposed. 
The study identifies conditions for combining quantitative indicators with qualitative analysis 
of functional and spatial organisation, composition, and context. The author’s contribution lies 
in relating types of design change to the conditions required for comparing alternatives and the 
procedures used to select them. The findings are theoretical and methodological; their practical 
effectiveness requires empirical validation.
Keywords: parametric modelling, architectural design, design exploration, design space, 
comparative evaluation

Introduction
Parametric modelling enables the explo-

ration of interrelated changes in a building’s 
functional and spatial organisation and its 
volumetric composition. Formalising de-
pendencies allows elements to be updated 
consistently (Jabi, 2013; Woodbury, 2010). 
However, the number of generated alterna-
tives alone does not indicate the diversity of 

architectural exploration. Numerous geo-
metric configurations may reproduce the 
same layout, while an improvement in one 
indicator may be accompanied by deteriora-
tion in other properties.

The research problem concerns the 
alignment of a  parametric model’s capa-
bilities with the grounds for architectural 
decision-making. The aim is to establish 
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a methodological approach to generating and 
comparatively evaluating alternatives at the 
early stages of design. To this end, the study 
clarifies the conceptual boundaries of para-
metric exploration, distinguishes types of 
design change, and identifies the conditions 
under which alternatives are comparable. 
The subject of the study is the relationship 
between parametric dependencies and archi-
tectural evaluation procedures.

Research Method
The study is based on a targeted analysis 

of nine publications from 2010–2025, select-
ed for their relevance to parametric represen-
tation, model flexibility, and the evaluation 
of alternatives. Available full texts were used 
alongside abstracts and publishers’ descrip-
tions for some sources; the corresponding 
claims are restricted to the information pro-
vided in those materials. This selection does 
not constitute a  systematic review. Concep-
tual analysis is supplemented by a compari-
son of parameter sets, dependencies, avail-
able transformations, and selection criteria. 
Theoretical synthesis is used to formulate the 
methodological sequence; no computational 
experiment was conducted.

Theoretical Background
Woodbury (2010) and Jabi (2013) ex-

plain the parametric approach through rela-
tionships between elements of an architec-
tural model. In this article, the design space 
denotes the set of configurations accessible 
within specified variables, ranges, and rules. 
It represents the capabilities of a  particu-
lar model rather than every potential solu-
tion to the design problem. Drawing on the 
terminology distinguished by Caetano et al. 
(2020), parametric modelling is understood 
as the representation of dependencies, algo-
rithmic design as the formalisation of opera-
tions, and generative design as the organisa-
tion of alternative generation. Optimisation 
additionally requires objective functions, 
constraints, and a search procedure.

Oxman (2017) relates parametric design 
to design thinking; Davis (2013) investigates 
model flexibility, while Harding and Shepherd 
(2017) examine meta-parametric design. Tur-
rin et al. (2011) combine parametric geome-
try with genetic algorithms. The Design Space 

Construction approach aligns problem formu-
lation, alternative generation, and the assess-
ment of their value (Haymaker et al., 2018). 
Bunt et al. (2025) address the interaction 
between design thinking and optimisation. 
These publications provide a  basis for inter-
preting the limits of variation and the grounds 
for selection in architectural terms.

Results and Analysis
Parameters and Types of Design 

Change
The architectural meaning of a parameter 

is determined by the property it represents: 
building depth describes an overall dimen-
sion, column spacing defines the structural 
and planning grid, and the position of a cir-
culation core determines its relationship to 
functional zones. The model distinguishes 
between input data, independent variables, 
derived characteristics, constraints, and 
criteria. Constraints establish feasibility, 
whereas criteria identify the relative mer-
its of alternatives. Mandatory requirements 
are separated from the architect’s working 
assumptions, the revision of which defines 
a distinct exploration scenario.

Drawing on studies of the flexibility and 
structure of parametric models (Davis, 2013; 
Harding & Shepherd, 2017), three types of 
design change are distinguished. Dimen-
sional variation alters dimensions and pro-
portions while retaining the existing system 
of spatial relationships. Transformations of 
spatial relationships alter zone adjacency, ac-
cess sequences, or circulation routes within 
the possibilities already allowed by the mod-
el’s rules. Revision of the model structure 
introduces new variables or dependencies 
to enable previously unavailable transfor-
mations. The boundary between the second 
and third types depends on the initial mod-
el: changing the number of circulation cores 
requires restructuring only if this possibility 
has not already been parameterised.

The distinction between dimensional and 
organisational change is determined by its 
spatial consequences. Moving an entrance 
constitutes a dimensional change if the access 
sequence remains unchanged; it becomes 
an organisational change when it alters the 
relationship between the entrance, shared 
spaces, and private zones. Differences in co-
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ordinates alone are therefore insufficient for 
assessing diversity. Changes in zoning princi-
ples, spatial hierarchy, and relationships be-
tween functional components are significant 
for architectural exploration.

This distinction is neither a  universal 
classification nor a  mandatory sequence of 
stages. It establishes the basis for compari-
son: dimensional alternatives are assessed in 
terms of the consequences of changing val-
ues, while organisational alternatives are as-
sessed as different spatial relationships with-
in a shared brief. After restructuring a model, 
the comparability of input conditions and in-
dicator calculation methods must be checked. 
A  common design task and shared criteria 
thus ensure comparability even when the al-
gorithmic structures of the models differ.

Organising Design Exploration 
and Evaluation

The hierarchy of parameters should cor-
respond to the scale of the question being 
investigated. The building as a  whole, its 
functional components, and its individual 
elements require different levels of detail. In-
troducing secondary variables prematurely 
complicates concept revision and the inter-
pretation of results. Analysis of individual pa-
rameters should be supplemented by testing 
their combinations: an acceptable change in 
one dimension may produce an undesirable 
outcome under a different circulation config-
uration or functional zoning arrangement.

To align problem formulation, modelling, 
and evaluation (Haymaker et al., 2018), ex-
ploration begins by defining the architectur-
al question, the limits of variation, and the 
criteria. Parameterisation establishes vari-
ables, ranges, and dependencies; conflicting 
conditions are resolved before alternatives 
are generated. Computational correctness 
and the model’s adequacy for the design task 
are checked at representative and boundary 
values. These checks address unintended 
intersections, the preservation of necessary 
relationships, and consistency with the spa-
tial concept. The sampling method, variation 
increments, and termination conditions are 
specified for alternative generation.

Feasibility checks precede ranking. Alter-
natives that violate the mandatory conditions 
being checked are rejected or revised. Compli-

ance within the model confirms only that the 
requirements represented in it have been met; 
unchecked properties remain undetermined. 
Alternatives are compared using consistent 
indicators and graphic representations with 
comparable scales, viewpoints, and levels of 
detail. Insufficient diversity or conflicting cri-
teria provide grounds for revising the model. 
Changes to the conditions require the entire 
comparison set to be re-evaluated.

The reproducibility of exploration de-
pends on documenting its conditions. The 
initial brief, variable ranges, method of gen-
erating alternatives, and reasons for rejecting 
options are retained alongside the selected de-
sign. Recording this information makes it pos-
sible to distinguish the effects of architectural 
decisions from those of model settings. Termi-
nating generation according to a specified rule 
does not imply that all possible solutions have 
been exhausted; conclusions apply to the in-
vestigated set and the adopted conditions.

Quantitative indicators require defined 
units, a  comparison baseline, and calcula-
tion rules. An aggregate assessment requires 
justification of normalisation methods, pre-
ferred directions of change, and weights. 
A  geometric quantity cannot substitute for 
the assessment of a performance character-
istic: building depth, for example, does not 
fully describe daylighting conditions. Quali-
tative analysis considers zone adjacency and 
accessibility, spatial hierarchy, proportions, 
rhythm, and relationships with the sur-
roundings. Expert assessments should rely 
on defined attributes and graphic materials; 
differences in judgement should be recorded.

To compare functional organisation, the 
proportion of circulation space is calculat-
ed against a  consistently defined reference 
floor area, while route lengths are measured 
between fixed functional points. A  shorter 
route does not necessarily provide better ac-
cessibility: changes in level, passage config-
urations, and the separation of movement 
flows must also be considered. Each indica-
tor should therefore be accompanied by an 
explanation of the property it represents and 
the aspects it excludes from evaluation.

Where criteria conflict, the sensitivity of 
the selection to weights and initial assump-
tions is examined. With multiple numerical 
indicators, non-dominated alternatives may 
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be selected: no other alternative in the inves-
tigated set performs at least as well on every 
criterion and better on at least one. This se-
lection describes trade-offs only within the 
evaluated set. The final decision requires an 
explanation of the design’s functional and 
compositional advantages and of why losses 
against other criteria are acceptable.

Compositional analysis involves compar-
ing proportions, rhythm, dominant and sub-
ordinate elements in relation to the spatial 
concept. Contextual assessment considers the 
scale of the surroundings, the character of the 
built frontage, and the organisation of open 
spaces. These properties may be described 
using expert rating scales, but the meaning of 
each scale level must be defined. An overall 
score without an explanation of the assessed 
attributes and design priorities is insufficient 
to justify an architectural decision.

The robustness of a  comparative conclu-
sion depends on whether a design retains its 
advantages when priorities are reasonably re-
vised. If changes in weights substantially alter 
the ranking, the result should be presented as 
dependent on the evaluation scenario. An in-
crease in usable floor area, for example, may 
reduce the space reserved for circulation or 
future adaptation. Choosing between such al-
ternatives requires design priorities to be stat-
ed explicitly. Weights express those priorities 
rather than establishing the universal impor-
tance of particular architectural properties.

At the conceptual stage, exploration ad-
dresses the arrangement of building vol-
umes, zoning, and access; at the schematic 
design stage, it addresses dimensions, room 
configurations, and circulation relationships. 
Further development involves coordination 
with structural, building services, and infor-
mation models. Documenting variables, the 
model version, and the grounds for selec-
tion makes the origins of a design traceable; 
transferring geometry alone does not guar-
antee the preservation of parametric depen-
dencies.

Discussion
The author’s contribution lies in relating 

types of design change to conditions of com-

parability and evaluation procedures. The 
proposed distinction clarifies when changing 
parameter values is sufficient, when different 
spatial organisations should be compared, 
and when the model should be restructured. 
It supplements existing approaches with an 
architectural interpretation of transforma-
tions and does not constitute a new optimi-
sation algorithm.

The methodological value of the approach 
lies in linking the assessment of an individual 
alternative to an analysis of how alternatives 
are generated. If a model permits only dimen-
sional changes, its results cannot substanti-
ate the superiority of the adopted layout over 
other layouts. Where spatial organisation 
changes, a common functional brief must be 
retained or its revision explicitly identified. 
This limits the unwarranted transfer of con-
clusions between different design scenarios.

Further validation should compare pro-
cesses involving participants with compara-
ble experience and defined time limits. Inde-
pendent expert evaluation of the final designs 
should complement analysis of alternative 
diversity, the reasons for model restructuring, 
and the reproducibility of calculations. The ef-
fort required to establish and revise paramet-
ric dependencies must be included in the total 
workload. This approach would allow testing 
of whether the proposed organisation of ex-
ploration provides practical advantages and 
under which conditions they arise.

Conclusions
The study establishes a  methodological 

basis for parametric exploration as an itera-
tive process that combines alternative gener-
ation, constraint checking, and quantitative 
and qualitative evaluation. Its methodologi-
cal conditions are the relevance of parame-
ters to the design task, a  common basis for 
comparison, and a  reasoned selection. The 
findings are limited by the selective literature 
base and the absence of empirical valida-
tion. Further validation requires comparing 
design processes under a common brief and 
assessing the diversity of alternatives, their 
architectural quality, and the total modelling 
workload.
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Abstract
Based on the results of the conducted studies, a method for ensuring the selectivity of ac-

etone detection has been proposed using semiconductor sensors integrated into a single unit 
containing catalysts with sufficient activity toward the analyzed mixture. The absolute and 
relative errors and variation of the analytical signal were determined in accordance with the 
parameters specified by the State Standard GOST 13320–81 and were found not to exceed the 
established limits. At a confidence level of 0.95, the total reduced error over the measured con-
centration range fully complies with the requirements of the State Standard GOST 52033–2003 
for instruments of this type and does not exceed ±1.5%.
Keywords: acetone, semiconductor sensor, catalyst, sensitivity, selectivity, dynamic 
parameter, absolute and relative errors, variation

Introduction
Acetone is a highly flammable substance, 

and its mixture with air is explosive (GOST 
2768–84). In addition, acetone is a  psy-
choactive substance that can adversely affect 
the human central nervous system (GOST 
12.1.007–76). Therefore, highly sensitive 
and rapid methods for monitoring the con-
centration of acetone in the air are required 
to ensure occupational safety at various in-
dustrial and other facilities (GOST 32419). 
The problem of acetone monitoring can be 

addressed through the development of reli-
able sensors and gas analyzers that meet all 
the required metrological characteristics. 
Semiconductor sensors and gas analyzers are 
among the most promising and reliable in-
struments and devices for monitoring com-
bustible components in gas mixtures, partic-
ularly acetone.

Experimental Results and Discussion
Based on the experimental results ob-

tained, a  method was developed to ensure 
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the selectivity of a semiconductor sensor for 
acetone in the presence of CO, H₂, and hy-
drocarbons. The proposed method is based 
on the use of sensing elements containing 
catalysts with different levels of activity to-
ward the components of the gas mixture.

Using the developed catalysts, selective 
semiconductor acetone sensors were fabri-
cated. Each sensor consisted of two sensing 

elements – a measuring element and a com-
pensation element – and two resistors con-
nected in a bridge circuit (Fig. 1).

The gas-sensitive film of the mea-
suring element had the composition 
SiO₂/ (1.0 TiO₂ + 0.75CuO), whereas the 
composition of the compensation element 
was SiO₂/ (0.25Fe₂O₃ + 0Ni₂O₃).

Figure 1. Circuit diagram of the sensor for detecting acetone in a gas mixture

1 and 2 – fixed resistors; 3 and 4 – gas-sensitive elements; 6 and 7 – heating elements for the 
gas-sensitive layer (platinum wires coated with glass); 5 – signal measuring instrument; 

8 – current source supplying power to the platinum-wire heaters.

The developed sensors enable the mon-
itoring of micro- and macro-concentrations 
of acetone in gas mixtures. When the gas 
mixture enters the sensor chamber, the mea-
suring element of the developed sensor gen-
erates a  response to CO, H₂, and acetone, 
whereas the compensation element produces 
a corresponding response to CO. Under the 
selected operating conditions, hydrocarbons 
are practically not oxidized on either sens-
ing element. Consequently, the difference 
between the signals of the measuring and 
compensation elements corresponds to the 
concentration of acetone in the gas mixture.

In accordance with the occupational safe-
ty requirements for handling acetone, the 
following main characteristics of the acetone 
sensor were determined:

a) dependence of the sensor response on 
the temperature of the sensing element (i. e., 
on the magnitude of the voltage/current 
supplied to the heating layer of the sensing 
element);

b) dynamic response of the sensor signal;
c) selectivity of the sensor toward the tar-

get component (discrimination capability);

d)  variation of the output signal over 
a  specified time interval, i. e., the change in 
the sensor response corresponding to a con-
stant acetone concentration.

The optimal sensor supply voltage was 
experimentally determined. Its dynamic and 
calibration characteristics, selectivity, and 
signal stability were investigated. A batch of 
five selective semiconductor sensors operat-
ing as part of the acetone gas analyzer system 
was used in the tests.

Experiments to evaluate the semicon-
ductor acetone sensor were conducted under 
normal, optimized, permissible extreme, and 
operating conditions. All experiments were 
performed using instruments and equipment 
that had undergone metrological certification.

The temperature of the gas-sensitive lay-
er is maintained by the current supplied to 
the heating element. Therefore, during the 
development of various semiconductor sen-
sors, the effect of the applied voltage on the 
sensor response is investigated, and the opti-
mal supply voltage is determined.

The dependence of the response magni-
tude of the semiconductor acetone sensor 
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(SAS-Ac) on the voltage applied to the sen-
sor was studied over the voltage range of 
1.0–3.5 V. Experiments to determine the 
optimal supply voltage were conducted 
under normal operating conditions using 

a  gas–air mixture containing acetone at 
a concentration of 100 mg/m³. The results 
obtained for selecting the optimal supply 
voltage for the acetone sensor are present-
ed in Table 1.

Table 1. Dependence of the SAS-Ac response on the voltage applied to 
the sensor (acetone concentration: 100 mg/m³, n = 5, P = 95%)

Sensor supply 
voltage, V

Sensor response, mV

x ±∆Х S Sr*102

1,0 0,4±0,01 0,01 2,0
1,2 0,5±0,01 0,01 1,4
1,4 0,6±0,01 0,01 1,5
1,6 3,8±0,02 0,02 0,4
1,8 7,6±0,11 0,09 1,2
2,0 8,3±0,16 0,13 1,9
2,2 8,5±0,18 0,15 1,7
2,4 8,4±0,18 0,14 1,6
2,6 8,3±0.16 0,13 1,8
2,8 8,2±0,11 0,08 0,9
3,0 8,9±0,12 0,10 1,2
3,5 7,9±0,14 0,12 1,4

The data presented in (Table 1) show that 
the optimal supply voltage for the semicon-
ductor acetone sensor (SAS-Ac) is 2.2 V. An 
increase or decrease in the supply voltage 
from the optimal value leads to a decrease in 
the useful analytical signal and a  deteriora-
tion in the selectivity of acetone detection.

Considering the intended applications of 
the sensor and the high toxicity of acetone, 
an essential requirement for its operation is 
a rapid response, i. e., a short response time. 
Therefore, the acetone sensor should have 
good dynamic characteristics.

The transient response time of the SAS-
Ac was investigated under conditions of 
a  stepwise change in the acetone concen-
tration at the sensor inlet. Gas mixtures 
containing acetone at concentrations of 
75 mg/m³ and 150 mg/m³ were used in 
the experiments. The characteristics of the 
acetone sensor were evaluated by continu-
ously recording the transient response on 
the chart tape of a  KSP‑4 recording in‑
strument.

The change in acetone concentration at 
the inlet of the SAS-Ac was also recorded on 

the chart tape and was taken as the starting 
point for time measurement.

The investigation of the dynamic char-
acteristics of the developed acetone sensor 
included the study of its time-dependent 
characteristics, particularly the transient re-
sponse processes.

Before starting the tests, the sensor 
baseline (background) signal had to be es-
tablished. For this purpose, purified ar-
gon (or  purified nitrogen) was supplied for 
10 min to five semiconductor acetone sen-
sors connected in series. The sensor signals, 
corresponding to the resistance values of the 
gas-sensitive layers, were recorded using 
a V7–35 voltmeter.

The transient response time of the SAS-
Ac was investigated under conditions of 
a  stepwise change in acetone concentration 
at the sensor inlet. Gas mixtures containing 
acetone at concentrations of 75 mg/m³ and 
150 mg/m³ were used in the experiments. 
The characteristics of the acetone sensor 
were evaluated by continuously recording 
the transient response on the chart tape of 
a KSP‑4 recording instrument.
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The change in acetone concentration at 
the inlet of the SAS-Ac was simultaneously 
recorded on the chart tape and was taken as 
the zero point for measuring the response 
time.

The experiments were conducted under 
normal conditions: a temperature of 20 °C, 
an ambient pressure of 730 mmHg, and 
a relative humidity of 60%.

In the experiments, each test point 
within the measurement range was char-
acterized by six measurements: three mea-
surements in the forward direction, corre-
sponding to the time required to reach the 
maximum signal value, and three measure-
ments in the reverse direction, correspond-
ing to the time required to return to the ini-
tial signal value.

After the analytical signal of the sensors 
reached a  constant value, the following pa-
rameters were determined as the dynamic 
characteristics of the semiconductor acetone 
sensor:

t₀.₁ – initial response time, i. e., the time 
required for the signal to reach 10% of its fi-
nal value, s;

t₀.₆₅ – characteristic time, i. e., the time 
required for the signal to reach 65% of its fi-
nal value, s;

t₀.₉ – signal stabilization time, i. e., the 
time required for the signal to reach 90% of 
its final value, s;

t(full) – total measurement time, i. e., the 
time required for the signal to reach its max-
imum value, s.

The results of determining the dynamic 
characteristics of the SAS-Ac are presented 
in (Fig. 1). As can be seen from the figure, 
for the gas-sensitive film with the composi-
tion SiO₂/(TiO₂ + 0.75CuO), the dynamic 
parameters of the sensor were as follows:

•	 t₀.₁ – initial response time: 5 s;
•	 t₀.₆₅ – characteristic time: 8 s;
•	 t₀.₉ – signal stabilization time: 13– 

–14 s;
•	 t(full) – total measurement time: 

20–21 s.

Figure 2. Dynamic characteristics of the semiconductor sensor for acetone detection

The figure shows that, for the gas-sensi-
tive film with the composition SiO₂/(TiO₂ + 
+ 0.75CuO), an increase in the acetone con-
centration in the gas mixture from 75 mg/m³ 
to 150 mg/m³ results in a slight increase in 
the dynamic characteristics of the sensor. In 
particular, the total measurement time 
(t(full)) increases from 20 to 21 s.

It has generally been established that, for 
semiconductor sensors, the time required to 
reach the maximum signal value depends on 
the heat-treatment conditions of the gas-sen-
sitive film. For the acetone sensor, this pa-
rameter was investigated within the tempera-
ture range of 250–850 °C. The dependence 
of the signal of the SAS-Ac based on 
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SiO₂/(TiO₂ + 0.75 CuO) on the firing tem- perature of the gas-sensitive material (GSM) 
is presented in (Fig. 3).

Figure 3. Dependence of the signal stabilization time (t₀.₉) on the heat-treatment 
temperature of the gas-sensitive film during acetone detection (Ca cetone = 75 mg/m³)

The figure shows that the time required for 
the sensor signal to reach its maximum val-
ue depends on the firing temperature of the 
gas-sensitive material (GSM). This time de-
creases with increasing temperature within the 
range of 250–500 °C and remains practically 
unchanged at temperatures above 500 °C.

The minimum time required for the sen-
sor based on SiO₂/(TiO₂ + 0.75CuO) to 
reach its maximum signal value was 14 s, 
corresponding to the signal stabilization time 
(t₀.₉) of the gas-sensitive material thermally 
treated at 550  °C. Considering the depen-
dence of sensitivity on the porosity of the 
gas-sensitive material, it can be assumed that 
the gas-sensitive material reaches its maxi-
mum porosity at approximately 500 °C.

The data presented in (Figure 2 and 3) 
confirm that the developed sensors are capa-
ble of rapid detection of acetone.

The reproducibility of the sensor response 
corresponding to the same constant concentra-
tion in repeated analyses was investigated us-
ing a gas mixture containing 100 mg/m³ of 
acetone. Five replicate determinations were 
performed using five sensors simultaneously.

In these studies, the sensor response was 
recorded using a  self-recording potentiom-
eter. The results of the study demonstrated 
that the developed sensor, consisting of two 

sensing elements, is characterized not only 
by high selectivity but also by good reproduc-
ibility of the analytical signal.

One of the most important characteris-
tics of gas-analytical instruments is the se-
lective determination of a  target component 
in a  mixture of analyzed gases. In the semi-
conductor sensors developed in this study, 
selectivity was ensured by selecting optimal 
operating temperatures and appropriate cat-
alysts. The selectivity of acetone detection 
using the developed sensors was investigated 
with certified gas mixtures in accordance with 
the GOST requirements for gas-analytical in-
struments intended for closed environmental 
systems and chemical industry facilities.

The selectivity of the semiconductor ac-
etone sensor (SAS-Ac) was determined at 
a temperature of 350 °C using standard gas 
mixtures in the presence of hydrogen, carbon 
monoxide, and methane. Mixture No. 1 (ac‑
etone + air) was supplied to the SAS-Ac for 
5 min, and the sensor response was record-
ed using a  digital voltmeter. Subsequently, 
mixture No. 2 (acetone + hydrogen + air) 
was supplied, and after 5 min, the digital 
voltmeter reading was recorded again. The 
same procedure was performed for mixture 
No. 3 (acetone + carbon monoxide + 
air) and mixture No. 4 (acetone + meth‑
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ane + air), and the corresponding sensor 
responses were recorded.

For each standard gas mixture, the number 
of parallel measurements was n = 5. The mean 
results obtained for determining the selectivity 
of the SAS-Ac are presented in (Table 2).

According to the obtained data, the pres-
ence of carbon monoxide (up to 830 mg/m³), 
hydrogen (up  to 604 mg/m³), and meth-
ane (up to 540 mg/m³) in the analyzed ac-
etone–air mixture does not affect the output 
signal of the acetone sensor.

Table 2. Results of the selectivity testing of the semiconductor acetone sensor SAS-Ac‑3M 
(n = 5, P = 0.95)

Composition of the 
gas mixture

Acetone found, mg/m³

SAS-Ac.№ 1 SAS-Ac № 2 SAS-Ac.№ 3

x ±∆х Sr102 x ±∆х Sr102 x ±∆х Sr102

Acetone‑563±(air, bal-
ance) 560±3 1,7 566±5 1,5 565±3 1,4

Acetone‑563±H₂-604±
(air, balance) 562±2 1,4 562±4 1,4 562±3 1,6

Acetone‑563±CO‑830±
(air, balance) 559±3 1,6 565±3 1,5 562±4 1,6

Acetone‑563±CH₄-540± 
(air, balance) 560±4 1,2 564±4 1,1 564±5 1,4

The data presented in (Table 2) demon-
strate that, within the investigated concen-
tration range, the developed sensor enables 
the selective determination of acetone. The 
measurement error of the SAS-Ac due to the 
presence of non-measured components does 
not exceed 1.5%.

Thus, a  sensor has been developed that 
ensures selective determination of acetone 
in multicomponent gas–air mixtures con-
taining hydrogen, carbon monoxide, and 
methane (natural gas) simultaneously with 
acetone. Such mixtures include various natu-
ral and technical gas mixtures, as well as gas-
eous emissions from industrial enterprises.

In all cases, the relative standard devi-
ation (Sr) due to the presence of non-mea-
sured components does not exceed 0.05. 
Within the investigated flow-rate range of 
5–50 L/h, changes in the flow rate of the gas 
mixture do not significantly affect the output 
signal of the sensor.

The output signal of the sensors is also 
independent of their spatial orientation and 
inclination angle, which makes it possible to 
classify the developed sensors as indepen‑
dent-type sensors in accordance with 
GOST 13320–82.

Conclusion
Semiconductor methods with improved 

metrological characteristics have been de-
veloped, and on their basis, a semiconductor 
sensor has been developed for the determi-
nation of acetone in the atmospheric air of 
closed ecological systems and in human ex-
haled breath, with a measurement error not 
exceeding 1.0%.

The oxidation mechanisms of combus-
tible substances (H₂, CO, CH₄, and ace‑
tone) by atmospheric oxygen in the pres-
ence of metal oxides were investigated. 
Based on these studies, the optimal nano-
composite material for the gas-sensitive el-
ement of the semiconductor acetone sensor 
was determined to have the composition 
SiO₂/(TiO₂ + 0.75CuO). The experimen-
tal results demonstrated the feasibility of 
developing highly selective semiconductor 
sensors based on nanocomposite materials 
exhibiting different levels of activity toward 
the individual components of gas mixtures. 
The main metrological characteristics of 
the selective semiconductor acetone sensor 
were evaluated.
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Abstract
Modular architectures built from containerized microservices and standards-based com-

munication layers deliver scalability and cross-plant portability to artificial intelligence sys-
tems in steel and metalworking operations. The interoperability these architectures deliver 
is a structural property of the deployment layer, separate from a statistical property: whether 
the AI models the architecture hosts generalize to a machine, material, or lighting configura-
tion different from the one they were trained on. Container-orchestration benchmarks, cross-
machine anomaly-detection studies, and steel-surface defect-detection results converge on one 
conclusion: a fully functioning modular deployment can host a model whose accuracy collapses 
outside its training distribution, and current reference architectures for industrial AI collapse 
the two properties into a single, undifferentiated claim of adaptability. Adoption decisions and 
vendor claims in this domain require two independent checklists, one architectural and one 
model-specific. Existing predictive-maintenance and computer-vision platforms already embed 
retraining pipelines that concede the model-level limit their surrounding language papers over.
Keywords: modular architecture, industrial artificial intelligence, predictive maintenance, 
computer vision, model generalization, Industry 4.0 interoperability

Introduction
Roughly 40–50% of the sensing and con-

trol assets already installed in U.S. metal-
producing facilities would need upgrading 
before an Industry 4.0‑class platform could 
run on them at all, and the equipment that 

remains typically spans several generations 
of PLCs and ERP systems built for isolated 
operation, each generation running its own 
data format (Shargaev, 2025 b).

The seam between an architecture’s in-
teroperability and a  model’s generalization 
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across the machines, materials, and lighting 
conditions that same architecture serves is the 
field’s central problem. Both properties share 
one vocabulary, adaptability and flexibility, 
which is exactly why a platform can be modu-
lar in every engineering sense and still fail the 
moment it meets a  CNC cell, alloy grade, or 
camera angle outside its training data.

Literature Review
A microservice platform built around the 

MIMOSA interoperability schema decom-
poses predictive-maintenance functions, in-
gestion, feature extraction, model serving, 
into independently deployable services that 
communicate over REST interfaces, with 
containers that can be added or removed 
while the rest of the platform keeps running 
(Nikolakis et al., 2020). This same decom-
posability turns out to be compatible with 
a stricter requirement, formal AI governance: 
a  2026 reference architecture built to satis-
fy ISO/IEC 42001’s AI-management stan-
dard defines four deployment tiers, device, 
edge, platform, and enterprise, and reports 
that this layering, validated against a  pro-
duction case, improved system traceability 
and maintenance-related downtime tracking 
while leaving the underlying microservice 
logic intact (Mateo-Casali et al., 2026).

A  reference software architecture built 
to be framework- and technology-agnostic 
was instantiated separately for three in-
dustrial partners in the automotive, energy, 
and precision-machining domains, and the 
validation reported that the three instantia-
tions produced diverging scalability and in-
teroperability requirements despite sharing 
the same underlying blueprint (Haindl et 
al., 2022). A systematic review of container-
based virtualization in real-time industrial 
systems narrows this to a measurable mech-
anism: processing latency inside an identical 
Docker container improved by a  factor of 
13.9, from 446 to 32 microseconds, simply 
by swapping the underlying kernel, and the 
standard deviation in scheduling precision 
under a demanding co-located workload ran 
two orders of magnitude larger than under 
a light one (Queiroz et al., 2023).

A  predictive-maintenance platform for 
CNC-based metal-cutting systems is present-
ed as modular because plants can begin with 

a minimal sensor set and expand later, and its 
edge layer is described, in the same sentence, 
as accommodating different hardware config-
urations while its machine-learning pipelines 
retrain themselves as new datasets accumu-
late (Shargaev, 2025 a). The first half of that 
sentence, hardware accommodation and in-
cremental sensor deployment, is an architec-
tural claim of exactly the kind Nikolakis et al. 
(2020) and Mateo-Casali et al. (2026) docu-
ment. The second half, pipelines that retrain 
themselves as data accumulates, is a different 
kind of claim: it concedes that the model must 
first see new data from the new deployment 
before its predictions earn trust there, which 
is precisely the generalization gap that Hain-
dl et al.’s (2022) diverging site requirements 
and Queiroz et al.’s (2023) kernel-dependent 
latency locate outside the architecture layer.

Trained-model accuracy in this literature 
is a  property of the specific dataset a  mod-
el was evaluated on, once the deployment 
layer is held constant and only the input 
data varies. A  one-dimensional convolu-
tional network trained on sensor data from 
CNC and machining-center assets reaches 
91.57% accuracy on held-out data from the 
same equipment, outperforming random 
forest, gradient boosting, and several other 
classifiers trained on the identical feature 
set (Athar et al., 2024); the result establish-
es a machine-matched accuracy ceiling spe-
cific to the equipment it was evaluated on. 
A  CNN-LSTM hybrid architecture for pre-
dictive maintenance reaches 96.1% accuracy 
and a 95.2% F1‑score specifically against the 
best of three named industrial sensor data-
sets, outperforming standalone CNN and 
LSTM baselines on those same datasets (Li & 
Li, 2025); the 96.1% figure is a  property of 
the three datasets it was measured on, and 
applies to CNC or metal-cutting deployment 
only to the extent a  new site’s data resem-
bles them. Steel-surface defect detection 
produces the identical pattern in a  visual: 
a YOLOv5‑based detector augmented with an 
attention mechanism and a bidirectional fea-
ture pyramid network reports accuracy gains 
on the steel surface defect categories present 
in its training set (Gao et al., 2024), specif-
ically a  mean Average Precision of 75.7%, 
a  4.2‑percentage-point gain over the base-
line model, at a throughput of 70 frames per 
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second (Gao et al., 2024); and an earlier de-
tector built specifically to address small and 
structurally complex defect targets on steel 
surfaces reports its improvement against 
that same constraint, detection performance 

measured relative to the defect population 
the model was shown during training (Zhao 
et al., 2021). Each of these four results is pos-
itive and reproducible, tied to a named data-
set.

Table 1. Accuracy figures cited in this review, each anchored to a specific evaluation set

Source Task / domain Reported 
accuracy Evaluation basis

Athar et al. (2024)

Anomaly detection, 
1D-CNN, CNC / 
machine-center sensor 
data

91.57% Held-out data from 
the same equipment

Li & Li (2025)
Predictive mainte-
nance, CNN-LSTM 
hybrid

96.1% 
(F1=95.2%)

Best of three named 
industrial sensor data-
sets

Existing AI inspec-
tion systems (per 
Shargaev, 2025 c, 
prior-art comparison)

Metal defect detection, 
single-model CNN ~97%

Trained defect types 
only; new types re-
quire new training

Shargaev (2025 c), 
invention

Metal defect detection, 
CNN + ViT hybrid >95% Known defect types 

shown during training

Gao et al. (2024)
Steel surface defect 
classification, YOLOv5 
+ SE attention + BiFPN

75.7% mAP 
(+4.2 pts), 70 FPS

Defect categories 
present in training set

Zhao et al. (2021)
Steel surface defect de-
tection, modified Faster 
R-CNN

75.2% mAP (+12.8 
pts); per-class 

range 50.1%-90.5%

Defect population 
shown during training

Figure 1. Reported accuracy figures are anchored to the 
dataset or defect population each source evaluated
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The patent for a computer-vision quality-
analysis system embedded in metal-cutting 
lines documents this same ceiling from in-
side its own prior-art comparison. Exist-
ing AI-based inspection systems, the patent 
states, reach approximately 97% accuracy on 
trained defect types, but their adaptability is 
limited to their training data, and new defect 
types require new training before the system 
recognizes them (Shargaev, 2025 c). Read 
against Athar et al.’s and Li and Li’s dataset-
anchored accuracy figures, the patent’s own 
architecture functions as an engineering ac-
knowledgment of the model-generalization 
limit: the system retrains because every ac-
curacy figure reported in this literature ties 
performance strictly to the data the model 
was shown, leaving new geometries, materi-
als, and lighting rigs to be earned through the 
same retraining cycle.

Plants adopt modular, standards-based 
architecture for reasons that sit entirely on 
the standardization side of the ledger, inde-
pendent of the generalization problem iden-
tified above; the standardization gap it closes 
is documented as severe enough on its own 
terms to justify the investment regardless of 
what happens to model accuracy afterward. 
A RESTful binding for OPC UA was proposed 

as a  lighter-weight alternative to the stan-
dard’s native service-oriented interface for 
accessing industrial data (Grüner, Pfrommer, 
& Palm, 2016), and the companion specifica-
tions built on top of OPC UA were designed 
so that devices from different manufacturers 
interpret the same variable without custom 
mapping (Schleipen, Lüder, Sauer, Flatt, & 
Jasperneite, 2016).

In U. S. metallurgy specifically, adop-
tion of OPC UA and comparable standards 
is described as uneven, with different gen-
erations of PLCs and ERP systems installed 
in the same plant still failing to interoperate 
even where a  nominal standard is present 
(Shargaev, 2025 b). This plant-level condi-
tion is what makes modular retrofit strate-
gies attractive, independent of how mature 
any individual AI model is: plants adopt 
containerized, standards-based platforms 
because the alternative, a monolithic system 
assuming uniform legacy infrastructure, 
requires exactly the uniform starting point 
these plants lack.

Discussion
Modular architecture works, and the AI 

models tested in this literature perform at 
the levels their authors report.

Figure 2. The architecture layer and the model layer
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Contrary to Haindl et al.’s (2022) fram-
ing of a  framework- and technology-agnostic 
reference architecture as a blueprint that any 
manufacturing context can adopt through di-
rect derivation, their own validation across 
automotive, energy, and precision-machining 
partners reports diverging scalability and in-
teroperability requirements at the point of 
instantiation. This is a  substantial finding: 
the framework-agnostic property holds at the 

level of documentation and component nam-
ing, while the property that determines de-
ployment cost and risk, how much site-specific 
data collection and model retraining each in-
stantiation needs, is generated by the AI mod-
els the architecture hosts. A reference architec-
ture agnostic to technology stays fully exposed 
to data, and the divergence Haindl et al. report 
across three unrelated manufacturing do-
mains demonstrates exactly that exposure.

Table 2. A two-checklist framework for evaluating modular 
AI platforms in steel and metalworking operations

Checklist Question it answers Representative 
evidence

Architecture 
checklist

Can a component be added, replaced, or scaled 
while the rest of the system keeps running?

Nikolakis et al. (2020); 
Mateo-Casali et al. (2026); 
Queiroz et al. (2023)

Model 
checklist

Has the specific trained model deployed inside 
that architecture seen data resembling the tar-
get machine, material, or lighting condition?

Athar et al. (2024); Li & Li 
(2025); Shargaev (2025 c, 
prior-art comparison)

Under this separation, the computer-
vision patent’s own retraining subsystem 
reads as the correct engineering response 
to a  limit the patent itself documents in its 
prior-art comparison: existing systems reach 
roughly 97% accuracy on trained defects but 
require new training for new ones (Shargaev, 
2025c), and the invention’s answer makes 
that retraining cycle a built-in, periodic fea-
ture of the architecture. That is a  genuine, 
self-contained contribution to the architec-
ture checklist. Set beside the four-source 
spread in Table 1, that ~97% figure sits at 
the same order of magnitude as Li and Li’s 
(2025) 96.1% and above Athar et al.’s (2024) 
91.57%, while the two visual-inspection re-
sults added above (75.7% and 75.2% mAP) 
sit roughly 20 points lower: the gap tracks 
task type, sensor-based anomaly detection 
versus image-based defect localization, at 
least as strongly as it tracks any architectur-
al choice, which is further evidence that the 
accuracy number belongs to the model-and-
task pairing.

This separation also reframes what 
standards-adoption barriers actually buy 
a  plant. When OPC UA or an equivalent 
protocol closes the interoperability gap that 
Grüner et al. (2016) and Schleipen et al. 
(2016) address, and when Ladegourdie and 

Kua’s (2022) performance evaluation con-
firms the protocol remains feasible at the 
edge, a plant clears the architecture checklist: 
components from different vendors and dif-
ferent equipment generations exchange data 
in a common format. Solving the architecture 
checklist leaves the model checklist exactly 
where it was: the persistent obstacles that 
Hamdi Alaoui et al. (2026) identify under 
the heading of model robustness and cross-
condition heterogeneity belong to the model 
checklist on their own terms, independent 
of how much standardization the plant has 
achieved. Conflating the two lets a genuinely 
modular, standards-compliant platform earn 
the label adaptive for its plumbing alone, as 
the CNC predictive-maintenance case above 
shows, while the label quietly expands to cov-
er the model running inside it.

Conclusion
The distinction between an architecture’s 

interoperability and a model’s generalization, 
the seam separating two literatures that cur-
rently share one vocabulary, resolves a specific 
practical ambiguity in how modular AI infra-
structure for steel and metalworking opera-
tions should be evaluated before purchase or 
deployment. A plant evaluating a predictive-
maintenance or computer-vision platform 
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gains little by confirming only that the plat-
form’s services are containerized, standards-
compliant, and independently scalable; the 
evidence reviewed here shows that property 
is now achievable and documented across two 
independent architectural traditions span-
ning 2020 to 2026. The same evidence stops 
short of supporting one further step: treating 
that achievement as a proxy for whether the 
specific model inside the platform performs 
on the plant’s own machines, alloys, and light-
ing rig before first collecting site-specific data 
and running it through a  retraining cycle of 
the kind the patented computer-vision system 
described above already builds in as a  first-
class feature. A  vendor evaluation checklist 
built on this distinction requires accuracy fig-
ures reported separately for the target site’s 
own defect population, material grade, and 

lighting configuration, standing apart from 
the single aggregate figure inherited from the 
vendor’s original training set. Testing wheth-
er such site-specific figures diverge from the 
vendor’s published benchmark, and by how 
much, is the next empirical step the field owes 
its adopters.

Every accuracy figure in Table 1, 75.2% 
to 97%, comes from the same hardware, 
defect population, or sensor rig the model 
trained on, including Athar et al.’s (2024) 
23.3‑percentage-point spread across ten 
classifiers. Two adoption risks in this field 
already have numbers attached: roughly 
40–50% of legacy sensing and control as-
sets need upgrading before an Industry 4.0 
platform runs at all (Shargaev, 2025b), and 
swapping a container’s kernel alone can shift 
latency by 13.9x (Queiroz et al., 2023).
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Abstract
This article examines the economic efficiency of engineering optimization of IT infrastruc-

ture in commercial companies. It analyzes the impact of technical solutions on operating costs, 
service availability, computing resource utilization, and losses associated with infrastructure 
failures and downtime. Modern optimization methods are considered, including virtualization, 
rightsizing, autoscaling, Infrastructure as Code, observability, and Site Reliability Engineering. 
Particular attention is given to current approaches such as FinOps, AIOps, platform engineer-
ing, and intelligent energy management. The role of engineering solutions in improving busi-
ness process resilience and achieving an economically justified balance between infrastructure 
costs, performance, and service reliability is also examined.
Keywords: IT infrastructure, economic efficiency, engineering optimization, FinOps, AIOps, 
observability, autoscaling

Introduction
Digital infrastructure has become an 

integral part of commercial organizations, 
since the operation of a  significant share 
of internal and customer-facing processes 
directly depends on its stability and scal-
ability. At the same time, more complex ar-
chitectures, growing volumes of processed 
data, and the spread of cloud services in-
crease the requirements for the quality of IT 
system operation. Under these conditions, 
infrastructure is no longer considered only 
as a  technical environment and is increas-
ingly becoming an object of management 
decisions related to cost control, risk man-
agement, and service quality.

The transition from mainly static infra-
structures to dynamic environments, where 
resource usage, service configurations, and 
workload patterns can change continuously, 
increases the relevance of engineering opti-
mization. This requires closer integration of 
technical decisions with economic criteria and 
supports approaches based on automation, 
forecasting, and better alignment of infrastruc-
ture resources with business needs. The goal of 
this research is to identify the main areas of en-
gineering optimization of IT infrastructure in 
commercial companies and assess their impact 
on the economic indicators of an organization, 
taking into account modern approaches to re-
source management and operating costs.

https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie
https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie
https://ppublishing.org
https://doi.org/10.29013/EJTNS-26-5-23-29


European Journal of Technical and 
Natural Sciences 2026, No 5

ECONOMIC EFFICIENCY OF IT INFRASTRUCTURE ENGINEERING OPTIMIZATION24

Section 3. Computer science

Main part. Economic aspects 
of IT infrastructure operation 

in commercial companies
Generally, IT infrastructure in modern 

commercial companies is not only the tech-
nical basis of information systems but also 
a factor that directly affects operating costs, 
business process continuity, and financial 
performance. As digitalization increases de-
pendence on computing resources, failures 
of servers, network infrastructure, or cor-
porate applications can interrupt sales and 
customer service, reduce employee produc-
tivity, and create additional costs. There-
fore, IT infrastructure efficiency should be 
assessed in terms of operating costs, re-
source utilization, and the required level of 
service availability.

The economic assessment of infrastruc-
ture traditionally includes capital and op-
erating expenses. Capital expenditures 
(CAPEX) include the purchase of server and 
network equipment, data storage systems, 
construction or modernization of facilities, 
and other long-term investments. Operat‑
ing expenses (OPEX) include electricity 
costs, maintenance, software licensing, cloud 
service payments, IT staff costs, and other 
ongoing expenses. However, the transition 
from CAPEX to OPEX does not itself mean 
higher economic efficiency. One of the em-
pirical studies showed a positive relationship 
between cloud computing adoption and com-
pany profitability and market value, although 
the nature and size of the effect differed in the 
short and long term (Chen X. et al., 2022). At 
the same time, the results of a banking sec-
tor study show a more complex picture: the 
use of cloud technologies was associated with 
higher profit efficiency, but also with lower 
cost efficiency and higher operational risk 
(Cheng M. et al., 2022).

A more complete assessment of costs can 
be provided by the Total Cost of Owner‑

ship (TCO) indicator. Unlike a  compari-
son of equipment purchase costs or a cloud 
provider’s monthly bill, TCO covers costs 
throughout the considered infrastructure 
lifecycle.

Actual resource utilization is an im-
portant factor in TCO. Overprovisioning 
helps systems handle peak loads but leads 
to payments for idle CPU, memory, and stor-
age resources, while underprovisioning can 
reduce direct costs at the expense of perfor-
mance and service quality. One study based 
on large-scale cluster data showed that when 
different types of workloads were executed 
separately, the average CPU utilization of the 
studied servers was only 29.29% for batch 
jobs and 7.4% for service jobs. Co-locating 
the workloads increased average utilization 
to 39.26%. The estimated TCO savings for 
the studied infrastructure segment, which 
included more than 4,000 machines, were 
about $600,000, while scaling the same ap-
proach to a much larger server infrastructure 
could result in savings of tens of millions of 
dollars (Everman B. et al., 2021).

One of the important components of 
economic efficiency is the availability of 
IT services. For digital business process-
es, an infrastructure failure creates costs 
that may significantly exceed the cost of the 
failed equipment itself. Losses arise from 
lost revenue, employee downtime, recovery 
of data and systems, involvement of tech-
nical specialists, penalties for violations of 
service level agreements, as well as reputa-
tional consequences (Perelekhov I., 2026). 
The reliability of IT infrastructure can be as-
sessed using several operational parameters 
that also have direct economic significance. 
The main indicators usually include Mean 
Time Between Failures (MTBF), Mean Time 
to Recovery (MTTR), Service Level Agree-
ment (SLA) and Service Level Objective 
(SLO) (table 1).

Table 1. Reliability parameters of IT infrastructure and their economic significance

Parameter Meaning Economic significance
Availability Share of time when the 

service is available.
Directly affects the probability and duration 
of business downtime.

MTBF Mean time between failures. Characterizes the frequency of infrastructure 
failures.

https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie
https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie


ECONOMIC EFFICIENCY OF IT INFRASTRUCTURE ENGINEERING OPTIMIZATION25

European Journal of Technical and 
Natural Sciences 2026, No 5

Section 3. Computer science

Parameter Meaning Economic significance
MTTR Mean time to recovery. Longer recovery increases losses caused by 

downtime.
SLA Agreed service level. Its violation may result in financial penalties 

and customer losses.
SLO Internal target for service 

quality.
Helps define the required level of reliability.

Redundancy Use of additional infra-
structure resources for fault 
tolerance.

Reduces expected outage losses but increases 
infrastructure costs.

The economic importance of downtime 
is confirmed by industry statistics. Accord-
ing to 2024 data (Uptime Institute, 2024), 
54% of respondents who had experienced 
a  significant, serious, or severe outage 
during the previous three years estimat-
ed the cost of their most recent incident at 
more than $100,000, while 20% estimated 
it at more than $1 million. The assessment 
included direct costs, lost opportunities, 
and reputational losses. At the same time, 
the growing dependence of commercial 
processes on digital services increases the 
economic cost of even relatively short peri-
ods of unavailability.

From an economic point of view, not 
only the availability percentage itself is im-
portant, but also the cost of increasing it. 
For instance, moving from 99.9% to 99.99% 
availability requires additional redundancy 
of equipment, communication channels, 
computing resources, and organizational 
recovery mechanisms. Therefore, maximiz-
ing availability at any cost is not a rational 
goal. The engineering task is to achieve 
a  level of reliability at which additional 
fault-tolerance costs are balanced against 
the expected reduction in losses from inci-
dents.

Reducing infrastructure costs without 
considering performance and reliability can 
worsen overall business results, while ex-
cessive redundancy creates unjustified fixed 
costs. Engineering optimization should 
therefore focus on an economically justified 
balance between infrastructure cost, perfor-
mance, and resilience.

Engineering methods for IT 
infrastructure optimization and their 

impact on economic indicators
Engineering optimization of IT infra-

structure is aimed at providing the required 
performance and service availability while 
using computing and financial resources effi-
ciently. Basic methods include server consol-
idation through virtualization, which makes 
it possible to increase equipment utilization 
and reduce costs for its purchase, power sup-
ply, cooling, and maintenance (fig. 1).

However, excessive consolidation can re-
duce performance because virtual machines 
compete for shared resources. In cloud and 
virtualized environments, rightsizing helps 
align allocated CPU, RAM, and other re-
sources with actual demand while preserving 
the required performance margin.

Containerization and orchestration 
systems provide more flexible resource man-
agement and allow individual application com-
ponents to scale independently. The greatest 
economic effect is achieved when containeriza-
tion is combined with autoscaling. One study 
proposed joint horizontal and vertical scaling 
of containers and virtual machines while con-
sidering placement costs (Entrialgo J. et al., 
2024). In experiments on a real application, the 
resulting configurations were approximately 
20% cheaper than those produced by the stud-
ied heuristic resource allocation algorithms.

Another study showed that the use of 
ML for cloud resource management reduced 
the number of QoS requirement violations 
by up to 80% compared with previously 
used algorithms, while virtual machine us-
age decreased by 3–50% depending on the 
experimental scenario (Pintye I. et al., 2024). 
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Thus, workload forecasting makes it possible 
to reduce both the amount of excessively re-
served capacity and the probability of service 
degradation. Component redundancy, load 

distribution, data replication, and automatic 
failover reduce expected losses from failures, 
although they require additional infrastruc-
ture resources.

Figure 1. Traditional server consolidation (Bermejo B. & Juiz C., 2022)

Infrastructure management automation 
also has a  significant impact on operating 
costs. The Infrastructure as Code (IaC) 
concept involves describing infrastructure 
through machine-readable configurations, 
which makes its creation and modification 
automated and reproducible, while version 
control and testing can be applied to the 
configurations. The economic component is 
gradually being integrated directly into such 
processes. In a 2024 study, authors analyzed 
more than 152,000 repositories and then 
examined cost-related changes in projects 
using Terraform. The results showed that de-
velopers take the cost of cloud resources into 
account both before and after deployment 
and optimize it through service selection, re-
source allocation, and configuration changes 
(Feitosa D. et al., 2024).

For distributed and microservice sys-
tems, observability is especially import-
ant, combining the analysis of metrics, event 
logs, and distributed traces. Its economic 
value is mainly related to reducing the time 
required to detect and resolve failures and, 
therefore, reducing the duration of the re-
sulting downtime.

Observability is closely related to the 
Site Reliability Engineering (SRE) ap-
proach, which involves reliability manage-
ment based on measurable service quality 
objectives. Its economic meaning is to pro-

vide the required rather than the maximum 
possible level of availability, since addition-
al reliability also requires additional infra-
structure costs.

Thus, modern engineering optimization 
methods affect economic indicators in dif-
ferent ways. Consolidation and rightsizing 
reduce excess capacity, while containeriza-
tion, autoscaling, and predictive algorithms 
help adapt resources to workload changes. 
Redundancy reduces potential losses from 
failures, while Infrastructure as Code, ob-
servability, and SRE lower manual effort, im-
prove reproducibility, and support faster and 
more economically justified reliability man-
agement.

Modern approaches to intelligent 
and economic optimization 

of IT infrastructure
The development of cloud technologies, 

containerization, and distributed architec-
tures has changed the approach to IT infra-
structure optimization. Along with conven-
tional methods of reducing operating costs, 
continuous infrastructure management 
based on data about its cost and technical 
condition is becoming increasingly relevant. 
Important areas include FinOps, the use of 
artificial intelligence (AI) in IT operations, 
the development of internal engineering plat-
forms, and intelligent energy management.
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One of the key modern approaches is 
Fin Ops, which involves joint management of 
technology costs by engineering and business 
departments. Its task is to reduce costs and 
relate infrastructure costs to the business val-

ue created. According to the State of FinOps 
2026, its practice already goes beyond public 
clouds and covers cost management for AI, 
Software as a Service (SaaS), licensing, private 
clouds, and own data centers (fig. 2).

Figure 2. Areas of cost management in FinOps practice (FinOps, 2025)

An important development of Fin Ops is 
the use of unit economics, where the cost 
of not the entire infrastructure, but a  sepa-
rate unit of created result is evaluated. This 
approach becomes notably relevant for AI in-
frastructure, since its cost is determined by 
GPU usage, training and inference requests, 
the volume of processed data, and other pa-
rameters.

Another rapidly developing area is AI for 
IT Operations (AIOps), which means the 
application of machine learning and other AI 
methods to IT infrastructure operations. The 
AIOps practice is used for anomaly detec-
tion, failure prediction, root cause identifica-
tion, and support of recovery actions (Díaz-
de-Arcaya J., 2024). Its economic effect is 
mainly associated with reducing specialist la-
bor costs and incident duration. Automated 
analysis of metrics, logs, and traces makes it 
possible to detect deviations faster and move 
from responding to an already occurred fail-
ure to predicting potential problems.

The current stage of AIOps development 
is also associated with the use of large 
language models and autonomous AI 
agents. Intelligent agents can interact with 
cloud infrastructure, localize intentionally 
created failures, and take actions to elimi-
nate them (Khlystun M., 2026). Fully auton-
omous management is still associated with 

significant risks, so for critical infrastruc-
ture a  more realistic model is one in which 
AI performs analysis and standard verifiable 
operations, at the same time potentially dan-
gerous changes remain under the control of 
a specialist.

The reduction of operating labor costs is 
also connected with the development of plat‑
form engineering. This approach involves 
creating an internal platform that provides 
product teams with standardized access to 
computing resources, storage, databases, CI/
CD, observability, and other infrastructure 
services.

Another direction is the combination of 
economic and energy optimization. Within 
Green Ops, reducing the number of idle re-
sources, consolidating computing workloads 
or dynamically managing capacity make it 
possible to reduce both energy consumption 
and operating costs. Workload forecasting, 
dynamic consolidation and migration of vir-
tual machines, as well as machine learning 
methods can be used to manage the energy 
consumption of cloud data centers.

Modern IT infrastructure is increasingly 
optimized continuously based on technical 
and economic data. Observability, AIOps, 
automated platforms, and FinOps make it 
possible to connect the state of the system, 
engineering actions, and their financial effect, 
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while their use is justified only when the final 
economic result is positive.

Conclusion
The economic efficiency of IT infrastruc-

ture is determined not only by the amount of 
direct costs for equipment, cloud resources, 
and maintenance, but also by how efficient-
ly computing capacity is used, how quickly 
the system adapts to workload changes, and 
how stable critical services are. Engineering 
optimization makes it possible to influence 
these parameters through consolidation and 
rightsizing of resources, autoscaling, fault-
tolerant architectures, IaC, observability, 
and SRE. Excessive reduction of resources 
can increase downtime risks, while excessive 

redundancy leads to unjustified growth of 
operating costs.

Modern approaches develop this logic 
through a closer connection between tech-
nical and economic data. FinOps increas-
es the transparency of technology costs 
and makes it possible to relate them to the 
business value created, AIOps expands the 
possibilities for workload forecasting and 
incident automation, while platform engi-
neering helps standardize and reduce re-
petitive engineering operations. As a result, 
IT infrastructure optimization is gradually 
becoming a  continuous process in which 
decisions are made taking into account 
cost, utilization, reliability, and business 
process requirements.
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Abstract
The article presents a methodological and technological assessment of determining the dy-

namic adsorption capacity of composite adsorbents for water vapor under conditions relevant 
to natural gas drying. The study considers KA-series adsorbents prepared on the basis of acti-
vated Navbahor bentonite, zeolite 4A, activated alumina, silica gel and a binder. Dynamic ca-
pacity is treated not only as a mass balance value but also as an integral technological indicator 
connected with breakthrough time, saturation time, outlet moisture concentration, dew point 
depression, pressure drop, bed utilization and regeneration stability. The operating variables 
considered include gas flow rate, adsorbent mass, bed height, granule diameter, inlet moisture 
content, temperature, pressure and regeneration regime. Particular attention is paid to the KA‑4 
composite adsorbent, which combines a local mineral matrix, a selective microporous zeolite 
phase, a thermally stable alumina phase and a mesoporous silica-gel component. Representa-
tive dynamic drying data show that KA‑4 provides a breakthrough time of 8.6 h, saturation time 
of 12.8 h, dynamic water adsorption capacity of 0.146 kg/kg, outlet dew point of about –43 °C 
and drying efficiency of 96.9%. The results demonstrate that the reliable determination of 
dynamic capacity requires simultaneous analysis of the breakthrough curve, mass-transfer 
zone and regeneration recovery, because static water uptake alone does not fully describe the 
industrial performance of an adsorbent bed. The proposed approach can be used for selecting 
optimal adsorbent composition and operating conditions for deep dehydration of natural gas.
Keywords: natural gas drying; water vapor adsorption; dynamic adsorption capacity; 
composite adsorbent; KA‑4; breakthrough curve; dew point; zeolite 4A; activated bentonite; 
regeneration
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Introduction
Natural gas normally contains water va-

por, and its presence is undesirable during 
transportation, compression, cooling and 
further processing. Moisture can cause hy-
drate formation, corrosion of pipelines and 
process equipment, freezing in valves and 
heat exchangers, loss of throughput and in-
stability in downstream separation units. 
Therefore, dehydration is one of the key stag-
es in natural gas treatment before transmis-
sion through pipelines, cryogenic processing, 
NGL recovery or LNG production. In indus-
trial practice, the target quality of dehydrat-
ed gas is often expressed through residual 
moisture content and dew point. A lower dew 
point indicates deeper drying and a  lower 
risk of condensation under operating con-
ditions (Gandhidasan P., Al-Farayedhi A. A., 
Al-Mubarak A. A., 2001; Mokhatab S., 
Poe W. A., Mak J. Y., 2015; Kohl A. L., Niel-
sen R. B., 1997; Kidnay A. J., Parrish W. R., 
McCartney D. G., 2011).

Several dehydration technologies are used 
in gas processing, including glycol absorp-
tion, condensation by cooling, membrane 
dehydration and adsorption drying. Adsorp-
tion drying is of particular importance when 
very low outlet moisture content is required. 
The method is based on the selective reten-
tion of water molecules on the surface and in-
side the pores of a solid adsorbent. Silica gel, 
activated alumina and molecular sieves are 
widely used adsorbents. Silica gel has a high 
affinity to water at moderate humidity but is 
usually less effective for very deep dehydra-
tion. Activated alumina has good mechani-
cal and thermal stability, whereas molecular 
sieves such as zeolite 3A and 4A show high 
selectivity toward water molecules and can 
provide a  low dew point (Gandhidasan P., 
Al-Farayedhi A. A., Al-Mubarak A. A., 
2001; Tagliabue M., Farrusseng D., Valen-
cia S., Aguado S., Ravon U., Rizzo C., Cor-
ma A., Mirodatos C., 2009; Santos K. M.C., 
Vilarrasa-Garcia E., Cecilia J. A., Rodriguez-
Castellon E., Azevedo D. C.S., 2021; Baha-
dori A., 2014; Grande C. A., 2012).

Despite their advantages, conventional 
adsorbents have limitations related to cost, 
regeneration energy demand, mechanical 
degradation, sensitivity to liquid carry-over 
and loss of capacity during repeated cycles. 

For this reason, composite adsorbents based 
on local mineral raw materials have scientific 
and technological relevance. Combining acti-
vated bentonite, zeolite 4A, activated alumi-
na and silica gel makes it possible to form an 
adsorbent with a balanced micro-mesoporous 
structure, acceptable mechanical strength 
and sufficient regeneration stability. In such 
a composite, bentonite acts as a mineral ma-
trix, zeolite 4A provides selective micropo-
rous water adsorption, activated alumina im-
proves thermo-mechanical stability, and silica 
gel supports fast moisture uptake in meso-
pores (Ruthven D. M., 1984; Yang R. T., 2003; 
Thommes M., Kaneko K., Neimark A. V., 
Olivier J. P., Rodriguez-Reinoso F., Rou-
querol J., Sing K. S.W., 2015; Rouquerol F., 
Rouquerol J., Sing K. S.W., Llewellyn P., Mau-
rin G., 2014; Breck D. W., 1974).

A central parameter for evaluating adsor-
bents in a flow system is dynamic adsorption 
capacity. Unlike static capacity, which is mea-
sured under equilibrium or quasi-equilibrium 
conditions, dynamic capacity characterizes 
the amount of water retained by a fixed ad-
sorbent bed before breakthrough occurs. It 
is affected by mass transfer, pore accessi-
bility, gas velocity, bed height, particle size, 
temperature, pressure and the regeneration 
history of the adsorbent. Therefore, determi-
nation of dynamic water adsorption capacity 
is essential for designing industrial adsorbers 
and for selecting a reliable adsorbent compo-
sition (Grande C. A., 2012; Ruthven D. M., 
1984; Yang R. T., 2003; Thommes M., Kane-
ko K., Neimark A. V., Olivier J. P., Rodriguez-
Reinoso F., Rouquerol J., Sing K. S. W., 2015).

The purpose of the study
The purpose of this study is to develop and 

describe a  scientifically justified approach for 
determining the dynamic adsorption capacity 
of adsorbents for water vapor in the natural 
gas drying process. The study focuses on the 
KA-series composite adsorbents and especially 
on the KA‑4 sample, which was selected as an 
optimal composition according to drying effi-
ciency, dynamic capacity and regeneration sta-
bility. The specific objectives are: to define the 
main indicators used in dynamic adsorption 
tests; to describe the calculation procedure for 
dynamic water adsorption capacity; to analyze 
the influence of adsorbent composition and 
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operating parameters on breakthrough behav-
ior; to evaluate KA‑4 in comparison with other 
samples; and to propose criteria for using dy-
namic capacity as a practical design parameter 
for adsorption dryers.

The novelty of the approach lies in consid-
ering dynamic capacity as an integrated tech-
nological characteristic rather than as a sin-
gle numerical value. The proposed evaluation 
combines the breakthrough curve, outlet 
moisture concentration, dew point, satura-
tion time, pressure drop and residual capaci-
ty after regeneration. Such an approach gives 
a more realistic assessment of the adsorbent 
bed under cyclic operating conditions and 
provides a basis for pilot-scale design.

Literary analysis
The theoretical basis of adsorption pro-

cesses is widely discussed in classical works 
on gas-solid adsorption. Ruthven described 
the principles of adsorption equilibria, mass 
transfer and breakthrough behavior in fixed 
beds (Ruthven D. M., 1984). Yang empha-
sized that the performance of adsorbents in 
gas separation and drying depends not only 
on equilibrium capacity but also on pore 
structure, diffusion rate, selectivity and cyclic 
stability (Yang R. T., 2003). These concepts 
are important because industrial gas drying 
is performed under dynamic flow conditions, 
where equilibrium capacity alone may over-
estimate the useful bed capacity.

In natural gas treatment, solid desiccant 
dehydration has been studied as an effec-
tive method for achieving a  low water dew 
point. Gandhidasan and co-authors investi-
gated the dehydration of natural gas using 
solid desiccants and showed the significance 
of breakthrough time, adsorbent loading and 
regeneration conditions (Gandhidasan P., 
Al-Farayedhi A. A., Al-Mubarak A. A., 2001). 
Handbook sources on gas processing and gas 
purification also indicate that molecular sieves 
and activated alumina are widely used for 
deep dehydration, especially before cryogenic 
units where very low water content is neces-
sary (Mokhatab S., Poe W. A., Mak J. Y., 2015; 
Kohl A. L., Nielsen R. B., 1997; Kidnay A. J., 
Parrish W. R., McCartney D. G., 2011).

Zeolite molecular sieves are important for 
water removal because of their uniform mi-
croporous structure and strong interaction 

with polar water molecules. Breck described 
the structure and adsorption properties of 
zeolite molecular sieves, including their high 
selectivity and crystallographic pore control 
(Breck D. W., 1974). However, the practical 
application of zeolite adsorbents can be limit-
ed by high cost and higher regeneration tem-
peratures. Activated alumina and silica gel are 
less expensive and mechanically stable, but 
their deep dehydration capacity may be low-
er than that of molecular sieves. Therefore, 
mixed or composite adsorbents are often con-
sidered for balancing capacity, cost and regen-
eration performance.

The characterization of porous materials 
is another important part of dynamic capaci-
ty determination. BET surface area, pore vol-
ume and pore size distribution help explain 
why one adsorbent has a longer breakthrough 
time or higher capacity than another. Thom-
mes et al. summarized the evaluation of sur-
face area and pore structure by gas physisorp-
tion, noting the importance of micropores 
and mesopores for adsorption performance 
(Thommes M., Kaneko K., Neimark A. V., Ol-
ivier J. P., Rodriguez-Reinoso F., Rouquerol J., 
Sing K. S.W., 2015). Rouquerol et al. also 
emphasized the need for careful degassing 
and interpretation of adsorption-desorption 
isotherms in porous solids (Rouquerol F., 
Rouquerol J., Sing K. S.W., Llewellyn P., Mau-
rin G., 2014). These methods are directly rele-
vant to composite adsorbents, because micro- 
and mesoporous channels control both water 
uptake and diffusion inside granules.

The literature analysis shows that deter-
mination of dynamic water capacity must 
combine material characterization and 
fixed-bed testing. A  material with a  high 
static uptake may not always provide a long 
breakthrough time if its pores are poorly ac-
cessible, if granules are mechanically weak, 
or if the bed has excessive pressure dro – – 
P. For this reason, the present work uses the 
dynamic adsorption capacity together with 
breakthrough time, dew point and regener-
ation recovery as main criteria for evaluating 
KA-series composite adsorbents.

Materials and methods
The investigated adsorbents were repre-

sented by KA‑1 to KA‑6 samples prepared 
from activated Navbahor bentonite and func-
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tional additives. KA‑1 consisted mainly of 
activated bentonite and served as a  control 
sample. KA‑2 included activated alumina to 
improve thermo-mechanical stability. KA‑3 
contained zeolite 4A and activated alumina 
for forming a selective microporous dehydra-
tion phase. KA‑4 was a  balanced composite 
containing bentonite, zeolite 4A, activated 
alumina and silica gel. KA‑5 had a higher ze-
olite fraction to increase microporosity. KA‑6 
was selected for assessing regeneration resis-
tance and mechanical stability. The granule 
fraction used for dynamic tests was 2–4 mm, 
which provides a compromise between diffu-
sion path length and pressure dro P.

Before the dynamic tests, the adsorbents 
were dried and regenerated to remove phys-
ically adsorbed moisture. The drying and 
regeneration temperature was selected ac-
cording to the thermal stability of each com-
position. For KA‑4, the recommended re-
generation interval was 220–240  °C, while 

the operating adsorption temperature was 
25–35 °C. Dynamic tests were carried out by 
passing a humid gas stream through a fixed 
adsorbent bed. The inlet moisture concentra-
tion, outlet moisture concentration and dew 
point were recorded over time. The moment 
when outlet moisture increased to a defined 
fraction of inlet moisture was taken as break-
through time.

The principal parameters used in the 
test are summarized in (Table 1). The most 
important indicator is dynamic adsorption 
capacity, because it shows how much water 
the adsorbent can retain under real flow con-
ditions before breakthrough. Breakthrough 
time reflects the useful service period of the 
bed, whereas saturation time describes com-
plete or near-complete filling of the bed with 
moisture. The outlet dew point is used as 
a  practical quality indicator of dry gas, and 
pressure drop is used to assess hydraulic 
suitability of the bed.

Table 1. Main indicators used for determining dynamic 
adsorption capacity for water vapor

Indicator Symbol Unit Determination method
Drying efficiency η % η = ((C0 – Ct) / C0)·100
Dynamic adsorp-
tion capacity qd kg/kg or g/g Water retained in bed per mass of adsorbent

Breakthrough time tb h Time at Ct/C0 = 0.05–0.10
Saturation time ts h Time at Ct/C0 = 0.90–0.95
Dew point Td °C Measured at adsorber outlet
Pressure drop ΔP kPa Difference between inlet and outlet pressure
Residual capacity 
after regeneration Rq % Capacity retained after repeated cycles

For a  constant volumetric gas flow rate, 
the amount of water retained by the adsor-
bent bed up to breakthrough can be calcu-
lated by integrating the difference between 
inlet and outlet moisture concentrations over 
time. In simplified form, dynamic capacity 
can be expressed as:

qd = (Qg / mads) · ∫0^tb (C0 – Ct) dt
where qd is dynamic adsorption capacity, Qg 
is the volumetric gas flow rate, mads is the 
mass of adsorbent in the bed, C0 is the in-
let moisture concentration, Ct is the outlet 
moisture concentration at time t, and tb is 
breakthrough time. If the outlet concentra-
tion remains very low before breakthrough, 

the expression can be approximated by the 
total removed water mass divided by the 
adsorbent mass. In industrial calculations, 
a  safety coefficient is usually introduced to 
prevent premature breakthrough under fluc-
tuating gas load and moisture content.

The determination procedure consisted 
of four steps. First, the adsorbent sample was 
regenerated and cooled to the adsorption 
temperature. Second, humid gas was intro-
duced at a  fixed flow rate, pressure and in-
let moisture content. Third, outlet moisture 
and dew point were monitored continuously, 
and the breakthrough curve was obtained. 
Fourth, the water balance was calculated 
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from the area between inlet and outlet con-
centration curves. The same procedure was 
repeated after regeneration cycles to evaluate 
capacity recovery and long-term stability.

Discussion and results
The dynamic adsorption capacity of the 

KA-series adsorbents differs significant-
ly depending on the composition and pore 
structure. The control sample KA‑1, based 
on activated bentonite, showed limited ca-
pacity because bentonite alone does not 
provide sufficient microporous volume for 
deep water retention. Although activated 
bentonite has hydrophilic centers and can 
serve as a mineral matrix, its pore system is 
not enough to achieve a very low dew point 
in a dynamic gas stream. This confirms that 
activation improves the surface properties of 
bentonite but additional selective and meso-
porous phases are required for effective nat-
ural gas drying.

The addition of activated alumina in 
KA‑2 increased the mechanical and thermal 
stability of the granules. Activated alumina 
contributes to water adsorption due to hy-
droxylated surface sites and also improves 
resistance to attrition during gas flow. How-
ever, the absence of a strong molecular-sieve 
phase limited the deep dehydration perfor-
mance. KA‑2 therefore demonstrated better 
durability than KA‑1 but did not reach the 
dynamic capacity of zeolite-containing com-

posites. This result illustrates that mechani-
cal strength and adsorption capacity should 
be optimized simultaneously.

The introduction of zeolite 4A in KA‑3 
led to an increase in microporous water ad-
sorption sites. As a result, breakthrough time 
and dynamic capacity increased compared 
with KA‑1 and KA‑2. Zeolite 4A is especially 
effective for water molecules because its mi-
croporous structure is suitable for selective 
uptake of small polar molecules. Neverthe-
less, a  purely micropore-dominated system 
can suffer from diffusion limitations if mes-
oporous transport channels are insufficient. 
Therefore, the presence of a  mesoporous 
component is beneficial for accelerating the 
movement of water vapor into internal ad-
sorption sites.

KA‑4 showed the most balanced perfor-
mance among the investigated samples. In 
this adsorbent, bentonite provides the min-
eral framework, zeolite 4A provides selective 
microporous adsorption, activated alumina 
improves stability, and silica gel contributes 
to rapid moisture uptake in mesopores. The 
combination of these components forms 
a multi-level pore structure. Micropores are 
responsible for deep dehydration and low 
dew point, mesopores improve mass trans-
fer, and the mineral binder phase maintains 
granule integrity. This structural balance ex-
plains the high dynamic capacity and long 
breakthrough time of KA‑4.

Table 2. Representative dynamic drying results for KA-series composite adsorbents

Sample Breakthrough 
time, h

Saturation 
time, h

Dynamic ca‑
pacity, kg/kg

Dew 
point, °C

Efficiency, 
%

KA‑1 3.1 5.8 0.061 –18 78.4
KA‑2 4.6 7.4 0.084 –25 85.9
KA‑3 6.7 10.2 0.119 –35 92.4
KA‑4 8.6 12.8 0.146 –43 96.9
KA‑5 8.1 12.1 0.149 –45 96.3
KA‑6 7.5 11.5 0.137 –40 95.1

The representative results in (Table 2) 
show that dynamic capacity increased from 
0.061 kg/kg for KA‑1 to 0.146 kg/kg for 
KA‑4. The corresponding drying efficiency in-
creased from 78.4% to 96.9%, and the outlet 
dew point decreased from –18 °C to –43 °C. 
These changes demonstrate the effect of 

component modification and pore structure 
development. KA‑5 showed a  slightly high-
er dynamic capacity of 0.149 kg/kg, but its 
higher zeolite content may increase regenera-
tion demand and pressure dro – P. Therefore, 
KA‑4 was evaluated as the optimal sample 
based on the total balance of capacity, dew 
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point, pressure drop, mechanical strength 
and regeneration stability.

The breakthrough curve is the key experi-
mental output in determining dynamic adsorp-
tion capacity. At the beginning of the test, the 
outlet moisture concentration remains close 
to zero, indicating that the adsorbent bed re-
tains almost all incoming water vapor. As the 
mass-transfer zone moves through the bed, the 
outlet moisture begins to increase. The break-
through point is reached when Ct/C0 becomes 
0.05–0.10. At this moment, the adsorbent still 
contains unused capacity near the outlet, but 
the dry gas specification is no longer safely 
maintained. For process design, the bed should 
be switched to regeneration before full satura-
tion to avoid water slip into the product gas.

The dynamic capacity is affected by gas 
flow rate. When gas flow increases, the con-
tact time between gas and adsorbent de-
creases, and the mass-transfer zone moves 
faster through the bed. As a  result, break-
through occurs earlier and the useful capac-
ity decreases. For KA‑4, increasing the gas 
flow rate from 0.5 to 2.0 m3/h shortened the 
breakthrough time from 10.2 to 5.3 h and 
reduced dynamic capacity from 0.151 to 
0.116 kg/kg. At the same time, the pressure 
drop increased from 4.2 to 18.9 kPa. This 
confirms that excessive gas velocity prevents 
full utilization of the adsorbent bed and in-
creases energy consumption.

Bed height also has a  significant effect. 
A  higher bed contains more adsorbent and 
provides a longer mass-transfer zone reserve. 
Therefore, breakthrough time increases as 
bed height increases. However, an exces-
sively high bed creates larger pressure drop 
and may require stronger compression. For 
KA‑4, a bed height of 300 mm gave a break-
through time of 8.6 h and a  pressure drop 
of 7.8 kPa, which represents an acceptable 
balance. At 400 mm, breakthrough time in-
creased further, but pressure drop became 
less favorable. Thus, the optimum bed height 
should be selected not only by maximum 
breakthrough time but also by hydraulic re-
sistance and equipment limitations.

Temperature strongly influences phys-
ical adsorption. Water adsorption on solid 
desiccants is usually favored at lower tem-
perature because adsorption is exothermic. 
As temperature increases, adsorbed water 

molecules are more easily desorbed and the 
equilibrium capacity decreases. In the KA‑4 
data, increasing temperature from 20 to 
50 °C decreased dynamic capacity from 0.152 
to 0.111 kg/kg and worsened the outlet dew 
point from –46 °C to –29 °C. A practical op-
erating interval of 25–35  °C was therefore 
recommended for adsorption, with 30 °C as 
a convenient laboratory regime.

Pressure can improve drying perfor-
mance by increasing gas density and the 
contact probability between water molecules 
and adsorbent active sites. For KA‑4, increas-
ing pressure from 0.5 to 2.5 MPa improved 
breakthrough time and drying efficiency. At 
2.5 MPa, the outlet dew point reached ap-
proximately –43  °C and the drying efficien-
cy was 96.9%. At 4.0 MPa, the efficiency in-
creased only slightly, while the equipment 
requirements became higher. This means 
that the most rational pressure should be 
selected by considering both technical per-
formance and apparatus safety. For pilot 
and industrial operation, an interval of 2.5– 
–4.0 MPa is acceptable for the proposed system.

Granule diameter is another important 
factor in dynamic capacity determination. 
Small granules reduce internal diffusion re-
sistance and can improve mass transfer, but 
they also increase pressure drop and may 
cause bed compaction. Large granules lower 
pressure drop but slow down diffusion into 
the internal pore system. In the present tech-
nological assessment, 2–4 mm granules were 
selected as the recommended fraction. This 
size range provides an acceptable compro-
mise between contact efficiency, mechanical 
stability and hydraulic resistance. It is also 
suitable for fixed-bed adsorbers operating in 
cyclic drying-regeneration mode.

Regeneration history must be considered 
when determining dynamic capacity. An ad-
sorbent may show good initial capacity, but 
if regeneration is incomplete, residual water 
remains in the pores and the next cycle starts 
with partially occupied active sites. For KA‑4, 
regeneration temperatures below 200  °C 
were insufficient for complete capacity re-
covery, while 220–240 °C provided a recov-
ery level of about 94–96%. Regeneration at 
260 °C gave only a small additional improve-
ment but increased energy consumption and 
could affect long-term structural stability. 
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Therefore, a  regeneration interval of 220– 
–240 °C for 2–4 h is recommended.

The determination of dynamic capacity 
should also include reproducibility and mass 
balance control. The inlet moisture concen-
tration must be kept stable, the flow rate 
should be measured accurately, and the out-
let moisture analyzer must be calibrated. The 
mass of the adsorbent should be reported on 
a dry basis after regeneration. If the gas con-
tains liquid droplets, heavy hydrocarbons or 
solid impurities, a separator and filter should 
be used before the adsorber, because contam-
ination can block pores and distort the capac-
ity value. Such precautions are necessary for 
obtaining reliable data and for transferring 
laboratory results to pilot-scale design.

The obtained results show that dynamic 
water adsorption capacity is a  practical cri-
terion for ranking adsorbents, but it must 
be interpreted together with dew point and 
breakthrough behavior. KA‑5 can have slight-
ly higher water uptake because of increased 
microporosity, but KA‑4 has a better techno-
logical balance. The KA‑4 sample provides 
a  long service time, low outlet dew point, 
high efficiency and suitable regeneration be-
havior. Thus, KA‑4 can be recommended as 
the main adsorbent for further studies on 
natural gas adsorption drying and for scale-
up calculations.

Conclusion
1.	 Dynamic water adsorption capacity is 

one of the main criteria for evaluating ad-
sorbents used in natural gas dehydration 
because it describes the useful amount of 
water retained under real flow conditions 
before breakthrough.

2.	 The determination of dynamic capacity 
should be based on breakthrough curves, 
outlet moisture concentration, dew point, 
saturation time, pressure drop and mass 
balance calculations.

3.	 The KA-series adsorbents show that 
modification of activated bentonite with 
zeolite 4A, activated alumina and silica 
gel significantly increases water uptake 
and drying efficiency.

4.	 KA‑4 demonstrated the most balanced 
technological performance, providing 
a breakthrough time of 8.6 h, saturation 
time of 12.8 h, dynamic capacity of 0.146 
kg/kg, dew point of about –43  °C and 
drying efficiency of 96.9%.

5.	 The optimal operating conditions for 
KA‑4 include 2–4 mm granules, adsorp-
tion temperature of 25–35  °C, pressure 
of 2.5–4.0 MPa, adsorption cycle of 8–12 
h and regeneration at 220–240  °C for 
2–4 h.

6.	 Excessive gas flow rate decreases con-
tact time and dynamic capacity, while 
excessive bed height increases pressure 
dro – P. Therefore, the optimum should 
be selected by balancing adsorption per-
formance and hydraulic resistance.

7.	 Regeneration temperature strongly af-
fects capacity recovery; for KA‑4, 240 °C 
for about 3 h provides an optimal com-
promise between recovery efficiency and 
energy consumption.

8.	 The proposed dynamic capacity determi-
nation method can be used for comparing 
composite adsorbents and for designing 
pilot or industrial fixed-bed natural gas 
drying units.
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Abstract
Formatting time scales with the number of independently addressed layers in a volumetric 

optical carrier, a relationship that recent gains in per-layer data density have made increasingly 
costly. This paper examines the interleaved formatting method disclosed by Polshchikov I., in 
which servo marks are recorded along radial and axial paths matched to a three-dimensional 
lattice, replacing the spiral track later used for reading. For a representative carrier with 37,000 
spiral tracks, the disclosed method reduces recording-head travel distance from approximately 
9415 m to approximately 22 m per formatted layer and reduces the required number of head 
rotations by a factor of roughly 66. Combined radial-axial interleaving raises recording rate 
by at least a factor of twelve over spiral-following formatting. The analysis identifies group-
to-group transition distance, specified in the disclosure at 30 to 70 microns, as the parameter 
most likely to constrain further throughput gains, and proposes testing whether synchronous-
movement recording strategies documented in holographic storage transfer to axial refocusing 
in discrete-layer carriers.
Keywords: Three-dimensional optical storage, formatting time, multilayer recording, 
interleaved recording

1. Introduction
The storage capacity in a  volumetric op-

tical carrier increases with the number of 
independently addressed layers. The servo 
infrastructure required to make each layer 
readable does not become cheaper to pro-

duce as the number grows. A carrier built to 
hold 20 formatted layers requires roughly 
20 times the positional reference recording 
effort of a  single-layer disc because conven-
tional formatting scans a  recording head 
along the full spiral track separately for 
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every layer (Polshchikov I., 2025). Materials 
research has pushed layer counts and per-
site information density upward, making the 
relationship more consequential. Wang et 
al. (Wang H., Lei Y., Wang L., Sakakura M., 
Yu Y., Shayeganrad G., et al., 2022) reported 
error-free five-dimensional recording across 
100 layers in silica glass using anisotropic 
nanopore modification that preserves greater 
than 99 percent visible-range transmission 
through each preceding layer; this transmis-
sion figure makes deep multilayer stacks op-
tically viable. Park et al. (Park C. H., Petit Y., 
Canioni L., Park S. H., 2020) demonstrated 
a  distinct route to the same goal, encoding 
two independent 4‑bit bitmap images with-
in a single glass volume by multiplexing the 
ellipse orientation and fluorescence intensity 
against a 16‑by‑16 calibration matrix, so that 
each recorded site carries more information 
without requiring additional physical layers. 
Neither study reported the time required to 
produce the positional reference structure 
a playback system would need to locate and 
read these sites. Both treat data-layer capacity 
as the variable of interest and leave the layer-
addressing cost unexamined.

This gap recurs across several studies in 
the same subfield. Gu et al. (Gu M., Zhang Q., 
Lamon S., 2016) surveyed metallic nanopar-
ticles, graphene and graphene oxide, semi-
conductor quantum dots, and rare-earth-
doped nanocrystals as optical storage media, 
organizing the field around capacity, life-
time, and energy consumption; formatting 
or servo-layer production does not appear as 
a design parameter anywhere in that frame-
work. Yu et al. (Yu J., Luo M., Lv Z., Huang S., 
Hsu H. H., Kuo C. C., et al., 2020) extended 
the same materials-first framing to lumines-
cent nanomaterials, distinguishing upcon-
version, long-persistence, and downconver-
sion mechanisms by their optical readout 
properties; the cost of writing the coordi-
nate structure on which these mechanisms 
depend plays no part in that classification. 
Dai et al. (Dai D., Zhang Y., Yang S., Kong W., 
Yang J., Zhang J., 2024) reviewed rare-earth 
nanoparticles, graphene, and diarylethene 
compounds under the same organizing prin-
ciple. Collectively, these three reviews show 
a developed vocabulary for comparing stor-
age density and lifetime across chemically 

unrelated media. No equivalent vocabulary 
exists for comparing the production cost of 
the addressing structures that media require 
once assembled into multilayer carriers. Yan 
et al. (Yan Z., Hu J., Xiao Z., Xie D., Cao Q., 
Gan Z., et al., 2023) directly named this omis-
sion: their review noted that Blu-ray-derived 
multilayer storage remains capacity-limited 
by a  fixed, predefined layer count precisely 
because each additional layer carries a fixed 
addressing cost. The review distinguishes 
multidimensional encoding, which packs 
more bits into each diffraction-limited vox-
el, from super-resolution encoding, which 
creates diffraction-unlimited voxels through 
controlled photoexcitation and photoinhibi-
tion. Both strategies increase the density per 
layer; neither changes the cost of addressing 
a layer once it exists.

The second branch of the field bypass-
es the discrete layers entirely. Chen et al. 
(Chen R., Wang J., Wu H., Song M., Yang Y., 
Lin D., et al., 2026) recorded data holo-
graphically by jointly encoding the ampli-
tude, phase, and polarization within a  sin-
gle data page, using a  convolutional neural 
network to decode the three properties from 
intensity measurements alone. Informa-
tion is distributed volumetrically through 
interference, with no fixed set of physical 
depths assigned; therefore, no layer count 
exists for a  formatting pass to scale against 
in the sense that constrains the media re-
ported in (Wang H., Lei Y., Wang L., Sakak-
ura M., Yu Y., Shayeganrad G., et al., 2022; 
Park C. H., Petit Y., Canioni L., Park S. H., 
2020). Liu et al. (Liu H., Zheng S., Chen X., 
Lin Z., Lin Y., Wang J., et al., 2026) reported 
a  holographic recording technique that in-
creases the writing speed by synchronizing 
the movement of the recording medium with 
that of a spherical reference wave, a strategy 
that reduces the dead time between recording 
events without changing their number. Chen 
et al. (Chen X., Liu H., Zheng S., Wang J., 
Chen R., Ke S., et al., 2026) achieved capac-
ity gains through hybrid angle-polarization 
multiplexing within the same holographic 
framework, again without introducing ad-
ditional physical layers. Wu et al. (Wu J., 
Peng L., Wu H., Xiong R., Huang J., Wu E., et 
al., 2026) worked at the material level with-
in this branch, addressing photopolymer 
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stability and repeatability constraints in PQ/
PMMA media. The stability and repeatability 
constraints they address indicate that holo-
graphic storage carries a  throughput bottle-
neck of its own, located in material degrada-
tion and reference beam alignment, separate 
from layer-by-layer addressing cost.

Anderson et al. (Anderson P., Aranas E., 
Assaf Y., Behrendt R., Black R., Caballero M., 
et al., 2023; Anderson P., Aranas E., Assaf Y., 
Behrendt R., Black R., Caballero M., et al., 
2025) described a third variant of this trade-
off at the system scale. Project Silica writes 
data into quartz glass platters designed to re-
main untouched for their entire service life, 
eliminating the periodic media refresh that 
magnetic storage requires roughly every five 
years for hard disk drives (HDDs). The sys-
tem’s central design goal is that formatted 
media never need to be revisited once they are 
written. This goal is compatible with either 
branch of the materials literature. It chang-
es the economic weight of formatting time: 
a  system built around write-once, perma-
nently archived carriers amortizes any fixed 
per-carrier formatting cost across the entire 
archival lifetime of the carrier. Therefore, 
a  reduction in formatting time compounds 
differently at the data-center scale than for 
a single disc produced for consumer use.

Kazansky et al. (Kazansky P. G., Lei Y., 
Wang L., Yu Y., Wang H., Sarao B., 2020) 
and Zhou et al. (Zhou J. W., Su J., Guan J., 
Yang Y., Ji W., Wang M., et al., 2024) repre-
sent a  fourth line of development, pursuing 
storage lifetime and density through materi-
al choice: quartz glass in the former case and 
diamond fluorescent vacancy centers in the 
latter, with Zhou et al. reporting a  storage 
density of 14.8 terabits per cubic centimeter 
and a  per-site write time of 200 femtosec-
onds. Neither paper addresses how position-
al reference information is produced across 
a growing number of storage centers within 
a fixed volume, the same omission identified 
above in the nanomaterials reviews, applied 
here to a defect-center medium.

Polshchikov (Polshchikov I., 2025) direct-
ly addressed this omission by treating the se-
quence in which formatting marks are record-
ed as a variable independent of the geometry 
of the servo pattern itself. Their disclosure 
identifies the transit time between locations 

where consecutive marks are recorded as the 
rate-determining factor in conventional for-
matting, and the duration of an individual re-
cording pulse contributes far less to the total 
formatting time. The disclosure proposes re-
ordering the transit path to follow the coordi-
nate axes of the underlying three-dimensional 
lattice, replacing the spiral track that would 
otherwise guide playback.

2. Materials and Methods
Polshchikov (Polshchikov I., 2025) de-

scribed a carrier whose body could be mono-
lithic or assembled from multiple plates 
bonded with an optically active adhesive. 
The active moiety responds to laser irradi-
ation through two-photon absorption, al-
lowing marks to be recorded at controlled 
depths without disturbing adjacent layers. 
Data occupy a series of virtual layers separat-
ed by roughly 10 to 15 microns; formatting 
marks occupy a sparser, separate set of lay-
ers interspersed among them. This physical 
separation between data layers and format-
ting layers makes the recording sequence for 
the latter an independent design variable, 
because a formatting layer need not be pro-
duced in the same pass or by the same path 
as the data it will later help address.

The spatial arrangement of the formatting 
marks follows a  three-dimensional lattice 
defined by the intersection of three surface 
families: equidistantly spaced cylindrical spi-
ral tracks, equiangular spaced radial planes, 
and recording planes substantially orthog-
onal to the radial planes. Each intersection 
point constitutes the lattice node. A mark is 
recorded within a tolerance zone around that 
node, which is sized to a  fraction of the in-
terlayer spacing, sufficient for servo position-
ing. This tolerance permits reordering: the 
addressable unit is a node, and any traversal 
that visits every node satisfies the formatting 
requirements.

Radial formatting exploits this freedom 
by exchanging the roles of the conventional 
formatting assigned to the head and carrier. 
The head executes a  fast reciprocating mo-
tion along a radius, while the carrier advanc-
es in discrete angular steps, remaining static 
during each recording event (Polshchikov I., 
2025). In contrast, conventional formatting 
holds the carrier’s angular position fixed while 

https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie
https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie


INTERLEAVED RECORDING OF FORMATTING MARKS IN THREE-DIMENSIONAL OPTICAL41

European Journal of Technical and 
Natural Sciences 2026, No 5

Section 5. Technical sciences in general

scanning the head along a spiral. The angular 
spacing between successive radii was set to in-
tersect every mark on the outermost track at 
a fixed interval, producing a constant angular 
velocity servo pattern: linear mark spacing de-
creased toward the center, while the angular 
spacing remained uniform. The scheme can 
also be executed by the continuous rotation 
of both the head assembly and carrier. The 
head then traces radial arcs whose curvature 
a  matched carrier rotation compensates, so 
recorded marks fall along true radii and not 
along the arcs that the head itself traces.

Axial formatting addresses the layer di-
mension by refocusing the recording beam 
along its optical axis while the carrier rotates 
continuously; thus, marks intended for dif-
ferent depths are recorded during a  single 
pass along a  track, replacing separate pass-
es for each layer. Refocusing occurs through 
a  differential-thread lens actuator, which 
shifts a movable lens by a fraction of a mil-
limeter per rotation, or through an electro-
optical refractive-index modulator that 
changes the beam divergence and, therefore, 
the focal depth within nanoseconds. Inter-
leaving marks across several layers during 
one scan requires refocusing faster than 
any mechanical actuator can move, and this 
speed requirement makes the electro-optical 
route necessary: a  modulator that changes 
divergence within the recording beam path 
avoids the inertial delay that a lens actuator 
would otherwise impose between successive 
layers. The carrier continues to rotate during 
refocusing; thus, marks recorded at succes-
sive depths are displaced angularly relative 
to each other, producing a lattice tilted with 
respect to the beam’s optical axis. The disclo-
sure specifies that after one complete carrier 
rotation, any nodes left unaddressed by this 
tilted pattern are filled in, restoring the in-
tended grid without requiring the recording 
sequence to directly correct for the tilt.

The apparatus supporting concurrent 
multi-carrier formatting mounts a  plurality 
of spindles, each carrying one carrier and ro-
tating about its own axis, on a  stage that is 
centered on a common central axis. A sepa-
rate platform above it carries a correspond-
ing array of recording units that rotate about 
the same axis. The platform and spindle ro-
tation are synchronized so that the optical 

axis of each recording unit traces radial arcs 
on the carrier beneath it, following the rela-
tionship α = 360°k/M, where α is the angle 
each spindle rotates during one platform 
revolution, k is the number of radial planes 
intersecting the layer being recorded, and M 
is the number of recording units in opera-
tion. This relationship allows the formatting 
throughput to scale with the number of re-
cording units deployed, independent of any 
single unit’s recording speed, because each 
additional unit constitutes an independent 
channel operating on its own carrier or depth 
range. A  small compensating rotation, on 
the order of fractions of a  micron in linear 
displacement, corrects for the continuously 
changing radius of the spiral tracks as marks 
are recorded on successive tracks, preventing 
the accumulation of radial drift across a full 
platform rotation (Polshchikov I., 2025).

3. Results
For a  carrier with an average track di-

ameter of 81 mm, bounded by a  maximum 
recordable diameter of 118 mm and a min-
imum of 44 mm, and a  track pitch of ap-
proximately 800 nm, the active recording 
area supports approximately 37,000 spiral 
tracks (Polshchikov I., 2025). Conventional 
spiral-following formatting requires the head 
to travel the full cumulative length of these 
tracks (approximately 9415 m) for each for-
matted layer. At a rotation speed of 100 Hz, 
the maximum sustainable centrifugal and 
vibrational constraints on the carrier corre-
spond to a  travel distance of approximately 
six minutes per layer.

Radial formatting replaces spiral tra-
versal with radial traversal across an active 
area width of approximately 37 mm, using 
approximately 600 radii to match the mark 
count on the outermost track (Polshchikov I., 
2025). The total head travel per formatted 
layer fell to approximately 22 m, a reduction 
by a  factor of approximately 430 relative to 
spiral-following formatting. The number 
of head rotations required decreased from 
approximately 37,000 to 600, a  reduction 
by a  factor of approximately 66. Individual 
marks are recorded with pulses shorter than 
one microsecond, typically around 100 ns. 
The disclosure attributes the bulk of the time 
savings to reduced travel distance, and the 
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pulse duration remains the same between the 
two schemes.

The mark spacing changes accordingly. 
Conventional formatting records marks at 
spacings matched to data readout require-
ments, typically hundreds of microns along 
the track, with the carrier rotation speed 
limiting the recording rate to hundreds of 
kilohertz. Under radial formatting, consec-
utive marks along the radius correspond to 
adjacent spiral tracks. Therefore, intermark 
spacing falls to approximately one micron, 
permitting a  higher recording rate without 
any increase in the pulse generation speed. 
When axial and radial interleaving are com-
bined, for example, recording marks at three 
spiral radii and four depths within one coor-
dinated scan, the disclosure reports a result-
ing recording rate at least 12 times higher 
than that achieved by spiral-following for-
matting, despite marks still being recorded 
in sequence (Polshchikov I., 2025).

This twelvefold figure is not directly com-
parable to the write-speed figures reported 
elsewhere in the optical storage literature be-
cause the two sets of numbers describe differ-
ent processes. Wang et al. (Wang H., Lei Y., 
Wang L., Sakakura M., Yu Y., Shayeganrad G., 
et al., 2022) reported a  data-layer writing 
speed of 8 kilobytes per second for their 
100‑layer birefringent glass medium; this 
figure describes the user-data throughput 
after formatting is complete. It says nothing 
about the rate at which the formatting layers 
are produced. Zhou et al. (Zhou J. W., Su J., 
Guan J., Yang Y., Ji W., Wang M., et al., 2024) 
reported a  200‑femtosecond write time per 
fluorescent vacancy center in diamond, de-
scribing the duration of a single data-bearing 
event. This figure likewise says nothing about 
the aggregate time needed to populate a posi-
tional reference grid across an entire carrier. 
Polshchikov’s (Polshchikov I., 2025) twelve-
fold figure describes formatting throughput 
specifically, the rate at which the coordinate 
structure a  subsequent data-recording pass 
depends on, is produced. This is the quanti-
ty missing from each capacity-focused paper 
discussed in the Introduction.

The depth range achievable within a sin-
gle lens configuration constrains the number 
of layers that can be grouped together before 
the focal point must be repositioned by other 

means (Polshchikov I., 2025). For two-pho-
ton absorption media recorded at a numeri-
cal aperture of 0.65, the interlayer distance 
between adjacent data-bearing layers falls 
between 4 and 10 microns. A single lens can 
focus without spherical aberration correction 
across approximately 100 µm of depth, sup-
porting groups of approximately 20 layers 
recorded with a  simplified single-lens opti-
cal system. The groups were separated from 
each other by 30 to 70 microns. This distance 
reflects the accuracy achievable when tran-
sitioning the focal point between groups, 
which is distinct from the interlayer spacing 
within one group. The group-to-group transi-
tion distance, which is an order of magnitude 
larger than the interlayer spacing, is identi-
fied in the Discussion as the most likely con-
straint on further throughput improvement.

Quality control following optical format-
ting verifies six parameters (Polshchikov I., 
2025): axial distance between formatted lay-
ers, parallelism of the layers to each other 
and to the disc surface, accumulated axial po-
sition deviation error across the layer stack, 
distance between formatting marks within 
each layer and any differences in that dis-
tance between layers, distance between the 
first surface and the first recorded layer, and 
the distance between the last surface and the 
last recorded layer. These parameters target 
the principal failure mode of the interleaved 
method. A  newly formatted layer group is 
referenced to a  previously recorded layer, 
not to the original embossed reference; thus, 
positional errors can accumulate across suc-
cessive groups. The disclosure specifies that 
after a bounded number of layers are format-
ted relative to one reference, the procedure 
resets, and a new group is formatted relative 
to a more recently verified reference. This re-
set limits the extent to which the accumulat-
ed error can propagate before correction.

4. Discussion
The travel distance reduction reported 

by Polshchikov (Polshchikov I., 2025) aris-
es from reordering the path followed by the 
recording head. The mark density and mark 
shape remain unchanged, which is what makes 
the method complementary to the capacity-
increasing strategies surveyed in the Introduc-
tion. A carrier formatted with 100 birefringent 
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layers using the approach reported by Wang 
et al. (Wang H., Lei Y., Wang L., Sakakura M., 
Yu Y., Shayeganrad G., et al., 2022) still re-
quires the same lattice of positional reference 
points, whether the lattice is produced by 
spiral-following or interleaved traversal. The 
interleaved method only changes the produc-
tion cost of a servo structure whose geometry 
and function remain the same. The unchanged 
servo geometry is the reason why the twelve-
fold formatting-rate figure and the 100‑lay-
er density figure reported in (Wang H., Lei Y., 
Wang L., Sakakura M., Yu Y., Shayeganrad G., 
et al., 2022) describe complementary quan-
tities. The omission identified in the Intro-
duction, that materials-focused papers do not 
report formatting costs, reflects separate devel-
opment and reporting traditions between two 
lines of work that fit together without conflict.

The group-to-group transition distance of 
30 to 70 microns constrains this fit more than 
the within-group interlayer spacing. This dis-
tance is set by the accuracy of the transition of 
the focal point between lens configurations, 
not by the optical properties of the recording 
medium; therefore, it applies independently 
of which capacity-increasing material occu-
pies each group, whether nanograting-based 
glass (Wang H., Lei Y., Wang L., Sakakura M., 
Yu Y., Shayeganrad G., et al., 2022), ellipse-
orientation-encoded glass (Park C. H., 
Petit Y., Canioni L., Park S. H., 2020), or 
a  defect-center medium such as diamond 
(Zhou J. W., Su J., Guan J., Yang Y., Ji W., 
Wang M., et al., 2024). Reducing this tran-
sition distance would extend the number of 
layers a single group can cover before a reset 
to a new reference layer becomes necessary, 
and this extension would reduce the frequen-
cy of positional-error accumulation in the six 
quality control parameters exist to catch. The 
disclosure does not report whether the tran-
sition distance can shrink below its current 
range without degrading the axial position 
accuracy, which is the same accuracy that 
the quality control parameters verify (Pol-
shchikov I., 2025). Whether further format-
ting-time gains beyond the twelvefold figure 
are achievable within the described appara-
tus or require a different refocusing mecha-
nism remains open.

Liu et al.’s (Liu H., Zheng S., Chen X., Lin Z., 
Lin Y., Wang J., et al., 2026) synchronous 

movement recording technique for holographic 
storage offers one candidate mechanism worth 
testing against this constraint. Their method 
increases the write speed by coordinating the 
motion of the recording medium with that of 
a spherical reference wave, reducing the dead 
time between recording events in a volumetric 
medium with no discrete layers for transition. 
Polshchikov’s (Polshchikov I., 2025) apparatus 
already coordinates the spindle rotation, plat-
form rotation, and beam refocusing toward the 
same end within a discrete-layer architecture. 
Whether the synchronization principle report-
ed in (Liu H., Zheng S., Chen X., Lin Z., Lin Y., 
Wang J., et al., 2026), applied to axial refocus-
ing, would reduce the group-to-group transi-
tion delay is a question that the current disclo-
sure does not address, since the two methods 
were developed for architecturally distinct 
storage modalities and have not been tested 
against each other.

The design goal of Project Silica, which is 
to eliminate media refresh (Anderson P., Ara-
nas E., Assaf Y., Behrendt R., Black R., Cabal-
lero M., et al., 2023; Anderson P., Aranas E., 
Assaf Y., Behrendt R., Black R., Caballero M., 
et al., 2025), reframes the importance of for-
matting-time reduction at the production 
scale. A  storage system built around carri-
ers that remain untouched for their entire 
archival life amortizes the fixed cost of pro-
ducing each carrier’s formatting layer across 
its entire life, not across a single read-write 
cycle. A  reduction in per-carrier formatting 
time from minutes to seconds, therefore, 
compounds across the total number of car-
riers a data-center-scale archival deployment 
would require, not merely across the time 
to produce one disc. This connection con-
cerns where formatting time savings accrue 
economically. This does not imply that silica 
glass platters use the interleaved formatting 
method described here; the disclosure exam-
ined in this paper concerns discrete spiral-
track carriers, and nothing in the reports 
in (Anderson P., Aranas E., Assaf Y., Beh-
rendt R., Black R., Caballero M., et al., 2023; 
Anderson P., Aranas E., Assaf Y., Behrendt R., 
Black R., Caballero M., et al., 2025), indi-
cates that Project Silica’s addressing scheme 
follows the same lattice structure.

One limitation constrains how far the re-
ported figures can be generalized. A 430‑fold 
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and 66‑fold reduction in the travel distance 
and rotation count, respectively, was com-
puted for a  single carrier geometry with 
an 81‑mm average track diameter and 
800‑nanometer track pitch (Polshchikov I., 
2025). (The disclosure does not report how 
these ratios change for carriers with substan-
tially different track pitches or diameters, and 
both vary considerably across the nanograt-
ing, fluorescence, and defect-center media 
surveyed above. The ratio between the spiral 
length and radial-formatting travel distance 
depends on the track pitch through the num-
ber of tracks per radius. A carrier formatted 
at a finer pitch to support the 100‑layer den-
sity reported in (Wang H., Lei Y., Wang L., 
Sakakura M., Yu Y., Shayeganrad G., et al., 
2022) would require proportionally more 
radii per group, and this would reduce the 
travel-distance advantage that interleaved 
formatting provides relative to the example 
reported here.

5. Conclusions
Reordering the path along which for-

matting marks are recorded reduces the for-
matting time for three-dimensional optical 
carriers by more than two orders of magni-
tude in head travel distance and by a  factor 
of approximately 66 in the required rota-
tion count for the carrier geometry report-
ed by Polshchikov (Polshchikov I., 2025). 
The mark geometry, mark spacing, and ser-
vo pattern of the encoded marks remain 
unchanged throughout this reduction. The 
gain addresses the cost of capacity-focused 
literature on multilayer and multidimen-
sional optical storage, which has consistent-
ly been left unreported. Nanograting-based 
glass (Wang H., Lei Y., Wang L., Sakaku-
ra M., Yu Y., Shayeganrad G., et al., 2022), 
fluorescence-encoded glass (Park C. H., Pe-
tit Y., Canioni L., Park S. H., 2020), lumines-
cent nanomaterials (Gu M., Zhang Q., Lam-
on S., 2016; Yu J., Luo M., Lv Z., Huang S., 
Hsu H. H., Kuo C. C., et al., 2020; Dai D., 
Zhang Y., Yang S., Kong W., Yang J., Zhang J., 
2024), and defect-center media (Zhou J. W., 
Su J., Guan J., Yang Y., Ji W., Wang M., et al., 
2024) each increase the number of layers or 
the per-voxel information density that a pro-
duction process must eventually address; 

none of these papers report the cost of ad-
dressing the production.

The 30‑to‑70‑micron group-to-group 
transition distance identified in this analy-
sis as the binding constraint on further gains 
sets the practical ceiling on how many lay-
ers a single formatting pass can cover before 
a reset to a new reference layer becomes nec-
essary. Reducing this distance would directly 
extend the ceiling. Whether the synchroniza-
tion principles reported for coordinated me-
dium-and-reference-wave motion in holo-
graphic recording (Liu H., Zheng S., Chen X., 
Lin Z., Lin Y., Wang J., et al., 2026) transfer 
to axial refocusing in a discrete-layer archi-
tecture remains untested; the two methods 
were developed for different storage modali-
ties and have not been evaluated against each 
other. Testing this transfer would require 
measuring axial refocusing accuracy against 
reference-layer tracking error across transi-
tion distances narrower than the range spec-
ified in (Polshchikov I., 2025), and applying 
the same six-parameter quality control pro-
tocol defined there to each tested distance.

The second open question concerns the 
generalization across carrier geometries. The 
430‑fold and 66‑fold reductions reported 
here apply to one-track pitch and one carri-
er diameter. Materials capable of supporting 
denser layer counts, such as the 100‑layer bi-
refringent glass reported in (Wang H., Lei Y., 
Wang L., Sakakura M., Yu Y., Shayegan-
rad G., et al., 2022), typically require a  fin-
er track pitch, which increases the number 
of radii required per formatting group and 
narrows the travel distance advantage pro-
vided by interleaved formatting. Establishing 
how far this advantage narrows as the track 
pitch decreases would require formatting tri-
als across the pitch range that the capacity-
focused literature has already established as 
viable for high-density media, rather than 
a single representative case.
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Abstract
The article examines the innovative selection of parameters for transforming the processes 

of forecasting investment characteristics in the infrastructure of a smart object that, in terms 
of its elements and novelty features, meets the required attributes and criteria of an invention. 
Particular attention is paid to the possibility of its comprehensive and detailed integration into 
an advanced combined supersystem with interconnected subsystems as an essential component 
of preparing a startup project aimed at the development of innovative technology.

The article analyzes modern techniques and algorithms for developing integrated innovative 
technical solutions based on the application of distinctive features of known inventions in a new 
capacity and within newly emerging smart technology domains, including the integration of basic 
distinctive features. This approach is considered an important factor in achieving technological 
success through timely, targeted, and dynamically coordinated investment throughout the de-
velopment of the project.

Since the entire range of activities related to the development of project elements is primarily 
aimed at ensuring the achievement of the ideal final result, the article emphasizes the need to 
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ment processes with the active application of artificial intelligence and artificial neural networks.
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in a New Capacity; Integration of Basic Distinctive Features; Manufacturing of Original 
Components; Active Application of Artificial Intelligence and Artificial Neural Network 
Elements

Introduction
Innovative Selection of Parameters for 

the Transformation of Investment Charac-
teristics Forecasting Processes in the Infra-
structure of a Smart Object.

The innovative selection of parameters for 
transforming the processes of forecasting in-

vestment characteristics in the infrastructure 
of a smart object, which meets all the required 
attributes and criteria of an invention in terms 
of its elements and novelty features, provides 
the basis for its comprehensive and detailed 
integration into an advanced combined super-
system with interconnected subsystems.

Figure 1. Activating Dynamic Device: Scale Factor – Working Diameters of 
20, 35, and 60 mm with the Same Application and Connection Concept

Figure 2. Cross-Sectional View of the Activating Device

Analysis of Modern Techniques and Al-
gorithms for the Development of Integrat-
ed Innovative Technical Solutions Aimed at 
Applying the Distinctive Features of Known 
Inventions in a New Capacity and in Newly 
Emerging Smart Technology Domains (Inte-
gration of Basic Distinctive Features)

Technological Instruction
As an example, the processes for manu-

facturing original components of the Inte-

grated Device for Activating Fuel Mixtures, 
protected by 14 patents, are considered.

This technological instruction covers 
the manufacturing of original components, 
as well as the selection of standard parts, 
materials, and components required for 
the production of prototypes of the Inte-
grated Device for Activating Fuel Mixtures 
designed for use in internal combustion 
engines, including conventional gasoline-
powered engines and compression-ignition 
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(diesel) engines, primarily intended for use 
in vehicles.

1. Technical Requirements for the 
Manufacture of Original Components

1.	 All original components shall be manufac-
tured in full compliance with the working 
drawings.

2.	 All conical surfaces of the components 
shall be experimentally verified using alu-
minum mock-ups. The mock-ups of mat-

ing components shall be used as reference 
templates and gauges.

3.	 Electrochemical polishing of the compo-
nents after machining shall be performed 
only after all components included in the 
device have been checked for proper as-
sembly and compatibility.

4.	 Heat treatment of the components shall 
be carried out at the workpiece stage in 
accordance with the requirements of the 
technical documentation.

Figure 3. Components of the Activating Device

Figure 4. Components of the Activating Device

2. Technical Requirements 
for Device Assembly

1.	 All sections of the device shall fit into the 
opening of the outer housing with a slid-
ing fit.

2.	 During assembly, the manifold housing, 
which contains eight independent chan-
nels, four of which are intended for sup-

plying compressed air, shall be aligned 
with the openings in the outer housing 
through which compressed air is supplied 
from the compressor.

3.	 After alignment, the retaining elements 
shall be screwed into the openings of the 
outer housing, after which the outer hous-
ing nut shall be tightened. Once tightened, 
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the retaining elements shall be unscrewed 
one at a  time and replaced individually 
with fittings securing the compressed-air 
pipeline.

4.	 The assembly procedure shall be as 
follows:
•	 A  nipple shall be fitted onto the fuel 

pipeline;
•	 The nipple shall be secured to the 

pipeline;
•	 The resulting connection shall be 

joined to the outer housing nut and, 
together with the nut, fitted onto the 
hydraulic section housing; 

•	 The entire assembled connection shall 
be inserted into the opening of the 
outer housing and secured by means 
of the nut;

•	 From the opposite open side of the out-
er housing, the conical interface of the 
hydraulic section shall then be insert-
ed. The interface of the pneumatic sec-
tion shall be press-fitted into its central 
opening. The pneumatic section hous-
ing shall be mounted onto its splined 
portion, after which the manifold hous-
ing seat shall be installed inside it.

Figure 5. Exploded View of the Activating Device

2.5. The manifold housing shall be 
oriented in accordance with Section 
2.3.

3. Technical Requirements for 
Standard Fuel Pipeline Components

1.	 The standard components of the device 
include fittings for securing four pipe-
lines supplying compressed air from the 

compressor; four metal tubes selected in 
accordance with the dimensions of the 
fittings; and two tubes for the sections of 
the fuel pipeline located upstream and 
downstream of the device. The dimen-
sions of the two nipples shall be cali-
brated according to these tubes, and the 
nipples shall be securely and leak-tight 
attached to them.

Figure 6. System for Parallel Connection of the Activating Device
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4. Technical Requirements 
for Compressed-air Pipelines 

From the Compressor
1.	 The pipelines used to supply compressed 

air from the compressor to the fuel-mix-
ture activating device shall comply with 
the requirements specified in Section 3.1.

5. Technical Requirements 
for The Compressor

1.	 For the initial stages of testing, the spe-
cific type of compressor is not of critical 
importance.

2.	 The compressor shall provide a nominal 
operating pressure of at least 20 atmo-
spheres.

3.	 An air filter with a  liquid buffer shall be 
installed at the compressor air inlet.

4.	 The compressor shall have at least four 
compressed-air outlets or be equipped 
with a  system ensuring uniform distri-
bution of the compressed-air flow at the 
compressor outlet.

5.	 The pressure level shall be adjustable 
throughout the entire operating range of 
the compressor, from minimum to max-
imum.

6.	 The compressed-air flow rate at the com-
pressor outlet shall be adjustable from 
maximum to minimum.

7.	 All connections between the outlet pipe-
lines and the compressor shall use stan-
dard fittings and connections.

Figure 7. System for Vortex Tube Formation

6. Program and Procedure for 
Preliminary Testing at the Device 

Manufacturer’s Facility
1.	 Each component shall be accompanied 

by a quality certificate.
2.	 Each component shall be accompanied by 

a conformity report confirming that its lin-
ear dimensions correspond to the dimen-
sions specified in the engineering drawing.

3.	 All components shall be selectively 
matched for each individual assembly.

4.	 A separate inspection report shall be pre-
pared for each assembly, confirming its 
assemblability and compliance with the 
general technical requirements for the 
product.

5.	 All connections of the device’s hydraulic 
lines, both at the inlet and outlet, shall 

be tested for leak-tightness at a pressure 
25% above the nominal operating 
pressure.

6.	 All connections of the device’s pneumat-
ic lines shall be tested for leak-tightness 
at a  pneumatic-system pressure 25% 
above the nominal operating pres‑
sure.

7.	 The fully assembled device shall be test-
ed for leak-tightness of both the hydrau-
lic and pneumatic sections while oper-
ating simultaneously at a pressure 25% 
above the nominal operating pres‑
sure.

8.	 A manufacturer’s technical passport shall 
be prepared for each device, specifying 
the results of all preliminary tests per-
formed.

https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie
https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie


FORECASTING THE INVESTMENT CHARACTERISTICS OF A SMART OBJECT ECOSYSTEM51

European Journal of Technical and 
Natural Sciences 2026, No 5

Section 5. Technical sciences in general

Figure 8. Stabilization Device

7. Technical requirements for the 
air filter installed at the inlet of 

the compressor connected to the 
fuel-mixture activating device

1.	 The compressor shall provide an operat-
ing pressure of at least 20 atmospheres.

2.	 The pressure shall be adjustable within 
the range from the minimum to the max-
imum value.

3.	 The air purification filter shall be capable 
of operating under the specified param-
eters.

4.	 The filter shall incorporate a  system for 
directing the airflow through a liquid me-
dium, such as light mineral oil or indus-
trial alcohol.

5.	 Air shall be introduced into the filter 
through tangential inlet channels.

Figure 9. Example of the Scale Factor

Considering the relatively compact de-
sign of our device and its ease of integration 
into the fuel system of a modern engine, it is 
important to protect the formulated concept 
and its structural implementation as soon 
as possible, since it is expected to enter the 
intellectual property market simultaneously 
with the basic product – various types of bio-
logical fuel mixtures.

The scope of claims that may 
be declared includes:

•	 A mixer integrated into a pipeline and 
utilizing pressure differentials arising 
or generated in different sections of 
the pipeline due to differences in the 
linear flow velocities of liquids moving 
through the pipeline;

•	 A hydrodynamic mixer;
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•	 A hydrodynamic mixer integrated with 
a foam generator;

•	 A sequential mixing and foaming unit;
•	 A sequential mixing and foaming unit 

integrated into a pipeline and utilizing 
the kinetic energy of liquid flows mov-
ing through the pipeline to perform its 
technological functions;

•	 A hydrodynamic mixer designed to in-
crease the level of turbulence;

•	 A hydrodynamic turbulence-enhancing 
mixer integrated with an aerodynamic 
turbulence-enhancing foam generator;

•	 A  hydrodynamic generator designed 
to increase the turbulence level of liq-
uid flows moving through a pipeline;

•	 Sequential hydrodynamic and aero-
dynamic turbulence-enhancing flow 
converters integrated into a  pipeline 
for processing liquid flows moving 
through the pipeline;

•	 An aerodynamic foam generator;
•	 A compact aerodynamic foam genera-

tor designed for integration into a fuel 
pipeline;

•	 A hydrodynamic mixer for liquids with 
different viscosities and physicochem-
ical properties;

•	 A compact hydrodynamic mixer inte-
grated into a  fuel pipeline, designed 
for mixing liquids with different vis-
cosities and physicochemical proper-
ties without requiring additional en-
ergy consumption for the performance 
of its functional operations;

•	 An integrated hydrodynamic-
aerodynamic compact unit designed 
for installation in a  fuel pipeline and 
for preparing fuel mixtures prior to 
their injection into the combustion 
chambers of combined engines oper-
ating according to the Otto cycle.

Analysis of Modern Techniques and 
Algorithms for Developing Innovative 
Technical Solutions Based on the Appli‑
cation of Distinctive Features of Known 
Inventions in a  New Capacity and in 
Newly Emerging Fields of Technology

(Use of Basic Distinctive Features in 
a New Capacity)

First, we will briefly consider the tech-
nology proposed as an example, as well as its 
specific features and elements of novelty:

Figure 10. Cross-Section of the Fuel-Mixture Homogenization Device

The device shall consist of an acceler-
ating hydrodynamic section transitioning 
into a  coaxially arranged second hydrody-
namic section with an integrated vortex 
generator, which in turn transitions into 
a  hydrodynamic turbulence-enhancing 

unit connected to the inlet of a high-pres-
sure pump.

All milk to be homogenized in the pro-
posed device is divided into two streams. The 
first stream, representing 60% of the total 
flow, enters the accelerating hydrodynam-
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ic section at a  pressure of 3 bar (45 psi), 
where acceleration occurs in accordance with 
Bernoulli’s principle. The second stream, 
representing 40% of the total flow, enters 
the second hydrodynamic section, arranged 
coaxially with the first section, at a pressure 
of 3 bar (45 psi).

The device provides a dynamic process of 
sequential milk-flow homogenization. During 
the first stage, homogenization is achieved 
by controlling the level of turbulence within 
the pipeline. This process is presented as the 
principal element of novelty and is described 
in the relevant intellectual property protec-
tion documents.

The homogenized milk flow is then 
transformed into a vortex flow by means of 
the integrated vortex generator and direct-
ed to a  high-pressure pump operating at 
a pressure of 2,000–3,000 bar (29,000–
43,500 psi). The second stage of dynamic 
in-flow homogenization takes place under 
these conditions, resulting in a reduction in 
the particle size of the emulsion – milk being 
an emulsion – to less than one micron, there-
by producing a nanoemulsion.

The homogenization process takes less 
than one second and is designed to preserve 
the natural and biological relationships 
among the components of the milk. The pro-
cess takes place at a  stable temperature or, 
under certain operating conditions, with 
a reduction in milk temperature.

The entire dynamic homogenization pro-
cess is based on the creation of specific tur-
bulent hydrodynamic conditions within the 
milk flow without disrupting the biological 
equilibrium among its components.

Advantages of the Proposed Process 
Compared with Existing Technology

•	 Existing technology does not include 
a  stage of dynamic homogenization 
based on the turbulence level and 
therefore does not provide for homog-
enization directly within the pipeline;

•	 In the proposed process, the second 
homogenization stage is performed at 
a pressure that is at least twice as high;

•	 The resulting fat particles (globules) 
are stated to have a uniform size within 
the range of 70–120 nm and to show 
no tendency to agglomerate, where-
as existing technology is described as 
producing a  particle-size variation of 
more than tenfold, from 0.2 to 2 μm;

•	 All homogenization processes can be 
performed directly within the pipeline, 
for example, during milk transfer from 
a  tanker to the processing equipment 
of a  dairy plant, without requiring 
dedicated production areas;

•	 The milk temperature does not in-
crease during the proposed process;

•	 The device enables additional compo-
nents, such as multivitamins or lyso-
zyme, to be introduced into the milk 
during homogenization, including for 
the purpose of extending shelf life;

•	 The device has compact overall di-
mensions, is convenient to operate, 
and provides favorable conditions for 
sterilization;

•	 The device can also be used to perform 
fermentation either during or after ho-
mogenization without altering the pa-
rameters of the homogenized milk;

•	 The proposed device is described as 
significantly less expensive than exist-
ing equipment;

•	 The device can be used for technologi-
cal homogenization before milk enters 
processing equipment for the manu-
facture of dairy products.

Based on the principles and methods 
of the Theory of Inventive Problem Solv-
ing (TRIZ) and the Algorithm for Inventive 
Problem Solving (ARIZ), a structural analy-
sis of currently available milk homogeniza-
tion technologies was performed.

The most probable systemic contradic-
tion appears to be associated specifically with 
the application of high-pressure treatment to 
milk during the homogenization process.

https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie
https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie


European Journal of Technical and 
Natural Sciences 2026, No 5

FORECASTING THE INVESTMENT CHARACTERISTICS OF A SMART OBJECT ECOSYSTEM54

Section 5. Technical sciences in general

References and patent literature

Heath, Jeffrey Abramson, et al. Method and Apparatus for the Detection of Distortion 
or Corruption of Cellular Communication Signals. United States Patent Applica-
tion No. US 2022/0200699 A1, June 23, 2022.

Zhang, Wen, et al. Autonomous Failure Recovery Method and System for Fiber-Optic 
Communication System. United States Patent Application No. US 2021/0028856 
A1, January 28, 2021.

Nicas, Nicholas, et al. System and Method for Providing Single Fiber 4K Video. Unit-
ed States Patent Application No. US 2020/0162183 A1, May 21, 2020.

Goodman, Igor, et al. Method and Apparatus for Mitigating Interference in CPRI 
Uplink Paths. United States Patent Application No. US 2020/0059258 A1, February 
20, 2020.

Goodman, Igor, et al. Method and Apparatus for Mitigating Interference in CPRI 
Uplink Paths. United States Patent Application No. US 2018/0295632 A1, October 
11, 2018.

Hartman, Mickey (Michael). Electro-Optical Optic Sight. United States Patent Applica-
tion No. US 2017/0059278 A1, March 2, 2017.

Heath, Jeffrey Abramson, et al. Method and Apparatus for the Detection of Distortion 
or Corruption of Cellular Communication Signals. United States Patent Applica-
tion No. US 2019/0123820 A1, April 25, 2019.

Nicas, Nicholas, et al. System and Method for Providing Single Fiber 4K Video. Unit-
ed States Patent Application No. US 2018/0351682 A1, December 6, 2018.

Rubinchik, Valery, et al. Photodynamic Therapy Laser. United States Patent Application 
No. US 2016/0074222 A1, March 17, 2016.

Tran, Thanh T., et al. Scalable Communication System for Hydrocarbon Wells. Unit-
ed States Patent Application No. US 2018/0156031 A1, June 7, 2018.

Heath, Jeffrey Abramson, et al. Method and Apparatus for the Detection of Distortion 
or Corruption of Cellular Communication Signals. United States Patent Applica-
tion No. US 2017/0237484 A1, August 17, 2017.

submitted 15.09.2026;
accepted for publication 29.09.2026;
published 30.09.2026
© Ahmadova M.
Contact: akhmqn@mail.ru

https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie
https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie


European Journal of Technical and 
Natural Sciences 2026, No 5

ISSN 2414-2352

DESIGN OF SMART TRANSPORTATION SYSTEMS USING ARTIFICIAL INTELLIGENCE55

ppublishing.org

DOI:10.29013/EJTNS-26-5-55-61�

DESIGN OF SMART TRANSPORTATION SYSTEMS USING 
ARTIFICIAL INTELLIGENCE. 

(Development of Integrated Technical Systems Using 
AI-Enabled Computer-Aided Design Software)

Benito Diaz 1

1 AJ body auto service 9601 Glenoaks Blvd Sun Valley, CA 91352 United States

Cite: Benito Diaz. (2026). Design of Smart Transportation Systems Using Artificial 
Intelligence. (Development of Integrated Technical Systems Using AI-Enabled Computer-
Aided Design Software). European Journal of Technical and Natural Sciences 2026, No 5. 
https://doi.org/10.29013/EJTNS-26-5-55-61

Abstract
This article examines the development of integrated technical systems using computer-aided 

design software incorporating elements of artificial intelligence.
To design specialized technological equipment complexes that meet modern requirements 

while preserving the applicability of the Theory and Algorithm of Inventive Problem Solving, 
it is necessary, at a minimum, to analyze the definitions and laws governing the evolution of 
technical systems in conjunction with AI-enabled computer-aided design systems.

The system under consideration is a higher-level integrated technical system comprising 
a number of technical systems interconnected through a common technological cycle and func-
tioning as dual parallel local supersystems. Each supersystem includes two lines: a chemical 
line and a mechanical line incorporating electroplating operations.

Accordingly, each dual parallel local supersystem consists of multiple local technical sys-
tems, or subsystems, connected through local programmable processors to the central processor 
of the higher-level integrated technical system.
Keywords: integrated technical system; dual parallel local supersystems; higher-level 
integrated technical system processor; law of technical system evolution; classical technical 
system; automated robotic production and assembly complex

Introduction
The structure and interaction of local tech-

nical solutions within each subsystem are fun-
damentally determined by the laws of tech-
nical system evolution formulated within the 
Theory of Inventive Problem Solving (TRIZ).

For a more detailed analytical examina-
tion, it is appropriate to return to examples 

of specific contemporary developments, 
taking into account the above comments 
on the laws of technical system evolution, 
as well as certain modifications to TRIZ 
definitions and classifications proposed in 
the well-known publications of Mykhailo 
Korobko.
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Figure 1. The figure shows the technological modules of an automated robotic 
production and assembly complex designed for the autonomous manufacture of 

contact blocks for telephone lines. As can be seen in the image, the complex contains 
four principal technological modules. Three of these modules prepare parts and 

components for assembly and are arranged around the assembly conveyor module

The operating cycle of each module is 
synchronized with the indexing step, or 
operating cycle, of the assembly conveyor 
module. This applies both to the vibratory 
hopper modules traditionally used in such 
complexes, shown on the left side of the fig-
ure, and to the fundamentally new modules 
used to stamp the contacts and feed them 

to the assembly and inspection conveyor, 
shown in the center.

This configuration of an automated ro-
botic production and assembly complex may 
be classified as a technical system with a fixed 
production cycle, in which all technological 
modules are synchronized with the indexing 
step of the assembly conveyor module.

Figure 2. The figure shows a configuration of a flexible photolithography 
processing module for thin-film microassembly boards. The module comprises two 

parallel process flows, each of which is fully autonomous, including independent 
integrated computer control systems. In addition to these systems, the module also 
includes a computer-based control and monitoring system for the operator robot, 

which is functionally connected to the integrated computer control systems
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In this configuration, the technological 
modules function as subsystems, while the 
assembly conveyor module functions as the 
governing supersystem. The subsystem mod-
ules operate in accordance with the produc-
tion cycle of this supersystem.

As can be seen in the figure, although the 
assembly complex contains numerous points 
of interaction and requires the coordina-
tion of its production cycles, it is not subject 
to any specific requirements governing in-
creased flexibility or adjustment of the mod-
ules’ production cycles.

This configuration is characteristic.
The module comprises several closely in-

terconnected functional technical systems, 
each of which may be classified as a  super-
system.

Together, these systems include loading 
and unloading modules, local loading and 
unloading units, tracks, centrifuges, chem-
ical reagent and photoresist metering and 
delivery units that supply these materials to 
the processing area on the centrifuge table, 
monitoring systems, and other associated 
components.

Figure 3. The figure shows the processing track of a system used to apply electroplated 
coatings to thin-film microassembly boards. The processing track includes autonomous 

board loading and unloading devices installed at the process inlet and outlet

The track comprises several centrifuges: 
a  processing station for preparing surfaces 
for coating, a processing station for electro-
plating, and a processing station for the final 
treatment of the board after the coating has 
been applied.

The system is fully automated and is 
controlled and monitored by programmable 
processors connected to the power supply 
for the electroplating process. The system 
provides flexible adjustment of the current 
density depending on the coating area and 
thickness.

The system has two process flows, one of 
which is shown in the figure. It is operated, 
regulated, configured, and monitored by sev-
eral programmable controllers. Data, pro-
grams, and commands are entered into these 
controllers through a touchscreen.

It is important to note that each local 
technical system, even when functioning as 
a  low-level subsystem, possesses consid-
erable potential for integrative adaptation 
within technical systems at every level of 
the hierarchy due to its high degree of uni-
fication and standardization. This hierarchy 
determines the composition and functional 
characteristics of the supersystem at its high-
est level.

Because prototypes of such equipment 
are generally developed at the level of an in-
vention in specific production environments, 
the accurate definition, systematic qualifi-
cation, and classification of all new techni-
cal solutions and their combinations within 
technical systems at every level of the hierar-
chy are critically important.
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Figure 4. The figure shows an automated system comprising two process flows, 
each equipped with flexible and independent control and monitoring. The system 
is designed to apply electroplated coatings to thin-film microassembly boards in 

a semiconductor manufacturing environment. It can be incorporated into flexible in-
line processing modules, which, in turn, can be integrated into higher-level systems

As shown in the figure, the thin-film mi-
croassembly board blanks, manufactured 
from a  special ceramic material and mea-
suring 48 × 60 mm, are held in cassettes 
positioned at the beginning and end of the 
process flow. Operator involvement in the 
process is therefore not required, since all 

loading and unloading operations are per-
formed by an operator robot. All operations 
and the sequence in which control commands 
are executed are monitored by a  program-
mable processor, which is accessed through 
a touchscreen control panel.

Figure 5. The figure shows the technical solutions incorporated into and forming 
the transport systems at all levels of the flexible automated processing module. These 
range from transporting thin-film microassembly board blanks from the loading and 
unloading module to the processing stations to the integrated transport system of the 
robotic manipulator, which can be adapted for use with equipment designed for other 

technological processes and with computerized control and supervisory regulation systems
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Systems of this kind generally incorpo-
rate a  wide variety of basic technical solu-
tions. When these solutions are combined 
with technical solutions possessing world-

wide novelty, it is the resulting integrated 
technical solutions, in their various combi-
nations and configurations, that may qualify 
as inventions.

Figure 6. The figure shows the integration of the transport systems of a flexible 
automated processing module with the transport and orientation systems 

of a buffer-storage module functioning as a universal supersystem

In a  configuration comprising technical 
solutions that extend upward and downward 
through the hierarchy of the highest-level su-
persystem, the strategy for patent protection 
from a  technical perspective and licensing 
protection from a  legal perspective depends 
heavily on the clear and technically accurate 
classification of the entire set of technical 
solutions and their functional interconnec-

tions. Of even greater importance are their 
relationships with the definitions and formu-
lations applicable to the various categories 
and types of technical solutions incorporated 
into higher-level systems within the hierar-
chy, including subsystems and the technical 
solutions located at the interfaces of local 
and substantially autonomous technical sys-
tems that connect them into supersystems.

Figure 7. The figure shows a section of a flexible photolithography processing module for 
thin-film microassembly boards, illustrating the fundamental method used to load and 
unload the processing stations by means of an operator robot. The robot retrieves a cassette 
containing substrates from the buffer-storage module and places it on the loading device 
table of the process flow. The same procedure is performed in reverse: the robot retrieves 

a cassette containing processed substrates and places it in the buffer-storage module
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The presence of programmable control 
and monitoring controllers and processors 
naturally elevates the status of these technical 
systems from local technical systems to smart 
technical systems. The foregoing demonstrates 
the importance of the analytical work per-
formed by Mykhailo Korobko in his pioneer-
ing research. His development of fundamental 
principles for classifying and systematizing the 
types and characteristics of technical systems, 
together with the definitions applicable to each 
level of such systems, is essential to the sys-
tematic continuation and further optimization 
of computer-aided design processes. This work 
enables the use of advanced computer-aided 

design software in combination with the latest 
principles and methods of digital technology, 
while aligning them with the terminology and 
laws of technical system evolution established 
within the Theory of Inventive Problem Solv-
ing (TRIZ) and the Algorithm for Inventive 
Problem Solving (ARIZ).

As shown in the figure, the buffer-storage 
modules contain sealed cassette cells and are 
equipped with programmable control pro-
cessors. These processors monitor the pro-
cessing sequence and transmit signals to the 
conveyor of the buffer-storage module, iden-
tifying the cell that must either receive a cas-
sette or be cleared of one.

Figure 8. The figure shows the internal structure of the buffer-storage module. As can 
be seen in the figures, the module is equipped with a vertical conveyor to which cells 

are attached for inserting and removing cassettes containing workpiece blanks

This technical system has undergone ex-
tensive testing. A  detailed analysis demon-
strates that virtually all layout, schematic, 
and structural technical solutions incor-

porated into the components of the flexible 
automated production module correspond – 
in terms of their design, functions, layout 
methods, and operating methods – to the 
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classification, terminology, and structure 
of modified technical systems, as well as to 
the definitions formulated in the works and 
publications of Mykhailo Korobko.

The analysis would be incomplete with-
out examining the standard process for 
developing a  new technical solution incor-

porated into a technical system at a higher 
level of composition and layout. It is also 
necessary to determine whether the relevant 
formulations and definitions correspond to 
the modified formulations and definitions 
for technical systems at all levels proposed 
by Mykhailo Korobko.
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Abstract
This article examines the growing importance, under conditions of increasingly intensive 

globalization, of ensuring comprehensive and robust protection of innovative technical ideas 
against unauthorized appropriation and even direct copying, with particular emphasis on main-
taining a degree of non-obviousness of such ideas to an ordinarily skilled specialist within the 
technological field in which they originate. This issue becomes even more significant as an 
innovative idea undergoes concrete and comprehensive development and gradually evolves, 
step by step, from a purely conceptual idea into a set of specific, interrelated technical solutions. 
This evolution is accompanied by the integrative penetration and technological diffusion of 
such solutions from one technological field into adjacent fields. A fundamental prerequisite for 
such cross-field penetration is the shifting of boundaries between technological fields and the 
progressive blurring of the distinctive characteristics and properties defining those boundaries. 
As an example of the emergence and synthesis of an innovative idea of this kind, the author 
presents the development of the concept of non-contact remote control and online monitoring 
of the parameters and concentrations of a process solution. The initial concept was progres-
sively developed into a sensor-capsule design principle and an algorithm for its application, 
followed by the serial production of such sensor capsules and their large-scale deployment in 
modern, complex, high-technology manufacturing environments, as well as their potential 
application in biotechnology, medicine, and agriculture. At this point, the author considers it 
necessary to make a brief analytical digression in order to examine macro- and micro-scale 
scenarios for the development and application of these technologies, taking into account the 
specific characteristics of applications at different scales and the corresponding differences in 
operating conditions. Since the author of this article initiates innovative startup projects and 
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is also engaged in restoring and further developing startup projects in which the Ideal Final 
Result has not been achieved, and, for a number of objective reasons, operates under condi-
tions characterized by a micro-scale technological factor, the article proposes a method for the 
qualification and comparative analysis of innovative modifications to processes and materials.
Keywords: Integration of Structural Solutions; Integration of Technological Solutions; 
Innovative Projects; Fundamental Aspects of Integration; Fundamental Aspects of Horizontal 
Integration; Fundamental Aspects of Vertical Integration; Final Integrated Solution; Complex 
Uncertainty Regarding the Feasibility of the Final Integrated Solution; Complex Uncertainty 
Regarding the Ideal Final Result; Comprehensive Protection of Innovative Technical Ideas; 
Comprehensive Development of an Idea and Its Gradual, Step-by-Step Transformation from 
a Concept into Specific Technical Solutions

Introduction
In the context of increasingly intensive 

globalization, ensuring comprehensive and 
robust protection of innovative technical 
ideas against unauthorized appropriation 
and even direct copying has become critically 
important. In this regard, the non-obvious-
ness of an idea to a person of ordinary skill in 
the technological field in which the idea orig-
inated is of particular significance. This issue 
becomes even more important as an inno-
vative idea undergoes concrete and compre-
hensive development and gradually evolves, 
step by step, from a  purely conceptual idea 
into a  set of specific, interrelated technical 
solutions. This evolution is accompanied by 
the integrative penetration and technological 
diffusion of such solutions from one tech-
nological field into adjacent technological 
fields. A  fundamental prerequisite for such 
penetration is the shifting of boundaries be-
tween technological fields and the progres-
sive blurring of the distinctive characteristics 
and properties defining those boundaries. As 
an example of the emergence and synthesis 
of an innovative idea of this kind, the author 
presents the development of a concept orig-
inating from the idea of non-contact remote 
control and online monitoring of the parame-
ters and concentrations of a process solution. 
This concept was progressively developed 
into a  design principle and an application 
algorithm for a  sensor capsule, followed by 
the serial production of such sensor capsules 
and their large-scale application in modern, 
complex, high-technology manufacturing 
environments, as well as their corresponding 
application in biotechnology, medicine, and 
agriculture. At this point, the author consid-
ers it appropriate to make a brief analytical 

digression in order to examine macro- and 
micro-scale scenarios for the development 
and application of these technologies, taking 
into account the specific characteristics of 
applications at different scales and the corre-
sponding differences in the conditions under 
which such technologies are employed.

Since the author of this publication ini-
tiates innovative startup projects and is also 
engaged in the restoration and further devel-
opment of startup projects in which the Ide-
al Final Result has not been achieved, and, 
for a number of objective reasons, operates 
under conditions characterized by a micro-
scale technological factor, a method is pro-
posed for the qualification and comparative 
analysis of innovative modifications to pro-
cesses and materials. It is proposed to exam-
ine and compare different initial conditions 
that determine the baseline requirements 
for identifying and developing new inno-
vations, both in the field of new materials 
and in the field of innovative technological 
methods and techniques. Ultimately, these 
factors determine the economic efficiency, 
technological and commercial effectiveness, 
and overall practical viability of the proposed 
innovations. For comparative purposes, two 
contrasting cases may be considered: at one 
extreme, the complex process of restoring, 
for example, a painting by a medieval artist 
that constitutes a museum treasure and may 
even form part of a  nation’s cultural heri-
tage; and, at the other, the process of milk 
homogenization under modern industrial 
production conditions and within a global-
ized economy. Both processes require online 
monitoring; however, they are characterized 
by fundamentally different baseline param-
eters and conditions for assessing the need 
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to introduce innovative technical solutions 
for such monitoring. The principal distinc-
tion between these two processes lies in the 
respective levels of recoverable and irre-
versible losses that may arise in the event 
of a  loss of control over the operation of 
monitoring devices. In the event of an acci-
dent or process failure in milk production, 
irreversible losses are quantifiable and sub-
ject to clearly defined limits. By contrast, if 
control over the quality of materials and the 
techniques used in their preparation is lost 
during a  restoration process, the resulting 
irreversible material and non-material loss-
es may exceed even the highest anticipated 
limits. Consequently, for an innovative proj-
ect to be practically relevant and to gener-
ate the required material, commercial, and 
non-material benefits, the issues associated 
with the vertical and horizontal integration 
of an innovative solution – from the initial 
idea through to mass production – must be 
addressed with a sufficient degree of univer-
sality to ensure that the level of irreversible 
losses does not exceed the level of recover-
able losses. The emergence of the idea and its 
subsequent innovative synthesis originate 
in techniques and methods for the active 
monitoring of liquid parameters in process 
vessels through the use of so-called control 
coupons. Such control coupons have a lim-
ited service life and must be replaced with 
new ones once that service life has expired. 
As a general rule, these elements are placed 
in the corners of process vessels and baths, 
where so-called dead zones tend to occur. In 
these zones, the level of turbulence is sub-
stantially lower than in the central regions 
of the vessels or baths. Typically, a  control 
coupon of this kind contains a chemical re-
agent that interacts with the solution con-
tained in the process vessel or bath and, un-
der the progressive action of that solution, 
undergoes a change in mass. When the con-
trol coupon is removed, the nature and ex-
tent of changes occurring in the solution are 
determined by weighing its control element 
and assessing the corresponding change in 
mass. Clearly, this method does not provide 
active online monitoring. In this configura-
tion, the control coupon performs the func-
tion of passive, periodic monitoring rather 
than continuous real-time process control.

Figure 1.

The model depicts a module designed for 
active, non-contact monitoring of the param-
eters of a controlled fluid flow. The monitored 
medium may be a mixture, an emulsion, a flu-
id medium exhibiting compressible prop-
erties, an aerosol, or another type of liquid 
or multiphase medium. Let us consider the 
principles of horizontal and vertical integra-
tion of the fundamental technical solutions 
underlying a  module intended for remote, 
non-contact monitoring of an object contain-
ing one of the above-mentioned types of me-
dia, including liquids, aerosols, chemical solu-
tions, and similar media. As a  starting point 
for a comprehensive analysis of the module’s 
distinguishing features, the author proposes 
examining the design constraints applicable 
to the module and its constituent systems, 
particularly those arising from the require-
ments and limitations established by appli-
cable standards. As a  rule, these constraints 
comprise a set of interrelated parameters, in-
cluding dimensions, materials and combina-
tions of materials, as well as the fundamental 
principles governing the module’s operating 
cycle and enabling it to perform its primary 
functions. One such function is continuous 
online monitoring – for example, monitor-
ing the acidity (pH) of a  cow’s gastric fluid. 
Based on previous experience with modules 
of this type, it is known that one of the prin-
cipal challenges is continuous energy supply. 
Experiments involving the use of convention-
al chemical power sources in such modules 
have generally encountered limitations that 
ultimately required termination of the exper-
iments. This is primarily because the service 
life and energy capacity of chemical batter-
ies are inherently limited, while the practical 
possibilities for retrieving and replacing an 
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implanted or internally deployed module are 
even more restricted. Accordingly, the key to 
solving this problem lies primarily in ensuring 
a  continuous and sufficiently reliable energy 
supply for all measurement, data-processing, 
and communication functions of the module. 
Let us now consider the operating environ-
ment within the cow’s stomach in which the 
module is located. The gastric environment is 
generally acidic. If the gastric fluid is assumed 
to perform, in parallel with its primary biolog-
ical functions, the additional function of an 
electrolyte for an integrated electrochemical 
power source, electrodes may be incorporated 
into or arranged on the external surfaces of the 
module housing. Under these conditions, the 
module housing with its integrated electrodes, 
while remaining in continuous contact with 
the acidic gastric fluid, could perform an ad-
ditional electrochemical function alongside its 
primary structural and protective functions. 
In this configuration, the external surface of 
the module would form a spatially distributed, 
three-dimensional planar electrochemical cell 
(or an array of interconnected cells) capable of 
generating electrical energy for the module’s 
monitoring and communication systems.

Figure 2.

As can be seen in the following figure 
(3D model), a conductive shield is located at 
the center of the module’s cylindrical struc-
ture. This shield provides electromagnetic 
shielding for the solenoid of the impedance-
resonance sensor and is also designed to per-
form the additional function of one of the 
electrodes of the proposed innovative elec-
trochemical power source.

Once the problem of electrical power gen-
eration is addressed through the use of a con-
tinuously replenished resource – namely, the 
gastric fluid acting as an electrolyte – the 
same medium can simultaneously perform 
several interrelated functions within the in-
tegrated system. Its acidity parameters are 
continuously monitored, while the gastric 

fluid entering the module’s internal chan-
nel interacts with structural elements of the 
module and is subjected to electromagnetic 
excitation generated by pulses from the sen-
sor solenoid. Under this operating principle, 
the electrolyte – i. e., the gastric fluid – is ex-
posed to the pulsed electromagnetic field 
generated by the solenoid sensor, producing 
a  characteristic resonant response. At the 
peak of the corresponding response pulse, 
the maximum measured potential difference 
is obtained and used as an electrical param-
eter correlated with the acidity (pH) of the 
gastric fluid at the time of measurement. Si-
multaneously, along the external surface of 
the module housing, the same gastric fluid 
acts as an electrolyte and interacts electro-
chemically with the electrodes integrated 
into the module housing in the form of a sys-
tem of circumferential ring electrodes.

Figure 3.

At the same time, these electrodes, in 
combination with the surrounding volume of 
electrolyte – the gastric fluid with which they 
interact – form a  combined protective elec-
tromagnetic shielding system. This system 
shields the measurement zone and reduces 
electromagnetic and electronic noise, thereby 
improving measurement accuracy in real time. 
Thus, the module demonstrates a  clear inte-
gration of functions, providing both horizontal 
and vertical integration through the continu-
ous functional combination of the module’s 
structural elements and the materials from 
which those elements are manufactured.

It is precisely this functional integration 
that constitutes a distinct innovative feature 
of the proposed technical solution: the same 
structural elements of the module simulta-
neously perform multiple functional roles 
within the overall system. It should be em-
phasized that all of the combined functions 
incorporated into the module are implement-
ed using simple geometric configurations, 
straightforward combinations of structural 
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materials, and well-established manufac-
turing techniques that have been repeatedly 
applied in the fabrication of module proto-
types and in the experimental verification of 
their operating parameters. The simplified 
geometry of the module’s structural elements 
makes it possible to manufacture a prototype 
within a  relatively short period of time and 
to conduct comprehensive testing of its op-
erating parameters, as well as to evaluate the 
efficiency and effectiveness of the complete 
operating cycle. Figure 1.

Figure 4.

The figure presents a  three-dimensional 
longitudinal sectional model of the module, 
providing a  sufficiently clear representation 
of the feasibility of implementing the exper-
imental module’s vertically and horizontally 
integrated innovative operating functions. 

This level of detailed engineering develop-
ment of all structural elements of the module 
makes it possible to fabricate a fully function-
al experimental prototype incorporating all 
components and materials required for exper-
imental verification and testing. The following 
photograph shows full-scale prototypes of the 
module, fabricated from standard, commer-
cially available materials. The overall dimen-
sions of the module have been established in 
accordance with the requirements of applica-
ble standards and established requirements 
for dairy cattle applications. These require-
ments define dimensional parameters that 
allow the module to be swallowed by a  cow 
without causing injury or adverse effects asso-
ciated with its physical dimensions.

Preliminary testing of the modules, con-
ducted under conditions simulating the rele-
vant operating parameters and environment, 
has demonstrated that the selected materials 
and their combinations, the methods used to 
join and assemble the module components, 
and the specified functional dimensions of its 
structural elements collectively provide the 
required level of operational performance 
and functionality of the module.

Figure 5.

A  particularly important aspect of the 
module development and modeling process 
was establishing a  system-level correlation 
with the current state of the art in technical 
and technological equipment used in mod-
ern dairy production. The following photo-
graphs illustrate a  dairy production facility 
operating at this technological level. Such an 

advanced production environment requires 
a correspondingly high level of technical per-
formance, reliability, and technological com-
patibility from all equipment components, 
instruments, auxiliary devices, and tooling 
employed within the production system. 
When analyzing the technical and techno-
logical level of the commercially manufac-
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tured dairy-processing equipment shown in 
the photographs, it is appropriate to focus 
specifically on the concept of non-obvious-
ness, considered in conjunction with other 

fundamental characteristics of innovation, 
including novelty at the international level, 
technical operability, efficiency, and practical 
utility.

Figure 6.

First of all, it should be noted that the 
photographs depict standard, commercially 
manufactured technological equipment used 
in dairy production in a  Western country. 
The technical and technological level of this 
equipment, which operates within a closed-
loop production process and is controlled by 
a centralized monitoring and control system, 
also determines the required performance 
level of all associated technologies, instru-
mentation, and monitoring systems. Con-
sidering that, even on large-scale commer-
cial dairy farms, an incorrect measurement 
of the acidity of a  single cow’s gastric fluid 
may result in milk of inadequate quality en-

tering the common milk collection system, 
such an error may subsequently require the 
affected batch of milk to be excluded from 
the production and processing cycle, poten-
tially causing significant economic losses to 
the agricultural enterprise. Consequently, 
the principal requirements imposed on the 
proposed module are high operational reli-
ability and the highest practically achievable 
level of measurement accuracy. If the module 
developers are able to demonstrate compli-
ance with these stringent requirements, the 
concept of non-obviousness of the technical 
solution acquires an additional practical di-
mension.

Figure 7.
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In this context, non-obviousness must be 
considered not only in terms of the original-
ity of the technical concept itself, but also in 
relation to the ability of the integrated solu-
tion to achieve the required performance un-
der actual operating conditions. Accordingly, 
the conclusion for the module’s designers 
and engineers is clear: only by demonstrat-
ing the required levels of reliability and mea-
surement accuracy can the practical feasibil-
ity of implementing this integrated technical 
solution be established within realistic tech-
nological and operational constraints.

Furthermore, the possibility of securing 
robust patent protection for the entire inte-
grated set of technical solutions embodied, 
in one form or another, in the module – in-
cluding its core hardware, software, signal 

identification and decoding system, and the 
algorithms and procedures used to convert 
the acquired signals into specific quantita-
tive measurement results – together with 
the demonstrable operability and reliability 
of all interconnected system components, 
determines the feasibility of integrating the 
proposed system into a modern dairy pro-
duction environment. At the same time, 
the innovative nature of both the module 
itself and its associated operational system 
suggests considerable potential for the ap-
plication of the module, as well as the in-
tegrated technology implemented through 
its use, across a  broad range of industrial 
and agricultural sectors, and potentially in 
medicine, biotechnology, and biological re-
search.

Figure 8.

The proposed technology is characterized 
by the flexibility to modify the design of the 
module and its principal components. The 
following models illustrate various design 
modifications of the module that have made 
it possible to incorporate a number of addi-
tional functional elements without altering 
its overall external dimensions. These inno-
vations relate, in particular, to the compo-
sition, configuration, and geometry of the 
shielding elements, which simultaneously 
contribute to the functional characteristics 
and performance of the integrated electro-
chemical power source used to supply energy 
for the measurement process and for trans-

mitting measurement data to the system’s 
central computer. In practical terms, the de-
velopments described above may be regarded 
as an example of the innovative development 
and refinement of one of the key elements 
of non-contact measurement technology, 
as well as the systematic formation of a dis-
tinctive combination of technical features 
characterizing both the technology itself and 
the devices, software, methods, and systems 
involved in its implementation. It is the in-
tegrated combination of these distinctive 
technical and system-level features, together 
with the required level of international nov-
elty, technical operability, practical utility, 
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and non-obviousness, that can provide a ba-
sis for effective intellectual-property and pat-
ent protection and thereby help protect these 
technical solutions against unauthorized ap-
propriation, reproduction, or copying.

Figure 9.

Figure 10.

Figure 11.

Figure 12.
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Abstract
This article examines the potential applications of the invention “Light Emitting Appara-

tus with Integrated Emitter” in medical technologies, machine vision, and related automated 
systems. The distinctive technical features of the proposed invention can provide significant 
technical and economic benefits across a wide range of applications. One of the prospective 
applications considered in the article is machine vision. A number of medical procedures, 
therapeutic processes, and automated manufacturing operations require uniform illumination 
of the operating or working area with monochromatic light. Under certain operating condi-
tions, conventional laser systems produce localized and distorted light patterns and therefore 
are not suitable for generating a uniform monochromatic light flux across an operating or 
working area. Light-emitting diodes (LEDs) do not produce such distorted structures; how-
ever, they generally provide lower brightness, while their radiation may also exhibit non-uni-
formity in the far field. To provide a comprehensive solution to these technical limitations, the 
article considers a configuration of the “Light Emitting Apparatus with Integrated Emitter” 
incorporating a phosphor droplet at the end face of an optical fiber. In this configuration, the 
dimensions of the light-emitting region are determined either by the diameter of the phos-
phor droplet, approximately 100–150 μm, or by the diameter of the fiber core, approximately 
30–50 μm. The proposed apparatus also incorporates a combination of engineering solutions 
intended to extend the operational lifetime of the laser diode, including intensive cooling, 
a modified mounting module equipped with control and regulation electronics operating in 
the radio-frequency range, selective use of specialized materials and protective coatings, in-
cluding synthetic diamond films. The combined implementation of these technical solutions 
is expected to provide a laser diode operational lifetime of approximately 10,000 hours or 
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more, while enabling stable and uniform monochromatic illumination for medical, machine-
vision, and automated industrial applications.
Keywords: Laser Technology; Integrated Technical Systems; Light-Emitting Diodes (LEDs); 
Monochromatic Light; Laser Diodes; Standard Lasers; Monochromatic Light Flux; Machine 
Vision; General Technical Specifications of Microscopes; Modified Mounting Module; Laser 
Diode Lifetime

Introduction
A wide range of medical technologies, as 

well as a  number of technologies related to 
them to varying degrees, can benefit from the 

distinctive features of the above-mentioned 
invention, providing a  significant technical 
and economic effect.

Figure 1. The figure shows an integrated laser illumination system for 
ophthalmic applications, implementing a product that utilizes artificial 

intelligence elements associated with artificial neural networks, under the 
general name “Light Emitting Apparatus with Integrated Emitter”

Potential Applications of the “Light Emit-
ting Apparatus with Integrated Emitter” In-
vention.

1. Machine Vision
A  wide range of processes, including 

medical treatment procedures and various 
automated manufacturing processes, require 
uniform illumination of the operating area 
with monochromatic light.

Under certain conditions, conventional 
lasers produce localized, distorted light pat-
terns and are therefore unsuitable for gen-
erating a uniform monochromatic light flux 
within an operating area.

Light-emitting diodes (LEDs) do not 
produce such distorted patterns; however, 
they provide lower brightness. In addition, 
LED radiation is non-uniform in the far 
field.

For a  comprehensive solution to this 
problem, a  configuration of the above-
mentioned invention incorporating a phos-
phor droplet at the end face of an optical 
fiber can be used. In this configuration, the 
size of the light-emitting region is deter-
mined either by the diameter of the phos-
phor droplet, approximately 100–150 μm, 
or by the diameter of the fiber core, approx-
imately 30–50 μm.
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Figure 2. The figure shows a droplet of phosphor mixed with a transparent optical 
coating applied to the end of an optical fiber inserted into a microscope. The system is 

shown at the lasing threshold with the microscope illumination lamp switched on

The application of the distinctive features 
of the above-mentioned invention makes it 
possible to fundamentally improve the exist-
ing technical configuration.

The dimensions of the phosphor droplet 
are approximately three times smaller than 
those of an LED (light-emitting diode). In 
addition, the resulting light output is expect-
ed to be more uniform and stable.

The cost of a conventional machine vision 
system typically ranges from approximately 
USD2,000–3,000 to USD25,000–50,000.

According to preliminary estimates, the 
proposed Light Emitting Apparatus is expected 
to be approximately 35–50% less expensive, re-
gardless of its specific design or configuration.

The operational lifetime of the proposed 
apparatus is primarily determined by the op-
erational lifetime of the laser diode.

Since the proposed apparatus incorporates 
a comprehensive range of technical solutions 
intended to extend the operational lifetime of 
the laser diode – including intensive cooling, 
a  modified mounting module equipped with 
control and regulation electronics operating 
in the radio-frequency range, selective use of 
specialized materials and coatings, including 
synthetic diamond films – the expected oper-
ational lifetime can be estimated at approxi-
mately 10,000 hours or more.

2. Illumination Systems 
for Microscopes

This application primarily concerns illu-
mination systems for microscopes used in 

various medical and biomedical laborato-
ries.

First, it is necessary to compare the com-
plexity and labor intensity involved in manu-
facturing the proposed technical system with 
those associated with conventionally used 
technical systems.

The proposed technology, when integrat-
ed into a larger technical system, is sufficient-
ly flexible and adaptable to enable the incor-
poration of highly efficient and advanced 
local technical subsystems. These may in-
clude high-speed electronic circuit boards 
(so-called RITM boards) and advanced 
structural materials, including composite 
materials and, in particular, carbon–carbon 
composites produced by vacuum pyrolysis 
using viscose fabrics, as well as synthetic di-
amond films.

The implementation of these innovative 
subsystems makes it possible to obtain sig-
nificant technical advantages arising from 
the specific characteristics of laser diodes.

The monochromatic nature of the emitted 
light generated through the proposed inven-
tion makes it possible to reduce or eliminate 
chromatic aberration and thereby increase 
optical resolution.

At present, the cost of illumination sys-
tems used in various types of microscopes 
may reach approximately USD2,000– 
–3,000.

When the proposed invention is imple-
mented, energy consumption associated 
with illumination is expected to be reduced 
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by approximately 85–95%, while the cost of 
the proposed configuration is expected to be 

at least 50–60% lower than that of existing 
systems.

Figure 3. The figure shows a droplet of phosphor mixed with an optically transparent 
coating, attached to the end of an optical fiber inserted into a microscope. The system 
is shown at the lasing threshold with the microscope illumination lamp switched off

The application of the proposed inven-
tion fundamentally changes and improves 
the overall technical characteristics of micro-
scopes, thereby expanding their potential ap-
plications across various fields of engineering 

and technology, and particularly in medical 
applications.

The operational lifetime of the proposed 
configuration of the apparatus is also primar-
ily determined by the operational lifetime of 
the laser diode.

Figure 4. The figure shows a phosphor droplet at the end of an optical 
fiber inserted into a microscope, operating in a state equivalent to 2 mW 

of laser output, with the microscope illumination lamp switched off

Since the proposed apparatus incorpo-
rates a  comprehensive range of technical 

solutions intended to extend the operation-
al lifetime of the laser diode – including 
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intensive cooling, a modified mounting mod-
ule equipped with control and regulation 
electronics operating in the radio-frequency 
range, selective use of specialized materials 
and coatings, including synthetic diamond 
films – the expected operational lifetime of 
the laser diode can be estimated at approxi-
mately 10,000 hours or more.

3. Application of the Proposed 
Apparatus in Medicine, Medical 

Technologies, and Medical Equipment
One of the primary areas of application of 

the proposed apparatus is endoscopy of var-
ious types.

An optical fiber equipped with a  phos-
phor droplet makes it possible to illuminate 
the surrounding space in multiple directions, 
since the emitted light is distributed in all di-
rections around the light-emitting region.

In conventional systems, one of the exist-
ing limitations is that only a relatively narrow 
area is illuminated, with the illuminated re-
gion being determined by the divergence of 
the radiation emerging from the optical fiber. 
In the proposed configuration of the invented 
apparatus, illumination can be generated in 
different spectral ranges and colors, includ-

ing white light. This also provides the pos-
sibility of performing, for example, photo-
dynamic therapy and ultraviolet irradiation, 
thereby offering additional capabilities for 
both diagnostic and therapeutic procedures.

According to preliminary estimates, the 
cost of an endoscope illumination system 
designed in accordance with the proposed 
invention is expected to be approximate-
ly 35–45% lower, while the efficiency of the 
endoscope and the overall endoscopic proce-
dure is expected to increase significantly.

The operational lifetime of the proposed 
configuration of the apparatus is primarily 
determined by the operational lifetime of the 
laser diode. Since the proposed apparatus 
incorporates a comprehensive range of tech-
nical solutions intended to extend the opera-
tional lifetime of the laser diode – including 
intensive cooling, a modified mounting mod-
ule equipped with control and regulation 
electronics operating in the radio-frequency 
range, selective use of specialized materials 
and coatings, including synthetic diamond 
films – the expected operational lifetime of 
the laser diode can be estimated at approxi-
mately 10,000 hours or more.

Figure 5. The figure shows a formed phosphor droplet at the end of an optical fiber inserted 
into a microscope, operating in a state equivalent to 2 mW of laser output, with the microscope 

illumination lamp switched on

4. Application of the Invention 
for Surgical Field Illumination

Another potential medical application of 
the proposed invention is illumination of the 
surgical field.

The optical fiber can be readily attached 
to a surgeon’s finger or to a surgical instru-
ment, such as a scalpel or clamp. This capa-
bility is of particular importance in ophthal-
mology.
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In ophthalmic procedures, uniform illu-
mination of the sclera of the eye is required. 
The optical fiber used for this purpose is 
very thin, with a diameter of approximately 
100 μm. Its small diameter allows it to be 
introduced into the eye with minimal tissue 
trauma and to provide multidirectional il-
lumination of the sclera. This is considered 
an important factor contributing to the suc-
cessful performance of the surgical proce-
dure.

The estimated cost of the proposed local 
surgical field illumination system may be ap-
proximately USD3,000.

The operational lifetime of the proposed 
configuration of the apparatus is primarily 
determined by the operational lifetime of the 
laser diode. Since the proposed apparatus in-
corporates a comprehensive range of technical 
solutions intended to extend the operational 
lifetime of the laser diode – including intensive 
cooling, a modified mounting module equipped 
with control and regulation electronics operat-
ing in the radio-frequency range, selective use 
of specialized materials and coatings, including 
synthetic diamond films – the expected oper-
ational lifetime of the laser diode can be esti-
mated at approximately 10,000 hours or more.

Figure 6. The figure shows the characteristic light emission of 
the technical subsystem in a darkened environment

As demonstrated by the initial experi-
ments, even a module assembled from stan-
dard components operates effectively and 
confirms the initial theoretical and calculated 
assumptions.

The optical-to-optical conversion effi-
ciency is very high, even when using a phos-
phor of relatively low quality that has not 
been selectively optimized for the specific 
application.

The image presented in Figure 6 imme-
diately suggests a  number of additional ap-
plications based on the obviously low weight 
and compact dimensions of the light-emitting 
unit, particularly illumination in hard-to-
reach locations and localized illumination of 
specific areas. One of the primary fields for 
such applications is, once again, medicine.

In dentistry, the proposed technology 
can be used for illumination of the oral cav-
ity by means of compact light-emitting units 

integrated into standard medical and dental 
instruments. Such a  localized illumination 
system can be incorporated into a dental mir-
ror, saliva suction system, and other dental 
instruments and devices.

In laboratory and medical examinations, 
the technology can be used to provide illumi-
nation during endoscopic procedures. It can 
also be combined with fluorescence-based di-
agnostic techniques, including methods used 
for vascular examination. Localized proce-
dures involving photochemical reactions can 
be performed by delivering illumination at 
the required wavelength.

In surgery, the technology can also be 
applied to illuminate poorly illuminated or 
otherwise difficult-to-access areas during di-
agnostic laparoscopy.

Furthermore, when developing new appli-
cations of the proposed technology, it should 
be taken into consideration that phosphors 
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can retain their luminescent properties at 
temperatures of approximately 600 °C. This 
makes it possible to develop applications 
for localized or specialized illumination of 
high-temperature areas. For example, an op-
tical fiber incorporating a  phosphor-based 
emitter could be integrated into the tip of 
a  heated soldering iron to provide visual 
feedback and real-time monitoring of solder-
ing conditions and soldering quality.

The developers subsequently obtained 
additional photographs of the same module 
using the same phosphor. In this configu-
ration, a  phosphor-containing droplet was 
formed at the end of an optical fiber with 
a  diameter of 125 μm. The droplet consist-
ed of an optically transparent coating mixed 
with the required type of phosphor.

During the initial phase of the experi-
ment, in order to obtain a  comparative in-
dication of the efficiency of the proposed 
technical solution, the phosphor was simply 
placed adjacent to the end of the optical fiber.

The experimental results showed that 
the re-emitted optical power reached 1 mW 
at a laser pump optical power of 2 mW. This 
represents an exceptionally high result, par-
ticularly considering that the phosphor had 
not been specifically or selectively optimized 
for this application.

Figure 7. The figure shows the external 
appearance of the same module – an optical 

fiber with a phosphor droplet mixed with 
an optically transparent coating – with 
the laser operating in the lasing state

Other configurations of the proposed sys-
tem are also possible.

The diameter of the optical fiber is 125 μm.

The emitter may have various geometri-
cal configurations. The emitter material may 
consist of a phosphor or a mixture of phos-
phors combined with an optically transpar-
ent adhesive that becomes optically stable 
after polymerization or curing.

A  particularly preferred configuration 
involves mixing a  phosphor, or a  combina-
tion of phosphors, with a  monomer of an 
optically transparent and chemically resis-
tant polymeric material, such as polymeth-
yl methacrylate (PMMA), polycarbonate, or 
other suitable polymers, followed by polym-
erization using non-contact heating under 
vacuum or microwave-assisted processing. 
The outer diameter of the emitter must not 
exceed 0.45 mm.

As demonstrated by the results of a com-
prehensive analysis, the same technical sys-
tem, in various design configurations, can be 
effectively applied in numerous other tech-
nological fields, including applications at the 
intersection of different technologies.

For example:

5. Online Inspection System for 
Nuclear Reactor Containment 

Structures and Systems Located in 
the Vicinity of Nuclear Reactors
The proposed configuration of the inven-

tion could potentially be used for the online 
inspection and monitoring of nuclear reactor 
containment structures and systems located 
in the vicinity of nuclear reactors. The esti-
mated cost of the proposed configuration of 
the invention may amount to several hun-
dred thousand U.S. dollars.

Several hundred such devices may poten-
tially be required worldwide. In addition, sev-
eral hundred similar devices may be required 
for the inspection of nuclear reactors installed 
on submarines and other facilities equipped 
with nuclear propulsion or nuclear power sys-
tems. The operational lifetime of the proposed 
configuration of the apparatus is primarily 
determined by the operational lifetime of the 
laser diode. Since the proposed apparatus in-
corporates a comprehensive range of technical 
solutions intended to extend the operational 
lifetime of the laser diode – including intensive 
cooling, a modified mounting module equipped 
with control and regulation electronics operat-
ing in the radio-frequency range, selective use 
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of specialized materials and coatings, including 
synthetic diamond films – the expected opera-

tional lifetime of the laser diode can be estimat-
ed at approximately 10,000 hours or more.

Figure 8. The figure shows how the light emitted by the phosphor is projected onto a screen

6. Underwater Illumination 
Systems, Particularly for 
Bathyscaphes and Divers

The proposed technology can also be ap-
plied to underwater illumination systems, 
particularly illumination equipment de-
signed for bathyscaphes, submersibles, and 
divers.

The estimated cost of such a system may 
reach approximately USD100,000.

There are also several possibilities for de-
veloping standalone products based on the 
same technological principle.

One such standalone product is a  light 
source.

For a  single-use configuration, the esti-
mated demand may exceed 5,000 units per 
month. A  disposable version of the product 
may be commercially feasible provided that 
its price remains relatively low and below the 
cost of comparable products currently manu-
factured and used.

For a reusable configuration, the project-
ed demand is approximately 3,000 modules 
per month. There is also significant potential 
for the development of numerous specialized 
applications based on the proposed product 
and technology.

Another standalone product based on the 
same technological principle may have a cur-
rent estimated demand of at least 5,000 units 
per month. The potential market demand 

may exceed 1,000,000 units per month for 
a  single-use version of the product. One of 
the principal limitations of comparable prod-
ucts currently manufactured and available 
on the market is insufficient light intensity.

Figure 9. The figure shows how 
the light emitted by the phosphor is 
projected into the corner of the box

The operational lifetime of the proposed 
apparatus depends on a number of individ-
ual components; however, the operational 
lifetime of the illumination system itself is 
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primarily determined by the operational life-
time of the laser diode. Since the proposed 
apparatus incorporates a  comprehensive 
range of technical solutions intended to ex-
tend the operational lifetime of the laser di-
ode – including intensive cooling, a modified 
mounting module equipped with control and 
regulation electronics operating in the radio-
frequency range, selective use of specialized 
materials and coatings, including synthetic 
diamond films – the expected operational 
lifetime of the laser diode can be estimated at 
approximately 10,000 hours or more.

If there is specific interest in this applica-
tion, the system can be developed and ana-
lyzed in greater detail.

7. Underwater Communication 
Between Divers, Surface 
Vessels, and Submarines

Another potential application of the pro-
posed technology is an underwater optical 
communication system between divers, sur-
face vessels, and submarines.

Green light may be used in coastal wa-
ters, while blue light may be used in the open 
ocean. The communication range between 
underwater users may reach approximately 
100 m, while communication between a sur-
face vessel and a bathyscaphe or other sub-
mersible may reach approximately 10,000 m.

The estimated cost of an integrated sys-
tem of this type may be approximately USD1 
million, particularly when the system is in-
tended for operation under military condi-
tions, emergency situations, or technological 
and industrial disasters.

The operational lifetime of the proposed 
apparatus depends on a number of individ-
ual components; however, the operational 
lifetime of the illumination system itself is 
primarily determined by the operational life-
time of the laser diode.

Since the proposed apparatus incorpo-
rates a  comprehensive range of technical 
solutions intended to extend the operation-
al lifetime of the laser diode – including in-
tensive cooling, a  modified mounting mod-
ule equipped with control and regulation 
electronics operating in the radio-frequency 
range, selective use of specialized materials 
and coatings, including synthetic diamond 
films – the expected operational lifetime of 

the laser diode can be estimated at approxi-
mately 10,000 hours or more.

If there is specific interest in this applica-
tion, the system can be developed and ana-
lyzed in greater detail.

Other Design Configurations

Configuration 1
The diameter of the optical fiber is 125 μm.
The outer diameter of the tube is 0.6 mm. 

The tube is made of stainless steel, such as 
12Kh18N10T stainless steel. The inner di-
ameter of the tube is 0.45 mm. The length of 
the tube may vary; however, this does not im-
pose a limitation on the product, since varia-
tions in tube length can be compensated for 
by adjusting the length of the optical fiber.

The emitter may have various geometri-
cal configurations. The emitter material may 
consist of a phosphor or a mixture of phos-
phors combined with an optically transpar-
ent adhesive, which becomes solid after po-
lymerization or curing.

A  particularly preferred configuration 
involves mixing a phosphor, or a mixture of 
phosphors, with a  monomer of an optically 
transparent and chemically resistant poly-
meric material, such as polymethyl methac-
rylate (PMMA), polycarbonate, or other suit-
able polymers, followed by polymerization 
using non-contact heating under vacuum or 
microwave-assisted processing.

The outer diameter of the emitter must 
not exceed 0.45 mm.

Configuration 2
The diameter of the optical fiber is 125 μm.
The emitter may have various geometri-

cal configurations.
The emitter material may consist of 

a phosphor or a mixture of phosphors com-
bined with an optically transparent adhesive, 
which becomes solid after polymerization or 
curing.

A  particularly preferred configuration 
involves mixing a phosphor, or a mixture of 
phosphors, with a  monomer of an optically 
transparent and chemically resistant poly-
meric material, such as polymethyl methac-
rylate (PMMA), polycarbonate, or other suit-
able polymers, followed by polymerization 
using non-contact heating under vacuum or 
microwave-assisted processing.

https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie
https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie


LASER TECHNOLOGY AND INTEGRATED TECHNICAL SYSTEMS79

European Journal of Technical and 
Natural Sciences 2026, No 5

Section 5. Technical sciences in general

To provide complete chemical neutral-
ity and enhanced chemical resistance, it is 
proposed that the emitter and the adjacent 
section of the optical fiber be coated with 
a 5 μm-thick synthetic diamond film.

The outer diameter of the emitter, includ-
ing the diamond coating, must not exceed 
0.45 mm.

Configuration 3
The proposed diameter of the optical fi-

ber is 125 μm.
The outer diameter of the tube is 0.6 mm. 

The tube is made of stainless steel, such as 
12Kh18N10T stainless steel. The inner di-
ameter of the tube is 0.45 mm.

The length of the tube may vary; howev-
er, this does not impose a  limitation on the 
product, since variations in tube length can 
be compensated for by adjusting the length 
of the optical fiber.

The emitter may have various geometri-
cal configurations. The emitter material may 
consist of a phosphor or a mixture of phos-
phors combined with an optically transpar-
ent adhesive, which becomes solid after po-
lymerization or curing.

A  particularly preferred configuration 
involves mixing a phosphor, or a mixture of 
phosphors, with a  monomer of an optically 
transparent and chemically resistant poly-
meric material, such as polymethyl methac-
rylate (PMMA), polycarbonate, or other suit-
able polymers, followed by polymerization 

using non-contact heating under vacuum or 
microwave-assisted processing.

The outer diameter of the emitter must 
not exceed 0.45 mm.

Configuration 4
The diameter of the optical fiber is 125 μm.
The outer diameter of the tube is 0.6 mm. 

The tube is made of stainless steel, such as 
12Kh18N10T stainless steel. The inner di-
ameter of the tube is 0.45 mm.

The length of the tube may vary; howev-
er, this does not impose a  limitation on the 
product, since variations in tube length can 
be compensated for by adjusting the length 
of the optical fiber.

The emitter may have various geometri-
cal configurations.

The emitter material may consist of 
a phosphor or a mixture of phosphors com-
bined with an optically transparent adhesive, 
which becomes solid after polymerization or 
curing.

A  particularly preferred configuration 
involves mixing a phosphor, or a mixture of 
phosphors, with a  monomer of an optically 
transparent and chemically resistant poly-
meric material, such as polymethyl methac-
rylate (PMMA), polycarbonate, or other suit-
able polymers, followed by polymerization 
using non-contact heating under vacuum 
or microwave-assisted processing. The out-
er diameter of the emitter must not exceed 
0.45 mm.
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Abstract
The article examines the application of piezoelectric motors operating on the principle of 

the inverse piezoelectric effect in advanced automation and precision engineering systems, 
with particular emphasis on their use as precision miniature stepper motors. As requirements 
for higher accuracy, lower motor weight, and reduced overall dimensions become increasingly 
stringent, the integrated use of specialized composite materials as the primary materials for 
motor components and structures is becoming an important direction in the development of 
such motors. Testing of these types of piezoelectric motors and attempts to use them as stepper 
motors have raised a number of technical issues. These are largely related to the incompatibility 
between modern control processors and their software functions and the design limitations 
resulting from the use of conventional structural materials that performed well with earlier 
generations of components. The mechanical transmission chain extends from the plain bear-
ing to the piezoceramic ring, then through the spring-steel fingers soldered to the ring, to the 
friction ring and, finally, to the motor rotor. Design limitations in this chain have shown that 
the principal cause of the wide variation in motor output parameters is the insensitivity of its 
components to changes and fluctuations in control and monitoring pulses. Analytical studies 
have shown that the main problem is the system’s inability to distribute or dissipate the pulses 
applied to the piezoelectric ring virtually instantaneously. As the first step in optimization, it 
was decided to replace the conventional piezoceramic material of the piezoelectric ring with 
a piezoceramic composite containing components that do not respond to the pulses applied 
to the ring. Previous practical experience has shown that this can be achieved by uniformly 
incorporating synthetic diamond microspheres into the piezoceramic material.
Keywords: Automation; automation components; direct piezoelectric effect; inverse 
piezoelectric effect; innovative applications; piezoelectric motors; piezoelectric motors 
operating on the principles of the inverse piezoelectric effect; a foundation for advanced 
automation and precision engineering systems; systems and configurations for precision 
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miniature stepper motors; virtually instantaneous distribution or dissipation of pulses applied 
to the piezoelectric ring; the insensitivity of the components in the mechanical transmission 
chain to changes and even fluctuations in control and monitoring pulses as the principal cause 
of the wide variation in motor output parameters

Introduction
Practical experience has shown that 

piezoelectric motors operating on the prin-
ciples of the inverse piezoelectric effect can 
provide a  foundation for advanced automa-
tion and precision engineering systems in-
corporating elements of artificial intelligence 
and artificial neural networks.

Developers and designers are particularly 
interested in the potential to use the inverse 
piezoelectric effect to develop systems and 
configurations for precision miniature stepper 
motors.

Figure 1. Piezoelectric motor

Figure 2. Three-dimensional 
model of spherical capsules

As requirements for greater accuracy and 
lower motor weight become more stringent, 
including through reductions in overall di-
mensions, an increasing number of designs 
and engineering solutions propose the inte-

grated use of specialized composite materials 
as the primary materials for motor compo-
nents and structures.

Figure 3. Piezoelectric motor 
with the rotor removed

Optimization Process
The accuracy required of piezoelectric 

stepper motors, together with software-based 
monitoring and control, requires a  consis-
tent relationship between motor output pa-
rameters and the characteristics of the signal 
pulses applied to the piezoceramic ring.

The mechanical transmission chain ex-
tends from the plain bearing to the piezoc-
eramic ring, then through the spring-steel 
fingers soldered to the ring, to the friction 
ring and, finally, to the motor rotor. Design 
limitations in this chain have shown that the 
principal cause of the wide variation in mo-
tor output parameters is the insensitivity of 
its components to changes and even fluctua-
tions in control and monitoring pulses.

Analytical studies have shown that the 
main problem is the system’s inability to dis-
tribute or dissipate the pulses applied to the 
piezoelectric ring virtually instantaneously.

As the first step in optimization, it was de-
cided to replace the conventional piezoceramic 
material of the piezoelectric ring with a piezoc-
eramic composite containing components that 
do not respond to the pulses applied to the ring.

Previous practical experience has shown 
that this can be achieved by uniformly incor-
porating synthetic diamond microspheres 
into the piezoceramic material.
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Figure 4. Piezoelectric motor beside 
a mechanical pencil for scale

Pseudoporous Structure
The model of this material shows its 

three-dimensional structure, comprising nu-
merous spherical capsules with at least two 
constituent levels.

The first level consists of synthetic di-
amond microspheres, which can now be 
produced with very high precision at mini-
mal manufacturing cost and with minimal 
raw-material costs.

Unlike gem-quality crystals, these syn-
thetic diamonds do not need to meet trans-
parency or purity requirements.

Figure 5. Schematic model of 
a composite with spherical inclusions

The illustration shows the structure of 
this composite material.

After manufacture, the diamond spheres 
are coated with a moist ceramic mixture and 
placed in a mold. Under pressure, the ceram-
ic surrounding the diamond spheres under-

goes bulk deformation, forming numerous 
cubic microstructures, each with a diamond 
sphere at its geometric center.

This structure is pseudoporous: the dia-
mond spheres, which are virtually unrespon-
sive to the pulses, cause signals or pulses to 
be distributed almost uniformly throughout 
the volume of the ceramic cubes. This pro-
vides exceptional stability and uniformity of 
signal propagation within the pseudoporous 
piezoceramic ring.

Figure 6. Three-dimensional 
model of the capsule structure

Figure 7. Schematic model with cubic 
regions and spherical inclusions

Because spring fingers are soldered to the 
ring’s outer cylindrical surface, a signal pulse 
distributed uniformly within the piezoelectric 
ring can satisfy all the principal requirements 
for the stability and uniformity of the driving 
vibratory pulses transmitted from the fingers 
to the rotor in contact with them.
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It is now necessary to return to the ques-
tion of rotor wear resistance.

The tips of the spring fingers remain in 
continuous dynamic contact with the ro-
tor’s inner surface. If pulses are distributed 
unevenly throughout the three-dimensional 
volume of a  rotor made of conventional 
piezoceramic material, it can be assumed 
that the force transmitted by the finger tips to 
the rotor’s inner surface is nonuniform. This 
would cause uneven wear of that surface and, 
consequently, radial runout of the motor’s 
output shaft.

Replacing the piezoelectric ring material 
with a pseudoporous piezoceramic compos-
ite will significantly reduce the dependence 
of rotor wear on the uneven distribution of 
pulses in the piezoceramic material. This 
should have a positive effect on the piezoelec-
tric motor’s output parameters and operating 
characteristics.

The relevant parameters and improve-
ments include:

•	 Radial runout of the motor shaft;
•	 Synchronization of all mechanical 

contacts between the motor’s structur-
al components;

•	 Longer motor service life;
•	 Easier simultaneous synchronization 

of the operating output parameters of 
multiple motors in systems that con-
vert motor rotation into linear carriage 
motion;

•	 Uniform and consistent rotor speed.
In the existing motor design, all motor 

systems are also affected by vibrations aris-
ing from the uneven and cyclic transmission 
of mechanical forces from the piezoceramic 
material to the rotor and, ultimately, to the 
output shaft.

Systems analysis and computer modeling 
have shown that it is also reasonable to re-
place the rotor material with a material anal-
ogous to the pseudoporous composite used 
for the piezoceramic ring.

In this case, the structural arrangement 
of the composite remains unchanged; only 
its constituent materials change.

For example, to improve the durability of 
the motor’s structural components, the dia-
mond core could be replaced with beryllium, 
with aluminum forming the surrounding 
shell.

Aluminum is sufficiently ductile to pro-
vide the cold flow required when sizing the 
geometry of motor parts and components by 
bulk plastic deformation.

Many material options and combinations 
can be selected for the capsules, providing 
maximum flexibility in the design of mon-
itoring and control systems that use piezo-
electric motor drives.

The spring fingers also warrant discus-
sion in this article.

Soldering the fingers to the piezoceram-
ic ring introduces a further set of problems: 
the required levels of accuracy, strength, and 
durability cannot be assured. The reasons are 
well known and arise from dependence on 
the specific properties of materials conven-
tionally used for soldering.

Preparing the outer surface of the piezoc-
eramic ring for soldering is particularly dif-
ficult, as is applying a metallic or equivalent 
layer to which the spring fingers can be sol-
dered.

The author proposes solving this problem 
by eliminating soldering and optimizing the 
spring-finger assembly as a spring strip with 
the fingers stamped into it.

The strip is clamped around the outer cir-
cumference of the piezoceramic ring, provid-
ing several additional benefits for the optimi-
zation of the motor’s systems:

•	 Uniform spacing of the fingers around 
the piezoceramic ring;

•	 Adjustment of the force pressing the 
spring strip against the surface of the 
piezoceramic ring;

•	 Easy, reliable, and rapid replacement 
of the strip when the fingers wear out;

•	 A substantial reduction in motor cost, 
together with improved efficiency and 
quality.
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The article examines conceptual and organizational approaches to the formation and 

development of an innovative startup ecosystem located within production facilities in 
industrial areas that have undergone gentrification, comprehensive reconstruction, and 
systemic revitalization. Particular attention is paid to the horizontal and vertical integration 
of technical, structural, and technological solutions, as well as to the organization of the 
startup company’s research, consulting, and educational activities. The article discusses 
Kseniia Kaplieva’s concept of the functional structure of an innovative startup, including 
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technical documentation, development of patent and licensing strategies, and the ap-
plication of artificial intelligence and artificial neural networks in monitoring and con-
trol systems. Using an optics-focused startup as an example, the article analyzes potential 
applications of a light-emitting apparatus with an integrated emitter in machine vision, 
microscopy, endoscopy, surgical illumination, nuclear facility inspection, and underwater 
illumination systems. The importance of using standard components in the development 
of initial prototypes is emphasized as a means of reducing costs, identifying structural and 
circuit design errors at an early stage, and improving investment efficiency. The article 
demonstrates that the integrated application of scientific and technological developments, 
intelligent monitoring systems, prototyping, patent and licensing strategies, and modern 
production infrastructure is an important prerequisite for the successful development of 
an innovative startup and the achievement of the desired final result.
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What are the conceptual and organiza-
tional solutions for a startup company pro-
posed by Kseniia Kaplieva, a  well-known 
specialist in smart home and smart produc-
tion facility technologies.
1.	 The company should have a scientific and 

research division with additional func-
tions of interactive consulting and scien-
tific and technological training.

2.	 The startup’s clients may include start-
ups, for example, those specializing in the 
chemical and pharmaceutical fields, that 
require professional support and accom-
panying targeted training in the detailed 
aspects of materials and processes that 
are the subject of development by each 
specific startup.

3.	 At the request of its clients, the startup 
company develops and models the tech-
nological route in the necessary detail, 
after which, on the basis of the develop-
ment, it prepares a  program and meth-
odology for interactive training sessions, 
as well as technical requirements and 
conditions for finding the most suitable 
partner to manufacture the necessary 
semi-finished products and materials.

4.	 The startup company prepares all the 
necessary technological instructions for 
the client to implement the project.

5.	 The startup company selects the neces-
sary applicable standards for the client to 
control and support the project develop-
ment process.

6.	 Based on the developed technical re-
quirements and conditions, as well as the 
requirements of the standards, the start-
up company prepares a draft agreement 
with the manufacturer, including a  pro-
tocol and methodology for the handover 
and acceptance of completed orders.

7.	 If the client is interested, the startup com-
pany prepares basic materials for patent 
protection of the project and the develop-
ment of a licensing strategy.

8.	 At the request of clients, the startup com-
pany prepares scientific and technical 
reports on conducted research and ex-
periments, laboratory studies, and exper-
imental technological work.
Fundamental issues of horizontal and 

vertical integration of technical, structural, 
and technological solutions under conditions 

of the complex uncertainty of reality and the 
success of the final integrated solution are 
particularly relevant for startups located in 
production facilities as part of the ecosystem 
of industrial territories that have undergone 
all stages of gentrification, comprehensive 
reconstruction, and systemic revitalization. 
In this situation, conceptual and organiza-
tional solutions for building their functional 
structure, aligned with the classical princi-
ples of startup ecosystem theory, acquire ex-
ceptional importance.

What are the conceptual and organiza-
tional solutions for an innovative startup 
company proposed by Kseniia Kaplieva, 
taking into account systemic options for 
control and management with elements of 
artificial intelligence and artificial neural 
networks.
9.	 The company should have a scientific and 

research division with additional func-
tions of interactive consulting and scien-
tific and technological training.

10.	The startup’s clients may include start-
ups, for example, those specializing in the 
chemical and pharmaceutical fields, that 
require professional support and accom-
panying targeted training in the detailed 
aspects of materials and processes that 
are the subject of development by each 
specific startup.

11.	At the request of its clients, the startup 
company develops and models the tech-
nological route in the necessary detail, 
after which, on the basis of the develop-
ment, it prepares a  program and meth-
odology for interactive training sessions, 
as well as technical requirements and 
conditions for finding the most suitable 
partner to manufacture the necessary 
semi-finished products and materials.

12.	The startup company prepares all the 
necessary technological instructions for 
the client to implement the project.

13.	The startup company selects the neces-
sary applicable standards for the client to 
control and support the project develop-
ment process.

14.	Based on the developed technical require-
ments and conditions, as well as the re-
quirements of the standards, the startup 
company prepares a draft agreement with 
the manufacturer, including a  protocol 
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and methodology for the handover and 
acceptance of completed orders.

15.	If the client is interested, the startup com-
pany prepares basic materials for patent 
protection of the project and the develop-
ment of a licensing strategy.

16.	At the request of clients, the startup com-
pany prepares scientific and technical 
reports on conducted research and ex-
periments, laboratory studies, and exper-
imental technological work.
As an example, Kseniia Kaplieva pro-

posed “Possible applications of the invention 
Light Emitting Apparatus with Integrated 
Emitter”.
1.	 Machine vision. Automated production re-

quires the operating area to be illuminated 
with uniform monochromatic light. Lasers 
and laser diodes produce speckle patterns 
during operation and are unsuitable for 
use in devices for illuminating production 
facilities, especially those presented as part 
of the innovative startup ecosystem.
Speckle (from the English word speckle – 

spot, fleck) – a random interference pattern 
that is formed by the mutual interference of 
coherent waves having random phase shifts 
and/or a  random set of intensities. In such 
a pattern, as a rule, light spots and speckles 
separated by dark areas of the image can be 
clearly observed.

It is necessary to note Kseniia Kaplie-
va’s original innovative concept for select-
ing standard components for the electronic 
parts of prototypes. This makes it possible 
to assemble circuit solutions at all stages of 
testing the operability of technological and 
structural solutions and to avoid additional 
expenditure of funds and time until the fea-
sibility of achieving the ideal final result of 
the prototype has been verified.

Figures 5–11 show, as an example of 
component selection, housing and basic 
components for circuit variants of control 
and monitoring systems in electronic units 
and modules of the electrical and electronic 
parts of prototypes.

This possibility of developing circuit solu-
tions for prototypes at the earliest stages of 
innovative projects makes it possible to elim-
inate schematic and structural errors and 
thereby ensure maximum investment effi-
ciency in the project.

The development of prototypes from 
standard components also makes it possible 
to create experimental and control samples 
for comparative evaluation of the results of 
each stage, which makes it possible to select 
the optimal option for the next stage of test-
ing, determining the best possible solution 
for achieving the ideal final result already at 
the initial stages of project development.

Figure 1. The figure shows a spectrometer that is widely used by 
startups specializing in optics as a monitoring instrument when 

testing prototype variants of innovative technologies

A speckle pattern – a pattern that is formed, 
for example, when randomly inhomogeneous 
objects, such as a  rough surface, are coher-

ently illuminated, or when coherent radiation 
passes through a  transparent medium with 
a spatially fluctuating refractive index.
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Coherent radiation can be produced 
both by lasers and by conventional broad-
spectrum light sources with an extended 
luminous body emitting partially coherent 
light with a short temporal coherence length 
and a small spatial coherence area.

Due to the inhomogeneity of the Earth’s 
atmosphere, as well as its turbulence, 
speckle patterns are clearly visible, for ex-
ample, in highly magnified photographs of 
stars taken with ground-based telescopes, 
which may reduce the quality of the result-
ing images.

Figure 2. The figure also shows a spectrometer that is widely used 
by startups specializing in optics as a monitoring instrument when 

testing prototype variants of innovative technologies

Thus, waves from observed cosmic objects 
entering a  telescope have random phase de-
lays, while the interference pattern in the focal 
plane (a mosaic of spots) continuously chang-
es – the image of the object appears to “boil”.

Nevertheless, speckle patterns can also 
serve as a source of additional measurement 
information.

The analysis of speckle patterns is suc-
cessfully used to study close binary stars.

While spectroscopic measurements pro-
vide the orbital dimensions of stars in a bina-
ry system in linear units (in AU), the analysis 
of speckle patterns provides them in angular 
units (in arcseconds).

Comparing these data makes it possible to 
determine the distance to the system. More-
over, since the main result of studying the or-
bits of stars in a binary system is the determi-
nation of the masses of their components, the 
analysis of speckle patterns makes it possible 
to significantly increase the number of stars 
for which the mass has been determined.

When studying a surface, the speckle pat-
tern contains information about the microre-
lief and shape of the object, the near-surface 
layer, and the distribution and movement of 
scatterers within it.

Figure 3. The figure also shows 
a spectrometer in operation, which is 
widely used by startups specializing 
in optics as a monitoring instrument 

when testing prototype variants 
of innovative technologies

Thus, statistical processing of speck-
le patterns can provide information about 
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such parameters as displacement, velocity of 
movement, including that of scatterers in the 
near-surface layer, amplitude and frequency 
of vibrations, etc., changes in which may be 
caused both by controlled deformations, dis-
placements, and internal mass transfer, as 
well as by random processes such as chemical 
transformations and phase transitions, abra-
sion resulting from friction, deposition, con-
densation or evaporation of particles on the 
surface, heating, etc.

According to Kseniia Kaplieva, the 
speckle pattern can be used for the subjec-
tive assessment of visual defects.

When radiation containing a speckle pat-
tern enters the human eye, a granular image 
is formed on the retina.

Movement of the observer’s head produc-
es different effects depending on the condi-
tion of the visual system.

Figure 4. The figure shows, as an example, a system of monitoring modules 
that, during online real-time monitoring and control of a prototype of 

a startup’s innovative product, assess its actual ability to achieve the ideal 
final result, which determines the level and nature of the project’s success

Thus, an observer with normal vision 
sees a  changing speckle pattern perceived 
as chaotic flickering of spots. An observer 
with hyperopia sees the spots of the speckle 
pattern moving in the same direction as the 
movement of the head, while an observer 
with myopia sees them moving in the oppo-
site direction. The perceived speed of move-
ment of the spots is directly proportional to 
the degree of refractive error.

Light-emitting diodes used to form 
speckle patterns do not provide uniform il-
lumination, their brightness is lower, and, in 
addition, LED radiation is non-uniform in 
the far field. A suitable option here is the ver-
sion of the specified invention with a droplet 

of phosphor at the end of the fiber, in which 
case the size of the luminous body will be 
determined by the diameter of the droplet – 
100–150 μm, or by the diameter of the fiber 
core – 30–50 μm.

This is three times smaller than that of an 
LED, and, in addition, the light will be more 
uniform.

The cost of a  machine vision system 
ranges from 2–3 thousand dollars to 25– 
–50 thousand dollars. According to prelim-
inary estimates, the proposed light-emitting 
apparatus should be 35–50% less expensive 
in any design and any configuration version 
of the apparatus.
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Figure 5. The figure shows the concept of selecting basic components 
for the first prototypes developed by an optics-focused startup

Figure 6. The figure also shows the concept of selecting basic components 
for the first prototypes developed by an optics-focused startup
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The service life of the proposed apparatus 
is determined by the service life of the laser 
diode. Since all possible measures to extend 
the service life of the laser diode are provid-
ed for in the proposed apparatus – intensive 
cooling, a  modified mounting module with 
control and regulation electronics operating 
in the radio-frequency range, selective mate-
rial selection, and special coatings, including 
synthetic diamond films – the service life can 
be estimated at 10,000 hours or more.
2.	 Illumination systems in microscopes. The 

monostructure of light radiation when 
using the proposed invention makes it 
possible to eliminate chromatic vibration 
and increase resolution. The cost of an il-
lumination system currently used in vari-
ous types of microscopes may range from 
2–3 thousand dollars.
When using the proposed invention, en-

ergy consumption for illumination should 

be reduced by 85–95%, while the cost of the 
proposed version of the invention is at least 
50–60% lower than that of existing solutions.

The application of the proposed inven-
tion fundamentally changes and improves 
the overall technical characteristics of mi-
croscopes, which expands their range of use 
across all fields of engineering and technol-
ogy.

The service life of the proposed version 
of the apparatus is also determined by the 
service life of the laser diode. Since all pos-
sible measures to extend the service life of 
the laser diode are provided for in the pro-
posed apparatus – intensive cooling, a mod-
ified mounting module with control and 
regulation electronics operating in the radio-
frequency range, selective material selection, 
and special coatings, including synthetic dia-
mond films – the service life can be estimated 
at 10,000 hours or more.

Figure 7. The figure also shows the concept of selecting basic components 
for the first prototypes developed by an optics-focused startup

3.	 Use of the proposed apparatus in medi-
cine. This is, first and foremost, endoscopy.
An optical fiber with a droplet of phosphor 

makes it possible to illuminate the entire sur-
rounding space, as the rays will propagate in 
all directions. Currently, there is a  problem 
because only a  narrow area determined by 
the divergence of radiation from the fiber is 
illuminated.

In our case, when using a version of the 
invented apparatus, illumination can be pro-
vided in all colors, including white, that is, 

for example, photodynamic therapy and ul-
traviolet irradiation can be performed – these 
are additional possibilities for diagnosis and 
treatment.

According to preliminary estimates, the 
cost of an endoscope illumination system de-
signed using the proposed invention will be 
35–45% lower, while the efficiency of the en-
doscope and the entire endoscopic procedure 
will increase significantly.

The service life of the proposed version 
of the apparatus is also determined by the 
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service life of the laser diode. Since all pos-
sible measures to extend the service life of 
the laser diode are provided for in the pro-
posed apparatus – intensive cooling, a mod-
ified mounting module with control and 

regulation electronics operating in the radio-
frequency range, selective material selection, 
and special coatings, including synthetic dia-
mond films – the service life can be estimated 
at 10,000 hours or more.

Figure 8. The figure also shows the concept of selecting basic components 
for the first prototypes developed by an optics-focused startup

Figure 9. The figure also shows the concept of selecting basic components 
for the first prototypes developed by an optics-focused startup

Another application of the invented appa-
ratus in medicine – illumination of the surgi-
cal field.

The optical fiber can easily be attached 
to a finger or an instrument (scalpel, clamp). 
This is particularly important in ophthalmol-
ogy, where it is necessary to illuminate the 

sclera of the eye uniformly. The fiber used 
for this purpose is thin, with a  diameter of 
100 μm. It can easily be inserted into the eye 
without causing injury and can illuminate 
the sclera in all directions. This is considered 
a very important factor in ensuring the suc-
cess of the operation.
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The cost of the proposed local surgical 
field illumination system may be approxi-
mately 3,000 dollars.

The service life of the proposed version 
of the apparatus is also determined by the 
service life of the laser diode. Since all pos-
sible measures to extend the service life 
of the laser diode are provided for in the 

proposed apparatus – intensive cooling, 
a  modified mounting module with control 
and regulation electronics operating in the 
radio-frequency range, selective material 
selection, and special coatings, including 
synthetic diamond films – the service life 
can be estimated at 10,000 hours or more.

Figure 10. The figure also shows the concept of selecting basic components 
for the first prototypes developed by an optics-focused startup

4.	 Online inspection system for monitoring 
the condition of nuclear reactor contain-
ment structures and systems located near 
nuclear reactors.

5.	 Presumably, the proposed version of 
the invention may cost several hundred 
thousand dollars.

6.	 Several hundred such devices are required 
worldwide; several hundred such devices 
are also needed for the inspection of nu-
clear reactors on submarines and other fa-
cilities with nuclear power systems.
The service life of the proposed version 

of the apparatus is also determined by the 
service life of the laser diode. Since all pos-
sible measures to extend the service life of 
the laser diode are provided for in the pro-
posed apparatus – intensive cooling, a mod-
ified mounting module with control and 
regulation electronics operating in the radio-

frequency range, selective material selection, 
and special coatings, including synthetic dia-
mond films – the service life can be estimated 
at 10,000 hours or more.
7.	 Underwater illumination systems, partic-

ularly for bathyscaphes and divers.
The estimated cost may reach 100,000 

dollars.
The service life of the proposed version of 

the apparatus depends on numerous compo-
nents, but the service life of the illumination 
system itself is also determined by the service 
life of the laser diode. Since all possible mea-
sures to extend the service life of the laser di-
ode are provided for in the proposed appara-
tus – intensive cooling, a modified mounting 
module with control and regulation electron-
ics operating in the radio-frequency range, 
selective material selection, and special coat-
ings, including synthetic diamond films – the 
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service life can be estimated at 10,000 hours 
or more.

In the event of specific interest, this sys-
tem, based on Kseniia Kaplieva’s concept, 
can be developed in greater detail.
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Abstract
This work examines contemporary approaches to the development of the ecosystem and in-

frastructure of smart manufacturing facilities designed to accommodate startups and innovative 
enterprises engaged in the development and implementation of advanced intelligent manufac-
turing technologies. Particular attention is given to the creation of a specialized technological 
environment that takes into account the characteristics, functional requirements, and interre-
lationships of the supersystems and subsystems of modern smart manufacturing. Contactless 
monitoring systems are considered one of the key elements of such infrastructure, enabling the 
acquisition, processing, and analysis of information on the condition of manufacturing equipment 
and ongoing technological processes without direct physical interaction with the monitored com-
ponents. The work examines the prospects for the development of real-time online monitoring 
technologies based on the fundamental principles of electromagnetic resonance spectroscopy. 
Particular emphasis is placed on the integration of contactless monitoring systems with advanced 
processor-based systems incorporating elements of artificial intelligence and artificial neural net-
works for automated data processing, detection of deviations, and improvement of manufacturing 
process control. Special consideration is given to the potential application of these technologies 
in high-technology manufacturing processes, including the production of printed circuit boards, 
thin-film microassemblies, and high-speed electronic components, where the speed, accuracy, and 
contactless nature of monitoring may be essential for maintaining stable technological parameters 
and ensuring the quality of manufactured products. The proposed approach is aimed at the fur-
ther development of intelligent manufacturing ecosystems that integrate contactless monitoring 
methods, digital data processing, artificial intelligence, and automated control systems within 
a unified technological infrastructure of a smart manufacturing facility.
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Introduction
Under current conditions, the establish-

ment of manufacturing facilities intended 
to accommodate startups developing new 
smart technologies creates a need for a spe-
cialized ecosystem that takes into account the 
characteristics and requirements of smart-
technology supersystems. One of the essen-
tial subsystems within such an ecosystem 
comprises contactless monitoring elements 
and their associated processors, which, in 
turn, incorporate elements of artificial intel-
ligence and artificial neural networks.

This field is relatively new, and Kateryna 
Vorobiova has made a significant contribu-
tion to its development through her funda-
mental publications and books.

In her developments, Kateryna Vorobio-
va has successfully integrated concepts re-
lating to the preparation and optimization 
of manufacturing-facility interiors with the 
development of infrastructure components 
for smart manufacturing complexes, as well 
as with advanced technological solutions 
aimed at increasing the processing speed of 
electronic systems in order to meet the antic-
ipated requirements associated with quan-
tum computers and their processor-based 
equivalents.

RITM Technology (Dimensional Se‑
lective Metal Etching)

Printed Circuit Board Module
A module for the installation, cool‑

ing, management, and monitoring of 
high-energy optoelectronic systems, 
and a  method for manufacturing the 
same, comprising:

•	 at least one double-sided printed cir-
cuit board having, on one side there-
of, geometrically aligned and mutually 
electrically insulated electrically con-
ductive and thermally conductive to-
pological structures;

•	 at least one integrated heat-conduct-
ing pad arranged on the opposite side 
of the printed circuit board and ther-
mally connected to the heat-conduct-

ing structures located on the first side 
of said printed circuit board;

•	 thermally conductive channels connect-
ing each of the heat-conducting struc-
tures on one side of said printed circuit 
board to the integrated heat-conducting 
pad located on the opposite side of said 
printed circuit board;

•	 wherein said integrated heat-conduct-
ing pad and said thermally conduc-
tive channels are electrically insulated 
from the electrically conductive topo-
logical structures.

High-Speed Jet Electrochemical 
Deposition

High-speed jet electrochemical depo-
sition is a  galvanic process performed 
within a selectively oriented, directed 
electrolyte flow incorporating a  con‑
tinuous recirculation system that con‑
tinuously renews the electrolyte.

The system comprises:
1.	 An electrolyte reservoir operating 

under specified electrolyte-maintenance 
parameters, including: nickel and copper 
concentrations;
•	 temperature;
•	 acidity or alkalinity level (pH);
•	 density;
•	 electrical conductivity.

2.	 Due to the technological advantages of 
the proposed process, the use of organic 
brightening additives is not required.

3.	 A pump equipped with a filter.
4.	 An anode for jet electroplating, 

comprising a  component soluble in the 
particular type of electrolyte and a com-
ponent insoluble in that electrolyte, ar-
ranged sequentially in the direction of 
electrolyte flow.
The insoluble component is made of 

a  composite conductive carbon–
graphite fabric. It is positioned parallel to 
the surface being metallized and is arranged 
downstream of the soluble component, im-
mediately upstream of the surface to be coat-
ed (the cathode).
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Both components are connected to a pos‑
itive electrical potential and have selec-
tively adjustable permeability to the electro-
lyte. The anode incorporates a system for the 
uniform distribution of electrolyte across the 
surface of the soluble component. This dis-
tribution pattern is subsequently reproduced 
across the insoluble component and, conse-
quently, across the surface being metallized – 
the cathode.

The manufacturing process further com-
prises:

•	 removal of the photoresist;
•	 etching of the iron from one side to 

a  depth corresponding to one-half of 
the thickness of the steel strip;

•	 removal of etching products from the 
surface, first by aerodynamic treat-
ment and subsequently by hydrody-
namic treatment;

•	 encapsulation with a flowable polymer 
composition, performed in the follow-
ing sequence:
–  filling with a monomer;
–  subsequent polymerization;
–  thermal stabilization;

•	 etching of the iron from the opposite 
side using the same technological 
principles;

•	 encapsulation from the opposite side 
using the same technological princi-
ples;

•	 application of a  protective coating to 
the electrically conductive structures;

•	 vacuum deposition onto all thermally 
conductive structures of a  multilay-
er system comprising semiconductor 
nanostructured polycrystalline dia-
mond films.

Integration with Contactless 
Monitoring Technologies

A significant contribution made by Kat-
eryna Vorobiova consists in combining and 
integrating contactless monitoring tech-
nologies and systems with the technologies 
used for manufacturing specialized circuit 
boards by means of dimensional selective 
metal etching.

Given that this technological combi-
nation and integration were implemented 
within a relatively short period of time, it is 
appropriate to examine in greater detail the 

resulting concepts and potential applications 
of contactless monitoring technologies in 
modern smart manufacturing environments.

Inventions in the Field of 
Contactless Monitoring of Drinking 

Water and Cow’s Milk Quality
The quality of drinking water is one of the 

fundamental factors determining the quality 
of human life. In conventional water-quality 
monitoring methods, electrical conductivity 
is generally regarded as an important indica-
tor of water purity.

The higher the concentration of contam-
inants in water, the lower its electrical resis-
tance tends to be; conversely, the purer the 
water, the higher its electrical resistance.

For a  long time, this approach was con-
sidered sufficient. However, increasing con-
cerns associated with intentional contamina-
tion risks, together with the unprecedented 
scale of environmental pollution, have creat-
ed a need for more comprehensive and reli-
able methods of water-quality monitoring.

These are by no means the only factors 
determining the urgent need for more com-
prehensive water-quality control, but they 
represent important considerations.

Many existing technologies, instruments, 
and systems for water-quality monitoring 
have a  relatively limited range of technical 
capabilities and do not simultaneously cover 
all parameters that may require continuous 
monitoring. Consequently, there is a need for 
technologies capable of detecting potentially 
hazardous changes in water quality before 
contaminated water reaches the end user and 
poses a potential risk to human health.

Milk is one of the important components 
of a balanced diet and, since water constitutes 
a substantial proportion of its composition, it 
likewise requires mobile, reliable, and accu-
rate monitoring technologies adapted both to 
increasingly stringent quality requirements 
and to evolving regulatory standards.

In milk-quality monitoring, particular 
importance is also attached to the ability of 
monitoring systems to adapt to new techno-
logical conditions and industrial processing 
methods.

Based on these considerations, it is rea-
sonable to conclude that there is a need for 
continuous monitoring of the quality and 

https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie
https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie


CONTACTLESS MONITORING TECHNOLOGIES IN SMART MANUFACTURING FACILITIES99

European Journal of Technical and 
Natural Sciences 2026, No 5

Section 5. Technical sciences in general

condition of both drinking water and milk 
prior to their use or consumption.

Technologies intended to address these 
requirements have been developed, and 
a  brief description of the proposed techno-
logical solutions is provided below:

1. Device for Real-Time 
Monitoring of the Current Quality 

Status of Drinking Water
The device is designed for the real-time 

monitoring and assessment of the current 
value of a  comprehensive digital indicator 
characterizing the dynamic quality status 
of drinking water. The device may also be 
adapted for use in process-water quality 
monitoring systems at the inlet to an in-
dustrial process, as well as for monitoring 
wastewater quality prior to discharge into 
a  sewerage system or prior to its return to 
the technological process following regener-
ation.

The Comprehensive Digital Indicator 
of the Dynamic State of Water and Aque-
ous Solutions is an integral parameter that, 
based on frequency, amplitude, electrical 
resistance, resonance characteristics, induc-
tance, and a set of dynamic characteristics of 
the water flow, provides an integrated repre-
sentation of the current content and concen-
tration of components present in the water, 
as well as the relationships, including biolog-
ical interactions, between these components 
and the measured parameters.

The device for real-time selective identifi-
cation of the current value of the Comprehen-
sive Digital Indicator of the Dynamic Quality 
Status of Drinking Water is a compact system 
designed for integration into water-supply 
pipelines and water-flow meters. It may also 
be configured for operation under field con-
ditions using solar power.

The device is characterized by minimal 
energy consumption.

The device comprises functionally in-
terconnected systems for the inlet, outlet, 
monitoring, and transformation of the water 
flow. The water-flow transformation system 
incorporates an aerodynamic mechanism for 
removing gases from the water flow.

The device may be configured both for 
stationary operation and for rapid on-site 
analysis.

Neither operation of the device nor the as-
sociated monitoring procedure requires spe-
cialized training of the operator or end user.

2. Device for Real-Time 
Monitoring of the Current 

Quality Status of Cow’s Milk
The device is designed for the real-time 

monitoring and assessment of the current 
value of a  Comprehensive Digital Indicator 
characterizing the dynamic quality status of 
cow’s milk.

The Comprehensive Digital Indicator of 
the Dynamic State of Cow’s Milk is an inte-
gral parameter that, based on frequency, am-
plitude, electrical resistance, inductance, and 
a  set of dynamic characteristics of the milk 
flow, provides an integrated representation 
of the current content and concentration of 
components present in cow’s milk, as well as 
the relationships, including biological inter-
actions, between these components.

The device for the real-time selective 
identification of this Comprehensive Digital 
Indicator is a  compact system designed for 
operation on dairy farms or under field con-
ditions, including configurations powered by 
solar panels.

The device is characterized by minimal 
energy consumption.

The device comprises functionally inter-
connected systems for the inlet, outlet, mon-
itoring, and transformation of the milk flow. 
The milk-flow transformation system incor-
porates an aerodynamic mechanism for re-
moving gases from the milk flow.

The device may be configured both for 
stationary operation and for rapid on-site 
analysis.

3. Comprehensive Integrated 
Water and Aqueous Solution 

Quality Indicator and a Device 
for Its Real-Time Identification

The Digital Indicator of the Dynamic 
Quality Status of Drinking Water is an inte-
grated parameter determined by comparing 
a signal pulse transmitted to the sensor with 
the corresponding parameters generated 
within the pipeline as a  result of resonance 
phenomena occurring in the water flow. The 
comparison is performed on the basis of 
frequency, amplitude, electrical resistance, 
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and inductance, in combination with a  set 
of dynamic characteristics of the water flow. 
Taken together, these parameters provide an 
integrated representation of the current con-
tent and concentration of components pres-
ent in the water.

The device for the real-time selective 
identification of this indicator is a  compact 
system designed for operation within munic-
ipal or main water-supply pipelines, as well 
as under field conditions, including configu-
rations powered by solar panels.

The device is characterized by minimal 
energy consumption.

The device comprises functionally inter-
connected systems for the inlet, outlet, mon-
itoring, and transformation of the water flow 
being analyzed. The water-flow transforma-
tion system incorporates an aerodynamic 
mechanism for removing gases from the flow.

The Comprehensive Integrated Water 
Quality Indicator also incorporates a  Com-
prehensive Integrated Sensor Indicator, 
which represents a  constant value for each 
specific sensor type, its design parameters, 
and the parameters of the signal supplied to 
the sensor. According to the presented ex-
perimental data, the constancy of this indi-
cator has been confirmed by a series of tests 
comprising more than 1,000 test cycles per-
formed using four different types of sensors.

The device may be configured both for 
stationary operation and for rapid on-site 
analysis.

4. Comprehensive Integrated Cow’s 
Milk Quality Indicator and a Device 

for Its Real-Time Identification
The Digital Indicator of the Dynamic 

State of Cow’s Milk is an integrated param-
eter that, based on frequency, amplitude, 
electrical resistance, inductance, and a  set 
of dynamic characteristics of the milk flow, 
provides an integrated representation of the 
current content and concentration of compo-
nents present in cow’s milk.

The device for the real-time selective 
identification of this indicator is a  compact 
system designed for operation on dairy farms 
or under field conditions, including configu-
rations powered by solar panels.

The device is characterized by minimal 
energy consumption.

The device comprises functionally inter-
connected systems for the inlet, outlet, mon-
itoring, and transformation of the milk flow. 
The milk-flow transformation system incor-
porates an aerodynamic mechanism for re-
moving gases from the milk flow.

The device may be configured both for 
stationary operation and for rapid on-site 
analysis.

5. Dynamic Indicator of the Current 
Somatic Cell Count in Cow’s 

Milk and a Device for Its Real-
Time Selective Identification

The Digital Indicator of the Dynamic State 
of Cow’s Milk is a parameter that, based on 
frequency, amplitude, electrical resistance, 
inductance, and a set of dynamic character-
istics of the milk flow, provides an integrat-
ed representation of the current content and 
concentration of somatic cells in cow’s milk.

The device for the real-time selective 
identification of this indicator is a  compact 
system designed for operation on dairy farms 
or under field conditions, including configu-
rations powered by solar panels.

The device is characterized by minimal 
energy consumption.

The device comprises functionally inter-
connected systems for the inlet, outlet, mon-
itoring, and transformation of the milk flow. 
The milk-flow transformation system incor-
porates an aerodynamic mechanism for re-
moving gases from the milk flow.

The device may be configured both for 
stationary operation and for rapid on-site 
analysis.

Dynamic Comprehensive Indicator 
of the Current Fat Concentration 
in Cow’s Milk and a Device for Its 
Real-Time Selective Identification
The Digital Indicator of the Dynamic 

State of Cow’s Milk is an integrated param-
eter that, based on frequency, amplitude, 
electrical resistance, inductance, and a  set 
of dynamic characteristics of the milk flow, 
provides an integrated representation of the 
current content and concentration of fat or 
fatty acids in cow’s milk. The device for the 
real-time selective identification of this indi-
cator is a compact system designed for opera-
tion on dairy farms or under field conditions, 
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including configurations powered by solar 
panels. The device is characterized by min-
imal energy consumption. The device com-
prises functionally interconnected systems 
for the inlet, outlet, monitoring, and trans-
formation of the milk flow, wherein the milk-
flow transformation system incorporates an 
aerodynamic mechanism for removing gases 
from the milk flow. The device may be con-
figured both for stationary operation and for 
rapid on-site analysis.

Dynamic Comprehensive Indicator 
of the Current Lactose Content 

in Cow’s Milk and a Device for Its 
Real-Time Selective Identification
The Digital Indicator of the Dynamic 

State of Cow’s Milk is an integrated param-
eter that, based on frequency, amplitude, 
electrical resistance, inductance, and a  set 
of dynamic characteristics of the milk flow, 
provides an integrated representation of the 
current lactose content in cow’s milk. The 
device for the real-time selective identifi-
cation of this indicator is a compact system 
designed for operation on dairy farms or 
under field conditions, including configura-
tions powered by solar panels. The device is 
characterized by minimal energy consump-
tion. The device comprises functionally in-
terconnected systems for the inlet, outlet, 
monitoring, and transformation of the milk 
flow, wherein the milk-flow transformation 
system incorporates an aerodynamic mech-
anism for removing gases from the milk 
flow. The device may be configured both for 
stationary operation and for rapid on-site 
analysis.

Comprehensive Integrated Indicator 
of Mastitis in Cows and a Device 
for Its Real-Time Identification

The Digital Indicator is an integrated 
parameter that, based on frequency, ampli-
tude, electrical resistance, and inductance, 
serves as an integrated equivalent or indi-
cator of the occurrence of mastitis in a cow. 
The device for the real-time identification 
of this indicator is a  compact system de-
signed for operation on dairy farms or un-
der field conditions, including configura-
tions powered by solar panels. The device is 
characterized by minimal energy consump-

tion. The device comprises functionally in-
terconnected systems for the inlet, outlet, 
monitoring, and transformation of the milk 
flow, wherein the milk-flow transforma-
tion system incorporates an aerodynamic 
mechanism for removing gases from the 
milk flow. The device may be configured 
both for stationary operation and for rapid 
on-site analysis.

Device for Real-Time Selective 
Identification of Cow’s Milk Quality 
During Its Transfer to a Collection 

Tank Following Milking
The device is a compact system designed 

for operation on dairy farms or under field 
conditions, including configurations pow-
ered by solar panels. The device is charac-
terized by minimal energy consumption. The 
device comprises functionally interconnect-
ed systems for the inlet, outlet, monitoring, 
and transformation of the milk flow, wherein 
the milk-flow transformation system incor-
porates an aerodynamic mechanism for re-
moving gases from the milk flow.

Device for Contactless Monitoring of 
Cow’s Milk Condition Parameters
The device comprises systems for intro-

ducing milk into the monitoring zone and 
removing the milk flow from the monitor-
ing zone, as well as an integrated electronic 
sensor monitoring module equipped with an 
interface. The device may further comprise 
a signal identification system and a device for 
accelerated comparison of identified signals 
with a reference signal or reference value.

Device for Simultaneous Monitoring 
of Multiple Cow’s Milk Condition 

Parameters During Transportation
The device may be implemented in two 

configurations. The first configuration is 
designed for installation on milk transport 
tanks for monitoring milk quality during 
transportation and during the transfer of milk 
for subsequent processing into dairy prod-
ucts. The second configuration is designed 
for installation on flexible or rigid pipelines 
through which milk is transferred to storage 
tanks. This configuration may additionally 
provide real-time temperature measurement 
functionality.
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Device for Rapid Analysis 
of Cow’s Milk Quality

The device is a compact portable instru-
ment comprising an internal chamber into 
which milk, or another liquid, is introduced 
for analysis. A  sensor is positioned around 
the chamber and is selectively configured to 
monitor a  specific parameter of the milk or 
other liquid. The device requires no adjust-
ment or calibration and incorporates several 
levels of protection.

Device for Selective Rapid Analysis 
of Cow’s Milk Quality Parameters
The device is a compact portable instru-

ment comprising an internal chamber into 
which milk, or another liquid, is introduced 
for analysis. A sensor positioned around the 
chamber is selectively configured to moni-
tor a specific parameter of the milk or other 
liquid. The device requires no adjustment or 
calibration and incorporates several levels of 
protection.

Contactless Sensors for Monitoring 
Milk Levels in Tanks

The device monitors the level of milk, or 
another liquid, within a dedicated section of 
a pipeline connected to the tank in which the 
liquid level is being monitored. The device 
may be implemented in several configura-
tions. It may be positioned inside the liquid-
containing tank or externally to the tank and 
may incorporate different sensor configura-
tions.

Device for Comprehensive 
Monitoring of Milk Levels in Tanks 

with Simultaneous Assessment 
of the Integrated Milk Quality 

Indicator at the Monitored Level
The device monitors the level of milk, or 

another liquid, within a dedicated section of 
a pipeline connected to the tank in which the 
liquid level is being monitored. The specified 
pipeline section simultaneously functions as 
a resonant sensor configured to monitor and 
assess the integrated milk quality indicator 
and as a liquid-level sensor. The device may 
simultaneously monitor physical character-
istics of milk or another liquid, including 
electrical conductivity, density, and acidity 
level.

Device for Comprehensive 
Monitoring of Milk Levels in Tanks 

with Simultaneous Assessment 
of the Somatic Cell Count in 
Milk at the Monitored Level

The device monitors the level of milk, or 
another liquid, within a dedicated section of 
a pipeline connected to the tank in which the 
liquid level is being monitored. The specified 
pipeline section simultaneously functions 
as a  resonant sensor configured to monitor 
the somatic cell count and as a  liquid-level 
sensor. The device may also simultaneously 
monitor physical characteristics of the milk 
or other liquid, including electrical conduc-
tivity, density, and acidity level.

Device for Comprehensive Monitoring 
of Milk Levels in Tanks with 

Simultaneous Assessment of Milk 
Fat Content at the Monitored Level

The device monitors the level of milk, or 
another liquid, within a dedicated section of 
a pipeline connected to the tank in which the 
liquid level is being monitored. The specified 
pipeline section simultaneously functions as 
a resonant sensor configured to monitor fat 
concentration and as a liquid-level sensor.

Device for Comprehensive Monitoring 
of Milk Levels in Tanks with 

Simultaneous Assessment of Lactose 
Content at the Monitored Level

The device monitors the level of milk, or 
another liquid, within a  dedicated section of 
a pipeline connected to the tank in which the 
liquid level is being monitored. The specified 
pipeline section simultaneously functions as 
a  resonant sensor configured to monitor lac-
tose concentration and as a liquid-level sensor.

Device for Comprehensive Monitoring 
of Milk Levels in Tanks with 

Simultaneous Assessment of Blood 
Traces in Milk at the Monitored Level

The device monitors the level of milk, or 
another liquid, within a dedicated section of 
a pipeline connected to the tank in which the 
liquid level is being monitored. The specified 
pipeline section simultaneously functions as 
a resonant sensor configured to monitor the 
concentration of blood traces and as a liquid-
level sensor.
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Device for Comprehensive Monitoring 
of Milk Levels in Tanks with 

Simultaneous Sequential Assessment 
of the Concentrations of Basic Milk 
Components at the Monitored Level

The device monitors the level of milk, or 
another liquid, within a  dedicated section of 
a pipeline connected to the tank in which the 
liquid level is being monitored. The specified 
pipeline section simultaneously functions as 
a  resonant sensor configured to monitor se-
lected parameters and as a liquid-level sensor.

Device for Comprehensive Monitoring 
of Milk Levels in Tanks with 

Simultaneous Assessment of the 
Concentrations of Multiple Basic Milk 

Components at the Monitored Level
The device monitors the level of milk, or 

another liquid, within a  dedicated section of 
a pipeline connected to the tank in which the 
liquid level is being monitored. The specified 
pipeline section simultaneously functions as 
a resonant sensing system configured to mon-
itor parameters and concentrations of compo-
nents in milk or another liquid and incorporates 
multiple sensors, each configured to monitor an 
individual parameter. Each sensor simultane-
ously functions as a liquid-level sensor.

Device for Modifying the 
Turbulence Level of a Milk Flow
The device is designed for the dynamic 

transformation of a turbulent milk flow, creat-
ing a localized region of laminar flow in which 
the milk is monitored using a resonant sensor. 
During flow transformation, the device addi-
tionally releases air from the milk flow and 
stabilizes its hydrodynamic characteristics.

Device for Preparing a Milk 
Flow for Real-Time Monitoring 

of Its Condition Parameters
The device is designed for the dynamic 

transformation of the milk flow with the for-
mation of a localized region of laminar flow 
in which milk monitoring is performed using 
a resonant sensor.

Device for Real-Time Monitoring 
of Gas Content in Milk

The device comprises a  resonant sensor 
configured to detect changes in a set of milk 

parameters depending on the concentration 
of air or another gas present in the milk. The 
device may simultaneously monitor the de-
gree of filling of the pipeline through which 
the milk flows and the turbulence level of the 
milk flow within the pipeline.

Milk Aeration Process Control 
System with Real-Time Monitoring 

of Air Content in Milk
The system is designed to control the milk 

aeration process while monitoring the level 
of air content in the milk. The system incor-
porates feedback from a resonant sensor and 
adjusts the parameters of the compressed-air 
supply according to the concentration of air 
in the milk. The system comprises a resonant 
sensor, an interface, and a  signal convert-
er configured to transform signals received 
from the sensor into control signals trans-
mitted to the compressed-air source, thereby 
enabling adjustment of the pressure and flow 
rate of the compressed air. The system fur-
ther incorporates an aerodynamic function 
for introducing air into the milk.

Information on the Verification 
and Testing Results of a Method 

for Selective Separation of Various 
Materials Dissolved in Water or 

Aqueous Solutions and Subsequent 
Monitoring of Their Concentrations 

Using Resonance Technologies
When analyzing water contaminated 

with dissolved metal ions and other sub-
stances, significant difficulties arise in accu-
rately determining the actual concentration 
of each individual material or metal. In ad-
dition to the technology presented previous-
ly, a new invention has been developed that 
enables high-precision selective separation 
of substances contaminating water or other 
liquids into groups characterized by specif-
ic resonance frequencies. The sensitivity of 
the measuring instrument makes it possible 
to distinguish resonance frequencies with 
an accuracy down to the microhertz range. 
According to the presented results, this ac-
curacy makes it possible to distinguish ma-
terials and chemical-mechanical complexes 
contained in water or aqueous solutions with 
a precision of up to 0.00001 grams. Prelimi-
nary testing demonstrated that measurement 
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accuracy does not depend on the presence or 
absence of organic compounds or combina-
tions of such compounds and other mate-
rials in the water or aqueous solution. The 
preliminary verification results confirm the 
possibility of real-time active monitoring of 
liquids to determine the concentrations of 
individual substances without direct con-
tact with the monitored liquid and without 
additional or auxiliary procedures. The con-
centration of each component is determined 
separately, providing an independent result 
with the required accuracy using the same 
measuring instrument.

A  digital monitoring and control system 
was developed to manage the measurement 
process. According to the presented materi-
als, the system underwent a complete testing 
cycle in cooperation with one of the leading 
Japanese companies in the course of prac-
tical monitoring tasks. The results were as-
sessed as exceeding the capabilities of the ref-
erenced existing technologies by 1,000 times 
or more. The tested technology is character-
ized by substantial technological flexibility 
and may be implemented using only those 
capabilities required for a particular applica-
tion, where appropriate, thereby also allow-
ing the cost characteristics of the technology 
to be adjusted according to the requirements 
of the specific application site.

Brief Description of the 
Resonance Method

The method involves generating an alter-
nating electromagnetic field within the space 
containing the sample under examination. 
This field serves as an intermediary between 
the resonant circuit and the test sample. On 
the one hand, the resonant circuit functions 
as an emitter of this field and, on the other 
hand, as a  receiver or sensing element re-
sponsive to changes introduced into the elec-
tromagnetic field by the test sample. Even in 
the absence of a test sample, the alternating 
electromagnetic field generated by the sole-
noid represents the superposition of two elec-
tromagnetic fields varying in opposite phase. 
One field is generated by changes in the mag-
netic induction of the solenoid and produces 
a vortex electric field in accordance with the 
Maxwell–Faraday equation. The other field is 
generated by changes in the electric field re-

sulting from the potential difference between 
the outermost, most widely separated turns 
of the solenoid when the sample is positioned 
inside the solenoid, or by the potential differ-
ence between the turn closest to the surface 
of the sample and the sample itself when the 
sample is positioned opposite the end of the 
solenoid. This produces a  vortex magnetic 
field in accordance with Ampère’s circuital 
law with Maxwell’s correction.

Under the influence of an external alter-
nating electromagnetic field, various electrical 
phenomena may be induced in the test sam-
ple, depending on its nature, including linear 
and eddy conduction currents, linear and eddy 
displacement currents, as well as linear and 
eddy ionic currents representing the ordered 
motion of ions. In accordance with the prin-
ciple of field superposition, these electrical 
phenomena introduce distortions into the ex-
ternal alternating electromagnetic field. These 
distortions are detected by the solenoid of the 
resonant sensor. The resonant circuit incor-
porating this solenoid changes its behavior in 
a manner analogous to the addition of supple-
mentary circuit elements, namely a capacitor, 
an inductor, and a resistor. The combination 
of the additional capacitive, inductive, and re-
sistive components constitutes an additional 
impedance introduced into the system by the 
test sample. This is the parameter measured 
by the resonant sensor.

Changes in the parameters of the reso-
nant circuit are reflected in changes in its 
amplitude and frequency characteristics, 
specifically in its resonant frequency and res-
onant amplitude. By analyzing these chang-
es, the impedance characteristics of the test 
sample can be evaluated.

Interference Immunity
Mechanical parameters such as viscosity, 

density, transparency, and pressure, provid-
ed that the medium is incompressible, should 
not directly affect the measured electrical 
parameters of the substance. Flow velocity 
within a  pipeline and turbulence represent 
processes occurring on time scales substan-
tially slower than the megahertz-frequency 
processes involved in impedance measure-
ment and therefore are not expected to exert 
a  significant influence on the measurement 
process. Hardness is a  chemical characteris-
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tic determined by the components present in 
the substance. Temperature generally affects 
impedance; however, measuring temperature 
and compensating for its influence during im-
pedance measurements does not represent 
a particularly complex technical task.

Selective Monitoring of 
Component Concentrations in 
Water and Aqueous Solutions

In simplified terms, the selective mea-
surement and monitoring of concentrations 
of metal salts and other substances dissolved 
in water can be explained as follows. Water 
has an anomalously high dielectric constant, 
which is associated with the large dipole mo-
ment of water molecules. Consequently, the 
overall polarization response in an alternat-
ing electric field will depend substantially 
both on the concentration of nonpolar im-
purity molecules and on molecules having 
dipole moments different from that of water.

This difference provides the basis for the 
resonant method of selectively measuring 
impurity concentrations in water or aqueous 
solutions. When water is introduced into an 
oscillatory circuit, it determines the position 
of its characteristic resonance and corre-
sponding resonance line. Each impurity in-
troduced into the water or aqueous solution 
within the oscillatory circuit causes a shift in 
this resonance and its corresponding reso-
nance line. Different impurities, depending 
on their concentrations, produce different 
resonance shifts.

A family of such dependencies, each corre-
sponding to a particular metal or other com-
ponent, makes it possible to selectively de-
termine the magnitude of the resonance-line 
shift and, accordingly, the concentration of 
each impurity in the water or aqueous solu-
tion. The family of dependencies is estab-
lished through chemical calibration using 
conventional chemical analytical methods.

For solutions and liquids that are not 
aqueous, the methodology and underlying 
logic of selective component-concentration 
measurement are similar. The principal dif-
ference is that one of the components of the 
solution or liquid whose molecules exhibit 
the highest dipole moment within that par-
ticular system is selected as the reference 
component for measurement.

Preliminary Investigation of the 
Sensitivity of Resonant Monitoring 

Technology for Milk Analysis
At the preliminary stage of testing and 

evaluating the sensitivity of the resonant 
monitoring technology, samples represent-
ing several fundamentally different types 
and conditions of milk were examined. These 
included samples of whole natural milk ob-
tained during morning manual milking and 
divided into three principal groups: samples 
collected at the beginning of milking, char-
acterized by the lowest concentration and an 
acidity value of 6.7 units; samples collected 
during the main phase of milking, charac-
terized by an intermediate concentration, an 
average optimal concentration of the con-
stituent components, and an acidity value of 
6.8 units; and samples collected during the 
final phase of milking, characterized by the 
highest concentration of the principal com-
ponents and an acidity value of 6.9 units.

The investigation also included samples 
of the same milk after 24 hours of storage 
at room temperature; samples of the same 
milk after 24 hours of refrigerated storage at 
+3 °C; samples of four types of commercially 
available milk having different characteris-
tics; samples of all milk types supplemented 
with preserved blood; samples supplement-
ed with sucrose; samples supplemented with 
glucose; samples supplemented with sugar; 
and samples supplemented with milk fat fol-
lowed by mechanical mixing.

Objectives of the Preliminary 
Investigation

The preliminary investigation was in-
tended to determine the degree of contrast in 
the reflected resonant signals obtained when 
comparing all of the milk samples described 
above. Another objective was to demonstrate 
the possibility of selectively identifying, from 
the multiple combinations of signal param-
eters obtained, those groups of parameters 
for which the differences and signal contrast 
between different types of milk are maximal, 
thereby providing the level of assessment and 
measurement accuracy required by leading 
European manufacturers of integrated tech-
nological equipment for dairy production and 
consistent with the requirements and limita-
tions of applicable European Union standards.
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1.	 Demonstration of the Possibility of Selec-
tively Identifying Indicators and Assess-
ing the Somatic Cell Count in All Types of 
Milk, with Comparison Against the Read-
ings of Somatic Cell Counting Instruments 
Developed and Marketed Internationally 
by Recognized Leading Manufacturers 
Complying with the Highest Technical 
Standards and Requirements.

2.	 The workstation prepared by the compa-
ny conducting the development for the 
preliminary studies was integrated into 
the infrastructure of a  specialized and 
optimized standard clean-room environ-
ment intended for research activities.

3.	 General Characteristics of the Measure-
ments and Studies Conducted.

4.	 The acidity of all prepared milk samples 
was measured using standard measuring 
instruments, and corresponding mea-
surements were performed using the ex-
perimental resonance-monitoring unit.

5.	 The somatic cell count in all milk samples 
was measured using standard equipment 
manufactured by DeLaval, and the corre-
sponding integral signal from the same 
milk samples was measured using the ex-
perimental resonance-monitoring unit.

6.	 A  precisely defined quantity of blood 
was added to a  measured milk sample, 
after which the resulting integral signal 
was measured using the experimental 
resonance-monitoring unit.

7.	 A  precisely defined quantity of milk fat 
was added to a  measured milk sample, 
after which the resulting integral signal 
was measured using the experimental 
resonance-monitoring unit.

8.	 A precisely defined quantity of urea was 
added to a  measured milk sample, af-
ter which the resulting integral signal 
was measured using the experimental 
resonance-monitoring unit.

9.	 A  precisely defined quantity of glucose 
was added to a  measured milk sample, 
after which the resulting integral signal 
was measured using the experimental 
resonance-monitoring unit.

10.	10.  A  precisely defined quantity of su-
crose was added to a measured milk sam-
ple, after which the resulting integral sig-
nal was measured using the experimental 
resonance-monitoring unit.

11.	A  precisely defined quantity of fructose 
was added to a  measured milk sample, 
after which the resulting integral signal 
was measured using the experimental 
resonance-monitoring unit.

12.	1Conclusions Based on the Results of the 
Preliminary Experimental Verification, 
Drawing on the Publications and Devel-
opments of Kateryna Vorobiova.

13.	The resonance-monitoring technology is 
capable, with the required degree of accu-
racy, of distinguishing whole-milk sam-
ples obtained during the initial, middle, 
and final phases of the milking process on 
the basis of an integrated comprehensive 
indicator.

14.	The resonance-monitoring technology is 
capable, with the required degree of accu-
racy, of distinguishing whole-milk sam-
ples obtained during the initial, middle, 
and final phases of the milking process 
and of differentiating between the same 
samples after different periods of storage 
at room temperature.

15.	The resonance-monitoring technology 
is capable, with the required degree of 
accuracy, of distinguishing whole-milk 
samples obtained during the initial, mid-
dle, and final phases of the milking pro-
cess and of differentiating between the 
same samples after different periods of 
storage at room temperature when speci-
fied quantities of blood have additionally 
been introduced.

16.	The resonance-monitoring technology 
is capable, with the required degree of 
accuracy, of distinguishing whole-milk 
samples obtained during the initial, mid-
dle, and final phases of the milking pro-
cess and of differentiating between the 
same samples after different periods of 
storage at room temperature when spec-
ified quantities of glucose have addition-
ally been introduced.
The resonance-monitoring technology is 

capable, with the required degree of accu-
racy, of distinguishing whole-milk samples 
obtained during the initial, middle, and final 
phases of the milking process on the basis 
of an integrated comprehensive indicator. 
It is also capable of differentiating between 
the same samples after different periods of 
storage at room temperature when specified 
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quantities of urea have additionally been in-
troduced.

Figure 1. The figure shows a startup 
researcher’s workstation located in a clean 
room within a restored industrial facility

The resonance-monitoring technology is 
capable, with the required degree of accuracy, 
of distinguishing whole-milk samples obtained 
during the initial, middle, and final phases of 
the milking process on the basis of an integrat-
ed comprehensive indicator. It is also capable 
of differentiating between the same samples 
after different periods of storage at room tem-
perature when specified quantities of milk fat 
have additionally been introduced.

The resonance-monitoring technology is 
capable, with the required degree of accu-
racy, of distinguishing whole-milk samples 
obtained during the initial, middle, and final 
phases of the milking process that have dif-
ferent somatic cell concentrations. It is also 
capable of differentiating between the same 
samples after different periods of storage at 
room temperature.

The resonance-monitoring technology 
is capable, with the required degree of ac-
curacy, of distinguishing whole-milk sam-
ples obtained during the initial, middle, 
and final phases of the milking process that 
have different somatic cell concentrations. 
It is also capable of differentiating between 
the same samples after different periods of 
storage at room temperature while simul-

taneously assessing and distinguishing the 
acidity levels of the same milk samples. The 
experiments confirmed the validity of the 
strategy selected for the preliminary test-
ing, which is based on an at least two-stage 
calibration system for the resonant sensor. 
At the first stage, calibration is performed 
at the level of the integral signal based on 
the characteristics of phenomena occurring 
in the milk. At the second stage, calibra-
tion is performed using a  selectively iden-
tified combination of resonant responses 
exhibiting the most pronounced contrast 
in frequency, capacitance, and amplitude 
characteristics in the milk samples under 
investigation, specific to each monitored 
parameter and characteristic.

Overall, the system demonstrated high 
sensitivity to the applied signals, high selec-
tivity in signal discrimination and compari-
son, a  sufficient level of repeatability of the 
results, stable operation in accordance with 
the adopted methodology, sufficient accura-
cy in determining the integral components 
of the signals, sufficient autonomy and re-
sistance to external influences and interfer-
ence, as well as the ability to be operated in 
a stable, reliable, and controlled manner by 
an operator without formal specialized pro-
fessional training.

The results of the preliminary studies 
provide a  basis for proceeding, at the next 
stage of the project, to the development of 
applications for the selective monitoring of 
all required milk parameters and to the fun-
damental design and development of the 
necessary resonant-sensor configurations.

The results obtained from the adjust-
ment and modification of the sensors’ op-
erating parameters, together with the over-
all characteristics of the sensor control and 
digital testing processes and the associat-
ed infrastructure, support the conclusion 
that reliable remote control of individual 
sensors and groups of sensors can be im-
plemented, including synchronization of 
their principal measurement and analyti-
cal functions. The results also indicate the 
possibility of adapting the sensors to the 
specific operating requirements and vary-
ing conditions encountered on dairy and 
commercial farms and at dairy-processing 
enterprises.
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Abstract
The article examines integrative modules for complex electronic systems, particularly 

those incorporating laser diodes, with a focus on reliable and efficient thermal management. 
As demonstrated by practical developments in recent years, effective cooling remains one of 
the key challenges affecting the performance, reliability, and operational efficiency of such 
electronic devices.

Particular attention is given to the development of integrative technical solutions aimed at 
minimizing energy losses and increasing useful energy output, especially in various lighting 
systems. The proposed approach focuses on achieving efficient cooling without introducing 
additional structural elements or requiring additional energy consumption for thermal man-
agement, including through the application of diamond–copper composite materials.

The article also considers technical solutions intended to increase the output optical power 
of lighting devices while maintaining a compact and structurally simple design. The objective 
is to achieve higher light output at relatively low operating power and, consequently, reduced 
energy consumption, while providing the thermal conditions required for the stable operation 
of laser diodes and other electronic components.
Keywords: Integrative Modules; Electronic Systems; Laser Diodes; Optical Power; Diamond 
Spheres; Ductile Material; Composite Material; Pseudo-Porous Structure; Optical Cable; 
Laser Radiation; Lamp with a Flat Light-Emitting Element

Introduction
In order to minimize energy losses and 

increase useful energy output, particularly 

in various lighting systems, considerable at-
tention is currently being devoted to the de-
velopment of integrative technical solutions 
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that provide efficient cooling without requir-
ing additional structural elements or addi-
tional energy consumption for thermal man-
agement.

In parallel, research and development ef-
forts are focused on technical solutions that 
make it possible to increase the output opti-
cal power of lighting devices while maintain-
ing a  compact, simple, and efficient design. 
Such solutions are intended to achieve higher 
light output at relatively low operating pow-
er and, consequently, reduced overall energy 
consumption.

Figure 1.

The image shows one of the innovative 
developments designed to convert laser radi-
ation into light within conventional and com-
monly used spectral ranges.

The author of this publication consid-
ers the integrated solutions proposed in the 
scientific and technological publications 
and books by Aleksandra Efimova, a recog-
nized innovation specialist in this field, to be 
among the most suitable approaches.

One of the principal features that distin-
guishes Aleksandra Efimova’s proposals and 
developments from similar solutions pre-
sented by other authors is the extensive plat-
form for experimental computer modeling. 
This platform has emerged from her broad 
and in-depth knowledge of the fundamen-
tal techniques and methods of systemic and 
combinatorial computer modeling applied 
to related innovation processes, including 
those at the intersection of fundamental sci-
entific and technological disciplines.

In analyzing the innovative technologies 
proposed in her publications, Aleksandra 
Efimova advances a  concept of particu-
lar importance for addressing the problem 

under consideration: the combinatorial 
structure of each solution, understood as 
a harmonious combination and mutual com-
plementarity between conventional technol-
ogies and materials, on the one hand, and 
innovative technologies and materials – pri-
marily composite materials – on the other.

Of particular significance in Aleksandra 
Efimova’s proposals is the tendency toward 
the integration and comprehensive adapta-
tion of new materials and technological ap-
proaches within the environment and oper-
ating conditions of existing, well-established 
technologies and materials. This approach 
creates a  foundation for transforming their 
properties and capabilities and bringing them 
to a new level of technological innovation.

The following image presents an axial 
cross-sectional view of such a device, provid-
ing a more convenient representation for its 
detailed examination and analysis.

Figure 2.

As can be seen, the design of the innova-
tive lamp integrates the functions of sever-
al basic structural elements within a single 
system.

The lamp holder incorporates a  vor‑
tex-type heat sink, the shaft and discs of 
which are manufactured from a diamond–
copper composite material that consti-
tutes one of the key components of the lamp’s 
cooling system.

Each component of this system is mul-
tifunctional. In addition to performing 
heat-transfer and heat-accumulation func-
tions, the structure of these components, 
formed from numerous composite micro-
globules, simultaneously performs the essen-
tial function of dissipating heat flows. This ef-
fect is achieved due to the pseudo-porous 
structure of the composite material.

Particular attention should be given to the 
innovative structure of the diamond–copper 
composite.
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The original manufacturing process for 
the composite globules begins with the for-
mation of synthetic-diamond spheres with 
a diameter of 5–7 microns. This dimension 
may vary depending on the profile and di-
mensions of the component, as well as its op-
erating conditions.

The spheres are subsequently coated with 
copper using specialized equipment and an 
original innovative technology (Appendix 2).

The thickness of the copper coating is 
selected so that, during the formation of 
the lamp component in a  mold, a  sufficient 
amount of ductile material remains on the 
diamond spheres to enable the metal to flow 
and fill the spaces between the synthetic-
diamond spheres.

As a result, a pseudo-porous structure is 
formed in which diamond spheres are uni-
formly distributed throughout the material. 
Diamond provides exceptionally high ther-
mal conductivity while remaining electrically 
non-conductive.

This structure enables heat to be rapidly 
dissipated and uniformly distributed across 
the cross-sectional area of the heat-sink discs.

An optical cable is positioned within the 
spiral grooves of the lamp housing and re-
ceives a  laser beam from the laser module. 
The optical cable is arranged in a spiral and 
positioned within the housing grooves at 
a diameter that causes the cable to emit light 
across its entire cylindrical surface. This con-
figuration is significantly more efficient than 
light emission transmitted solely through the 
end face of the cable.

In order to separate the laser radiation 
from the lamp’s output radiation, a phosphor 
layer designed for a  specific emission spec-
trum is applied to the optical cable.

As a  result, the final radiation emitted 
by the lamp is completely non-toxic. Fur-
thermore, because the emitting surface area 
is thousands of times greater than the area 
of the optical cable end face, a 1–2 W laser 
diode provides a  lamp output equivalent to 
approximately 60–75 W.

The presented models demonstrate that, 
based on the general principles of innova-
tive design proposed by Aleksandra Efi-
mova, it is possible, within a conventional 
form and structural configuration – for 
example, that of an ion-exchange filter – to 

use natural and completely safe materials 
to achieve an almost ideal final result char-
acterized by unusual parameters and prop-
erties:

•	 complete elimination of chemical re-
agents from the process;

•	 use of naturally occurring ion-ex-
change properties;

•	 exceptionally high potential ion-ex-
change capacity, including the ca-
pacity required for the purification of 
liquids contaminated with radioactive 
substances.

Under such design approaches, the re-
quirements imposed on the design process it-
self also change fundamentally. This makes it 
possible to extensively incorporate computer 
modeling methods and techniques, as well as 
methods and techniques aimed at achieving 
the ideal final result, into the development 
process.

Figure 3.

Figure 4.

https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie
https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie


European Journal of Technical and 
Natural Sciences 2026, No 5

INTEGRATIVE MODULES FOR ELECTRONIC SYSTEMS112

Section 5. Technical sciences in general

Figure 5.

The formation of light emission result-
ing from the luminescence of an optical ca-
ble bent to a specific radius can be achieved 
through a  variety of alternative configura-
tions. One such example is the emitter shown 
in cross-section in the following image, in 
which the cylindrical surface of the optical 
cable begins to emit light when the cable is 
bent to a predetermined radius.

Figure 6.

The following image presents a structural 
diagram of the lamp in longitudinal cross-
section, clearly illustrating its individual 
technical components. Each of these compo-
nents has a specific functional and technical 
purpose and performs defined technological 
and conceptual functions within the overall 
design of the device.

Figure 7.

The proposed design incorporates nu-
merous innovative elements and, most im-
portantly, is fully prepared for serial and 
mass production. Furthermore, the particu-
lar configuration of the lamp, together with 
the combination of technological principles 

and structural materials employed in its de-
sign, provides significant potential for fur-
ther technological development. The design 
allows new technical solutions to be integrat-
ed into the innovative product as they emerge 
through the continued advancement of laser 
technologies, composite-material technol-
ogies, and new energy-efficient control and 
cooling systems.

Figure 8.

The following image shows a  minia-
ture lamp in which a  phosphor mixture 
is applied to the end of the optical cable 
according to a  specific geometry within 
a three-dimensional coordinate system. This 
configuration provides light emission with-
in the white region of the visible spectrum. 
The diameter of the optical cable is only 120 
microns, making it possible to create micro-
miniature light sources for use in highly com-
pact optoelectronic systems.

Figure 9.

The following image shows a  lamp with 
a  flat light-emitting element connected to 
a single optical cable. In addition to its over-
all energy efficiency, this system makes it 
possible to achieve the required level of il-
lumination over a  specified area with mini-
mal resource requirements and maximum 
structural simplicity. The same system also 
allows virtually any combination or mixture 
of phosphor materials to be applied to the flat 
spiral section at the end of the optical cable, 
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thereby making it possible to obtain the re-
quired spectral and optical characteristics of 
the emitted light.

Figure 10.

The following image shows a laser diode 
module designed on the basis of active cool-
ing principles utilizing the heat-dissipation 
effect of components manufactured from 
a  pseudo-porous diamond–copper compos-
ite material.

One of the innovative integrative features 
of the proposed design is the use of thermo‑
electric coolers in combination with the 
thermally conductive and heat-dissipating 
structural elements of the module housing.

The thermoelectric coolers are positioned 
between the external heat sinks and the mod-
ule housing. The thermally conductive struc-
tural elements transfer heat from the printed 
circuit board (PCB) to the housing walls on 
which the thermoelectric coolers are mount-
ed. The base surfaces of the heat sinks are, 
in turn, pressed against the thermoelectric 
coolers. Where necessary, additional module 
components requiring continuous cooling 
may also be mounted on these heat sinks.

Practical experience has demonstrated that 
reliable cooling makes it possible to achieve 
a high degree of stability in the output param-
eters of laser radiation. This, in turn, signifi-
cantly expands the range of possible module 
output configurations and, where required, 
enables the laser radiation to be distributed 
among several optical cables, each of which 
supplies light to an individual lighting device.

The most important consideration re-
mains the primary removal of heat directly 
from the laser diode.

Figure 11.

The image shows models of such 
devices.

Figure 12.

Figure 13.

The presented three-dimensional models 
show the thermally conductive structural el-
ements that simultaneously serve as the pri-
mary mounting components for securing the 
laser diode within the module housing.

As can be seen from the models, despite 
its structural simplicity and manufacturabil-
ity, the laser-diode support disc (highlighted 
in red in the models) provides comprehensive 
protection of the laser diode against over-
heating through a  combination of thermal-
management factors. As noted above, this 
significantly improves the operational stabil-
ity of the module while reducing the amount 
of energy required for lighting.

The models also illustrate a  coding and 
decoding system that makes it possible to 
identify the optical cables and corresponding 
lighting devices connected to the module.

In addition to its primary operating func-
tions, such a system provides a platform for 
the implementation and control of various 
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computer-based models for energy manage-
ment and distribution.

These functions depend entirely on the 
intended application and operating condi-
tions of the module. Of particular importance 
for the further development of the proposed 
concept is the possibility of integrating the 
software component of the system directly at 
its most critical functional point.

Furthermore, this fundamental approach 
to the application of new composite mate-
rials in novel applications, characterized by 
unconventional properties and performance 
characteristics, makes it possible to develop 
new lighting devices and instruments with 
parameters that meet the requirements of 
modern technologies.

It should also be noted that, in addition 
to advanced composite materials, nature 

provides exceptionally valuable natural ma-
terials. The application of the approaches 
described in the publications of Aleksandra 
Efimova therefore makes it possible to estab-
lish a  harmonious combination of long-es-
tablished natural materials with proven 
engineering and manufacturing techniques.

The conceptual solutions proposed by 
Aleksandra Efimova also provide oppor-
tunities for further technological develop-
ment. One example is the advancement of 
carbon – carbon composites, initially pro-
duced in fabric form, into solid components 
manufactured by compressing such fabrics. 
Components produced in this manner may 
exhibit highly unusual properties and open 
up new innovative possibilities in lighting 
technology and related technological pro-
cesses.

Figure 14.

The image shows the actual structural 
components of the innovative laser diode 
module, including its cooling system and 
a laser diode holder manufactured from a di-
amond–copper composite material.

As can be seen from the image, all other 
components of the housing and cooling sys-
tem of the laser module are manufactured 
from standard profiles and conventional 
materials and do not require any specialized 
materials or dedicated technological equip-

ment. The components can also be manufac-
tured using standard cutting and measuring 
tools.

This design can be considered an exam-
ple of the integration and combination of 
innovative technical solutions aimed at the 
efficient and safe conversion of laser diode 
radiation into safe, high-intensity phosphor 
emission, while providing virtually complete 
heat dissipation and minimizing both ther-
mal and optical losses.

https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie
https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie


INTEGRATIVE MODULES FOR ELECTRONIC SYSTEMS115

European Journal of Technical and 
Natural Sciences 2026, No 5

Section 5. Technical sciences in general

All principal output parameters of this 
integrated lighting system fully comply with 

the applicable standards and safety require-
ments.
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Abstract
The article examines the impact of the intensive development of digital technologies, artifi-

cial intelligence, artificial neural networks, and computer-aided design methods on the nature, 
structure, and principles underlying modern technical systems. As engineered objects become 
increasingly complex, the number of technical, technological, structural, and functional fea-
tures defining a particular innovative solution and its subsequent development – from a local 
subsystem to an integrated technical supersystem – also increases substantially.

Particular attention is given to the classification and identification of innovative technical 
solutions. The parallel emergence of spontaneously identical or closely related ideas within 
different development teams, including teams operating in different countries, increases the 
importance of accurately defining the boundaries of a particular technical solution, its dis-
tinctive features, its relationships with other system components, and its position within the 
overall hierarchy of a technical object. Such identification is directly related to the possibilities 
for effective and systematic protection of existing and newly created intellectual property.
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The article considers an approach to the 
classification of modern technical solutions 

based on the distinction between local tech-
nical solutions, subsystems, and technical 
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supersystems. Particular attention is paid to 
the conclusions and definitions presented in 
the publications of Aliaksandr Achapouski, in 
which an optimized classification of various 
types of technical solutions is proposed, tak-
ing into account the combination of classical 
design methodology with modern computer 
software development methods. The author 
seeks to correlate the fundamental principles 
formulated by Aliaksandr Achapouski with 
the methodology and system of conceptual 
decision-making used in modern machine 
design involving digital technologies and el-
ements of artificial intelligence.

The article emphasizes that the increasing 
complexity of tasks associated with the de-
velopment, modernization, and optimization 
of engineering and technological systems is 
progressively reducing the practical effec-
tiveness of isolated local solutions. Achiev-
ing the required final result increasingly 
requires compositional, integrative, and 
comprehensive solutions that combine in-
dividual technical elements and subsystems 
into a  unified, functionally interconnected 
supersystem. In this context, the terminol-
ogy proposed by Aliaksandr Achapouski is 
considered in relation to contemporary pro-
cesses of integrated technical design.

Special attention is also given to the in-
fluence of computer-aided design methods 
on the development of technical solutions. 
Modern engineering software, including the 
SolidWorks family of design tools, signifi-
cantly expands the possibilities for analyzing, 
modeling, and integrating numerous param-
eters and characteristics of a designed object. 
As a result, a technical solution increasingly 
represents not an isolated structural element 
but a component of a complex multilevel sys-
tem incorporating mechanical, electronic, 
software, materials-engineering, optical, and 
other interconnected components.

The article further addresses issues associ-
ated with assessing the novelty, obviousness, 
and non-obviousness of modern technical 
solutions. The interdisciplinary nature of con-
temporary technologies complicates the appli-
cation of traditional approaches to expert eval-
uation because innovative developments may 
simultaneously incorporate achievements in 
electronics, microelectronics, advanced ma-
terials science, fiber optics, laser technology, 

software, and other interconnected fields. Un-
der these conditions, a comprehensive assess-
ment of a technical solution requires not only 
specialized expertise in individual disciplines 
but also professional competence in their inte-
grated technological implementation.

The article also analyzes the influence of 
psychological, technological, and structural 
stereotypes on the innovation process. New 
technical and technological solutions are of-
ten evaluated through established concepts 
and principles governing the development of 
industrial technologies, machines, and mech-
anisms, many of which originated before the 
emergence of modern materials, electronic 
components, digital control systems, and la-
ser technologies. This creates a need to im-
prove methods for classifying and identifying 
technical solutions in accordance with the 
current level of technological development.

Thus, the systematic classification of tech-
nical solutions – from individual local ele-
ments and active subsystems to integrated 
technical supersystems – is considered an im-
portant instrument for organizing the modern 
innovation process, supporting the compre-
hensive development of technical systems, 
and establishing effective mechanisms for in-
tellectual property protection. The approach 
discussed in the article links the concepts 
and definitions developed by Aliaksandr 
Achapouski with contemporary methods of 
digital design, artificial intelligence, and the 
comprehensive integration of technologies 
within the infrastructure of smart objects.

As can be seen from the figure, the cur-
rent capabilities of the SolidWorks family 
of design software make it possible to pres-
ent a  development not only as an assembly 
unit, but also as a complete set of individu-
al components required for assembling that 
unit, with visualization of both the individual 
parts and the complete assembly, taking into 
account the selected structural materials.

Where a  development is conceived as 
a basic technical solution for a future inven-
tion, these capabilities require full coordina-
tion with the applicable laws and regulations.

This legislative framework was conceived 
in the post-war period as a kind of “exact sci-
ence,” despite the fact that even at that time 
the inventive community was already ad-
dressing an important question concerning 
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the fundamental importance, for achieving 
the declared Ideal Final Result (or its equiva-
lent), of having at the core of the development 
and selection of a new technical solution an 
individual capable of generating useful and 

practically viable ideas. Today, there are suf-
ficient grounds to state that an individual can 
play a  significant role only when equipped 
with appropriate intellectual tools, primarily 
software-based tools.

Figure 1. The figure presents an example of a modern design solution 
for a system intended for the real-time homogenization of liquids in a 
pipeline without the use of chemical reagents or stabilizing mixtures

At that time, it was widely believed that 
any qualified professional or skilled work-
er, provided with a  coherent and workable 
theory for solving inventive problems, could 
generate new ideas and develop them into an 
actual final result. The Theory developed on 
this scientific, technical, and, to a certain ex-
tent, psychological foundation was therefore 
received with considerable interest by the 
professional community.

For a  certain period, its principles and 
methods generally corresponded to the ex-
isting level of technological and engineering 
development. The first significant discrepan-
cies became apparent with the introduction 
of automated production lines into practical 
manufacturing processes, followed by com-
puter numerical control (CNC) machine tools 
and, ultimately, digital technologies com-
bined with innovative materials science and 
composite materials.

Returning to the optimized and modified 
definitions and classification terminology for 
technical solutions and the technical systems 

of all levels incorporating such solutions, de-
veloped by Aliaksandr Achapouski, it should 
be emphasized that, even apart from the im-
portance of this work for the various stages 
of project development, the clear and unam-
biguous definitions proposed by Aliaksandr 
Achapouski have significantly systematized 
the preparation of documents that are es-
sential for new engineering and design proj-
ects. These include Technical Specifications, 
Technical Requirements, and, based on their 
content, Technical Assignments for new and 
innovative developments, while maintain-
ing the highest possible degree of compli-
ance with applicable standards at all levels.

What does this legislation actually repre-
sent in contemporary development practice? 
How have modern high technologies and 
processor-based technologies influenced its 
compositional and integrative capabilities?

These are not the only questions that need 
to be clarified. One important factor that 
should be noted is the widespread practice 
of conducting detailed and in-depth search-
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es within biological systems and biological 
and related medical objects for relevant and 
workable analogues of future inventions, 
particularly on the basis of biological aspects 

of mechanical research. How does this ap-
proach correspond with the laws, methods, 
and techniques applied today?

Figure 2. The figure presents the same project as shown in Figure 1, but with sectional 
views providing a complete representation of the internal structure of the technical 

solution and the geometric requirements for its components. These are, of course, not all 
the capabilities of modern computer-aided design software; however, the application of 
appropriate principles, definitions, and methods in combination with such software can 

further enhance the efficiency of new innovative developments, while simultaneously 
significantly reducing design costs and the time required for the development process

At present, many interesting and effec-
tive inventions arise from discoveries and the 
systematic analysis of particular elements 
of living nature, which inspire and encour-
age inventors to develop increasingly so-
phisticated, comprehensive, and integrative 
technical solutions. Such solutions address 
unusual problems through unconventional 
methods and techniques, often derived from 
the principles governing the development of 
living systems and, owing to the capabilities 
of today’s digital technologies, modeled and 
subjected to systematic simulation before the 
initial technical requirements and technical 
specifications are formulated and the inven-
tive task is assigned.

Today, numerous examples of this kind 
can already be cited. Most importantly, the 
process of developing new methods and ap-
proaches to computer-aided design contin-
ues to evolve and expand in accordance with 

the constantly increasing capabilities of com-
puter hardware and corresponding software.

For inventors and developers, it has 
proved both extremely important and par-
ticularly difficult to clearly define numerous 
parameters and relationships, since work of 
this kind was being performed for the first 
time and no relevant preliminary develop-
ments existed.

The application of methods recommend-
ed and regulated by the applicable legisla-
tion, despite the fact that this type of integra-
tion had not been implemented in previous 
developments, made it possible to create 
a fundamentally new product that came close 
to achieving the Ideal Final Result.

This, in turn, immediately resolved 
a  number of technical, innovative, and 
integration-related problems and made it 
possible to achieve complete autonomy of the 
object under development.
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At the same time, the autonomous oper-
ating time of the object proved to be practi-
cally unlimited.

Thus, overcoming a  multidisciplinary 
conglomerate of technical problems, com-
bined with a  certain psychological barrier, 
made it possible to proceed to the remaining 
design tasks through comprehensive, inte-
grative, modified, and optimized methods 
and techniques.

The integration methodology described 
above, as applied to the synthesis of an in-
novative technical solution, is currently the 
focus of a range of organizational, technical, 
technological, scientific, and engineering ac-
tivities.

To a  certain extent, answers to these 
questions are provided by the latest methods 
for utilizing the capabilities and advantages 
of modern computer-aided design software.

Such depth and detail in engineering de-
velopment, even at the preliminary design 
stage, make it possible to use initial explor-
atory versions of models to perform a com-
plete cycle of computer modeling and simu-
lation of the device’s operating cycle, without 
the need to manufacture physical prototypes 
for testing.

Moreover, eliminating the need for a ded-
icated budget to verify a  conceptual model 
can significantly reduce development time 
and make substantially greater resources and 
time available for the synthesis of innovative 
technical solutions aimed at developing and 
optimizing all project characteristics.

Within the framework of these capabil-
ities, the system of psychological relation-
ships between technology and equipment 
developers and investors also changes sig-
nificantly. The fear of making a  mistake is 
largely removed from these relationships 
because modeling and simulation of all pro-
cesses occurring within a device make it pos-
sible not only to identify and analyze errors, 
but also to suggest alternative and potentially 
more effective directions for further project 
development.

For analytical consideration, let us adopt 
the following formulations of the laws of 
technical system evolution according to the 
modern classification:
1.	 Law of Completeness of the Parts of 

a System.

2.	 Law of Increasing the Degree of System 
Ideality.

3.	 Law of Displacement of the Human Be-
ing from the Technical System.

4.	 Law of Coordination of the Rhythms of 
System Parts.

5.	 Law of Energy Conductivity of a System.
6.	 Law of Uneven Development of System 

Parts.
7.	 Law of Transition from the Macro Level 

to the Micro Level.
8.	 Law of Increasing the Degree of 

Substance-Field Interactions.

Let us also adopt the modified classifica-
tion of technical systems proposed by Aliak-
sandr Achapouski in his publications:
1.	 Technical System.
2.	 Local Technical System.
3.	 Developed Technical System.
4.	 Global Technical System.
5.	 Smart Technical System.

It is now appropriate to return to ex-
amples of specific contemporary devel-
opments, taking into account the above 
comments concerning the laws of technical 
system evolution, as well as the modifica-
tions to the definitions and classifications 
proposed in the publications of Aliaksandr 
Achapouski.

The operating cycle of each module is 
synchronized with the step (operating cy-
cle) of the assembly module – the conveyor. 
This applies both to the vibratory hopper 
modules traditionally used in such systems 
(shown on the left in the figure) and to fun-
damentally new modules for stamping con-
tacts and feeding them to the assembly and 
inspection conveyor (shown in the center).

This configuration of an automated ro-
botic production and assembly complex 
can be classified as a Technical System with 
a fixed production cycle, in which all techno-
logical modules of the complex are synchro-
nized with the operating step of the assembly 
module – the conveyor.

Within this configuration, the technologi-
cal modules perform the functions of subsys-
tems, while the assembly module – the con-
veyor – performs the function of the principal 
supersystem, with the production cycles of 
the subsystem modules being synchronized 
with its production cycle.
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Figure 3. The figure presents the technological modules of an automated robotic 
production and assembly complex designed for the autonomous manufacture of contact 

blocks for telephone lines. As can be seen in the photograph, the complex comprises 
four main technological modules, three of which are modules for preparing parts and 

components for assembly and are arranged around the assembly module – the conveyor

As can be seen in the figure, although the 
assembly complex contains a  considerable 
number of points of interaction and require-
ments for synchronizing production cycles, it 
does not incorporate any specific regulatory 
requirements aimed at increasing the flexi-
bility or adjustability of the modules’ produc-
tion cycles.

Such a  configuration is characteristic of 
integrated technological solutions operating 
with a constant working cycle that does not 
need to be adjusted or modified during the 
production process.

Accordingly, such complexes do not in-
herently require computerization and can 
operate successfully within an automated 
production cycle involving the mass produc-
tion of standardized products.

For a  Technical System performing 
tasks of this kind, all definitions applicable 
to a  classical Technical System remain un-
changed. The definitions and classification 
methods applicable to the components of 
such a system – the supersystem and subsys-
tems – also remain unchanged.

With regard to the specific structure and 
characteristics of the automated robotic pro-
duction complex, it is necessary to note cer-
tain elements of fundamental novelty in both 
the overall technological configuration of the 
complex and the characteristics of the prod-
uct manufactured by it.

This primarily concerns the specific de-
sign and production of the contacts used in 
the contact blocks.
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As can be seen in the figure, a strip made 
of a special bronze alloy with a high berylli-
um content is not immediately stamped into 
finished contacts within the stamping mod-
ule. Instead, it is initially formed and partial-
ly cut along the contour of the contact. The 
strip is then transferred to another module, 
located on the opposite side of the assembly 
module – the conveyor – where it is finally 
formed into paired contacts and inserted into 
the corresponding conveyor cells in which 
the plastic components of the contact block 
have already been positioned.

For complexes of this type, this represents 
a fundamentally new technical solution that 
makes it possible to maintain a constant pro-
duction rate for the contact blocks without 
requiring intermediate real-time inspection.

For the classification of a  modern au-
tomated robotic production and assem-
bly complex designed for the autonomous 
manufacture of contact blocks for telephone 
lines, the updated definitions of Technical 
Systems and their constituent elements, de-
veloped and proposed by the well-known 
researcher and innovation specialist Aliak-
sandr Achapouski, may be applied.

Figure 4. The figure presents a version of a flexible photolithography processing module 
for thin-film microassembly substrates. The module includes two parallel technological 

process lines, and it should be noted that each process line is fully autonomous, including 
the independence of their integrated computer control systems. In addition to these 

systems, the module also includes a computer control and monitoring system for the robot 
operator, which is functionally connected to the integrated computer control systems

The specified module comprises sever-
al closely interconnected functional techni-
cal systems, each of which can be classified 
as a supersystem. The combination of these 
systems includes loading and unloading 
modules, local loading and unloading units, 
tracks, centrifuges, dispensing and delivery 
units for supplying chemical reagents and 
photoresist to the processing zone on the 
centrifuge table, control systems, etc.

The track comprises several centrifuges: 
a processing station for surface preparation 
prior to coating, a processing station for elec-
troplating, and a  processing station for fi-
nal treatment of the substrate after coating 
deposition.

The system is fully automated and is 
controlled and monitored by programmable 
processors connected to the power supply for 
the electroplating process, with flexible reg-

https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie
https://ppublishing.org/edition/the-european-journal-of-humanities-and-social-scie


THE IMPACT OF DIGITAL TECHNOLOGIES ON MODERN TECHNICAL SYSTEMS123

European Journal of Technical and 
Natural Sciences 2026, No 5

Section 5. Technical sciences in general

ulation of the current density depending on 
the coating area and thickness.

The system has two processing lines, one 
of which is shown in the figure. The system 

is operated, regulated, configured, and mon-
itored by means of several programmable 
controllers, with data, programs, and com-
mands entered via a touchscreen interface.

Figure 5. The figure shows the processing track of an electroplating system for 
thin-film microassembly substrates. The processing track includes autonomous 
substrate loading and unloading units installed at the process inlet and outlet

It should be noted that similar engineer-
ing solutions are implemented throughout 
the specialized process equipment used in 
the photolithography production line for 
thin-film microassembly substrates. These 

solutions are based on technical systems of 
the same general type, with fundamental 
differences primarily in their software infra-
structure.

Figure 6. The figure shows an automatic electroplating system for thin-film 
microassembly substrates used in semiconductor manufacturing. The system 

consists of two process lines and provides flexible and independent control and 
monitoring of each line. The system is designed for integration into flexible in-line 

processing modules, which, in turn, can be integrated into higher-level systems
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As can be seen in the figure, thin-film 
microassembly substrate blanks made of 
special-purpose ceramic material, measuring 
48 × 60 mm, are contained in cassettes posi-
tioned at the beginning and at the end of the 
process line.

Thus, no operator involvement in the 
process is required, since all loading and un-

loading operations are performed by a robot 
operator, while all operations and the se-
quence of control commands are monitored 
and controlled by a  programmable proces-
sor, which is accessed through a touchscreen 
control panel.

Figure 7. The figure shows a flexible automated processing module viewed 
from the side of the input units, onto which the loading/unloading robot 
places a cassette containing thin-film microassembly substrate blanks

The robot manipulator grips the cassette 
from a storage cell, transfers it to a position 
aligned with the table of the input unit, then 
lowers the cassette until it comes into contact 
with the table and secures it in position.

The combination of local technical sys-
tems shown in the figure can be classified as 
a combination of subsystems interconnected 
within a  local, yet nevertheless integrated, 
supersystem by means of a  specific flexible 
algorithm governing the entire integrated 
and sequential process: locating the cassette, 

identifying and gripping the cassette, trans-
ferring the cassette, orienting its position in 
three dimensions, vertically aligning the cas-
sette, identifying the cassette on the table of 
the loading/unloading input unit, and finally 
securing the cassette on the table, followed 
by the transfer of operational functions to the 
conveyor track.

All of the above operations simultaneous-
ly constitute the technical requirements for 
the development of the corresponding soft-
ware.
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