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Abstract

The aim of the study was to identify soybean endophytic bacteria and determine the pros-
pects for their use in soybean cultivation. It was found that the isolated strains belong to
Gram-positive spore-forming bacteria that ferment a wide range of carbohydrates. Based on
whole-genome sequencing and phylogenetic analysis, the endophytes were identified as Bacillus
velezensis IMV B-8134 and IMV B-8135. This Whole Genome Shotgun project has been depos-
ited at DDBJ/ENA/GenBank under the accession JBPUKF000000000 and JBRIKE0O00000000,
BioProject PRINA1294768. The application of the isolated endophytic strains together with
nodule bacteria in soybean cultivation under biotic and abiotic stresses showed a positive effect
on adaptation and productivity of plants. This provides grounds for further research on strains
as promising for the creation of biological agents in soybean cultivation.
Keywords: Bacillus velezensis, endophytes, Glycine max (L.) Merr., whole-genome
sequencing, stress-protective potential

Introduction

Endophytic bacteria are described as
those isolated from surface-sterilized plant
tissues and inhabiting the intercellular space
in various plant organs without harming the
phytopartner (Santoyo et al., 2016). They
promote the growth of the host plant and
help it tolerate stressful conditions, having
unique metabolic abilities: synthesis of phy-
tohormones and siderophores, mobilization

of phosphates, nitrogen fixation, biocontrol
of phytopathogens, protection against abiot-
ic stresses (Burragoni & Jeon, 2021). Due to
these properties, endophytes have great pro-
biotic potential for use in the cultivation of
various agricultural crops (Afzal et al., 2019).
The wide range of metabolic activity of endo-
phytes determines the prospects for their use
in plant growing, biotechnology, medicine,
and remediation measures. Despite the fact
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that the metabolic potential of endophytic
bacteria has been studied sufficiently, there
is limited data on their practical application
as commercial biological products in agricul-
tural practice. Therefore, the search for new
effective strains of endophytic bacteria is cur-
rently relevant.

The aim of the study was to identify soy-
bean endophytic bacteria and determine the
prospects for their use in soybean cultivation.

Methods

The strains Bacillus sp. 4 and Bacillus sp.
5 were isolated from surface-sterilized nod-
ules of cultivated soybean (Glycine max (L.)
Merr.), grown in the Kyiv region (Ukraine).
The morphology of the isolates was studied by
light microscopy of Gram-stained 1-day-old
cultures grown on agarised mannitol-yeast
nutrient medium. The physiological and bio-
chemical properties were studied using the
Vitek 2 BioMérieux automated system. The
ability of strains to utilize citrate and carbo-
hydrates was tested according to Gordon et al.
(1973), and gelatin hydrolysis was assessed
according to Khatarkar et al., 2017).

DNA extraction was performed using
the DNeasy® UltraClean® Microbial Kit.
The quality of the extracts was assessed us-
ing a NanoDrop spectrophotometer (Ther-
mo Fisher Scientific, Waltham, MA, USA).
Whole-genome sequencing was performed
on the Illumina NovaSeq platform (2x150 bp,
GATC Biotech, Konstanz, Germany), yield-

Section 1. Biology

ing approximately 6.2 million paired reads.
Genome assembly was performed using Bac-
Flux v1.1.8, including quality control, com-
pleteness and contamination assessment, and
taxonomic verification. Primary assembly was
performed using SPAdes v4.0.0; the average
genome coverage was 420.53 + 133.01.

The similarity of the genomes of the
studied isolates to the type strain B.velezen-
sis FZB42 was checked using the Orthol-
ogous Average Nucleotide Identity using
USEARCH (OrthoANTu) service, available at
http://www.ezbiocloud.net/tools/ani (Yoon
etal., 2017).

Results

In terms of morphological properties,
both strains Bacillus sp. 4 and Bacillus sp. 5
are Gram-positive bacilli measuring 2,0x0,7
and 2,3x0,5 pwm respectively, located sin-
gly or in chains, with central endospores
that do not change the shape of the cell. On
meat-peptone and potato agar media, they
form rounded beige matte colonies with a di-
ameter of 5-7 mm and a paste-like consis-
tency. When grown on meat-peptone broth,
the strains form a film.

It was found that Bacillus sp. 4 and Bacil-
lus sp. 5 are capable of liquefying gelatin, fer-
menting lactose, D-mannitol, L-arabinose,
D-glucose, D-ribose, as well as hydrolyzing
aesculin and growing at 6.5% NaCl, while
they are not capable of fermenting D-tagatose
and inulin (Table 1).

Table 1. Physiological and biochemical properties of new isolates Bacillus
sp. 4 and Bacillus sp. 5 and type strain B. velezensis sp. nov. CR-502T

Reaction

Bacillus sp. 4

Bacillus sp. B. velezensis sp.
nov. CR-502™

Citrate utilization
Gelatin hydrolysis
Lactose utilization
D-mannitol utilization
L-arabinose utilization
D-glucose utilization
Glycogen utilization
D-mannose utilization
D- melezitose utilization

N-acetyl-D-glucosamine utilization

+ 4+ 4+ + + o+ o+

+ 4+ + + o+ o+

+ 4+ + + + o+ o+
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Bacillus sp. B. velezensis sp.
5 nov. CR-502™

D-tagatose utilization - - _

Reaction Bacillus sp. 4

Inulin utilization - - -
D-ribose utilization
Aesculin utilization

Growing in 6,5% NaCl concentra-

. + + +
tions

[{3N1{3

Note: “+” — test positive, “-“— test negative, *— according to data (Ruiz-Garcia et al., 2005).

All the physiological and biochemical genetic studies were used, in particular, the
properties of Bacillus sp. 4 and Bacillus sp.  average nucleotide identity (ANI) index (Ta-
5 strains corresponded to those of spore-  ble 2). ANT calculation involves fragmenting
forming bacteria of the Bacillus subtilis group.  genome sequences, searching for nucleotide
In most tests, the results coincided with the  sequences, aligning and determining the
properties of the typical strain B. velezensis  identity of nucleotide sequences of the ge-
sp. nov. CR-502T (Ruiz-Garcia et al., 2005). nomes of two prokaryotic strains during the

To determine the species boundaries of classification and identification of bacteria.
the studied bacteria, the results of molecular

Table 2. Identification of nucleotide genome sequences of new isolates
Bacillus sp. 4 and Bacillus sp. 5 and strain B.velezensis FZB42

Compared B.velezens.is B.velezens.is
genomes FZB42 / Bacillus FZB42 / Bacillus

sp. 4 sp. 5

OrthoANTu value (%) 98.86 98.87

Genome length (bp) of B.velezensis FZB42 3917 820

Genome length (bp) of endophytic strain 3967 800 4038 180

Average aligned length (bp) 2646 004 2777 125

Genome coverage (%) of B.velezensis FZB42 67.54 70.88

Genome coverage (%) of endophytic strain 66.69 68.77

Comparative genomic analysis using Or-  the accession JBPUKF000000000; BioSam-
thoANIu showed a high level of similarity be-  ple SAMN50125348 and JBRIKE000000000;
tween both endophytic isolates and the strain =~ BioSample SAMN52024099 respectively;
B.velezensis FZB42. OrthoANIu values were  BioProject PRJNA1294768. The versions
98.86% for Bacillus sp. 4 and 98.87% for Bacil-  described in this paper are versions JB-
lus sp. 5 with 66.69 and 68.77% reciprocal cov- ~ PUKF000000000 and JBRIKEO0O0000000.
erage, indicating that the studied strains and B. The results of in vitro and in vivo exper-
velezensis FZB42 belong to the same species. iments showed that the studied endophytic

Thus, according to whole-genome se- strains exhibited a wide range of antagonistic
quencing and phylogenetic analysis, the iso-  activity against bacterial and fungal patho-
lated endophytes were identified as Bacillus  gens of soybean diseases (Shevchuk et al.,
velezensis IMV B-8134 and IMV B-8135and  2025b). As shown by studies on soybean cul-
deposited in the D.K.Zabolotny Institute tivation under drought conditions in the Kyiv
of Microbiology and Virology of the NAS of  region (Ukraine), the use of complex seed in-
Ukraine Depository. oculation with nodule bacteria together with

This Whole Genome Shotgun project has  the studied endophytic bacteria contributed
beendepositedat DDBJ/ENA/GenBankunder to an increase in adaptive potential, better
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formation of a symbiotic system and an in-
crease in yield of soybean variety Sculptor by
36.2% (Shevchuk et al., 2025a).

Discussion

Representatives of the Bacillus velezensis
species have agricultural, biotechnological,
and ecological applications due to their pro-
biotic effects: stimulating plant growth, im-
proving nutrition, suppressing pathogens, etc.
Correct identification of B. velezensis strains is
important due to their potential applications.
More often, B. velezensis strains are isolated
from the rhizosphere soil of various plants,
including soybeans. In contrast to these data,
our research concerns strains isolated directly
from surface-sterilized soybean nodules. Data
on the use of B. velezensis in soybean cultiva-
tion are very limited. In particular, it has been
reported that B. velezensis S141, isolated from
a soybean rhizosphere in Thailand, enhanced
soybean growth by stimulating nodule forma-
tion with the Bradyrhizobium diazoefficience
USDA110 strain (Kondo et al., 2023). The
co-inoculation showed the highest efficiency in
nitrogen fixation, number of nodules, dry root
weight, and total dry plant weight (Sibponk-
rung et al., 2020). It has been established that
B. velezensis enhances the symbiosis of B. ja-
ponicum with soybean by secreting flavonoids,
in particular rutin, which modulates the ex-
pression of nodule genes (Cheng et al., 2025).

Section 1. Biology

Comparing these data with ours, it should
be noted that our studies were conducted in
a different climatic zone. We also used oth-
er strains of nodule bacteria, B. japonicum.
However, we obtained similar results regard-
ing the positive effect of co-inoculation on
soybean plants. This indicates a general pat-
tern of complementary synergistic action of
nodule and endophytic bacteria. In addition,
our data add to the knowledge on how co-in-
oculation of soybean seeds with endophytic
B. velezensis together with nodule bacte-
ria increases stresses tolerance and yield of
plants under adverse conditions.

Conclusion

Non-rhizobial = endophytic  bacterial
strains were isolated from soybean nodules.
Based on morphological, cultural, physio-
logical, and biochemical characteristics, as
well as whole-genome sequencing and phylo-
genetic analysis, the isolates were identified
as B. velezensis IMV B-8134 and B. velezen-
sis IMV B-8135. Their positive effect on the
symbiosis of soybean and rhizobia was re-
vealed, which is manifested in the ability to
maintain the physiological homeostasis of
the phytopartner under adverse conditions
and increase plant productivity. New Bacillus
velezensis endophytic strains are prospec-
tive probiotic agents for the development of
stress-protective biotechnologies.
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Abstract

This research mainly presents the results of the analysis of the quality and quantity of pro-
teins extracted from cattle hide. The study focuses on the processing of cattle hide, which is
considered an industrial waste, and the proper organization of collagen extraction. Additionally,
the composition and purity of the extracted protein are assessed. The total nitrogen content in
the sample was measured using the Kjeldahl method, and the total percentage of protein was
calculated using a conversion factor (usually 6.25, or a factor adjusted to the research condi-
tions). Furthermore, the amount of water-soluble proteins in the mixture was analyzed using
the Lowry method at a wavelength of 570 nm with a UV-Vis 1900i instrument. The individ-
ual amino acids in the mixture were quantitatively and qualitatively analyzed using HPLC at
a wavelength of 269.4 nm.
Keywords: hayvon terisi, ogsil, kollagen, aminokislota, Kjeldahl method, Lowry method,
spektroskopiya, xromatografiya

Introduction

Protein deficiency remains a serious glob-
al Oissue among the world’s population. Re-
gional and socio-economic disparities are
expressed in significantly varying indicators.
This is influenced by people’s lifestyles and
ethnographic environments, ranging from
protein biosynthesis in the body to the pro-
tein content of consumed products, as well

as the consumption of protein-rich foods to
prevent protein deficiency in humans. The
quality of proteins and their bioavailability
remain crucial factors. Proteins are not only
produced as preparations but also used in
enriching the composition of products, espe-
cially food products, improving their quality
indicators, which has become one of the most
relevant issues today.
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Looking at global indicators and trends,
in 2019, the global prevalence of protein
deficiency was estimated to affect approxi-
mately 147 million people, resulting in about
212,000 deaths. Between 1990 and 2021, the
components of food products related to pro-
tein deficiency had a significant impact on
age-related disease rates (54.9%) and mor-
tality rates (72.2%). During this period, the
rate of protecting consumers’ rights (DALY)
decreased to 51.9%. Regional disparities and
threats of protein deficiency are particularly
evident in areas with low socio-demographic
indexes (SDI), especially in many countries
of South Asia and Africa. In 2021, South Asia
had the highest intensity of people suffer-
ing from protein deficiency. The reasons and
impacts include food shortages, unbalanced
diets, economic constraints, and insufficient
consumption of animal protein products. The
negative consequences include slowed growth
(especially in children), weakened immune
systems, rapid muscle mass loss in the elderly,
lower quality of life, and the development of
various blood, bone, and skin diseases.

Currently, scientific research is being
conducted to address these issues. Over the
past three years, global trends have been
moving in a downward direction, but the
protein problem persists in low-income re-
gions. In 2024-2025, the situation is expect-
ed to worsen due to rising food prices and cli-
mate change. In the future, to meet protein
needs, there is an increasing focus on alter-
native protein sources such as animal tissues,
plant samples, microbial biomass, and pro-
tein-rich substitutes (e.g., insects, microal-
gae, synthetic proteins).

Literature Review

Collagen is an important structural com-
ponent in the extracellular matrix and is one
of the most widely distributed proteins in the
animal kingdom. It is crucial for the shape,
structure, and mechanical properties of tis-
sues that aid in structural formation. Collagen
has been known to be used in various fields
such as food, medicine, and others since an-
cient times. A prominent example is “catgut”,
sutures made from the cut and cleaned sub-
mucosa of sheep intestines, which are fully
absorbable by the body (British Standard 757:
1975). Despite the possibility of allergic re-

Section 2. Biotechnology

actions like unwanted immune responses to
xenotransplants, collagen-based biomaterials
have been processed into different morphol-
ogies and are currently widely used as barri-
er or filler materials in reconstructive surgery
(Buljan, J., Reich, G. & Ludvik J., 2000).

Animal by-products, particularly those
from meat supply chains and the residual
materials such as skin, bones, hooves, in-
testines, and other animal organs, are rich
in collagen proteins and are widely used in
food industry product manufacturing (Du-
bois, M., 1992; Ericson, C.M., 1993). How-
ever, processing these by-products can be
a complex technological task and might lead
to low-quality protein samples, such as colla-
gen with low nutritional value (Gault, N.F.S.
& Lawrie, R.A., 1980).

The largest volume of waste in skin pro-
cessing comes from bovine hides. This large
base of raw material is sufficient for collagen
extraction. However, from an environmental
standpoint, such production poses challenges,
as the residues left after protein extraction can
lead to ecological problems. According to scien-
tific literature, 40—60% of the protein content
may remain in these residues, which is difficult
to process and extract in industry (Dubois, M.,
1992; Eduard Roether, Darmstadt, Germany.
Hwang, K. T. & Regenstein, J. M., 1993).

Collagen extraction through partial deg-
radation (hydrolysis) results in fewer protein
residues. This process is also suitable for pro-
cessing small amounts of collagen waste such
as skin scraps, short and long fibers, bones,
and others. Protein extraction from by-prod-
ucts of the meat industry (heart, kidneys,
liver, lungs, stomach, and intestines) can be
achieved by dissolving at temperatures not
exceeding 60 °C under mild alkaline con-
ditions. Protein hydrolysates are prepared
through enzymatic (pepsin, papain, neutral-
ase, or alcalase) treatment of degreased tis-
suesat 50 °C. Theyield of soluble hydrolysates
is very high (up to 85%), and the resulting
protein hydrolysates show no significant loss
of amino acids (Gault, N.F.S. & Lawrie, R.A.,
1980; Langmaier, F., Mladek, M., Kolomaz-
nik, K. & Maly, A., 2002 a).

Under enzymatic reaction conditions, hy-
drolysis leads to partial breakdown of colla-
gen, resulting in low-solubility collagen with
an average molecular mass of 300 kDa. This

9 QUALITATIVE AND QUANTITATIVE ANALYSIS OF COLLAGEN PROTEIN
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protein mixture can be used as a component
in cosmetics (moisturizing films regulating
the water content in skin). Collagen prepa-
rations, collagen fibers, or hydrolysates can
also be successfully used as carriers for food
or cosmetic supplements (British Standard
757: 1975; LowryO.H., RosebroughN.J.,
Farr A. L., RandallR.J., 2011).

Deep processing of collagen is typical in
gelatin production, where the protein mole-
cule is broken down to a molecular mass of
220 kDa. This collagen is not only used in
gelatin production but is also increasingly
added to food products as a thickening agent
or “flavor extender” and is used in pharma-
ceuticals, food supplements, and as a bio-
logically degradable material for capsule
coating in cosmetics (Langmaier, F., Mladek,
M., Kolomaznik, K. & Maly, A., 2002a; Low-
ryO.H., RosebroughN.J., FarrA.L., Ran-
dallR.J., 2011).

The main goal of this article is to analyze
the composition of collagen from bovine skin
using modern methods and to organize sci-
entific research aimed at improving its in-
dustrial applications

Methods

The Lowry method is the most widely
used and highly sensitive technique among
those used to determine protein content. It
is based on two reactions: the Biuret reaction
and the colorimetric reaction with Folin’s re-
agent, which specifically interacts with tyro-
sine and cysteine residues.

After preparing 5 series of standard solu-
tions from the water extracts of collagen pro-
tein samples, 1 ml of each solution is taken
and 4 ml of solution A and B mixture is add-
ed. The liquids are mixed thoroughly using
a vortex shaker (Vortex-Dlab-MX-S) and left
at room temperature for 10 minutes. Then,
0.4 ml of Folin’s reagent is added using an
automatic pipette, and the mixture is allowed
to react for 20—30 minutes to form the color.
Afterward, the optical density is measured
at a wavelength of 670 nm using a UV-Vis
1900i spectrophotometer.

Determination of Total Protein
Content. The method involves determining
nitrogen content by Kjeldahl’s method, fol-
lowed by conversion to protein content. The
essence of the method consists of digesting

Section 2. Biotechnology

the organic substance of the sample with
boiling concentrated sulfuric acid to form
ammonium salts, converting ammonia into
ammonium, distilling it into an acid solution,
quantitatively determining ammonia using
a titrimetric method, and calculating the ni-
trogen content in the examined material.

A precise sample of the ground homog-
enized sample for analysis was weighed in
a test tube with an error of no more than
0.1%. The sample was quantitatively trans-
ferred into a Kjeldahl flask. The subsequent
experiments were conducted according to
the methodological instructions (Methods of
control. 2004).

Processing of Results: The mass frac-
tion of nitrogen (X) in the sample was calcu-
lated as a percentage of its mass during the
distillation of ammonia into sulfuric acid us-
ing the formula.

(V, =V, )x K x0.0014 x100
M

Volume Vo — the volume of the 0.1 mol/L
sodium hydroxide solution used to titrate the
0.05 mol/L sulfuric acid in the control exper-
iment, in milliliters (ml).

Volume V1 — the volume of the 0.1 mol/L
sodium hydroxide solution used to titrate the
sulfuric acid in the sample solution, in milli-
liters (ml).

K — correction factor for the titration of
the 0.1 mol/L sodium hydroxide solution.

0.0014 — the amount of nitrogen equivalent
to 1 ml of 0.05 mol/L sulfuric acid solution.

M —the mass of the sample in grams (Ste-
ven A., Cohen Daviel J., 1988).

Free Amino Acid Isolation. Precip-
itation of proteins and peptides from the
aqueous extract of the samples was con-
ducted in centrifuge tubes. For this, 1 ml of
the sample was mixed with 1 ml (accurate
volume) of 20% trichloroacetic acid (TCA).
After 10 minutes, the precipitate was sepa-
rated by centrifugation at 8000 rpm for 15
minutes. Then, 0.1 ml of the supernatant
was lyophilized. The hydrolysate was con-
centrated, and the dry residue was dissolved
in a mixture of triethylamine-acetonitrile-
water (1:7:1) and dried. This operation
was repeated twice for neutralizing the
acid. The phenylthiocarbamyl derivatives
(PTC) of amino acids were obtained by re-

X =

10 QUALITATIVE AND QUANTITATIVE ANALYSIS OF COLLAGEN PROTEIN
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acting with phenylthiocyanate according to
the method of Steven A. and Cohen Daviel.
Identification of the amino acid derivatives
was performed using HPLC.

HPLC conditions: Chromatograph Ag-
ilent Technologies 1200 with a DAD detec-
tor, 75x4.6 mm Discovery HS C18 column.
Solvent A: 0.14 M sodium acetate + 0.05%
TEA, pH 6.4; Solvent B: CH3CN. Flow rate:
1.2 ml/min, absorption at 269 nm. Gradient
%B/min: 1-6%/0-2.5 min; 6-30%/2.5-40
min; 30-60%/40.1-45 min; 60—-60%/45.1—
50 min; 60-0%/50.1-55 min

Section 2. Biotechnology

Results and Discussion

The text you're referring to describes
the method for determining soluble protein
content, specifically focusing on a calibra-
tion curve for albumin in the range of 0.025
mg to 0.3 mg. This curve is used to calculate
the amount of soluble proteins in a sample
based on the obtained formula. This method
is commonly used for protein analysis, where
the albumin standard helps quantify proteins
in complex mixtures such as the collagen ex-
tracted from animal tissues, as described in
your document.

Figure 1. UB — Spectroscopic analysis process

A graph was created after performing the
Lowry reaction with 5 series of standard pro-
tein solutions. The optical density was plot-
ted on the ordinate axis, and the protein con-
centration was plotted on the abscissa axis,

with points marked according to the FEK
indicator. The standard used was egg albu-
min that had been recrystallized four times
(Methods of control. 2004).

Figure 2. Calibration curve for determining the amount of
water-soluble proteins in the fruit of Maclura
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To analyze the amount of water-soluble
proteins in the sample extracted from the bo-
vine hide, Brazilian-produced collagen pro-
tein was selected for comparative study. The
spectral average light absorption errors of
the protein quantities were determined, and

150 200 250 300

the following formula was used to calculate
the amount of water-soluble protein in the
composition:

For the Uzbekistan sample, the protein
calculation in Sample 1 is based on the light
absorption coefficient.
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y = 0,0023x + 0,0265
R?=0,9969
“Overall average in the sample (average
result of 3 repeated measurements):” 0,516
Calculation: 0,516 = 0,0023x + 0,0265
0,516-0,0265 + 0,4895
0,4895=0,0023x

L 0,4895
0,0023

Taking into account that the initial ob-
tained amount is 250 pg, the final calculation
is performed as follows:

212,8 %4 =851,2

“The amount of water-soluble protein
in the first sample was determined to be
851.2 pg/ml in the protein solution with a vol-
ume of 1 ml.

The amount of water-soluble protein in
the Brazilian sample, Sample 2, was deter-
mined as follows:

Protein calculation based on the light ab-
sorption coefficient.”:

y =0,0023x + 0,0265
R?=0,9969

“Average in the sample (average result of
3 repeated measurements).: 0,408

Calculation: 0,483 = 0,0023x + 0,0265

0,408-0,0265 + 0,3815
0,4565=0,0023x

L 0,4565
0,0023

“Considering that the initial amount was
250 pg, the final calculation is as follows:
198,47 * 4 = 793,91
The amount of water-soluble protein
in the second sample was calculated to be
793.91 pg/mlin a 1 ml solution.

=212,8mkg | mg

=198,47 mkg | mg

Section 2. Biotechnology

According to the protein content mea-
sured by the Lowry method and analyzed
using UV-spectroscopy, the water-soluble
protein amounts in both samples were found
to be similar. Considering that both solu-
tions were prepared in a 1:1 ratio, it was
determined that the first sample contained
851.2 pg/ml, while the second sample con-
tained 793.91 pg/ml of water-soluble pro-
tein.

In numerous literature sources, the
water-soluble portion of collagen protein is
reported to range from 0.8 to 1.3 mg/ml. The
amounts of water-soluble proteins in both
analyzed samples are consistent with the
data presented in the literature, and the vari-
ation in protein amounts can be attributed to
the method of isolation and the quality of the
sample.

The total protein content was analyzed
using the Kjeldahl method. The final test re-
sult was calculated as the arithmetic average
of five parallel test results. The obtained re-
sults were analyzed up to three decimal plac-
es, with two decimals used for rounding

X, = X, %100
100-w

X, — the mass fraction of nitrogen in the
test sample, %;

W — the moisture content of the test sam-
ple, %.

The mass fraction of protein (Y) was calcu-
lated in percent using the following formula:

Y=KCHX

“The nitrogen-to-protein conversion co-
efficient: with the average lipid content, is
6.38.”

Table 1. Nitrogen Content and Protein Percentage in Sample Compositions (%)

No. Samples N (%) protein (%)
1. Uzbekistan 12.2 77.68
Brazil 14.73 93.82

The difference in nitrogen and protein
content in the samples can be clearly seen
through the following diagram based on the
table data.

The total protein content in the sample
extracted from cattle hide was analyzed, us-

ing collagen protein produced in Brazil as
a reference standard for comparison.

Both samples extracted from cattle hide
were analyzed in the same way, with the ni-
trogen content of the Uzbekistan sample de-
termined to be 12.2%. It was calculated that
the total protein content in this sample was

12 QUALITATIVE AND QUANTITATIVE ANALYSIS OF COLLAGEN PROTEIN
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77.68%. In comparison, the nitrogen content
of the Brazil sample was found to be 14.73%,
and the total protein content in this sample
was calculated to be 93.82%. Chromato-
graphic analysis was conducted to determine
the amount of free amino acids in the extract-
ed protein from the cattle hide. The resulting

Section 2. Biotechnology

chromatogram was compared to a standard
chromatogram developed for amino acids,
and the peaks observed in the chromatogram
corresponded to specific amino acids at spe-
cific time intervals, confirming the consisten-
cy of the analysis.

Figure 3. Results of protein analysis using the Kjeldahl method

N (%)
B Protein (%) | |

80

N (%) and Protein (%) Comparison by Country

200
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Figure 4. Chromatogram of free amino acids in the collagen
proteins extracted from bovine hide (HPLC analysis)
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This research work, which focuses on the
quality and quantity analysis of amino ac-
ids in collagen proteins, is a result of using
High-Performance Liquid Chromatography

(HPLC). The exact quantities of amino acids
are provided in Table 2.

If we pay attention to the data in the ta-
ble, we can see that there is a distinct dif-
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ference in the amino acid content between
the two samples. This can be explained by
the fact that the Brazilian sample was pro-
cessed using a two-stage enzymatic hydro-
lysis method. As for the cause of the high
level of asparagine acid in the Uzbekistan
sample (107.537 mg/g), this can be attribut-
ed to the acidic environment generated
during the process. Similarly, a significant

Section 2. Biotechnology

difference in cysteine content is observed,
where the Brazilian sample contains a con-
siderably higher amount (258.3738 mg/g).
Other statistical results from the study can
be seen in the table above. The final con-
clusion of this research suggests that enzy-
matic approaches lead to an increase in the
amount of free amino acids in the collagen
protein.

Table 2. Amino acid content in the samples

. . Uzbekistan Brazil
Names of Amino Acids .
Concentration mg/g
Asparagine 107.537 26.33114
Glutamine 77.273 23.2169
Serine 16.329 41.8192
Glycine 35.172 14.02153
Asparagine 0
Glutamine 0
Cysteine 23.959 258.3738
Threonine 19.699 8.884653
Arginine 12.842 13.41166
Alanine 15.097 39.24491
Proline 13.558 60.50574
Tyrosine 9.695 15.05598
Valine 22.622 57.44512
Methionine 23.564 3.748216
Histidine 7.464 14.10037
Isoleucine 21.685 26.37163
Leucine 52.709 49.4889
Tryptophan 0
Phenylalanine 13.477 16.94842
Lysine 48.553 10.16152
Total 521.235 679.1297
Conclusion: In the analysis of water-soluble protein

Through the extraction of collagen pro-
tein and its subsequent physical, chemical,
and biochemical analyses, it is possible to
study the full bio-functions of the protein,
which can improve its significance in the
production of food and other industrial prod-
ucts. Based on the results of the study, it can
be concluded that the enzymatic approach in
collagen extraction increases the quantity of
free amino acids in the protein.

content using the Lowry method, considering
that each solution was prepared in a 1:1 ratio,
the amount of water-soluble protein in sample
1 was found to be 851.2 pg/mg, and in sam-
ple 2 it was 793.91 pug/mg. Several literature
sources show varying amounts of soluble col-
lagen protein in the range of 0.8—-1.3 mg/ml.
The obtained results for water-soluble proteins
correspond with those values found in the lit-
erature, and also demonstrated the changes in
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the protein’s properties depending on the ex-
traction method and the quality of the sample.

Both samples extracted from bovine skin
were analyzed in the same manner, with the
Uzbekistan sample showing a nitrogen con-
tent of 12.2%, and the total protein content
in the sample being calculated at 77.68%.
The nitrogen content in the Brazilian sample

Section 2. Biotechnology

Using High-Performance Liquid Chro-
matography (HPLC), this study also deter-
mined the quality and quantity of amino
acids in the collagen protein. Based on the
findings, it can be concluded that the en-
zymatic approach in collagen extraction
increases the amount of free amino acids
within the collagen protein.

was found to be 14.73%, with the total pro-
tein content calculated to be 93.82%.
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Abstract

This article investigates the effect of initial reagent ratios and temperature on the synthesis
of a bimetallic copper—cobalt phthalocyanine (Cu—Pc—Co) compound. The synthesis process
was carried out within the temperature range of 180—-240 °C using different molar ratios of
phthalic anhydride (FA), urea (Kar), CuClz2, and CoCl2. The results showed that both tempera-
ture and the ratio of initial reagents significantly influence the product yield. In particular,
the maximum yield of 87,1% was achieved at an FA: Kar: CuCl2: CoClz2 ratio of 1:6,0:1:2 and
a temperature of 220 °C. Based on graphical analysis, the optimal reaction conditions were
determined. These findings demonstrate that controlling synthesis parameters plays an im-
portant role in improving the efficiency of bimetallic phthalocyanine production. Infrared (IR)
spectral analysis of the synthesized copper—cobalt phthalocyanine compound confirmed the
presence of characteristic phthalocyanine ring bonds (—C—N—-C-), as well as metal—nitrogen
coordination bonds (Cu—N and Co—N).
Keywords: Phthalocyanine, phthalic anhydride, urea, reaction yield, temperature, CuClz,
CoClz, bimetallic, IR spectrum, stretching vibration, bending vibration
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Introduction

Phthalocyanines (Pc) belong to a class of
tetrapyrrolic macrocyclic compounds char-
acterized by a delocalized 18 m-electron sys-
tem, in which all atoms of the molecule are
arranged in a single geometric plane. Due to
their electroactivity, high thermal stability,
and resistance to light, phthalocyanine de-
rivatives are widely used in the production of
dyes, sensors, catalysts, solar cells, and anti-
corrosion coatings. Among metal-containing
phthalocyanines, copper phthalocyanine
(CuPc) and cobalt phthalocyanine (CoPc) are
of particular importance (Fazli H. et al. 2023;
Ba$, Hiiseyin, Nuran Kahriman, and Zeker-
iya BiyiklioGlu. 2020; Gokee, C., Aslan, Y.,
Durmus, M., 2015).

Bimetallic phthalocyanines, containing
two different metal ions within their struc-
ture, exhibit enhanced electronic and phys-
icochemical properties and are capable of
functioning effectively even under complex
conditions (Author(s) Unknown. 20220). In
recent years, pigments based on bimetallic
phthalocyanines have attracted increasing
interest among researchers due to their high
thermal and chemical stability, intense color-
ation, and efficient catalytic properties (Ma-
gbas, H., Kahriman, N., Biyiklioglu, Z., 2020;
Author(s) Unknown. 2022). In this study,
phthalocyanine complexes containing copper
and manganese ions were synthesized. The
influence of different ratios of initial reagents
and temperature on the reaction yield was in-
vestigated. It was found that a higher product
yield was achieved at an initial reagent ratio
of 3:3:0.5:0.5 and a reaction temperature of
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240 °C. However, when the temperature was
increased to 260 °C, a decrease in the reac-
tion yield was observed (Nazarov N. L., Fayzi-
yevJ.B., BeknazarovH.S., MirzoyevaG.A.,
2025). Copper phthalocyanine and nickel
phthalocyanine were synthesized, and the
IR spectra of the obtained compounds were
analyzed. The analysis revealed character-
istic absorption bands corresponding to the
bonds between atoms forming the phtha-
locyanine molecule: for copper phthalocy-
anine, absorption bands were observed at
3047 cm™! (aromatic —CH), 1609 cm!
(-C=C-), 1504 cm! (-N=), and 1408,
1329 ecm™! (—C=C-N-); for nickel phthalo-
cyanine, bands appeared at 3059 cm! (aro-
matic —CH), 1620 cm~! (-C=C-), 1488 cm™!
(-N=), and 1380, 1301 cm! (-C=C-N-)
(Aleksanyan K. G. i dr., 2018). Although data
on the synthesis and spectroscopic proper-
ties of bimetallic phthalocyanines have been
reported, the optimal conditions for their
synthesis, including the ratio of initial re-
agents and the effect of reaction temperature
on product yield, have not been fully investi-
gated (Zengin, H., Kantekin, H., 2011).

Materials and Methods

Phthalic anhydride, urea, CuCl2-2H20,
CoCl2:6H20, and 0,05 g of catalyst were
weighed in the required proportions, and the
synthesis of phthalocyanines was carried out.
The data on the effect of the initial reagent
ratios and temperature on the yield during
the synthesis of copper—cobalt ion-contain-
ing bimetallic phthalocyanine complexes are
presented in Table 1.

Table 1. Effect of FA: Kar: CuClz: CoClz ratio and
temperature on the yield of phthalocyanine

FA: Kar: CuCl,:

FA: Kar: CuCl,:

° (V) ° 0,
No. CoCl, T, °C w,%  No. CoCl, T, °C ,%
1. 180 25,1 9. 180 67,9
2. 2 28,2 10. 2 2
1:4,0:1: 2 00 8, 0 1:6,0:1: 2 00 80,
3. 220 31,5 11. 220 87,1
4, 240 36,9 12. 240 81,2
5. 180 46,2 13. 180 64,5
6. 200 59,8 14. 200 75,9
1:5,3:1: 2 1:7:1:2
7. 220 64,3 15. 220 79,2
8. 240 54,5 16. 240 72,6

—
~
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Effect of Initial Reagent Ratios
and Temperature on the Yield
of Phthalocyanine in the
Synthesis of Copper—Cobalt-
Containing Phthalocyanine

The table presented above shows the results
of the analysis of the relationship between tem-
perature (T, °C) and product yield (o, %) in the
synthesis of bimetallic phthalocyanine in the
presence of copper(II) chloride and cobalt(II)
chloride. In this analysis, the synthesis results
obtained using different ratios of FA: Kar:
CuCla: CoCl2 (1:4.0:1:2; 1:5.3:1:2; 1:6.0:1:2;
1:7:1:2) were compared. It was observed that
an increase in the amounts of phthalic anhy-
dride and urea leads to an increase in product
yield. In all cases, the yield increased as the re-
action temperature rose from 180 °C to 220 °C.
However, at 240 °C, a decreasing trend in prod-
uct yield was observed, which may indicate
a reduction in product mass or the occurrence
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of thermal degradation at higher temperatures.
When the initial reagent ratios were 1:6,0:1:2
and 1:7:1:2, and the reaction was carried out at
220 °C, the highest product yields (87,1% and
79,2%, respectively) were obtained. This sug-
gests that an optimal balance between phthal-
ic anhydride and urea plays a crucial role in
achieving maximum yield.

The presence of metal salts is essential for
phthalocyanine synthesis. The optimal tem-
perature range for the reaction was found to
be 180-220 °C, while temperatures above
240 °Cresulted in a decrease in product yield.

The diagram above illustrates the effect of
FA: Kar: CuCl2: CoCl2 ratios on the yield (w,
%) of bimetallic phthalocyanine complexes
as a function of temperature. The obtained
results indicate that both the composition of
the reaction medium and temperature sig-
nificantly influence the formation of the mac-
rocyclic ring.

Figure 1. Graphical Representation of the Effect of Initial Reagent Ratios and
Temperature on the Yield of Copper—Cobalt-Containing Phthalocyanine Complex
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The diagram above illustrates the effect of
FA: Kar: CuCl2: CoCl2 ratios on the yield (w,
%) of bimetallic phthalocyanine complexes
as a function of temperature. The obtained
results indicate that both the composition of
the reaction medium and temperature sig-
nificantly influence the formation process of
the macrocyclic ring.

According to the results, at initial reagent
ratios of 1:6,0:1:2 and 1:7.0:1:2, the maximum
reaction yields of 87.1% and 79.2%, respective-
ly, were achieved at 220 °C. This suggests that,
at 220 °C, the cyclotetramerization process
proceeds under kinetically and thermodynam-
ically optimal conditions. In particular, at the
1:6,0:1:2 ratio, the sufficient amount of urea
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ensures complete conversion of phthalonitrile
intermediate products and promotes coordi-
nation of metal ions (Cu2+ and Co2*) with the
macrocyclic ligand center.

When the temperature was increased to
240 °C, a decrease in product yield was ob-
served for all studied ratios. This may be
attributed to partial thermal degradation of
the macrocyclic system, activation of side re-
actions, and decomposition of intermediate
compounds. Although the process becomes
kinetically faster at 240 °C, the stability of the
product decreases, leading to reduced overall
selectivity.

A similar trend was observed for the ratios
1:4.0:1:2 and 1:5,3:1:2; however, the product

Section 3. Chemistry

yields in these cases were significantly low-
er. Based on the obtained results, it can be
concluded that the optimal conditions for the
synthesis of copper—cobalt-containing bime-
tallic phthalocyanine complexes are an initial
reagent ratio of 1:6,0:1:2 and a temperature of
220 °C, at which the yield reaches 87,1%. These
conditions can therefore be considered optimal
for the synthesis of Cu—Pc—Co complexes.

The FTIR spectrum of the synthesized
copper—cobalt phthalocyanine (Cu—Pc—Co)
complex was recorded in the range of 4000—
—600 cm~1. The observed absorption bands
correspond to the characteristic stretching
and deformation vibrations of the phthalocy-
anine ring (Figure 2).

Figure 2. FTIR Spectrum of Copper—Cobalt-Containing Phthalocyanine
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The absorption band at 3045 cm™! cor-
responds to the C—H bonds of the aromatic
ring. Since no vibrations characteristic of
aliphatic groups were observed in the phtha-
locyanine molecule, these signals can be at-
tributed solely to the aromatic ring of phtha-
locyanine.

1750 1500 1250 1000 750
cm-1

The peaksintherangeof 1681-1614cm™1
correspond to the stretching vibrations of the
C=N bonds in the phthalocyanine molecule,
as well as the C=C bonds of the aromatic ring.
The slight shift of these absorption frequen-
cies toward higher wavenumbers indicates
the formation of coordination bonds with the
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Cu2* and Co2* ions. In metal-free phthalocy-
anine, these absorption peaks typically occur
around 1620-1600 cm~1. Upon formation of
the metal complex, the peaks shift to higher
frequencies, confirming coordination inter-
actions between the metal and nitrogen at-
oms in the phthalocyanine macrocycle.

The symmetric and asymmetric absorp-
tion bands in the range of 1556-1504 cm™1
correspond to the C=C and C=N bonds with-
in the phthalocyanine ring. Absorption bands
at 1462-1398 cm™! are associated with the
stretching vibrations of C—C bonds and de-
formation vibrations of C—N bonds in the ar-
omatic ring, confirming the formation of the
phthalocyanine macrocycle.

The band at 1332-1288 cm! corre-
sponds to deformation vibrations of the C—N
bonds, while the absorption region at 1165—
1060 cm™! is related to vibrations of —-C—H
and C—N-C bonds within the phthalocyanine
ring. Peaks in the range 948-842 cm~1 cor-
respond to —C—H bonds and metal—-nitrogen
coordination interactions. In particular, the
900-850 cm™! region indicates the forma-
tion of Cu—N and Co—N bonds. Finally, the
absorption bands at 754-690 cm™! corre-

Section 3. Chemistry

spond to deformation vibrations of the M—N
(Cu—N, Co—N) bonds in the phthalocyanine
complex, confirming the successful forma-
tion of metallophthalocyanines.

Conclusion

In this study, the synthesis of bimetallic
copper—manganese phthalocyanines was
successfully carried out, and the optimal con-
ditions for the synthesis were determined.
It was found that, at an initial reagent ra-
tio of 1:6:1:2 and a reaction temperature of
220 °C, the yield of the resulting phthalocy-
anine reached 87,1%. These results indicate
that these conditions are optimal for the syn-
thesis of copper—cobalt-containing bimetal-
lic phthalocyanines.

FTIR spectral analysis of the obtained
compound showed that the main vibration
bands in the 1300-1500 cm™! region, cor-
responding to C-N and C=N bonds, are
associated with the aromatic ring of phtha-
locyanine. Shifts in these bands, along with
absorption in the 690-640 cm~1! region, con-
firm the coordination of the central metal
ions with the ligand and the formation of the
metallophthalocyanine complex.
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Abstract

This work is dedicated to the study of certain properties of the almost everywhere solution
to a one-dimensional mixed problem for one class of fourth order nonlinear equations. The
almost everywhere solution of mixed problem under consideration is sought in the form of
Fourier series. After applying Fourier method, the problem of finding unknown Fourier coef-
ficients u,(t) (n=1,2,...) of sought almost everywhere solution u(t,x) is reduced to solving
some countable system of nonlinear integral equations.
Keywords: fourth order nonlinear equation, one-dimensional mixed problem, almost
everywhere solution, Fourier method

The study examines certain properties of
the almost everywhere solution to the follow-
ing one-dimensional mixed problem:

Uy (6,X) =, (t,x) = F(t,x,u(t,x),u, (t,x),u,, (t,x), 1. (t,x))
(0<t<T,0<x<m), (1)

uw(0,x)=¢(x) (0<x <), (2)

u(t,0)=u(t,m)=u, (t,0)=u, (t,7)=0 (0<t<T), 3)

where o >0 is a fixed number, 0 < T < +o0; F Definition

and ¢ are given functions, and u(t,x) is We define an almost everywhere solution

a sought function. of problem (1)-(3) as a function u(t,x) with
the following properties:
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a) u(t,x) , u,(t,x), u, (t,x), u, (t,x),
u, (t,x) 1, (£,x) € C((0, T]X[0,7]); 14,0 (£,X)
U (%) € C([0,T]; L, (0,7));

b) equation (1) is satisfied almost every-
where in [0,T |x|0,7 |;

c¢) all the conditions (2) and (3) are satis-
fied in ordinary sense.

Previous studies have addressed vari-
ous aspects of mixed problems for nonlinear
equations. In particular, the paper by (Ali-
yevS., Heydarova M., and Aliyeva A., 2024),
the local (in small) existence of a classical
solution to the mixed problem under consid-
eration was established.

It should also be mentioned that some
methodological ideas used in the present
study are based on the approaches developed
in the works of (Davis P. L., 1971), (Aliyev S.,
Aliyeva A., and Abdullayeva G., 2019),(Khu-
daverdiyevK.I. and SadikhovM.N., 2008),
(Khudaverdiyev K. I., Heydarova M.N, 2008),
(Azizbayov, E.I.,2019) and (Azizbayov, E.I.,
2022).

As the system {sinnx Doil forms a basis in
the space L,(0,7), then it'ls obvious that ev-
ery almost everywhere solution wu(t,x) of
problem (1)-(3) has the following form:

u(t,x)= Zun(t)sin nx, 4)
n=1
where
2% )
u,(t)= ;Ju(t,x)sm nxdx - (5)

0
(n=1,2,..; t €[0,T])

In the next, after applying Fourier meth-
od, the finding of functionsu,(t) (n=1,2,...)
is reduced to solving the following countable
system of nonlinear integral equations:

(1) =, e - _x
n
tm
><J. J P(u(t,x))sinnx-e " dxdr (6)
00
(n=12,..;t€[0,T]).
where

b = 3j¢(x)sinnxdx (n=12,.), @
7 0

P(u(t,x)) = F(t,x,u(t,x),u,(t,x),

u, (t,%),u,, (t,x)) . ®
with notations (4) and (5) taken into account.
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Using the definition of almost everywhere
solution of problem (1)-(3), it is to prove the
following

Theorem

If u(t,x)= iun(t)sin nx is any almost
everywhere sohn;[;on of problem (1)-(3), then
functionsu,(t) (n=1,2,...)satisfy on the
[O,T] system (6).

Proof

Let u(t,x) = Zun (t)sinnx be any almost-

n=1
everywhere solution of problem (1)-(3).
Then, obviously, the functions

u,(t) (n=1,2,...) are defined by relation (5).
First, we adopt the notation

P, (u;t) = zJ.P(u(t, x))sinnxdx
7 0

)]
(n=12,..;t€[0,T]),

and the operator P is defined by relation (8).

Next, multiplying both parts of equation

2 . .
(1) by the function —sinnx, integrating the
T
resulting equality over x from 0 to = and
using the notation (9), we obtain that for any
fixed (n=1,2,...) forany t € [O,T] :

1 2 . =
7J.um,C (t,x)sin nxdx = 7{utx (t,x)-sin nx};g
T =
0

2 7 2’
—nJ'utx (t,x)cosnxdx = ——jutx(t,x)cosnxdx =
T
0 0

2n o 2n p .
- ——{ut (t,x)-cos nx}xi:)r - —njut (t,x)sinnxdx =
V3 *= Ty

o7
n )

= ——J.ut (t,x)sinnxdx =
T35

(10)

dt Ty

=—n? ‘d(zju(t,x)sin nxdx =j =n’ (1)

27 . 2 L yxem
;Ium(t,x)51nnxdx = ;{um(t,x)-smnx}x=0 -
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2 2n -
——~n~.[um(t,x)cosnxdx = ——~{uxx(t,x)~cosnx}x_g -
T T =

2n ” . 2 .
——~n~J.uxx(t,x)smnxdx = ——~qux(t,x)51nnxdx =
T 0 T

2n . w2t T
= _7.{ux(t,x)-smnx}x_;r +—n- J.ux(t,x)cosnxdx =
P x= T 0

=
+

2’ on’ x
= —'Jux(t,x)cos nxdx = —- {ux(t,x)'cos nx}xzo
T

T %

o’ F . nt
+—-n ~J-u(t,x)smnxdx =—
n T

T
~J-u(t,x)sin nxdx =
0 0

=n ~[2Tu(t,x)sinnxdx :J =n u,(t). (11D
b

0
Due to (10) — (11), relation (9) takes the
form:
—n*ul (v)—an* -u,(t)+P, (1),
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hence
w () +an’u,t)=

. 12
:_Lz.pn(u;t) (n=12,..;t €[0,T]) (12

And fr(?m the initial condition (2) it fol-
lows that

u,(0)=

SRR

T
ju(O,x)sin nxdx =
0

,, (13)
= 3J‘(p(x)sin nxdx =¢, (n=12,...)
T

Thus, the functions u,(f) (n=12,..) are
the solution of the Cauchy problem (12),
(13).

Easy to show the problem of (12), (13)
is equivalent to system (6). The theorem is
proved.
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Abstract

The rapid digitalization of aviation has redefined how pilots interact with flight systems,
transitioning from manual control to highly automated and cognitively adaptive environments.
Building on the foundations of adaptive human—machine interfaces and recent advances in
neuroergonomics, this paper explores the continuum from adaptive cockpit design to the emer-
gence of fully integrated cyber-physical systems (CPS) that redefine flight safety. Drawing on
the pioneering works of Alain Philippe Gruchet, the study examines how adaptive visualization,
psychophysiological monitoring, and cognitive modeling have evolved into closed-loop architec-
tures capable of perceiving, reasoning, and acting in synchrony with the human operator. The
discussion highlights three major shifts: from static to adaptive information display, from task-
based to state-based automation, and from isolated systems to interconnected CPS networks.
By synthesizing developments across avionics engineering, cognitive neuroscience, and safety
certification, the paper identifies how these innovations collectively create a new paradigm of
“human-aware” aviation technology.
Keywords: adaptive cockpit interface; cognitive ergonomics; neuroadaptive systems; cyber-
physical systems (CPS); pilot monitoring; flight safety; human—machine interaction; artificial
intelligence in aviation

Introduction: from human
factors to intelligent cockpits
For over a century, the history of aviation
safety has mirrored the evolution of the hu-
man—machine relationship. Early mechan-
ical cockpits, composed of individual dials
and analog instruments, reflected a world
in which human skill and perception alone

governed flight. As digital avionics emerged
in the late twentieth century, the empha-
sis shifted toward automation, redundancy,
and error reduction through computer assis-
tance. Yet, despite this technological prog-
ress, human factors have remained at the
heart of both progress and tragedy in avia-
tion. Investigations of major accidents, from
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pilot disorientation in fully automated air-
liners to lapses of attention in high workload
conditions, have consistently revealed that
the interface between human cognition and
machine logic determines the boundary be-
tween safety and catastrophe.

The central challenge in modern flight op-
erations is cognitive management. Pilots op-
erate within an environment of compressed
time, fluctuating workload, and dense infor-
mational streams. Automation can lighten
the burden of repetitive control, but it also re-
configures the nature of the pilot’s role, from
continuous actor to supervisory controller.
This shift, often described as the “paradox of
automation,” introduces a dual vulnerability:
underload during routine phases, when vigi-
lance declines, and overload during rare but
critical anomalies, when the operator must
suddenly regain manual control under stress.
Traditional avionics were not designed to ac-
count for these dynamic fluctuations of hu-
man performance. Instead, they assumed the
operator’s cognitive state as constant — a stat-
ic node in an otherwise dynamic system.

The research trajectory pioneered by
Alain Philippe Gruchet addresses precisely
this asymmetry. His works, spanning adap-
tive cockpit visualization, cognitive load mon-
itoring, and neuroadaptive human—machine
systems, articulate a vision of the cockpit as
a living, responsive organism — a system that
senses, interprets, and adapts in real time to
the psychophysiological state of its human
counterpart. In his concept of the “Neuro-
adaptive pilot cockpit interface”, flight safety
is no longer the sum of procedural compli-
ance and mechanical reliability; it becomes
a function of the harmony between neural
signals, perceptual flow, and interface behav-
ior. The cockpit, in this perspective, ceases to
be a static display of data and evolves into an
intelligent mediator of cognitive balance.

The emergence of adaptive interfaces
represents a profound conceptual break in
ergonomics. While earlier generations of au-
tomation reacted to environmental or system
variables, neuroadaptive systems react to the
operator’s mind. They integrate multimodal
physiological data — electroencephalographic
activity, heart rate variability, galvanic skin
response, eye tracking — to form a continu-
ous picture of mental workload, stress, and
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fatigue. From this closed loop arises the pos-
sibility of dynamic visualization: the cockpit
that simplifies itself when the pilot is over-
loaded, amplifies critical parameters under
stress, or introduces multimodal cues to com-
bat fatigue. By linking perception directly to
interface configuration, Gruchet’s approach
closes the long-standing gap between human
factors research and avionics engineering.

This new direction does not simply en-
hance ergonomics; it redefines safety as an
emergent property of cognition-aware tech-
nology. The traditional logic of redundancy
is complemented by cognitive redundancy,
wherein the system compensates for the vari-
ability of human performance itself. The im-
plication is transformative: safety becomes
dynamic, sustained not by fixed procedures
but by the ongoing alignment between hu-
man perception and machine intelligence.
Gruchet’s research situates this vision at the
intersection of engineering precision and
psychological insight, demonstrating that
the next frontier in aviation safety lies not in
stronger hardware or faster processors, but
in systems that understand the human at
their core.

The evolution from adaptive
interfaces to cognitive systems

The path from adaptive interfaces to cog-
nitive systems represents more than a se-
quence of technological upgrades, it embodies
a paradigm shift in how safety, control, and in-
telligence are distributed across the human-—
machine ensemble. Early adaptive designs in
aviation were rule-based: they responded to
flight phase, environmental variables, or pi-
lot inputs according to predefined logic trees.
These systems could, for instance, declutter
a display during takeoff or enlarge navigation
data during approach, but they remained re-
active to external context rather than internal
cognition. Their intelligence was procedural
rather than perceptual. In contrast, cogni-
tive systems incorporate models of human
thought and physiological feedback, enabling
them to reason about the operator’s internal
state and adjust their behavior proactively.

Conceptually, this architecture antici-
pates the broader framework of cognitive
cyber-physical systems. Traditional CPS
integrate physical processes with embedded
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computation and communication; cognitive
CPS extend this integration to include hu-
man cognition as a controllable and measur-
able variable. The human operator is mod-
eled as both a sensor and an actuator within
the system loop. In flight operations, this
means that pilot physiology influences not
only the display but potentially the behavior
of the aircraft itself. For example, if indica-
tors of high stress coincide with a complex
flight phase, automation might temporarily
assume greater authority or delay non-es-
sential tasks. Conversely, during low work-
load cruise, the system could re-engage the
pilot through adaptive challenges or period-
ic checks to prevent vigilance decay. In both
cases, safety arises from adaptive balancing —
neither fully automated nor fully manual, but
dynamically calibrated between the two.

In summary, the journey from adaptive
interfaces to cognitive systems represents
a transition from reactive ergonomics to pre-
dictive symbiosis. Where automation once
replaced human functions, cognitive systems
complement them; where static interfaces
once displayed data, adaptive ones interpret
and prioritize it; and where safety once relied
on redundancy of hardware, it now depends
on redundancy of understanding. This shift
defines the essence of Gruchet’s contribution:
the recognition that the future of flight safe-
ty will be secured not by isolating the human
from the system, but by embedding human
cognition as a core variable within it.

Neuroadaptive design and
pilot state monitoring

At the core of Alain Philippe Gruchet’s
vision lies the concept of the neuroadaptive
cockpit — a system capable of sensing the
pilot’s physiological and cognitive state and
adapting its behavior accordingly. This design
unites human neurophysiology with avionics
logic, transforming the cockpit into a cogni-
tive ecosystem where perception, computa-
tion, and control operate in a closed feedback
loop. Its fundamental purpose is not merely
to record human performance but to stabilize
it, to maintain the pilot’s mental state within
a safe operational envelope through continu-
ous adaptation.

Neuroadaptive design begins with the reli-
able acquisition of psychophysiological signals.

Section 5. Technical sciences in general

The architecture proposed in Gruchet’s “Neu-
roadaptive pilot cockpit interface” integrates
multiple channels — EEG, heart-rate variabil-
ity (HRV), respiration, galvanic skin response
(GSR), and eye-tracking — each capturing
a distinct dimension of human cognition.

— EEG provides real-time access to corti-
cal activity associated with workload, atten-
tion, and fatigue. Increases in theta activity
or shifts in the theta/beta ratio often signal
growing fatigue or cognitive disengagement,
while elevated beta power may indicate stress
or hyper-focus.

— HRYV and respiration reflect autonom-
ic balance: sympathetic dominance corre-
sponds to stress, whereas stable high-fre-
quency variability indicates calm control.

— GSR, measured via sensors on the con-
trol yoke or sidestick, quantifies acute arous-
al or surprise reactions.

— Eye-tracking monitors gaze disper-
sion, fixation durations, and blink dynamics.

The fusion of these modalities yields
a comprehensive state vector representing
both physiological activation and attention-
al focus. Redundancy across sensors ensures
robustness against noise and artifact loss, an
essential property in the vibrational, electro-
magnetically dense environment of an air-
craft cockpit.

Once signals are acquired, they are pro-
cessed within the cognitive analysis module,
the analytical nucleus of the neuroadaptive
loop. Here, filtered features, such us EEG
band power, HRV indices, blink rates, reac-
tion latencies, are fed into classification al-
gorithms that map them to discrete cognitive
states such as normal, stressed, fatigued, or
overloaded. Gruchet’s design accommodates
both rule-based and machine-learning ap-
proaches: the first ensures deterministic be-
havior required for certification, while the
second enables higher sensitivity and per-
sonalization.

In normal mode, the full set of parameters
is displayed. Under stress, key indicators —
airspeed, altitude, heading, enlarge and gain
vivid color contrast. During fatigue, visual
complexity is reduced while auditory or haptic
cues are emphasized. When cognitive over-
load is detected, secondary data are hidden
and the interface transitions to a minimalist
view focused on flight-critical information.
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Each of these scenarios corresponds to
a cognitive-ergonomic hypothesis tested in
simulators: by reducing visual clutter and
enhancing salient cues, the interface short-
ens visual scan paths, lowers NASA-TLX
workload scores, and halves error probabil-
ity under turbulence conditions. The adapta-
tion latency, less than 200 ms, ensures that
the transition feels continuous rather than
abrupt, preserving perceptual stability.

The dynamic visualization module closes
the loop between analysis and perception. It
modifies display layout, color coding, and mo-
dality balance in real time, forming a recipro-
cal dialogue between pilot and system. Every
adaptation is logged with a timestamp and
state context, creating a transparent trace of
system reasoning. If a sensor fails or produc-
es inconsistent values, a watchdog triggers
safe degradation to the baseline, non-adap-
tive mode. This fail-safe principle ensures
that adaptive automation never compromis-
es essential situational awareness, a require-
ment aligned with aviation certification stan-
dards (e.g., ARP 4754A and DO-178C).

The neuroadaptive cockpit fundamen-
tally redefines the distribution of cognitive
labor between human and machine. Instead
of treating the pilot as an exogenous distur-
bance in an otherwise deterministic control
system, Gruchet’s model places the pilot
inside the loop as a dynamic variable to be
stabilized. Physiological sensing becomes
analogous to measuring aircraft attitude
or velocity. In effect, the cockpit becomes
a cognitive control system, where adaptation
serves the same purpose as automatic flight
control: damping oscillations, restoring equi-
librium, and preventing excursions beyond
safe limits, only now the regulated quantity
is mental workload rather than altitude or
airspeed. Empirical validation supports this
analogy. Simulator studies referenced in the
monograph demonstrate that when adaptive
visualization is coupled with physiological
monitoring, pilots maintain stable perfor-
mance across longer sessions, exhibit fewer
scanning regressions, and show quicker re-
covery from high workload events. Subjective
measures, including perceived stress and fa-
tigue, decline significantly compared to con-
trol conditions. These findings confirm that
neuroadaptive design enhances not only the
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efficiency but the resilience of human perfor-
mance.

As computing capabilities grow, the neu-
roadaptive model naturally extends toward
prediction. Instead of reacting to instanta-
neous stress, future systems may forecast
cognitive degradation minutes ahead by ex-
trapolating trends in physiological signals
and contextual factors. Such predictive ad-
aptation will complete the transition from
responsive assistance to preventive cognition
management. In Gruchet’s framework, this
evolution converges with the broader disci-
pline of cyber-physical intelligence, systems
that perceive both their physical and human
components as parts of a unified, self-regu-
lating organism.

In sum, neuroadaptive design translates
the human body and mind into measurable
data streams, uses cognitive algorithms to
interpret them, and closes the loop through
adaptive visualization and control. The result
is an aviation environment where safety is no
longer ensured only by mechanical redun-
dancy but by continuous cognitive equilib-
rium. By integrating sensing, reasoning, and
adaptive actuation within one architecture,
Gruchet’s neuroadaptive cockpit exempli-
fies the first operational form of a cognition-
aware cyber-physical system in aviation.

Integration of cyber-physical systems
in aviation safety ecosystems

The transition from adaptive interfaces
to fully integrated cyber-physical systems
(CPS) marks the convergence of three tech-
nological trajectories: intelligent sensing, au-
tonomous decision-making, and networked
data exchange. In aviation, this convergence
is transforming flight safety from a function
of isolated subsystems into a property of in-
terconnected, cognition-aware ecosystems.
The neuroadaptive cockpit, as formulated
in Gruchet’s work, represents the human-
centered node of this ecosystem — a cyber-
physical hub where physiological and envi-
ronmental data merge to sustain stability
across the human—machine continuum.

CPS architectures invert this logic. They
distribute computation and sensing across
multiple, interacting layers and maintain
continuous feedback between them. With-
in this network, adaptive cockpit interfaces
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act as local intelligence nodes translating
human state into system-level adjustments.
The pilot’s cognitive index, for instance, can
inform not only the layout of cockpit displays
but also autopilot behavior, alert scheduling,
and even air-traffic management decisions.
When aggregated across fleets, such data be-
come a source of predictive analytics for fa-
tigue risk, workload patterns, and operation-
al safety margins.

The innovation lies in linking these do-
mains through bidirectional information
flows. Physiological signals — EEG, HRV, gaze,
respiration — move upward from the human
domain into the cyber layer, where they are
analyzed by AI models. In parallel, flight data,
environmental inputs, and automation sta-
tus flow upward from the physical layer. The
fusion of these data streams produces a uni-
fied situational model that drives adaptation
downward: visual modifications to the cockpit,
control adjustments, or task reallocation to
automation. Such a loop constitutes a closed-
loop cognition-centric CPS, where the stabili-
ty criterion is not merely mechanical equilib-
rium but cognitive equilibrium — a balanced
workload ensuring optimal decision-making.
This redefinition of stability expands the clas-
sical control concept. Just as an autopilot reg-
ulates pitch and roll to maintain aerodynamic
balance, the cognition-aware CPS regulates
the pilot’s mental load to maintain situational
awareness and operational precision.

As Gruchet observed, this balance between
automation and engagement defines sustain-
able safety. Over-automation isolates the hu-
man operator, while under-automation over-
whelms them. Cognitive CPS architectures
mediate this tension dynamically, assigning
tasks not only by function but by cognitive read-
iness. The result is a distributed intelligence in
which human and machine act as complemen-
tary agents in maintaining stability.

The integration of CPS into aviation safe-
ty raises formidable challenges for certifica-
tion. Traditional regulatory frameworks such
as DO-178C and ARP 4761 presuppose de-
terministic behavior and static requirements.
Neuroadaptive and Al-driven systems vio-
late these assumptions, they change behav-
ior based on evolving human and contextual
variables. Gruchet’s design addresses this by
enforcing bounded adaptivity: adaptation
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rules are predefined and verified, while the
triggering thresholds can be tuned post-cer-
tification under controlled data governance.

A safe CPS must demonstrate three in-
variants:

1. Fail-safe behavior — any sensor or al-

gorithmic fault reverts the system to
a baseline, non-adaptive configura-
tion.

2. Transparency — the pilot is always
aware of the system’s mode and can
override it.

3. Traceability — all adaptive actions are
logged for verification.

These principles allow regulators to treat
the adaptive layer as an augmentative feature
rather than a critical flight control compo-
nent. In Gruchet’s model, adaptation cannot
hide or modify certified information; it can
only reorganize presentation and modality.
This constraint, while limiting autonomy,
ensures certifiability. Future regulations,
currently under study by EASA and FAA for
AT integration, may formalize such bounded
learning systems, defining “Level-1 adaptive”
software as deterministic in structure but da-
ta-driven in calibration.

The cyber integration that empowers
CPS also introduces new attack surfaces.
Physiological data, if intercepted or corrupt-
ed, could lead to false adaptation or privacy
breaches. Gruchet’s architecture therefore
incorporates immutable, encrypted logging
and channel integrity monitoring to detect
tampering. Moreover, adaptive systems must
be designed to resist data poisoning, where
corrupted inputs could trick classifiers into
unsafe states.

The integration of cognition-aware CPS
reconfigures the entire safety landscape. In-
stead of preventing discrete failures, the sys-
tem mitigates drift, the gradual erosion of
performance under fatigue, stress, or com-
placency that precedes most incidents. Re-
al-time pilot state monitoring allows safety
management systems to detect these precur-
sors fleet-wide. Predictive analytics can then
adjust rostering, workload policies, or train-
ing emphasis accordingly. At the macro lev-
el, this transforms safety from retrospective
analysis to continuous optimization.

In this vision, Gruchet’s neuroadaptive
cockpit is not a self-contained invention but
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a gateway technology. It anchors the human
element within a digital safety network that
extends from the pilot’s neurophysiology to
global flight-operation databases. By embed-
ding cognition into the data loop, aviation
evolves toward a model of resilient intelli-
gence, systems that learn not only from me-
chanical parameters but from the rhythms
and limits of the human mind.

Future directions: Al, autonomy,

and ethical horizons

As adaptive interfaces mature into fully
integrated cyber-physical systems, aviation
enters a new era of cognitive autonomy, in
which machines are not only automated but
aware of the human beings they serve. This
evolution will redefine every level of flight
safety, from individual pilot performance
to global operational resilience. The neuro-
adaptive architecture outlined in Gruchet’s
research represents a transitional form,
a bridge between human-centered automa-
tion and autonomous intelligence that un-
derstands and respects human cognitive lim-
its. The next frontier extends this intelligence
beyond the cockpit, linking it to networked
Al agents, predictive analytics, and ethically
governed ecosystems.

Experiments like the “AdaptiveCoPilot”
concept already demonstrate how combining
pilot workload indices (e.g., {NIRS or EEG-de-
rived metrics) with LLM reasoning can pro-
duce context-sensitive verbal support. Imag-
ine a flight deck where the AI agent not only
recognizes that the pilot is stressed during
a go-around but also explains why the display
has simplified itself, providing reassurance
and transparency in human language. This
mutual intelligibility between human and sys-
tem could dissolve the last cognitive barrier
between operator and automation.

Cognitive autonomy also entails distrib-
uted cooperation between machine intel-
ligences. Within a fleet, AI copilots could
share anonymized pilot-state data, creating
a collective learning framework. If recurrent
stress patterns appear during particular ap-
proach procedures, the system could adjust
guidance cues fleet-wide before incidents
occur. Gruchet’s principle of immutable
logs thus scales into a global safety nervous
system — a distributed memory of human-
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machine interactions continually refining it-
self.

One of the most tangible drivers of adaptive
and CPS technologies is the industry’s move-
ment toward single-pilot operations (SPO).
Economic and logistical pressures, combined
with advances in automation, have prompted
research into reducing cockpit crew without
compromising safety. However, SPO intensi-
fies the cognitive demands on the remaining
pilot, who must simultaneously manage con-
trol, communication, and monitoring tasks.

Here, neuroadaptive systems become not
optional but essential. They act as cognitive
load balancers, dynamically redistributing
tasks between human and automation based
on measured workload. During a complex
approach, the system could automatical-
ly handle radio communication or checklist
management; during low-demand -cruise,
it could reengage the pilot with supervision
tasks to maintain alertness.

As neuroadaptive and CPS technologies
grow more pervasive, they challenge funda-
mental notions of autonomy and privacy. The
continuous collection of neural and biomet-
ric data raises the specter of cognitive sur-
veillance, the risk that information meant for
safety enhancement could be repurposed for
performance evaluation or disciplinary over-
sight. Gruchet’s framework pre-emptively
confronts this issue by emphasizing ethical
reciprocity: the pilot must remain an active
participant, not a subject of monitoring.

The ethical dimension extends to algo-
rithmic accountability. Machine-learning
models used for cognitive classification must
be auditable and explainable. A pilot should
have the right to know not only what the sys-
tem inferred but why. This interpretability
bridges the gap between human cognitive
models and artificial ones, ensuring that col-
laboration remains symmetrical and fair.

The ultimate question raised by cognition-
aware CPS is philosophical: what remains of
human identity in a cockpit that anticipates,
interprets, and even compensates for our
cognitive states? Gruchet’s answer, implicit
across his works, is that the human does not
vanish, it evolves. The pilot becomes a me-
ta-controller, supervising not machinery but
intelligence itself. The essence of airmanship
shifts from manual dexterity to cognitive
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command, the ability to understand, cali-
brate, and co-evolve with adaptive systems.

This evolution mirrors the broader trajec-
tory of technology: from tool use to symbio-
sis. In early aviation, instruments extended
human senses; in the cyber-physical cockpit,
systems extend human cognition. Safety, in
this paradigm, is no longer a static compli-
ance goal but an emergent property of coop-
erative intelligence. The pilot’s expertise is
amplified, not replaced, by AI; and the ma-
chine’s reliability is humanized by cognitive
empathy.

The integration of AI, neurotechnology,
and CPS ultimately converges on a single
principle: resilient intelligence. In complex
socio-technical systems like aviation, failure
rarely arises from a single fault; it emerges
from the misalignment of human and ma-
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chine expectations. Adaptive, cognition-
aware architectures correct this misalign-
ment continuously, ensuring that perception,
decision, and action remain synchronized
across all layers of the system.

Gruchet’s work thus delineates the blue-
print for aviation’s next century. By em-
bedding awareness into every component
of flight, he reframes safety as a dynamic,
evolving property. The cockpit of the future
will not merely react to commands; it will
perceive intentions, anticipate fatigue, and
adapt its behavior to sustain equilibrium.
Within this living network of cyber-physical
and neuroadaptive intelligence, flight safety
becomes not an endpoint but a continuous
conversation between human and machine —
a conversation that defines the essence of in-
telligent aviation.
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Abstract

This study presents a method for water purification from radioactive isotopes and heavy
metal ions using biomass derived from granulated dried algae without the use of chemical
reagents. It has been established that dried algal biomass exhibits pronounced ion-exchange
properties, enabling the effective adsorption of heavy metal ions and radioactive isotopes. The
purification process is carried out by passing water through a volume of biomass, where ion ex-
change occurs during the contact time, resulting in the removal of contaminating components.
Experimental results and industrial application of treatment systems at nuclear facilities have
demonstrated that the purification level can reach residual concentrations as low as 0.000001
mg/L, exceeding current environmental standards.
Keywords: Heavy metal ions; Radioactive isotopes; Biomass derived from marine algae;
Granulated dried algae; Radioactive isotope ions; Ion-exchange capacity; Ion-exchange
reactions for the adsorption of radioactive isotope ions

Ion-Exchange Nature of Purification

As demonstrated in practice, dried algal
biomass of the OZOLA type exhibits ion-ex-
change properties, enabling the adsorption
of heavy metal ions and radioactive isotope
ions. For effective purification, water must
pass through a volume of biomass, where ion
exchange occurs during the contact time, re-
sulting in the uptake of radioactive isotope
ions and associated heavy metal ions by the
biomass. Tests and industrial operation of
water treatment systems at nuclear facilities
have shown that, when using OZOLA, pu-

rification levels can be reduced to residual
concentrations as low as 0.000001 mg/L, ex-
ceeding the requirements of current environ-
mental standards.

Modular Water Purification
System Design
The modular purification system is de-
signed as a column or a set of columns, each
consisting of standardized segments. Typ-
ically, a column may include one, two, or
three segments interconnected by a special
band made of nylon and polyvinyl chloride,
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equipped with a silicone rubber sealing ele-
ment. Assembly or disassembly of the seg-
ments requires no more than one minute per
connection. Each segment accommodates
up to three ion-exchange cartridges. Each
ion-exchange cartridge consists of a knitted
sleeve made of polyester fibers, filled with
OZOLA.

Figure 1. Water purification from ra-
dioactive isotopes and heavy metal ions us-
ing biomass derived from marine algae

The ion-exchange cartridges are designed
for single use. The knitted polyester sleeves
are mass-produced, with a unit cost not ex-
ceeding 5 USD. The columns and associat-

Waste Management of Purification
Residues Spent ion-exchange -cartridges
may be disposed of using several methods.

Section 5. Technical sciences in general

ed piping are assembled and installed on
a dedicated platform that includes pumps,
self-cleaning mechanical filters, and moni-
toring and control instruments. The cost of
a single modular purification system with
a capacity of 1 cubic meter per hour — com-
prising three columns (each consisting of
three segments), a pump, a cascade of two
inlet mechanical filters, and a cascade of two
automatic outlet mechanical filters — is ap-
proximately 35,000 USD. The cost of OZOLA
for one ion-exchange cartridge is approxi-
mately 50 USD.

The first method involves incineration under
vacuum conditions, followed by encapsula-
tion of the resulting ash in a specialized con-
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crete mini-sarcophagus. The second method
involves capsule compaction and sealing with
lead-containing rubber, followed by place-
ment in specialized containers and storage in
decommissioned maxTte! (mines).

Use of Module Housings For
Encapsulation of Spent Material
One of the disposal options is the encap-

sulation of used segments without disassem-
bly or removal of ion-exchange cartridges.
The segments are subsequently stored in de-
commissioned mines.

Polyester Knit Material
as a Component of Ion-
Exchange Cartridges
Polyester knit material is used in the form
of a sleeve with a high degree of elasticity.
Such sleeves are mass-produced and can be
supplied in any required quantities.

Challenges in Water
Quality Monitoring Using
Existing Technologies

All existing technologies for monitoring
water quality containing radioactive isotopes
and materials in combination with heavy
metals require direct contact with water
samples, posing risks to both operators and
equipment, as elevated radiation levels nega-
tively affect measurement accuracy. Continu-
ous real-time monitoring is not feasible with
existing methods. Measurement instruments
operating in environments with elevated ra-
diation levels require specialized shielding,
which increases cost and reduces reliability.
There are no available technologies for rap-
id, localized monitoring that provide the re-
quired level of measurement accuracy. The
lack of real-time data on water conditions
prevents timely decision-making, which may
lead to emergency situations involving com-
plex and high-value equipment.

Innovative Nano-Metrology for
Application in Water and Liquid
Purification Systems From
Radioactive Isotopes Characteristics
of the Proposed Application

The proposed solution is a resonant sen-
sor system comprising a power supply unit,
signal amplifier, signal converter, and a trans-
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mission device for sensor data. The sensor
has a ring-shaped design and is installed on
control sections of both inlet and outlet pipe-
lines of the water purification system. The
estimated cost of a sensor designed for water
quality monitoring, including all peripheral
components, is approximately 35,000 USD.
The estimated cost of a sensor designed for
use in level measurement systems is approx-
imately 1,450 USD. Adaptation of the pro-
posed device for measuring concentrations
of various components in water or aqueous
solutions requires minimal time. Techno-
logically, this involves repeating calibration
procedures based on determining optimal
resonance parameters characteristic of metal
ions or chemical compounds present in the
solution. The process takes into account the
overall condition of the solution, the pro-
portion of its components, and the chemical
background — specifically, the concentrations
of stable components that do not change over
time and do not influence the measured pa-
rameters. A calibration methodology for the
resonant circuit has already been developed
and tested on a prototype. Test results have
been positive and demonstrated the feasi-
bility of adjusting resonance parameters as
required, including in automatic operating
modes. For sequential measurement of dif-
ferent components within a solution, the sig-
nal generated by the sensor is continuously
modified according to the optimal resonance
parameters corresponding to each compo-
nent. This enables a single device to moni-
tor concentrations of multiple components
sequentially, with automatic adaptation of
the resonant circuit to the optimal resonance
conditions specific to each component. All
such adaptive operations are incorporated
into the design of the device’s control pro-
cessors and have been successfully validated
during testing.

Market Size The estimated number
of sensors required for water quality moni-
toring in nuclear reactors and nuclear pow-
er systems at nuclear power plants exceeds
15,000 units, due to the relatively low ca-
pacity of purification systems and the re-
quirement of at least two sensors per system.
The estimated total cost of these sensors is
approximately 52,500,000 USD. The cost of
installation, spare parts supply, and main-
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tenance services is estimated at 35% of the
sensor cost, amounting to approximately
18,200,000 USD annually. The total estimat-
ed market size for monitoring applications
is approximately 70,700,000 USD. The esti-
mated number of level sensors for such fa-
cilities and industrial applications is approx-
imately 50,000 units. The estimated cost of
level sensors is approximately 72,500,000
USD. The total projected market size for sen-
sor applications — including both radioactive
water quality monitoring and level sensors
operating under radiation conditions — is ap-
proximately 143,200,000 USD.
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Selective Measurement of
Component Concentrations in
Water and Aqueous Solutions

In simplified terms, the selective mea-
surement and monitoring of concentrations
of metal salts and other elements dissolved
in water can be explained as follows. Water
possesses an exceptionally high dielectric
constant, which is a consequence of the sig-
nificant dipole moment of water molecules.
Accordingly, the integral polarization vari-
able in an alternating electric field is strongly
influenced both by the concentration of non-
polar impurity molecules and by molecules
with dipole moments differing from that of
water. This difference forms the basis of the
resonant method for selective measurement
of impurity concentrations in water or aque-
ous solutions. When water is introduced
into an oscillatory circuit, it determines the
position of its characteristic resonance line.
Each impurity introduced into the water or
aqueous solution within this circuit shifts the
resonance and the corresponding resonance
line. It follows that different impurities, de-
pending on their concentration, will cause
distinct resonance shifts. The existence of
a set of such dependencies, each correspond-
ing to a specific metal or element, enables
selective determination of the magnitude of
the resonance shift and, consequently, the
concentration of each impurity in water or an
aqueous solution. This set of dependencies
is established through chemical calibration
using conventional analytical methods. For
liquids that are not aqueous solutions, the
methodology and principles of selective con-
centration measurement are similar, with the
distinction that one of the components of the
solution or liquid — having the highest dipole
moment — is used as the reference baseline
for comparison during measurement.
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Abstract:

Liquid hydrocarbon fuels and fuel compositions based on them tend to lose structural
homogeneity during storage, leading to the formation of sediment and agglomerates that ac-
cumulate in storage tanks. This problem becomes particularly significant for synthetic fuels
produced through the recycling of plastic waste and used automobile tires, as such fuels may
contain atypical contaminants, including compounds such as formaldehyde. Ensuring homo-
geneous fuel composition is therefore essential for efficient and stable combustion processes.
This paper presents an innovative technology for the dynamic homogenization of liquid fuels and fuel
mixtures using a specialized device integrated directly into the fuel pipeline. The proposed system
consists of an accelerating hydrodynamic section, a vortex-generation module, and a turbulence am-
plification unit connected to the inlet of the high-pressure pump of an internal combustion engine.
The technology implements a sequential dynamic homogenization process in which con-
trolled turbulence and vortex flow formation significantly reduce the particle size within the
fuel mixture to below one micron. As a result, the fuel acquires properties comparable to
a nanoscale homogenized emulsion, which improves fuel stability and combustion efficiency.
The proposed principle can be applied not only to internal combustion engines but also to fuel
supply systems in boilers, burners, turbines, and other thermodynamic equipment, where main-
taining fuel homogeneity contributes to improved operational performance and energy efficiency.
Keywords: Liquid fuel; Dynamic activation of liquid fuel; Sequential dynamic
homogenization process; Thermodynamic effect of using homogenized fuel; Fuel compositions
based on liquid hydrocarbon fuels; Homogenization process using an innovative dynamic
homogenization device performing homogenization directly within the pipeline through
which the fuel or fuel mixture flows; Transformation of the homogenized liquid fuel or fuel
mixture flow into a hydrodynamic vortex tube
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The necessity of the
homogenization process

Any type of liquid hydrocarbon fuel, and
especially fuel compositions based on liquid
hydrocarbons, tends to lose its homogeneity
during storage. As a result, agglomerates and
sediments form, primarily at the bottom of
tanks in which the fuel or fuel mixture is stored.

Ensuring homogeneity becomes even
more problematic for various types of syn-
thetic liquid fuels, particularly those ob-
tained through the recycling of waste plastics
or used automobile tires. Such fuels often
contain a wide range of additional and atypi-
cal contaminants for conventional fuel com-
positions, for example formaldehyde. This
further increases the necessity for homogeni-
zation, at least prior to fuel injection into the
combustion chamber or during the combus-
tion process itself.

The elimination of this heterogeneity can
be achieved most efficiently and conveniently
through the application of a homogenization
process using an innovative dynamic homog-
enization device that performs homogeni-
zation directly within the pipeline through
which the fuel or fuel mixture flows.

Dynamic homogenization process

First, it is necessary to briefly describe the
properties, operational characteristics, and
technological novelty of the proposed solution.

The device for dynamic homogenization
of liquid fuel and fuel mixtures consists of an
accelerating hydrodynamic section transi-
tioning into a second coaxial hydrodynamic
section equipped with an integrated vortex
generator. This section further transitions
into a hydrodynamic turbulence amplifi-
cation module connected to the inlet of the
high-pressure pump of an internal combus-
tion engine.

Within the dynamic homogenization de-
vice, the liquid fuel or fuel mixture is divided
into two streams. The first stream (approx-
imately 60% of the total flow) enters the
accelerating hydrodynamic section under
a pressure of at least 3 bar (45 psi). Acceler-
ation occurs under the influence of system
elements that initiate the formation of coax-
ial Bernoulli-type effects. The second stream
(approximately 40% of the total flow) enters
the second hydrodynamic section, which is

Section 5. Technical sciences in general

arranged coaxially with the first section, also

under a pressure of at least 3 bar (45 psi).

Inside the device, a dynamic sequential
homogenization of the liquid fuel or fuel mix-
ture occurs. During the first stage, homoge-
nization is achieved through controlled tur-
bulence within the pipeline. Such a process is
absent in all currently known homogenization
devices and technologies, representing one of
the principal elements of technological novel-
ty. This novelty is confirmed in the core intel-
lectual property documents of the company
that developed and owns the technology.

After this stage, the homogenized flow of
liquid fuel or fuel mixture is transformed into
a hydrodynamic vortex tube due to the action
of the integrated vortex generator and is direct-
ed toward the high-pressure pump of a diesel
engine or any other internal combustion en-
gine operating at pressures of approximately
2000-3000 bar (29,000—43,500 psi). At this
stage, the second phase of dynamic homog-
enization occurs within the flow. As a result,
the particle size in the homogenized stream is
reduced to less than one micron. According to
the key parameters of the flow, the fuel effec-
tively becomes a homogenized liquid equiva-
lent in properties to a nanoscale emulsion.

A similar operational principle can be
applied in fuel supply systems of boilers,
burners, turbines, and other thermodynamic
equipment.

The homogenization process takes place
in less than one second and does not disturb
the natural interrelations within the homog-
enized liquid fuel or fuel mixture.

The process occurs at a stable tempera-
ture or, under certain operating ratios, may
even lead to a reduction in the temperature
of the combustible liquid or fuel mixture.

The entire dynamic homogenization pro-
cess is achieved through the creation of spe-
cific turbulent hydrodynamic conditions in
the fuel or fuel mixture flow, without disrupt-
ing the chemical and physical equilibrium
among its components.

Positive differences of the dynamic ho-
mogenization process compared with exist-
ing technologies:

« Existing technologies do not include
a stage of dynamic homogenization based
on the level of turbulence, which means
that current technologies cannot perform
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the homogenization process directly with-
in the fuel pipeline of an internal combus-
tion engine;

» The second stage of the homogenization
process in the proposed technology takes
place under pressure that is at least twice
as high as that required for homogeniza-
tion at the nanoscale particle level;

 The particle (globule) sizes in the liquid fuel
or fuel mixture homogenized using the pro-
posed technology are uniform and fall with-
in the range of 70—120 nanometers, and
they do not tend to agglomerate. In exist-
ing technologies, the size distribution var-
ies widely — from the smallest to the largest
particles — by more than an order of magni-
tude, typically from 0.2 to 2 microns;

« All processes of dynamic homogenization
can be performed directly in the fuel pipe-
line of an internal combustion engine, for
example between the fuel pump and the
high-pressure pump, and do not require
any special modifications to the engine
design. The same principle applies to oth-
er types of thermodynamic equipment;

« During the dynamic homogenization pro-
cess, the temperature of the homogenized
liquid fuel or fuel mixture does not in-
crease;

+ The dynamic homogenization device also
allows, during the homogenization pro-
cess, the simultaneous introduction of
additional components into the homog-
enized liquid fuel or fuel mixture, such
as water, methanol, ethanol, or synthetic
kerosene;

» The dynamic homogenization device has
compact dimensions and is more conve-
nient to operate than known devices. It
provides optimal conditions for installa-
tion and maintenance;

» The cost of the dynamic homogenization
device for liquid fuels and fuel mixtures
is significantly lower than that of existing
equipment designed for similar purposes;

« The device can also be used to perform
technological homogenization before in-
troducing the fuel or fuel mixture flow
into industrial processing equipment used
for the production of other hydrocarbon
products.

As can be seen from the presented photo-
graphs, the dimensions of the device are very
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small relative to its performance capacity
(the images show devices with a capacity of
1,000 liters per hour).

Original dynamic homogenization device

An original device for the dynamic ho-
mogenization of liquid fuels and fuel mix-
tures has been developed, manufactured,
and repeatedly tested.

All components and parts of the device
are manufactured using standard CNC ma-
chines, without the need for special technol-
ogies or specialized cutting tools.

Stainless steel is used as the primary con-
struction material, allowing the device and
systems based on it to be installed in corro-
sive environments, for example on marine
vessels.

Figure 1.

The device is extremely compact and has
dimensions that allow it to be integrated into
virtually any internal combustion engine, in-
cluding both stationary engines (for example,
marine engines) and engines installed in trans-
port vehicles (such as automobiles of all types).

The device does not require any addi-
tional elements or auxiliary components for
operation and can be installed directly in the
fuel pipeline of an internal combustion en-
gine, specifically between the fuel pump and
the high-pressure pump.

All inlet and outlet connection interfaces
of the device are standardized. Installation of
the device on an internal combustion engine
does not require special preparation, tools,
or equipment.

The device contains no moving parts and
can be manufactured in any required dimen-
sional scale. It can be produced using stan-
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dard industrial equipment with numerical
control (CNC). The manufacturing, assem-
bly, and quality control processes do not re-
quire special technologies, materials, or spe-
cialized tools.

Thermodynamic effect of using
homogenized fuel (produced using
the dynamic homogenization device)

After homogenization, the fuel burns uni-
formly, and no local zones with larger dis-
persed fractions are formed within the fuel
volume after injection.

As a result, the combustion process pro-
ceeds 35—-40% faster, and efficient heat ex-
traction increases proportionally. These re-
sults have been confirmed in more than 300
testing cycles on a modern production diesel
engine with a 2.5-liter displacement.

The homogenization technology operates
equally effectively in engines with standard
configurations as well as in engines equipped
with exhaust gas recirculation (EGR) sys-
tems.

In the event of unauthorized water ingress
into the fuel tank, dynamic homogenization —
within several milliseconds before the fuel
reaches the high-pressure pump — ensures
the dynamic formation of a micro-emulsion,
completely eliminating any harmful effects of
water contained in the fuel emulsion on en-
gine operation. These results have been con-
firmed in more than 60 test cycles on a mod-
ern production diesel engine with a 2.5-liter
displacement.

The resulting micro-emulsion, while
maintaining the effective power output of
the engine, significantly reduces the concen-
tration of soot in exhaust gases (reduction
of up to 97%) and decreases nitrogen oxide
emissions (reduction of up to 35%). It also
shortens the full combustion cycle and ac-
celerates the heat extraction process. These
results have been confirmed in more than
300 full reversible testing cycles on a modern
production diesel engine with a 2.5-liter dis-
placement.

Application of the
homogenization system
The application of the homogenization
system additionally makes it possible to ob-
tain, at 35-45% lower pressure, the same
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spray dispersion that is typically achieved at
injection pressures of 1600—2000 bar.

This phenomenon allows a reduction
in the power consumption required for the
operation of the high-pressure pump. As an
example, the same effect can be considered
a potential additional efficiency factor for
turbines and turbo-generators, where injec-
tion pressures are typically 30 bar or higher.

Environmental effect of using homoge-
nized fuel.

The application of the dynamic homoge-
nization device in the fuel systems of internal
combustion engines makes it possible to sig-
nificantly reduce the toxicity of exhaust gas-
es and may allow previously manufactured
vehicles, including those that have been in
operation for many years, to meet modern
environmental standards.

Sequential dynamic homogenization pro-
cess in a modern diesel engine.

In a modern diesel engine, the device for
dynamic homogenization of fuel or fuel mix-
tures is installed in the fuel line after the fuel
pump and before the high-pressure pump.

The fuel flow leaving the fuel pump is
divided into two streams. The first stream,
accounting for 60% of the total fuel flow, is
directed into the central axial inlet of the dy-
namic homogenization device. The second
stream, accounting for 40% of the total fuel
flow, is introduced into an integrated inlet
system consisting of four radial channels.

After homogenization, the fuel burns uni-
formly, and no local zones with larger dis-
persed fractions are formed within the inject-
ed fuel volume.

As a result, the combustion process pro-
ceeds 35—-40% faster, and the efficiency of heat
extraction increases proportionally. These re-
sults have been confirmed in more than 60
testing cycles on a modern production diesel
engine with a 2.5-liter displacement.

The homogenization technology operates
equally effectively in engines with standard
configurations as well as in engines equipped
with exhaust gas recirculation (EGR) systems.

Sequential dynamic homogenization pro-
cess in a modern gasoline engine.

In a modern gasoline engine, the device for
dynamic homogenization of fuel and fuel mix-
tures is installed in the fuel line after the fuel
pump and before the high-pressure pump.

40 PROCESSES OF DYNAMIC ACTIVATION OF LIQUID FUEL


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 European Journal of Technical
and Natural Sciences 2026, No2

The fuel flow after the fuel pump is also
divided into two streams. One stream, ac-
counting for 60% of the total fuel flow, is di-
rected to the central axial inlet of the dynam-
ic homogenization device, while the second
stream, accounting for 40% of the total flow,
enters the device through an integrated inlet
consisting of four radial channels.

The homogenization technology func-
tions equally effectively in engines with stan-
dard configurations and in engines equipped
with exhaust gas recirculation systems.

Application of the dynamic homogeniza-
tion process in internal combustion engines
using a mixture of ethanol and gasoline as fuel.

Ethanol, even of high quality, contains
a certain amount of water.

Before mixing (for example) with gaso-
line, ethanol is a relatively stable substance
and the separation of water and alcohol does
not occur. However, a mixture of ethanol and
gasoline is not completely stable and, under
certain conditions (for example at low tem-
peratures), water may separate from the gas-
oline—ethanol mixture.

If a dynamic homogenization device is in-
tegrated into the engine system, the water that
has separated in the fuel tank from the main
hydrocarbon fraction of the fuel mixture is dy-
namically mixed within the device with the hy-
drocarbon fractions, transforming the resulting
mixture into a micro- or nanoscale emulsion.

The combustion of such an emulsion typ-
ically occurs in a stable thermodynamic re-
gime, without detonation and with reduced
levels of soot and nitrogen oxides in the ex-
haust gases.

Application of the dynamic homogeniza-
tion process in internal combustion engines us-
ing a mixture of methanol and gasoline as fuel.

Methanol, even of ordinary quality, prac-
tically does not contain water.

Before mixing (for example) with gaso-
line, methanol is a relatively stable substance
and, after mixing, it generally does not sepa-
rate from gasoline.

Nevertheless, the methanol—gasoline mix-
ture is not completely stable and, under cer-
tain conditions (for example at low tempera-
tures), it tends to form agglomerates or clots.

The combustion of homogenized fuel
in such systems generally occurs in a stable
thermodynamic regime, without detonation
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and with reduced concentrations of soot and
nitrogen oxides in the exhaust gases.

Application of the dynamic
homogenization process in internal
combustion engines using gasoline

mixed with biofuel compositions

In such thermodynamic systems, the fuel
consists of gasoline combined with heavier
biological fuels and various viscous combus-
tible biological materials. In these composite
fuels, the formation of agglomerates occurs
more intensively.

If a dynamic homogenization device is
introduced into the thermodynamic system,
agglomerates that have formed in the fuel
tanks — consisting primarily of the hydrocar-
bon fraction of the fuel mixture —are dynam-
ically mixed in the device with the remaining
hydrocarbon fractions. As a result, these ag-
glomerates are transformed into a uniform
system of micro- or nanoscale particles.

The combustion of the homogenized fuel
generally occurs in a stable thermodynamic
regime, without detonation and with reduced
concentrations of soot and nitrogen oxides in
the exhaust gases.

Application of the dynamic homogeniza-
tion process in fuel supply systems for burn-
ers, boilers, turbines, and other thermody-
namic equipment.

In such thermodynamic systems, the fu-
els used typically include heavier diesel fuels
and various types of fuel oil, where the forma-
tion of agglomerates from heavier fractions
with high viscosity occurs more intensively.

If a dynamic homogenization device is
integrated into the fuel supply and injection
system of the combustion chamber, agglom-
erates that form in the fuel tanks — composed
of the main hydrocarbon fraction of the fuel
mixture — are dynamically mixed within the
device with the remaining hydrocarbon frac-
tions. This process transforms the agglomer-
ates into micro- or nanoscale particles.

The combustion of homogenized fuel typ-
ically occurs in a stable thermodynamic re-
gime, without detonation and with reduced
concentrations of soot and nitrogen oxides in
the exhaust gases.

In certain cases and under specific con-
ditions, significant fuel savings may also be
achieved.
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Potential application of the dynamic ho-
mogenization process in marine engines and
diesel generators.

In such thermodynamic systems, heavier
diesel fuels and various types of fuel oil are
typically used as fuel. In these types of fuels,
the formation of agglomerates occurs more
intensively due to the presence of heavier
fractions.

If a dynamic homogenization device is
integrated into the fuel system of a marine
engine or a diesel generator, agglomerates
that may form in the fuel tanks under certain
conditions — consisting mainly of the prima-
ry hydrocarbon fraction of the fuel mixture —
are dynamically mixed within the device with
the remaining hydrocarbon fractions. As
a result, these agglomerates are transformed
into micro- or nanoscale particles.

The combustion of homogenized fuel typ-
ically occurs in a stable thermodynamic re-
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gime, without detonation and with reduced
concentrations of soot and nitrogen oxides in
the exhaust gases.

Potential application of the dynamic ho-
mogenization process in propulsion systems
of aircraft

In recent years, there have been reports
regarding the experimental use of biofuels
and fuel mixtures containing biological com-
ponents in aircraft engines. It is known that
fuel mixtures containing biofuel components
tend to form agglomerates during storage
and operation.

Dynamic homogenization of such fuels
prior to injection into the combustion cham-
ber can significantly increase the reliability of
aircraft engines and may create new opportu-
nities for the practical use of composite fuel
formulations in aviation propulsion systems.
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Abstract

Any type of liquid hydrocarbon fuel, and especially fuel compositions based on liquid hy-
drocarbon fuels, tends to lose its homogeneity during storage. As a result, agglomerates and
sediment formations occur, predominantly at the bottom of storage tanks containing the fuel
or fuel mixture.

The elimination of such heterogeneity can be most efficiently achieved
through the innovative homogenization process developed by Kristina Bessar-
abenko, implemented by means of an innovative dynamic homogenization device
that performs homogenization directly within the pipeline through which the
Juel or fuel mixture flows.

The homogenization process is carried out at a stable temperature or, under certain ratios
and operational conditions, with a decrease in the temperature of the combustible liquid or
fuel mixture.

The entire dynamic homogenization process is achieved by generating specific turbulent
hydrodynamic conditions within the flow of liquid fuel or fuel mixture, without disrupting the
chemical and physical equilibrium among its components.

Keywords: Thermodynamic apparatus; integrated dynamic mixing system; homogenization
process; hydrodynamic vortex tube; homogenization based on turbulence level; vortex
generator; accelerating hydrodynamic section; coaxial Bernoulli effect
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Dynamic Fuel Homogenization Device
for Internal Combustion Engines
Necessity of the Homogenization

Process
Any type of liquid hydrocarbon fuel, and es-

pecially fuel compositions based on liquid hy-

drocarbons, loses its homogeneity during stor-
age. As a result, agglomerates and deposits are
formed, predominantly at the bottom of stor-
age tanks containing the fuel or fuel mixture.
The elimination of this heterogeneity can
be achieved most efficiently and conveniently
by applying a homogenization process using
an innovative dynamic homogenization de-

vice that performs the homogenization di-

rectly within the pipeline through which the

fuel or fuel mixture flows.

Dynamic Homogenization Process

First, a brief overview of the pro-
posed technology developed by Kris-
tina Bessarabenko, including its dis-
tinctive features, novelty, and degree
of innovation:

The device for dynamic homogenization
of liquid fuel and fuel mixtures consists of
an accelerating hydrodynamic section tran-
sitioning into a second, coaxially aligned hy-
drodynamic section with an integrated vor-
tex generator, which in turn transitions into
a hydrodynamic turbulence amplification
unit connected to the inlet of the high-pres-
sure pump of an internal combustion engine.

Within the dynamic homogenization de-
vice, the entire flow of liquid fuel or fuel mix-
ture is divided into two streams:

o The first stream (60% of the total flow),
under a pressure of 3 bar (45 psi), is
directed into the accelerating hydro-
dynamic section, where acceleration
is achieved through system elements
that initiate the formation of coaxial
Bernoulli effects;

o The second stream (40% of the total
flow), also under a pressure of 3 bar
(45 psi), is directed into the second
hydrodynamic section, coaxial with
the first.

The device performs a dynamic process of
sequential homogenization of the liquid fuel
or fuel mixture flow.

At the first stage, homogenization is car-
ried out based on the turbulence level with-

Section 5. Technical sciences in general

in the pipeline. Such a process is not im-
plemented in any known homogenization
devices or technologies and constitutes one
of the core elements of the technological nov-
elty, as confirmed by the foundational intel-
lectual property documentation of the devel-
oper and technology owner.

Subsequently, the homogenized flow of
liquid fuel or fuel mixture is transformed into
a hydrodynamic vortex tube (due to the inte-
grated vortex generator) and directed to the
high-pressure pump of the internal combus-
tion engine (operating at 2,000 to 3,000 bar,
or 29,000-43,500 psi).

At this stage, a second phase of dynamic
in-flow homogenization occurs, resulting in
the reduction of particle size within the ho-
mogenized stream to below one micron. Ac-
cording to the key flow parameters, the medi-
um is thereby converted into a homogenized
liquid equivalent in properties to a nanoscale
emulsion.

The homogenization process takes less
than one second and does not disrupt any
natural physicochemical interrelationships
within the homogenized liquid fuel or fuel
mixture.

The homogenization process is carried
out at a stable temperature or, under certain
ratios and operating conditions, with a de-
crease in the temperature of the combustible
liquid or fuel mixture.

The entire dynamic homogenization
process is achieved through the creation of
specific turbulent hydrodynamic conditions
within the flow of liquid fuel or fuel mixture,
without disturbing the chemical and physical
equilibrium among its components.

It should be noted that in advanced in-
novative projects — not only in fuel blending
and dynamic homogenization processes, but
also in analogous processes of mixing and
homogenization, for example, of liquid food
components — the above-mentioned positive
effects manifest even more distinctly.

Several years ago, Kristina Bessar-
abenko was among the first to success-
fully initiate work in this direction. She
is a multidisciplinary specialist and
a well-known international initiator
of startup projects in which dynamic
homogenization processes constitute
the technological foundation for pro-
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ducing new environmentally friend-
ly products with fundamentally en-
hanced performance characteristics.

Based on the unique qualitative in-
dicators of homogenized tea-and-milk
blends invented by Kristina Bessara-
benko, the implementation of dynamic
homogenization methods in their pro-
duction processes enabled these inno-
vative products to enter global mar-
kets within a remarkably short period
of time.

Due to the exceptional level of tech-
nological refinement of the group
technology developed by Kristina
Bessarabenko, a number of addition-
al advantages of the process have been
achieved.

Advantages of the Dynamic Homog-
enization Process Developed by Kristi-
na Bessarabenko Compared to Exist-
ing Technologies

» Existing technologies do not include
a stage of dynamic homogenization
based on turbulence level; therefore,
they do not enable homogenization to
be carried out directly within the fuel
pipeline of an internal combustion en-
gine;

» The second stage of homogenization
in the proposed process is performed
under pressure at least twice as high
as that required for homogenization at
the nanoscale particle level;

« The particle (globule) sizes in the lig-
uid fuel or fuel mixture homogenized
according to the proposed technology
are uniform, ranging within 70-120
nanometers, and exhibit no tendency
toward agglomeration. In contrast, ex-
isting technologies demonstrate a par-
ticle size distribution exceeding a ten-
fold range — from approximately 0.2 to
2 microns;

» All stages of dynamic homogenization
can be carried out directly within the
fuel pipeline of an internal combustion
engine, for example, between the fuel
pump and the high-pressure pump,
and do not require any special modifi-
cations to the engine design;

» During the dynamic homogenization
process, the temperature of the ho-

Section 5. Technical sciences in general

mogenized liquid fuel or fuel mixture
does not increase;

» The dynamic homogenization device en-
ables the simultaneous introduction of
additional components into the homog-
enized liquid fuel or fuel mixture (for
example, water, methanol, or ethanol)
during the homogenization process;

« The dynamic homogenization device
has compact dimensions, is more con-
venient in operation than known an-
alogues, and provides optimal condi-
tions for installation and maintenance;

« The dynamic homogenization device
for liquid fuels and fuel mixtures is
significantly more cost-effective than
existing equipment of similar purpose;

» Thedevice may also be used for techno-
logical homogenization prior to intro-
ducing the fuel or fuel mixture stream
into technological equipment for the
production of other hydrocarbon-
based products.

Original Device for Dynamic
Homogenization

An original device for the dynamic ho-
mogenization of liquid fuels and fuel mix-
tures has been developed, manufactured,
and repeatedly tested.

The device is extremely compact, with di-
mensions allowing its integration into virtual-
ly any internal combustion engine, including
stationary engines (for example, marine en-
gines) as well as engines installed in transport
vehicles (such as automobiles of all types).

The device does not require any addition-
al elements or components for operation and
can be installed directly in the fuel pipeline of
an internal combustion engine — after the fuel
pump and before the high-pressure pump.

All inlet and outlet connection elements
are standardized. Installation of the device on
an internal combustion engine does not re-
quire special preparation, tools, or equipment.

The device contains no moving parts and
may be manufactured in any required di-
mensional scale.

It can be produced using standard serial
production equipment with numerical con-
trol (CNC). No special technologies, materi-
als, or tools are required for manufacturing,
assembly, or quality control.
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Thermodynamic Effect of
Using Homogenized Fuel

(Obtained by Means of the Dynamic Ho-
mogenization Device)

After homogenization, the fuel combusts
uniformly; following injection, no local zones
with larger dispersion fractions are formed
within its volume.

As a result, the combustion process pro-
ceeds 35—40% faster, and effective heat re-
lease is accelerated in the same proportion.
These results have been confirmed in more
than 60 test cycles conducted on a modern
production diesel engine with a displace-
ment of 2.5 liters.

The homogenization technology op-
erates equally effectively in standard en-
gine configurations as well as in engines
equipped with exhaust gas recirculation
(EGR) systems.

In the event of accidental water ingress
into the fuel tank, dynamic homogeniza-
tion — within milliseconds prior to the fuel
entering the high-pressure pump — ensures
the formation of a stable micro-emulsion
and completely eliminates any harmful ef-
fects of water contained in the fuel emul-
sion on engine operation. These results have
been confirmed in more than 60 test cycles
on a modern production diesel engine with
a displacement of 2.5 liters.

The resulting micro-emulsion, while
maintaining effective engine power output,
significantly reduces soot concentration in
exhaust gases (reduction of 97%) and nitro-
gen oxide (NO,) concentration (reduction
of 12%), shortens the complete combustion
cycle duration, and accelerates heat release.
These results have been confirmed in more
than 60 full reversible test cycles on a mod-
ern production diesel engine with a displace-
ment of 2.5 liters.

Environmental Effect of
Using Homogenized Fuel
The application of a dynamic liquid fuel
homogenization device within the fuel sys-
tem of internal combustion engines signifi-
cantly reduces exhaust gas toxicity and may
enable compliance with environmental stan-
dards in previously manufactured vehicles,
including those that have been in long-term
operation.

Section 5. Technical sciences in general

Sequential Dynamic Homogenization
Process in a Modern Diesel Engine

The dynamic fuel and fuel — air mixture
homogenization device in a modern die-
sel engine is installed in the fuel line down-
stream of the fuel pump and upstream of the
high-pressure pump.

The fuel flow after the fuel pump is divid-
ed into two streams. One stream, accounting
for 60% of the total fuel flow, is directed to the
central axial inlet of the dynamic homogeni-
zation device. The second stream, accounting
for 40% of the total fuel flow, is introduced
through an integrated inlet consisting of four
radial channels.

After homogenization, the fuel combusts
uniformly. Following injection, no localized
zones containing larger dispersed fractions
are formed within the fuel volume.

As a result, the combustion process oc-
curs 35—40% faster, and effective heat ex-
traction is accelerated proportionally. These
results have been confirmed through more
than 60 test cycles conducted on a modern
production diesel engine with a displace-
ment of 2.5 liters.

The homogenization technology op-
erates equally effectively in engines with
standard configurations and in engines
equipped with exhaust gas recirculation
(EGR) systems.

Sequential Dynamic Homogenization
Process in a Modern Gasoline Engine

In a modern gasoline engine, the dynam-
ic fuel and fuel—air mixture homogenization
device is installed in the fuel line down-
stream of the fuel pump and upstream of the
high-pressure pump.

The fuel flow after the fuel pump is divid-
ed into two streams. One stream, accounting
for 60% of the total fuel flow, is directed to the
central axial inlet of the dynamic homogeni-
zation device. The second stream, accounting
for 40% of the total fuel flow, is introduced
through an integrated inlet consisting of four
radial channels.

The homogenization technology op-
erates equally effectively in engines with
standard configurations and in engines
equipped with exhaust gas recirculation
(EGR) systems.
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Application of the Dynamic
Homogenization Process in Internal
Combustion Engines Using an
Ethanol — Gasoline Fuel Blend

Ethanol, even of high purity, contains
a certain amount of water.

Prior to blending (for example, with gas-
oline), ethanol is a sufficiently stable sub-
stance in which phase separation between
water and alcohol does not occur.

However, an ethanol—gasoline mixture is
not completely stable. Under certain condi-
tions (for example, at reduced temperatures),
water may separate from the gasoline — eth-
anol mixture.

If a dynamic homogenization device is
incorporated into the engine fuel system,
the water that has separated in the fuel tank
from the primary hydrocarbon fraction of
the fuel blend may, under specific condi-
tions, be dynamically re-mixed with the
hydrocarbon fractions within the homoge-
nization device. As a result, the mixture is
converted into a micro- or nano-scale emul-
sion.

Combustion of such an emulsion general-
ly occurs in a stable thermodynamic regime,
without detonation, and with reduced levels
of soot and nitrogen oxides (NO,) in the ex-
haust gases.

Application of the Dynamic
Homogenization Process in
Internal Combustion Engines Using
a Methanol—-Gasoline Fuel Blend

Methanol, even of standard commercial
grade, contains virtually no water.

Prior to blending (for example, with gas-
oline), methanol is a sufficiently stable sub-
stance and, after mixing, does not signifi-
cantly separate from gasoline.

Nevertheless, the methanol — gaso-
line mixture is not completely stable and,
under certain conditions (for example, at
reduced temperatures), may exhibit a ten-
dency toward agglomeration or phase ir-
regularities.

Combustion of homogenized fuel gen-
erally occurs in a stable thermodynamic re-
gime, without detonation, and with reduced
soot and nitrogen oxide (NO,) emissions in
the exhaust gases.

Section 5. Technical sciences in general

Application of the Dynamic
Homogenization Process in
Internal Combustion Engines
Using Gasoline Blended with
Biological Fuel Compositions
or Organic Fuel Components

In such thermodynamic systems, the fuel
consists of a mixture containing gasoline
along with heavier biofuels and various types
of viscous combustible biological materials.
In these composite fuels, agglomeration and
the formation of fuel clusters occur more in-
tensively.

If a dynamic homogenization device is
incorporated into the thermodynamic sys-
tem, fuel clusters that have formed in the
fuel tanks — consisting primarily of the main
hydrocarbon fraction of the fuel blend — are
dynamically re-mixed within the device with
the remaining hydrocarbon fractions. This
process converts the agglomerated mixture
into a homogeneous system composed of mi-
cro- or nano-scale particles.

Combustion of the homogenized fuel gen-
erally proceeds in a stable thermodynamic re-
gime, without detonation, and with reduced
soot and nitrogen oxide (NO_ ) emissions in
the exhaust gases.

Application of the Dynamic
Homogenization Process in Fuel
Supply Systems for Boilers, Turbines,
and Other Thermodynamic Devices

In the above-mentioned thermodynam-
ic systems, heavier diesel fuels and various
types of fuel oil are typically used as fuel. In
such fuels, the formation of agglomerates
consisting of heavier, high-viscosity fractions
occurs more intensively.

If a dynamic homogenization device is
incorporated into the fuel supply and injec-
tion system of the combustion chamber, fuel
agglomerates that have formed under certain
conditions in the fuel tanks — primarily con-
sisting of the main hydrocarbon fraction of
the fuel mixture — are dynamically re-mixed
within the device with the remaining hydro-
carbon fractions. As a result, the agglomerat-
ed structures are transformed into micro- or
nano-scale particles.

Combustion of the homogenized fuel gen-
erally proceeds in a stable thermodynamic re-
gime, without detonation, and with reduced
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soot and nitrogen oxide (NO,) emissions in In certain cases and under specific oper-
the exhaust gases. ating conditions, significant fuel savings may
also be achieved.
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Abstract

Based on the current state of development of a new technological direction related to the
creation of efficient thermodynamic technologies for optimizing fuel mixtures of various types,
primarily intended for industrial and individual energy applications, it is advisable to apply a
step-by-step scheme of sequential actions aimed at forming basic intellectual property objects
in the above-mentioned technological areas. This strategic approach makes it possible to min-
imize the costs of research and development while ensuring maximum protection of technical
solutions underlying the invention.

The paper considers an algorithm for integrating local technical solutions, each having the

level of an invention, into a single integrated technical solution that provides a complex tech-
nological effect. A structural analysis of a group of technical solutions underlying the design
of a device for dynamic mixing and activation of fuel mixture components, including a main
liquid component, additional liquid components, and an activating gaseous component, has
shown that the integrated technical solution in the presented design version includes a number
of interrelated local technical solutions that ensure increased efficiency of mixing, activation,
and subsequent use of fuel mixtures.
Keywords: Technical level qualification of the project; Algorithm for integration of local
technical solutions; Device for dynamic mixing of heterogeneous fuel mixture components;
Processes and technologies with active monitoring of quality aspects of processes and
materials; Regenerative electrolytic recirculation system

Introduction tures. The qualification of the technical lev-

The algorithmic component in complex el of a project, as exemplified by the evalu-
innovation projects is considered using the ation and qualification of a complex project
example of analyzing the development of - a device for dynamic mixing of heteroge-
technologies for the modification of fuel mix-  neous components of fuel mixtures and their
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subsequent activation - has a distinctly ex-
pressed algorithmic component.

At the present time, the project is at
a stage of readiness corresponding to the
manufacturing and completion of the first

Section 5. Technical sciences in general

stage of production testing of an industrial
prototype of the product — a device for dy-
namic mixing of heterogeneous components
of fuel mixtures and their subsequent acti-
vation.

Figure 1. Device and its components

There is one specific feature that must be
analyzed in order to ensure the required level
of online interaction between all components
and structural elements of the system. To en-
able participation in processes and technol-
ogies with active monitoring of qualitative
aspects of processes and materials, as well
as sufficiently high-speed automatic control
and management systems, it is necessary, in
addition to devices for dynamic online mix-
ing and homogenization of process fluids in
real time, to use high-speed electronic boards
whose performance is comparable to that of
modern computer motherboards.

For systems that are controlled and man-
aged within standard aerial survey processes,
the performance requirements are even more
stringent. Such electronic boards include,
first of all, the so-called RITM boards man-
ufactured using dimensional selective metal
etching technology.

The main distinguishing feature of such
boards is that a steel strip made of special
steel containing aluminum (38KhMYuA
steel) is used as the base carrier material.
The thickness of such a strip is only 50 mi-
crons, which makes it possible, compared to
conventional carriers made of getinax or fi-
berglass laminate, to significantly reduce the
distance between structures on both sides of
the board.

Since the manufacturing process of such
boards differs significantly from conven-
tional printed circuit boards, it is advisable
to consider this specific technology in more
detail. The technological stages for manu-

facturing such boards should be considered
taking into account all features and specific
differences.

To manufacture such boards, the follow-

ing operations must be performed:

« preparation of the surface of the steel
strip (coil) (instead of steel, a met-
al strip may be used if it provides the
properties and characteristics equiva-
lent to steel grade 38KhMYuA); during
surface preparation, it is advisable to
use reagent-free technologies and dis-
infection using water with adjusted
acidity and alkalinity levels;

« application of photoresist; produc-
tion volume plays an important role
here, and depending on production
scale, different photoresist applica-
tion methods may be selected; several
well-established and similar applica-
tion methods exist, which also differ
depending on the type of photoresist
and specific production conditions;

» development of the photoresist; there is
experience in using serial conveyor-type
photoresist development lines with full
recirculation of process solutions and
complete regeneration of all consum-
ables, water, and chemical reagents;

» high-speed jet electrochemical nick-
el plating (2—-3 microns thick). This
type of electrochemical coating is the
subject of a separate invention and is
currently under development in elec-
tronics and microelectronics manu-
facturing technologies. The main dis-
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tinguishing features of this invention
include rotating anodes located in a
plane parallel to the metallized surface
and containing soluble elements with-
in the working volume in front of the
injection plate; an extremely small dis-
tance between the anode plane and the
cathode (metallized surface); injection
of electrolyte through the injection
plate of the anode module perpendicu-
lar to the metallized surface (cathode).
In this configuration, the metallization
rate is ten times higher compared to
conventional metallization;

» high-speed jet electrochemical cop-

per plating (25—35 microns thick).
This type of coating is similar to nickel
plating and has the same distinguish-
ing features, but is fundamentally new
and requires additional explanation.

It can be stated that this type of coating
and its sequential technological processing
is, to a certain extent, a technological phe-
nomenon. Since this technological phenom-
enon forms the main fundamental difference
and provides a set of significant advantages
of the method, it is necessary to provide an
explanation of this phenomenon.

To qualify all distinguishing features of
this process, the following definition is pro-
posed:

— A complex technical solution is pro-
posed, representing a combination of tech-
nological stages and operations, materials,
and tools, including high-speed jet electro-
chemical deposition — a galvanic process
carried out directly in the metallization zone
under specific conditions with the following
distinguishing features and technological
characteristics.

— First of all, a clear definition of the na-
ture of the formed electrolyte flow is required.
It is initially defined that the metallization
process is carried out in a selectively oriented
electrolyte flow, in which the electrolyte is di-
rected and injected onto the metallized sur-
face, while the electrolyte flow rate is strictly
controlled in order to eliminate negative edge
effects on the cathode (the coated surface).

— It is also defined that the metallization
process is carried out in a directed electrolyte
flow, with the direction of the electrolyte jets
being perpendicular to the metallized surface.

Section 5. Technical sciences in general

— It is further defined that the metalliza-
tion process is carried out using a constant
regenerative electrolyte recirculation system.

The recirculation system includes:

1. A container with electrolyte having

specific operating parameters, such
as:

» defined nickel and copper concentra-
tion values ensuring maximum effi-
ciency and optimal deposited layer
density without edge effects and with
uniform thickness across the entire to-
pology of the RITM board;

« defined electrolyte temperature val-
ues;

« defined electrolyte acidity or alkalinity
values;

« defined electrolyte density values;

+ defined electrolyte electrical conduc-
tivity values.

It should be particularly noted that due
to the advantages of this technology, there is
no need to use organic additives or activating
materials, which significantly simplifies the
electrolyte recirculation processes.

At the present time, the project is at a
stage of readiness corresponding to the man-
ufacturing and completion of the first stage
of production testing of an industrial proto-
type of the product — a device for dynamic
mixing of heterogeneous components of fuel
mixtures and their subsequent activation.

There is one specific feature that must be
analyzed in order to ensure the required level
of online interaction between all components
and structural elements of the system. To en-
able participation in processes and technol-
ogies with active monitoring of qualitative
aspects of processes and materials, as well
as sufficiently high-speed automatic control
and management systems, it is necessary, in
addition to devices for dynamic online mix-
ing and homogenization of process fluids in
real time, to use high-speed electronic boards
whose performance is comparable to that of
modern computer motherboards.

For systems that are controlled and man-
aged within standard aerial survey processes,
the performance requirements are even more
stringent. Such electronic boards include,
first of all, the so-called RITM boards man-
ufactured using dimensional selective metal
etching technology.
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The main distinguishing feature of such
boards is that a steel strip made of special
steel containing aluminum (38KhMYuA
steel) is used as the base carrier material.
The thickness of such a strip is only 50 mi-
crons, which makes it possible, compared to
conventional carriers made of getinax or fi-
berglass laminate, to significantly reduce the
distance between structures on both sides of
the board.

Since the manufacturing process of such
boards differs significantly from conven-
tional printed circuit boards, it is advisable
to consider this specific technology in more
detail. The technological stages for manu-
facturing such boards should be considered
taking into account all features and specific
differences.

To manufacture such boards, the follow-
ing operations must be performed:

« preparation of the surface of the steel
strip (coil) (instead of steel, a met-
al strip may be used if it provides the
properties and characteristics equiva-
lent to steel grade 38KhMYuA); during
surface preparation, it is advisable to
use reagent-free technologies and dis-
infection using water with adjusted
acidity and alkalinity levels;

» application of photoresist; produc-
tion volume plays an important role
here, and depending on production
scale, different photoresist applica-
tion methods may be selected; several
well-established and similar applica-
tion methods exist, which also differ
depending on the type of photoresist
and specific production conditions;

» development of the photoresist; there
is experience in using serial convey-
or-type photoresist development lines
with full recirculation of process solu-
tions and complete regeneration of all
consumables, water, and chemical re-
agents;

» high-speed jet electrochemical nick-
el plating (2-3 microns thick). This
type of electrochemical coating is the
subject of a separate invention and is
currently under development in elec-
tronics and microelectronics manu-
facturing technologies. The main dis-
tinguishing features of this invention

Section 5. Technical sciences in general

include rotating anodes located in a
plane parallel to the metallized surface
and containing soluble elements with-
in the working volume in front of the
injection plate; an extremely small dis-
tance between the anode plane and the
cathode (metallized surface); injection
of electrolyte through the injection
plate of the anode module perpendicu-
lar to the metallized surface (cathode).
In this configuration, the metallization
rate is ten times higher compared to
conventional metallization;

» high-speed jet electrochemical cop-

per plating (25-35 microns thick).
This type of coating is similar to nickel
plating and has the same distinguish-
ing features, but is fundamentally new
and requires additional explanation.

It can be stated that this type of coating
and its sequential technological processing
is, to a certain extent, a technological phe-
nomenon. Since this technological phenom-
enon forms the main fundamental difference
and provides a set of significant advantages
of the method, it is necessary to provide an
explanation of this phenomenon.

To qualify all distinguishing features of
this process, the following definition is pro-
posed:

— A complex technical solution is pro-
posed, representing a combination of tech-
nological stages and operations, materials,
and tools, including high-speed jet electro-
chemical deposition — a galvanic process
carried out directly in the metallization zone
under specific conditions with the following
distinguishing features and technological
characteristics.

— First of all, a clear definition of the na-
ture of the formed electrolyte flow is required.
It is initially defined that the metallization
process is carried out in a selectively oriented
electrolyte flow, in which the electrolyte is di-
rected and injected onto the metallized sur-
face, while the electrolyte flow rate is strictly
controlled in order to eliminate negative edge
effects on the cathode (the coated surface).

It is also defined that the metallization
process is carried out in a directed electrolyte
flow, with the direction of the electrolyte jets
being perpendicular to the metallized sur-
face.
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It is further defined that the metallization
process is carried out using a constant regen-
erative electrolyte recirculation system.

The recirculation system includes:

A container with electrolyte having spe-
cific operating parameters, such as:

+ defined nickel and copper concentra-
tion values ensuring maximum effi-
ciency and optimal deposited layer
density without edge effects and with
uniform thickness across the entire to-
pology of the RITM board;

+ defined electrolyte temperature values;

« defined electrolyte acidity or alkalinity
values;

« defined electrolyte density values;

» defined electrolyte electrical conduc-
tivity values.

It should be particularly noted that due
to the advantages of this technology, there is
no need to use organic additives or activating
materials, which significantly simplifies the
electrolyte recirculation processes.

« amethod for summation of the kinetic
energy of liquid and gaseous working
media flows during their dynamic mix-
ing in a hermetically sealed volume;

« a system consisting of a method and
a device for increasing the turbulence
level in a gaseous working agent flow
through geometric structural transfor-
mation of the flow cross-section and
an increase in its linear velocity;

« a method and a device for forming an
annular low-pressure zone in a pneu-
matic pipeline;

« a method and a device for converting
a directed liquid flow into a directed
aerosol flow;

 a device for separating liquid and gas
flows before mixing and combining
them after mixing;

 a device for separating liquid and gas
flows before mixing and combining
them after mixing into a vortex flow;

« a method and a device for forming a
double low-pressure zone in a hydrau-
lic pipeline when connected to a pneu-
matic pipeline;

« a method and a device for connecting
hydraulic and pneumatic flows during
their dynamic mixing;
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« amethod and a device for changing the
direction of movement of the working
agent flow in a pipeline.

All of the listed solutions collectively
make it possible to form a number of gener-
al technological solutions, which in turn are
part of integrated solutions within the spec-
ified technology and its application variants.

These solutions include:

« amethod and a device for preliminary
mixing of liquid fuel components in a
fuel pipeline.

The algorithm and logistics of the proj-
ect development process for integrating a
device for dynamic mixing of fuel compo-
nents into fuel supply systems of thermal
equipment, including boilers of all types,
are considered. For boiler applications, the
device must include a nozzle to ensure a
higher level of compatibility with fuel sup-
ply systems to the combustion chamber or
burner. The development of the nozzle is
one of the components of the project. At the
same time, the device itself may be present-
ed as a standalone product or as a compact
burner. This applies equally to boilers that
use diesel fuel as well as boilers that use
natural gas as fuel.

All variants and working versions of the
device and its application technology may be
developed simultaneously in parallel.

For devices intended for dynamic mixing
of fuel components in which liquid fuel plays
a dominant role, a number of phenomena
occur that can be described as technological
paradoxes.

The first paradox is that in a pipeline,
with the same cross-section, the same initial
pressure, and the same initial flow rate of an
incompressible liquid component, an annu-
lar vacuum zone is formed without addition-
al energy consumption. This zone acts as a
boundary between the incompressible liquid
and the compressible mixture of this liquid
with gas, in this case air.

The second paradox is that within the
same pipeline, the liquid entering the pipe-
line changes its physical properties from an
incompressible working medium to a com-
pressible working medium.

The third paradox is that at the point
where the flow changes its physical proper-
ties, the liquid and gaseous component flows
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are coaxial, with the liquid component flow
surrounding the gas component flow.

The fourth paradox is that in the zone
that forms the boundary between the in-
compressible part of the flow and the com-
pressible part of the flow, deep rarefaction or
vacuum occurs under conditions where two
coaxial flows each create an annular rarefac-
tion zone, one created by the incompressible
liquid flow and the second created by the
compressible air flow. Both zones are coaxi-
al, and the flow thickness in these zones does
not exceed 100 micrometers for the liquid
and 25 micrometers for the gas. The linear
velocity in each of the flows in the rarefaction
zone exceeds 100 meters per second, without
the use of any additional energy sources.

The fifth paradox is that the mixture flow
accumulates the kinetic energy of the flows of
all components, and the kinetic energy of the
mixture exiting the device exceeds the kinetic
energy of the liquid component entering the
device.

The sixth paradox is that under condi-
tions of deep rarefaction and high linear flow
velocity, in the boundary zone separating the
incompressible liquid region and the com-
pressible mixture region, a large number of
composite fuel capsules are formed — more
than 27 million spherical capsules with a di-
ameter not exceeding 50 micrometers per li-
ter of mixture or fuel composite.

The seventh paradox is that, if neces-
sary, an additional liquid component of the
fuel composite, for example water, may be
drawn into the boundary zone between the
compressible and incompressible parts of
the flow. In this case, no additional energy
is required to draw water into the liquid fuel
flow and mix with it — only the energy of the
liquid fuel flow itself is used.

The application of dynamic mixing tech-
nology for fuel mixture components in vehi-
cle engines corresponds to an original algo-
rithmic model. The technology of preliminary
mixing and activation of fuel mixture compo-
nents includes two main basic variants.

The first variant involves preliminary mix-
ing of gasoline or diesel fuel with the amount
of air necessary for optimal combustion con-
ditions. After mixing, the mixture must be in-
jected into the engine cylinders at the optimal
time in order to avoid engine power losses as-
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sociated with overcoming dead points of the
engine motion conversion mechanism.

Currently, overcoming these losses in an
engine consumes at least 62% and up to 70%
of the fuel. The first variant of modernization
of the internal combustion engine fuel sys-
tem makes it possible to obtain equivalent
engine torque while consuming at least 55%
less fuel compared to currently produced
standard engines.

In terms of distance traveled by a vehicle,
if an engine currently consumes 1 gallon of
fuel per 20 miles, then when using prelimi-
nary dynamic fuel component mixing tech-
nology, the engine should consume 1 gallon
of fuel per at least 40 miles.

Tests of preliminary dynamic mixing
technology in diesel fuel boilers have demon-
strated high efficiency in reducing the con-
centration of toxic substances in exhaust
gases. The reduction should exceed 40%
compared to conventional engines.

Algorithm for Technology Verification

To test the effectiveness of the proposed
technology, it is necessary to equip an inter-
nal combustion engine with a device for pre-
liminary mixing of fuel mixture components,
which must be designed and manufactured
according to the specific parameters of the
particular engine.

The size of the device must be equivalent
to the fuel consumption rate required for en-
gine operation under normal operating con-
ditions.

To connect the device, it is necessary to de-
sign and manufacture injectors that must take
into account the specific features of the engine
and the capabilities of the device for prelimi-
nary dynamic mixing of fuel components.

For testing, a compressor must be pre-
pared that is capable of providing the required
amount of air at the required pressure, as well
as all necessary instruments for measuring
flow rate and pressure in all four compressed
air supply lines to the device, which must also
be designed and manufactured.

Pipelines must be installed from the de-
vice to each engine cylinder, and these pipe-
lines must be equipped with pressure and
flow measurement instruments, as well as
safety valves; this system must be designed
and manufactured.
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An electronic sequential injection control
system for each cylinder must be developed
and manufactured, allowing fuel injection
and ignition to occur at the moment when
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the engine motion conversion mechanism is
not in one of the dead center positions. An al-
gorithm and the necessary software must be
developed for this system.

Figure 2. Product size range: device for online optimization of fuel mixtures
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The engine fuel system must be modified,
manufactured, and installed in order to pro-
vide the ability to control fuel flow rate and
pressure before the device for preliminary
dynamic mixing of fuel components. A fuel
pump with adjustable pressure and flow rate
and the necessary control equipment must
be installed.

Control Parameters

During testing, the following main pa-

rameters must be monitored:

+ engine torque;

« engine operating time at a specified
torque;

» fuel consumption over a controlled
engine operating time at a specified
torque;

« concentration of toxic substances in
exhaust gases (in accordance with en-
vironmental standards);

« auxiliary control parameters are not
significant when comparing test re-
sults of the engine equipped with the
device and the standard engine config-
uration.

Second Variant of the Technology

The second variant differs from the first
in that water is added to the mixture in a pro-
portion of 15% water to 85% organic fuel. In
this case, fuel savings increase by 15%, and
the distance per gallon increases to 46 miles.

Preparation for testing must addition-
ally include the design and manufacture of
a water supply system, which must include
components for water purification, storage,
water supply to the device, and instruments
for monitoring water pressure, flow rate, and
electrical conductivity.

The control parameters fully correspond
to the control parameters in the first variant.
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Abstract

This paper presents a non-contact electromagnetic resonance system for quality control
of liquid products, including liquid food products. The increasing importance of liquid qual-
ity monitoring is driven by global environmental changes, the widespread use of genetically
modified products, and the growing application of chemical fertilizers, all of which introduce
new risk factors affecting product safety and composition. Traditional quality control methods
are often insufficient for modern multicomponent and composite liquid products. To address
these challenges, a sensor system based on magnetic resonance principles has been devel-
oped, enabling advanced, reliable, and technologically relevant liquid quality assessment.
Keywords: Water and liquid product quality control; Electromagnetic resonance quality
monitoring; Magnetic resonance-based sensors; Technical requirements for the technological
measurement principle; Electromagnetic resonance spectroscopy; Genetically modified liquid
products; Composite liquid products; Deep global processes; Liquid food products; Increase
in the use of chemical fertilizers; Alternating electromagnetic field; Vortex electromagnetic
field; Generation of an alternating electromagnetic field in the spatial domain containing the
test sample; Product refinement to the stage of mass production

Technical Requirements for « Simplicity of operation, enabling use
the Measurement Principle by minimally trained personnel or for
« The implementation of the technolog- domestic drinking water quality as-
ical measurement principle shall en- sessment;
sure: « Compact equipment dimensions;
« Low specific cost per measurement; « Integration capability into existing
« High measurement reliability; technological schemes and equipment
complexes;
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« High throughput performance;

« Continuous 24-hour operation capa-
bility;

« High efficiency and high repeatability
of results;

 Capability for simple and reliable au-
tomation;

« Compatibility with disposable tech-
nologies and materials;

« Remote monitoring and remote access
to monitoring results;

« Comparative assessment of process
and water quality based on a limited
number of technological indicators.

Product Description
The product based on the application is:

Water Quality RST-SENSOR

The product consists of a pipeline section
with a resonance sensor mounted on its ex-
ternal surface and threaded fittings at both
ends for connection to existing pipelines.

A sensor cable is designed for connection
to a control and analytical unit or to an in-
tegrated pipeline management and control
system.

Size Range

 Pipeline diameters from 1/8 inch to
4 inches - equipped with annular
Sensors;

« Diameters above 4 inches — equipped
with sector-type sensors;

« Manufactured from various structural
materials.

Key Technical Requirements
Measurement Accuracy
The device shall detect variations in
chemical composition equivalent to concen-
trations of 0.000001 mg/L.
4.2 Simplicity of Design
Only standard or mass-produced compo-
nents and materials shall be used.
The product shall consist entirely of stan-
dard pipeline fittings, ensuring:
 High reliability;
« Maintainability;
« Low manufacturing cost;
» Production without specialized tech-
nological equipment.
Reliability and Durability

Section 5. Technical sciences in general

o Mean time to first failure > 10,000

hours;

« Operational lifetime > 10 years.

Complete Non-Contact Measure-
ment

No direct contact with the measured liquid.

Sensitivity shall not decrease with a di-
electric barrier up to 2.5 mm between the
sensing element and the liquid.

Integration Capability

Compatible with:

« Industrial process lines,

« Boilers and steam systems,

« Municipal water networks,

« Agricultural irrigation systems,

« Industrial water supply systems.

Low Energy Consumption

Total power consumption shall not ex-
ceed 50 W.

Aggressive and Toxic Liquids

Materials shall permit monitoring of ag-
gressive and toxic liquids.

Ultra-Pure Liquids

Materials shall not contaminate or de-
grade when exposed to ultra-pure liquids.

Automation Compatibility

Sensor signals shall be compatible with
commercially available industrial and agri-
cultural control processors.

Autonomous Operation

The device shall operate independently
without integration into centralized control
systems.

The device may also function as a lev-
el sensor, without structural modification
from the water quality control configuration.

The fundamental structural and techno-
logical principles of the product architecture
have been developed.

A baseline universal prototype has been
manufactured.

A cycle of preliminary testing has been
conducted.

The universal prototype has been refined
based on the results of preliminary testing.

Materials for a patent application have
been prepared.

A patent and licensing protection strategy
for the technology has been developed.

Activities Required for
Transition to Mass Production
and Market Deployment
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To advance the product to mass produc-
tion and the active marketing phase, the fol-
lowing activities shall be completed:

Development of initial product techni-
cal requirements incorporating feed-
back from potential customers;
Preparation of a formal project techni-
cal specification;

Development of a technical proposal,
including design, fabrication, and test-
ing of product models;

Development of the technical design
phase, including engineering, proto-
type manufacturing, and testing;
Preparation of detailed working design
documentation, including fabrication
and testing of pilot units;

Conformity assessment and certifica-
tion of products in accordance with
applicable standards;

Certification at an accredited stan-
dards institute;

Production of an initial pilot batch;
Pilot industrial operation of the initial
production batch;

Development of a comprehensive mar-
keting strategy;

Preparation of a production and com-
mercialization program for market ad-
aptation;

Development of a warranty and ser-
vice support system,;

Identification of a strategic partner;
Launch of the first phase of active mar-
keting.

Target Industries

Resonance-based devices for non-contact
quality monitoring of water and other liquids
shall be fully suitable for effective operation
in the following industries:

59

Pharmaceutical industry;
Microbiological industry;
Semiconductor manufacturing;
Microelectronics;

Power generation, including nuclear
power plants;

Industrial HVAC systems;

Water treatment and purification
across industrial, residential, and pub-
lic infrastructure;

Fine chemical production;

Cosmetic manufacturing;
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Production of alcoholic and non-alco-
holic beverages;

Food processing industry;
Greenhouse agriculture;

Agricultural irrigation systems;
Electroplating and electrochemical
production;

Oil extraction and production.

Mass-Market Products Resulting

from Project Completion

The project is expected to result in the fol-
lowing commercially scalable products:

Household drinking water purity indi-
cator;

Industrial water purity indicator;
Pipeline-sensor for non-contact con-
ductivity monitoring of liquids, based
on industrial PVC pipeline compo-
nents;

Operating diameters: 1/16; 1/8; 1/4;
3/8;1/2;3/4;1; 1-1/4 inches and in-
creasing in 1/4-inch increments up to
4 inches;

Designed for integration into automat-
ed industrial control systems;
Pipeline-sensor for non-contact lig-
uid conductivity monitoring, based
on polypropylene industrial pipeline
components;

Operating diameters as
above;

Designed for integration into automat-
ed control systems;

Autonomous pipeline-sensor for lig-
uid conductivity monitoring, based on
PVC industrial components;
Operating diameters as
above;

Autonomous pipeline-sensor for lig-
uid conductivity monitoring, based on
polypropylene industrial components;
Operating diameters as specified
above;

Pipeline-sensor systems as described
above, manufactured using polycar-
bonate industrial pipeline compo-
nents;

Pipeline-sensor systems manufac-
tured using Teflon, composite poly-
mer materials, thermosetting plastics,
polymer composites with fillers, and
high-temperature-resistant materials;

specified

specified
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« Sensor systems integrated into au-
tomated control complexes for
non-contact liquid quality monitor-
ing in pipelines exceeding 4 inches in
diameter, manufactured from PVC,
polypropylene, thermally resistant
polymers, or thermosetting plastics;

+ Sensor systems for monitoring liquids
supplied to agricultural irrigation sys-
tems;

« Sensor systems for monitoring liquids
in irrigated agriculture complexes;

+ Sensor systems for monitoring liquids
in greenhouse agricultural complexes;

« Non-contact level sensor systems with
horizontal installation configuration;

1. Non-contact level sensor systems with

vertical installation configuration;

+ Integrated systems combining level
sensing and liquid quality monitoring
functions.

Non-Contact Electromagnetic
Resonance Quality Control
of Liquid Products

Non-contact electromagnetic resonance
quality control of liquid products, includ-
ing liquid food products, represents one of
the advanced smart technologies attracting
significant interest from entrepreneurs and
technical specialists.

The quality of liquid products — partic-
ularly liquid food products — has become
critically important due to ongoing glob-
al processes, including climate change, the
widespread use of genetically modified prod-
ucts, and additional risk factors such as the
continuous increase in the application of
chemical fertilizers.

As technologists emphasize, traditional
quality control methods are no longer suffi-
cient for monitoring modern composite and
multicomponent food products.

To enable liquid quality control at a level
consistent with contemporary technological
requirements, a sensor system operating on
magnetic resonance principles has been de-
veloped.

Physical Principle of the Method

The method is based on the generation
of an alternating electromagnetic field in the
spatial domain where the test sample is lo-
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cated. This field serves as an intermediary
coupling medium between the resonance cir-
cuit and the sample under examination.
The resonance circuit simultaneously acts:
« as an emitter of the electromagnetic
field, and
e as a receiver (sensitive element) de-
tecting distortions introduced into the
field by the test sample.
Even in the absence of a sample, the al-
ternating electromagnetic field generated by
the solenoid represents the superposition of
two electromagnetic fields varying in oppo-
site phase:
1. A field generated by the variation of
magnetic induction in the solenoid
of the sensing element, resulting in
a vortex electric field (Maxwell-Far-
aday equation).
2. A field generated by variation of the
electric field caused by the potential
difference between:
 the most distant turns of the sole-
noid (if the sample is placed inside
the solenoid), or

 the turn closest to the measured
element and the element itself
(if positioned opposite the end of
the solenoid),

3. resulting in a vortex magnetic field
(Ampere’s circuital law with Max-
well’s correction).

Interaction with the Test Sample

Under the influence of the external alter-
nating electromagnetic field, the following
phenomena may be simultaneously induced
in the test sample, depending on its physical
nature:

o Linear conduction currents;

« Eddy conduction currents;

« Linear displacement currents (caused

by dielectric polarization);

« Eddy displacement currents;

« Linear ionic currents;

« Eddy ionic currents (ordered ion mo-

tion).

According to the principle of field super-
position, these induced electrical phenomena
distort the external alternating electromag-
netic field.

These distortions are detected by the so-
lenoid of the resonance sensor.
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Equivalent Electrical Model

The resonance circuit of the sensing ele-
ment responds to these distortions as if addi-
tional electrical components were introduced
into the circuit:

« Additional capacitance,

» Additional inductance,

« Additional resistance.

The combination of these additional ca-
pacitive, inductive, and resistive components
forms an additional impedance introduced
into the system by the test sample.

This additional impedance is the parame-
ter measured by the resonance sensor.

Changes in the resonance circuit parame-
ters result in modifications of its amplitude—
frequency characteristics, specifically:

« Shift in resonance frequency,

« Change in resonance amplitude.

By analyzing the magnitude and nature of
these changes, the impedance characteristics
of the sample can be determined.

Device Design
The magnetic resonance device for water
and aqueous solution quality control consists
of:
+ A pipeline section;
» A ring-shaped sensor mounted exter-
nally on the pipe surface;
« A power supply unit;
« A control, amplification, and signal
identification system.
The system may optionally include
a wireless transmission module for sending
the processed signal to:
+ An operator console,
« A computer display,
« A mobile device.

Calibration and Operation

The system is calibrated using a reference
sample of water or another liquid, taking into
account local operating conditions.

The sensor detects any deviation in the
state of the monitored liquid.

The signal is identified and transmitted to
the operator console, computer monitor, or
mobile device.

The measurement frequency can be con-
figured within the range:

« From one test every 0.1 seconds;

» To one test per minute.

Section 5. Technical sciences in general

Key Sensor Parameters

The primary performance parameters of
the resonance sensor for water quality con-
trol include accuracy and sensitivity.

The principal parameter is sensitivi-
ty, defined as the ability to detect, distin-
guish, and identify variations equivalent to
0.000001 grams per liter (1 pg/L).

Limitations of Conventional
Technologies

In conventional liquid quality control sys-

tems:

« Highly qualified personnel are re-
quired, with labor costs exceeding
USD35 per hour;

« Typically, no more than one test per
day can be performed;

« Between tests, the condition of the lig-
uid remains unmonitored;

« This gap may result in delayed detec-
tion of contamination or system failure;

» The time between fault detection and
corrective action is prolonged due to
lack of continuous monitoring;

» Information transmission is not re-
al-time, thereby increasing the risk of
emergency situations.

Proposed Remote Monitoring Method

The proposed method for remote mon-
itoring of material object parameters in-
cludes:

« Formation of a three-dimensional
spatial system in which the sensing
element surrounds the monitored el-
ement;

« Alignment of symmetry centers of the
cross-sections of both sensing and
monitored elements;

« Stabilization of a uniform gap between
the external surface of the monitored
element and the sensing element;

» Generation of an energy-saturated
spatial region in the form of an alter-
nating electromagnetic field with con-
trolled and adjustable intensity;

« Exposure of the monitored element to
the alternating electromagnetic field
and induction of:

— Linear and eddy conduction currents;

— Linear and eddy displacement cur-

rents,
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— Linear and eddy ionic currents;

+ Identification and comparative analy-
sis of distortions introduced into the
electromagnetic field;

« Perception of these distortions by the
resonance circuit as equivalent addi-
tional electrical components (capaci-
tance, inductance, resistance);

« Measurement of resonance circuit pa-
rameter changes (frequency shift and
amplitude variation);

« Evaluation of the resulting impedance
of the monitored object, reflecting its
state parameters.

Method for Liquids,
Mixtures, and Aerosols

For liquids, liquid mixtures, liquid-gas
mixtures, or aerosols, the method further in-
cludes:

» Enclosing the monitored element with-

in a geometrically stabilizing shell;

« Ensuring concentric alignment be-
tween sensing and monitored ele-
ments;

« Maintaining a stable uniform dielec-
tric gap;

» Generating a controlled alternating
electromagnetic field characterized by
frequency and field intensity;

» Sequential variation of field param-
eters proportional to the number of
components in the material object;

» Sequential measurement of imped-
ance variations corresponding to indi-
vidual components.

The “energy-saturated space” in this con-
text refers to an alternating electromagnetic
field defined by frequency and field strength.

Controlled modulation of this field en-
sures measurement flexibility and high pre-
cision across various material types.

Importantly, the method does not differ-
entiate between:

+ Solid or liquid materials,

+ Liquid or solid mixtures,

» Liquid-gas systems.

Calibration is therefore limited to a mini-
mal number of technological parameters.

Application to Liquid Food Products
From a practical standpoint, non-contact
monitoring of liquid food products suggests

Section 5. Technical sciences in general

that sensor sensitivity and measurement ac-
curacy are strongly influenced by the number
of components within the liquid mixture.

Transitioning, even partially, to multi-
component packaging would significant-
ly reduce the number of components moni-
tored simultaneously, thereby:

+ Increasing measurement accuracy;

« Improving reliability;

« Enabling practical implementation of

non-contact measurement technology.

Multicomponent Packaging Concept

Advanced designs of dual-component

plastic packaging have been developed, along
with non-contact measurement methodology
compatible with smart home infrastructure
modules.

The bottle design consists of two coaxial cy-

lindrical chambers of identical outer diameter.

When placed inside a vertical or horizon-

tal solenoid sensor:

« Independentintegral amplitude values
can be measured for each chamber;

» Laboratory reference amplitude values
are determined for each liquid;

« At points of sale or storage, measured
amplitude values are compared with
reference values.

Deviation indicates:

+ Contamination,

 Structural degradation,

« Fermentation processes,

« Biological decomposition.

Operational Advantages
Because the monitoring process does not
require specialized training;:
« Any operator can perform quality
checks;
+ Continuous monitoring becomes feasi-
ble;
« Product safety increases;
» Consumer quality of life improves with-
out substantial capital investment.
+ Experimental Validation
To demonstrate feasibility, experimental
laboratory equipment was developed.
Ionized water was used as the monitored
medium.
To ensure samples differed only in pH level:
« Preparation was performed in a flow-
through electrochemical reactor;
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» Municipal water (mineralization ap-
proximately 40 mg/L, San Francisco)
was ionized;

» The flow was divided into two parallel
streams:

— One acidic,
— One alkaline.

This configuration allowed controlled
testing of sensor sensitivity to compositional
changes.

In order to additionally track the influ-
ence of water layer thickness on the result,
the sensor was immersed in communicating
cylindrical vessels whose diameters differed
by a factor of two.

As demonstrated by the tests and mea-
surements, the amplitude in the measured
samples of the same water, with a pH level
of 3 units and an alkalinity level of 11 units
(with equal initial mineralization of 40 milli-
grams), differed by 1000 millivolts.

Section 5. Technical sciences in general

This simple experiment proves the possi-
bility of monitoring even the smallest chang-
es in the condition of liquids in each of the
chambers of a two-component package.

The obtained sensor sensitivity makes it
possible to detect, during monitoring, chang-
es not only in each component separately,
but also to track the slightest variations in the
components through their sequential com-
parison with each other.

Such a comparison method makes it pos-
sible to predict potential variations in the
qualitative composition of the mixture ob-
tained after mixing both components.

Thus, it becomes entirely realistic to con-
clude that, in order to increase the level and
accuracy of detection and identification of
even the smallest changes in the quality of
water and liquid food products, it is advisable
to use multicomponent packaging for storage,
transportation, and effective mixing prior to
consumption.
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Abstract

This article examines contemporary approaches to the implementation of cloud technolo-
gies in the “1C: Enterprise” system for organizing registry services in banking and enterprise
environments. The architectural features of cloud-based solutions are analyzed, including Soft-
ware as a Service (SaaS), web client, and thin client models. The study identifies the principal
directions of cloud technology deployment: within an enterprise, within a holding structure,
for client-facing services, and in the web services model. Practical aspects of implementation
are demonstrated through examples of XML-based data exchange and web service integration.
The results confirm that the adoption of cloud technologies significantly enhances management
efficiency, reduces operational and infrastructure costs, and ensures scalability and flexibility
of information systems.
Keywords: cloud technologies, 1C: Enterprise, SaaS, web client, thin client, ERP, information
systems

Introduction

Increasing enterprise profitability, improv-
ing personnel efficiency, and establishing an
optimal management structure are among the
primary objectives of modern management
systems. In conditions characterized by uncer-
tainty, volatility, and risk, decision-makers are
required to process large volumes of hetero-
geneous data while maintaining control over
multiple financial and operational units.

To address these challenges, corporate
information systems (CIS) are widely em-
ployed. One of the most prominent solu-
tions is the “1C: Enterprise” system, which
provides comprehensive automation of
accounting processes, enterprise resource
planning (ERP), and analytical support
for managerial decision-making (Mell, P.,
Grance, T., 2011; Laudon, K., Laudon, J.,
2020).
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The “1C: Enterprise” system extends be-
yond traditional accounting automation by
enabling the management of material flows,
human resources, procurement, production
processes, and product distribution. Addi-
tionally, it supports the generation of regula-
tory reports required by supervisory authori-
ties (Laudon, K., Laudon, J., 2020).

The current stage of information technol-
ogy development is characterized by the rapid
expansion of cloud computing technologies,
which provide remote access to computing
resources, storage systems, and software ap-
plications via the Internet. These technologies
play a critical role in the digital transformation
of enterprises and public sector organizations
(Silberschatz, A. 2018; Erl, T., 2013).

Essence of cloud technologies

Cloud computing represents a model for
delivering computing resources as services
over a network, typically the Internet or a pri-
vate local network. In this paradigm, users
access applications, data, and computation-
al resources remotely through standardized
interfaces without the need for local installa-
tion or maintenance (Silberschatz, A. 2018;
Pressman, R. 2014).

According to the definition provided by
the National Institute of Standards and Tech-
nology (NIST), cloud computing is character-
ized by the following essential features (Mell,
P., Grance, T., 2011):

» on-demand self-service;

» broad network access;

 resource pooling;

« rapid elasticity and scalability;

« measured service (pay-as-you-go

model).

Within this framework, the user device
functions primarily as a terminal interface,
while core processing and data storage op-
erations are performed on remote servers
or distributed data centers (Tanenbaum, A.
2007; Pressman, R., 2014).

Use of cloud technologies in

the “1C: Enterprise” system
The integration of cloud technologies into
the “1C: Enterprise” system ensures platform
independence, allowing users to access the
system regardless of operating system or de-
vice type. The computational workload is ful-
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ly handled by the server infrastructure, while
users interact with the system through web
browsers or client applications (Erl, T. 2013;
Armbrust, M. et al. 2010).
The system supports several advanced
features, including:
» database access via HTTP/HTTPS
protocols;
« data exchange using FTP and web ser-
vices;
« web client operation without local in-
stallation;
« support for a large number of concur-
rent users;
« multitenancy (shared infrastructure
for multiple users);
« SaaS-based deployment models (Arm-
brust, M. et al. 2010; Stair, R., Reyn-
olds, G. 2018).

Cloud technologies within
an enterprise

The internal cloud model allows em-
ployees to access enterprise systems from
any location using standard web browsers.
Authentication is performed via server ad-
dress, login credentials, and secure access
protocols.

In addition to internal personnel, access
can be granted to external stakeholders such
as suppliers and contractors, significantly ex-
panding system functionality and collabora-
tion capabilities (Erl, T. 2013).

The thin client model is also widely used,
where users run a lightweight application
that connects to a centralized server infra-
structure.

Practical example: XML and
Web services integration

XMLHTTP.Open(“POST”, Address,
False);

XMLHTTP.Send(XMLText);

ResponseString = XMLHTTP.Response-
Text;

This mechanism enables automated data
exchange between distributed systems, al-
lowing real-time retrieval and processing of
information.

Advantages:

« ability to use low-performance hard-

ware;

« enhanced mobility of employees;
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« simplified integration of external us-
ers and partners (Armbrust, M. et al.
2010).

Case study: Azoarsu (Azersu)

In the Azorsu enterprise, cloud technol-
ogies are actively used to automate water
consumption accounting and operational
processes in accordance with digital transfor-
mation strategies (Mell, P., Grance, T. 2011;
Laudon, K., Laudon, J. 2020).

Scenario:

« employees collect meter readings via

mobile devices;

 data is transmitted through a web cli-

ent to the “1C” system;

 centralized processing is performed on

cloud servers.

Results:

« ereduction of data entry errors (Press-

man, R., 2014);
» eincreased operational efficiency (Lau-
don, K., Laudon, J. 2020);

« eelimination of paper-based work-

flows.

Cloud technologies within
a holding structure

In holding organizations, cloud technol-
ogies enable centralized data management
and significant cost reduction. Instead of
maintaining separate databases for each di-
vision, a unified information system is imple-
mented and accessed via cloud infrastructure
(Stair, R., Reynolds, G., 2018).

Advantages:

» reduced maintenance and support

costs;

 centralized system updates;

« unified information space across all

divisions.

For geographically distributed enterpris-
es such as Azorsu, centralized cloud databas-
es ensure consistency and transparency of
data across regions.

Cloud technologies for clients
Cloud-based systems provide clients with
direct access to enterprise services via the
Internet, eliminating the need for software
installation.
Advantages:
o ease of access;

Section 5. Technical sciences in general

« global availability;
« improved customer engagement and
interaction (Turban, E., 2015).
Example: Customer self-service
portal

SaaS-based client platforms
enable users to:

o check account balances;

« perform online payments;

« submit meter readings.

Such systems are typically built on mod-
ern web technologies and RESTful APIs
(Fielding, R., 2000).

Results:

« increased customer satisfaction (Tur-

ban, E., 2015);
» reduced workload on operational de-
partments (Pressman, R., 2014).

Operation in Web services
model (SaaS)

The SaaS model allows users to access
software as a service without owning the
infrastructure. All technical operations are
managed by the service provider.

Provider Responsibilities:

« ensuring system availability and up-

time;

« software updates and maintenance;

 data security and protection; backup

and recovery mechanisms.

Advantages:

« elimination of infrastructure costs;

« high accessibility;

« continuous use of up-to-date software

versions (Pressman, R., 2014; Field-
ing, R. 2000).

SaaS and integration with banks

Integration through web services is a fun-
damental component of modern IT ecosys-
tems (Fielding, R. 2000; Papazoglou, M.,
2012).

Example: Payment automation

In Azorsu, payment data is automati-
cally transmitted from banking systems to
the “1C” system via APIs, consistent with
Service-Oriented Architecture (SOA) princi-
ples (Papazoglou, M., 2012).

Results:

« reduction of manual processing opera-

tions (Pressman, R., 2014);
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» increased accuracy of financial data
(Stair, R., Reynolds, G., 2018).

Emergency management
Cloud-based systems enable efficient
monitoring and management of emergency
situations, aligning with the concept of smart
infrastructure (Batty, M. 2018).
Example: Water Supply Incidents
« incident registration in the system;
+ task assignment to mobile response
teams;
 real-time status updates.
Results:
« reduced response time (Batty, M.
2018).;
« improved resource allocation efficien-
cy.

Analytics and forecasting

Cloud platforms support advanced data
analytics and predictive modeling, consistent
with Big Data and predictive analytics para-
digms (Provost, F., Fawcett, T., 2013).

Example: Water consumption anal-
ysis

The “1C” system enables:

« forecasting consumption patterns;

+ detecting anomalies;

« analyzing customer debts.

Results:
« optimization of resource usage (Pro-
vost, F., Fawcett, T., 2013).
» reduction of losses and inefficiencies
(Batty, M. 2018).

Discussion

The conducted analysis demonstrates
that the cloud-based implementation of the
“1C: Enterprise” system has multidimen-
sional value. At the technological level, it im-
proves accessibility, scalability, update man-
agement, and integration capacity. At the
organizational level, it supports centralized
control, distributed interaction, and user
mobility. At the economic level, it reduces
infrastructure expenditure and maintenance

Section 5. Technical sciences in general

costs (Erl, T., 2013; Armbrust, M. et al. 2010;
Stair, R., Reynolds, G. 2018).

At the same time, the effectiveness of
cloud implementation depends on the se-
lected deployment model and the operation-
al profile of the organization. The internal
cloud model is most suitable for improving
employee mobility and internal coordina-
tion. The holding cloud model is especially
effective for geographically distributed struc-
tures. The customer cloud model is most rel-
evant for digital service delivery, whereas the
SaaS model offers the greatest reduction in
technical overhead.

From an academic standpoint, the find-
ings confirm that cloud transformation
should not be viewed solely as infrastructure
outsourcing. Rather, it represents a structur-
al reconfiguration of enterprise information
architecture, data flows, and user interaction
logic. This interpretation is particularly im-
portant for registry services connected with
banking operations, where accuracy, inte-
gration reliability, and process continuity are
crucial.

Conclusion

The implementation of cloud technol-
ogies in the “1C: Enterprise” system rep-
resents a strategic direction in the evolution
of corporate information systems. Cloud-
based solutions improve management effi-
ciency, reduce infrastructure and operational
costs, and provide scalability and flexibility.

The study has shown that the main im-
plementation directions may be grouped into
four interrelated models: internal enterprise
cloud, holding cloud, client-oriented cloud
access, and SaaS-based operation. Each of
these models contributes to the digital trans-
formation of enterprise processes in different
ways, while together they form a compre-
hensive architecture for scalable and service-
oriented information management.

The primary models — internal cloud,
holding cloud, client-oriented systems, and
SaaS — offer comprehensive capabilities suit-
able for organizations of different sizes and
structures.
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Abstract

The evolution of cockpit design has historically followed a trajectory from purely mechani-
cal instrumentation toward integrated digital environments and increasingly automated flight
management systems. Yet, the cognitive and physiological limitations of pilots remain decisive
in shaping aviation safety and efficiency. Neuroadaptive interfaces represent a novel paradigm
that integrates real-time monitoring of neural, ocular, and psychophysiological signals into
adaptive cockpit systems capable of dynamically adjusting displays, workload distribution, and
control modalities. This article explores the emerging horizon of aviation ergonomics where
human-machine interaction is redefined through neuroadaptive technologies. By synthesiz-
ing findings from cognitive neuroscience, human factors engineering, and applied aviation
research, the paper highlights both the promises and challenges of embedding neuroadaptive
systems into future cockpits. The discussion underscores technical architectures, adaptive dis-
play logic, experimental validation, and ethical implications, while emphasizing the role of these
systems in augmenting situational awareness, mitigating fatigue, and preventing human error.
Keywords: neuroadaptive interface; cockpit design; aviation ergonomics; brain—computer
interface; adaptive display; cognitive workload; pilot—automation interaction

The modern flight deck is an ecosystem
where human cognition is in continuous ne-
gotiation with a dense web of information
flows. Over decades, cockpit design has been
optimized to improve readability, reduce re-
dundancy, and integrate automation, yet in-
cidents continue to reveal that human error
is the dominant factor in aviation accidents.
While automation has reduced pilot work-
load in certain domains, it has simultane-
ously introduced new vulnerabilities, such as
automation complacency and loss of manual

69

flying skills (Gateau, T., Durantin, G., Lance-
lot, F., Scannella, S., & Dehais, F., 2015).

At the core of neuroadaptive design lies
the continuous measurement of signals that
reflect the pilot’s mental state. Electroen-
cephalography (EEG) provides real-time data
on attentional focus, workload, and fatigue.
Eye-tracking allows detection of scan pat-
terns, fixation durations, and micro-saccades
that correlate with situational awareness.
Heart rate variability and galvanic skin re-
sponse contribute additional dimensions
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of psychophysiological monitoring. By fus-
ing these multimodal signals, adaptive sys-
tems can infer states of overload, underload,
stress, or disengagement. Instead of present-

Section 5. Technical sciences in general

ing information in a static format, the cockpit
could dynamically restructure displays, high-
light critical parameters, or even modulate
levels of automation support.

Figure 1. Conceptual diagram of a neuroadaptive cockpit
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This conceptual framework moves beyond
earlier generations of adaptive automation,
which relied primarily on task performance
metrics. Traditional adaptive systems could
alter autopilot engagement based on flight
phase or operator input, but they lacked di-
rect access to the pilot’s cognitive condition.
Neuroadaptive systems provide this missing
link by sensing workload directly.

For example, if EEG analysis indicates
an elevated theta—beta ratio associated with
fatigue, the interface could increase the sa-
lience of auditory alerts or delegate routine
monitoring tasks to automation (Parasura-
man, R., & Wickens, C. D., 2008). Conversely,
if eye-tracking reveals diminished scanning
of engine parameters during high workload
phases, the display could reconfigure to fore-
ground critical indicators.

The ergonomic implications of this tran-
sition are profound. Human—machine inter-
action in aviation has historically oscillated
between two poles: the pilot as master of the
machine and the pilot as supervisor of au-
tomation. Neuroadaptive interfaces propose
a third model: the cockpit as an intelligent
partner attuned to the pilot’s mental state.
In this partnership, responsibility is neither
entirely human nor entirely automated but
dynamically shared (Van de Merwe, K., van

Pilot Feedback Loop

Dijk, H., Zon, R., 2012). This can mitigate
two recurrent sources of risk — information
overload and loss of engagement. By reduc-
ing unnecessary visual clutter when work-
load is high, and by reintroducing mean-
ingful manual engagement when workload
is low, neuroadaptive systems can keep the
operator within an optimal performance en-
velope.

Technically, the implementation of such
systems requires robust signal processing
pipelines. EEG signals in a cockpit environ-
ment are susceptible to noise due to motion,
muscle artifacts, and electromagnetic in-
terference. Advances in dry electrode tech-
nology and adaptive filtering algorithms
are critical enablers (Borghini, G., Arico,
P., Di Flumeri, G., Colosimo, A., Bonelli, S.,
Golfetti, A., & Babiloni, F., 2015). Similar-
ly, eye-tracking must operate reliably under
variable lighting, head movements, and the
use of oxygen masks or visors. Sensor fu-
sion algorithms integrate these diverse sig-
nals to produce stable estimates of cognitive
workload. Machine learning models trained
on large datasets of pilot performance play
a central role in calibrating the interface
to individual users, accounting for inter-
individual variability in physiological base-
lines.
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Figure 2. Adaptive display logic illustrating transitions between high workload,
optimal workload, and low workload states, and corresponding cockpit adaptations
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Vision-based technologies, and eye-track-
ing in particular, present a uniquely advanta-
geous option. Eye trackers can be integrat-
ed directly into cockpit panels, they provide
non-intrusive and real-time measures of
gaze behavior, and over the past decade they
have become reliable, affordable, and widely
available (Borghini, G., Arico, P., Di Flumeri,
G., Colosimo, A., Bonelli, S., Golfetti, A., &
Babiloni, F., 2015). The scientific rationale is
grounded in the nature of human vision it-
self. Because the highest acuity is limited to
the foveal region, the eyes constantly move
across the visual field. Fixations, where gaze
remains relatively stable and information is
acquired, alternate with saccades, the rapid
jumps that shift attention. The sequence of
these oculomotor events provides a window
into the allocation of attention, perceptual
encoding, and decision-making strategies.
Eye-movement research in aviation dates
back to the pioneering simulator studies of
Fitts in the 1950s, who observed that expe-
rienced pilots demonstrated shorter fixations
and more efficient instrument sampling pat-
terns than novices. At that time, the technol-
ogy required complex apparatus and labori-
ous manual analysis. Today, with lightweight
cameras and automated processing, the
method can be applied seamlessly in simula-
tors and even in operational aircraft.

The integration of gaze analysis into avi-
ation is commonly conceptualized in four

successive stages, each representing a deeper
embedding of the technology into training, in-
vestigation, and operational adaptation. The
first stage is the use of gaze data in training
and performance analysis. The second in-
volves the systematic recording of pilots’ gaze
on board as part of the flight data infrastruc-
ture. The third envisages real-time adaptation
of the flight deck displays and alerts accord-
ing to ongoing gaze allocation. The fourth and
most ambitious stage extends to gaze-based
aircraft adaptation, where the automation it-
self can intervene or modify configuration on
the basis of pilot attentional states.

In the first stage, gaze recording serves
as an objective measure of skill, a tool for
example-based learning, and a basis for de-
briefing (Baldwin, C. L., & Penaranda, B. N.,
2012). Across domains as diverse as radiology,
chess, and surgery, experts have been shown
to rely on shorter fixations and more targeted
scanning strategies. The same holds in avia-
tion, where novice pilots typically waste time
attending to irrelevant instruments, while ex-
perts concentrate on the few parameters that
matter most in each flight phase. Empirical
studies in helicopter navigation have quan-
tified this expertise effect: each additional
thousand hours of flight experience was asso-
ciated with reduced dwell times and more ef-
ficient transitions between map and external
view (Jetzek, T., Bender, M., & Helmert, J. R.,
2021). In experimental settings, pilots who
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successfully diagnosed malfunctions directed
their gaze toward the cues most relevant to
the fault, whereas unsuccessful pilots over-at-
tended to less diagnostic indicators. This phe-
nomenon has been described as an “informa-
tion reduction strategy,” where experts learn
to filter irrelevant data. By capturing fixation
durations, dwell distributions, and scan path
transitions, trainers can derive quantitative
indices of expertise that complement tradi-
tional evaluations.

The second stage of integration concerns
the systematic recording of gaze on board
as part of flight data collection (Fairclough,
S. H., & Lotte, F., 2020). Modern aircraft al-
ready carry flight data recorders and cock-
pit voice recorders, yet these devices cannot
capture what information the crew actually
perceived. Gaze recording would extend the
“black box” into a truly human-centered data
recorder. Analysis of such records could de-
termine whether a pilot saw a warning but
misinterpreted it, or whether it was never
perceived in the first place. Furthermore,
gaze records allow reconstruction of crew
coordination, since pilots routinely observe
each other’s actions, such as hand move-
ments on levers or buttons. Pointing and
mutual monitoring are key components of
shared situation awareness, and gaze data
provide a trace of these interactions. The
benefit extends beyond investigation: manu-
facturers could use aggregated gaze records
to evaluate the usability of cockpit interfaces
and redesign displays that consistently fail to
attract attention when needed (Prinzel, L. J.,
Freeman, F. G., Scerbo, M. W., Mikulka, P. J.,
& Pope, A. T., 2003).

The third stage represents a shift from
passive recording to active operational use,
where gaze information adapts cockpit in-
terfaces in real time (Lee, J. D., & See, K. A.,
2004). Extensive laboratory research has
demonstrated that eye movements can re-
veal degraded cognitive states: spatial dis-
orientation, fatigue, attentional tunneling,
or surprise when automation behaves unex-
pectedly. They can also signal intention. Pu-
pil dilation and anticipatory fixations have
been shown to predict forthcoming decisions
in navigation tasks. In maritime simulations,
gaze patterns foreshadowed maneuver-
ing choices; in driving, they indicated lane
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change intentions; in nuclear operations,
they disclosed thought processes about sys-
tem states. Translating these findings to
aviation, one can envision flight decks that
monitor gaze allocation and intervene when
critical information is neglected.

Operational incidents underscore the
potential. In 2011, Air France flight AF471,
a Boeing 777-200 on approach to Paris
Charles de Gaulle, suffered from a monitor-
ing breakdown (Baldwin, C. L., & Penaran-
da, B.N., 2012). When the automatic landing
mode disengaged, the pilot flying mistakenly
pressed the wrong switch, while the pilot mon-
itoring focused almost exclusively on flap re-
traction. Neither attended to the attitude indi-
cator or the aircraft’s energy state until a relief
pilot intervened verbally. Eye-tracking could
have detected both the absence of fixation on
pitch attitude and the excessive dwell on flap
configuration. In such a scenario, the system
might have temporarily concealed the flap dis-
play or highlighted the neglected indicators to
redirect attention. Similarly, in 2012, a Skip-
pers Aviation Dash 8-300 descended with
an unsafe sink rate because both pilots con-
centrated on external visual references rather
than vertical speed and altitude (Sumwalt, R.,
Cross, D., Lessard, D., 2015). A gaze-aware
system could have detected the prolonged
external fixation and gently re-engaged atten-
tion toward critical flight parameters.

Implementation of such adaptation re-
quires formalizing rules for each flight phase:
for every instrument, define a maximum per-
missible dwell time and a maximum time
without fixation. If either threshold is violated,
the system issues an adaptive cue — an audito-
ry chime, a transient highlight, or a brief re-
traction of secondary information (Gateau, T.,
Durantin, G., Lancelot, F., Scannella, S., De-
hais, F., 2015). The logic is straightforward:
while looking does not guarantee seeing, not
looking almost certainly precludes percep-
tion. In this way, eye tracking reduces the risk
of “looked but failed to see” and almost elim-
inates “not looked, therefore failed.” Chal-
lenges remain, including prioritizing alerts
to avoid overload and ensuring that interven-
tions are subtle enough not to distract, but the
framework is conceptually clear.

The fourth stage, gaze-based aircraft ad-
aptation, extends the principle from interface
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cues to automation authority (Schmidt, E. A.,
Schrauf, M., Simon, M., Fritzsche, M., Buch-
ner, A., & Kincses, W.E., 2009). The under-
lying problem is the limitation of human
attentional resources. Modern automation
already intervenes in emergencies; for exam-
ple, fighter aircraft perform automatic pull-
up maneuvers if pilots fail to react to terrain
warnings. Gaze integration could allow earli-
er and more context-sensitive interventions.

If the system detects that neither pilot
has monitored altitude or mode annuncia-
tions for a critical interval, and if the aircraft
is trending toward controlled flight into ter-
rain, it could automatically re-engage protec-
tive modes or adjust flight path. Case studies
highlight the relevance. In 2010, Flybe flight
BE1794 descended below cleared altitude af-
ter the crew became distracted by an avionics
fault, failing to notice disengaged autopilot
modes (Sumwalt, R., Cross, D., Lessard, D.,
2015). Only the ground-proximity warning
system prevented disaster. If gaze monitor-
ing had revealed the neglect of altitude and
mode annunciator, the automation might
have restored the modes proactively. A sim-
ilar situation occurred in 2008 with Flybe
flight BEE247S, where the crew failed to
monitor the flight director, descending be-
low glide slope until corrected by air traffic
control (Sumwalt, R., Cross, D., Lessard, D.,
2015). Here too, absence of fixations could
have triggered either an alert (stage III) or an
automated correction (stage IV).

Stage IV, however, poses formidable certi-
fication barriers. Any system capable of over-
riding pilot input must meet catastrophic-
level safety requirements: probabilities of
false intervention must be less than one in
amillion or one in a billion, depending on air-
craft class. Current video-based eye trackers
cannot guarantee gaze capture in all condi-
tions with that level of reliability. Moreover,
false positives, where the system misinter-
prets gaze patterns as neglect, could have
dangerous consequences. For these reasons,
operational deployment of stage IV is unlike-
ly within the next two decades. Nevertheless,
conceptual studies demonstrate how gaze-
based authority could become an additional
safeguard when human monitoring lapses.

Taken together, the four stages trace
a continuum from training enhancement
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through investigative support, operation-
al adaptation, and ultimately integrated
human-machine collaboration (Zander, T. O.,
& Kothe, C., 2011). Each stage relies on spe-
cific methodological foundations. Data are
collected through infrared video trackers,
analyzed by algorithms that detect fixations,
saccades, and dwell distributions. Models
of scan paths across defined zones of inter-
est are used to compare novices and experts,
to quantify attention allocation, or to detect
neglect. Educational applications depend on
eye-movement modeling examples, where
expert gaze patterns are visualized for learn-
ers. Investigative applications require secure
logging architectures and mapping gaze co-
ordinates onto cockpit models. Adaptive
applications involve real-time monitoring
of dwell thresholds and context-dependent
prioritization of parameters. Across all stag-
es, the common theme is that gaze provides
an immediate, continuous, and interpretable
signal of what information pilots attend to,
thereby bridging the gap between mechani-
cal recordings and cognitive states.

While these innovations promise a new
horizon of aviation ergonomics, they also
confront significant challenges. The first is
validation. Laboratory studies have demon-
strated the feasibility of workload classifi-
cation with accuracies exceeding 80%, but
translating these findings into operational
cockpits requires extensive testing in sim-
ulators and in-flight trials (Borghini, G.,
Arico, P., Di Flumeri, G., Colosimo, A., Bonel-
li, S., Golfetti, A., & Babiloni, F., 2015). The
second is ethical and regulatory acceptance.
Continuous monitoring of neural activity
raises questions about data privacy, consent,
and the boundaries of human autonomy. The
prospect of cockpit systems that can predict
lapses in attention or detect fatigue introduc-
es both safety advantages and sensitive ques-
tions about surveillance and responsibility.

From an ergonomic perspective, the ulti-
mate goal is not to reduce the pilot to a pas-
sive subject of monitoring but to enhance the
bidirectional dialogue between human and
machine. Trust is central: pilots must per-
ceive neuroadaptive systems not as intrusive
or punitive but as supportive and transpar-
ent. Achieving this requires careful design
of feedback modalities (Fairclough, S.H., &
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Lotte, F., 2020). For example, subtle visual
cues such as ambient color shifts in display
backgrounds may communicate system ad-
aptation without overwhelming the operator.
Conversely, abrupt reconfiguration of dis-
plays without explanation could undermine
trust and provoke resistance.

The integration of neuroadaptive inter-
faces with next-generation avionics architec-
tures also opens possibilities for broader sys-
temic adaptation. Beyond displays, engine
management, trajectory planning, and com-
munication subsystems could all be modulat-
ed according to cognitive state.

For instance, during high workload
phases such as approach in adverse weath-
er, the system could filter non-critical com-
munications or delay routine checklists until
cognitive capacity is restored. In multi-crew

Section 5. Technical sciences in general

operations, neuroadaptive monitoring could
be extended to both pilots, supporting more
equitable distribution of tasks and identify-
ing when cross-monitoring may be compro-
mised by synchronized fatigue states.

In conclusion, neuroadaptive cockpit
interfaces embody the next logical step in
the evolution of aviation ergonomics. By in-
tegrating cognitive state monitoring with
adaptive system responses, they promise to
harmonize the strengths of human operators
and automated systems. Their successful
adoption will depend on technological ro-
bustness, transparent feedback, rigorous val-
idation, and ethical safeguards. The cockpit
of the future will not merely present data but
will actively shape itself around the pilot, ex-
tending situational awareness and resilience
in the face of complexity.
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Abstract

The article by Vladyslav Meleshko examines the nature and development of innovation
processes in modern scientific, technical, and economic practice. The study considers the in-
troduction of new technologies, the use of new materials, and the replacement of traditionally
accepted production methods with unconventional solutions that contribute to technological
breakthroughs, increased production efficiency, and the creation of new technological capa-
bilities as key components of the innovation process. Particular attention is given to the role of
integrative technologies, which make it possible to determine the temporal and organizational
factors of innovation implementation. The article demonstrates that in recent years the econo-
mies of most industrially developed countries have increasingly acquired an innovation-driven
character, and innovation processes are expanding beyond high technology, microelectronics,
and nanotechnology into classical basic industries such as energy, medicine, transport, and
other fundamental spheres of human activity. Under these conditions, entrepreneurs are re-
quired to continuously search for new ways to improve production efficiency and increase the
competitiveness of products and technologies.
Keywords: technology implementation, innovation breakthrough, composite technical
solutions, technical culture, technological culture, starting position, classical technologies,
basic technologies, nanoscale technologies
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tion of the development of one of the com- thermodynamic cycle.
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which a number of integrative inventions the application of new materials, and the
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replacement of traditionally accepted pro-
duction methods with unconventional ones
that contribute to and constitute an essential
condition for a technological leap or break-
through and for increasing production effi-
ciency are today commonly referred to as the
innovation process.

Figure 1.

This process, under conditions of differ-
ent technical and technological cultures and
different levels of starting positions for initi-
ating the innovation process, may differ sig-
nificantly; however, the urgent necessity for
initiating such a process exists and this fact
does not raise any doubts.

In recent years, the economy in almost
all industrially developed countries has ad-
opted and continues to adopt an increasingly
innovation-oriented character.

If at the initial stage of this process the in-
novation breakthrough had a local character
and was observed mainly in the fields of high
technology, microelectronics, and so-called
nanoscale technologies, today the innova-
tion process is increasingly directed toward
classical, fundamental technologies, energy,
medicine, and transport, that is, it is covering
all fundamental spheres of human activity.

Entrepreneurs, in order to increase the
competitiveness of their products and tech-
nologies, are forced to constantly search for
new ways to increase efficiency, reduce en-
ergy intensity and energy consumption, in-
crease the level of environmental safety, and
ensure economic stability within each indi-
vidual enterprise or company.

New opportunities in the design and ver-
ification of the operability of technical solu-
tions also introduce elements of composite

Section 5. Technical sciences in general

design solutions, and these are becoming the
main criteria for the tools and methodology
of industrial design.

Of particular importance in these process-
es is the full integration of software and tech-
nological solutions, and even more important
is the combination of the output characteris-
tics of digital technologies in harmony with
elements of artificial intelligence and artificial
neural networks. The author of this publica-
tion believes that the most successful in the
processes of full integration are the software
developments of the well-known specialist
Vladyslav Meleshko, which fully meet the
complex requirements for the technical char-
acteristics of new so-called intelligent devices.

Figure 2.

A New Perspective on the
Durability of a New Product

Until quite recently, product durability
was one of the most important criteria deter-
mining its commercial value. At present, with
the constant reduction of the time between
the beginning of the commercialization peri-
od of a new product and the beginning of the
commercialization period of an even newer
product, this time period has become so short
that it is often no longer reasonable, within
the innovation process, to concentrate atten-
tion and spend effort and resources on an ex-
cessive increase in durability that exceeds the
period between the beginning of operation of
the existing product and the market introduc-
tion of a newer or modernized product. Since
this period can differ significantly for different
types of products, the concept of durability
may become blurred over time and, as a goal
of an invention, is not always critical.

There is also another subjective factor of
durability that must be taken into account,
developed by Vladyslav Meleshko. Accord-
ing to his developments, commercial factors,
including the required number of products
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to be manufactured and sold and their actual
market price, are often determined by dura-
bility stereotypes that have formed for differ-
ent types of products. If a technical solution
is found that significantly increases the dura-
bility of a product, this factor may reduce the
quantity of the product required while main-
taining the existing price level that consum-
ers are willing to pay for the product.

This leads to a reduction in sales volumes
for companies manufacturing the product and
puts these companies before a choice: to accept
the innovation or to do everything possible to
block the implementation and commercial-
ization of the innovation. As practice shows,
companies often choose the second option and
block the innovation, and in this process the
only losing party is the inventor, who created
something that is rejected by the market.

A New Perspective on the
Reliability of a New Product

The issue of reliability of a new product
and new criteria for evaluating and calcu-
lating reliability are also undergoing funda-
mental changes. First of all, this concerns
the relationship between reliability and the
warranty obligations of the manufacturer of
a new product to the consumer. Very often,
the costs of fulfilling warranty obligations are
comparable to the cost of the product itself.

Thus, reliability is a factor which, being one
of the achieved goals of an invention, can de-
termine — naturally in combination with other
technical and operational factors achieved as
a result of the implementation of the inven-
tion — the level of commercial success.

In this case, the subjective time factor also
plays an important role, and reliability that
exceeds the actually required service life may
become a negative factor and play a bad role
for the inventor in a situation where a super-
reliable product turns out to be commercially
unprofitable for the manufacturer.

New Opportunities in the
Efficiency of Systematic Search
and Analysis of Prior Technical

Solutions for Novelty Assessment

It is clear that new information technol-
ogies open up new opportunities for the sys-
tematic search for similar solutions during
the development of a technical solution.

Section 5. Technical sciences in general

Let us assume that, during the prelimi-
nary design of a composite structure, we ar-
rive at the need to combine and integrate sev-
eral classical solutions and new technologies
that connect them into a single composition,
for example digital technologies. This rep-
resents one level of horizontal integration.
After that, it may also be necessary to move
to the next level of integration by including
algorithms, software products, and interfac-
es for communication with the previous level
of integration.

How should the search be conducted, in
which directions, and how should this search
be conducted most effectively in order to
identify existing analogues of the created
composition?

It appears that, after determining the cri-
teria for forming the composition according to
the methods of Vladyslav Meleshko, the sys-
tematic search should begin after decomposi-
tion and identification of independent techni-
cal solutions included in the composition.

After this stage of the search, it is advis-
able to select one basic technical solution
and, having conducted a search based on
it, begin to successively add other technical
solutions included in the composition, con-
ducting a sequential search based on the ba-
sic technical solution combined with each ad-
ditional technical solution, and continue this
process until the full composition is formed.

New Opportunities for Assessing

the Usefulness and Feasibility of

Modification and Modernization
of Known Technical Solutions

Very often, what is new is well-for-
gotten old.

Therefore, when setting the task and
making a decision to begin the innovation
process for synthesizing a new product, it is
advisable to check whether any functional el-
ements of the composition that needs to be
invented were previously invented.

If such a solution or an equivalent solu-
tion is found, then the replacement of mate-
rials, the use of new components, and the in-
troduction of digital control and monitoring
systems into the future composition may, in
accordance with the criteria of Vladyslav Me-
leshko’s concept, make it possible to create
a new technological composition that has the
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potential to be integrated into a higher-level
composition.

The Impossibility of Successful
Commerecialization Without the
Formation of Principles of Composite
Modification and Composite Structure
of a New Technical Solution

As practice shows, the possibility of sell-
ing or licensing autonomous technical solu-
tions, if they are not initially linked to sys-
tems or solutions of a higher technological
and functional level, tends to be close to zero.

Inventions of a composite nature, in
which there is at least a conceptual integra-
tion scheme into technological and engi-
neering systems of a higher functional level,
are implemented more confidently and in
a shorter time, since investors, buyers, or
license consumers can see the methodology
and technique of this integration in the de-
scription and in the claims of the integrative
and composite technical solution.

The proposed approaches and methods
form the basis of a compositional style in the
creation of new innovative solutions.

Compositional Technical
Solutions as a Design and
Engineering Methodology
Thus, compositional technical solutions
represent a design-engineering approach to
the development of new technical solutions
with regard to their integration into existing
technological schemes and configurations.
Since the methodology of such integra-
tion can often be unique and possess sub-
stantial novelty, the description and claims of
an invention having a compositional nature,
a multi-level architecture of cause-and-effect
relationships between the components of the
composition, and distinctive features integrat-
ed into the engineering and technological rela-
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tionships of the composition largely determine
the commercial success of these innovations.

Methods and Techniques
for Transition from
a Compositional Foundation
to an Integrative Invention

An engineering and technological com-
position in many cases requires additional,
often fundamentally new, relationships be-
tween the components and elements of the
composition. In other words, even when
a clearly defined engineering and technolog-
ical composition exists in terms of its prop-
erties and structure, in order to transform it
into a finished innovative device or product,
it is necessary to find integration versions
that allow the composition to be incorporat-
ed into the final product, which is integrated
multiple times and at many levels.

The versions of integration may vary sig-
nificantly; the important point is that the
final result of integration, according to the
concept of Vladyslav Meleshko, should be the
achievement of an effect leap or a quality leap
that has no previous precedent.

The Influence of Limitations on the Num-
ber of Patent Claims on the Possibility of Re-
liable Protection of Compositional Technical
Solutions.

Limiting the number of patent claims gen-
erally complicates reliable protection of an
invention; however, a correctly determined
principle of compositional construction may,
on the contrary, strengthen the level and de-
gree of protection.

The ideal case is a system of cause-and-
effect relationships that makes it possible
to obtain the declared effect only within the
proposed system of compositional intercon-
nections with clearly defined conditions and
features determining the composition struc-
ture and the independent functions of each
element of the resulting composition.

Due to limitations of space and claim
structure, it is advisable to include in the
compositional solution only those features
and interrelationships that do not affect the
known independent features and functions of
each element and component of the composi-
tion, but instead arise specifically as a result
of the formation of the composition through
the functional interaction of its components.
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It can be stated that in properly selected
components of a composition, when subor-
dinated within the composition to the con-
ditions and properties of the newly created
technological system, a new integrated sys-
tem of features, interconnections, feedback
mechanisms, and functions arises, which is
possible only within this composition and,
moreover, has a tendency toward further
development and improvement of intra-
compositional relationships.

Adherence to these principles makes it
possible, within a limited number of pat-
ent claims, to concentrate attention only on
the main distinctive features inherent to the
composition, while ensuring the maximum
level of protection and the maximum clarity
of the essence of the invention.

Proposed Structure of an
Independent Patent Claim Based on
a Compositional Technical Solution

As the author of this publication has de-
termined from initial experience and as rec-
ommended by specialists, an independent
claim, in the case where the invention is
a composition, should include at least three
main parts.

The first part contains the formulation of
the commercial essence of the composition-
al invention and should disclose the purpose
and necessity of compositional integration in
order to:

« clearly define the objective of the com-

position;

+ limit the degree of functional relation-
ships within the composition and de-
fine the necessity of each component
for its formation and effective func-
tioning;

« formulate the name of the composition.

The second, limiting part contains all ba-
sic information about the invention as such
and includes the characteristics of all basic
technical solutions inherent in the compo-
nents of the composition which, at the stage
of drafting the claims, are not yet qualified as
containing elements of substantial novelty in
all engineering and technological aspects and
relationships of the composition.

The third, distinguishing part contains
information about the components, their
interconnections, materials, integrative ele-

Section 5. Technical sciences in general

ments, and associated software products and
their basic algorithms, each of which individ-
ually or in any combination creates elements
of substantial novelty for the compositional,
multi-level integrated technical solution.

Proposed Structure of a Dependent
Patent Claim Based on
a Compositional Technical Solution

The limitation on the number of claims
imposes a special mission on each claim
within the overall strategy of formulating and
protecting the novelty of the invention.

Based on this, the second, limiting part
of such a dependent claim should contain all
the basic local and specific information about
the invention as such and include local and
specific characteristics of the basic technical
solutions inherent in the components of the
composition which, at the stage of drafting
the claims, are not yet qualified as containing
elements of substantial novelty in all engi-
neering and technological aspects and rela-
tionships of the composition.

The third, distinguishing part should
contain local, specifically oriented technical
details and elements, information about the
components, their interconnections, mate-
rials, integrative elements, and associated
software products and their basic algorithms,
each of which at the local level, individually
or in any combination, creates local specific
elements of substantial novelty for the com-
positional, multi-level integrated technical
solution.

Proposed Methodology for Designing
Prototypes of Compositional
Technical Solutions

The proposed methodology for designing
prototypes of compositional technical solu-
tions makes it possible to test and verify the
correctness and effectiveness of each innova-
tive element included in the composition.
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Design of a Prototype or
Experimental Model of an
Innovative Compositional Product

The design of a prototype or experimental
model of an innovative compositional product
is most conveniently carried out using a CAD
engineering program and its analytical engi-
neering applications. I prefer the SolidWorks
software product as modified and further de-
veloped by Vladyslav Meleshko, since this tool
makes it possible to build a functional model
of a compositional technical solution and to
perform a control simulation of its operating
cycle without resorting to costly design and
manufacturing of physical prototypes.

Analysis of Identified Analogues
and Prototypes of a New Composition-
al Technical Solution

If, as a result of the search, homogeneous
basic technical solutions are identified that, in
the first approximation, may be considered an-
alogues or prototypes of the intended composi-
tional technical solution, they should be tested
in various variants and combinations of inte-
gration with additional elements and compo-
nents of the composition under consideration.

If information about these prototypes or
analogues is available in digital format, it is
advisable, using the tools of SolidWorks, to
construct models of the identified technical
solutions and perform digital simulations of
the operating cycles of these models in order
to compare them with the corresponding op-
erating cycles of the proposed invention — the
compositional technical solution.

Figure 5.

Section 5. Technical sciences in general

Examples of Compositional
Technical Solutions
Well-known modern products in the
fields of computing technology and commu-
nication systems, including tablet computers
and many other products of both mass and
specialized demand, can serve as examples of
compositional technical solutions.
Uncertainty in the wording of patent ap-
plications covering the complex technical
solutions underlying these products has led
and continues to lead to numerous patent
disputes and patent wars.

Large-Scale Application of Composi-
tional Technical Solutions. A broader ap-
plication of compositional technical solu-
tions and their integrated extensions and
interpretations may reduce the intensity of
conflicts in the field of intellectual property
and may facilitate the promotion of inno-
vative products to the market.
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Among the most well-known composi-
tional technical solutions, the products that
most fully correspond to the concepts de-
scribed above are the smartphones produced
by Apple Corporation, which are now widely

Section 5. Technical sciences in general

Due to their fully compositional and fully
innovative integration into virtually all seg-
ments of the existing information infrastruc-
ture, these highly sophisticated multifunc-
tional devices demonstrate unprecedented

known. commercial success in global markets.
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Abstract

In the modern dynamic business environment, where organizations face the challenges of
a rapidly changing labor market, employee compensation and motivation systems become key
factors for effective performance and sustainable development. The role of public academies
of sciences in the formation of incentive mechanisms aimed at stimulating the accelerated
development of innovative smart technology projects, including those utilizing elements of
artificial intelligence and artificial neural networks in monitoring and control systems, is of
particular importance.

An effective reward system is no longer only a component of personnel policy but also
a strategic tool that shapes corporate culture, increases employee engagement, and motivates
teams to achieve common goals. Such systems also contribute to the development of creative
approaches in project activities, including the use of brainstorming methods, especially in
startup environments, facilitating the achievement of optimal project outcomes.

Awards granted by public academies of sciences play an important role in the professional
development of specialists, as they confirm the scientific significance and novelty of innovative
projects, contribute to expanding access to grants and partnerships, enhance professional pres-
tige, and attract attention to developments in various sectors, including agriculture, information
technology, and medicine. These awards facilitate the integration of innovations into scientific
and industrial practice.

The significance of such awards lies in the official recognition of contributions to science
and technological development, which serves as an incentive for researchers and stimulates
further innovation. In particular, awards of the Russian Academy of Natural Sciences recognize
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scientific and pedagogical achievements, support new directions in science and education, and
promote advanced developments, contributing to the integration of science into practice and
strengthening the authority of national science.

Keywords: Public academies of sciences; Stimulating factor; Incentive for innovation;
Activating factor; Innovative smart technology projects; Control and monitoring systems;
Awards of public academies of sciences for the novelty of innovative projects; Promotion of
advanced developments and their integration into production; Motivation of researchers;
Tangible achievements in the development and implementation of new technologies,
creation of world-class technologies; Stimulation of innovation through public recognition

of achievements.

As examples:

Awards of the Russian Academy of Engi-
neering recognize outstanding contributions
to science and technology, stimulating inno-
vation through the recognition of achieve-
ments in the development of new technol-
ogies, patenting activities, the creation of
high-tech teams, and the training of special-
ists. This enhances the prestige of the engi-
neering profession and contributes to the
technological development of the country.
The significance of these awards lies in high-
lighting real achievements of engineers, mo-
tivating further discoveries, and their impact
on the innovation process is reflected in the
promotion of advanced developments and
their integration into production.

The International Engineering Academy
grants awards for outstanding contributions
to engineering, the creation of new technol-
ogies and patents, as well as for the training
of specialists. These activities stimulate in-
novative development, increase the prestige
of the engineering profession, promote the
implementation of advanced solutions, and
strengthen international cooperation in sci-
ence and technology, which is critically im-
portant for progress. The awards recognize
tangible achievements in the development
and implementation of new technologies,
the creation of world-class engineering solu-
tions, patenting, and the training of engi-
neers, directly influencing the development
of innovation potential.

The All-Ukrainian Public Organization
“Ukrainian Academy of Sciences” unites sci-
entists and industry representatives from var-
ious sectors of the national economy. As the
successor to the Ukrainian Academy of Scienc-
es of National Progress, it has its own anthem,
flag, and other symbols. The main goals and
objectives of the Academy include the study

and generalization of scientific knowledge,
facilitating the fullest possible use of these
achievements in the socio-economic develop-
ment of Ukraine, supporting the development
and reproduction of the intellectual potential
of society, disseminating scientific and techni-
cal achievements, and protecting the common
interests of its members.

As an example, we present a sys-
tem of public stimulation of innovative
activity established within the Inter-
national United Academy of Sciences
(IUAS) and successfully applied in ev-
eryday practice.

Professional awards granted by public
academies of sciences act as a stimulating
and guiding factor in innovation activities,
based on brainstorming methodologies and
integrative, comprehensive solutions that
enable the achievement of an ideal final re-
sult in the implementation of inventions.

Brainstorming, as an integral part of this
process, is a method of generating, propos-
ing, and collectively processing ideas, aimed
at identifying possible solutions to complex
problems within a working or startup team.

The core concept of brainstorming is to
consolidate the efforts of diverse participants
in order to achieve optimal solutions that can-
not be obtained individually. Although this
method can be applied across various fields,
it is primarily used in business environments,
where problem-solving often requires collec-
tive thinking and reinterpretation.

The number of participants in a brain-
storming session may range from a small
group to a large team of several dozen indi-
viduals. Brainstorming can be organized in
various formats: as a formal meeting, a pre-
planned session, or as an informal discussion
in the workplace. In all cases, the primary ob-
jective is to create an open environment that
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encourages the generation of new ideas and
creative approaches to decision-making.

The essence of the brainstorming method
lies in assembling a working group and fo-
cusing on solving a specific problem or gen-
erating new ideas. Initially, the problem must
be clearly formulated so that all participants
understand it and are motivated to engage.
Each participant is encouraged to freely ex-
press ideas, with criticism strictly prohibited
during the ideation phase. The greater the
number of ideas generated, the better. Even
seemingly impractical ideas can lead to inno-
vative or unique solutions.

During the session, participants should
strive for collective collaboration and accu-
mulation of the best ideas. These ideas are
subsequently evaluated and refined to form
a final solution or concept. It should be not-
ed that brainstorming is applicable not only
in business but also in any domain requiring
the development of new ideas.

Group work using the brainstorming
method enables the rapid generation of a wide
range of ideas. Participants with different back-
grounds, education, and perspectives contrib-
ute diverse viewpoints, resulting in a broader
and more innovative set of solutions.

The main advantage of this method is its
high efficiency, achieved by concentrating
multiple perspectives on a single problem in
one place and at one time. Each participant
can propose, develop, or expand upon ideas,
thereby fostering both effective decision-
making and the development of collective
creativity, as well as improving team man-
agement.

However, brainstorming is not a univer-
sal method and is not suitable for all tasks. It
is most effective when multiple solution op-
tions exist and the goal is to determine the
optimal one. It is less appropriate when only
two predefined options are available or when
the problem is overly broad and lacks clear
definition.

For effective group work, the presence of
a facilitator or leader is essential. The leader
defines the task, identifies ideas for further
discussion, and ensures adherence to the
rules necessary for conducting a productive
brainstorming session.

The Academy of Natural Sciences was reg-
istered on July 27, 1995, with the Ministry of

Section 5. Technical sciences in general

Justice of the Russian Federation (Registra-
tion No. 5182). Its organizational and legal
form is a public interregional organization.

The primary objective of the Academy is
to support the implementation of the Doc-
trine for the Development of Russian Science.

The Academy comprises 20 sections,
including: physical and mathematical sci-
ences, chemical sciences, biological scienc-
es, geological and mineralogical sciences,
technical sciences, agricultural sciences,
geographical sciences, pedagogical sciences,
medical sciences, pharmaceutical sciences,
veterinary sciences, psychological sciences,
sanitary and epidemiological supervision,
economic sciences, philosophy of science,
regional studies, noosphere development,
animal ecology, ecology and public health,
and culture and arts.

Several additional sections are currently
under development.

The Academy includes 95 full members
and more than 600 corresponding members.
Its members operate in 92 cities across Rus-
sia, as well as in Ukraine, Belarus, Uzbeki-
stan, and Turkmenistan. In total, the Acade-
my unites more than 5,000 members.

Approximately 350 universities, research
institutes, and scientific organizations are
represented within the Academy. There are
60 registered regional branches.

In accordance with Articles 3 and 14 of
the Federal Law of the Russian Federation
“On Public Associations,” the Academy of
Natural Sciences, having branches in more
than 45 regions of the Russian Federation, is
entitled to use the designations “Russia” and
“Russian Federation” in its name.

The Academy includes numerous public
and commercial organizations as collective
members, legally independent subdivisions,
affiliated entities, and associated members.

Scientists from Germany, Austria, Yu-
goslavia, Israel, the United States, and CIS
countries are represented within the Acade-
my. Honorary academicians include distin-
guished figures in science, culture, politics,
and industry.

Under the auspices of the Academy, nu-
merous congresses are held annually across
various regions of Russia.

Awards of the Russian Academy of Nat-
ural Sciences (RAE), including medals such
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as “For Innovative Work” and those named
after N. I. Vavilov, recognize outstanding sci-
entists, educators, and innovative organi-
zations. These awards stimulate the imple-
mentation of breakthrough developments in
science and industry, enhance the prestige of
scientific activity, and contribute to the ad-
vancement of high-tech sectors, including
medicine, ecology, and energy.

Main awards of the Russian Acad-
emy of Natural Sciences (RAE) and
their significance:

The Gold Medal “For Innovative Work
in Higher Education” is awarded for
initiatives, projects, and active contri-
butions in the fields of education and
science.

The N.I. Vavilov Medal is awarded for
outstanding achievements in genetics,
breeding, and plant science.

Sectoral medals recognize break-
through developments in energy, ecol-
ogy, and medicine, which are critically
important for economic moderniza-
tion.

Importance for the innovation im-
plementation process:

Recognition and motivation: Awards
enhance the authority of developers
and motivate young researchers to
create new technologies.

Promotion of developments: The
awarding of medals serves as a mark
of quality for innovative projects, facil-
itating their practical implementation.
Support for research: Awards encour-
age the involvement of educational
and scientific institutions in address-
ing relevant applied challenges.

Highest award of the Russian Acad-
emy of Sciences:

By Resolution of the Presidium of the
Russian Academy of Sciences dated
May 26, 1992, No. 177, the Gold Med-
als named after M. V. Lomonosov are
established as the highest award of the
Russian Academy of Sciences. They
are awarded annually to one Russian
and one foreign scientist in recogni-
tion of outstanding achievements in
the natural and humanities sciences.

Brainstorming methodology and its
application:

86
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« The brainstorming method is wide-

ly applied in various fields, including
education and professional training.
However, its greatest value lies in its
practical application — finding optimal
solutions to real-world problems with-
in business structures.

Problem definition: At this stage, the
objectives and tasks of the session are
determined. The problem must be
clearly formulated so that all partici-
pants understand it and can articulate
their ideas effectively. The more pre-
cisely the problem is defined, the more
effective the brainstorming session
will be. A session leader is typically
assigned to ensure clarity before pro-
ceeding.

Idea generation: Once the problem is
defined, participants freely propose
ideas without limitations. All ideas are
welcomed, including unconvention-
al and seemingly impractical ones, as
they may lead to innovative solutions.
Various techniques such as free associ-
ation, reverse thinking, and the 6-3-5
method may be applied to maximize
idea generation.

Selection of optimal solutions: After
idea generation, the ideas are ana-
lyzed and the most effective ones are
selected. This stage involves applying
filters and criteria such as feasibility,
efficiency, and resource requirements.
The selected ideas are further refined
into actionable plans aligned with the
strategic goals of the organization or
project.

Brainstorming is a powerful tool for
solving complex problems and gener-
ating innovative ideas. It enables faster
decision-making under resource con-
straints and enhances productivity.
However, it is not universally applica-
ble. It is most effective when multiple
solution options exist and less suitable
when only limited predefined options
are available or when the problem
lacks clear structure.

Effective brainstorming requires lead-
ership. A facilitator defines objectives,
manages the process, and ensures ad-
herence to established rules.
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Neurophysiological aspects of brain-  Participants in extended brainstorm-
storming in innovation processes: ing sessions demonstrate increasing
+ Theuse of brainstorming in innovation cognitive activity, particularly when
development, including in the context evaluating progress toward achieving
of quantum computing and advanced an ideal final result. The highest levels
technological systems, requires care- of brain activation are associated with
ful analysis of both the process and its the perception of success or failure in
outcomes. These processes increasing- reaching this ideal outcome.
ly rely on principles of electromagnet- « Environmental factors also influence
ic resonance spectroscopy combined cognitive performance. For example,
with artificial intelligence and neural environments designed with elements
networks. of nature have been shown to increase
 Specialists continuously analyze brain cognitive activity without activating
responses to active participation in unrelated social behavior patterns. In-
structured brainstorming processes teraction with pets may further stimu-
aimed at intensifying the development late brain activity, particularly in areas
of complex, modular innovative proj- associated with social engagement.
ects in smart technologies. » The outcomes of brainstorming range
« Research indicates that different brain from the emergence of new invention
regions are activated depending on concepts to the formation of struc-
the complexity, psychological intensi- tured invention models, including the
ty, technical requirements, participant development of claims defining devic-
qualifications, and even environmen- es, systems, software, and associated
tal factors influencing the brainstorm- methods.
ing process. « Such integrative analytical approaches
+ Although direct measurement during enable the creation of comprehensive
brainstorming is difficult, studies inventions that incorporate all techni-
show that recalling participation in cal parameters across hardware, sys-
such processes activates similar neu- tem architecture, and software com-
ral patterns to those engaged during ponents.
actual idea generation. This allows e Thus, brainstorming facilitates the
experimental modeling of concept de- development of “smart technologies,”
velopment processes, including the where all parameters and technical
integration of technical requirements characteristics can be analyzed step by
and system structures supported by step, with full control over changes at
Al-based control and monitoring sys- each stage of the process.
tems.
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Abstract

This study focuses on analyzing the characteristics of high-rise apartment buildings that
are directly related to firefighting and rescue operations. It clarifies the roles, functions, and
responsibilities of the Fire and Rescue Police Force in command and operational coordination
in accordance with current legal regulations, with particular emphasis on the Law on Fire
and Rescue enacted in 2024. On this basis, the paper evaluates practical implementation and
proposes feasible solutions aimed at enhancing the effectiveness of command and operational
coordination in firefighting and rescue activities in high-rise apartment buildings, thereby
meeting task requirements under the new operational context.
Keywords: Firefighting and rescue; high-rise apartment buildings; firefighting command;

Fire and Rescue Police Force...

Introduction

The rapid process of urbanization in re-
cent years has strongly stimulated the de-
velopment of high-rise apartment buildings,
particularly in major urban centers such as
Hanoi. Alongside their significant econom-
ic and social benefits, this type of building
also entails numerous potential risks related
to fires, explosions, and complex incidents
and accidents. Practical experience indicates
that fires occurring in high-rise apartment
buildings often result in extremely serious
consequences, directly affecting human lives,

property, and social order and safety. Typical
examples include the Carina Plaza apartment
fire, which occurred at 00:30 on March 23,
2018, at No. 1648 Vo Van Kiet Street, Ward
16, District 8, Ho Chi Minh City, Vietnam, re-
sulting in 13 fatalities, 70 injuries, and eco-
nomic losses estimated at VND 126 billion;
as well as the mini-apartment fire at 11:30
on September 12, 2023, at Alley 29/70 Khu-
ong Ha Street, Thanh Xuan District, Hanoi,
which caused 56 deaths and 37 injuries.

In this context, command and operation-
al coordination in firefighting and rescue
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operations plays a particularly critical role
and is decisive in determining the effective-
ness of incident response. The Fire and Res-
cue Police Force serves as the core force di-
rectly responsible for performing these tasks
in accordance with its legally prescribed
functions and responsibilities.

The role of command and
operational coordination in
firefighting and rescue operations
in high-rise apartment buildings

High-rise apartment buildings are char-
acterized by complex architectural structures,
high residential density, and diversified tech-
nical systems. When a fire occurs, it often gen-
erates a large volume of smoke and toxic gas-
es that rapidly spread along the vertical axis,
posing significant challenges to fire access and
the organization of evacuation and rescue op-
erations. Therefore, command and operation-
al coordination must ensure unity, flexibility,
timeliness, and accuracy in order to effectively
mobilize and deploy forces and equipment,
organize firefighting and rescue operations ef-
ficiently, and minimize human casualties and
property losses to the greatest extent possible.

Command in firefighting and rescue op-
erations is not merely the issuance of orders
at the incident scene, but rather a compre-
hensive process involving situation assess-
ment, anticipation of incident development,
and the selection and continuous adjustment
of tactical plans in accordance with the spe-
cific characteristics of each building and each
operational phase. In the context of high-rise
apartment buildings, the role of the incident
commander is of paramount importance, as
any error or inadequacy in on-site command
and operational coordination may lead to ex-
tremely serious consequences.

Existing limitations and challenges
in command and operational
coordination of firefighting
and rescue operations in high-
rise apartment buildings

First, limitations in on-site command
and operational organization

Practical experience indicates that, al-
though the Fire and Rescue Police Force has
made considerable efforts in organizing com-
mand and operational coordination for fires

Section 5. Technical sciences in general

and incidents in high-rise apartment build-
ings, certain shortcomings remain evident
in complex situations. The establishment
of on-site command and staff units, as well
as the assignment of responsibilities among
functional sections, has at times lacked clar-
ity and consistency. In emergency conditions
involving multiple participating forces, com-
mand directives have occasionally been dis-
rupted or insufficiently synchronized, there-
by affecting overall operational effectiveness.

The primary causes of these shortcom-
ings stem from the inherent complexity of
high-rise structures, characterized by con-
fined spaces, multiple floors, and various ac-
cess routes, combined with the involvement
of multiple agencies and forces. Without a
well-defined and tightly organized command
mechanism, such conditions are likely to re-
sult in overlapping or fragmented direction
and control.

Second, difficulties in initial situation
assessment and the development of tactical
plans

In practical firefighting and rescue oper-
ations in high-rise apartment buildings, the
collection of initial information to support
command and operational decision-making
remains challenging. Information regarding
structural characteristics, technical systems,
the location of the fire or incident, the number
of trapped occupants, and the operational sta-
tus of internal fire protection systems is often
incomplete, inaccurate, or updated with delays.

Furthermore, some firefighting and res-
cue plans for high-rise apartment buildings
were developed in advance but have not
been promptly reviewed or adjusted to re-
flect changes in building functions, architec-
tural modifications, or residential density. As
a result, the application of these plans in re-
al-world situations has been hesitant and has
not achieved the desired level of effectiveness.

Third, limitations in personnel, equip-
ment, and access conditions

Despite increased investment and at-
tention, firefighting and rescue equipment
for high-rise operations in certain localities
remains insufficiently modern and synchro-
nized when compared to practical operation-
al requirements. Specialized equipment such
as aerial ladder trucks, high-altitude rescue
devices, and dedicated reconnaissance tools
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is still lacking or does not adequately meet
the height and scale demands of newly devel-
oped apartment buildings.

In addition, complex urban traffic con-
ditions, limited access spaces, and the en-
croachment upon internal roads and parking
areas within apartment complexes further
hinder the deployment of forces and equip-
ment, as well as the organization of firefight-
ing and search-and-rescue formations in
accordance with the incident commander’s
operational requirements.

Fourth, insufficient coordination among
participating forces

Inincidents and fires occurring in high-rise
apartment buildings, in addition to the Fire
and Rescue Police Force, various other actors
are involved, including in-house firefighting
units, local authorities, medical services, pow-
er utilities, and other relevant agencies. How-
ever, in practice, coordination mechanisms
among these forces have not always been suf-
ficiently well-integrated in certain situations.
Information sharing, technical support, lo-
gistical coordination, and the maintenance of
public order and security have at times been
delayed or inadequately synchronized, there-
by adversely affecting the overall effectiveness
of command and operational coordination.

Fifth, persistent risks in ensuring the
safety of firefighting and rescue personnel

Firefighting and rescue operations in
high-rise apartment buildings inherently in-
volve a high level of risk due to factors such
as dense smoke, toxic gases, the potential
for fire spread, localized structural collapse,
confined spaces, and limited escape routes.
Meanwhile, strict compliance with safety
procedures and regulations in certain emer-
gency situations remains challenging. In
addition, personal protective equipment in
some units is not yet fully adequate or syn-
chronized, which negatively affects the abili-
ty of officers and firefighters to conduct oper-
ations safely and sustainably.

Sixth, the application of science, technol-
ogy, and digital transformation in command
and operational coordination remains at an
early stage

At present, the development of compre-
hensive digital databases on high-rise apart-
ment buildings to support command and
operational coordination in firefighting and
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rescue activities has not been implemented in
a synchronized and systematic manner. The
utilization of data from automatic fire alarm
systems, surveillance cameras, and building
management systems remains limited and
has not yet been effectively integrated into
on-site command operations.

Furthermore, the practical application of
advanced technologies-such as unmanned
aerial vehicles (UAVs), drones, thermal im-
aging cameras, and digital platform-based
command systems-in firefighting and rescue
operations in high-rise apartment buildings
is still relatively limited. These technologies
are largely used on a pilot or experimental
basis and have not yet fully realized their po-
tential in supporting incident commanders
in situation assessment and decision-making
processes.

Proposed solutions to enhance
the effectiveness of command

and operational coordination in

firefighting and rescue operations
in high-rise apartment buildings

Based on the legally prescribed functions
and responsibilities of the Fire and Rescue Po-
lice Force, and with the aim of enhancing the
effectiveness of command and operational co-
ordination in firefighting and rescue operations
in high-rise apartment buildings, the following
integrated solutions should be implemented in
a systematic and coordinated manner.

First, improving the quality of unified
on-site command and operational organi-
zation

It is necessary to further refine and im-
prove the organizational mechanisms for
command and operational coordination in
firefighting and rescue operations in accor-
dance with the principles of centralized and
unified command, ensuring clear assignment
of personnel, tasks, and responsibilities, as
well as the smooth transmission of command
directives from the command post to oper-
ational teams. In this regard, the authority
and responsibilities of the on-site incident
commander at each phase of incident re-
sponse should be clearly defined in order to
minimize overlap and fragmentation in com-
mand and operational control.

In addition, priority should be given
to enhancing command capacity through

91 ENHANCING THE EFFECTIVENESS OF COMMAND AND OPERATIONAL


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 European Journal of Technical
and Natural Sciences 2026, No2

systematic training, professional develop-
ment, and the organization of drills closely
aligned with complex fire, accident, and inci-
dent scenarios commonly occurring in high-
rise apartment buildings, such as basement
fires, vertical fire spread, localized structural
collapse, and situations involving large num-
bers of occupants trapped at elevated levels.
Through training and exercises, the leader-
ship competence, situational judgment, and
ability to make rapid and accurate decisions
of incident commanders can be progressively
strengthened, thereby meeting the practical
demands of firefighting and rescue operations.

Second, strengthening capacity for situ-
ation assessment and tactical planning

Efforts should be intensified to improve
the collection, integration, and analysis of
initial information from the moment a fire
alarm or incident report is received. This in-
cludes data on building characteristics, the
location of the fire, the scale of the incident,
the estimated number of potentially trapped
occupants, access conditions, available water
sources, and other emerging hazards. Accu-
rate, comprehensive, and timely situation as-
sessment constitutes a critical foundation for
incident commanders to select appropriate,
effective, and safe tactical options.

At the same time, emphasis should be
placed on the development, review, and
regular updating of firefighting and res-
cue plans tailored to each specific high-rise
apartment building, ensuring consistency
with actual architectural features, function-
al use, and technical infrastructure. During
operations, incident commanders must flex-
ibly adjust tactical plans in response to the
evolving dynamics of fires, accidents, and in-
cidents, while assigning the highest priority
to life-saving missions, minimizing property
losses, and ensuring the safety of forces en-
gaged in firefighting and rescue activities.

Third, strengthening investment in per-
sonnel and equipment tailored to the spe-
cific characteristics of high-rise apartment
buildings

Continued attention should be given to
investment in and procurement of mod-
ern and specialized firefighting and rescue
equipment designed for high-rise buildings,
including aerial ladder trucks, high-pressure
fire engines, high-altitude rescue devices,
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specialized reconnaissance tools, and dedi-
cated communication systems.

In parallel, measures should be imple-
mented to address existing challenges in ac-
cessing incident scenes. This requires close
coordination with local authorities and apart-
ment building developers to ensure the avail-
ability of internal access roads and suitable
deployment areas for firefighting and rescue
vehicles, thereby effectively supporting com-
mand and operational coordination as well
as the organization of tactical operations.

Fourth, enhancing the effectiveness of
organization, mobilization, and coordina-
tion among forces and equipment

Coordination mechanisms between the
Fire, and Rescue Police Force and in-house
firefighting units, local authorities, medical
services, power utilities, and other relevant
agencies should be further refined through-
out firefighting and rescue operations in high-
rise apartment buildings. The focus should
be placed on developing clear and specific
coordination protocols that define the respon-
sibilities of each participating force, along
with strengthening inter-agency training and
joint exercises. These measures aim to ensure
timely and unified information exchange,
maximize collective operational capacity, and
enhance the effectiveness of command and
operational coordination in handling complex
fires, accidents, and emergency incidents in
high-rise apartment buildings.

Fifth, reinforcing safety assurance
throughout operational activities

Regular inspection and supervision of
compliance with safety procedures, regula-
tions, and requirements in both training and
operational contexts should be maintained.
Adequate provision of personal protective
equipment for officers and firefighters must be
ensured. At the same time, emphasis should
be placed on training and strengthening safe-
ty-related skills and techniques in order to
enhance operational proficiency, reduce risks,
and minimize occupational accidents during
firefighting and rescue operations.

Sixth, promoting the application of tech-
nology and digital transformation in com-
mand and operational coordination

Priority should be given to the develop-
ment and completion of comprehensive dig-
ital databases on high-rise apartment build-
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ings, including information on structural
characteristics, technical systems, access and
evacuation routes, and water sources serv-
ing firefighting and rescue operations. At the
same time, greater emphasis should be placed
on strengthening connectivity and effective-
ly exploiting data from automatic fire alarm
systems, surveillance cameras, and build-
ing management systems in order to provide
timely and accurate support for on-site com-
mand and operational coordination.

Concurrently, the application of ad-
vanced technological equipment and tools
in firefighting and rescue operations should
be intensified. Particular attention should be
paid to the use of unmanned aerial vehicles
(UAVs) for aerial reconnaissance missions,
enabling the collection and real-time trans-
mission of images and data related to fire
development, smoke and toxic gas spread,
the location of victims, and potential hazards
such as structural collapse and fire propaga-
tion. On this basis, incident commanders are
provided with a scientific foundation for sit-
uation assessment, tactical adjustment, and
the timely, effective, and safe organization of
firefighting and life-saving operations.

In addition, further research and gradual
application of specialized UAVs and drones

Section 5. Technical sciences in general

should be undertaken for tasks such as the de-
ployment of firefighting agents, lighting sup-
port, evacuation guidance, and assistance in
accessing and rescuing victims in elevated or
hard-to-reach locations. These efforts should
be integrated with the use of thermal imaging
cameras and digital platform-based command
and control systems, in conjunction with
training and capacity-building for technolog-
ically proficient human resources, in order to
meet the requirements of digital transforma-
tion in the operations of the Fire and Rescue
Police Force in the current context.

Conclusion

Enhancing the effectiveness of command
and operational coordination in firefighting
and rescue operations in high-rise apartment
buildings is an urgent requirement in the con-
text of rapid urbanization and the increasing
development of high-rise housing. As the core
force in this field, the Fire and Rescue Police
Force must continue to fully perform its as-
signed functions and responsibilities, while
constantly innovating and improving the qual-
ity of command and operational coordination
in order to meet the requirements of protecting
human lives and property and ensuring public
safety under the new operational context.
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