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ALGORITHMIC AND SOFTWARE OF THE SYSTEM PROFILING THE ACTIONS  

OF USERS OF THE INFORMATION SYSTEM 
 

E. V. Anashkin*, M. N. Zhukova 
 

Reshetnev Siberian State University of Science and Technology 
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation 
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The paper describes the software of the system for profiling the actions of users of the information system. This pro-

filing system is aimed at solving the problem of trust in users of information systems. The system should regulate access 
to protected resources by analyzing user behavior. The algorithmic component of the system is represented by a user 
behavior model and a general system operation algorithm. The user behavior model is based on the apparatus of 
Markov chains Software implementation allows in practice to obtain the foundations of the proposed approach to work. 
At the development stages, the choice of software architecture is carried out. The client-server architecture was chosen 
as a reasonable decision. The software component of the user activity profiling system consists of five separate software 
modules. At the end of development, a brief testing of the components is carried out. The novelty of this work lies in the 
proposal of an approach that uses the profiling of user actions as an additional determining factor in managing access 
to objects, as a way to strengthen the basic measures “Controlling access of subjects to access objects” in the order 
system of FSTEC of Russia. 

 
Keywords: user behavior analysis, access control, UBA, information security software. 
 
АЛГОРИТМИЧЕСКОЕ И ПРОГРАММНОЕ ОБЕСПЕЧЕНИЕ СИСТЕМЫ ПРОФИЛИРОВАНИЯ  

ДЕЙСТВИЙ ПОЛЬЗОВАТЕЛЕЙ ИНФОРМАЦИОННОЙ СИСТЕМЫ 
 

Е. В. Анашкин*, М. Н. Жукова 
 

Сибирский государственный университет науки и технологий имени академика М. Ф. Решетнева 
Российская Федерация, 660037, г. Красноярск, просп. им. газ. «Красноярский рабочий», 31 

*E-mail: a.yegoriy@gmail.com 
 

В работе приводится описание алгоритмического и программного обеспечения системы профилирования 
действий пользователей информационной системы. Данная система профилирования направлена на решение 
проблемы с доверием к пользователям информационных систем. Система должна регулировать доступ  
к защищаемым ресурсам путем анализа поведения пользователей. Алгоритмическая составляющая системы 
представлена моделью поведения пользователя и общим алгоритмом работы системы. Модель поведения 
пользователя строится на базе аппарата марковских цепей. Программная реализация позволяет на практике 
получить подтверждение работоспособности предлагаемого подхода. На этапах разработки осуществ- 
ляется выбор архитектуры программного обеспечения. В качестве обоснованного решения выбрана 
архитектура типа «клиент – сервер». Программная составляющая системы профилирования действий 
пользователей состоит из пяти отдельных программных модулей. В конце разработки проводится краткое 
тестирование работы компонентов. Новизна данной работы заключается в предложении подхода, который 
использует профилирование действий пользователей как дополнительный определяющий фактор при 
управлении доступом к объектам, как способ усиления базовых мер «Управление доступом субъектов  
к объектам доступа» в системе приказов ФСТЭК России. 

 
Ключевые слова: анализ поведения пользователей, контроль доступа, ПО СЗИ, UBA. 
 
Introduction. The development of information secu-

rity in information systems offers various options for so-
lution to the issue of trust in system users. 

In some information systems, the issue of trust in us-
ers is limited to the password authentication procedure. 
The system trusts a user if the user knows the password. 
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However, there are several cases where password authen-
tication as a trust criterion is not enough. The first case is 
password theft or brute-force attack. The use of disgraced 
accounts is the second most popular method used by cy-
bercriminals to conduct attacks aimed at stealing confi-
dential data [1]. The second case is the presence of an 
internal attacker or insider on the information system. 
According to the study, 90 % of information leaks in Rus-
sia occur with an internal attacker (63.5 % in the world) 
[2]. 

Another option can be called a “communist” ap-
proach, which includes creating white and black lists: 
approved and prohibited programs, web resources,  
actions, etc. However, in the current conditions of de-
velopment of information technologies, when new pro-
grams are being developed every day, new malicious 
resources are being created, and their tools are modified, 
it is problematic to create a full-fledged and comprehen-
sive list. The same applies to business, the organizations 
themselves cannot always determine and fix the set of 
software, services and resources that they need to im-
plement business processes today and tomorrow [3]. 
Even if a program is on the white list, it may have a vul-
nerability that could be exploited by a malefactor to cir-
cumvent restrictions of prohibitive policy. Thus, this 
approach is not sufficient to provide the environment 
for trust. 

Another approach, called “ZeroTrust” [4], is based on 
distrust of the system components to each other, as well 
as the system does not trust the user. In this key, to con-
firm trust, it is proposed to use profiling of user actions in 
the system. 

Profiling employee actions will make it possible to 
quickly identify all atypical actions that go beyond the 
usual behavior. This will help to identify the guilty party 
aiming at punishment or additional training. This will also 
allow detecting cases of the use of disgraced accounts, 
because, in order to circumvent behavioral analysis, a 
malefactor must accurately simulate all the actions of the 
employee who owned the disgraced account. 

The scientific novelty of the work lies in the fact that 
among the scientific works that have appeared over the 
past 10 years, one can find a considerable number that 
affect user behavior for solving a different spectrum of 
tasks. To ensure enterprise protection, profiling of user 
actions occurs within the framework of access to the 
server [5]. In the paper [6], to protect cloud services, it is 
proposed to use fuzzy logic to calculate the level of trust 
in users based on their behavior. Another area of applica-
tion for analysis of user behavior is security auditing and 
anomaly detection in databases [7]. In this paper a method 
of a one-class support vector machine is applied. Another 
work [8] is aimed at protecting information stored in da-
tabases. Its goal is to automate the adjustment of security 
policies and rules for accessing database tables. To do 
this, the operating rules are used, initially set by the secu-
rity administrator to users, and user behavior is deter-
mined by access patterns. The following work analyzes, 
using Markov chains, the sequences of Unix-systems of 
variable length, which are entered by the user in the ter-
minal server [9]. Also, user behavior is added to malware 

detection [10]: wherefrom users download files, and 
wherefrom they lunch files, along with what file they 
lunch, that affects the calculation of the host's  
security level, as well as the accuracy of the detection 
system. 

Nevertheless, despite the available variety of activities 
related to behavior profiling, there is a shortage of works 
that would fully cover user behavior in desktop operating 
systems for workstations. In this connection, this work 
proposes its own view of the system for profiling user 
actions in the OS of the Windows family. 

The novelty of this work lies in the proposal of an ap-
proach that uses the profiling of user actions as an addi-
tional determining factor in managing access to objects, 
as a way to strengthen the basic measures “Controlling 
access of subjects to access objects” in the order system 
of FSTEC of Russia No. 17, 21, 31, 239 [11–14]. 

Description of the system profiling the actions of 
users. User actions profiling system (hereinafter referred 
to as UAPS) can have a different architecture and direc-
tivity, which depend on the protected object that  
is an information system (hereinafter referred to as IS). 
For example, for cloud ISs, UAPS is needed that supports 
a cloud architecture, and UAPS with an autonomous  
architecture is needed for an IS consisting of a single 
AWP. 

In accordance with the official statistics for the re-
gions of the Russian Federation for 2019, half of the em-
ployees at the enterprises are equipped with personal 
computers [15]. Therefore, the largest group is made up 
of ISs with a multiuser environment. 

Tracking the actions of employees of the organization 
who are users of the IS, each of whom works at a separate 
personal computer, requires the installation of an UAPS 
on each of these computers. However, the computing 
power of these computers may either not meet the system 
requirements for installing a separate autonomous copy of 
the UAPS on them, or significantly affect the perform-
ance of the system and make it difficult to perform work 
duties and tasks. 

To reduce system requirements and increase ergo-
nomic parameters, the architecture of the “client-server” 
type was chosen as the architecture for the UAPS soft-
ware. In this case, there is a separation of the functional 
capabilities of the UAPS into two components. The 
minimum required functionality is implemented in the 
client part. This reduces the system requirements for the 
personal computers of employees. Functions requiring 
high computing resources are moved to the server side. 
The server part allows performing centralized computing 
operations. 

The UAPS architecture is shown in fig. 1 
The client part consists of two mandatory compo-

nents: 
– agent programs; 
– file system drivers. 
The agent program has the following functional pur-

pose: 
– collection of system events from the Windows event 

service; 
– interpretation of a system event into user action; 
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– recording user actions in the database; 
– receiving control signals from the server; 
– transmission of a control signal to the file system 

driver. 
Mini-filter driver of the file system [16] is required to 

intercept operations with file resources and prohibit ac-
cess to the resource in case of receiving a corresponding 
control signal from the agent program. 

The server part includes the following components: 
– database; 
– web interface; 
– the decision module. 
The database stores the actions of all IS users that 

come from the installed agents. 
The web interface serves for remote management and 

introduction to user profiles, their latest actions and other 
information. 

The decision module calculates the correspondence of 
the current incoming user action with the profile. If the 
degree of compliance falls below the threshold value, the 
decision module sends a signal to the agent program to 
block access to the user. 

Algorithmic support. Its own algorithmic support has 
been developed for the operation of the UAPS. The key 
element of the UAPS is the user behavior model, on the 
basis of which the UAPS makes decisions about the char-
acter of user actions. Markov chains are chosen as the 
mathematical apparatus used to construct a model of user 
behavior. The user behavior model consists of three 
Markov chains: 

– “action-action” chain builds the probabilities  
of performing certain actions, after performing a certain 
action; 

– “time-action” chain fixes the probabilities of per-
forming actions at a certain time. 

– “time-time” chain shows at what time the user is 
likely to take the next action. 

To use the apparatus of Markov chains, a formula is 
needed that will correlate the probability of a state with 
the specificity of the user. 

Several formulas have been proposed as options for a 
suitable formula: 
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where Ht – current user specificity, Ht-1 – specificity in the 
previous step, LT – length of a chain of typical actions 
(number of typical actions in a row), LA – the length of 
the current chain of atypical actions, Lmax – maximum 
chain length (adjustable value: length of the sequence is 
enough to determine the specificity), P – probability of 

such an action, LA – length of the chain of atypical actions 
(the number of atypical actions in a row), D – reduction 
ratio (for example 0,1), LLA – length of the last chain of 
atypical actions, LLT – length of the last chain of typical 
actions. 

The range of values of specificity Ht should lie in the 
segment [0; 1]: 1 – typical, 0 – not typical. The exponents 
in (1) are chosen to reduce the rate of increment of speci-
ficity to 1. Formulas (1), (2), (3) and (4) satisfy the fol-
lowing conditions: 

– The longer the chain of typical user actions is, the 
higher and more stable the specificity should be. Resil-
ience is a resistance to a sharp decrease in specificity in 
the event of an atypical action; 

– the more likely the action, the higher the specificity; 
– one atypical (but not dangerous) action should not 

invert the specificity. 
After the development of the internal model of the 

UAPS, a general algorithm of the UAPS was designed. A 
diagram of the general algorithm of the UAPS operation 
is shown in fig. 2. 

The work of the UAPS is carried out in two stages: the 
training stage and the working stage. 

At the training stage, the system accumulates actions 
that the IS user performs. During this period, such com-
ponents as the agent program on the client side and the 
database on the server side interact with each other. 

After a time period of training, the UAPS administra-
tor must initiate the creation of a profile for the user using 
the web service. When a profile is created, an interaction 
occurs between the web service and the database. 

After creating the profile, the UAPS goes into the 
working stage. At this stage, all new incoming user ac-
tions are sent to the decision module. The decision mod-
ule calculates the correspondence of the current user ac-
tion with behavior profile. If the calculated compliance 
coefficient is less than the threshold value, then the deci-
sion module sends a control signal about the need to block 
access to controlled objects of the file system. Having 
received a control signal, the agent program sends a 
command to the file system driver to block access to con-
trolled objects of the file system. 

Agent component. The development of the Agent 
component was carried out in the C # programming lan-
guage [17] in the Visual Studio Community 2019 devel-
opment environment. The project name of the developed 
program is Julia Agent. The class diagram of the devel-
oped program is shown in fig. 3. 

The agent program is installed on the system as a ser-
vice that starts when a user logs on to the system. When 
installing the program, a script is also executed that con-
figures the Windows audit policy and additionally installs 
the Sysmon service [18]. The agent program window at 
startup is shown in fig. 4. 

The program window provides the following informa-
tion: 

– the server to which the agent has successfully con-
nected; 

– the name of the account whose activity is currently 
being tracked; 

– the number of events received from the Windows 
event log. 
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When minimized, the program is hidden in the notifi-
cation window. 

Further, to assess the information technology aspect, 
we measured the impact of the Julia Agent program on 
the system resources. The measurements were carried out 
on a system with the configuration shown in tab. 1. 

If there is no user activity, the program exerts the fol-
lowing average network load: 42 bytes per second sent, 
26 bytes received per second. 

When user activity appears, the network load in-
creases.  

In this case, the total network traffic averages 1250 
bytes (1.226 KB) per second. 

The average load on the CPU agent process is 0.08 %. 
The amount of memory used when the program is 

running is 6,812 KB (6.65 MB). 
When interacting with the hard disk, the program 

reads an average of 1089 bytes (1.65 Kb) per second.  
 
 

 
 

Fig. 1. Structural architecture of the user actions profiling system 
 

Рис. 1. Структурная архитектура системы профилирования действий пользователя 
 
 

 
 

Fig. 2. General algorithm of the system for profiling user actions 
 

Рис. 2. Общий алгоритм работы СПДП 
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Fig. 3. Agent class diagram 
 

Рис. 3. Диаграмма классов агента 
 
 

 
 

Fig. 4. The main window of the agent program 
 

Рис. 4. Главное окно программы агента 
 

 
The obtained average indicators of the use of PC re-

sources are listed in tab. 2. 
Thus, in all aspects, the program has a low consump-

tion of system resources. 
Web Service component. The development of the 

Web Service component was carried out in Python [19] in 
the PyCharm Community Edition development environ-
ment using the Django framework. 

The web service designed for remote control of the 
UAPS by the security administrator provides the follow-
ing set of capabilities: 

– display of the latest actions of all users; 
– displaying a list of all system users; 
– formation and viewing of a user profile. 
Fig. 5 shows the main page of the web service, which 

displays a list of recent user actions. The administrator 

can select the number of actions to display using the cor-
responding control located above the actions table. 

When you select the “Users” item (Russian: 
Пользователи) in the administration panel menu, a page 
opens containing a list of users connected to the UAPS, 
which is shown in fig. 6. At the time of testing the  
Users component, two users have been registered in the 
system. 

After selecting a specific user, the page of this user is 
opened. This page allows you to: 

– see for how many days the statistics of actions were 
collected; 

– generate a user profile if the profile does not exist 
yet; 

– open user profile, if it exists; 
– view recent user actions.  
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Table 1 
System characteristics for testing 

 

System component Characteristic 
Central processing unit AMD Ryzen 7 2700: 3.2 GHz 8 core 
Random access memory (RAM) 16 Gbyte 
Mass storage device SSD Samsung 860 Evo 250 Gbyte 

HDD WD Blue 1 TByte 
OS Windows 10 

 
 

Table 2 
Average indicators of resource use by the “Agent” component 

 

Resource indicator Average load value 
Network load idle 42 byte/s – outcoming 

26 byte/s – incoming 
Network load when active 1250 byte/s 
CPU utilization 0.08 % 
Memory occupied by RAM 6.65 Mb 
Hard disk load 1089 byte/s – reading 

 
 
 

 
 

Fig. 5. Web service home page 
 

Рис. 5. Главная страница веб-сервиса 
 
 

 
Fig. 6. System users 

 
Рис. 6. Пользователи системы  
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This page is shown in fig. 7.  
After clicking the “To generate user profile” button 

(Russian: Сформировать профиль пользователя), the 
process of creating a user profile is started based on the 
currently available statistics. A profile consists of a visi-
ble and a hidden part. The displayed profile contains: 

– a list of 10 most frequently used programs; 
– a list of the 10 most frequently used network re-

sources; 
– a list of 10 most used files. 
The top programs used by the user are shown in fig. 8. 
The most used network resources are shown in fig. 9. 
Top file resources used are shown in fig. 10. 
The hidden part of the profile is a model of Markov 

chains written to a JSON file. The contents of the hidden 
part are shown in fig. 11. 

Driver component. The development of the Driver 
component was carried out in the C programming lan-

guage [20] in the Visual Studio Community 2019 devel-
opment environment. 

The driver reads from a special configuration file a list 
of file resources to which access must be controlled. Then 
the driver compares any access to the system files with 
the list of monitored resources. If the file is included in 
the set of controlled resources, then the driver further 
checks the value of the flag variable, which serves as an 
indicator of trust in the user. By default, the flag is not 
selected, which means trusting the user and granting ac-
cess to resources. The “Agent” component can change the 
flag by sending the appropriate control signal to the 
driver. 

To check the operation of the file system driver, a con-
trol signal has been simulated to deny access to the “New 
text document.txt” file (Russian: «Новый текстовый 
документ.txt»). The driver successfully blocked access to 
the text file, as shown in fig. 12.  

 
 

  
Fig. 7. User specific page 

 
Рис. 7. Страница конкретного пользователя 

 
 

 
 

Fig. 8. Popular programs used 
 

Рис. 8. Популярные используемые программы 



 
 
 

Информатика, вычислительная техника и управление 
 

 473

 
 

Fig. 9. Popular online resources 
 

Рис. 9. Популярные сетевые ресурсы 
 
 
 

 
 

Fig. 10. Popular documents used 
 

Рис. 10. Популярные используемые документы 
 

 
Database component. A ready-made software prod-

uct, PostgreSQL 12 DBMS [21] is used as the Database 
component.  

To store data related to user activity, an uba database 
has been created, which has a structure in accordance with 
the diagram in fig. 13. 

Database component implements the conceptual data 
model of user action, which has the following form: 
[TIME] [DATE] [SUBJECT] [ACTION] [OBJECT] from 
[LOCATION] using [TOOL]. 

Decision module component. The development of 
the Decision module component was carried out in Py-
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thon in the PyCharm Community Edition development 
environment. 

The decision module receives a notification from the 
database component if a new record (new user action) is 
added to the database. Then the decision module loads a 
new record from the database. From this entry, the deci-
sion module recognizes the user who performed the ac-

tion. Then the decision module loads the profile of the 
given user.  

The user profile is a calculated Markov chain. From 
the Markov chains, the decisive module learns the prob-
ability of such an action by a given user. 

Thereafter the specificity of the user is calculated by 
the formula (1).  

 
 

 
 

Fig. 11. Snippet of hidden user profile 
 

Рис. 11. Отрывок скрытого профиля пользователя 
 
 
 

 
 

Fig. 12. The observed behavior of the file system driver confirms the correct operation of the component 
 

Рис. 12. Наблюдаемое поведение драйвера файловой системы подтверждает корректность работы компонента 
 



 
 
 

Информатика, вычислительная техника и управление 
 

 475

 
 

Fig. 13. Database component schema 
 

Рис. 13. Схема компонента «База данных» 
 
To apply formula (1), the decision module storages 

the following variables for each user: 
– the last user action; 
– the current specificity of the user; 
– the length of the chain of typical actions; 
– the length of the chain of atypical actions. 
The parameters that are the same for all users are: 
– the maximum chain length; 
– the reduction factor. 
These parameters in the decision module are specified 

as constant variables. 
Conclusion. The client-server architecture was chosen 

as the software architecture for constructing a system for 
profiling user actions. The choice is based on the need to 
provide ergonomic parameters and statistics on the num-
ber of computerized workplaces in organizations. The 
system software is broken down into several main com-
ponents: 

– Agent; 
– Driver; 
– Database; 
– Web Service; 
– Decision module. 
The software of each component has been successfully 

designed and developed. The development results have 
been verified. The software implementation of the com-
ponents of the user profiling system has shown the viabil-
ity of the proposed approach to access control based on 
user behavior analysis. 
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STRUCTURE, NETWORK PROTOCOLS OF THE INTERNET OF THINGS  

FOR QUALITY PRODUCTION CONTROL 
 

U. A. Vishnyakou*, B. H. Shaya, A. H. Al-Masri, S. H. Al-Hajj 
 

Belarusian State University of Informatics and Radioelectronics 
6, P. Brovky St., Minsk, 220600, Republic of Belarus 

*E-mail: vish2002@list.ru 
 
The subject of research is the model and structure of the Internet of things (IoT) network for product quality control 

in industry and agriculture. The purpose of the article is to analyze communication protocols and structures of IoT net-
works. The method of analysis and structural design of IoT networks is applied. The field of application is automation 
of monitoring products of enterprises of the aerospace industry. The article provides an overview and analysis of exist-
ing IoT technology; it considers the protocols and composition of IoT networks, and provides variations in the struc-
tures of building such networks. 4 levels of IoT architecture are described, as well as the communication protocols are 
used. The directions of building the Internet of things network for product quality control are defined. A multi-agent 
model of such system is presented, for the implementation of which the structure of the IoT network is given. 

The structure of a multi-agent system (MAS) for monitoring product quality in industry and agriculture includes 
many agents, such as product quality agents, communication agents, database agents, agents for analyzing information 
received from sensor agents, and decision-making agents. This MAS implements functions to ensure the required class 
of product quality and it is based on building a local network of the Internet of things. The research proposes an algo-
rithm for processing information in such an IoT network. Analyzers (sensors) product qualities will be periodically 
polled and their values will be recorded in the server database. The decision-making subsystem sends data on product 
quality compliance to the enterprise administrator on a mobile device. The server structure is implemented using cloud 
IoT platforms, for which a brief overview is provided. The one IoT network implementation is developed using LTE NB-
IoT technology. This approach can be used in the aerospace industry for product quality control within automation 4.0. 

 
Keyword: IoT network model and structure, monitoring the products quality of aerospace enterprises. 
 

СТРУКТУРА, СЕТЕВЫЕ ПРОТОКОЛЫ СЕТИ ИНТЕРНЕТА ВЕЩЕЙ  
ДЛЯ КОНТРОЛЯ КАЧЕСТВА ПРОДУКЦИИ 

 
В. А. Вишняков*, Б. Х. Шайя, А. Х. Аль-Масри, С. Х. Аль-Хаджи 

 
Белорусский государственный университет информатики и радиоэлектроники 

Республика Беларусь, 220600, г. Минск, ул. П. Бровки, 6 
*E-mail: vish2002@list.ru 

 
Предметом исследований является модель и структура сети Интернета вещей (ИВ) для контроля качест-

ва продукции в промышленности и сельском хозяйстве. Цель статьи – проанализировать протоколы коммуни-
кации и структуры сетей ИВ. Применен метод анализа и структурного проектирования сетей ИВ. Областью 
применения является автоматизация мониторинга продукции предприятий аэрокосмической отрасли. В статье 
приведен обзор и анализ существующих технологий ИВ, рассмотрены протоколы и состав сетей ИВ, приведе-
ны вариации структур построения сети ИВ. Дано описание 4 уровней архитектур, а также использующихся 
протоколов связи. Определены направления построения сети ИВ для контроля качества продукции. Представ-
лена многоагентная модель такой системы, для реализации которой приведена структура сети ИВ. 

Cтруктура мультиагентной системы (МАС) для мониторинга качества продукции в промышленности и 
сельском хозяйстве включает множество агентов, таких как агенты качества продукции, агенты связи, 
агенты базы данных, агенты анализа информации, полученной от агентов датчиков, агенты принятия реше-
ний. Данная МАС реализует функции по обеспечению требуемого класса качества продукции и основана на 
построении локальной сети ИВ. Предложен алгоритм обработка информации в такой сети IoT. Анализаторы 
(датчики) качества продукции будут периодически опрашиваться, их значения будут записываться в базу 
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данных сервера. Подсистема принятия решений будет выдавать данные о соответствии качества продукции 
администратору предприятия на мобильное устройство. Серверная структура реализуется с использованием 
облачных платформ интернета вещей, для которых приведен краткий обзор. Реализации сети IoT разрабаты-
вается с использованием технологии LTE NB-IoT. Этот подход может быть использован в аэрокосмической 
отрасли для контроля качества продукции в рамках автоматизации 4.0. 

 
Ключевые слова: модель и структура сети интернета вещей, мониторинг качества продукции пред- 

приятий аэрокосмической отрасли. 
 
Introduction. Internet of Things (IoT) is a technology 

that automates input, processing, and optimization based 
on the obtained values of process characteristics reflected 
in indicators from industrial and home sensors. IoT tech-
nology allows a user to receive data and report on the 
status of equipment or processes in real time, track the 
work of industrial and agricultural enterprises [1]. There 
is a wide range of wireless connection standards available 
for IoT networks. Each of these standards and protocols 
has its own strengths and weaknesses [2; 3]. 

Communication in the IoT network consists of orga-
nizing an Internet connection with data storage facilities 
on a remote server and application software, for integrat-
ing wireless sensors and actuators with upper levels (serv-
ers, mobile devices). The received information is proc-
essed and analyzed using intelligent software in the cloud, 
that is on a remote multi-access server platform. The use 
of such cloud technology and services simplifies not only 
the software, but also the hardware implementation of 
IoT, deals with the issues of minimizing individual de-
vices and increasing their energy efficiency [4–8]. 

Analysis of the use of IoT networks in the aero-
space industry. Leaders in the aerospace and defense 
industries must work faster to meet the growing demands 
of modern reality. This follows from the increase in de-
fense spending, the development of space technologies, 
and the geopolitical situation [9]. One of the breakthrough 
technologies in this direction is IoT. Augmented reality in 
integration with analytical data extracted from IoT data in 
real time allows developers to apply data analysis tech-
nologies where they are needed [9]. 

The use of IoT technologies in the aerospace industry 
is advisable in three main areas: using operational data in 
product development; providing high quality and timely 
data for maintenance and repair of equipment; optimizing 
the production process [10]. The approach discussed be-
low can be applied in this industry. 

Communication standards in IoT networks. At 
short distances, IoT networks use such communication 
standards as Bluetooth, ZigBee, and less popular proto-
cols: Thread, WirelessHART, MiWi, SNAP, and others 
[2]. All of them use non-licensing bands of the radio fre-
quency spectrum from the so-called ISM band (Industrial, 
Science, Medical), allocated for the needs of industry, 
medical equipment and scientific equipment. In practice, 
this frequency range, taking into account the restrictions 
adopted for it, is also used for organizing communication 
channels within cells and clusters of IoT cellular net-
works. For long distances, Wi-Max and LTE protocols are 
used (see table). 

IoT network structures. IoT communication tech-
nologies that enable the exchange of information  
and management teams are diverse [4]. The 2.4 GHz re-
gion is used worldwide for Wi-Fi and other personal LAN 
protocols. The wireless communication standards used in 
this area (Bluetooth, ZigBee, Wi-Fi, and several others) 
have been popular in many areas for several years [3]. 
Implementation of such solutions is available because 
there are a large number of chips and complete modules 
that can be integrated and used in the development of an 
IoT device. 

Most of the standards for short-range wireless com-
munication systems relate to the organization of the so 
called «personal network» - the one that is built around a 
user. Such network is sometimes abbreviated as PAN 
(Personal Area Networks), although other names are 
common, for example, WLAN (Wireless Local Area 
Network). PAN is a data transmission network that con-
nects personal electronic devices of one user (phones, 
pocket personal computers, smartphones, laptops, wire-
less headsets, and others.). Typically, such networks have 
a coverage radius of 10 to 30 meters (although in good 
conditions, all of them can provide a long range of com-
munication).  

 
 

Communication protocols used in IoT networks 
 

Name of protocols Transmission rate Frequency band Communication range 
135 KHz >50 sm 

13.56 MHz >50 smм 
866–960 MHz >3 m 

RFID 424 Kb/s 

2.4 GHz >1.5 m 
NFC 106–6780 Kbod 13.56 MHz < 10 sm 13.56 MHz < 10 sm 
ZigBee 20/256 Kb/s 900 МГц/ 2.4 ГГц 10 m 
Bluetooth 1 Мb/s 2.4 GHz 10 m 
BLE 10 Мb/s 2.4 GHz >10 m 
UWB 50 Мb/s broadband 30 m 
Wi-Fi (IEEE 802/11ac) up to 6.77 Gb/s 2.4/5 GHz 100 m 
Mobile networks 3G/4G (LTE) up to 150 Мb/s 800/900/1800/2400 MHz More ten Km 
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Devices for organizing a short-range personal network 
are sometimes optimized for certain applications using 
protocols called «application profiles» or using similar 
identifiers. These protocols are adapted to specific areas: 
health, sports, control and industrial automation, monitor-
ing of buildings and structures, and others. 

For simple point-to-point RF links, higher-level speci-
fications have been developed: protocols for network, 
transport and even application layers. The final choice of 
wireless technologies will include software solutions re-
lated to the set end goal and the area of use of data from 
certain end sensors. 

The disadvantage is that technologies with different 
communication protocols in the radio frequency environ-
ment are not reliable enough, since several devices use the 
same frequency spectrum band and interfere with each 
other. 

The Internet of things belongs conceptually to the next 
generation of networks, so its structure is similar to the 
well-known four layer of NGN architecture, which in-
cludes smart sensors, transport environment, services and 
applications [1; 7; 8]. 

Large network sizes in IoT. A number of applica-
tions that use IoT networks require long distances from 
monitoring objects to processing services. Such networks 
with limited capacity and significant distances belong to 
the LPWAN class (Low-power Wide-area Network-
energy-efficient long-range network) [11]. The areas of 
application of these networks are as follows: medicine 
(monitoring and diagnostics of patients at home or away), 
control of natural resources (water quality, indicators for 
oil and other minerals), industry and trade (monitoring 
and control in distributed organizations that occupy large 
territories), agriculture (condition and location of live-
stock, product quality, and control in crop production). 

LoRaWAN network technology is used to transmit 
small amounts of information over long distances. The 
technology was developed for distributed control net-
works, machine-to-machine interaction (M2M). A net-
work based on this technology is one of the most promis-
ing wireless implementations that support collecting in-
formation from sensors, devices, and sensors. In various 
regions, this network uses radio frequencies in the non-
licensing range (30-300 MHz), (300 MHz – 3 GHz) and 
800–930 MHz. 

LoRa technology is more detailed at the physical lev-
els that are the lowest in the network structure from both 
the LoRa consortium and the IoT technology. At the top 
levels of the network, the company defines specifications 
that depend on the implementation location. Information 
is transmitted via LoRa channels to the gateways to which 
sensors and devices are connected. IoT devices are con-
nected to cloud or on servers via gateways. 

LoRa defines testing and certification requirements for 
the compatibility of various LoRa devices on the network 
in order to implement a security policy. To maintain in-
formation security in the network in General and informa-
tion in particular, LoRa technology uses special commu-
nication keys: at the network level, and at the level of 
software applications. This is due to the fact that radio 
signals are distributed over a large area of the network 
[11]. Although LoRa technology is relatively new for 

developers, the latter are offered ready-made chips, indi-
vidual modules, and a variety of test tools. 

Two solutions are good suggestions for developers of 
IoT networks in the framework of fourth-generation LTE 
mobile communication technology: the relatively low-
speed NB-IoT standard and the faster, but also expensive 
Cat-M1 standard. This gives flexibility to choose devel-
opers. NB-IoT technology is part of GSMA's Mobile IoT 
initiative and it is more suitable for our implementation. 

Platform for Internet of things. IoT platforms are 
developed by large Internet companies to automate the 
creation of application projects for IoT networks. These 
platforms represent a service that manages network de-
ployment, sensors, and transmitted data. IoT network plat-
forms manage hardware and software components, sup-
port network security, implement authentication technol-
ogy, and support user interaction. There are several hun-
dred service providers on the IoT platform market with 
various offers, ranging from software and hardware to 
SDKs and APIs [12–14]. The typical composition of 
many IB platforms includes: 

– IoT network gateway for converting the format of 
transmitted information; 

– authentication and sensor management tools, user 
interfaces; 

– cloud service models (infrastructure, platform, etc.) 
– use of additional applications. 
Models and structure of IoT network for produc-

tion quality control. We use a multi-agent approach to 
create a model of IoT network for monitoring production 
quality for various companies [15]. In this multi-agent 
structure, we will distinguish a set of agents for produc-
tion quality sensors, agents for converters, agents for stor-
ing quality production indicators, agents for processing 
production quality indicators to obtain conclusions, agents 
for monitoring these indicators and conclusions. This 
multi-agent model is represented by the set: 

 

IoTccm = {Apq, Ac, Amq, Apmq, Admq, Aimq, MAi}, 
 

where IoTccm – a IoT network model, Apq – a set of sensor 
agents (from portable analyzers of production quality),  
Ac – the set of agents converters (gateways), Amq – agents 
storage of quality indicators, Apmq – agents of their proc-
essing, Admq –agents to make decisions about the quality 
of production, Aimq – agents interface to display indica-
tors, MAi – monitoring agents (mobile devices to monitor 
production quality indices). 

Based on this model, the structure of the production 
quality monitoring system network is developed [16]. It is 
composed of portable analyzers for production quality of 
the monitored industry (agricultural) companies. These 
analyzers usually output the results to a computer or 
printer via a serial port (avtomatization 3.0). In our struc-
ture, these indicators are fed to the gateways-converters. 
The latter are necessary for converting and transmitting 
the captured production quality indicators to the cloud 
environment (CC). Its structure realizes elements of av-
tomatization 4.0. 

In the cloud environment, we use the server that con-
tains databases and knowledge, tools of security, solver, 
and a notification service. The database stores data  
received from company, taken quality characteristics  
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by time (number, time of day, checked parameters and 
others), from different enterprisers. This data is sent to the 
database. The knowledge base contains rules for evaluat-
ing the quality of production. Data and knowledge bases 
are sent to the solver, which, based on the accepted indi-
cators of the rules for processing quality indicators from 
the knowledge base, issues solutions for certain quality 
parameters. These decisions are also recorded in the data-
base. The site serves as a means of displaying  
captured and obtained results on the quality of production 
for user. 

On each of the mobile devices, specialists installed an 
application that allows them to display information of 
interest from the cloud database through the site. On a 
cloud server a user can install a software system for mak-
ing decisions about changing the quality production con-
tent to improve its characteristics according to the rules 
from the knowledge base. 

Conclusion. 
1. The concepts, models, and IoT part show the varia-

tion of the architectures of network construction IoT. The 
research describes 4 levels of IoT architectures, as well as 
the communication protocols used for IoT networks. It 
also briefly analyses the use of IoT networks in the aero-
space industry. 

2. The model of multi-agent system for quality control 
of production is developed. The structure of the IoT net-
work is proposed, which includes production quality ana-
lyzers, gateways and a cloud structure where the server 
platform is rented. The server database stores the quality 
indicators of control production. These indicators can be 
monitored from specialists' mobile devices. 

3. The proposed system is realized on IoT platform. 
The most popular IoT cloud platforms are considered. As 
a communication network for transmitting information 
from company sensors to the cloud platform, the 4th gen-
eration LTE network with its variant for the IB-NB – IoT 
network is chosen. This approach can be used in aero-
space industry enterprises. 
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METHOD OF EQUIVALENT STRENGTH CONDITIONS IN CALCULATIONS  

OF BODIES WITH INHOMOGENEOS REGULAR STRUCTURE 
 

А. D. Matveev 
 

Institute of Computational Modeling 
50/44, Akademgorodok, Krasnoyarsk, 660036, Russian Federation 

E-mail: mtv241@mail.ru 
 
Plates, beams and shells with a non-uniform and micro-uniform regular structure are widely used in aviation and 

rocket and space technology. In calculating the strength of elastic composite structures using the finite element method 
(FEM) it is important to know the error of the approximate solution for finding where you need to build a sequence of 
approximate solutions that is connected with the procedure of crushing discrete models. Implementation of the proce-
dure for grinding (within the micro-pass) discrete models of composite structures (bodies) requires large computer re-
sources, especially for discrete models with a microinhomogeneous structure. In this paper, we propose a method of 
equivalent strength conditions (MESC) for calculating elastic bodies static strength with inhomogeneous and microin-
homogeneous regular structures, which is implemented via FEM using multigrid finite elements. The calculation of 
composite bodies’ strength according to MESC is limited to the calculation of elastic isotropic homogeneous bodies 
strength using equivalent strength conditions, which are determined based on the strength conditions set for composite 
bodies. The MESC is based on the following statement. For all composite bodies 0V , which are such a homogeneous 

isotropic body bV  and the number of p , if the safety factor bn  of the body bV  satisfies the equivalent conditions of 

strength 2
1 2(1 ) (1 ) (1 )bpn n pn          , the safety factor 0n  of the body 0V  meets the defined criteria for 

strength 1 0 2n n n  , where 1n , 2n  specified, the safety factor 0n  ( bn ) complies with the accurate (approximate) solu-

tion of elasticity theory problem is built for body 0V  (body bV ); 2 1 2 1( ) / ( )n n n n    ;   is the upper b  error 

estimation  of the maximum equivalent body stress bV , corresponding to approximate solution. When constructing 
equivalent strength conditions, i. e when finding the equivalence p  coefficient, a system of discrete models is used, di-

mensions of which are smaller than the dimensions of the basic composite bodies models. The implementation of MESC 
requires small computer resources and does not use procedures for grinding composite discrete models. Strength calcu-
lations for bodies with a microinhomogeneous structure using MESC show its high efficiency. The main procedures for 
implementing the MESC are briefly described. 

 
Keywords: elasticity, composites, equivalent strength conditions, multigrid finite elements, plates, beams, shells. 
 

МЕТОД ЭКВИВАЛЕНТНЫХ УСЛОВИЙ ПРОЧНОСТИ В РАСЧЕТАХ 
ТЕЛ С НЕОДНОРОДНОЙ РЕГУЛЯРНОЙ СТРУКТУРОЙ 
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Пластины, балки и оболочки с неоднородной, микронеоднородной регулярной структурой широко применя-

ются в авиационной и ракетно-космической технике. В расчетах на прочность упругих композитных конст-
рукций с помощью метода конечных элементов (МКЭ) важно знать погрешность приближенного решения,  
для нахождения которой необходимо построить последовательность приближенных решений, что связано  
с применением процедуры измельчения дискретных моделей. Реализация процедуры измельчения (в рамках мик-
роподхода) дискретных моделей композитных конструкций (тел) требует больших ресурсов ЭВМ, особенно 
для дискретных моделей с микронеоднородной структурой. В данной работе предложен метод эквивалентных 
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условий прочности (МЭУП) для расчета на статическую прочность упругих тел с неоднородной и микронеод-
нородной регулярной структурой, который реализуется с помощью МКЭ с применением многосеточных  
конечных элементов. Расчет на прочность композитных тел по МЭУП сводится к расчету на прочность  
упругих изотропных однородных тел с применением эквивалентных условий прочности, которые определяют-
ся на основе условий прочности заданных для композитных тел. В основе МЭУП лежит следующее утвержде-

ние. Для всякого композитного тела 0V  существуют такое изотропное однородное тело bV  и число p , что 

если коэффициент запаса bn  тела bV  удовлетворяет эквивалентным условиям прочности вида 
2

1 2(1 ) (1 ) (1 )bpn n pn          , то коэффициент запаса 0n  тела 0V  удовлетворяет заданным условиям 

прочности 1 0 2n n n  , где 1n , 2n  заданы, коэффициент запаса 0n  ( bn ) отвечает точному (приближенному) 

решению задачи теории упругости, построенному для тела 0V  (тела bV ), 2 1 2 1( ) / ( )n n n n    ,   – верх-

няя оценка погрешности b  максимального эквивалентного напряжения тела bV , отвечающего приближен-

ному решению. При построении эквивалентных условий прочности, т. е. при нахождении коэффициента экви-
валентности p , используется система дискретных моделей, размерности которых меньше размерностей 

базовых моделей композитных тел. Реализация МЭУП требует малых ресурсов ЭВМ и не использует процеду-
ры измельчения композитных дискретных моделей. С помощью расчетов показано, что эквивалентные условия 
прочности, построенные для конкретного нагружения композитного тела, можно использовать для опреде-
ленного вида его нагружений. Расчеты на прочность тел с микронеоднородной структурой с помощью МЭУП 
показывают высокую его эффективность. Кратко изложены основные процедуры реализации МЭУП. 

 
Ключевые слова: упругость, композиты, эквивалентные условия прочности, многосеточные конечные эле-

менты, пластины, балки, оболочки. 
 
Introduction. Structure strength calculation is one of 

the most important stages in the outline design of a struc-
ture based on a structure project feasibility study. As a 
rule, calculations for static strength, elastic structure 
(body) of a certain class (for example, elements or aircraft 
and rocket-space structures) are carried out according to 
safety requirements [1–3], and limited to the equivalent 
structure stress determination. In this case for the body 0V  

the given strength conditions are 1 0 2n n n  , where 1n , 

2n  are given, 0n  is the body safety factor, 0V , 

0 0/Tn    , T  is the yield stress [1], 0  is the maxi-

mum equivalent stress corresponding to the exact solution 
of the elasticity problem (constructed for the body 0V ). If 

the safety factor 0n  satisfies the given strength condi-

tions, then it is suggested that the body 0V  does not col-

lapse during operation. It should be noted that construc-
tion of analytical solutions of the three-dimensional prob-
lem of elasticity theory for composite bodies is associated 
with great difficulties. If the maximum equivalent stresses 
of the bodies is approximate, then in this case the cor-
rected strength conditions are used [4], which pass the 
stress error. In the analysis of the stress-strain state (SSS), 
the finite element method (FEM) is widely used [5; 6]. 
Basic discrete models of bodies, accounting for their in-
homogeneous and micro-inhomogeneous structures 
within the micro-approach [7], have a very high dimen-
sion. Implementation of FEM for such discrete models is 
very difficult, since it requires large computer resources. 
In addition, to determine the error in the solution, a se-
quence of approximate solutions constructed using re-
finement (within the micro approach) of discrete models 
is used. The grinding procedure is difficult to implement; 
it leads to a sharp increase in the discrete models size, 
making implementation of FEM challenging. To deter-
mine the SSS of composite bodies, the method of multi-

grid finite elements (MFEM) [8–14] is effectively ap-
plied, which generates discrete models, dimensions of 

which are 3 610 10  times less than the base models di-
mensions. It should be noted that FEM is a special case of 
MFEM. If when solving boundary value problems by 
FEM, multigrid finite elements (MgFE) are used [8–22], 
then MFEM is implemented in this case. 

In this work, for calculating the strength of solid com-
posite bodies using equivalent strengths, the method of 
equivalent strength (MESC) is proposed, which means 
calculating the strength of isotropic homogeneous bodies 
using equivalent strengths [23]. In this paper in contrast to 
[24], a theorem is formulated and proved, which underlies 
the MESC. In addition, the following should be noted: 
equivalent strength conditions are based on specified 
strength conditions using the equivalence coefficient p. In 
fact, the construction of equivalent strength islimited to 
determining the coefficient p, which is determined for a 
given composite body loading. However, it is important 
to note that the equivalent strength conditions constructed 
using the coefficient p can be used in composite body 
strength calculations for a certain type of its loading. 

To find the coefficient p, a system of homogeneous 
and composite discrete models is used, dimensions of 
which are less than the dimensions of composite bodies 
models. The analysis of SSS in discrete models is carried 
out using the MFEM, which generates discrete models of 
small dimension. The advantages of the MESC are that its 
implementation requires small computer resources and 
does not use the procedure for refining discrete models of 
composite bodies. The use of MESC in strength calcula-
tions of bodies with a micro-inhomogeneous regular 
structure shows its effectiveness. 

1. Equivalent strength conditions and equivalent 
strength structures. Suppose two elastic structures 1V   

and 2V  have the same shape, geometrical dimensions, 
fixings and static loading, but differ in elasticity modulus. 
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Suppose strength conditions 1n , 2n  are given for the 

safety factors, respectively of structures 1V , 2V  

1 1
1a bn n n  ,                                (1) 

2 2
2a bn n n  ,                                (2) 

where 1 2, 1a an n  ;  1 2,a an n , 1 2,b bn n  – are given; safety fac-

tors 1n  ( 2n ) complie with the precise solution  of elastic-

ity theory, built for structures 1V  ( 2V ). 

For structures 1V , 2V  the following two definitions are 

introduced: 
Definition 1. Fulfillment of conditions (2) for the coef-

ficient 2n  implies fulfillment of conditions (1) for the 

coefficient 1n  and vice versa, if the fulfillment of condi-

tions (1) for the coefficient 1n  implies the fulfillment of 

conditions (2) for the coefficient 2n , then the strength 

conditions (1), (2) will be called equivalent strength con-
ditions for structures 2V , 1V , respectively. 

Definition 2. Suppose the structures 1V , 2V , for which 

respectively condition (2), (1) is equivalent to strength 
conditions do not collapse under the same operating con-
ditions. Then the structures 1V , 2V  will be called strength 

equivalent. 
In practice, the equivalence in strength of structures 

V1, V2  means that 2V  structure can be used instead of a 

working structure 1V , and vice versa. It should be noted 

that of the two structures equivalent in strength, it is ad-
visable to use such a structure that is more technologically 
advanced in manufacturing, meets the specified technical 
requirements and more cost effective for manufacturing 
and operation. 

2. Provisions of the method of equivalent strength 
conditions MESC are used to calculate the strength  
of structures (bodies) that satisfy the following: 

Provision 1. Linearly elastic three-dimensional iso-
tropic homogeneous bodies and bodies with an inhomo-
geneous, micro-inhomogeneous regular structure, which 
consist of plastic materials, have smooth boundaries and 
static loading are considered. The body loading functions 
are smooth functions. Solid boundaries do not degenerate 
into points. 

Provision 2. Composite bodies consist of isotropic 
homogeneous bodies of different modulus, connections 
between which are ideal, that is, on common boundaries 
of homogeneous bodies of different modulus, the func-
tions of displacements and stresses are continuous. 

Provision 3. Displacements, deformations and stresses 
of heterogeneous isotropic homogeneous bodies corre-
spond to the Cauchy relations and Hooke's law of the 
three-dimensional linear problem of elasticity theory [25]. 
Equivalent stresses for bodies are determined according to 
the 4th theory of strength [1]. 

Provision 4. The maximum equivalent stress of the 
basic discrete model of a composite body (which consists 
of a first-order FE of the cube shape, takes into account 
the inhomogeneous structure of the composite body and 
generates a three-dimensional uniform mesh) shows a 

small difference with the exact solution. It should be 
noted that due to the convergence of the FEM, such basic 
discrete models for composite bodies always exist. 

Provision 5. For the typical dimensions of a composite 
body and its regular cell, the condition / 1d B   is  
fulfilled, where d is the maximum typical size of the regu-
lar cell of the composite body, B is the minimum typical 
size of the composite body. 

It should be noted that positions 4, 5, as a rule, are ful-
filled for bodies with micro-inhomogeneous regular struc-
ture. 

3. The main theorem of the method of equivalent 
strength conditions. Without losing shared judgments, 
we consider bodies with an inhomogeneous regular  
fibrous structure, which are widely used in practice. The 
MESC is based on the following theorem: 

Theorem. Suppose the strength conditions of the  
form 3 are given to the safety factor of a composite  
body 0n  (fibrous structure). 

1 0 2n n n  ,                                 (3) 

where 1n , 2n  – are given, 1 1n  , 0 0/Tn    , T  – 

fiber yield stress, 0  – the maximum equivalent stress  

of the body 0V , which corresponds to the exact solution 
of the problem of the elasticity theory, constructed for the 
body 0V . 

Then there is such an isotropic homogeneous body bV  
and such a number 0p   (equivalence coefficient) that  

if the body bV  safety factor bn  satisfies the corrected 

equivalent strength conditions 

1 2

1 1b
pn pn

n
 

 
   

,                          (4) 

then, safety factor 0n  of the structure 0V  meets the 

strength requirements (3), where /b T bn    , b  – the 

maximum equivalent stress of the body bV , which corre-
sponds to the approximate solution of the theory of elas-

ticity problem, constructed for the body bV , 

2 1

2 1

n n

n n


 


,                              (5) 

  – upper bound on relative error, b pressure b   

of  body bV , | |  b    . 
Deduction. 
First, let us prove the existence of equivalent strength 

conditions for linearly elastic composite bodies. Suppose 

an elastic homogeneous isotropic body bV  and a compos-
ite body 0V  have the same shape, size, fixation and load-
ing, but differ in elastic moduli. Suppose the elastic  

moduli of the body bV  and fiber be the same. The safety 

factors 0n , 0
bn  respectively bodies 0V , bV are found  

by the formulas 

0
0

Tn





,                                    (6) 

0
0
T

b
b

n





,                                    (7) 
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where T  – fiber yield strength [1–3]; 0
b  – maximum 

equivalent body stress bV , corresponding to the exact 
solution of the elasticity theory problem. 

Suppose coefficient 0n  meets the requirements (3). 

Applying (6) to (3) we obtain 

1 2
0

Tn n


 


.                             (8) 

There is a number 0p  , 

0
0
b

p





.                                 (9) 

Considering (9) in (8), we obtain 

1 20
T

b

pn pn


 


                           (10) 

Applying  (7) in (10), we obtain 
0

1 2bpn n pn  .                          (11) 

So, the safety factor 0
bn  of an isotropic homogeneous 

body bV  satisfies conditions (11). Conversely, suppose 

body bV  safety factor 0
bn  satisfy the strength conditions 

(11). Applying (7) in (11) considering (9), we obtain 

1 2
0

Tp
pn pn


 


. Whence, taking into account (6), fol-

lows the fulfillment of the strength conditions for the 

safety factor 0n  of the composite body 0V  (3). It is 

shown that each coefficient 0
1 2( , )bn pn pn  corresponds 

to a single coefficient 0 1 2( , )n n n  found by formula (6), 

and vice versa. Further limiting cases are considered. 

Suppose 0
1bn pn . Using relation (7) in the latter equa-

tion we obtain 0 1/Tp pn   . Whence, taking into ac-

count (6) it follows 0 1n n . Similarly, one can show that 

if 0
2bn pn , then 0 2n n . Suppose 0 1n n . Using (6), 

(9) in the latter equation, we obtain 0
1/T b pn   . Now 

then, taking into account (7), it follows that 0
1bn pn . 

Similarly, one can show that if 0 2n n , then 0
2bn pn . 

Hence it follows that conditions (11), according to Defini-
tion 1, are equivalent strength conditions for a body 0V . 

Suppose for the body bV  the maximum equivalent 
stress has been defined as b , corresponding to the  

approximate solution of the elasticity theory problem, 
such that 

2 1

1 2

| |b
n n

C
n n 


    


,                     (12) 

where 1n , 2n  – are given; 1 1n  , 2 1n n , b  – relative 

stress error b , i. е. 
0

0
b b

b
b

 
 


,                           (13) 

where   – upper bound for error b . 

From (13) it follows that 0(1 ) b b b     . Hence ob-

tain 
0 (1 )b b bn n   .                            (14) 

Let us note that in (12) 1C  . Suppose 0  is such 

that 0 | |b   . Then due to (12) obtain 

00  | |  1b        .                  (15) 

Assuming in (14) consecutively 0b   , 0b   , 

apply coefficients 

1 0(1 )r
bn n   ,   2 0(1 )r

bn n   ,             (16) 

Then due to (14), (16) obtain 
0

1
r

bn n    or  0
2
r

bn n .                         (17) 

Apply coefficients 1
dn , 2

dn  according to formulas 

1 (1 )d
bn n   ,   2 (1 )d

bn n   .             (18) 

Due to 0 1   , 0bn  , from (18) it follows that 

2 1
d dn n .                                  (19) 

Equivalent strength conditions that take into account 
stress error, i. e., corrected equivalent strength conditions 
(4) are presented in the form 

2
1 2(1 ) (1 ) (1 )bpn n pn          ,       (20) 

where /b T bn    , T  – fiber yield strength. 

Suppose for coefficient bn  strength conditions are met 

(20), i. e. suppose 1 (1 )g bpn n   ,  2(1 )g bn pn   . 

Hence for the coefficient 1
dn , 2

dn , taking into account 

(18), (19) inequation is done 

1 1 2 2
d dpn n n pn   .                      (21) 

Comparing (16), (18) with respect to (15), equations 

1 1
d rn n , 2 2

r dn n  follow. Hence, considering that accord-

ing to (16) 1 2
r rn n , we obtain 

1 1 2 2
d r r dn n n n   .                        (22) 

Then, due to (21), (22) inequations are done 

1 1 2 2
r rpn n n pn   .                     (23) 

From (23) taking into account (17), i. e. from meeting 

for the body bV  safety factor bn  (corresponding to the 

approximate solution) of the corrected equivalent strength 
conditions (20), that is (4), it follows that strength condi-

tions (11 ) for the safety factor 0
bn  of the body bV  (corre-

sponding to the exact solution) are met, therefore, satisfy-
ing  the given strength conditions (3) for the safety factor 

0n  of the composite body 0V  (corresponding to the exact 

solution). Constraints on the parameter   are found from 

the assumption of strength conditions existence (4), i. e. 
suppose inequation 1 2(1 ) (1 )pn pn       is done. 

Whence it follows that 

2 1

1 2

n n
C

n n 


  


.                         (24) 
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It should be noted that, since 2 1 1n n  , then from 

(24) it follows that 0 1C  . If C   , then the range 

for varying values of the coefficient 0n  is zero, which is 

difficult to perform in practice. Now then C   , it is 

possible to meet the equivalent strength conditions (11) 

for the coefficient 0
bn  applying corrected equivalent 

strength conditions (4) and the approximate solution that 
generates an error b  for the stress b  that | |  b    . 

Note that meeting conditions (11) implies the fulfillment 
of the specified strength conditions (3). The theorem is 
proved. 

Note that it follows from the theorem that if the safety 

factor bn  of the body bV  satisfies the corrected equiva-

lent strength conditions (4), then this means that the error 

b  of the maximum equivalent stress b  of the body bV  

is not greater than  , i. e. | |b    . 

4. Procedures for implementing the method of 
equivalent strength conditions. Implementation of the 
MESC is reduced to construction of equivalent strength 
conditions (4) applying the MFEM, that is, to determina-
tion of the equivalence coefficient p, and to determination 

of the maximum equivalent stress b  for the body bV  

with an error | |  b    , /b T bn    . The coefficient p 

is determined by the formula (9), i. e. 

0
0
b

p





.                                (25) 

Without losing shared judgments, for convenience and 
clarity of presentation, we will consider the basic proce-
dures for the implementation of MESC using the example 
of calculating the strength of a composite beam (body) 0V  

with dimensions H L H  , where 128H h , 
1536L h , h  – is given, Fig. 1. The body 0V  is rein-

forced with continuous longitudinal fibers of constant 
cross-section with dimensions h h . The fibers have the 
same modulus of elasticity. When 0y   the body is fixed 

and has loading ( , )zq x y  on the surface z H . The in-

homogeneous structure of the body 0V  is represented by 

regular cells 0G  with 8 8 8h h h   size, fig. 2, the sections 

of 16 fibers are painted over. It is believed [26] that if the 
fiber thickness is less than 0.5 mm, then such fibers form 
a micro-inhomogeneous structure. Suppose 600 ммL  , 

50 ммH  , then 0.3906 ммh  . In this case, the body 

0V  has a micro-inhomogeneous regular structure. 

It should be noted that since the filling factor of the 
composite body 0V  is small (equal to 0.25), it is difficult 

to determine the effective elastic moduli for the body 0V . 

The case when the filling coefficient is close to one was 
considered in [23]. 

Suppose the strength conditions (3) are given for the 
safety factor 0n  of the composite body 0V . The basic 

discrete 0V  body model 0R  consists of finite elements 

(FE) of the 1st order of a cube shape with a side h  [6], in 
which a three-dimensional SSS is realized, accounting for 

the inhomogeneous structure of the beam and generates a 
basic uniform mesh with a step h  with dimension 
129 1537 129  . 

 

 
 

Fig. 1. The characteristic sizes of the beam (body) 0V  

 
Рис. 1. Характерные размеры балки (тела) 0V  

 
 

 
 

Fig. 2. Regular cell (body) 0G  

 
Рис. 2. Регулярная ячейка (тело) 0G  

 
Fig. 2 shows the basic grid 0G  of a regular dimension 

cell 9 9 9  ; , , 1,...,9i j k  . The model 0R  has 

0 76681728N   nodal unknown FEM, system tape width 

of FEM equations is 0 50316b  . The basic model 0R  

takes into account the micro-inhomogeneous structure of 
the body 0V  with high dimension, therefore we can as-

sume that this model satisfies position 4. However, it is 
difficult to apply the discrete model 0R  in calculations, 

since the implementation of the FEM for the 0R  model 

requires essential computer resources. 
According to the MESC, introduced is an isotropic 

homogeneous body bV  such that the bodies bV , 0V  have 

the same shape, dimensions, specified fixing and loading, 
but differ in elastic moduli. The elastic moduli of the 

body bV  are equal to the elastic moduli of the body 0V  

fiber. For the body bV  we define a discrete model b
nV , 

which consists of an FE ( )n
eV  of the 1st order of a cube 

shape with a side nh  [6] and has a uniform mesh with a 

step nh  with dimension ( ) ( ) ( )
1 2 3

n n nn n n  , where 

( )
1 8 1nn n  , ( )

2 12 8 1nn n   , 

( )
3 8 1nn n  ,  1, 2, 3,...n  .                 (26) 
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The steps of the fine mesh of the model 0
nV  along the 

axeses Ox , Oy , Oz  equal ( ) / (8 )n
xh H n , 

( ) / (96 )n
yh L n , ( ) / (8 )n

zh H n . Since 12L H , then 

( ) ( ) ( )n n n
n x y zh h h h   . Due to (26) we obtain n nh h  , 

where n  – scale factor, 16 /n n  , 1,2,3,...n  . Under 

1,...,15n   we have 1n  , i. е.  nh h . Under 16n   

we have 1n  , 16 1  , 16h h . Discrete model b
nV   

of a finite number of bodies of the same shape b
nG  with 

dimensions 8 8 8n n nh h h  , 1, 2,3,...n  . The body and 

the regular cell 0G  have the same shape (cube shape),  

but differ in characteristic dimensions. 

Let us introduce a composite body 0
nG  (cube shaped) 

with dimensions 8 8 8n n nh h h  . Suppose the composite 

body 0
nG  consist of FE ( )n

eV  cube-shaped with the side 

nh . The composite body 0
nG  is of fibrous structure, the 

same number of fibers (16 longitudinal fibers with a 
square cross section n nh h , the distance between the 

fibers  equals nh ) and the same mutual arrangement  as in 

the regular cell 0G  (the cell 0G  has 16 with dimensions 

h h , the distance between them equals h , fig. 2). 
1, 2,3,...n  . Inhomogeneous structure in the composite 

body 0
nG  is taken into account using FE ( )n

eV . Fibers and 

matrices of the bodies 0
nG , 0G  have the same elastic 

moduli. The bodies 0
nG , 0G  in fact differ only in scale, 

they can formally be written as 0 3
0( )n nG G  . Under 

16n   we obtain 16 1  , i. е. 0
16 0G G . 

Using the bodies 0
nG  instead of the bodies b

nG  in the 

discrete model b
nV  we obtain  a composite discrete model 

0
nR , 1, 2,3,...n  , which accounts for inhomogeneous 

structure. Composite body 0
nG  is, in fact,  a regular cell 

for the model 0
nR , 1,2,3,...n  . Discrete model 0

nR  has 

the same uniform grid with step nh  and dimensions b
nV . 

Under 16n   the discrete models 16
bV , 0

16R  and 0R  have 

the same shape, characteristic size and dimensions. Since 
0
16 0G G , then under 16n   models 0

16R  and 0R  coin-

cide, i. е. 0
16 0R  R . Thus, the discrete models 0

nV , 0
nR  

possess the same shape , characteristic size and dimen-
sions, the same fixing and loading, like a body (beam) 

0V , but differ only in elastic moduli 1, 2,3,...n  . It is 

important to note the following: 

1. Dimensions of discrete models 0
nV , 0

nR  under 

1,...,15n  , due to (26), are less than the dimensions of 

the basic discrete model 0R  of a composite body 0V . 

2. When constructing composite discrete models 
0 15

2{ }n nR  , the procedure of grinding composite discrete 

models is not applied. 

To reduce the dimensions of the models b
nV , 0

nR  

MgFE are used [8–22]. Since the models 0
16R , 16

bV  have 

the same high dimension as the basic discrete body model 

0R , which has 76681728  nodal unknown FEM, we be-

lieve that the maximum equivalent stress 0
16  (stress 16

b ) 

of the model 0
16R  (model 16

bV ) differs a little from the 

exact stress 0  ( 0
b ). Therefore, we assume 0

0 16   , 
0

16
b

b   .  

We find the equivalence coefficient  p  by formula 
(25) accounting for the latter 2 equations, i. e. 

0
16 16/ bp    .                               (27) 

Taking into account in the formula 0 / b
n n np    , 

where 0
n  ( b

n ) is the maximum equivalent stress of the 

model 0
nR  (model), which at 16n   we have 0 0

16n   , 

16
b b
n   , due to (27) we have np p  at 16n  . 

Suppose np  quickly converge to p . Let the value 

1| | /n n n np p p    be small, where then we accept hat 

.np p  Applying the found coefficient  p and parameter 

  (   specified and satisfies condition (5)) 1n  and 2n  

specified in representation (4), we determine the corrected 
equivalent strength conditions, which accounts for the 

stress error. Suppose b
n  quickly converge to 0

b . Let the 

small value 1| | /b b b
n n n n


      and | |  b
n    , where 

b
n  is the relative voltage error, b

n    is given, 

C   2,3,...n  ,. Then we accept that b
b n   , i. e., 

the maximum equivalent body bV  stress b  is found. 

Suppose the found safety factor bn  (where /b T bn    , 

i. e. / b
b T nn    ) of an isotropic homogeneous body bV  

(corresponding to an approximate solution) satisfy the 
constructed equivalent strength conditions (4). Then the 
safety factor 0n  of the composite body 0V  (which corre-

sponds to the exact solution) satisfies the given strength 
conditions (3). 

When calculating the composite bodies strength ac-
cording to MESC, it is advisable to use MgFE [24]. In 
this case, the implementation of MESC requires small 
computer resources. 

5. Application of the corrected equivalent strength 
conditions in the calculations of composite bodies with 
a certain type of loading. The calculations given below 
show that the corrected equivalent strength conditions (4), 
constructed for a specific body loading, can be used in the 
strength calculations of a composite body 0V  (fig. 1), for 

which a certain type of loading is specified. 
In [24], an example of a cantilever beam 0V  (fig. 1) 

strength analysis according to MESC using three-mesh 
FE is considered in detail. The beam is reinforced with 
longitudinal fibers. The regular cell of the beam is shown 
in fig. 2. Under 0y  , 0u v w   ,  i. e in the xOz  
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plane the beam is fixed. For the safety factor 0n  of the 

beam, the given strength conditions have the form 

01.3 3.2n  .                               (28) 

In the calculations of the beam the following data 
were used: 

0.3906h  ; 5T  ; 10vE  , 1cE  , 

 0.3c v    ,  0.0018,zq                   (29) 

where cE , vE  ( c , v ) – Young's moduli (Poisson's 

ratios) of the binder and fibers, respectively, T  is the 

yield stress zq  of the fiber, the load acts on the surface 

z H , 0.5L y L  , fig. 1. 

The equivalence factor p for the composite beam 0V  is 

determined using the procedure described above. Discrete 

models b
nV , 0

nR , 9,  11, 12n   are constructed using 

3sFE (the construction procedure of which is described in 
detail in [24]) on the basis of basic regular partitions, re-
spectively of dimensions: 73 865 73  , 89 1057 89   

and 97 1153 97  . The coefficients np  are found by the 

formula / b
n n np    , where n , b

n  are the maximum 

equivalent stresses, respectively of the models 0
nR , b

nV , 

9,  11, 12n  . As a result of calculations we get: 

9 3.002p  , 11 3.000p  , 12 2.999p  . The relative er-

rors for the found coefficients 9p , 11p , 12p  are 

1 11 9 11(%) 100 % | | /

100 % | 3.002 3.000 | /3.000 0.066 %,

p p p    

   
 

 

2 12 11 12(%) 100 % | | /

100 % | 3.000 2.999 | /2.999 0.033 %.

p p p    
   

 

Since 9 11 12p p p   and 2  is the smallest value, we 

consider, equivalent coefficient equals 12 2.999p p  . 

Applying to (4) 0.15  , 1 1.3n  , 2 3.2n  , we obtain 

the corrected equivalent strength conditions expressed in 
terms of the equivalence coefficient p  

1.5288 2.7805bp n p  .               (30) 

Applying to (30) 2.999p  , we obtain the following 

corrected equivalent strength conditions  
4.584 8.339bn  , which in practice, in order to take  

into account the error of computer calculations, is used in 
the following modified form 

4.65 8.25bn  .                            (31) 

Table 1 shows the results of calculations for five load-

ings n
zq  of the beam 0V , for which the equivalence coef-

ficients np  are found, where x , y , z  are the coordi-

nates of the points of the beam surface, on which a con-

stant load n
zq , 1,...,5n   is applied. Loads n

zq , 

1, 4, 5n   provide direct bending of the beam, loads 2
zq , 

3
zq  – oblique bending of the beam. The relative error 

(%)n  for the equivalence coefficient np , presented in 

table, is determined by the formula 

(%) 100 % | | /n np p p    ,           (32) 

where 2.999p  , 1,...,5n  . 

Analysis of the calculation results shows that the 

equivalence coefficients np , 1.5n   differ from the 

equivalence coefficient 2.999p   by small values, which 

are 0.35 %  less (see formula (32), tab. 1). According to 

(30), the corrected equivalent strength conditions for the 

equivalence coefficient np , 1,...,5n   have the form 

1.5288 2.7805n n
bp n p  .                   (33) 

Since the coefficients np , 1,...,5n   have minor dif-

ference with p  (see formula (32), fig. 1), then equivalent 

strength conditions (33) will differ a little from the 
equivalent strength conditions (30); moreover, we have 

1.5288 4.65 8.25 2.7805n n
bp n p    ,       (34) 

where 1,...,5n  . 
Fulfillment of (34) implies that the equivalence coef-

ficients np , 1.5n  , in fact, generate corrected equivalent 

strength conditions (31). 
Consequently, the results of the calculations show that 

when calculating the strength of a composite beam 0V  

under the action of piecewise constant loads n
zq  on the 

surface z H , 1,...,5n   it is possible to use the cor-
rected equivalent strength conditions (31) constructed for 
a beam 0V  with loading 0.0018zq   on the surface 

0.5L y L  , z H  i. e., constructed using the equiva-

lence coefficient 2.999p  .  

 
The results of calculations of the beam 0V  

 

n  x  y  z  n
zq  

np  (%)n  

1 0 x H   0 y L   H  0.0078 2.997 0.066 % 

2 0 / 2x H   0 / 2y L   H  0.543 2.991 0.267 % 

3 0 / 2x H   0 y L   H  0.125 2.989 0.333 % 

4 0 x H   0,998L y L   H  2.8000 2.999 0.000 % 

5 0 x H   
0 x H   

0 / 2y L   

0,5L y L   

H  0.0145 
0.0034 

2.994 0.167 % 
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Now then, if a piecewise constant load zq  acts on the 

upper surface of the beam 0V , which provides direct or 

oblique bending of the beam, then when calculating the 
strength of the beam 0V , you can use the corrected 

equivalent strength conditions (31). 
Given in [24] example of calculating the strength of a 

cantilever beam (having a micro-inhomogeneous regular 
fibrous structure) using the MESC shows its high effi-
ciency. 

Conclusion. The method of equivalent strength condi-
tions is proposed for calculating the static strength of elas-
tic bodies with an inhomogeneous, micro-inhomogeneous 
regular structure under given strength conditions. The 
proposed method is implemented applying FEM using 
multigrid finite elements and is limited to calculation of 
isotropic homogeneous bodies strength using equivalent 
strength conditions that account for solution errors. In the 
process of implementation, the method of equivalent 
strength conditions requires little time or computer re-
sources and is exceptionally effective when calculating 
the strength of bodies that have a micro-inhomogeneous 
regular fibrous structure. 

 
References 

 

1. Pisarenko G. S., Yakovlev A. P., Matveev V. V. 
Spravochnik po soprotivleniyu materialov [Handbook of 
resistance materials']. Kiev, Nauk. Dumka Publ., 1975, 
704 p. 

2. Birger I. A., Shorr B. F., Iosilevich G. B. Raschet 
na prochnost' detalej mashin [Calculation of the strength 
of machine parts]. Moscow, Mashinostroenie Publ., 1993, 
640 p. 

3. Moskvichev V. V. Osnovy konstrukcionnoj 
prochnosti tekhnicheskih sistem i inzhenernyh so-
oruzhenij [Fundamentals of structural strength of techni-
cal systems and engineering structures]. Novosibirsk, 
Nauka Publ., 2002, 106 p. 

4. Matveev A. D. [Calculation of elastic structures us-
ing the adjusted terms of strength]. Izvestiya AltGU. 2017, 
No. 4, P. 116–119 (In Russ.). Doi: 
10.14258/izvasu(2017)4-21. 

5. Norri D., de Friz Zh. Vvedenie v metod konech-
nykh elementov [Introduction to the finite element 
method]. Moscow, Mir Publ., 1981, 304 p. 

6. Zenkevich O. Metod konechnykh elementov v 
tekhnike [Finite element method in engineering]. Mos-
cow, Mir Publ., 1975, 544 p. 

7. Fudzii T., Dzako M. Mekhanika razrusheniya 
kompozicionnyh materialov [Fracture mechanics of com-
posite materials]. Moscow, Mir Publ., 1982. 

8. Matveev A. D. [The method of multigrid finite ele-
ments in the calculations of three-dimensional homogene-
ous and composite bodies].  Uchen. zap. Kazan.  
un-ta. Seriia: Fiz.-matem. Nauki. 2016, Vol. 158, No. 4, 
P. 530–543 (In Russ.). 

9. Matveev A. D. [Multigrid method for finite ele-
ments in the analysis of composite plates and beams]. 
Vestnik KrasGAU. 2016, No. 12, P. 93–100 (In Russ.). 

10. Matveev A. D. Multigrid finite element method in 
stress of three-dimensional elastic bodies of heterogene-

ous structure. IOP Conf, Ser.: Mater. Sci. Eng. 2016, Vol. 
158, No. 1, Art. 012067, P. 1–9. 

11. Matveev A. D. [Multigrid finite element Method 
in the calculations of composite plates and beams of 
irregular shape]. The Bulletin of KrasGAU. 2017, No. 11, 
P. 131–140 (In Russ.). 

12. Matveev A. D. [Multigrid finite element Method]. 
The Bulletin of KrasGAU. 2018, No. 2, P. 90–103  
(In Russ.). 

13. Matveev A. D. [The method of. multigrid finite 
elements of the composite rotational and bi-curved shell 
calculations]. The Bulletin of KrasGAU. 2018. No. 3,  
P. 126–137 (In Russ.). 

14. Matveev A. D.  [Method of. multigrid finite ele-
ments to solve physical boundary value problems]. Minis-
try of information technologies and mathematical model-
ing. Krasnoyarsk, 2017, P. 27–60. 

15. Matveev A. D. [Some approaches of designing 
elastic multigrid finite elements]. VINITI Proceedings. 
2000, No. 2990-B00, P. 30 (In Russ.). 

16. Matveev A. D. [Multigrid modeling of composites 
of irregular structure with a small filling ratio]. J. Appl. 
Mech. Tech. Phys. 2004, No. 3, P. 161–171 (In Russ.). 

17. Matveev A. D., Grishanov A. N. [Single- and 
double-grid curvilinear elements of three-dimensional 
cylindrical panels and shells]. Izvestiya AltGU. 2014,  
No. 1/1. P. 84–89 (In Russ.). 

18. Matveev A. D., Grishanov A. N. [Multigrid 
curvilinear elements in three-dimensional analysis of 
cylindrical composite panels with cavities and holes]. 
Proceedings of Kazan University. 2014, Vol. 156, No. 4, 
P. 47–59 (In Russ.). 

19. Matveev A. D., Grishanov A. N. [Three-
dimensional Composite Multigrid Finite Shell-Type 
Elements]. Izvestiya AltGU. 2017, No. 4/1, P. 120–125 
(In Russ.). 

20. Matveev A. D. [The construction of complex mul-
tigrid finite element heterogeneous and micro-
inhomogeneities in structure]. Izvestiya AltGU. 2014,  
No. 1/1, P. 80–83(In Russ.). Doi: 
10.14258/izvasu(2014)1.1-18. 

21. Matveev A. D. [Method of generating finite  
elements]. The Bulletin of KrasGAU. 2018, No. 6,  
P. 141–154 (In Russ.). 

22. Matveev A. D. [Construction of multigrid finite 
elements to calculate shells, plates and beams based on 
generating finite elements]. PNRPU Mechanics Bulletin. 
2019, No. 3, P. 48–57 (In Russ.). Doi: 
10/15593/perm.mech/2019.3.05. 

23. Matveev A. D. [Calculation of the strength of 
composite structures using equivalent strength condi-
tions]. The Bulletin of KrasGAU. 2014, No. 11, P. 68–79 
(In Russ.). 

24. Matveev A. D. [The method of equivalent strength 
conditions in calculating composite structures regular 
structure using multigrid finite elements]. Siberian Jour-
nal of Science and Technology. 2019, Vol. 20, No. 4,  
P. 423–435 (In Russ.). Doi: 10.31772/2587-6066-2019-
20-4-423-435. 

25. Samul' V. I. Osnovy teorii uprugosti i plastichnosti 
[Fundamentals of the theory of elasticity and plasticity]. 
Moscow, Vysshaia shkola Publ., 1982, 264 p. 



 
 
 

Информатика, вычислительная техника и управление 
 

 491

26. Golushko S. K., Nemirovskii Iu. V. Priamye i 
obratnye zadachi mekhaniki uprugikh kompozitnykh 
plastin i obolochek vrashcheniia [Direct and inverse prob-
lems of mechanics of elastic composite plates and shells 
of rotation]. Moscow, FIZMATLIT Publ., 2008, 432 p. 

 
Библиографические ссылки 

 

1. Писаренко Г. С., Яковлев А. П., Матвеев В. В. 
Справочник по сопротивлению материалов. Киев : 
Наук. думка, 1975. 704 с. 

2. Биргер И. А., Шорр Б. Ф., Иосилевич Г. Б. Рас-
чет на прочность деталей машин. М. : Машинострое-
ние, 1993. 640 с. 

3. Москвичев В. В. Основы конструкционной 
прочности технических систем и инженерных соору-
жений. Hовосибирск : Наука, 2002. 106 с. 

4. Матвеев А. Д. Расчет упругих конструкций  
с применением скорректированных условий прочно-
сти // Известия АлтГУ. 2017. № 4. С. 116–119. Doi: 
10.14258/izvasu(2017)4-21. 

5. Норри Д., Ж. де Фриз. Введение в метод конеч-
ных элементов. М. : Мир, 1981. 304 с. 

6. Зенкевич О. Метод конечных элементов в тех-
нике. М. : Мир, 1975. 542 с. 

7. Фудзии Т., Дзако М. Механика разрушения 
композиционных материалов. М. : Мир, 1982. 

8. Матвеев А. Д. Метод многосеточных конечных 
элементов в расчетах трехмерных однородных и ком-
позитных тел. // Учен. зап. Казан. ун-та. Серия: Физ.-
матем. науки. 2016. Т. 158, кн. 4. С. 530–543. 

9. Матвеев А. Д. Метод многосеточных конечных 
элементов в расчетах композитных пластин и балок. // 
Вестник КрасГАУ. 2016. № 12. С. 93–100. 

10. Matveev A. D. Multigrid finite element method in 
stress of three-dimensional elastic bodies of heterogene-
ous structure // IOP Conf. Ser.: Mater. Sci. Eng. 2016. 
Vol. 158, No. 1. P. 1–9. 

11. Матвеев А. Д. Метод многосеточных конечных 
элементов в расчетах композитных пластин и балок 
сложной формы // Вестник КрасГАУ. 2017. № 11.  
С. 131–140. 

12. Матвеев А. Д. Метод многосеточных конечных 
элементов // Вестник КрасГАУ. 2018. № 2. С. 90–103. 

13. Матвеев А. Д. Метод многосеточных конечных 
элементов в расчетах композитных оболочек враще-
ния и двоякой кривизны // Вестник КрасГАУ. 2018.  
№ 3. С. 126–137. 

14. Матвеев А. Д. Метод многосеточных конечных 
элементов в решении физических краевых задач. // 
Информационные технологии и математическое мо-
делирование. Красноярск, 2017. С. 27–60. 

15. Матвеев А. Д. Некоторые подходы проектиро-
вания упругих многосеточных конечных элементов // 
Деп. в ВИНИТИ. 2000. № 2990–В00. 30 с. 

16. Матвеев А. Д. Многосеточное моделирование 
композитов нерегулярной  структуры с малым коэф-
фициентом наполнения // Прикладная  механика  
и техническая физика. 2004. № 3. С. 161–171. 

17. Матвеев А. Д., Гришанов А. Н. Одно- и двух-
сеточные криволинейные элементы трехмерных ци-
линдрических панелей и оболочек // Известия АлтГУ. 
2014. № 1/1. С. 84–89. 

18. Матвеев А. Д., Гришанов А. Н. Многосеточные 
криволинейные элементы в трехмерном анализе ци-
линдрических композитных панелей с полостями и 
отверстиями // Ученые записки Казанского универси-
тета. Серия: Физико-математические науки. 2014.  
Т. 156, кн. 4. С. 47–59. 

19. Матвеев А. Д., Гришанов А. Н. Трехмерные 
композитные многосеточные конечные элементы 
оболочечного типа. // Известия АлтГУ. Серия: физи-
ко-математические науки. 2017. № 4/1. С. 120–125. 

20. Матвеев А. Д. Построение сложных многосе-
точных конечных элементов с неоднородной и мик-
ронеоднородной структурой // Известия АлтГУ. Се-
рия: Математика и механика. 2014. № 1/1. С. 80–83. 
Doi: 10.14258/izvasu(2014)1.1-18. 

21. Матвеев А. Д. Метод образующих конечных 
элементов // Вестник КрасГАУ. 2018. № 6. С. 141–154. 

22. Матвеев А. Д. Построение многосеточных ко-
нечных элементов для расчета оболочек, пластин и 
балок на основе образующих конечных элементов // 
Вестник Пермского национального исследовательско-
го политехнического университета. Механика. 2019. 
№ 3. С. 48-57. Doi: 10/15593/perm.mech/2019.3.05. 

23. Матвеев А. Д. Расчет на прочность композит-
ных конструкций с применением эквивалентных  
условий прочности // Вестник КрасГАУ. 2014. № 11. 
С. 68–79. 

24. Матвеев А. Д. Метод эквивалентных условий 
прочности в расчетах композитных конструкций ре-
гулярной структуры с применением многосеточных 
конечных элементов // Сибирский журнал науки и 
технологий. 2019. Т. 20, № 4. С. 423–435. Doi: 
10.31772/2587-6066-2019-20-4-423-435. 

25. Самуль В. И. Основы теории упругости и пла-
стичности. М. : Высшая школа, 1982. 264 с. 

26. Голушко С. К., Немировский Ю. В. Прямые и 
обратные задачи механики упругих композитных пла-
стин и оболочек вращения. М. : Физматлит, 2008. 432 с. 

 
 Matveev А. D., 2020 

 
 
 
Matveev Alexander Danilovich – Cand. Sc., associate Professor, senior researcher; Institute of computational 

modeling SB RAS. E-mail: mtv241@mail.ru. 
 
Матвеев Александр Данилович – кандидат физико-математических наук, доцент, старший научный со-

трудник; Институт вычислительного моделирования СО РАН. E-mail: mtv241@mail.ru. 
 



 
 
 

Сибирский журнал науки и технологий.  Том 21,  № 4 
 

 492

UDC 004.942 
Doi: 10.31772/2587-6066-2020-21-4-492-498 

 
For citation: Ontuzheva G. A. Models and methods of optimal control of software and technical configuration of 

heterogeneous distributed information processing systems. Siberian Journal of Science and Technology. 2020, Vol. 21, 
No. 4, P. 492–498. Doi: 10.31772/2587-6066-2020-21-4-492-498 

Для цитирования: Онтужева Г. А. Модели и методы оптимального управления программно-технической 
конфигурацией гетерогенных распределенных систем обработки информации // Сибирский журнал науки  
и технологий. 2020. Т. 21, № 4. С. 492–498. Doi: 10.31772/2587-6066-2020-21-4-492-498 

 
MODELS AND METHODS OF OPTIMAL CONTROL OF SOFTWARE  

AND TECHNICAL CONFIGURATION OF HETEROGENEOUS DISTRIBUTED  
INFORMATION PROCESSING SYSTEMS 

 
G. A. Ontuzheva 

 
Siberian Federal University 

79, Svobodny Av., Krasnoyarsk, 660041, Russian Federation 
E-mail: gontuzheva@sfu-kras.ru 

 
The article discusses formalization of the problem of heterogeneous distributed information processing systems 

(HDIPS) software and hardware configuration management. A formal description of possible optimality criteria for  
the HDIPS software and hardware configuration is given. The HDIPS model in terms of queuing theory is proposed. 
The problem of allocating the HDIPS computational resources is formulated as a transport problem according to time 
criterion with atomic needs. The algorithm for solving this problem is proposed and the boundaries of its applicability 
to the HDIPS are determined. To meet the selected optimality criterion, the analysis of the HDIPS software and hard-
ware configuration applying its formal model, using the queuing theory methods is presented. HDIPS is presented as  
a queuing network, where each computing node and route control unit is a mass service system. The problem of com-
puting resource allocation in HDIPS is presented as a transport problem according to the time criterion with atomic 
needs. The least time algorithm for indivisible needs takes into account the indivisibility condition. 

 
Keywords: distributed information processing systems, transport problem, queuing systems, software and hardware 

configuration, management of software and hardware resources, management optimization. 
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ПРОГРАММНО-ТЕХНИЧЕСКОЙ КОНФИГУРАЦИЕЙ ГЕТЕРОГЕННЫХ  

РАСПРЕДЕЛЕННЫХ СИСТЕМ ОБРАБОТКИ ИНФОРМАЦИИ 
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В статье рассматривается формализация задачи управления программно-технической конфигурацией ге-

терогенных распределенных систем обработки информации (ГРСОИ). Дано формальное описание возможных 
критериев оптимальности программно-технической конфигурации ГРСОИ. Предложена модель ГРСОИ в 
терминах теории массового обслуживания. Задача распределения вычислительных ресурсов ГРСОИ сформу-
лирована в виде транспортной задачи по критерию времени с атомарными потребностями. Предложен алго-
ритм решения данной задачи и определены границы его применимости в ГРСОИ. Для достижения выбранного 
критерия оптимальности приведен анализ программно-технической конфигурации ГРСОИ при помощи ее 
формальной модели с применением методов теории массового обслуживания. ГРСОИ представлена как сеть 
массового обслуживания, где каждый вычислительный узел и блок управления маршрутом является системой 
массового облуживания. Задача распределения вычислительного ресурса в ГРОСИ представляется как транс-
портная задача по критерию времени с атомарными потребностями. С учетом условия атомарности был 
разработан алгоритм наименьшего времени для атомарных заявок. 

 
Ключевые слова: распределенная системы обработки информации, транспортная задача, системы массо-

вого обслуживания, программно-техническая конфигурация, управление программно-техническими ресурсами, 
оптимизация управления. 
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Introduction. Heterogeneous distributed information 
processing systems (HDIPS) are information processing 
systems that are characterized by territorial distribution, a 
variety of software and hardware components and a het-
erogeneous nature of tasks being processed [1; 2]. Such 
systems are used in areas where it is necessary to receive 
and process primary data of a various nature in an auto-
matic or automated mode. They combine computational 
nodes (CN) and data sources of various types, which 
make it possible to carry out the entire computation proc-
ess in the system, from obtaining raw operational data 
obtained from one or several sources to delivering final 
information to decision-makers. 

One of the HDIPS features as a class of systems is a 
heterogeneous nature of tasks simultaneously solved in 
the system. They may require various software and hard-
ware resources, which increases the complexity of the 
most efficient software and hardware configuration 
choice. Due to the complexity of the HDIPS, a decision-
making process for software and hardware configuration 
management is associated with a large amount of uncer-
tainty, making decision-making on the design and mod-
ernization of the HDIPS software and hardware configu-
ration laborious, and increases error probability. The 
number of HDIPS software and hardware configuration 
elements and permissible ways of connecting them into 
various structures, which perform computational func-
tions, are great.  

The more components a HDIPS contains, the higher 
the complexity of the interaction between them is, there-
fore special tools are needed to work with such a large 
amount of information. 

Existing approaches are either intended for universal 
computing systems and do not take into account hetero-
geneity [3–7], or do not imply the possibility of changing 
the software and hardware configuration [8–10]. 

The inter-agency nature of some HDIPSs also compli-
cates the system management. For example, in the event 
that a HDIPS was formed due to the merger of several 
departments or divisions, it is difficult to see the system 
“from above” without special tools, to assess its potential 
and the way to optimize the combined computing re-
source use by shifting from independent problem solving 
“old” subsystems to a shared computing space. 

The aim of this work is to formalize the problem of 
HDIPS software and hardware configuration manage-
ment. To achieve this goal, formalization of possible op-
timality criteria of HDIPS software and hardware con-
figuration was carried out, a HDIPS model in terms of 
queuing theory was proposed, the problem of allocating 
HDIPS computing resources was formulated as a trans-
port problem by the time criterion with atomic needs, the 
algorithm for its solution was proposed and its applicabil-
ity boundaries were determined. 

Optimality criteria for HDIPS software and hardware 
configuration. Software and hardware configuration  
is a set of functional parts of an information processing 
system, their software and connections between them,  
due to the main technical characteristics of these func-
tional parts, as well as the requirements of the tasks to be 
solved [11]. 

The problem of HDIPS optimal configuration choice 
is the choice of such a set of CN P, which provides an 
acceptable level of the optimality criterion J for solving a 
set of computational problems E. In this case, the optimal-
ity criterion may differ depending on the purpose of a 
particular HDIPS [12]. Such criteria can be as follows: 

1. Minimizing the CN utilization factor average value: 

 1 minJ utilasid . 

In this case, we can assume that the computational 
load is evenly distributed and there are no overloaded 
nodes 

2. Minimizing the total time on problem solving in the 
system 

 2 min  
n i

i
J T e   

  , 

where Т – time spent on problem solving ie , n – number 
of problems, calculated at the time of change. HDIPS  
can be used in areas where decision-making time is criti-
cal, in which case minimizing a problem processing time 
is more important than uniform load distribution. 

3. Minimizing the probability of returning problem 
with  CN due to a lack of computing resources: 

3 min  
n i

returni
J p   

  . 

In case of an incorrect combination of computational 
load, a number of CNs and algorithms for distributing the 
computing resource in the HDIPS, situations are possible 
when the task arrives at the CN, which does not have 
enough free resources to process it; in this case the task  
is returned to the routing agent. The likelihood of such 
returns must be minimized, since they indicate the non-
optimal configuration of the HDIPS and increase the time 
spent on tasks in the computing system. 

The choice of the efficiency criterion for the projected 
computing system is the first step in solving the problem 
of optimal HDIPS software and hardware configuration 
choice. To achieve the selected optimality criterion, it is 
proposed to analyze the HDIPS software and hardware 
configuration using its formal model, applying the queu-
ing theory methods. 

Representation of HDIPS in the form of a queuing 
network. HDIPS can be represented as a queuing network, 
where each СN and route control unit is a mass service 
system (QS). By a queuing network we mean a set of in-
terconnected servicing devices with queues (queuing  
systems), in which requests pass from one device to another 
with a certain probability [13]. Each СN is represented as a 
multichannel QS without a queue, which returns a request 
for calculating a task to a routing agent if there is not 
enough computational resource for its execution. 

Queues are accumulators for routing agents, while the 
probability of task transition to a specific CN is deter-
mined by the routing algorithm operation. A general 
scheme of the queuing network HDIPS is shown in fig. 1 

The QS scheme of the CN is shown in fig. 2. Unser-
viced requests can arise in the QS of the CN in the event 
that upon the request receipt for the CN there is not 
enough resource to process it.  
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Fig. 1. A general scheme of the queuing network HDIPS 

 
Рис. 1. Общая схема сети массового обслуживания ГРСОИ 

 
 
 

 
 

Fig. 2. The scheme of the queuing system computing node 
 

Рис. 2. Схема системы массового обслуживания вычислительного узла 
 

 
In this case, the probabilities of the task transition 

from the router p4
i  to the CN p1

j  is defined as the product 
request probability sending to this node in accordance 
with the routing algorithm operation and availability of 
the necessary software coefficient ai

task  in the software 
configuration of the control node aj

server. 

, 
routing

ij ij ijp p k  

where 

 

1,        ,
 

0,         .ij

if CN j is provided with required software
k

if CN j is not provided with required software


 


 

 

For each task subset requiring the same software set, 
only a CNs subset will be available that satisfies the con-
dition of suitable software availability. 

Thus, for a task from the Ak
task set, only a part of the 

queuing network elements will be available; therefore, it 
is advisable to calculate the average time spent on tasks in 
the system using the weighted average time spent in the 

task system for each type of software from Atask, subsets, 
where the weight will be the probability of the task ap-
pearance, requiring Ak

task, software in the system. Thus, it 
is possible to represent the efficiency criterion J2 using 
the queuing theory instruments: 

2
Σ

1

1

Λ j

N

i j

j

J T w t


   , 

where  – total intensity of network input streams, Σ j
t – 

average time spent by a task in j QS, j – input flow rate j 
QS, wi – weight of i task. To achieve the selected optimal-
ity criterion, in addition to enumerating different permis-
sible combinations of software and hardware configura-
tions of the system individual elements, it is necessary to 
determine the optimal algorithm for requests distribution 
for computations to computational nodes. 

Transport task by the time criterion with atomic needs. 
The function that reflects the total time of data processing 



 
 
 

Информатика, вычислительная техника и управление 
 

 495

problems at any finite time interval is presented in the 
form of a transport problem according to the time crite-
rion [14]. 

There exists m of starting points (SP) A1, …, Am  
with margin a1, …, am and n of destination points (DP)  
B1, …, Bm with requests b1, …, bm the sum of margins 
equals the sum of requests: 

 

1 1

 
m n

i j

i j

a b
 

  . 

The times of transportation tij from each SP Ai  to each 
DP Bj  are given, it is assumed that they do not depend  
on the amount of the transported cargo. 

It is required to choose transportation (xij) in such  
a way that the balance conditions are met 

 

 

 
0

0

  1, , ,

  1, , ,

n

ij i
j

m

ij j

i

x a i m

x b j m






  





  





 

and in addition, the end time of all transportations T 
turned at a minimum. Thus, it is necessary to find a trans-
port plan (xij) for which the time T turns into a minimum: 

0
 max min

ij
ij

x
T t


  . 

The described problem can be used to select the opti-
mal route for computing problems at time t0 as follows. 
Computing nodes will be software A1, …, Am, and their 
free computing resource at the moment t0 will be a stock 
in terms of transport problems. Moreover, each task will 
be a DP with a certain need for computing resources. This 
introduces an additional condition for transportation – 
each DP must be served by single software. 

In order to support the heterogeneity of both computa-
tional tasks and software and hardware, computational 
tasks are considered as atomic – that is, indivisible  
between CNs. If a computation task is not atomic, it must 
be represented as a set of sequentially (or in parallel, de-
pending on the nature of the task) of atomic applications 
running. 

The condition on the atomicity of tasks introduces into 
the formulation of the transport problem the above-
mentioned restriction that each DP must be serviced by a 
single software; in what follows, this type of transport 
problem will be called a transport problem by the time 
criterion with atomic needs. 

The atomicity condition makes it possible not to con-
sider the combination of servicing the DP by several 
softwares, which significantly reduces the complexity of 
the solution algorithm in comparison with the classical 
solution of the transport problem by the time criterion. 

The transportation time (in terms of the model, the 
processing time of the task) tij is calculated as the sum of 
the task Bj delivery time forecast to the node Ai, the fore-
cast of the calculation time, and the forecast of the deliv-
ery time of the received data to the destination. 

If at time t0 the computational task Bj is being proc-
essed at the node Ai, tij will express the remaining proc-
essing time + the time of data delivery to the end point. 

For other nodes, the processing time for this task will in-
clude the cost of transferring the calculation from the cur-
rent node to another. 

If the CN Ai cannot process the task Bj, for example, 
does not have the necessary software, then we assume that 
the processing time tij is equal to infinity. 

Least-time algorithm for atomic claims. The prob-
lem of choosing the most efficient computation route at 
time t0 can be represented as a transport problem accord-
ing to time criterion with atomic needs described above. 
Taking into account the condition that computational 
tasks are atomic, that is one task can be processed only on 
one node (in practice, this can be achieved by preliminary 
partitioning of complex calculations into a sequence of 
atomic tasks), the solution of a transport problem by the 
time criterion with atomic needs degenerate. The devel-
oped least-time algorithm for atomic claims (LTfAC) for 
the transport problem according to the time criterion with 
atomic needs can be represented as a diagram in fig. 3. 

The algorithm works as follows. It is necessary to se-
lect a pair of DP and software with the smallest tij, pro-
vided that the software has all the necessary resources  
to service the DP, and then adjust the stock for software 
by the amount of DP and repeat the selection until all DP 
are served, or until no software will be able to serve the 
remaining DP. In this case, tasks for which a suitable 
computational node is determined are sent for computa-
tion, and the remaining tasks wait for the next iteration of 
the algorithm. 

The efficiency of the developed algorithm was inves-
tigated on the HDIPS simulation model [15]. Fig. 4 shows 
a graph of the average computation time of tasks in the 
HDIPS dependence on its structure when using the 
LTfAC algorithm as an algorithm for computing re-
sources distribution in HDIPS. For clarity, the axes of CN 
number and the number of tasks sources on the graph are 
inverted. 

The developed algorithm provides the minimum aver-
age time for tasks completion and this time is fairly stable 
relative to the number of CNs. Thus, the developed algo-
rithm is recommended to be used if the advantage from 
reducing the time of tasks calculations exceeds the cost of 
additional HDIPS computational load, thus the 
J2optimality criterion of the configuration is selected. 

Conclusion. The following possible criteria for the op-
timality of the HDIPS software and hardware configura-
tion were identified and formalized: 

– minimizing the average value of the CN utilization 
factor; 

– minimizing the total time for problem solving in the 
system; 

– minimizing the probability of problem return with a 
CN due to a lack of computing resources. 

To meet the selected optimality criterion it is proposed 
to analyze the HDIPS software and hardware configura-
tion using its formal model applying queuing theory 
methods. HDIPS can be represented as a queuing net-
work, where each CN and route control unit is a mass 
service system. In terms of the proposed formal model, a 
function is defined which expresses the probability of a 
task transition from a router to a computational node. The 
example of the presentation of the criterion “minimizing 
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the total time of problem solving in the system” in the 
formal model using the apparatus of the queuing theory is 
given. 

The problem of computing resource allocation in 
HDIPS is presented as a transport problem according to 
the time criterion with atomic needs. The atomicity condi-

tion makes it possible not to consider the combination of 
serving one destination (in terms of the transport problem) 
by several starting points, which significantly reduces the 
complexity of the solution algorithm in comparison with 
the classical solution of the transport problem by the time 
criterion. 

 
 

 
 

Fig. 3. Block diagram of the resource allocation algorithm via solving a transport 
problem by the time criterion with atomic needs using the LTfAC method 

 
Рис. 3. Блок-схема алгоритма распределения ресурсов решением транспортной 
задачи по критерию времени с атомарными потребностями методом НВдАЗ 
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Fig. 4. Time of tasks processing when using the LTfAC algorithm for resource allocation 
 

Рис. 4. Время обработки задач при использовании алгоритма НВдАЗ для распределения ресурсов 
 
 
Taking into account the condition of atomicity,  

the least-time algorithm for atomic claims was developed. 
In comparison with other investigated algorithms,  
the developed algorithm provides the minimum average 
time for executing tasks and this time is fairly stable rela-
tive to the number of CNs. Thus, the developed algorithm 
is recommended to be used if the advantage from reduc-
ing the time for calculating the tasks exceeds the cost  
of the additional computational load of the HDIPS, that  
is, the criterion of optimality of the configuration “mini-
mizing the total time for problem solving in the system” 
is selected. 
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COMPOUND BENDING OF AN ORTHOTROPIC PLATE 
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The problem of longitudinal-transverse deformation and strength of an orthotropic plate on the action of a local 

transverse force and stretching along the contour of the membrane forces is studied. The direction of laying the fiber of 
a unidirectional composite that provides the lowest level of stress and deflection is determined. 

In the zone of application of concentrated force in thin-walled structures, significant bending moments and shear 
forces occur, which are a source of stress concentration. To reduce stresses, the method of plate tension by membrane 
forces applied along the contour is chosen. The maximum possible order of membrane tension forces is selected, which 
provides conditions for the strength and rigidity of the solar panel plate structure, which has a hinge-fixed support 
along the contour. Pre-tensioning the plate web allows to reduce the stress by 50 times. 

The problem of compound bending of isotropic and anisotropic plates when applying transverse and selection of 
longitudinal loads, with restrictions on strength and stiffness, can be called a problem of rational design of the 
structure. The resulting equations and calculation program can be used in the design of plate structures, as well as in 
the educational process. 

 
Keywords: plate bending, longitudinal-transverse deformation. 
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Изучается вопрос продольно-поперечного деформирования и прочности ортотропной пластины от воздей-
ствия локальной поперечной силы и растягивающих по контуру мембранных сил. Определено направление  
укладки волокна однонаправленного композита, обеспечивающего наиболее низкий уровень напряжений и про-
гиба. 

В зоне приложения сосредоточенной силы в тонкостенных конструкциях возникают существенные изги- 
бающие моменты и перерезывающие силы, являющиеся источником концентрации напряжений. Для умень- 
шения напряжений выбран прием натяжения пластины мембранными силами, приложенными  
по контуру. Подобран максимально возможный порядок мембранных сил натяжения, обеспечивающий условия 
прочности и жесткости конструкции пластины солнечной батареи, имеющей шарнирно-неподвижное  
опирание по контуру. Предварительное натяжение полотна пластины позволяет уменьшить напряжения  
в 50 раз. 

Задачу сложного изгиба изотропных и анизотропных пластин при приложении поперечных и подборе про-
дольных нагрузок с ограничениями прочности и жесткости можно назвать задачей рационального проекти-
рования конструкции. Полученные уравнения и программа расчета могут быть использованы как  
при проектировании конструкций пластин, так и в учебном процессе. 

 
Ключевые слова: изгиб пластины, продольно-поперечное деформирование. 
 
Introduction. Space technology uses rectangular 

flexible plates with photovoltaic cells attached to its sur-
face. Plates are attached to rigid ribs and pre-stretched 
using forces in its plane [1; 2]. 

Composites, often unidirectional, the physical proper-
ties of which sometimes differ 15 times, and the strength 
differ up to 40 times are used [3] as materials. Therefore, 
the plate material should be considered substantially 
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orthotropic. The task is to ensure the fulfillment of the 
required conditions for the rigidity and strength of the 
plate. 

A pre-stretched plate (membrane) is subjected to a 
transverse load, which is classified under the concept of 
compound bending [4]. In compound bending, as in sim-
ple bending, we can consider the total action on the plate 
of a number of different transverse loads, equal to the sum 
of the actions on it of all loads separately, however, if the 
membrane forces themselves are functions of the trans-
verse load, then the principle of additivity (superposition) 
does not apply [5]. 

The transverse loads acting on the plate are distributed 
over a substantially small surface. When calculating 
structures, real loads are replaced by idealized forces, 
dividing them into loads distributed over a large surface, 
and local loads acting in a small area. When the dimen-
sions of the zone within which the load acts are signifi-
cantly small compared to the dimensions of the entire 
surface of the structure, or, for example, when the diame-
ter of the loaded zone is less than the thickness of the 
plate, the load can be considered as local, applied at one 
point [6]. In the area of application of a concentrated 
force in thin-walled structures, significant bending mo-
ments and shearing forces arise. These local forces are the 
source of stress concentration. One of the methods for 
reducing stresses can be the tension of the plate by mem-
brane forces applied along the contour. 

On the theory of compound bending of isotropic 
plates, the following works can be mentioned [7–9];  
a review and analysis of deformation models is given in 
[10–16]. 

Work objective. It is required to choose a model for 
calculating thin plates from an orthogonal anisotropic 
material; to solve the problem of ensuring the rigidity and 
strength of a compound bending of an orthotropic plate 
for optimal orientation of the composite fibers located in a 
rectangular non-deformable contour, with a simultaneous 
application of transverse and longitudinal loads. 

I. Statement of the problem of deformation of an 
orthotropic model of compound bending. A differential 
formulation of the problem of longitudinal-transverse 
bending of a plate is considered. Geometric nonlinear 
equations are simplified: they neglect the derivatives of 
the functions of membrane displacements of the basal 
surface. The resolving equilibrium equation is compiled 
according to the deformed scheme. 

1. Physical equations. As the governing equations, 
we use Hooke's law for a body with orthogonal-
anisotropic properties, compiled in the Cartesian coordi-
nate system Oxyz [17] 

11 12

12 22

66

0

0

0 0

xx x

yy y

xy xy

c c

c c

c

     
             
            

,              (1) 

where the components of the strain tensor xx , yy , xy  

related to the stress tensor components x , y , xy  

compliance coefficients: 

11 11 /c E ,    22 21 /c E ,    12 21 2/c E  , 

21 12 1/c E  , 66 121 /c G , ( 1 21 2 12E E   ).     (2) 

Here 1E , 2E , 12 , 21 , 12G  are elastic characteris-

tics of rigidity (technical constants) of an orthotropic ma-
terial determined for the principal directions of elastic 
symmetry 1–2. 

The inverse matrix of (1) matrix has the form: 
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b b
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.              (3) 

Here, 
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, 

 11
22 2

11 22 12
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, 66
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1
b

c
 .       (4) 

The coefficients of matrix (3), expressed in terms of 
technical constants (2), have the form: 

1 21 1

12 21 12 21

12 2 2

12 21 12 21

12

0
1 1

0
1 1

0 0

x xx

y yy

xy xy

E E

E E

G

 
         

                            
 
 

.       (5) 

2. Geometric equations (deformations). We apply 
the geometrically nonlinear Love – Karman – Novozhilov – 
Papkovich equations [4; 7; 10]: 

2 2
0

2

1

2xx
u w w

z
x x x

          
,             (6) 

2 2
0

2

1

2yy
v w w

z
y y y

   
       

,           (7) 

2
0 0 2xy

u v w w w
z

y x x y x y

    
    

     
.             (8) 

In practical plate design, membrane displacements 

0 ( , )u u x y , 0 ( , )v v x y  one to two orders of magnitude 

less deflections of the middle layer ( , )w w x y . There-

fore, in equations (6)–(7), we can exclude the derivatives 
of membrane displacement functions, which gives: 

2 2

2

1

2xx
w w

z
x x

       
,       (9) 

2 2

2

1

2yy
w w

z
y y

  
     

,     (10) 

2

2xy
w w w

z
x y x y

  
  

   
.    (11) 

Equations (9)–(11) can be called quasi-nonlinear, 
since they contain squares and the product of the first 
derivatives of the deflection functions. 

3. Stress and internal strength factors. Substituting 
(9)–(11) in (3), we obtain the stress values: 
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. (14) 

Integration of stresses (12)–(14) along the plate height 
h ( / 2 / 2)h z h    gives a group of internal force fac-

tors, membrane forces, bending moments and torque: 
22

11 122x
h w w

N b b
x y

              
,              (15) 

22

12 222y
h w w

N b b
x y

              
,             (16) 

66xy
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12xy
h w

H b
x y


 

 
.              (20) 

4. Equilibrium equation. The model of S. P. Ti-
moshenko, in which the equilibrium equation [9] corre-
sponds to the state of compound bending: 

2 22

2 2 2
2 xy yx

H MM

x x y

 
  

  
 

2 2 2

2 2
2z x y xy

w w w
q N N S

x yx y

  
    

  
.   (21) 

Substituting moments (18)–(20) into (21), we obtain 
the resolving equation for calculating the orthotropic  
plate 

4 4 4

11 12 224 2 2 4

w w w
B B B

x x y y

  
  

   
 

2 2 2

2 2
2z x y xy

w w w
q N N S
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,          (22) 

in which the stiffness parameters are equal: 
3

11
11 12

b h
B  ,   312 66

12
2 4

12

b b
B h


 ,   

3
22

22 12

b h
B  .     (23) 

In the right part (22) ( , )x xN N x y , ( , )y yN N x y   

и ( , )xy xyS S x y . At the first step of calculating  

a compound bend, these forces are assumed to be equal  
to the pretensioning forces. It can be assumed that  
if in the numerical analysis of the plate deformation it 
turns out that the forces calculated by formulas (15)–(17), 
depending only on the squares of the first derivatives  
of the deflection functions, will be comparable with  
the order of the applied membrane tension forces, then  
the calculation problem should be reformulated and  
considered as a boundary value problem with variable 
coefficients. 

5. Transition from a continuous problem statement 
to a discrete (finite-difference) one. Discretization of 
equations (22) is carried out by the method of grids [18], 
replacing the differential operators with central differ-
ences. Finite-difference analogue of differential equation 
(22) for a uniform square grid 1,2,...,i n , 1,2,...,j m , 

with step   is the following: 
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6. Internal force factors and stresses of a discrete 
problem. Internal force factors are calculated by the for-
mulas (15)–(17): 
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 1, 1 1, 1 1, 1 1, 1i j i j i j i jw w w w           . (30) 

Stresses are calculated at grid points: 
max 2/x xM h   , max 2/y yM h   , max 2/xy xyH h   . 

II. Calculations of the stiffness and strength of an 
orthotropic plate. The longitudinal-transverse deforma-
tion of an anisotropic plate is considered, and the strength 
is estimated. The level of membrane forces is determined, 
depending only on the squares of the first derivatives of 
the deflection functions. The calculations were performed 
on the basis of our own Maple program [19]. 

1. Given. Let us consider a plate (1 0.8 )m m  made 

of unidirectional carbon fiber reinforced plastic [3]  
Tornel-300  (Carbon-fiber-reinforced-polymer  (CFRP)),  

thickness h = 2 mm. Strength of the material along the 

grain 1 1400МPа  , across the grain 2 34.5МPа  ; 

shear strength 12 74МPа  . Tensile modulus along fi-

bers 1 142.8Е GPa ; tensile modulus across fibers 

2 9.13Е GPа ; Poisson's ratios: 21 0.32  , 12 0.02  . 

Shear modulus is 12 5.49G GPа . Maximum deflection 

boom 15 .w mm   

The plate is exposed to concentrated force Р = 1000N 
in the centre. A hinge-fixed support is specified along the 
contour. 

2. Determination of the most favorable orientation 
of fibers of a unidirectional composite in terms of plate 
stiffness. Let us investigate the stress-strain state from the 
action of only a concentrated shear force Р. 

In fig. 1 let us consider the orientation of the compos-
ite in the global coordinate system of the plate (Оxy) and 
give the strength parameters with the stiffness characteris-
tics in its own principal axes О12. Let's call these parame-
ters and characteristics normative. 

Let us show in fig. 2 options for the arrangement of 
fibers: we orient the composite of unidirectional CFRP 
with fibers parallel to the long side of the plate (fig. 2, а) 
and parallel to the short side of the plate (fig. 2, b). 

 
 

 
 

Fig. 1. Composite orientation in the global plate coordinate system (0xy)  
and strength parameters with stiffness characteristics 

 
Рис. 1. Ориентация композита в глобальной системе координат пластины (0xy) 

и прочностные параметры с характеристиками жесткости 
 
 

 
 

а      b 
 

Fig. 2. Plates with two types of composite fiber orientation:  
a – carbon fiber is located along the long side of the plate; b – carbon fiber is located along  

the short side of the plate 
 

Рис. 2. Пластины с двумя видами ориентации волокон композита:  
а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 
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x

y
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Let us write the physical law for the first orientation of 
the fibers along the long side of the plate (fig. 2, а): 

1 0.02
0

142.8 9.13

0,32 1
0

142.8 9.13

1
0 0

5.49

xx x

yy y

xy xy

GPа GPа

GPа GPа

GPа

 
 

     
              
            

 
 

 

and for the second orientation of fibers along the short 
side of the plate (fig. 2, б): 

1 0,32
0

9.13 142.8

0,02 1
0

9.13 142.8

1
0 0

5.49

xx x

yy y

xy xy

GPа GPа

GPа GPа

GPа

 
 

     
              
            

 
 

. 

Let's perform the calculations, the results are shown  
in fig. 3–7. 

The most favorable orientation of the fibers of a unidi-
rectional composite in terms of plate rigidity is the ar-
rangement of the composite fibers along its short side. In 
this case, the deflections are less by 56 % than when the 
fibers are arranged along the long side. Normal stresses in 
both cases are greater than the normative ones, strength is 
not ensured. Stress regulation is required. Calculations for 
both fiber arrangements are discussed below. 

3. Location of composite fibers along the long side 
of the plate. The loads 510 /xN N m  and 

510 /уN N m  are applies. The calculation results are 

shown in fig. 8. The initial stresses from pre-tension are 
equal to: 0 /x xN h   и 0 /y yN h  . 

The results shown in fig. 8, a show that under tension 
510 /xN N m  deflection in the center of the plate 

max 20,8w mm w   and stresses across the fibers, equal 
max

2130МPаy
    , are above standard. 

The results shown in fig. 8, b show that under tension 
510 /yN N m  deflection in the center of the plate 

max 10.05w mm w  , which satisfies the stiffness condi-
tion, and the stresses across the fibers 

max
2129.8МPаy
     remain above standard.Let's in-

crease efforts of xN  and yN  by an order. The calculation 

results are shown in fig. 9.  
When loading the plate with pretension 

610 /xN N m  (fig. 9, а), the stress acting across  

the fibers decreases from 474,6 MPa (at 0xN  )  

to 31,9 MPa (at 610 Н/мxN  ). 

The applied force 610 /уN N m  (fig. 9, b) by itself 

creates a preliminary tension across the fibers signifi-

cantly more than the standard 0
2500МPаy
    . As for 

the deflection, it is significantly less than the standard and 

equal to max 1.84w mm w  . 
Let us present the diagrams of deflection and internal 

force factors for this loading case in fig. 10–14. 
4. Location of composite fibers along the short side 

of the plate. The loads 510 /xN N m  and 
510 /уN N m  are applied. The calculation results are 

shown in fig. 13. The initial stresses from pre-tension are 
equal to: 0 /x xN h   и 0 /y yN h  .  

The results presented in fig. 13 a show that when 
stretched by force 510 /xN N m  deflection in the center 

of the plate max 11,3w mm w   turned out to be of the 
same order of magnitude with the allowable deflection, 
and the stresses across the fibers, it is 

max
2130.9 МPаx
    , above the standard. 

 
 

    
 

а       б 
 

Fig. 3. Comparison of deflections and maximum stresses with standard:  
a – fiber CFRP along the long sides of the plate; b – CFRP fibers are located along the short sides of the plate 

 
Рис. 3. Сравнение прогибов и максимальных напряжений с нормативными:  
а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 
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Fig. 4. Comparison plots of deflections:  
a – fiber CFRP along the long sides of the plate; b – CFRP fibers are located along the short sides of the plate 

 
Рис. 4. Сравнение эпюр прогибов:  

а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 

 
 

    
 

а      б 
 

Fig. 5. Comparison of bending moments Мх:  
a – CFRP fibers are located along the long side of the plate;  
b – CFRP fibers are located along the short side of the plate 

 
Рис. 5. Сравнение изгибающих моментов Мх:  

а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 
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Fig. 6. Comparison of bending moments Му:  
a – CFRP fibers are located along the long side of the plate;  
b – CFRP fibers are located along the short sides of the plate 

 
Рис. 6. Сравнение изгибающих моментов Му: 

а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 
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Fig. 7. Comparison of torque Нху: 
 a – CFRP fibers are located along the long side of the plate;  
b – CFRP fibers are located along the short sides of the plate 

 
Рис. 7. Сравнение крутящих моментов Нху:  

а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 
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Fig. 8. Calculation results for a plate in which CFRP fibers are located along its long side:  

a – pre – stretching by force 510 N/mxN  ;  b – pre-stretching by force 510 N/mуN   

 
Рис. 8. Результаты расчета пластины, в которой волокна углепластика расположены  

вдоль ее длинной стороны:  

а – предварительное растяжение силой 510 H/мxN  ;  

б – предварительное растяжение силой 510 Н/муN   
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Fig. 9. Results of calculating a plate in which CFRP fibers are located along its long side:  

a – pre – stretching by force 610 N/mxN  ; b – pre-stretching is applied 610 N/mуN   

 
Рис. 9. Результаты расчета пластины, в которой волокна углепластика расположены  

вдоль ее длинной стороны:  

а – предварительное растяжение силой 610 Н/мxN  ;  

б – приложено предварительное растяжение 610 Н/муN   

 
 
 
 

 
 

Fig. 10. Diagram of deflections for calculating  
a plate in which CFRP fibers are located along  

its long side 610 N/mxN   and  1P kN  

 
Рис. 10. Эпюра прогибов расчета пластины, 
в которой волокна углепластика расположены 

вдоль ее длинной стороны при 610 Н/мxN    

и 1 кНP   
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Fig. 11. Diagram of the bending moment xM  of a plate in which CFRP fibers are located along its 

long side at 610 N/mxN   and  1P kN :  

a – general view of the diagram; b – view of the diagram in the 0yz plane 
 

Рис. 11. Эпюра изгибающего момента xM , в которой волокна углепластика расположены 

вдоль длинной стороны при 610 Н/мxN   и 1 кНP  :  

а – общий вид эпюры; б – вид эпюры в плоскости 0yz 
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Fig. 12. Diagrams of moments of a plate in which CFRP fibers are located along  

its long side at 610 N/mxN   and 1P kN :  

a – plot 
xM ; b – plot 

хуН  

 
Рис. 12. Эпюры моментов пластины, в которой волокна углепластика  

расположены вдоль ее длинной стороны при 610 Н/мxN   и 1 кНP  : 

а – эпюра 
xM ; б – эпюра 

хуН  

 
 
The results shown in fig. 13 b show that under tension 

510 /yN N m  in the center of the plate deflection 

max 18,16 15w mm w mm   , that does not satisfy  

the stiffness condition; also the stress across the fibers, 

equal to max
2127,7 МPаx
    , is higher than the  

standard. 
Let's increase forces xN  and уN  to an order of mag-

nitude. The calculation results are shown in fig. 14.  
The pre-tension by force 610 /xN N m  gives tension 

across the fibers ( 0
2500МPаx
    ) more regulatory  

stress. The combined action of the shear force and the 
tensile force increased this stress 

( max
2525.4 МPаx
    ). 

When the plate is loaded (fig. 14, a) with a load acting 
across the fibers, the stress decreases from 474.6 МPа  
(at 0xN  ) to 31.9 МPа (at 610 /xN N m ). 

Applied effort 610 /уN N m  (fig. 14, b) meets all 

the criteria of rigidity and strength.  
Let us present the diagrams of the deflection  

and internal force factors for this case of loading  
in fig. 15–17. 
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Fig. 13. Results of calculating a plate in which CFRP fibers are located along its short side: 

A – pre – stretching is 510 N/mxN  ; b – applied pre-stretching is 510 N/mуN   

 

Рис. 13. Результаты расчета пластины, в которой волокна углепластика расположены  
вдоль ее короткой стороны:  

а – предварительное растяжение 510 Н/мxN  ;  

б – приложено предварительное растяжение 510 Н/муN   
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Fig. 14. Results of calculating a plate in which CFRP fibers are located along its short side:  

a – applied pre – tension is 610 N/mxN  ; b – applied pre-tension is 610 N/mуN   

 

Рис. 14. Результаты расчета пластины, в которой волокна углепластика  
расположены вдоль ее короткой стороны:  

а – приложено предварительное растяжение 610 Н/мxN  ;  

б – приложено предварительное растяжение 610 Н/муN   
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Fig. 15. Diagram of deflections of a plate in which  
CFRP fibers are located along its short side  

at 610 N/mxN   and  1P kN  

 
Рис. 15. Эпюра прогибов пластины, в которой  
волокна углепластика расположены вдоль  

ее короткой стороны при 610 Н/мxN   и 1 кНP   
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Fig. 16. Diagrams of moments of a plate in which CFRP fibers are located along its 

short side of the short side at 610 N/myN   and 1P kN :  

a – xM ; b – xyH  

 
Рис. 16. Эпюры моментов пластины, в которой волокна углепластика расположены 

вдоль ее короткой стороны короткой стороны при 610 Н/мyN   и 1 кНP  :  

а – xM ;  б – xyH  

 

   
 

а     б 
 

Fig. 17. Diagrams of moments of a plate in which CFRP fibers are located along  

its short side at 610 N/myN   at and 1P kN :  

a – general view; b – view in the 0xz plane 
 

Рис. 17. Эпюры моментов пластины, в которой волокна углепластика расположены  

вдоль ее короткой стороны при 610 Н/мyN   и 1 кНP  : 

а – общий вид; б – вид в плоскости 0xz  
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According to the results of calculations of a plate rein-
forced along its long and short sides, it was found that, 
according to the required characteristics of rigidity and 
strength, both variants of tension by membrane forces are 
suitable xN  и yN . 

When reinforcing along the long side of the plate, the 

pretension by force 610 N/mxN   reduces the stress act-

ing along the fibers from 1970 MPa to 617 MPa  
(fig. 3, a), and the stress acting across the fibers, equal  
to 474.6 MPa, is reduced by the preliminary tension  
to 31.9 MPa (fig. 9, a). 

For reinforcement on the short side, the pretension 
by force 610 /yN N m  reduces the stress acting across 

the fibers from 438 MPa to 29.86 MPa (fig. 3, b),  
and the stress acting along the fibers, equal to 1834.5 
MPa, is reduced by the pretensioning to 611.44 MPa 
(fig. 14 b). 

5. Simultaneous loading of plates with membrane 
forces xN  and yN . In fig. 18 we present the results of  

calculating a plate in which the fibers of the composite are 
located along its long side (fig. 18, a), and a plate  
in which the fibers are located along its short side  
(fig. 18, b). In both cases, stretching by membrane forces 
is performed simultaneously by forces 510 /xN N m   

and 510 /уN N m . Both types of loading do not satisfy 

the strength across the fibers. Let's increase the membrane 
tensile forces by 10 times (fig. 19). 

Diagrams for a plate in which CFRP fibers are located 
along the short side of the plate are shown in fig. 20. 

Both variants of loading the plates, in which the fibers 
are oriented both along the long and short sides, do  
not correspond to the strength across the fibers of the 
composite material. Therefore, it is necessary to select a 
material with increased strength in the direction of the 
anisotropy axis 2.  

Stretching of a rectangular composite web simultane-
ously in two directions presents certain technological  
difficulties; therefore, this option of pretensioning should 
be abandoned. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

а      б 
 

Fig. 18. Comparison of deflections and maximum stresses  
with standard ones when loads are applied simultaneously  

510 N/mxN   and 510 N/mуN  :  

a – CFRP fibers are located along the long side of the plate;  
b – carbon fiber fibers are located along the short side of the plate 

 
Рис. 18. Сравнение прогибов и максимальных напряжений  
с нормативными при одновременном приложении нагрузок  

510 Н/мxN  и 510 Н/муN  :  

а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 
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Fig. 19. Comparison of deflections and maximum stresses  
with standard ones when loads are applied simultaneously   

610 N/mxN   and 610 N/mуN  : 

a – CFRP fibers are located along the long side of the plate;  
b – CFRP fibers are located along the short side of the plate 

 
Рис. 19. Сравнение прогибов и максимальных напряжений  
с нормативными при одновременном приложении нагрузок  

610 Н/мxN   и 610 Н/муN  :  

а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 
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Fig. 20. Results of calculations of a plate in which CFRP fibers are located along the short side:  
a – moment xM ; b – moment xM ;  с – moment xyH  

 
Рис. 20. Результаты вычислений пластины, в которой волокна углепластика  

расположены вдоль короткой стороны:  
а – момент xM ; б – момент xM ; с – момент xyH  
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Fig. 21. Diagrams of calculated longitudinal forces  
( , )x xN N x y  and ( , )y yN N x y : 

а – diagram xN ; b – diagram yN  

 
Рис. 21. Эпюры вычисляемых продольных сил   

( , )x xN N x y  и ( , )y yN N x y : 

а – эпюра xN ; б – эпюра yN  

 
 
6. A numerical estimate of simplification of geo-

metric equations of the boundary value problem. To 
estimate the level of efforts (15) and (16), which depend 
only on the squares of the first derivatives of the deflec-
tion functions, we consider the calculation data for an 
orthotropic plate. Compared with the specified longitudi-
nal forces, the level of which was assigned from 105  

to 106 N/m, which gives stresses of the order of 50 MPa to 
500 MPa, the forces calculated by formulas (15) and (16) 
(fig. 21) give the maximum stresses up to 0.04 MPa. That 
is, the squares of the first derivatives of the deflection 

function 2( / )w x  and 2( / )w y  in (15) and (16) have 

little effect on the values of longitudinal membrane forces 
( , )x xN N x y  and ( , )y yN N x y . 

Thus, following the calculated results, it makes no 
sense to complicate the model of the longitudinal-
transverse deformation of the plate under preliminary 
tension by membrane forces and to solve problem (22) 
with variable coefficients. 

Conclusion. The selected deformation model, as a 
model of a flexible plate of small deflection made of an 
orthogonal anisotropic material, makes it possible to solve 
the problems of ensuring the rigidity and strength of com-
pound longitudinal-transverse bending of an orthotropic 
plate. 

For a rectangular plate, according to the selected de-
formation model, in order to ensure a minimum deflection 
from a concentrated force, it is more advantageous to in-
stall fibers of a unidirectional composite along the short 
side. Stress levels and deflection are reduced. 

Significant bending moments arising in the zone of 
application of a concentrated force are a source of stress 
concentration. The pre-tension of the plate web allows the 
stress to be reduced by 50 times. 

The problem of compound bending of isotropic and 
anisotropic plates when applying transverse and selecting 
longitudinal loads with constraints on strength and stiff-
ness can be called the problem of rational design of a 

structure. The obtained equations and the calculation pro-
gram can be used both in the design of plate structures 
and in the educational process. 
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Remote sensing is a process which implies collecting information about an object. Due to their properties, satellite 

images are widely used in both practical and scientific fields. 
Satellite imagery is used in research aimed at the comprehensive study of natural resources, the dynamics of natural 

phenomena, and in the tasks of environmental protection. Special attention is paid to the use of space information for 
daily operational monitoring of the state of the environment in the implementation of geo-ecological monitoring of re-
gions. In particular, this poses the problem to find the regions of the earth's surface with the characteristics determined 
by the considered parameters using the values of established parameters at certain points of the earth's surface. In this 
paper, we consider the special case of this problem when the given four points of the earth's surface determine the re-
gions of the earth's surface (the so-called kernels of generalized squares) that have a specified configuration (square). 

 
Keywords: spacecraft, remote sensing, generalized square. 
 
 

О ДИСТАНЦИОННОМ ЗОНДИРОВАНИИ ЗЕМЛИ КОСМИЧЕСКИМИ АППАРАТАМИ 
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Дистанционное зондирование представляет собой процесс, посредством которого собирается информация 

об объекте. Благодаря своим свойствам космические снимки находят широкое применение как в практической, 
так и в научной сферах. 

Космическую съемку применяют в исследованиях, направленных на всестороннее изучение природных  
ресурсов, динамики природных явлений, в задачах охраны окружающей среды. Особое место отводится при-
менению космической информации для повседневного оперативного контроля за состоянием окружающей 
среды при осуществлении геоэкологического мониторинга регионов.  В частности, возникает задача по значе-
нию заданных параметров в определенных точках земной поверхности найти области земной поверхности 
с характеристиками, определяемыми рассматриваемыми параметрами. В настоящей работе рассмотрен  
частный случай данной задачи, когда по заданным четырем точкам земной поверхности  определяются об-
ласти земной поверхности (так называемые ядра обобщенных квадратов), имеющие заданную конфигурацию 
(квадрат). 

 
Ключевые слова: космический аппарат, дистанционное зондирование, обобщенный квадрат. 
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Introduction. Remote sensing of a territory is a proc-
ess which implies collecting information about a territory 
without direct contact with it [1–6]. In connection with 
the widespread reduction of the programmes for aerial 
photography of the earth's surface, satellite imagery of the 
earth's surface is acquiring special interest. Due to their 
properties, space images are widely used in both practical 
and scientific fields [7; 9–11]. Materials of Earth research 
from space are widely used in Earth sciences. Space im-
agery is used in research aimed at the comprehensive 
study of natural resources, the dynamics of natural phe-
nomena, in the tasks of environmental protection. Diverse 
and widespread use of remote sensing data is especially 
found in cartography, they serve as sources for the compi-
lation and operational updating of general geographic and 
thematic maps [8]. Special attention is paid to the use of 
space information for current operational control over the 
state of the environment during geoecological monitoring 
of regions. The main advantages of using remote sensing 
data for mapping are the following: relevance of data at 
the time of research, high accuracy in determining the 
boundaries of objects [12–15]. In particular, this poses the 
problem in the value of the given parameters at certain 
points of the earth's surface to find areas of the earth's 
surface with characteristics determined by the parameters 
under consideration. In this paper, we consider the special 
case of this problem when the given four points of the 
earth's surface determine the regions of the earth's surface 
(the so-called kernels of generalized squares) that have a 
specified configuration (square). 

Statement of problems, definitions, designations. 
Mathematical model of the problem. Let a Cartesian co-
ordinate system be given on the plane and  ;A AA A x y , 

 ;B BB B x y ,  ;C CC C x y ,  ;D DD D x y  are four 

different points on the plane, , ,,A B C DL L L L  are straight 

lines passing through the points A, B, C, D respectively. 
Let us denote by ACV the point of intersection of the 

straight lines AL  and СL , ADV  – the point of intersection 

of the straight lines AL  and DL , BCV
 – the point of inter-

section of the straight lines BL  and СL , BDV  – the point 

of intersection of the straight lines BL  and DL , 

 ;  AD BDV V  – the distance between the points ADV  and 

BDV ,  ;  BC BDV V  – the distance between the points BCV  

and BDV . 

The generalized square is a set of lines 
{ , ,  },ABCD A B С DK L L L L  with the property that AL  is 

parallel to BL , СL  is parallel DL , AL  is perpendicular to 

СL , and  ;   ;  AD BD BC BDV V V V . The generalized square 

kernel is a square with the set of vertices 

 ,  , ,  AD BD BC ACV V V V  (fig. 1). 

Question 1. Does the generalized square 
{ , ,  },ABCD A B C DK L L L L  always exist at the random 

selection of the points  ;A AA A x y ,  ;B BB B x y , 

 ;C CC C x y ,  ;D DD D x y ? 

Question 2. If question 1 is answered negatively, what 
are the necessary and sufficient conditions for its positive 
solution? 

Question 3. If for the set of the points  ;A AA A x y , 

 ;B BB B x y ,  ;C CC C x y ,  ;D DD D x y  the 

generalized square { , ,  },ABCD A B C DK L L L L  exists, how 

many such generalized squares are there? 
 

 
 

Fig. 1. Generalized square 
 

Рис. 1. Обобщенный квадрат 
 
Partial solution to question 2 and full solution to 

question 3. In accordance with the above notations, 

 ;A AA A x y ,  ;B BB B x y ,  ;C CC C x y , 

 ;D DD D x y  are four different points on the plane, 

,, ,  A B C DL L L L  – straight lines that pass through the 

points A, B, C, D respectively. Let us write the equations 
of these sides according to [16]: 

– : AA y kL x b   – equation of the straight line pass-

ing through the point  ;A AA A x y , 

– : BB y kL x b   – equation of the straight line pass-

ing through the point  ;B BB B x y , 

– 
1

:C CL y x b
k

    – equation of the straight line 

passing through the point  ;C CC C x y , 

– 
1

:D DL y x b
k

    – equation of the straight line 

passing through the point  ;D DD D x y . 

According to the notation introduced above, we  
write down the set of equations for finding the  
points ,  ,  ,  AC BC BD BCV V V V  and distances ;  AD BDV V , 

;  .BC BDV V  

,
: 1

,

A

AC
C

y = kx +b
V

y = x +b
k



 


 

1
where .A A A C C Cb = y kx ,b = y + x

k
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y kx b
V
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x

kV
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y
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, 

 

 

2

2

2

2

:  1
,

,
1

1

,

;

B

BD
D

B D B D

BD

D D B B

y kx b
V

y x b
k

k x k y y x
x

kV
k y k x x y

y
k

 



  
   


  

    

 

    22 ;  AD BD A B B AV V k x x k y y    
 

    
1

2 2

2

1
·
1

B A A Bk x x y y
k

     
, 

    22 ;  BC BD C D C DV V k y y k x x    
 

    
1

2 2

2

1
· .
1

C D C Dk y y x x
k

     
 

 

Since the sides of the square are equal, we search  

for k  from the condition  ;   ; AD BD BC BDV V V V : 

    22
A B B Ak x x k y y    

 

    
1

2 2 2
B A A Bk x x y y     

 

    22
C D C Dk y y k x x    

 

    
1

2 2
.C D C Dk y y x x     
 

Squaring both sides of the above equation, we obtain: 

      2 24 3 22A B A B B A B Ak x x k x x y y k y y        

      2 22 2B A B A A B A Bk x x k x x y y y y        = 

    
   

24 3

2 22 2

2C D C D C D

C D C D

k y y k y y x x

k x x k y y

     

    
 

    2
2 .C D C D C Dk y y x x x x      

After reducing the similar terms with respect to k, we 
obtain the biquadratic equation: 

   224
A B C Dk x x y y       

     3 2 ) 2A B B A C D C Dk x x y y y y x x         

       2 22 22
B A B A C D C Dk y y x x x x y y           

     2 2B A A B C D C Dk x x y y y y x x         

   22
0.A B C Dy y x x       

Dividing both sides of this equation by the coefficient 
at k4, we obtain the following equation: 

     
   

4 3
22

2 ) 2A B B A C D C D

A B C D

x x y y y y x x
k k

x x y y

     
  
    

 

       
   

2 22 2
2

22
B A B A C D C D

A B C D

y y x x x x y y
k

x x y y

       
  
    

 

     
   

   
   

22

22

22

2 2

0.

B A A B C D C D

A B C D

A B C D

A B C D

x x y y y y x x
k

x x y y

y y x x

x x y y

     
  
    

   
  
    

 

This yields the partial solution to question 2 and the 
full solution to question 3. 

Partial solution to question 2 (sufficient condition  
for the existence of a generalized square). To make the 
equation have a real root, it is sufficient to satisfy the ine-
quality: 

   

   

22

22
0

A B C D

A B C D

y y x x

x x y y

     
    

. 

Solution to question 3. According to [17], this equa-
tion has no more than 4 different real roots. Since with the 
considered situation we can consider a certain case LA is 
parallel to LC and a certain case LA is parallel to LD, then 
the total number of generalized squares for a fixed set of 
points  ;A AA A x y ,  ;B BB B x y ,  ;C CC C x y , 

 ;D DD D x y  is no more than 12. It is obvious that the 

estimate is accurate. 
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Case Study. As our example we take the following: 

   ; 5;6A AA x y  ,    ; 7;5B BB x y  ,    ; 4;3C CC x y  , 

   ; 3;4D DD x y   and we consider three different situa-

tions. 
1. LA is parallel to LB 
After substituting the coordinates of the given points 

into the formula (8), we obtain the equation 
4 3 23 6 3 6 0.k k k k     

We find the roots of this equation: 
2

1 2 3 40, 2, , , 1k = k = k = i k = i wherei =   . 

We calculate the coordinates of the vertices of the 
generalized square for the root 1 0k k   using the for-

mulae: 

 

 

   

2

2

2

2

,
1

,

,;

1

4;6

A C A C

AC

C C A A

AC C A AC

k x k y y x
x

kV
k y k x x y

y
k

V x y V

   


  
    



 

 

 

   

2

2

2

2

,
1

,

,;

1

4;5

B C B C

BC

C C B B

BC C B ВC

k x k y y x
x

kV
k y k x x y

y
k

V x y V

   


  
    



 

 

 

   

2

2

2

2

,
1

,

,;

1

3;6

A D A D

AD

D D A A

AD D A AD

k x k y y x
x

kV
k y k x x y

y
k

V x y V

   


  
    



 

 

 

   

2

2

2

2

,
1

,

.;

1

3;5

B D B D

BD

D D B B

BD D B BD

k x k y y x
x

kV
k y k x x y

y
k

V x y V

   


  
    



 

Direct calculation shows that 

; ; ; ; 1AC BC BC BD BD AD AD ACV V V V V V V V    . 

It follows that the quadrangle with the vertices 
,  , , AD BD BC ACV V V V  is a square (fig. 2). 

We calculate the coordinates of the vertices of the gener-
alized square for the root k = k2 = –2 using the formulae: 

 

    
 
 

    
 

 

2

2

2

2

2

2

2

2

1

2 5 2 3 6 4 30
,

51 2
6; 4 ;

1
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51 2
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C C A A

k x k y y x
x
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V V
k y k x x y

y
k
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1
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1
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k
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Fig. 2. Generalized square for the root k1  = 0 
 

Рис. 2. Обобщенный квадрат для корня k1  = 0 
 
Direct calculation shows that 

0
3

; ; ; ; 
5

BAD BD BD BC AC ACC ADV V V V V V V V    . 

It follows that the quadrangle with the vertices 
,  , , AD BD BC ACV V V V  is a square (fig. 3). 
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Fig. 3. Generalized square for the root k2  = –2 
 

Рис. 3. Обобщенный квадрат для корня k2  = –2 

 
2. The straight line LA is parallel to the straight line LC 
The general equations of required sides in this case are 

the following: 
:  A AL y kx b   – equation of the straight line passing 

through the point  ;A AA x y ; 

1
:  B BL y x b

k
   – equation of the straight line pass-

ing through the point  ;B BB x y ; 

: C CL y kx b   – equation of the straight line passing 

through the point  ; ;C CC x y  

1
: D DL y x b

k
    – equation of the straight line pass-

ing through the point  ; .D DD x y  

Let us write down the set of equations for finding the 
vertices of the square in this case: 

,
: 1

,

A

AB
B

y = kx +b
V

y = x +b
k



 


 

1
where  A A A B B Bb = y kx ,b = y + x

k
 ; 
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. 

After substituting the coordinates of the points into the 
formula, we obtain the equation 

3 22 2 1 0.k k k     
We find the roots of this equation 

1 2 3
1

, ,  
2

k k i k i     , where 2 1i   . We calculate  

the coordinates of the vertices of the generalized square 

for a real root 1
1

2
k k    according to the formulae pre-

sented above. 
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Direct calculation shows that 
7

; ; ; ; 
5

AB BC BC DC AD DC AD ABV V V V V V V V    . 

Consequently, the quadrangle with the vertices 
,  , , AB DC BC ADV V V V  is a square (fig. 4). 

 

 
 

Fig. 4. Generalized square for the root k  = –1/2 
 

Рис. 4. Обобщенный квадрат для корня k  = –1/2 
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Let us find the distance between the points. 
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    22 ;  DC DB C B C BV V k y y k x x    
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Let us define k from the condition 
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Let us square both sides of the resulting equality: 

    
      

24 3

2 22 2

2

2

A D A D D A

D A D A D A A D

k x x k x x y y

k y y k x x k x x y y

    

       
 

      
   

22 4 3

2 22 2

2A D C B C B C B

C B C B

y y k y y k y y x x

k x x k y y

     

   

 


 

    22 C B C B C Bk y y x x x x    . 

After reducing the terms in regard to the power of k  
of additive components, we obtain the following equation: 
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We substitute the coordinates of the points into the 
equation and we obtain the equation with numerical coef-
ficients: 

3 220 12 20 5 0.k k k     
We find the roots of this equation 

1 2 30, 28,  0,16 0,94 ,  0,16 0,94k k i k i      . 

We calculate the coordinates of the vertices of the 
generalized square for a real root 1 0,28k k    accord-

ing to the formulae presented above: 
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Direct calculation shows that 

; ; ; ; 2.25AC DC AC BA BD DC BA BDV V V V V V V V     

Consequently, the quadrangle with the vertices 
,  , , AC DC BA BDV V V V  is a square. 

 

 
 

Fig. 5. Generalized square for the root k  = –0.28 
 

Рис. 5. Обобщенный квадрат для корня k  = –0,28 
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Thus, for a given set of points, there are 4 generalized 
squares shown in fig. 2–5. 

Conclusion. Remote sensing by spacecraft is a rapidly 
developing technology-based field. One of the most im-
portant components ensuring this development is the 
mathematical apparatus underlying the operation of the 
algorithms incorporated into the operation of spacecraft 
and providing the required parameters for sensing the 
earth's surface. The problem being considered in this 
work is devoted to this issue. 

Sensing algorithms built on its basis will effectively 
obtain information about the state and boundaries of indi-
vidual sections of the earth's surface within a short time 
(depending on the values of a finite number of specified 
parameters). The method being considered can naturally 
be expanded by changing the conditions imposed on the 
form of lines (not necessarily straight) passing through 
selected points on the earth's surface and intersecting un-
der the conditions that are different from those given in 
the work under consideration. 
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The issues of compatibility of correcting electric jet engines (EJE) and large-size transformable antennas (LTA) 

used in high-orbit communication satellites are considered. The paper deals with the erosive and polluting effect of EJE 
jets interacting with knitted mesh material (grid mesh), which is used for manufacturing LTA reflectors. The erosive 
effect of the EJE jets on the LTA mesh is characterized by the fact that the angles of ions incidence on the surface of the 
threads in the mesh are in the range from 0 to 90, i. e. such effect takes place at practically any angle of ions incidence 
on the mesh surface. The research includes both mathematical description of physical processes and conducting a wide 
series of experiments, which makes it possible to achieve the necessary reliability of the results. It has been established 
that the effect of plasma jets of correcting engines can lead to significant sputtering of the reflecting coating from the 
surface of a large-size antenna reflector. The authors obtained experimental data on the degradation of the reflection 
coefficient of electromagnetic radiation from the mesh, depending on the degree of plasma jet influence. 

It was found that the sputtering of reflecting coating from the surface of threads does not significantly affect the re-
flection coefficient. The sputtering of the coating at the points of threads contact is much more significant. Strong  
dependence of the reflection coefficient on the type of mesh weaving was also found. The mechanism of sputtering prod-
ucts deposition on reflecting coatings of the thermal control system radiators was investigated. The results of calcula-
tions of the sputtering coefficient and the sputtering indicatrix of the reflecting coating applied to the mesh threads were 
obtained. The degradation of the functional characteristics of thermoregulatory coatings (TRC) during the deposition of 
thin films of gold, which is one of the possible materials for a reflecting coating, was experimentally determined. Esti-
mates of the maximum permissible level of TRC contamination were obtained. It is shown that, subject to the relevant 
design rules, it is possible to use EJE and LTA together in high-orbit communication satellites. 

 
Keywords: electric jet engines, large-size transformable antennas, mesh, contamination, plasma, thermoregulatory 

coatings. 
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Рассмотрены вопросы совместимости электроракетных двигателей (ЭРД) коррекции и крупногабаритных 

трансформируемых антенн (КГА), применяемых на высокоорбитальных спутниках связи. В работе рассмот-
рено эрозионное и загрязняющее воздействие струй ЭРД при взаимодействии с трикотажным сетчатым  
материалом (сетеполотном), который применяется для изготовления рефлекторов КГА. Эрозионное воздей-
ствие струй ЭРД на сетеполотно КГА характеризуется тем, что углы падения ионов на поверхность нитей 
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находятся в диапазоне от 0 до 90, т. е. практически при любом угле падения ионов на поверхность сетепо-
лотна. Исследование, проведенное авторами, включало в себя как математическое описание физических про-
цессов, так и проведение широкой серии экспериментов, что позволило добиться необходимой достоверности 
результатов. В работе установлено, что воздействие плазменных струй двигателей коррекции может приво-
дить к значительному распылению отражающего покрытия с поверхности рефлектора крупногабаритной 
антенны. Получены экспериментальные данные о деградации коэффициента отражения электромагнитного 
излучения сетеполотна в зависимости от степени воздействия плазменной струи. Установлено, что распыле-
ние отражающего покрытия с поверхности нитей не оказывает существенного влияния на коэффициент от-
ражения. Более значимым является распыление покрытия в точках контакта нитей. Также была обнаружена 
сильная зависимость коэффициента отражения от типа плетения сетеполотна. Исследован механизм осаж-
дения продуктов распыления на отражающие покрытия радиаторов системы терморегулирования. Получены 
результаты расчетов коэффициента распыления и индикатрисы распыления отражающего покрытия, нано-
симого на нити сетеполотна. Экспериментально определена деградация функциональных характеристик 
терморегулирующих покрытий (ТРП) при осаждении на них тонких пленок золота, являющегося одним из воз-
можных материалов отражающего покрытия. Получены оценки предельно допустимого уровня загрязнения 
ТРП. Показано, что при соблюдении соответствующих правил проектирования возможно совместное исполь-
зование ЭРД и КГА на высокоорбитальных спутниках связи. 

 
Ключевые слова: электроракетные двигатели, крупногабаритные трансформируемые антенны, сетепо-

лотно, загрязнение, плазма, терморегулирующие покрытия. 
 
Introduction. The main operational characteristic of 

any satellite system is its durability, i.e. the ability to ful-
fill the assigned target tasks during the required active life 
(RAL) by all spacecraft (SC) included in its composition. 

A modern SC includes hundreds of radio-electronic 
units, optical devices and working surfaces, thousands of 
structural elements and cable assemblies. This entire 
technical complex must function for a long RAL (up to  
15 years) under the conditions of the negative impact of 
space environment. 

The range of factors affecting a SC during its orbital 
operation is extremely wide. As a result of their impact, 
various physicochemical processes occur in the materials 
of a SC structure and elements of onboard equipment 
(OE), leading to the deterioration of their operational pa-
rameters, as well as to the occurrence of abnormal situa-
tions in the operation of a SC and catastrophic failures of 
SC onboard systems. Therefore, one of the main problems 
in the field of applied cosmophysics when creating and 
ensuring the reliable functioning of SC is the problem of 
ensuring its resistance to the effects of space factors and 
factors of a technogenic nature. 

Research on the influence of the space environment on 
SC in the world and in our country has been carried out 
for several decades. JSC “ISS” has many years of experi-
ence in the space environment study, the result of which 
is the refinement of the physics and mechanisms of the 
impact of the space environment on SC, the development 
and testing of methods and means of protection, the use of 
which allows ensuring a long active life of the SC being 
developed [1–17]. The work is carried out in close coop-
eration with such leading Russian research institutes as 
MAI, Research Institute of Nuclear Physics of Moscow 
State University, NSU, TPU, etc. 

Modern trends in the development of space communi-
cation systems require the creation of large-size trans-
formable antennas (LTA) with a diameter of 5–10 m and 
more, installed on SC board. The reflectors of such anten-
nas are made of mesh materials knitted from metal 
threads and covered with thin electrically conductive 

films to ensure the required values of the reflection coef-
ficient in the operating frequency range. 

Electric jet engines (EJE) with a high specific impulse 
are used as correcting engines (CE) to correct the orbit of 
communication satellites operating in geostationary or-
bits. It allows saving the mass of the working flood of the 
engines and obtaining a significant (hundreds of kilo-
grams) gain in SC payload mass. 

However, design practice shows that when the EJE 
and LTA are used together in communication satellites, 
situations may arise when plasma jets of the EJE hit the 
antenna reflectors, causing a number of negative effects 
that can significantly affect the normal SC functioning. 
The most significant effects include the erosion of the 
reflecting coating and the contamination of the SC optical 
surfaces with the products of sputtering of the coating and 
the mesh cloth warp. Erosion of the reflecting coating can 
lead to decreasing the reflection coefficient of electro-
magnetic radiation of the LTA reflector. Contamination of 
the SC optical surfaces leads to degradation of their oper-
ating characteristics and, as a consequence, to the disrup-
tion of the normal operation of the SC onboard systems. 

Erosion of mesh when exposed to a plasma jet.The 
mechanisms of the erosive effect of plasma jets of EJE  
on the SC were discussed in detail in [1; 18]. A peculiar-
ity of the erosive effect of the EJE jets on the LTA mesh 
is that the angles of incidence of ions on the surface of the 
threads are in the range from 0 to 90 at practically  
any angle of incidence of ions on the surface of the LTA 
mesh θ  [19]. To illustrate this effect, fig. 1 shows the 
results of calculating the depth of erosion of a reflecting 
coating at different values of the angle θ. 

Fig. 1 shows that the nature of the coating wear 
weakly depends on θ. Erosion occurs almost uniformly 
over the entire irradiated surface of the threads, which is 
due to the nature of the dependence of the sputtering rela-
tive coefficient of a continuous surface on the angle of 
ions incidence S(θ) [20]. At the points of the threads fac-
ing the engine, θ = 0 (if a thread is perpendicular to the jet 
axis) and S (θ) = 1.  
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θ = 0° θ = 30° θ = 60° 
 

Fig. 1. Erosion depth of conducting coating (in fractions of thickness) for different angles  
of ion incidence on the mesh surface θ (axis Y – erosion depth) 

 
Рис. 1. Глубина эрозии проводящего покрытия (в долях толщины слоя) при различных углах падения ионов  

на поверхность сетеполотна θ 
 
 
 

 
 

а      b 
 

Fig. 2. Micrographofmesh threads (a) and a map of the elemental composition of their surface (b) in the vicinity  
of the point of complete sputtering of the reflecting coating 

 
Рис. 2. Микрофотография нитей сетеполотна (а) и карты элементного состава их поверхности (б)  

вблизи точки полного распыления отражающего покрытия 
 
 
On the lateral surface of the threads θ increases, and 

the ion flux density decreases proportionally to cos (θ). 
But in this case S (θ) increases, which compensates for 
the decrease in the current density. Thus, over most of the 
irradiated surface of the threads, the sputtering rate 
changes insignificantly. 

This type of wear leads to the fact that at some point 
of time the reflective coating disappears immediately 
from almost the entire irradiated surface of the threads; 
thereafter the wear of the base begins. 

Fig. 2 shows a micrograph of the surface and a map of 
the elemental composition of the mesh threads in the vi-
cinity of the point of complete sputtering of the reflecting 
coating, obtained by SEM. 

As it can be seen from fig. 2, the boundary of the 
complete sputtering of the reflecting coating is rather 
sharp, which confirms the conclusion about the complete 
coating sputtering from the entire irradiated surface of the 
thread. 

Degradation of the mesh reflection coefficient. The 
degradation of the mesh reflection coefficient when the 
reflecting coating is sputtered is associated with decreas-
ing the conductivity of the surface layer and increasing 
the contact resistance of the threads. In a complete formu-
lation, the construction of a mathematical model of this 
effect is an extremely difficult task; therefore, in the 
framework of this work, the dependence of the reflection 
coefficient on the degree of exposure to the plasma jet of 
the EJE was determined experimentally. 

Measurements of the reflection coefficient of the mesh 
samples in the operating frequency range were carried out 
before and after the impact of the jet. The degree of jet 
impact on the mesh was determined by calculation. In this 
case, the following parameters of the reflecting coating 
wear were used: 

 

s  
=  ,   (1) 
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m  
=  ,   (1.а) 

 

b  
= , (1.b) 

 
where s  

is wear rate for area; m  
is wear rate for mass; 

b  is wear rate for thickness. 

The calculation of s  and m  
was carried out by in-

tegrating the corresponding parameters over the surface of 
the threads on the area of a fragment containing a suffi-
ciently large number of mesh cells. The calculation took 
into account the mutual shielding of the threads. The 
value h  

was determined from the ratio of the maximum 

erosion length (the depth of erosion of a semi-infinite 
target) to the initial layer thickness h0. The calculated de-
pendences of the wear degree of the reflecting coating on 
the exposure time at different angles of ions incidence are 
shown in fig. 3. 

 

 
 

Fig. 3. Dependence of wear degree of reflective coating  
on the time of exposure to a plasma jet 

 
Рис. 3. Зависимость степени износа отражающего покрытия 

от времени воздействия плазменной струи 
 

Fig. 3 shows that the degrees of wear for area and 
mass asymptotically approach their limiting value of 0.5, 
and the degree of wear for thickness increases linearly 
with time. The degree of wear for area does not start to 
change immediately, but only after some time, corre-
sponding to the sputtering of the reflecting coating to the 
entire depth, i. e. when h  

≈ 1. The wear degree for mass 

initially grows rapidly, but the growth rate slows down 
after sputtering a significant part of the coating. 

It should be noted that 80 % of wear for mass is 
achieved when the reflecting coating is sputtered to a 
depth of about (2–3) h0, and 80 % of wear for area is 
achieved when the reflecting coating is sputtered to a 
depth of about 6h0. This indicates that the side surfaces of 
the threads are sputtered much more slowly than the sur-
faces facing the engine. Apparently, the coating at the 
points of threads contactis sprayed even more slowly. 

The analysis showed that the degree of wear for thick-
ness h  

is the most suitable for constructing an empirical 

dependence of the reflection coefficient on the degree of 
reflecting coating wear. Application of s  and m  

leads 

to significant errors, since the calculation of s , m  
near 

their limiting value (at h  
>> 1) is inaccurate due to the 

inaccuracy of the geometric model of the mesh. 
Fig. 4 shows the results of measurements of the mesh 

reflection coefficient depending on the degree of wear for 
the reflecting coating thickness. In the experiment the ion 
current density and the time of exposure to the samples 
were varied. In total, 18 samples were irradiated. Values 
of h  from 0.5 to 44 were realized on them. 

Taking into account the large variations in the meas-
ured values of the reflection coefficient, the following 
function was used to approximate the dependence of the 
reflection coefficient of the electromagnetic radiation of 
the LTA reflector mesh on the degree of the reflecting 
coating wear (in fig. 4 it is shown by a dotted line): 

 

  max 1 exp ,hR R   
                    

(2) 
 

where ΔRmax is the maximum degradation of the reflection 
coefficient of the mesh electromagnetic radiation; β is an 
adjustable parameter determined from the experiment. 

As it can be seen from fig. 4, the value of ΔR ≈ Rmax is 
achieved at h  

>> 1. Allowable ΔR values were main-

tained at h  
< 15–20 depending on the signal frequency. 

In this case s  and m  
≈ 0.5. This fact suggests that the 

sputtering of reflecting coating from the surface of the 
threads does not significantly affect the reflection coeffi-
cient. Apparently, sputtering of the coating at the points 
of threads contacts is more significant. This hypothesis is 
confirmed by a significant change in the reflection coeffi-
cient when changing h  

from 5 to 44 (see fig. 4). 

In addition, strong dependence of the reflection coef-
ficient on the type of mesh weaving was found during the 
experiment. Fig. 5 shows the values of ΔR/Rmax of two 
mesh samples differing in the type of weaving. 

Fig. 5 shows that the mesh of type 1 has significantly 
higher resistance to the effect of a plasma jet than the 
mesh of type 2. The reason for such strong difference is, 
apparently, the different degree of protection of the points 
of threads contacts from the action of ions. Hence it fol-
lows that the type of weaving is an important parameter 
and it must be taken into account when choosing mesh 
and assessing the resistance of LTA to the effect of 
plasma jets of an EJE. To confirm the durability of the 
mesh, it is necessary to test it. 

Since the effect of the plasma jet on the LTA occurs 
unevenly over the surface of the reflector and, accord-
ingly, the degree of wear is different for each section of 
the reflector, the calculation of the change in the LTA 
reflection coefficient as a whole is performed by averag-
ing over all sections: 

1
,i i

itot

R R S
S

                   (3) 

where Stot is the total area of the reflector; Si is the area of 
the section; Ri is the reflection coefficient of the section 
(calculated by the formula (2) for the estimated degree of 
wear of the section hi ). 
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The authors calculated the wear degree of the LTA re-
flector mesh of the experimental SC. The calculation was 
carried out for the case of the simultaneous action of two 
CEs (correcting engines) located on opposite sides of the 
SC body and installed at different angles. The operating 
time of both engines corresponded to the SC RAL. 

In the course of the calculation it was found that at the 
end of the RAL the reflecting coating will be completely 
sputtered over about 35 % of the reflector area. The re-
flecting coating remains on the rest of the surface. The 
maximum degree of the coating wearin depth reaches 17, 
the wear of the base is less than 1 %. 

At this level of exposure, the change in the reflection 
coefficient at the point with the maximum coating  
wear ( h  

≈ 17) is close to the maximum permissible 

value of ΔRper. But since the coating wear is much less  
on most of the reflector, the degradation of the antenna 
reflection coefficient as a whole is guaranteed not to ex-
ceed ΔRper. 

However with a different structural-layout scheme 
(SLS) of the SC the impact on the LTA may be critical, 
therefore, the problem of choosing the SC SLS in which 
the effect of the CE plasma jet on the LTA will not ex-
ceed the permissible level is very urgent. 

The TRC contamination with the products of the 
mesh sputtering. Particles of metal, mainly reflecting 
coating, sputtered from the surface of the mesh threads, 
can be deposited on the surface of the TRC changing their 
thermo-optical characteristics. In this regard it becomes 
necessary to determine the thickness of the contamination 
films formed on the surface of the TRC during the entire 
time of the SC operation in orbit, as well as the optical 
properties of these films and their influence on the thermo 
optical characteristics of the TRC. 

The deposition fluxes of particles on the TRC surface 
are calculated by integrating the sputtering fluxes over the 
entire surface of the LTA exposed to the plasma jet: 

   2
n , cos ,s

ABc A b
s AB

nv
nv I d r dS

r
  





        (4) 

where ABr


 is the radius vector connecting the point of the 

sputtered surface "A" and the point of the surface on 
which the sputtered products "B" are deposited; nvc is 
flux density of sputtered particles at point "A"; θA is the 
angle of incidence of ions on the sputtered surface at point 
"A"; θB is the angle of incidence of sputtered particles at 

point "B";  n , ABAI d r


 
is the sputtering indicatrix. In 

its turn, nvs is calculated as: 

 
0

cos
( ) ( , ) ,i A

s A

J
nv f E S E dE

b


    (5) 

where Ji is the ion current density; E is the ion energy; 
f(E) is the ion distribution function according to energy;

 
( , )AS E   is the dependence of the sputtering coefficient 

on the energy and the angle of ions incidence; e is the 
electron charge. 

Thus, to calculate nvc in addition to the parameters of 
the plasma jet, it is necessary to know the characteristics 
of the mesh sputtering, namely, the sputtering indicatrix 

 n , ABAI d r


and the sputtering coefficient ( , )AS E  . 

Just as for smooth solid surfaces, the coefficient of 
sputtering of the mesh surface can be defined as the ratio 

,a

i

N
S

N


 

where aN
 
is the number of atoms sputtered 

from the surface of the mesh threads per unit time; 

 cos /i iN J e 
 
is the number of ions falling on the 

reflector surface.  
However, unlike smooth surfaces aN

 
is calculated by 

integrating the flux density of sputtered particles Snv over 

the surface of the threads. 
 
 

 
 

Fig. 4. Change in the mesh reflection coefficient depending  
on the degree the reflective coating wear 

 
Рис. 4. Изменение коэффициента отражения сетеполотна в зависимости  

от степени износа отражающего покрытия 
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Fig. 5. Influence of weaving type on the change of the mesh reflection  
coefficient (values at all points are normalized by maximum value ΔR/Rmax),  

axis Y – degree of wear for thickness 
 

Рис. 5. Влияние типа плетения на изменение коэффициента отражения  
сетеполотна (значения во всех точках нормированы  

по максимальному значению ΔRmax,max) 
 
 

 
 

Fig. 6. Dependence of the mesh sputtering coefficient on the angle of ions incidence 
 

Рис. 6. Зависимость коэффициента распыления сетеполотна от угла падения ионов 
 
 
A three-dimensional computational model of the mesh 

containing a sufficiently large number of elementary cells 
is used to calculate

 Snv . 

Fig. 6 shows the calculated dependence of the mesh 
sputtering coefficient when it is exposed to a plasma jet of 
the EJE. 

As you can see from fig. 6, the angular dependence  
of the mesh sputtering coefficient differs significantly 
from the angular dependence of a solid surface [20]. At  
  < 60–70 the ion flux iN  decreases proportionally to 

cos (  ), while aN
 
changes only slightly, since the total 

cross section of threads interacting with the flux remains 
almost unchanged.  

At   > 60–70 the mesh geometric transmittance 
tends to zero and almost all the ions of the jet fall on the 
surface of the threads. Therefore, there is a rapid growth 
of S  here. At   = 90 iN

 
= 0 and, correspondingly, S  = 0. 

Let us note that the mesh sputtering coefficient at   = 0 
corresponds to the sputtering coefficient of the solid mate-
rial, corrected for the mesh geometric transmittance: 

 1AuS S T   ,                   (6) 

where T is the mesh geometric transmittance. 
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The mesh sputtering indicatrix (fig. 7) also has a num-
ber of significant differences from the sputtering indica-
trix of smooth materials. 

From fig. 7 it can be seen that at sliding angles of in-
cidence, most of the mesh sputtering products are directed 
towards the ion source, while on smooth surfaces it is 
directed away from the source. This is due to the fact that 
the sections of the threads that are directed to the source 
are sputtered at an oblique incidence of ions. 

It should also be noted that when sputtering mesh sur-
faces, the streams of sputtered particles also spread to the 
rear hemisphere, since particles from the surface of the 
threads are emitted in almost all directions. 

The calculation of the contamination of the of the sur-
faces of the experimental SC developed by JSC Academi-
cian M. F. Reshetnev “Information Satellite Systems” by 
sputtering products of the reflecting coating of the LTD 
reflectorwas carried out. 

Calculations show that the maximum thickness  
of the deposited film on the side surface of the SC body  
is about 1.5 nm, and the surface density of contaminants 
is 3 · 10-6 g / cm2. It should be noted that the film will 
consist not only of gold atoms, but also of the mesh base 
atoms (tungsten or molybdenum), as well as of particles 
of its own external atmosphere [3], captured by the film. 

Changes in the characteristics of TRCdepending on 
the level of contamination will be considered in the next 
section. 

Degradation of the TRC thermo-optical character-
istics. The deposition of thin metal films (products of the 
sputtering of the reflecting coating and the base of the 
mesh threads) on the surface of the TRC can lead to a 
significant change in their thermo-optical characteristics. 
Experiments to determine the dependence of the solar 
radiation absorption coefficient – As and the emissivity 
(emissivity factor) – ε on the thickness of the deposited 
gold film on the surface of the TRC were carried out to 
study this issue at the PP-2 stand of Moscow Aviation 
Institute. A detailed description of these experiments and 
the data obtained is given in [21]. The objects of research 
were “mirror” coating of the OSO-S type and a film coat-
ing of the PM-OA type. The use of gold as a metal for 
deposition is due to the fact that it does not form oxide 
films in air. Films of other metals are rapidly oxidized, 
while their properties change greatly. 

Mirror coating OSO-S is a thin plate made of K-208 
glass with one-sided deposition of a layer of silver, glued 
to the metal plate with glass outside. Initial characteristics 
of the coating: As  = 0.08; ε = 0.85. The PM-OA film 
coating is made on the basis of the PM-1EU polyimide 
film with one-sided aluminum sputtering. Coating initial 
characteristics: As = 0.31; ε = 0.68. 

The samples were rectangular plates 20x20 mm in size 
(OSO-S) and 30 × 25 mm (PM-OA), onto which thin gold 
films with a thickness of 1 to 24 nm were deposited by 
cathodic sputtering. 

To apply the films, the TRC samples were placed in a 
protective casing (fig. 8), which protected the samples 
from sputtering products from the walls of the vacuum 
chamber. 

The sputtering target was also placed inside the casing 
and was protected from sputtering products from the walls 
of the vacuum chamber. The jet ions passed through  
a special collimating hole (ceramics) and hit the target.  
A Hall engine of the M50 type was used as an ion source, 
accelerating xenon ions to the energy of ~ 300 eV. For the 
gas (recombined xenon ions) to escape from the casing, 
holes were made in its side walls, covered with plates, 
excluding the direct visibility of the target and samples 
from the side of the vacuum chamber. The sputtering 
products of the target were deposited on the TRC samples 
located immediately in front of it. The control of the mass 
deposited on the TRC samples was carried out using  
a quartz microbalance with a resonance frequency  
of 6 MHz (sensitivity 1.1 · 10–8 g / cm2 / Hz). The sputter-
ing process continued until the change in the frequency of 
the quartz resonator reaches a predetermined value. 

Fig. 9 shows the results of measuring the thermo-
optical characteristics of TRC with deposited gold films 
of various thicknesses. 

It can be seen from these graphs that the nature of the 
change in the coefficients As and ε, depending on the 
thickness of the contamination film d, is the same for both 
types of TRC. In the range d from 0 to 4 nmε practically 
does not change. At d > 4 nm, ε rapidly decreases and  
at d = 24 nm reaches values comparable to ε of a mono-
lithic material (for polished gold from 0.018 to 0.035). 

The As behavior is more complex. At d from 0 to  
3 nm, a sharp increase in As is observed, in the range  
from 3 to 7 nm As reaches maximum and reaches a pla-
teau, and at d > 7 nm it gradually decreases to values 
comparable to the As of a monolithic material. 

Such an unusual behavior of As and ε is explained  
by the fact that the gold film with a thickness of up to  
3–5 nm is granular. This is confirmed by the AFM images 
shown in fig. 10. 

From fig. 10 it can be seen that at d = 2.7 nm almost 
all the granules have coalesced, and at d ≥ 6 nm, the film 
is almost a monolithic substance. With a small film thick-
ness, while the granules have not coalesced yet, the film 
has very low conductivity. As d increases, the granules 
coalesce and the conductivity of the film rapidly in-
creases, reaching the level of a monolithic material. 

The presence of a thick reflective film leads to the fact 
that thermal radiation does not leave the material and its ε 
is comparable to ε of the film material. As long as the 
reflecting layer is not formed, the value of ε remains prac-
tically unchanged and is equal to ε of an uncontaminated 
TRC. 

The nature of As change is completely different. The 
rapid growth of As at d from 0 to 3 nm is associated with 
resonant absorption of radiation arising on the grid struc-
ture of the film. With further increase in d, the value of 
the As coefficient gradually decreases, approaching the As 
of gold on the substrate. 

Since the degradation of TRC is characterized by a 
change not in the individual As or ε, but in the As/ε ratio, 
films with thickness of less than 2–3 nm are critical for 
TRC, when a significant increase in As occurs with 
relatively small changes in ε.  
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Fig. 7. Indicatrix of the mesh sputtering for different angle of incidence of ions 
 

Рис. 7. Индикатриса распыления сетеполотна при различных углах падения ионов 
 
 

           
 

а       b 
 

Fig. 8. The scheme of the deposition of gold films on the TRC samples (a) and the appearance  
of the protective casing with the samples (b) 

 

Рис. 8. Схема напыления пленок золота на образцы ТРП (а) и внешний вид защитного кожуха с образцами (б) 
 
 

  
  
а b 

 

Fig. 9. Change of TRC optical characteristics depending on gold film thickness: 
а – OSO-S; b – PM-OA 

 

Рис. 9. Изменение оптических характеристик ТРП в зависимости от толщины пленки золота:  
а – ОСО-С; b – ПМ-ОА 
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а    b 
 

Fig. 10. AFM-images of contamination films on the OSO-S surface with  
a film thickness of 2.7 nm (a) and 6 nm (b) 

 
Рис. 10. АСМ-изображения пленок загрязнения на поверхности ОСО-С  

при толщине пленки 2,7 нм (а) и 6 нм (б) 
 
 
If we assume that the change in the ratio As/ε of TRC 

should not exceed 50 % of the initial value, from the data 
obtained it can be found that the permissible level of 
contamination of OSO-S with gold films is dlim = 0.3 nm 
(6 · 10–7 · g / cm2 ), and PM-OA – dlim = 1.7 nm  
(3.5 · 10–6 g / cm2). 

When thicker films are deposited (d > 10–5 g / cm2), 
the characteristics of the TRC change catastrophically. 
The emissivity decreases to 0.3, and the absorption 
coefficient increases 2–3 times. In this case, the As/ε ratio 
can increase by a factor of 5–10. 

It should be noted that since under real SC operating 
conditions, pollution films contain not only metals, but 
also other particles (carbon, silicon, organic matter), the 
conductivity of the films and, accordingly, the change in 
the As coefficient will be less than that of films made of 
pure metal. Therefore, the above dlim estimates are worst 
case estimates. 

Conclusion. As a result of a set of theoretical and 
experimental work to determine the effect of the plasma 
jet of correcting electric jet engines on the functional 
characteristics of spacecraft, results were obtained that are 
of significant interest and practical importance in the field 
of designing and ensuring the resistance of modern 
automatic spacecraft to the impact of man-made factors. 

It has been established in this work that the effect of 
plasma jets of correcting engines can lead to significant 
sputtering of the reflective coating from the surface of the 
reflector of a large-size antenna. 

It has been shown experimentally that the sputtering 
of the coating at the points of contact and interweaving of 
the threads under the action of the jet plasma of the 
engines occurs much less intensively, which causes 
relatively high values of the reflection coefficients 
measured on the samples of the mesh with high degrees of 
wear. 

It has been established that the contamination of the 
optically sensitive SC surfaces with the products of LTA 

sputtering can be significant and should be taken into 
account when choosing the structural-layout scheme 
(SLS) of the SC. 

The paper shows the fundamental possibility of creat-
ing modern automatic spacecraft, which include large-size 
antennas and electric jet engines. The implementation  
of this opportunity can be achieved by the appropriate 
choice of the SLS, taking into account this impact. 
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IMPACT OF THE REINFORCEMENT TECHNIQUE ON CHARACTERISTICS  

OF COMPOSITE TUBULAR STRUCTURES 
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Different composite elements including tubular structures are used as support structures in spacecraft optical  

systems. The compliance with the specified dimensional stability over a wide temperature range, in particular from  
–269 up to 100 °C, is important for the design of tubular structures. The promising method of manufacturing tubular 
structures of CM – radial braiding combined with RTM molding method is discussed in this paper. In addition, the pa-
per describes the method of determining the optimal reinforcement technique for a braided perform which allows to 
reduce geometrical deflections occurring during a molding process. The impact of the reinforcement technique on the 
dimensional stability of tubular structures is illustrated in this paper by the example of several reinforcement tech-
niques and manufacturing methods. The paper also contains the analysis of these techniques and the determination of 
the optimal one to comply with the specified characteristics. 

 
Keywords: dimensional stability, composite materials, reinforcement technique, preform. 
 
 

ВЛИЯНИЕ СХЕМЫ АРМИРОВАНИЯ НА ХАРАКТЕРИСТИКИ КОМПОЗИЦИОННЫХ  
ТРУБЧАТЫХ КОНСТРУКЦИЙ 
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В оптических системах космических аппаратов в качестве опорных конструкций применяются различные 
композитные элементы, в том числе и трубчатые. При проектировании трубчатых элементов актуальным 
является вопрос обеспечения заданной размеростабильности в широком диапазоне температур, а именно  
от –269 до +100 С. В работе рассматривается перспективный способ изготовления трубчатых элементов  
из КМ – радиального плетения в сочетании с RTM методом формования. Помимо этого, в данной работе из-
ложена методика определения оптимальной схемы армирования плетеной преформы, позволяющая снизить 
возникающие в процессе формования геометрические отклонения. Влияние схемы армирования на размероста-
бильность трубчатых конструкций рассматривается на примере нескольких схем армирования и способов 
изготовления, проводится анализ этих схем и определение оптимальной для обеспечения заданных характери-
стик. 

 
Ключевые слова: размеростабильность, композитные материалы, схема армирования, преформа. 
 
Introduction. Composite materials (CM) occupy a 

significant part among materials used in the manufacture 
of spacecraft structures. Their advantages over traditional 
materials are the combination of such properties as high 

strength, stiffness, low coefficient of thermal expansion. 
The use of CM in spacecraft design has made it possible 
to significantly reduce the weight characteristics  
of modern spacecraft, and it has expanded the capabilities 
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of designers in the search of new solutions and design 
features in the development of a spacecraft body, 
assemblies and critical parts. 

A distinctive feature of CM structures is that the 
material and structure are manufactured simultaneously. 
Therefore, the technological features of the production of 
the material, which make it possible to provide the 
specified parameters, are taken into account in the process 
of developing a composite structure. Thus, the CM 
manufacturing technology is an integral part of a 
composite structure design process. 

Currently, Russian and foreign specialists are working 
on the creation of space observatories. Modern space 
observatories are designed to undertake studies of various 
types of objects in the Universe with ultra-high sensitivity 
(in single-telescope mode) and record high angular 
resolution (in ground-space interferometer mode) in the 
millimeter and infrared wavelength ranges. The ultra-high 
sensitivity of a space telescope operating in deep vacuum 
and ultra-low temperatures is achieved by actively 
cooling the mirror system and receiving equipment to the 
temperature of 4.5 K. The record resolution of the 
cryogenic space telescope is achieved by its joint work 
with large ground-based telescopes in interferometer 
mode in an ultra-long working orbit in the vicinity of the 
L2 Lagrange point in the Sun – Earth system that is 
located at the distance of 1.5 million km from the Earth. 
In this case, the distance between the Earth and the space 
observatory will reach 2 million km. The space 
observatory includes a two-mirror cryogenic space 
telescope with a main parabolic mirror with a diameter of 
10 m deployable in the specified orbit, consisting of 24 
deployable lobes and a stationary central mirror of 3 m in 
diameter. This telescope is installed on the space platform 
through a transitional truss and central power structures: 
reflector supporting truss, cooling support and 
unrefrigerated container. The working ranges of the 
wavelengths of the cryogenic space telescope are 0.02–3 
mm and 0.3–16 mm and they determine the requirements 
for the cryogenic space telescope precision and the space 
platform: the accuracy of the working surface (standard 
deflection) of the main parabolic mirror (after its opening) 
is 10 µm; the accuracy of orientation and stabilization of a 
space platform with a cryogenic space telescope should be 
no worse than 1 "and 0.2", respectively [1]. 

The quality of data obtained from outer space 
depends, among other things, on the accuracy of the 
mutual positioning of the components of the telescope 
(including the counter-reflector relative to the reflector). 
The layout chart of the shape and size-stable tubular 
elements (rods) in the structure of the space observatory, 
providing positioning of the reflector and counter-
reflector, is shown in fig. 1. 

To ensure the functioning of the telescope in case of 
failure of orbital alignment mechanisms, the supporting 
elements of a counter-reflector structure must ensure the 
accuracy of the position of the main elements of the 
optical system after launching spacecraft into orbit. The 
design of a supporting tubular structure should exclude 
the occurrence of deformations leading to twisting around 
its longitudinal axis by more than 1' in the operating 
temperature range. 

To ensure the structural rigidity at the stage of launch-
ing, it is advisable to fix screen lobes to the telescope 
counter-reflector [2]. Based on the task of the supporting 
tubular structure of a counter-reflector, they need to have 
high strength and stiffness characteristics, such as: 

– elasticity modulus in the direction along its axis  
of a supporting tubular structure must be at minimum  
200 GPa; 

– ultimate compression strength in the direction along 
the axis must be at minimum 800 MPa; 

– the coefficient of linear thermal expansion along the 
axis of a supporting tubular structure should be no more 
than |0,8×10–6| 1/С in the temperature range from minus 
269 to plus 100 С. 

Thus, one of the main elements being investigated in 
this work are tubular structures – rods made of composite 
material with high requirements for rigidity, strength, and 
shape stability. 

The overview of the methods of manufacturing 
tubular structures. The analysis of the factors influencing 
dimensional stability. Currently, the main methods for the 
manufacture of tubular structures made of CM are: 

– contact molding with the laying of a resin-
impregnated fibrous canvas on the mold; 

– winding resin-impregnated fiber onto a cylindrical 
shape; 

– pultrusion or molding of shaped products by pulling 
a fiber through a polymer bath and a gage die hole; 

– radial braiding in combination with RTM 
technology [3–8]. 

Radial braiding is the most suitable method to 
manufacture tubular products that meet specified 
parameters. The product is usually obtained by braiding 
the mandrel. Unlike threads during winding, during radial 
braiding threads are intertwined. This ensures that the 
braided part resists twisting and shearing.  

The result is a seamless design with high structural 
integrity. In the course of its development, the technology 
of the braiding process has shown its advantages, such as 
reducing production costs due to the mechanization of the 
process and reducing the share of manual labor, the 
possibility of using it in serial production. The braiding 
process is shown in fig. 2. 

Typical reinforcement of braided preforms can be 
biaxial and triaxial (fig. 3, a). At triaxial braiding (fig. 3, b), 
the third thread is added in the longitudinal direction, 
along the braiding axis.  

At biaxial braiding, the braiding angle can vary from 
10 to 85 degrees. Parts with small braiding angles are 
characterized by high axial strength and rigidity, while 
parts with large braiding angles have high circumferential 
strength.  

This technology allows us to braid any type of 
reinforcing material – carbon fiber, glass fiber, aramid 
fiber, natural fiber, etc., as well as to combine various 
types of fibers [9–12]. 

The RTM molding method is the process of impreg-
nating a reinforcing material with a binder substance that 
is injected under excessive pressure (up to 10 bar) into a 
closed rigid mold. The process allows us to achieve high 
precision manufacturing of parts. This method makes it 
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possible to manufacture parts with volumetric filling with 
a reinforcing material 55 ± 5%. The scheme of the 
method is shown in fig. 4. 

One of the most important indicators of the shape sta-
bility of tubular structures is the minimization of their 
rotation along the axis.  

In theory, a properly designed tubular structure with 
an ideal reinforcing structure should not twist when ther-
mally loaded. However, in practice, it is almost impossi-
ble to obtain such an element. Twisting of tubular struc-
tures can occur both due to structural and technological 
imperfections. 

Constructive imperfections include deflection from 
symmetry in the laying, the presence of additional ele-
ments, etc. Accordingly, the most advanced design is a 
cylindrical tubular structure without fittings and flanges 
with a constant wall thickness and balanced quasi-
isotropic laying. However, in this case, it will be impossi-
ble to obtain required axial physical and mechanical char-
acteristics and a low CLTE (coefficient of linear thermal 
expansion). As a rule, when designing a supporting tubu-
lar structure, it is necessary to find a reasonable compro-
mise between stiffness, strength, CLTE, shape stability, 
integrity, and manufacturability.  

 
 

 
 

Fig. 1. Layout chart of the supporting tubular structure in the construction of space observatory 
 

Рис. 1. Схема расположения опорного трубчатого элемента  
в конструкции космической обсерватории 

 
 
 

 
 

Fig. 2. Process of radial braiding of a tubular structure 
 

Рис. 2. Процесс плетения трубчатого элемента 
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а    b 
 

Fig. 3. Type of braiding:  
a – biaxial braiding; b – triaxle braiding 

 
Рис. 3. Виды плетения:  

а – двухосное плетение; б – трехосное плетение  
 
 

 
 

Fig. 4. RTM molding method diagram 
 

Рис. 4. Схема метода формования RTM 
 
 
Even if the design of a tubular structure has no flaws, 

certain deflections necessarily occur during its manufac-
ture. The deflections may include: 

– unevenness and deflection from a given angle of re-
inforcement; 

– uneven filling ratio; 
– difference in properties of reinforcing fibers from 

different batches; 
– the influence of molding equipment during heating 

and cooling. 
The manufacture of a shape-stable tubular structure 

requires solutions that are clearly verified at every stage. 
In this work, the following main proposals of a con-

structive and technological nature are made: 
– the layers of the reinforcing structure of a supporting 

tubular structure must have a symmetrical – balanced 
triaxial structure; 

– technological slope for mandrel extraction should be 
minimal; 

– the reinforcement scheme should provide the least 
sensitivity of shape stability to technological deflections, 
while maintaining the required physical and mechanical 
characteristics; 

– deflections from the nominal reinforcement angle 
and the filling factor should be minimized; 

– when designing supporting tubular structures, it is 
necessary to take into account the probability of micro-
cracking during thermal cycling [13–15]. 

Developing a method for calculating the 
deformations of a supporting tubular structure when 
subjected to thermal loadings. The purpose of the 
calculation is to determine the optimal reinforcement 
scheme in which the effect of structural and technological 
imperfections on the value of the angle of twisting of a 
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supporting tubular structure relative to the longitudinal 
axis will be minimal. 

For the triaxial reinforcement scheme 0±φ°, where φ 
is the angle of symmetric oblique fibers, the following 
problems were solved: 

1) the angles of rotation of a supporting tubular struc-
ture relative to the longitudinal axis are determined for the 
angles of oblique symmetrical fibers 5–90 ° with an error 
of the braiding angles of longitudinal and oblique fibers 
equal to 0.5 ° and 1.0 ° for their ratios of 7, 15 and 20 %, 
and for temperature gradients –100/+20, –100/+100  
and +20/–269 °C; 

2) the dependences of the longitudinal modulus of 
elasticity, strength and coefficient of linear thermal ex-
pansion (CLTE) on the ratio of longitudinal and oblique 
symmetric fibers for the optimal reinforcement angle 
were determined; 

The design of a supporting tubular structure is shown 
in fig. 5. 

The calculation was carried out in the Femap with NX 
Nastran program. The finite element mesh of the models 
of the supporting tubular structure is shown in fig. 6. The 
temperature loading was set in the form of a temperature 
difference and fixing along one of the ends with a restric-
tion of 6 degrees of freedom (rigid restraint) was per-
formed. 

To calculate a supporting tubular structure, the shell 
elements PLATE and LAMINATE from the Femap with 
NX Nastran finite element library were used. 

PLATE is a combined flat shell element (fig. 7, a) that 
bears membrane, shear and bending loads. It is used for 
any structures consisting of thin plates or shells.  

Setting the desired direction of material properties is 
carried out by rotating the axis of orientation of the Xm 
material. 

LAMINATE (layered) is similar to an element of type 
PLATE and consists of one or more layers (fig. 7, b). It is 
used for modeling multilayer composite plates and shells. 
The internal coordinate system is similar to the elements 
of the PLATE type. Setting the desired direction of mate-

rial properties is carried out by rotating the axis of orien-
tation of Xm material properties. 

The direction of the Z axis is taken as the zero direc-
tion of fibers (fig. 7). Counterclockwise direction is taken 
as a positive angle. 

The following model of a composite with a reinforc-
ing filler made by the radial braiding method was taken. 
The wall of the supporting tubular structure with total 
thickness h consists of n layers. One layer conventionally 
represents interlaced fibers with the orientation of 0° 
(along the generatrix of the cylinder) and ±φ° (oblique 
fibers) and has a total thickness t. Each of the n layers of 
thickness t was divided into 5 more sublayers with an 
average sublayer with the orientation of 0° and extreme 
sublayers ± φ ° to balance the package (fig. 8, a). 

To take into account the volume ratio of longitudinal 
and oblique fibers νf0 and νfφ %, respectively, the thick-
nesses of sublayers were set in proportion to this ratio: 
0,01·νf0·t – 0° sublayer; 0,01·νf0·t – sublayers ±φ °. 

The scheme for determining the angles φ of symmetric 
oblique fibers and the deflection error Δ is shown  
in fig. 8, b. 

The characteristics of carbon fiber-reinforced plastics 
with M46J fibers and the characteristics of carbon fiber-
reinforced plastics with T300 fibers are presented in table. 

Calculation of the axial twist of a supporting 
tubular structure depending on the reinforcement 
error. Let us determine the angles of rotation of a 
supporting tubular structure relative to the longitudinal 
axis for different angles of reinforcement with the axial 
fibers M46J and oblique fibers T300, depending on the 
error of braiding angles, the ratio of longitudinal and 
oblique fibers, and the temperature gradient.  

The wall thickness of the supporting tubular structure 
is h = 3.5 mm. The number of layers n = 14. 

To take into account the ratio of longitudinal and 
oblique fibers equal to 93 and 7 %, respectively, the 
thicknesses of the sublayers were set in proportion to this 
ratio: 0.2325 mm – 0° sublayer; 4×0.004375 mm – 
sublayers ±φ °.  

 
 

 
 
 

Fig. 5. Construction of a supporting tubular structure 
 

Рис. 5. Конструкция опорного трубчатого элемента 
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Fig. 6. Finite-element model mesh of a supporting tubular structure without flange 
 

Рис. 6. Конечно-элементная сетка модели опорного трубчатого элемента без фланца 
 
 

 
 

Fig. 7. Shell element: 
a – PLATE type; b – LAMINATE type 

 
Рис. 7. Оболочечный элемент:  

а – типа PLATE; б – типа LAMINATE 

а 

b 
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а    b 

 
Fig. 8. Single layer scheme, scheme for determining the angles of oblique fibers and errors: 

a – one layer; b – location of oblique fibers 
 

Рис. 8. Схема одного слоя, схема определения углов косых волокон и погрешностей:  
а – один слой; б – расположение косых волокон 

 
 

 
Characteristics of carbon fiber-reinforced plastics used for calculation 

 

Modulus of elasticity Parameter Carbon fiber M46J Carbon fiber T300 
Modulus of tension (0°) E1, Pa 2.45E+11 1.25E+11 
Modulus of tension (90°) E2, Pa 6.9E+9 7.8E+9 
Modulus of shear G12, Pa 3.9E+9 4.4E+9 
Poison's ratio 

12  0.87 0.79 

Longitudinal strength (0°) σ+
B1, Pa 2.16E+9 1.76E+9 

Longitudinal strength (90°) σ+
B2, Pa 45000000 80000000 

Compression strength (0°) σ¯
B1, Pa 980000000 1.57E+9 

Compression strength (90°) σ¯
B2, Pa 0 (no information available) 0 (no information available) 

In-plane shear strength τв12, Pa 59000000 98000000 
Interlaminar shear strength τ13, Pa 83000000 108000000 
Monolayer thickness δ, m 0.00025 – 
CLTE of fiber (longitudinal direction) α1, 1/C° –4,E-7 9,E-7 

CLTE of matrices (orthogonal direction) α2, 1/C° 3.75E-5 3.75E-5 
 
 

For the ratio of longitudinal and oblique fibers  
equal to 85 and 15 %, respectively, the thickness of the 
sublayers: 0.2125 mm – 0° sublayer; 4×0.0375 mm – 
sublayers ±φ°. 

For the ratio of longitudinal and oblique fibers  
equal to 80 and 20 %, respectively, the thickness  
of the sublayers: 0.2 mm – 0° sublayer; 4×0.05 mm – 
sublayers ±φ°. 

The total number of layers was 14×5 = 70 in all cases. 
The possibility of deflection of longitudinal and 

oblique fibers in one direction or in opposite directions 
was taken into account. 

The calculation results are shown in fig. 9–12.  
Determination of the optimal reinforcement 

scheme. Based on the analysis of the graphs in fig. 9–12, 
the following conclusions can be drawn: 

– the swirl angle of the supporting tubular structure 
increases when increasing the deflection error of longitu-
dinal and oblique symmetrical fibers; 

– when the longitudinal and oblique fibers are de-
flected in one direction at the reinforcement angles ±φ° up 
to 40°, the swirl angle of the supporting tubular structure 
increases when increasing the proportion of oblique fi-
bers; 

– when the longitudinal and oblique fibers are de-
flected in one direction at the reinforcement angles ±φ° 
more than 40°, the swirl angle of the rod decreases when 
increasing the proportion of oblique fibers; 

– when the longitudinal and oblique fibers are de-
flected in opposite directions at the reinforcement angles 
±φ° up to 70°, the swirl angle of the supporting tubular 
structure increases when decreasing the proportion of 
oblique fibers; 

– when the longitudinal and oblique fibers are de-
flected in opposite directions at reinforcement angles ±φ° 
more than 70°, the swirl angle of the supporting tubular 
element decreases when decreasing the proportion of 
oblique fibers; 
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– with a certain proportion of oblique symmetric fi-
bers, there are two values of the reinforcement angles at 
which the swirl angle of the supporting tubular structure 
will be zero for the case of deflection of longitudinal and 
oblique fibers in opposite directions; 

– at the reinforcement angles ±φ° = 60°, it is optimal 
if two types of error appear – when longitudinal and 
oblique fibers deflect in one direction or in the opposite 
direction. 

Determination of the reinforcement scheme that 
meets the requirements for the physical and 
mechanical characteristics of the material of the 
supporting tubular structure. Using the Femap with 
NX Nastran program, the dependence of the axial 
modulus Ez of elasticity and axial CLTE αz on the 
volume fraction of oblique symmetric fibers (fig. 13, 14) 
was determined for the following design: 

– wall thickness of the supporting tubular element h = 
3.5 mm; 

– number of layers n = 14; 
– laying 0±60 ° with axial fibers M46J and oblique 

T300, respectively, with the composite volumetric filling 
of 60%. 

Using the Femap with NX Nastran program, the de-
pendence of the axial modulus Ez of elasticity and axial 
CLTE αz on the volume fraction of oblique symmetric 
fibers (fig. 15, 16) was determined for the following de-
sign: 

– wall thickness of the supporting tubular structure  
h = 3.5 mm; 

– number of layers n = 14; 
– laying 0 ± 4 ° with M46J fibers with a composite 

volumetric filling of 60 %. 
The following conclusions can be drawn from the 

analysis of the graphs: 
– laying 0 ± 60° with M46J and T300 fibers allows 

obtaining the required axial CLTE αz with the fraction of 
oblique fibers up to 48 %, but the required axial modulus 
of elasticity Ez with the fraction of oblique fibers may 
only be up to 20 %; 

– laying 0 ± 14 ° with M46J fiber allows to obtain the 
required axial CLTE αz with the proportion of oblique 
fibers up to 23 % (taking into account technological limi-
tations, the amount of oblique fibers is 50.75 %), the re-
quired axial modulus of elasticity Ez with the proportion 
of oblique fibers is up to 75 %; 

– laying 0 ± 60° with M46J and T300 fibers is less 
sensitive to the influence of structural and technological 
imperfections on the value of the swirl angle of the  
supporting tubular structure relative to the longitudinal 
axis; 

– laying 0 ± 60° with M46J and T300 fibers meets the 
requirements for axial modulus of elasticity and CLTE 
with oblique fibers up to 20 % and has approximately  
2 times less torsion around the longitudinal axis compared 
to the laying 0 ± 14°.  

 
 

 
 
 

Fig. 9. Swirl angle at deflection of longitudinal and oblique fibers in one direction by 0.5 and 1.0 degrees.  
Temperature range +20/–269 °С 

 
Рис. 9. Угол закрутки при отклонении продольных и косых волокон в одном направлении на 0,5° и на 1,0°.  

Диапазон температур +20/–269 °С 
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Fig. 10. Swirl angle at deflection of longitudinal and oblique fibers in opposite directions by 0,5 degree.  
Temperature range +20/–269 °С 

 
Рис. 10. Угол закрутки при отклонении продольных и косых волокон в противоположных направлениях на 0,5°.  

Диапазон температур +20/–269 °С 
 
 
 

 
 

Fig. 11. Swirl angle at deflection of longitudinal and oblique fibers in opposite directions by 1 degree.  
Temperature range +20/–269 °С 

 
Рис. 11. Угол закрутки при отклонении продольных и косых волокон в противоположных направлениях на 1,0°.  

Диапазон температур +20/–269 °С 
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Fig. 12. Swirl angle at deflection of longitudinal and oblique fibers in different directions by 1 degree.  
Temperature range +20/–269 °С 

 
Рис. 12. Угол закрутки при отклонении продольных и косых волокон в различных направлениях на 1,0°.  

Диапазон температур +20/–269 °С 
 

 

 
 

Fig. 13. Diagram of the dependence of the axial modulus of elasticity Ez on volume fraction of 
oblique symmetric fibers for braiding scheme 0 ± 60° with M46J, T300 fiber types 

 
Рис. 13. Зависимость осевого модуля Ez упругости от объемной доли косых симметричных  

волокон для укладки 0 ± 60° с волокнами M46J и T300 
 

Ez = 200 ГПа 
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Fig. 14. Diagram of the dependence of the axial CLTE αz on volume fraction of oblique symmetric  
fibers for braiding scheme 0 ± 60° with M46J, T300 fiber types 

 
Рис. 14. Зависимость осевого КЛТР αz от объемной доли косых симметричных волокон  

для укладки 0 ± 60° с волокнами M46J и T300 
 

 

 
 

Fig. 15. Diagram of the dependence of the axial modulus of elasticity Ez on volume fraction  
of oblique symmetric fibers for braiding scheme 0 ± 14° with M46J fiber type 

 
Рис. 15. Зависимость осевого модуля упругости Ez от объемной доли косых симметричных  

волокон для укладки 0 ± 14° с волокном M46J 

Ez = 200 ГПа 

αz = –0,8·10–6 1/°C 

αz = 0,8·10–6 1/°C 
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Fig. 16. Diagram of the dependence of the axial CLTE αz on volume fraction of oblique  
symmetric fibers for braiding scheme 0 ± 14° with M46J fiber type 

 
Рис. 16. Зависимость осевого КЛТР αz от объемной доли косых симметричных волокон  

для укладки 0 ± 14° с волокном M46J 
 
 
Conclusion. On the basis of the considered methods 

of manufacturing supporting tubular structures, in order to 
ensure the requirements of shape stability, it is advisable 
to use the method of radial braiding in combination with 
the RTM technology of molding a product. The analysis 
of the considered preform reinforcement schemes shows 
that to ensure the specified parameters, the optimal one is 
braiding with the fiber laying of 0 ± 60° with the volume 
fraction of oblique fibers up to 20 %. 
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LABORATORY SEPARATOR OF BULK MATERIALS 
 

E. G. Danilenko*, S. V. Telegin 
 

Reshetnev Siberian State University of Science and Technology 
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation 

*Е-mail evg.danilenko@mail.ru 
 
New materials for spacecraft radiation screens engineering require a fine classification of powder materials by par-

ticle size. The article concerns the construction of powder materials laboratory separator. This type of material separa-
tion is related to gravity methods. The Moseley laboratory separator serves as the prototype of the construction with 
table longitudinal shaking and diametrical vibrations by means of buffers during the separation process. The unbal-
anced oscillator yields deck separation surface harmonic vibrations in all directions. The unbalanced oscillator DC 
motor voltage control gradually alters the vibration frequency and supports finer separation of the material. A power 
pipe enables to conduct perpetual separation process. In prototype, in contrast, up to 100 g weight is processed for up 
to 5 minutes. To improve the materials fine and small classes separation efficiency, riffles are made on the separation 
surface, which determine the places of concentration of material particles. As a result of the conducted researches for 
elimination of the secondary circulation flows, a system of diametrical reefing is worked out: the riffle is approximately 
equal to the maximum particle size of the separated material and is equal to 0.2 mm in this construction; the distance 
between riffles is equal to 50 mm, the tilt angle is 80 degrees relative to the deck longitudinal side. The particle motion 
depends on the inclination angle of the separation surface. Large particles move upwards at angles of up to 5 degrees, 
and downwards at angles higher than 5 degrees. Vibration frequency and amplitude alteration, as well as adjusting the 
inclination angle of separation surface enables to move and adjust the speed of different properties and sizes of test 
material. The laboratory separator work is based on the physical effects, which enable to vary the location of the power 
pipe. This fact allows the construction to be adapted to a variety of specific conditions and expands the construction 
sphere. The separator construction is simple for production and operation, and can be quickly reconfigured if neces-
sary. The separator portability allows it to be transported. 

 
Keywords: shielding, composite material, separator, fractional composition, boron carbide. 
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Разработка новых материалов для радиационных экранов космических аппаратов требует тонкой класси- 

фикации порошковых материалов по размеру частиц. В статье рассмотрена конструкция лабораторного се-
паратора порошковых материалов. Данный вид разделения материала относится к гравитационным мето- 
дам. За прототип конструкции выбран лабораторный сепаратор Мозли, у которого процесс сепарации осуще- 
ствляется продольным встряхиванием стола и поперечными колебаниями посредством буферов. Дебалансный  
вибратор позволил получать гармонические колебания поверхности сепарации деки во всех направлениях. Регу- 
лировка напряжения двигателя постоянного тока дебалансного вибратора плавно изменяет частоту вибра- 
ции, что способствует более тонкому разделению материала. Введением питающего патрубка реализована  
возможность непрерывного ведения процесса разделения, в отличие от прототипа, где навеска до 100 г обра- 
батывается до 5 мин. Для повышения эффективности разделения тонких и мелких классов материалов на по- 
верхности сепарации выполнены рифли, определяющие места концентрации частиц материала. В результате  
проведенных исследований для исключения вероятности возникновения вторичных циркуляционных потоков  
была разработана система поперечных нарифлений: высота рифлей примерно равна максимальному размеру  
частиц разделяемого материала, в данной конструкции 0,2 мм; расстояние между рифлями 50 мм, угол накло- 
на составил 80 градусов относительно продольной стороны деки. Движение частиц зависит от угла наклона  
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поверхности сепарации. При углах до 5 градусов крупные частицы движутся вверх, при больших – вниз.  
За счет изменения частоты и амплитуды вибрации, а также регулирования угла наклона поверхности сепарации,  
возможно перемещение и регулирование скорости движения разного по свойствам и размерам исследуемого  
материала. Физические эффекты, на которых основана работа лабораторного сепаратора, дают возмож- 
ность варьировать и место размещения в нем питающего патрубка. Это позволяет приспособить конструк- 
цию к разнообразным конкретным условиям, что расширяет область применения устройства. Конструкция  
сепаратора проста в изготовлении и эксплуатации, при необходимости ее можно быстро переналадить.  
Компактность сепаратора позволяет транспортировать его. 

 
Ключевые слова: экранирование, композитный материал, сепаратор, фракционный состав, карбид бора. 
 
Introduction. In materials science, composite materi-

als are a separate sphere with their own industries and 
markets. Nano sized and ultrafine powders are mainly 
used as fillers for the composite materials production  
[1–3]. 

Shielding is considered to be one of the main means of 
protection against ionizing radiation effects on the Earth's 
orbit [4–6]. 

The most sensitive to ionizing radiation are semicon-
ductor and optical materials, then go polymeric materials 
and metals have the highest resistance.  

Aluminum and its alloys is the main material in the 
production of passive protective screens against ionizing 
radiation of devices and precision devices in space tech-
nology [7]. 

The AeroCube 8 project (4 vehicles A, B, C, D, also 
known as IMPACT) tested a radiation shielding material 
based on CNT / PEEK (Poly-ether-ether-ketone with the 
addition of carbon nanotubes) on board [8]. The Oufti-2 
mission, scheduled for launching in 2021, is preparing an 
experiment as an additional payload to test the effective-
ness of a multi-layer laminated coating on the basis of 
resins with additives and a tungsten alloy [9]. 

Ultrafine powders can improve the quality of materials 
used in rocket and mechanical engineering. Ultra dis-
persed metal powders are used for creation substances 
such as rocket fuel, explosives, pressed and sintered prod-
ucts. Some powders are used as fillers, they allow to ob-
tain effective tread, antifriction, antiwear, resource-
saving, hydrophobic, self-cleaning and bio inert compos-
ite materials [4]. 

The efficiency of the screens declines sharply at 
thicknesses over 1 cm, since the interaction of charged 
particles with the nuclei of the screen material produces 
intense electromagnetic bremsstrahlung radiation, which 
has a high penetrating ability [10].  An increase in the 
mass of protective screens leads to an increase in the cost 
of launching satellites into orbit by 25–50 % [11–12]. 
Therefore, an actual question about the development and 
creation of a new type of protection based on a multi-
layer structure, where the first layer is made of a compos-
ite material, arises. 

In the course of studying the effect of the fractional 
composition on the properties of composites weakening 
ionizing radiation, it became necessary to classify more 
finely the initial boron carbide powder. 

Fraction is composed of particles of the size range be-
tween their maximum and minimum values. The shape 
and size of particles significantly affects the technological 
properties of composites and, through them, the density, 
strength, and uniformity of material properties [13]. 

Historically, manual stripping of minerals was the ear-
liest form of processing, followed by primitive forms of 
gravity beneficiation. They were known more than 2 
thousand years ago, the first descriptions were found in 
the works of Pliny [14] and then Agricola [15]. Gravity 
methods remained prevailing until the 20th century. 

Gravity separation technologies allow to conduct 
separation or beneficiation using highly efficient and not 
complex equipment with minimal energy consumption in 
comparison with other beneficiation processes. Gravita-
tional enrichment is a physical process in which the sepa-
ration of one mineral from another depends on their rela-
tive movement under the influence of gravity and some 
other forces [16]. The main parameters which determine 
the movement of particles are their mass, size, volume 
and density. If these parameters differ significantly from 
each other, then separation takes place relatively easily. It 
must also be taken into consideration that if two particles 
have the same density, then a particle of a larger diameter 
has a higher final velocity and this is the characteristic of 
a homogeneous material, and if two particles have the 
same diameter, then a heavier particle has a higher final 
velocity, what takes place during enrichment. 

There is a wide variety of equipment, but it can be di-
vided into two general classes: those related to particle 
motion in the vertical plane – enrichment in the pulp vol-
ume; and related to the motion of particles along an in-
clined plane – separation in a thin layer. The efficiency of 
sizing is an important factor in the final product. Thus, an 
ideal gravity separation process would separate 100 % of 
one product size in one fraction and 100 % of excellent 
size in another. 

In laboratory conditions, concentration tables are 
mainly used. The particles of the material are given 
periodical movements, caused by the movement of the 
working surface - the deck. Under the influence of the 
cross flow of the pulp and the longitudinal vibrations of 
the deck, the particles move in the longitudinal and 
transverse directions. Each particle of the separated mate-
rial, depending on its density and size, acquires a certain 
speed and direction of movement relative to the deck of 
the concentration table. 

There is a laboratory separator Moseley, which con-
sists of a separation surface, inclined in one direction and 
performing simple harmonic oscillations [17]. Separation 
of material with a particle size from 10 to 200 microns is 
carried out by longitudinal shaking and lateral vibrations 
using buffers. The buffers are pulled from the rod by a 
cam mechanism and roller system and returned by a 
spring. Samples weighing 5–100 g are placed in the upper 
part of the tray, damp and vibrate on the working surface 
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for 3–5 minutes. Heavy particles remain on the separation 
surface or (with a type of end impact) move slowly 
upward. Light particles flow down into the discharge 
container under the influence of a small stream of spray 
water. Depending on the desired result, a longitudinal 
slope of 1.75–3 ° is selected, the oscillation frequency is 
60–110 min – 1, the amplitude is 6–15 mm, and the 
irrigation fluid flow consumption is about 3 l / min. 

Experimental part. Production, assembly and 
refinement were carried out with the Spektr design bureau 
of the REC IKIVT SibGU named after M. F. Reshetnev 
participation. 

The aim of the work was simplifying the design and 
redaction the time of separation. The schematic diagram 
of the separator is shown in fig. 1. 

Working surface 2 is a polished copper plate (fig. 1), 
not rigidly attached to the base 1 by hinges 6, along which 
the powder, depending on the vibration frequency, is 
transported down, up and across. The unbalanced vibrator 
3 sets the vibration frequency of the working surface. 
With the help of the adjusting screw 4, the angle of incli-
nation of the working surface is changed. Buffer 5 creates 
an additional impact on the separation surface. 

The device works as follows. The feed pipe 7 is  
located above the vibrating working surface 2 between  
8.1 and 8.2 grooves (fig. 2) from the upper edge at  
a height of 3–5 cm, and the material to be separated is fed.  
On the rear side of the working surface, an unbalanced 

vibrator is rigidly fixed, which is an unbalanced rotor 
driven by a DC motor. By controlling the engine speed, 
the vibration frequency of the working surface is 
achieved, at which the particle flow begins to split into 
two or more streams, depending on the separation re-
quirements. Streams can form from the supply pipe up-
wards, above the 8.1th riffle; right or left between 8.1 and 
8.2, 8.2 and 8.3, 8.3 and 8.4 riffles and down – below 8.4 
riffles. 

The study of the dependence of the amplitude of oscil-
lations of the free end of the working surface and its fre-
quency on the voltage supplied to the motor of the vibra-
tion drive (fig. 3) on the powder В4С is carried out. 

Several experiments were carried out at different volt-
ages on the vibrating motor. The amplitude of vibrations 
of the working surface was measured by a microscope, 
and the frequency – by a frequency meter. The graph  
(fig. 3) shows that at a voltage of 11 to 13 V, a plateau in 
amplitude with two surges up to 0.25 mm is observed. 
There is also an outburst in the range from 5 to 7 V, but it 
does not lead to the separation of particles into fractions, 
the B4C powder actually rolls down the plate. 

The process of separating particles in the proposed 
device is continuous. Particle movement depends on the 
angle of inclination of the working surface. At angles up 
to 5 degrees, large particles move upward, and small par-
ticles move downward, at large angles – in the opposite 
direction.  

 
 

 
 
 

Fig. 1. Separator scheme: 
1 – base; 2 – working surface; 3 – unbalanced vibrator; 

4 – adjusting screw; 5 – buffer; 6 – joint; 7 – nutrient nozzle 
 

Рис. 1. Схема сепаратора: 
1 – основание; 2 – рабочая поверхность; 3 – дебалансный вибратор; 

4 – регулировочный винт; 5 – буфер; 6 – шарнир;  
7 – питающий патрубок 
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Fig. 2. Scheme rifle 
 

Рис. 2. Cхема нарифлений 
 
 
 

 
 

 
Fig. 3. Dependence of the amplitude and frequency of oscillations of the working 

surface on the voltage on the vibration motor 
 

Рис. 3. Зависимость амплитуды и частоты колебаний рабочей 
поверхности от напряжения на вибромоторе 

 
 
 

The area of particles passed through different streams under different modes 
 

U, В Bottom Middle 1 Middle 2 Top 

11 – – – – 
11.2 29–40 mkm2 20–30 mkm2 – 5–19 mkm2 

11.6 12–40 mkm2 5–23 mkm2 – – 
11.8 17–40 mkm2 11–29 mkm2 – 5–22 mkm2 

12.5 27–40 mkm2 14–32 mkm2 9–23mkm2 5–16 mkm2 

13.5 26–40 mkm2 18–29 mkm2 10–23 mkm2 5–17 mkm2 

13.5; angle 16° 30–40 mkm2 16–30 mkm2 10–18 mkm2 5–14 mkm2 

14.2 – – – – 
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To increase the efficiency of separation of thin and 
small classes of materials, riffles are made on the working 
surface (fig. 2), which serve as a place of concentration of 
particles of a certain size. The design of the working sur-
face should be made in such a way, which would allow to 
exclude the likelihood of secondary circulation flows in 
the interstitial spaces [18]. 

As a result of the experiments carried out, a reefing 
system 8 was developed: the riffle height is approximately 
equal to the maximum particle size of the separated mate-
rial, in this design it is 0.2 mm; the distance between the 
grooves is 50 mm, the angle of inclination α is 80 de-
grees; the riffle shape is round (fig. 3). 

The research was carried out on the B4C powder of 
fraction F150 in the state of delivery, in which, in addition 
to particles with a size of 63–106 microns, there were also 
smaller particles up to 15 % by weight. By preliminary 
separation carried out on the same separator, a part of the 
powder with a size of 5 to 40 microns was isolated. 

When working on a laboratory installation, the powder 
falling out of the hopper branch pipe is divided into sev-
eral streams in different parts of the working surface, 
from which samples for fractional analysis were taken. 
The angle of inclination of the working surface  
is 12 degrees. 

The analysis was carried out on a Levenhuk DTX 30 
microscope at x230 increase with the MicroCapture  
Plus software, included in the set of delivery of the  
microscope, application. The analysis results are shown  
in table. 

As seen from Table 1, the optimum vibrator voltage  
is 11.2 V. Under other voltages, an overlap of particle size 
is observed in different samples. At 11 and 14.2 B separa-
tion does not occur. The angle of inclination of the work-
ing surface increase up to 16 degrees made it possible to 
select a narrower fraction of 5–14 microns. The powder 
consumption is 100 g / min. 

By changing the frequency and amplitude of vibration, 
as well as adjusting the angle of inclination of the work-
ing surface made it possible to move and regulate the 
speed of movement of the test material of different prop-
erties and sizes. 

Conclusion. The studies carried out allowed: to sim-
plify the design of the separator by introducing an unbal-
anced vibrator; to reduce the analysis time, excluding the 
operation of drying the material; to carry out powder clas-
sification continuously by installing a hopper with a 
branch pipe. 

The physical effects, on which work of the laboratory 
separator is based on, make it possible to vary the location 
of the supply pipe in it. This allows the design to be 
adapted to a variety of specific conditions, what broadens 
the sphere of the device application. The design of the 
device is simple in production and operation; in case of 
necessity it is possible to adjust the work of the device 
quickly. 
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STUDY OF STRUCTURAL PROPERTIES OF BISMUTH PYROSTANNATE BY RAMAN  
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Chromium-substituted bismuth pyrostannates with a pyrochlore structure were synthesized by the solid-phase reac-

tion method. The X-ray structural analysis performed at room temperature showed that the samples Bi2(Sn1-xCrx)2O7,  
x = 0; 0.05, 0.1 are single-phase and belong to the Pc monoclinic structure. Polymorphic transformations of the synthe-
sized samples were studied by Raman and IR spectroscopy. IR spectra were obtained at the temperature range  
110–525 K and frequencies 350–1100 cm–1. Raman spectra were measured at room temperature at frequencies  
of 100–3000 cm–1. Heterovalent substitution of Sn4+ for Cr3+ modifies the spectra of pure Bi2Sn2O7. The crystal struc-
ture of Bi2Sn2O7 consists of two oxygen sublattices: SnO6 and Bi2O'. Chromium ions substituted tin ions in the SnO6 
oxygen octahedra, distorting the local structure in the vicinity of bismuth ions. Phonon modes are softening in the vicin-
ity of phase transitions. А shift of the phase boundaries of polymorphic transitions is observed for Bi2(Sn1-хCrх)2O7,  
x = 0.05, 0.1. The frequencies of stretching vibration modes were determined from IR and Raman spectra. The substitu-
tion of chromium for tin ions resulted in the appearance of two new modes at frequencies of 581 and 822 cm–1 in the 
Raman spectra. The absence of an inversion center in the crystal structure of Bi2(Sn1-xCrx)2O7 is confirmed by Raman 
spectroscopy. IR spectra of chromium-substituted samples consist of complex lines, which decompose into 2 and 3 Lor-
entzian lines. The softening and broadening of optical absorption modes are associated with the electronic contribution. 
Impurity states of electrons form polarons. 

 
Keywords: bismuth pyrostannate, crystal structure, phase transitions, IR spectroscopy, Raman spectroscopy, X-ray 

structural analysis. 
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Методом твердофазной реакции синтезированы хромзамещенные пиростаннаты висмута со структурой 

пирохлора. Рентгеноструктурный анализ, выполненный при комнатной температуре, показал, что образцы 
Bi2(Sn1-хCrх)2O7, х = 0; 0,05, 0,1 однофазные и принадлежит к моноклинной структуре Pc. Полиморфные пре-
вращения синтезированных образцов изучались методами Раман и ИК спектроскопии. ИК-спектры получены  
в температурном диапазоне 110–525 К, интервале частот 350–1100 см–1. Спектры Рамановского рассеяния 
измерялись при комнатной температуре на частотах 100–3000 см–1. Гетеровалентное замещение Sn4+ на Cr3+ 
видоизменяет спектры чистого Bi2Sn2O7. Кристаллическая структура Bi2Sn2O7 состоит из двух кислородных 
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подрешеток: SnO6 и Bi2O′. Ионы хрома замещают ионы олова в кислородных октаэдрах SnO6, искажая локаль-
ную структуру в окрестности ионов висмута. Вблизи фазовых переходов происходит смягчение фононных 
мод. Для Bi2(Sn1-хCrх)2O7, 0,05, 0,1 наблюдается смещение фазовых границ полиморфных переходов. Из ИК  
и Раман спектров определены частоты мод валентных колебаний. В Рамановских спектрах замещение ионов 
олова хромом привело к появлению двух новых мод на частотах 581 и 822 см–1. Отсутствие центра инверсии  
в кристаллической структуре Bi2(Sn1-хCrх)2O7 подтверждается Раман спектроскопией. ИК спектры хромза-
мещенных образцов состоят из сложных линий, которые разлагаются на 2 и 3 линии Лоренцовой формы. 
Смягчение и уширение спектров поглощения связывается с электронным вкладом. Примесные состояния элек-
тронов образуют поляроны. 

 
Ключевые слова: пиростаннат висмута, кристаллическая структура, фазовые переходы, ИК спектроско-

пия, Раман спектроскопия, рентгеноструктурный анализ. 
 
Introduction. Bismuth pyrostannate Bi2Sn2O7 be-

longs to the pyrochlore family, which is interesting for its 
physical properties. These compounds exhibit well-known 
structural phase transitions of the displacement type in 
oxygen-octahedral structures, which are usually accom-
panied by sharp changes in dielectric, mechanical, optical, 
and other properties. 

Three structural modifications were found in poly-
morphic Bi2Sn2O7. Above 900 K, the compound has a 
cubic structure with small displacements of Bi3+ ions from 
the ideal pyrochlore structure and belongs to the γ-phase. 
In the temperature range 390–900 K, the β-phase with an 
orthorhombic structure is realized. At room temperature, 
Bi2Sn2O7 is in a noncentrosymmetric monoclinic structure 
(α-phase) with space group Р1с1 [1]. Recently, a low-
temperature transition at Т = 140 K from the monoclinic struc-
ture to the lower triclinic system has been discovered [2]. 

In most cases, the crystal structure of bismuth pyro-
stannate is cubic with a lattice constant of about 1.0 nm 
and eight formula units per unit cell. The large A-ion is 
located in 16d-positions and is eight-fold coordinated by 
oxygen ions, while the smaller B-ion is located in the oc-
tahedral environment of oxygen (16c-positions) and has 
sixfold coordination. The pyrochloric structure А2В2О6О' 
is consists of two sublattices: В2O6 and А2О'. The В2O6 
sublattice is formed of ВO6 – octahedra connected by an 
oxygen В – O – В bridge at an angle of 135° into zigzag 
chains, all В – O bonds are equivalent. The А cation 
forms the А2О' sublattice from the А – О' chains. Cations 
A and B in the structure of pyrochlores form a sublattice 
of tetrahedra connected by corners. 

The structure of Bi2Sn2O7 is well described by two in-
terpenetrating oxide sublattices. The Sn2O6 sublattice 
consists of SnO6 octahedra connected by vertices to form 
hexagonal rings. In the Bi2O′ sublattice, the Bi3+ cation  
is tetrahedrally coordinated by O′ anions with linear 
O′−Bi−O′ bonds. 

It was found that the transitions to the α- and β-phases 
occur with the rotation of Bi2O′ tetrahedra, which displace 
Bi ions to the top of the SnO6 oxygen octahedron of the α-
phase and the edge in the β-phase 3. Bismuth ions in 
their electronic structure have a lone pair of 6s2 electrons. 
These electrons cause mobility of Bi3+ and O2- in Bi4O, 
which leads to distortion of the ideal structure of pyro-
chlore. Correlated displacements of Bi3+ can lead to phase 
transitions into complex ordered structures, which in turn 
lead to changes in macroscopic properties. 

In the region of structural phase transitions, anoma-
lies on the curves of temperature dependences of dielec-
tric and electrical properties of Bi2Sn2O7 are observed  
1; 4. 

Bismuth pyrostannate is a dielectric. Substitution of 
tin ions by 3-d elements in Bi2Sn2O7 causes distortion of 
the crystal structure and a shift in phase transitions. For 
example, heterovalent substitution of Bi3+ and Sn4+ ions in 
Bi2Sn2O7 leads to a change in the temperature of the α→β 
transition [5–7]. 

In the region of the α→β structural phase transition, 
the compound Bi2(Sn1-xCrx)2O7, x = 0.1 completely 
changes the conductivity type from hopping (Mott con-
ductivity) to the Poole-Frenkel tunnel emission type. The 
conductivity of Bi2(Sn1-xCrx)2O7, x = 0.15 at the α→β 
transition is mixed, some of the domains of the compound 
carry out charge transfer according to the Mott conductiv-
ity type, and the other according to the Poole-Frenkel 
type. The ratio between these phases is approximately  
50 × 50 5; 8. 

An electronic transition with a change in the conduc-
tivity type from the hopping to the tunnel emission Poole-
Frenkel type at the →β structural transition is observed 
at isovalent substitution of Bi2(Sn0.9Mn0.1)2O7. 

Substitution of manganese for tin ions changed the 
type of thermal effects during structural phase transitions 
from exothermic to endothermic 7]. Anomalies of the 
dielectric constant are observed in the region of the →β 
transition. For example, the real part of the dielectric con-
stant Re(ε) Bi2(Sn0.9Mn0.1)2O7 has an inflection point at 
418 K and a sharp rise above 700 K, the imaginary part 
Im(ε) exhibits a maximum at T = 425 K and an increase 
that begins from T ~ 700 K 7. 

Anomalies of the dielectric constant in the temperature 
range of phase transitions are also observed in chromium-
substituted pyrostannates. In the Bi2(Sn1-хCrх)2O7 system, 
a broad maximum in Re(ε) and Im(ε) at about 420 K is 
observed with their further increase near the β→γ transi-
tion 9. 

The structural α→β transition is accompanied  
by anomalies in the temperature behavior of the magnetic 
susceptibility. In the compound Bi2(Sn0.95Mn0.05)2O7  

10 antiferromagnetic exchange prevails, and  
in Bi2(Sn1-хCrх)2O7 ferromagnetic exchange dominates  
5; 11–12. 

The absence of an inversion center in bismuth pyro-
stannate is a prerequisite for the existence of ferroelectric 
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order at low temperatures. Theoretical calculations carried 
out from first principles confirm this assumption. In 
Bi2(Sn0.8Fe0.2)2O7 magnetoelectric interaction up to 300 K 
was found 13–14]. An external electric field leads to 
deformation of the crystal lattice and to the formation of 
electric polarization.  

The magnetic field-induced electric polarization is an 
even function of the magnetic field, with the exception of 
the 140–160 K structural phase transition region, where 
the linear magnetoelectric effect predominates. The mag-
netic field-induced electrical polarization decreases with 
heating. The structural phase α→β transition and the tran-
sition from a noncentrosymmetric to a centrosymmetric 
structure are accompanied by maxima in the temperature 
dependence of the dielectric constant and thermoelectric 
power. 

Cationic doping changes the structure of pyrochlore 
and the basic physical properties of the compounds, since 
the structural and physical properties are correlated with 
each other. This group of compounds can be potentially in 
demand as materials for electrochemical devices, elec-
tronic devices of a new generation due to the relatively 
low synthesis temperatures of doped bismuth pyrostan-
nates and a significant increase in their thermal stability. 
The possibility of distributing atoms of doping elements 
over two equivalent crystallographic positions increases 
the variability of the properties of compounds, due to the 
different nature of the doping element, affects the defective-
ness of the cationic and anionic sublattices, and the transport 
properties of ions (in particular, mobile oxygen O'). 

At polymorphic transitions in a wide temperature 
range, the electric polarization can be controlled by the 
magnetic field. Multiferroics, which include substituted 
bismuth pyrostannates, are widely used in electronics and 
telecommunication technologies. They can be used as 
polarizers in a wide frequency range from 1010–1015 Hz, 
for magnetic memory devices and spin electronics, in 
magnetic random access memory, which combines the 
speed of semiconductor electronics and non-volatility. 
Multiferroics serve as the basis for the creation of ME 
elements of spintronics, in microwave devices as valves, 
modulators. 

Based on the information presented, the purpose of 
this work is to study the effect of replacing Sn4+ ions with 
Cr3+ ions on the structural properties by X-ray diffraction 
analysis and IR, Raman spectrometry. 

Experimental results and discussion. Synthesis and 
X-ray structural analysis. The study of the structural 
properties by X-ray diffraction analysis, Raman and IR 
spectroscopy was carried out on polycrystalline samples. 
Compounds of complex oxide Bi2(Sn1-хCrх)2O7, х = 0; 
0,05, and 0.1 were obtained by solid state reaction method 
according to the following reaction: 

 
 

2(1 – x)SnO2 + xCr2O3 + Bi2O3→Bi2(Sn1–xCrx)2O7–x 
 
 

A mixture of oxides SnO2, Cr2O3 and Bi2O3 in a 
stoichiometric ratio was ground for a long time in an 
agate mortar, pressed into tablets, placed in an oven and 
kept at a temperature from 973 to 1223 K, the holding 
time varied from 8 to 24 hours 11; 12. 

X-ray structural analysis was performed on the syn-
thesized samples. X-ray powder diffraction patterns of 
Bi2(Sn1–xCrx)2O7-х, х = 0; 0.05, 0.1 were carried out at 
room temperature on a Bruker D8 ADVANCE diffracto-
meter using a VANTEC linear detector and Cu-Kα radia-
tion. During the experiment, different sizes of the primary 
beam slits were used: 0.6 mm in the range of angles  
2Θ = 5–70° and 2 mm in the range of 70–120°. The scan-
ning step is 0.016° and remained constant in all areas,  
the exposure time at each step is 1.5 and 1 s for the ranges 
5–70° and 70–120°, respectively. The standard deviations 
of the intensities of all points of the X-ray diffraction pat-
tern were calculated, and then the intensities and standard 
deviations of all points of the high-angle part were multi-
plied by a normalizing factor of 0.45. All peaks corre-
sponded to the monoclinic cell of the Pc α-phase 
Bi2Sn2O7 [15]. The crystal structure contains 32 Bi3+ ions, 
32 Sn4+ ions, and 112 O2– ions in the independent part of 
the cell (fig. 1). All Bi3+ ions are coordinated by 8 O2– 
ions and form distorted cubes, while Sn4+ ions are coordi-
nated by 6 O2– ions and form octahedra, which are con-
nected by vertices. 

The coordinates of all 176 atoms were fixed, since the 
number of coordinates alone, 528, is comparable to the 
number of observed reflections. Nevertheless, even the 
fixed coordinates of the atoms made it possible to cor-
rectly describe all the present reflections, and the refine-
ment yielded low uncertainty factors (tab. 1, fig. 2, a). 

A linear decrease of the unit cell volume with an  
increase in the concentration of the substitution ion  
(fig. 2, b) confirms the single-phase nature of the 
Bi2(Sn1-xCrx)2O7 compositions, since the ionic radius  
IR (Cr3+, CN=6) = 0.615 Å is less than the radius of the 
IR ion (Sn4+, CN=6) = 0.69 Å [16]. Cr3+ ions preferably 
occupy octahedral positions. 

IR spectroscopy. Studies of Bi2(Sn1-xCrx)2O7 by IR 
spectroscopy were performed on a Fourier transform 
spectrometer Vertex 80 v with a spectral resolution  
of 1 cm–1 in the temperature range 110–525 K, the fre-
quency range 350–1100 cm–1. The studies were carried 
out on a sample in the form of a tablet with a diameter of 
13 mm in a KBr matrix. 

The absorption bands of the IR spectra of Bi2Sn2O7  

in the frequency range of 100–1000 cm–1 are usually at-
tributed to the stretching vibrations of the crystal lattice 
ions. These compounds have seven active IR modes, 
stretching and bending [17] and concern only vibrations 
of oxygen atoms occupying two crystallographic positions 
in the crystal structure of А2В2О6О'. 

IR absorption spectra at room temperature in the fre-
quency range 350–1200 cm1 for Bi2(Sn1-xCrx)2O7,  
х = 0; 0.05 are shown in fig. 3. 

The IR spectrum of Bi2Sn2O7 contains 4 main vibra-
tion modes: 521, 615, 726 and a broad complex mode in 
the region at 800 cm–1 (tab. 2). The stretching vibration 
mode w = 521 is attributed to stretching vibrations of 
oxygen in the SnO6 octahedron and splits into two lines at 
518 and 525 cm–1. The IR spectra of pyrochlore com-
pounds have very weak absorption bands in the frequency 
range 800–1100 cm–1, which were identified as an addi-
tional complex structural mode of the А–О' long bond  
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in the А2О' sublattice. The difference in bond lengths  
is 20 % between 2.351 Å and 1.961 Å, and the displace-
ment of the O' anion and the A cation within the domain 
leads to the shortening of one A – O' bond and lengthen-
ing of the other [18]. According to this model, the vibra-
tions of the short A – O' bond correspond to phonon 
modes at about 850 cm–1 and vibrations of the long bond 
at 483 cm–1.  

The substitution of tin by chromium ions led to a 
modification of the IR spectrum, which also contains four 
distinct groups of lines in the frequency ranges 370–440, 
480–560, 580–680, 820–920 cm–1.  

All lines of this spectrum are complex and consist of 
several lines: the frequency range 370–440, 480–560, 
580–680 cm–1 contains 2 lines, and 820–940 cm–1 –  
3 lines. 

 
 

 
 

Fig. 1. Bi2(Sn1-xCrx)2O7-х, х = 0; 0.05, 0.1 crystal structure. The BiO8  
fragment is shown separately. There are Sn ions in the center  

of octahedra. Color code: O atoms are at the vertices of the blue  
octahedra, O′ atoms are dark blue 

 
Рис. 1. Кристаллическая структура Bi2(Sn1-xCrx)2O7-х, х = 0; 0.05, 0.1.  
Подрешетка BiO8 выделена отдельно. В центре октаэдров находятся  

ионы Sn. Атомы О находятся в вершинах голубых октаэдров.  
Атомы О– темно голубые 

 
 
 

   
 

а        б 
 

Fig. 2. Difference XRD pattern of Bi2(Sn1−xCrx)2O7 (a). Cell parameters of Bi2(Sn1−xCrx)2O7 (b) 
 

Рис. 2. Разностная рентгенограмма Bi2(Sn1-xCrx)2O7 (а). Параметры ячейки Bi2(Sn1-xCrx)2O7 (б) 
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Table 1 
The main parameters experiments and refinement results of Bi2(Sn1-xCrx)2O7 

 

X 0.05 0.1 

Space group Рс Рс 

а, Å 15.0634 (13) 15.075 (1) 

b, Å 15.1055 (12) 15.0823 (1) 

c,Å 21.381 (2) 21.3589 (13) 

β, º 89.924 (7) 89.905 (4) 

V, Å3 4865.0 (7) 4856.6 (5) 

2θ interval, º 5–90 5–90 

Rwp, % 13.93 13.62 

Rp, % 10.21 10.06 

RB, % 5.08 5.56 

χ2 1.75 1.70 

 
 
This is agree with the X-ray structural data for 

Bi2(Sn0.95Cr0.05)2O7. The vibration frequency of ions is 
determined by the symmetry of the crystal lattice. 

The frequency range 370–440 cm–1 of the IR spectrum 
of Bi2(Sn0.95Cr0.05)2O7 (fig. 3) contains a set of lines with 
frequencies of 378, 416 cm–1. The mode at a frequency  
of 382 cm–1 is a stretching Bi – O mode of the ideal pyro-
chlore structure 12. The 416 cm–1 line corresponds to 
oxygen vibrations in the SnO6 octahedron. 

The next frequency range 490–540 cm–1 at room tem-
perature contains two broadened lines with frequencies of 
506, 526 cm–1 (fig. 3), corresponding to stretching vibra-
tions of the Bi – O' bond in Bi2Sn2O7. 

In the frequency range 610–640 cm–1, the IR spectrum 
of Bi2(Sn0.95Cr0.05)2O7 at room temperature has a broad-
ened line, which consists of two lines (fig. 3) with fre-
quencies of 618 and 632 cm–1. IR absorption in this fre-
quency range is attributed to stretching vibrations of the 
Sn – O bond of the oxygen octahedron SnO6 in the pyro-
chlore structure [12]. 

Low-intensity absorption is observed in the high-
frequency range 850–920 cm–1. The absorption spectrum 
has a shoulder at 863 cm–1 and a broadened line consist-
ing of 2 lines with frequencies of 878 and 894 cm–1. In the 
Bi2(Sn0.95Cr0.05)2O7 solid solution, the substitution of tin 
by chromium distorts the local structure in the vicinity of 
bismuth ions, and the vibrations of the Bi – О' – Cr bonds 
correspond to these frequencies. In Bi2Sn2O7, the lone 
electron pairs of Bi3+ are shortened due to the overlap of 
Bi 6s electron pairs and d-orbitals of Sn4+. The ionic radii 
of Sn4+, Cr3+ and Bi3+ are 0.067, 0.064, 0.120 nm respec-
tively. Chromium ions predominantly occupy octahedral 
positions; therefore, it can be assumed that chromium 
replaces tin ions in SnO6, distorting the nearest environ-
ment. 

Almost all vibration frequencies decrease monotoni-
cally with increasing temperature, except for the vibration 
frequency of the Sn-O bond at 630 cm–1. A slight soften-
ing of the frequencies at 878 and 894 cm–1 upon heating 
and a decrease in their intensity is observed at a tempera-
ture of 330 K. This is possibly due to the electronic con-
tribution to the absorption spectrum. Impurity states of 

electrons (holes) form a bound state with phonons – a 
polaron. At a certain value of the parameter of the  
electron-phonon interaction, a quasigap is formed in im-
purity polaron states. With increasing temperature,  
the chemical potential falls into the forbidden polaron 
subband and the intensity of thermal transitions decreases 
at T = 330 K. 

In the vicinity of a temperature of 260 K, another tran-
sition in the absorption intensity was found. IR absorption 
reaches a maximum at a frequency of 508 cm–1, corre-
sponding to the vibration of a single Bi-O' bond. It is possi-
ble that a center of symmetry appears in one of the phases, 
i.e. a centrosymmetric – noncentrosymmetric phase transi-
tion is realized. This assumption is supported by the pres-
ence of a maximum dielectric constant at 260 K 11]. 

Raman spectroscopy. Micro-Raman scattering spectra 
were measured in backscatter geometry at room tempera-
ture through a 50x microscope objective using a Ren-
ishawin Via micro-Raman spectrometer equipped with an 
argon laser (514.5 nm, maximum power 10 MW). The 
spectral signal was scattered by a 2400 groove/mm dif-
fraction grating on a Peltier-cooled CCD detector with a 
resolution of 1 cm–1. 

The absence of a center of symmetry in the α-phase is 
also confirmed by Raman scattering spectra. Experimen-
tal data of Raman spectroscopy Bi2(Sn1-xCrx)2O7,  
x = 0, 0.1 are shown in fig. 4 in the frequency range  
100–1000 cm–1 at room temperature. The spectrum of 
Bi2Sn2O7 consists of a number of broad bands and is con-
sistent with the spectrum data [19]. The ideal pyrochlore 
structure А2В2О(1)6О(2) with a space group 3Fd m  has 
several types of vibrations ГR = A1g + Eg + 4F2g. In this 
view, the six main Raman modes are active. The spectra 
shown in fig. 4 have a number of spectral lines that differ 
from the ideal pyrochlore structure, as a result of a de-
crease in symmetry (tab. 2).   

Bismuth pyrostannate with symmetry  2
sPc C  has a 

larger number of active modes ГR = 526А' + 527А''. In the 
frequency range 100–200 cm–1 for Bi2(Sn1-xCrx)2O7, x = 0, 
bending (F1u) O-Bi-O, 148 cm–1 and stretching (F1u) Bi-
SnO6, 188 cm–1 vibrations are active 6. 
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In the intermediate region of the spectrum of 
Bi2Sn2O7, 200–400 cm–1 some modes correspond to ac-
tive vibrations of IR spectroscopy for pyrochlores with 
low symmetry. The spectral line at 211 cm–1 is predomi-
nantly described by stretching vibrations (F1u) along the 
Bi-SnO6 bond. Vibrations with frequencies of 274,  
382 cm–1 are defined as stretching (F1u) O-Sn-O and 

stretching (F1u) Bi-O. Within this range, there are two 
modes that correspond to the ideal pyrochlore structure, 
225 (F2g) and 248 cm–1 (Eg). The mode (F2g) is associated 
with the shift of oxygen O1 in the SnO6 polyhedron. Four 
groups of vibrations are observed in the Raman spectrum of 
Bi2Sn2O7 above 400 cm–1. Vibrations of 535 and 400 cm–1 
are classified as stretching O-Sn-O (A1g) and Sn-O (F2g).  

 
 

 
 

Fig. 3. IR spectra of Bi2(Sn1-xCrx)2O7. Curve 1 corresponds to х = 0,  
сurve 2 corresponds to х = 0.05 

 
Рис. 3. ИК спектры Bi2(Sn1-xCrx)2O7. Кривая 1 относится к х = 0,  

кривая 2 относится к х = 0,05 
 
 

 
 

Fig. 4. Raman scattering spectrum of Bi2(Sn1-xCrx)2O7. Curve 1 corresponds  
to х = 0, сurve 2 corresponds to х = 0.05 

 
Рис. 4. Спектры Рамановского рассеяния Bi2(Sn1-xCrx)2O7.  
Кривая 1 относится к х = 0, кривая 2 относится к х = 0,05 
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Table 2 
Vibration modes of Raman and IR spectroscopy of Bi2(Sn1-xCrx)2O7 

 

Raman modes (cm–1) IR modes (cm–1) 

Х = 0 Х = 0.1 Х = 0 Х = 0.05 

correspondence 

108 108   A2u 

148 144 broad   Flexural O-Bi-O (F1u) 

181    Bi-SnO6 (F1u) 

208     

215    F1u 

225    F2g 

248 251   Eg 

274    Flexural O-Sn-O (F1u) 

332   353 F1u 

   382 Stretching Bi – O 

400   416 broad Flexural О в SnO'6(F2g) 

   507 Bi-O' 

512  518  Stretching SnO6 octahedron (A1g) 

534 523 525 526 Flexural O' (A1g) 

 581   Stretching Bi-O(F2g) 

608    (F2g) 

  615 619 

   632 

Stretching Sn–O 

  726   

  801  

 822 820 863, 883 

Overtone or combination 

 
 
The substitution of tin ions by chromium led to a de-

crease in the number and intensity of spectral lines of the 
Raman spectrum, as well as to the appearance of two new 
modes at frequencies of 581 and 822 cm–1. The spectral 
line 581 cm–1 exists in the optical spectra of compounds 
with an ideal pyrochlore structure and refers to stretching 
vibrations of the Bi-O bond. The high-frequency spectral 
line 822 cm–1 does not have an unambiguous interpreta-
tion, and it is defined as an “overtone or combined” band 
(combination band) or mode (F2g) 6. 

Substitution of tin by Cr3+ ions does not change the 
space symmetry group and leads to the absence of some 
spectral lines in the spectrum of Bi2(Sn1-xCrx)2O7, х = 0.1 
in comparison with Bi2Sn2O7. Perhaps this is due to an 
increase in the local symmetry of bismuth pyrostannate at 
a disordered arrangement of Cr3+ ions. 

Conclusion. At room temperature, bismuth pyrostan-
nate Bi2(Sn1-xCrx)2O7, x = 0; 0.05, 0.1 refers to the mono-
clinic structure of Рс. Chromium ions replace tin ions in 
SnO6 octahedra. In The IR absorption spectra four fre-
quency regions with two absorption lines in each region, 
and three lines in the high-frequency region were re-
vealed. The softening of frequencies and the type of vi-
bration mode associated with the valence bonds of bis-
muth and tin at structural transitions have been estab-
lished. The absence of an inversion center in doped bis-
muth stannates is confirmed by Raman spectra. In chro-
mium-substituted pyrostannates, the phase boundaries of 
the structural transitions inherent in Bi2Sn2O7 are shifted. 
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The purpose of this study is to test the possibility of using inorganic macroporous structures of inverse opal in sam-
ple preparation for scanning electron microscopy of biological objects. 

As an absorbent substrate we used silica inverse opals prepared by a sol-gel method to study the biological objects. 
The process of manufacturing the inverse opal involves a complex multi-stage technological process. First, we synthe-
sized submicron spherical particles from polymethylmethacrylate by the method of emulsifier-free emulsion polymeriza-
tion of methylmethacrylate in an aqueous medium in the presence of a diazoinitiator. This method can be used to obtain 
an ensemble of particles with high monodispersity, the average size of which can vary in the range from 100 to 500 nm. 
Then, by self-assembly technique, we deposited the beads of polymethylmethacrylate into ordered matrices (templates), 
mainly with a face-centered cubic lattice. The resulting mesoporous structures, called artificial opals or colloidal crys-
tals, had lateral dimensions of about 10 × 10 × 2 mm. Then we heat-treated the opals to 120 °C to harden the template 
before being impregnated with the precursor. Further, we impregnated the opals  with silica sol with a particle size 
distribution from 1 to 5 nm, obtained by hydrolysis of tetraethoxysilane in the presence of hydrochloric acid, and then, 
after curing and drying the impregnating composition in air at room temperature, we multi-stage fired them up  
to 550 °C at normal pressure in the air atmosphere to remove all organic components. As a result, the macroporous 
metamaterial (the so-called inverse opals) with an open system of pores up to 400 nm in size, occupying about 80 % of 
the volume, were obtained. 

We studied lactic acid bacteria of cucumber brine and human red blood cells with TM4000 Plus, SU3500  
and S-5500 scanning electron microscopes. Auxiliary substance for the sample preparation was ionic liquid VetexQ EM 
(Interlab LLC). We showed that it is possible to use the inverse opal as an absorbent substrate for sample preparation 
and rapid analysis in scanning electron microscopy without pre-drying, chemical treatment, or temperature exposure. 
To improve imaging in the electron microscope, we used sputter coater to cover the inverse opal surface with a thin film 
of platinum. The use of ionic liquid in combination with the absorbent porous medium allows preserving an original 
shape of the biological structures. Using the human red blood cells and lactic acid bacteria, we showed that it is possi-
ble to carry out of the morphological analysis of the cells using various scanning electron microscopes. We found  
that on the basis of the inverse opal, there is a fundamental possibility of creating the absorbent substrate suitable  
for repeated use in the study of the biological objects. At the same time, trace remnants of previous samples remaining 
after annealing the plate do not introduce significant distortions when conducting new series of observations. In this 
study, we obtained high-quality electronic micrographs of the biological objects with high resolution and contrast.  
At the same time, due to the use of the inverse opals as the absorbent substrate, time and financial costs for research 
are reduced. 

 
Keywords: scanning electron microscopy, mesoporous structure, inverse opal, lactic acid bacteria, erythrocyte. 
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Целью данного исследования является апробация возможности применения неорганических макропористых 

структур инверсного опала при пробоподготовке для сканирующей электронной микроскопии биообъектов. 
Изготовленные золь-гель способом инверсные опалы на основе кремнезёма применялись в качестве впиты-

вающей подложки для изучения биологических образцов. Изготовление инверсного опала представляет собой 
сложный многоступенчатый технологический процесс. Сначала методом безэмульгаторной эмульсионной 
полимеризации метилметакрилата в водной среде в присутствии диазоинициатора были синтезированы  
субмикронные сферические частицы из полиметилметакрилата. Таким способом можно получать ансамбль 
частиц с высокой монодисперсностью, средний размер которых может варьироваться в диапазоне от 100  
до 500 нм. Затем методом самосборки субмикросферы полиметилметакрилата осаждались в упорядоченные 
матрицы (шаблоны) преимущественно с гранецентрированной кубической решёткой. Полученные мезопори-
стые структуры, называемые искусственными опалами или коллоидными кристаллами, имели размеры поряд-
ка 10 ×10 × 2 мм. Затем опалы подвергались термической обработке до 120 °С для упрочнения шаблона перед 
пропиткой прекурсором. Далее опалы пропитывались золем кремнезёма с размером частиц от 1 до 5 нм, полу-
ченным путём гидролиза тетраэтоксисилана в присутствии соляной кислоты и затем, после отверждения  
и сушки пропитывающего состава на воздухе при комнатной температуре, подвергались многоступенчатому 
обжигу до 550 °С при нормальном давлении в воздушной атмосфере для удаления всех органических компонен-
тов. В результате получались образцы макропористых метаматериалов (так называемые, инверсные или ин-
вертированные опалы) с открытой системой пор размером до 400 нм, занимающих около 80 % объёма. 

В сканирующих электронных микроскопах TM4000 Plus, SU3500 и S-5500 с использованием макропористых 
структур были исследованы молочнокислые бактерии и красные кровяные тельца. Для улучшения визуализации 
использовались системы напыления металлов для покрытия поверхности инверсного опала тонкой плёнкой 
платины. Вспомогательным веществом в пробоподготовке выступала ионная жидкость VetexQ EM (Interlab 
LLC). Показано, что инверсный опал можно использовать как впитывающую подложку для пробоподготовки 
и экспресс-анализа в сканирующей электронной микроскопии без предварительной сушки, химической обра-
ботки или температурного воздействия биообъектов. Использование ионной жидкости в сочетании с впиты-
вающей пористой средой позволяет сохранить первоначальную форму биологических структур. Показана воз-
можность изучения морфологических особенностей биоструктур на примере эритроцитов человека и молоч-
нокислых бактерий. Экспериментально установлено, что впитывающую подложку на основе инверсного опала 
можно использовать многократно при исследовании биологических объектов. Следовые остатки предыдущих 
проб, оставшиеся после отжига пластины, не вносят существенных искажений при проведении новых серий 
наблюдений. В нашем исследовании были получены высококачественные электронные микрофотографии био-
объектов с высоким разрешением и контрастом. При этом за счёт использования инверсных опалов в качест-
ве впитывающей подложки обеспечивается сокращение временных и финансовых затрат на исследования. 

 
Ключевые слова: сканирующая электронная микроскопия, мезопористая структура, инверсный опал, мо-

лочнокислая бактерия, эритроцит. 
 
Introduction. Electron microscopy in the field  

of studying biological objects (cells, cell organelles,  
bacteria, viruses, biogenic macromolecules, etc.) allows 
solving a number of research problems to determine the 
structure, morphology, chemical composition, contact 
interaction with each other, etc. with high contrast and 
resolution [1–3]. 

Scanning electron microscopy (SEM) is used to study 
the morphology of individual biological objects and their 
groups [4; 5]. Transmission electron microscopy (TEM) 
works with thin sections of samples [6]. SEM sequentially 

scans the surface of the object, registering for each point 
such processes as the generation of back-scattered elec-
trons, secondary electrons, characteristic X-ray emission, 
and others. TEM captures an image by scattering elec-
trons passing through a thin sample, allowing structural 
features within a biological object to be investigated. 

The stage of preparing samples for research plays a 
key role in electron microscopy. The traditional approach 
to sample preparation of biological objects for electron 
microscopy is reduced to repeating natural processes that 
have been going on for millions of years. Chemical sub-
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stitution of certain organic compounds for minerals is an 
alternative to fossilization. Replacing water with wax or 
epoxy is similar to making amber with inclusions. Drying 
at the critical point is close to mummification, and the 
cryofixation method makes it possible to stop all bio-
chemical processes in the sample relatively quickly and 
avoid morphological changes inherent in chemical fixa-
tion (but it has its own limitations) [4]. 

The bases of the latest techniques, without doubt, are 
devices with concentrated water vapor in the observation 
chamber: the partial pressure of the gas does not allow the 
liquid to boil. Unfortunately, this equipment is not widely 
used at present. 

Another area is the use of salts that are liquid at room 
temperature. These are very heavy organic compounds 
that do not boil under vacuum in the working chamber of 
a conventional electron microscope (10–2–10–3 Pa). The 
ionic liquid, covering the sample, retains its shape and 
successfully conduct the electric current. 

Thus, it is known that in order to obtain the most poi-
sonous natural compound (botulinum toxin), a microfilter 
is needed. Bacteria are concentrated on it when pumping a 
suspension. Subsequent extraction from the accumulated 
layer of unicellular organisms allows obtaining the re-
quired chemical compound [7]. 

The idea of separating a biofluid from microscopic ob-
jects suspended in it, therefore, has more than one decade 
and has been successfully implemented on an industrial 
scale [8–10]. For the electron microscopy, this approach 
allows to reduce the waiting interval between the stages 
“object in a living environment” – “object under an elec-
tron beam” to several minutes. The main delay is caused 
by the time it takes to achieve the required vacuum in the 
microscope sample chamber. 

In this regard, of particular interest are inverse opal 
materials (IOM) [11–13] that are inorganic macroporous 
structures with a pore size ≥ 50 nm [14–17]. 

The purpose of this paper is to assess the possibility of 
using IOM in the study of biological objects using the 
example of lactic acid bacteria and human erythrocytes. 

The main part. The process of obtaining IOM is de-
scribed in the papers [18; 19]. Briefly, suspensions of 
submicron spherical particles were synthesized by the 
method of emulsifier-free emulsion polymerization of 
methyl methacrylate in an aqueous medium in the pres-
ence of a diazo initiator. Particle size distribution, or 
monodispersity, did not exceed 6 %. After the deposition 
of polymethyl methacrylate balls by self-assembly into a 
mesoporous structure [15; 20–22] with a cubic face-
centered packing [23; 24], the dispersion medium was 
removed; the resulting matrices (templates) were impreg-
nated with silica sol [25]. After curing the impregnation at 
room temperature and drying at 75–80 °C, the samples 
were subjected to multistage firing to remove polymer 
components. The inorganic part of the material (SiO2) 
remained in the form of a three-dimensional imprint of 
the matrix (fig. 1). 

To effectively remove the charge of the sample sur-
face in the SEM chamber, a platinum film with a thick-
ness of 2–6 nm was deposited on the surface of inverse 
opal using the K575XD turbo-pumped dual head sputter 

coater (Emitech Quorum, UK) and the ACE200 metal 
vacuum deposition system (Leica, Germany). To visualize 
morphological features and X-ray elemental mapping the 
following SEMs were used: TM4000 Plus, SU3500 and 
S-5500 (Hitachi, Japan). 

It should be noted that more than 80 % of the inverse 
opal volume is occupied by interconnected voids (fig. 1, 
on the left). Under the influence of capillary forces, the 
liquid surrounding the samples is absorbed into it. There-
fore, salts and organic compounds evaporated under vac-
uum are hidden inside the volume of the porous substrate. 

The fig. 1 (on the right) represents the EDS spectrum 
of inverse opal. The spectrum contains peaks associated 
with carbon, oxygen, silicon and copper. The high carbon 
content in the spectrum can be characterized as follows. 
Firstly, it is well known that electron probe microanalysis 
is not accurate for low atomic number elements such as C, 
B, N, O, etc. Secondly, in most cases, apparently, the in-
evitable contamination of the inner walls of the vacuum 
chamber with carbon occurs. In addition, a double-sided 
electrically conductive carbon tape was used to mount the 
sample for operation in the SEM. The presence of copper 
is due to the copper substrate for the SEM. 

The absence of crystals of salts, fat spots, carbohy-
drates and other things allows one to observe the surface 
of cells without artifacts (fig. 2). 

In fig. 2 lactic acid bacteria did not change their shape 
under vacuum. Usually, after drying, only “deflated” 
shells can be observed. Sometimes organic objects in the 
electron microscope chamber explode, leaving an imprint 
on the mineral substrate. In fig. 3 area 1 is damaged  
lactic acid bacteria. Their shell is macerated (“wrinkled” 
during the drying process). Area 2 is the trace left by the 
bacteria. 

The liquid forms a drop if it comes in contact with  
a hydrophobic surface. Its drying and retraction leads  
to destruction of the upper layers of fragile inverse opal 
(fig. 4). These distortions go up to domain boundaries. 
There is an assumption that due to the polydomain nature, 
the chips do not cause through cracks. 

Physiologically, human erythrocytes enter narrow cap-
illaries, and therefore their shape very easily changes un-
der mechanical stress. In practice, this leads to deforma-
tion of the cells on the surface. Erythrocytes are imprinted 
into the pores of the IOM, as seen in fig. 5 (dark rounded 
spots are traces of blood cells). 

The darkened zones recorded in the micrograph are 
caused not only by the penetration of biological fluids 
into the porous structure, but also by the carbon deposit 
left after annealing by the flame of previous samples. 

For comparison (fig. 6). represents a blood sample on 
an aluminum substrate, washed with excess gasoline. 

Fig. 6 shows erythrocytes adhered to the surface, as 
well as substances dissolved in blood plasma, which hin-
der a qualitative study of cell morphology. Due to the low 
adhesive capacity, a significant part of the erythrocytes 
was washed off with the flushing liquid. 

A completely different picture is given by the use of 
an ionic liquid (fig. 7) [5]. Objects retain their three-
dimensional shape, protrude above the substrate level and 
are visible even at low magnifications.  
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Fig. 1. On the left is an electronic micrograph of an inverse opal based on silicon (IV) oxide. S-5500 microscope, 3 kV,  
secondary electrons; on the right – an EDS spectrum of the sample. The insert shows the molar content of the elements.  

The high carbon content is due to the imperfection (shortcoming) of the vacuum in the working chamber of the SEM  
(residual contamination), copper – from the working substrate of the SEM) 

 
Рис. 1. Слева – электронная микрофотография инверсного опала на основе оксида кремния (IV). Электронный  
микроскоп S-5500, 3 кВ, вторичные электроны. Справа – ЭДС-спектр образца. На вставке приведено молярное  

содержание элементов. Высокое содержание углерода обусловлено неидеальностью вакуума в рабочей камере РЭМ  
(остаточные загрязнения, медь – от рабочего столика РЭМ) 

 
 
 
 

 
 

Fig. 2. SEM image of lactic acid spores on surface of inverted silica opal.  
SU3500 microscope, 5 kV, secondary electrons 

 
Рис. 2. Электронная микрофотография споры молочнокислой бактерии  

на поверхности инвертированного опала из кремнезёма.  
Микроскоп SU3500, 5 кВ, вторичные электроны 
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Fig. 3. An electron micrograph of lactic acid bacteria damaged during vacuuming on surface  
of an inverted silicon oxide opal. SU3500 microscope, 1.5 kV, secondary electrons 

 
Рис. 3. Электронная микрофотография молочнокислых бактерий, повреждённых во время вакуумирования,  

на поверхности инвертированного опала из оксида кремния. Микроскоп SU3500, 1,5 кВ, вторичные электроны 
 
 

 
 

Fig. 4. A local crack on surface of an inverted silica opal caused by deformation during drying  
of an organic film. SU3500 microscope, 5 kV, secondary electrons 

 
Рис. 4. Локальная трещина на поверхности инвертированного опала из оксида кремния, обусловленная  

деформированием при высыхании плёнки органического происхождения.  
Микроскоп SU3500, 5 кВ, вторичные электроны 
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Fig. 5. Traces of human red blood cells on surface of inverted silica opal.  
TM4000 Plus microscope, 20 kV, back-scattered electrons 

 
Рис. 5. Следы эритроцитов человека на поверхности инвертированного опала из оксида кремния.  

Микроскоп TM4000 Plus, 20 кВ, обратно-отражённые электроны 
 
 

 
 

Fig. 6. SEM image of red blood cells on surface of aluminum foil.  
TM4000 Plus microscope, 5 kV, back-reflected electrons 

 
Рис. 6. Электронная микрофотография эритроцитов на поверхности алюминиевой фольги.  

Микроскоп TM4000 Plus, 5 кВ, обратно-отражённые электроны 
 



 
 
 

Технологические процессы и материалы 
 

 571

  
 

Fig. 7. Red blood cells after treatment with an ionic liquid on surface of an inverted silica opal.  
On the left is an erythrocyte that resembles a stellate (acanthocyte) in shape, on the right – it resembles  

a target-shaped (platycyte). SU3500 microscope, 5 kV, secondary electrons 
 

Рис. 7. Эритроциты после обработки ионной жидкостью на поверхности инвертированного опала  
из оксида кремния. Слева – эритроцит, напоминающий по форме звёздчатый (акантоцит), справа – имеющий сходство  

с мишеневидным (платицитом). Микроскоп SU3500, 5 кВ, вторичные электроны 
 

 
Under the influence of the current, the ionic liquid can 

both boil and decompose. Therefore, there is an instru-
mental limitation on the maximum possible magnification 
that does not cause destruction of the object. In connec-
tion with the above, optimization of the SEM observation 
parameters (currents, voltages, vacuum levels) and obtain-
ing conductive coatings is the goal of further research. 

Conclusion. During the study of biological objects us-
ing scanning electron microscopy, the morphological fea-
tures and elemental composition of the inverse opal struc-
ture of silica, lactic acid bacteria, as well as human red 
blood cells were studied. A technique has been developed 
for the preparation of biological samples using an ionic 
liquid in a complex (in combination as a whole) with an 
absorbent macroporous material, which makes it possible 
to preserve the original shape and structure of biological 
structures unchanged. 

The possibility of express sample preparation for the 
subsequent express study of biological objects in a liquid 
has been experimentally shown. The principal possibility 
of multiple use of macroporous structures based on in-
verse opal from silica for the study of biological samples 
has been demonstrated empirically. The exceptional fra-
gility of inverse opal has been demonstrated, which 
makes it impossible to use it as a biological filter for the 
separation of liquid biological media. 
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PRODUCTION OF FINLY DESPERSED POWDER FROM GRAPHITE BY ELECTROLYSIS 
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Multifunctional coating is a multi-layer structure applied to the surface of an aircraft to protect it from external in-

fluences. The main tasks of the multifunctional coating are: restoration of properties, overall dimensions, mass of the 
surface of the product, which were violated under operating conditions; changing the initial physical, mechanical and 
chemical properties of the product surface to ensure the specified operating conditions. Today multifunctional coatings 
based on micro glass spheres with applied tungsten are widely used in aerospace engineering. However, this coating 
has a number of disadvantages: the coating layers heterogeneity; the composition contains a harmful and dangerous 
component – a fluorone dye. In this article it is suggested to replace the main component of a multifunctional coating 
with finely dispersed graphite powder obtained by electrolysis. For this purpose, the equipment based on the principle 
of a diaphragm electrolyzer was constructed. The main elements of the device are a stainless steel cathode and a graph-
ite anode immersed in an aqueous solution. As a result of anodic processes, a finely dispersed graphite powder  
was obtained. The average particle size of the resulting graphite particles is 4 microns. This finely dispersed graphite 
powder can be used as the main component of a multifunctional coating in aircraft, since it has an even homogeneous 
structure, as well as higher values of the main mechanical properties of a multifunctional coating. 

 
Keywords: multifunctional coating, fine graphite powder, electrochemical action, molecular oxygen, diaphragm 

electrolyzer. 
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Многофункциональное покрытие – это многослойная структура, нанесенная на поверхность летательного 

аппарата для защиты от внешних воздействий. Основными задачами мультифункционального покрытия яв-
ляются: восстановление свойств, габаритных размеров, массы поверхности изделия, которые были нарушены 
в условиях эксплуатации; изменение исходных физико-механических и химических свойств поверхности изде-
лия, для обеспечения заданных условий эксплуатации. Сегодня в аэрокосмической технике широко применяют-
ся многофункциональные покрытия на основе микростеклосфер с нанесённым вольфрамом. Такое покрытие 
обладает комплексом недостатков: неоднородность слоёв покрытия; в составе имеется вредный и опасный 
компонент – флуороновый краситель. Предлагается использовать в качестве основного компонента много-
функционального покрытия мелкодисперсный графитовый порошок, полученный электролизом. Для этого  
создано устройство, с разделением анодного и катодного пространства путем использования диафрагмы. 
Основными элементами установки являются катод из нержавеющей стали и графитовый анод, погружённый 
в водный раствор. В результате анодных процессов получен мелкодисперсный порошок из графита. Средний 
размер полученных частиц графита составляет 4 мкм. Данный мелкодисперсный графитовый порошок мож-
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но использовать в качестве основного компонента многофункционального покрытия в летательных аппара-
тах, так как он обладает ровной однородной структурой, а также более высокими значениями основных  
механических свойств многофункционального покрытия. 

 
Ключевые слова: многофункциональное покрытие, мелкодисперсный графитовый порошок, электрохимиче-

ское воздействие, диафрагменный электролизёр. 
 
Introduction. The main purpose of a multifunctional 

(functional gradient) coating in aerospace engineering is 
thermal protection, protection against ionizing, electro-
magnetic and radio radiation and laser beam reflection. 
The secondary purpose of a multifunctional coating in 
rocketry is to increase strength and rigidity of product 
external parts, as well as to protect them from corrosion 
and erosion [1]. 

Multifunctional coating structure and composition 
description. Multifunctional coating structure is rather 
complicated. It consists of four main components such as: 
a catalyst, a fluorone dye, a low-molecular polymer, and 
dispersed filler [2–4]. 

The main component of the multi-functional coating is 
a dispersed filler: micro-glass spheres modified with 
tungsten, that is, hollow particles of micro-glass spheres, 
on the surface of which a tungsten coating is applied. Mi-
cro glass spherical particles have various shapes: sphere, 
cube, parallelepiped, flake, cylinder, hexagon, various 
fibers, etc. [5–7]. Fig. 1 shows a schematic cross-section 
of the multi-functional coating layer, where you can see 
various shapes of microspheres and the chaotic arrange-
ment of dispersed filler particles in the layer. 

This filler is compatible with a low-molecular poly-
mer. It is dispersed (emulsified) in the polymer to form a 
homogeneous composite mass [8–9]. Fig. 2 shows the 
outer appearance form of the dispersed filler modified 
with tungsten. 

Multifunctional coating which consists of the de-
scribed above components is actively used in aerospace 
engineering today [10], however there are many disadvan-
tages: a dangerous and harmful component Rhodamine 

6G [11], components high price, high labor cost for ob-
taining a composite mixture, heterogeneity of the coating 
layers (due to the variety of forms of dispersed filler, see 
fig. 1), which involves additional machining operations to 
obtain a layer of multifunctional coating of a given thick-
ness. 

Scientific research main idea. These disadvantages 
can be eliminated by using dispersed carbon filler [12] 
made on the basis of graphite with a hexagonal crystal 
structure. 

Graphite is an allotropic form of carbon. It has a hex-
agonal crystal lattice. In a single crystal carbon atoms are 
arranged in parallel layers (basic planes). In each layer, 
the atoms are bound together by a strong home polar 
bond, due to this structure; graphite has anisotropy of 
physical and electrical properties [13]. 

Graphite powder was obtained by electrochemical 
method of – the anodic oxidation of high-strength fine-
dispersed dense graphite of the MPG-6 brand. It is a 
widely used form of industrial graphite [14]. It is a dis-
persed modification of hexagonal polymorphic carbon. 
Unlike coarse-grained graphite, it is characterized by a 
powdery fine-dispersed structure. Basic physical and 
chemical characteristics are presented in table. 

It can be seen from table that in comparison with the 
micro-glass sphere with deposited tungsten (≈0.62 g/cm3) 
the density of MPG-6 graphite is much higher. It means 
that the main mechanical properties (breaking stress at 
separation, ultimate strength, hardness) of the multifunc-
tional graphite-based coating will be of higher values in 
comparison with the coatings used today in aerospace 
engineering.  

 
 

 
 

Fig. 1. Schematic section of one layer of a multifunctional coating  
with micro glass spheres in the composition 

 
Рис. 1. Схематичный срез слоя многофункционального покрытия  

с микростеклосферами 
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Fig. 2. The appearance of the dispersed filler modified with tungsten 
 

Рис. 2. Внешний вид дисперсного наполнителя,  
модифицированного вольфрамом 

 
 
 

Basic physical and chemical characteristics and properties of grade MPG-6 graphite 
 

№ п/п Параметр Значение 
1 Mass fraction of ash, not more than % 0.02 
2 Density, g / cm3 1.65 
3 Thermal conductivity coefficient  W / m×K 95 
4 Tensile strength at compression, MPa, not less 73 
5 Tensile strength at bending, MPa, not less 34.3 
6 Hazard class according to GOST 12.1.007 4 (low risk) 

 
 
Scientific research description. For the graphite 

powder production a special device was created, fig. 3 
shows its schematic diagram The unit consists of a cylin-
drical body (1), inside which the electrodes: cathode (2), 
anode (3) are placed. Between the electrodes there is a 
cylindrical perforated container (4), with a canvas cloth 
inside (5), which acts as a diaphragm. A graphite elec-
trode of the MPG-6 brand is used as the anode. Current 
leads (7) and the anode (3) are installed on the cover. The 
cold tap water which has been kept for 8–10 hours in an 
open glass container at room temperature is used a work-
ing medium. 

A perforated container with a diaphragm is coaxially 
installed in a container with a cathode. After that some 
water is poured into the near-cathode and near-anode 
space up to the same level. Then a cover with the anode is 
installed and voltage is applied to the electrodes. The 
process of electric current transfer starts by ions moving 
to the electrodes in the electrolyte and electrons in the 
external circuit. Positively charged ions migrate to the 
cathode, and negatively charged ions migrate to the anode 
under the influence of the electric field.  The electron 
transition takes place on the electrodes. The cathode re-
leases electrons into the solution and reduction processes 
occur in the near-electrode space. The processes of elec-

tron transfer from reacting particles to the electrode – 
oxidation takes place in the near-anode space [15–18]. 

Anodic oxidation and cathodic reduction form the ba-
sis of the electrolysis process that occurs in the device. In 
the first six minutes when the electric current is passing 
through the anode, the C4+ ion is formed from carbon at-
oms [19; 20]: 

 

0 44C e C                          (1) 
 

A hydrate shell is formed around C4+ ions. The hy-
drated ions formed stay in the water: 

 

 4
2 2H O C H O

n
C                             (2) 

 

Immediately after the unit is switched off, the cover 
with the anode is removed and the end of the anode is 
placed on the film. The obtained water solution is dried; 
as a result, graphite particles (a fine powder) remain on 
the film. 

Scientific research results. The graphite powder was 
examined with a digital microscope. The photo of the 
graphite powder obtained using a digital microscope is 
shown in fig. 4. 

As we see in fig. 4, the particles of the obtained pow-
der reach the desired size of 0.004 mm.  
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Fig. 3. Schematic diagram of the device: 
1 – fluoroplastic device body; 2 – stainless steel cathode; 3 – graphite anode;  

4 – cylindrical perforated container; 5 – tarpaulin-based fabric; 6 – plastic cover;  
7 – current leads; Vk – cathode space volume; Va – anode space volume 

 
Рис. 3. Принципиальная схема устройства: 

1 – корпус из фторопласта; 2 – катод из нержавеющей стали; 3 – анод из графита;  
4 – цилиндрическая перфорированная ёмкость; 5 – брезентовая ткань; 6 – крышка;  
7 – токоподводы; Vk – объём прикатодного пространства; Va – объём прианодного  

пространства 
 
 

 
 

Fig. 4. A photograph of the graphite powder obtained during the experiment 
 

Рис. 4. Графитовый порошок, полученный в ходе эксперимента 
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Fig. 5. A graphite powder image, magnified up to 0.001 mm 
 

Рис. 5. Снимок графитового порошка, с увеличением до 0,001 мм 
 
 
Fig. 5 shows the image obtained with a video measur-

ing device of the TESA-VISIO 300GL laser principle 
with a magnification of up to 0.001 mm. 

In fig. 5 the granular microstructure of the powder can 
be seen, which means that the particles have a suitable 
hexagonal shape. Due to such form of the graphite pow-
der particles the multifunctional coating will have  
a smooth uniform structure, since the particles are tightly 
bound to each other. 

The smooth, uniform surface structure of the multi-
functional coating layers eliminates the necessity of using 
the extraction-photometric quality determination method 
with the use of the xanthene (fluorone) dye – Rhodamine 
6G, a toxic and dangerous component. 

Conclusion. In fig. 5, there is a granular structure of 
the powder, which means that the particles have an almost 
regular octagonal shape. The multifunctional coating will 
have a smooth uniform structure, due to the graphite 
powder particles form as the particles are tightly bound to 
each other. 

The smooth, uniform surface structure of the multi-
functional coating layers eliminates the necessity of using 
the extraction-photometric quality determination method 
with the use of the xanthene (fluorone) dye – Rhodamine 
6G, a toxic and dangerous component. 

Thus, the dispersed carbon filler (graphite powder ob-
tained by electrolysis from MPG-6 graphite with a parti-
cle size of approximately 0.004 mm) provides the follow-
ing advantages: 

1. Elimination of the 2nd hazard class toxic substance – 
Rhodamine 6G from the multifunctional coating composi-
tion. 

2. Higher values of the main multifunctional coating 
mechanical properties, due to the high particle density of 
the main component (1.65 g/cm3 for graphite powder, in 
comparison with micro-glass spheres modified with tung-
sten ≈0.62 g/cm3). 

3. The main component lower cost of (≈9500 ru-
bles/kg for graphite powder, compared to 103000 ru-
bles/kg for micro glass spheres modified with tungsten). 

4. Labor cost reduction in the production the multi-
functional coating by eliminating mechanical processing 
(saving up to 10 % of the total labor intensity of the multi-
functional coating production), due to the smooth homo-
geneous structure of the main component. 
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