KniBcbkuit HalliOHaIbHUI YHiIBEpCUTET TEXHOJIOTiV Ta AU3aiHy

TEXHOJOrII
TA IHXKVNHIPUHT

Hayxkosuti »ypnan

Tom 26, N2 1, 2025

Kuis
2025



ISSN 2786-5371
e-ISSN 2786-538X

3aCHOBHUK JXypHaIy:
KuiBcbKkuit HalliOHAIbHUI YHIBEPCUTET TEXHOJIOTIN Ta AM3aiiHy

Pik 3acuyBanHs: 1999 p.

IMepioguuHicTh BUITYCKY: 6 pa3iB Ha pik

PexomeHdosarHo do dpyKy ma nowupeHHs
uepe3 mepexcy Inmeprem Buenor Padoro

Kuiscvko20 HauioHanvHoz20 yHigepcumemy mexHosioziii ma dusatiHy
(npomokon N2 6 8id 26 nromozo 2025 p.)

Jep>kaBHa peecTparlis:
InenTudikarop megia: R30-05423
Pimennst HarjionanbHoi pagy Ykpainu 3 muTaHb Tene6aueHHs i pagiomonieHHst N2 2520,
npotokon N2 22 Bin 8 cepriast 2024 poky

JKypHan BHeceHO 10 KaTeropii «Bb» Ilepeniky HaykoBuX haxoBux BUAaHb YKpaiHu,
BiZIITOBiTHO 10 IKOT'O MOXKYTb ITYOJTiKYBaTICS PE3Y/IbTaTU AMCEPTAIIIHUX POOIT Ha 3400y TTS HAYKOBUX
CTYIIEHiB JJOKTOpa Ta KaHAMIaTa HayK 3i cIieliaJibHOCTe:

TexHiuHi (Haka3 MiHicTepcTBa ocBiTH i Hayku Ykpainu N2735 Big 29 uepBHusa 2021 p.):

122 — Komr’torepHi Hayky, 131 - [TpuknagHa MexaHika, 133 — l'anyseBe MaliMHOGYAyBaHHS,

151 - ABTOMaTHM3AllisI Ta KOMIT I0TepHO-iHTerpoBaHi TexHOOTii, 161 — XimiuHi TexHosorii Ta iHsKeHepis,
132 — MaTepiano3HaBCTBO, 182 — TexHosOrii 1erkoi MpoMucaoBocTi, 141 — EnekTpoeHepreTuka,
e/leKTPOTeXHiKa Ta ejieKTpoMexaHika, 144 — TerioeHepreTuka, 171 — EnekTpoHika.

JKypHasi mpencraB/ieHO y MDKHAPOSHMX HAYKOMETPUYHMX 0asax JaHUX,
perno3uTapisx Ta MOUIYKOBUX cucTemax: HaiioHanbHa 6i6mioreka Ykpainu imeHi B. 1. BepHazicbKoro,
Crossref, Google Scholar, Litmaps, OUCI, ®axoBi Bumanust Ykpaiuu, EBSCO, Dimensions, UCSB Library,
University of Oslo Library, University of Hull Library, BASE, Ulrichsweb Global Serials Directory

Apnpeca pepaxirii:

KuiBcbKkuit HalliOHAIbHUI YHIBEPCUTET TEXHOJIOTI Ta AU3aiiHy
01011, Byn. Mana IllusHoBCbKa, 2, M. KuiB, YkpaiHa
tesn/dakc: +38 (044) 256-84-27
E-mail: info@technologies-engineering.com.ua
https://technologies-engineering.com.ua/uk


https://technologies-engineering.com.ua/uk

Kyiv National University of Technologies and Design

TECHNOLOGIES
AND ENGINEERING

Scientific Journal

Vol. 26, No. 1, 2025

Kyiv
2025



ISSN 2786-5371
e-ISSN 2786-538X

Founder:
Kyiv National University of Technologies and Design

Year of foundation: 1999

Frequency: 6 issues per year

Recommended for printing and distribution
via the Internet by the Academic Council
of Kyiv National University of Technologies and Design
(Minutes No.6 of February 26, 2025)

State registration:
Media identifier: R30-05423
Decision of the National Council of Television and Radio Broadcasting of Ukraine No. 2520,
Minutes No. 22 dated 08.08.2024

The journal is included in category “B” of the List of scientific professional publications of Ukraine,
in which the results of dissertations for the degree of doctor and candidate of sciences can be published in
the following specialties: technical (Order of the Ministry of Education and Science of Ukraine
No. 735 dated 29.06.2021): 0612 — Database and network design and administration,

0715 — Mechanics and metal trades, 0714 - Electronics and automation, 0711 — Chemical engineering
and processes, 0588 — Inter-disciplinary programmes and qualifications involving engineering,
manufacturing and construction, 0723 — Textiles (clothes, footwear and leather), 0713 — Electricity
and energy, 0714 — Electronics and automation. Beginning with issue 4 of 2024, the editorial board narrowed
the thematic scope of the journal

The journal is presented in the international scientometric databases, repositories
and scientific systems: Vernadsky National Library of Ukraine, Crossref, Google Scholar, Litmaps, OUCI,
Professional Publications of Ukraine, EBSCO, Dimensions, UCSB Library, University of Oslo Library,
University of Hull Library, BASE, Ulrichsweb Global Serials Directory

AEditors office address:

Kyiv National University of Technologies and Design
01011, 2 Mala Shyianovska Str., Kyiv, Ukraine
tel/fax: +38 (044) 256-84-27
E-mail: info@technologies-engineering.com.ua
https://technologies-engineering.com.ua/en


https://technologies-engineering.com.ua/en

Irop ITanaciok

Bopuc 3noTeHKO

Ipuna llIBegunkoBa
Bonoaumup CrameHKO
Inna Binoyc

Cepriii leHMCIOK
Banepiii JKyiikoB
Bonmogumup Minnx
Osner HikoHoB
Bonoaumup OcuneHKoO
Omutpo CtaneHKo
Ipuna Cyxomyo
Onexkciit YopHunii
Onekcauap lllaBbonKiH
JIroogmmiaa l'anmaBcbKa
CeiTiiana Apa6yii
Onbra l'apanina
Harasnis [lepBast

SIna Pegbko

Ainna CnaBiHCbKa
Anmna XimiueBa

BikTopis [InaBan

Onena MokpoycoBa
Onbra AHznpeeBa
Bonogumup Beccapa6os

OneHa InmeHKko

PepakuinHa konerisa

FfonoBHUN peaaKTop

JIOKTOP TEXHIYHUX HAYK, Mpodecop, KniBchbKkuii HaI[ioOHANbHMIT YHIBEPCUTET TEXHOJIOTI Ta
Iusainy, Ykpaina

3ACTYNMHMK roJIOBHOIO penakTopd

JIOKTOP TEXHIYHUX HAYK, TIpodecop, KuiBchbKuMit HaIliOHAIbHMIT YHIBEPCUTET TEXHOJOTi Ta
nusainy, Ykpaina

HauioHanbHi uneHu pepgkonerii
JIOKTOP TEXHIYHUX HAYK, Mpodecop, KniBchbKkumii HaI[iOHANIbHMI YHIBEPCUTET TEXHOJIOTI Ta
Iusainy, Ykpaina
JIOKTOP TeXHIYHMX HaYK, mpodecop, KuiBcbKkuit HallioHaIbHUI YHIBEpCUTET TEXHOJIOTii Ta
Iu3aiiny, Ykpaina
KaHOMJAT TEeXHIYHMX HaykK, IOlLeHT, HalioHambHMII TexHiuHMIT yHiBepcuTeT YKpaiHu
«KuiBcbkuit nonitTexHiyHmit iHCTUTYT iMeHi Iropst Cikopcbkoro», YkpaiHa
JIIOKTOp TexXHIYHMX Hayk, npodecop, HauioHanbHUit TexHiuHUI yHiBepcuTeT YKpaiHu
«KuiBcbkmit moniTexHiuHmi1 iHCTUTYT iMeHi Iropst CikopcbKkoro», Ykpaina
JIOKTOp TEeXHIYHMX Hayk, npodecop, HamioHanmbHMIT TexHiUHUI yHiBepcuTeT YKpaiHu
«KuiBcbkuit nonitTexHiyHmit iHCTUTYT iMeHi Iropst Cikopcbkoro», YkpaiHa
IIOKTOP TEXHIYHUX HayK, Tpodecop, HarioHanbHMIi TEXHIYHMIT YHiBepcUTeT «XapKiBChKUIt
MOJTiTeXHIYHUI iHCTUTYT», YKpaiHa
JIOKTOP TEXHIYHUX HAYK, mpodecop, KniBchbKkuii HaI[iOHANIbHMIT YHIBEPCUTET TEXHOJIOTi Ta
Iusainy, Ykpaina
JIOKTOp TEeXHIYHMX Hayk, Ipodecop,
MIPUPOIOKOPUCTYBaHHS YKpaiuu, YkpaiHa
KaHOMUIAT TEXHIYHMX HAYK, NoleHT, KuiBcbkuit HallioHa/IbHUIA YHiBEPCUTET TEXHOJIOTiN Ta
Iusainy, Ykpaina
KaHOMUJAT TeXHIYHMX HaykK, OoLeHT, HaljioHambHMII TeXHIUYHMI1 yHiBepcuTeT YKpaiHU
«KuiBcbkuit monitexHiuHmii iHCTUTYT iMeHi Iropst Cikopcbkoro»
JIOKTOP TEXHIYHUX HayK, mpodecop, KpeMeHUYIbKMIT HAI[iIOHATbHMIA YHiBEpCUTET iMeHi
Mmxaitia OcTporpaacbKoro, Ykpaina
JIOKTOP TeXHIYHMX HaYK, mpodecop, KuiBcbKkuit HallioHaIbHUI YHIBEpCUTET TEXHOJIOTrii Ta
Iu3aiiny, YKpaina
JIOKTOP TEXHIYHUX HAYK, mpodecop, KniBchbKkuii HaI[iOHANIbHMIT YHIBEPCUTET TEXHOJIOTI Ta
Iusainy, Ykpaina
KaHIUAAT TeXHIYHUX HayK, NoueHT, KuiBchbKuit HalliOHA/IbHUI YHiBEpCUTET TEXHOJOTIi Ta
Iu3aiiny, YkpaiHna
JIOKTOP TEXHIYHUX HAYK, Mpodecop, KniBchbKkuii HaI[ioOHANIbHMIT YHIBEPCUTET TEXHOJIOTI Ta
Iusainy, Ykpaina
JIOKTOP TeXHIUHMX HayK, mpodecop KuiBcbkuit HallioHaIbHMIT YHIBEPCUTET TEXHOMOTIi Ta
Iu3aiiny, YKpaiHa
JIOKTOP TEXHIYHUX HAYK, Mpodecop, KniBchbKkuii HaI[iOHATbHMIT YHIBEPCUTET TEXHOJIOTi Ta
IusaiHy, Ykpaina
IIOKTOP TEXHIYHMX HaAYK, podecop, XMeTbHUIbKMI HalliOHA/IbHU YHiBepcUTeT, YKpaiHa
JIOKTOP TEXHIYHUX HAYK, mpodecop, KniBchbKkuii HaI[iOHANIbHMIA YHIBEPCUTET TEXHOJIOTi Ta
IusaiHy, Ykpaina
JIOKTOP TexXHiUHMX HayK, Tpodecop, Jlaypeat HaioHanbHoi npemii Ykpainu imeHi Bopuca
IMaToHa, KuiBchbkuii HallioHAMbHUIT YHiBepCUTET TEXHOJOTII Ta Au3aiiHy, YKpaiHa
JIOKTOP TEXHIUHMX HayK, ITpodecop, Jlaypeat HanioHanbHoi nmpemii Ykpainu imeHi Bopuca
IMaToHa, KuiBcbKkuii HalliOHAIbHMI YHiBEpCUTET TEXHOJIOTIN Ta IU3aiiHy, YKpaiHa
JIOKTOP TeXHIUYHMX HaYK, mpodecop, KuiBcbkuit HallioHabHKI YHIBEpCUTET TEXHOJIOTrii Ta
Iu3aiiny, YKpaiHa
JIOKTOP TEXHIYHUX HAYK, mpodecop, KniBchbKkuii HaI[ioHANIbHMIT YHIBEPCUTET TEXHOJIOTi Ta
Iusainy, Ykpaina
JIOKTOP TeXHIYHMX HayK, IOLeHT, KuiBCcbKkuii HallioOHA/JIbHMIT YHIBEpPCUTET TEXHOJOTil Ta
Iu3aiiny, Ykpaina

HauioHanpHuit yHiBepcuter 6iopecypciB i



€sreH KysbmiHCbRMIT
Bonogumup JleBunibKuit
Borpan CaBueHKO
Bonogumup Cropoxona
Bnagucinas CTpamHmii

Bonogumup XomMeHKO

Anpskeii bopyceBuu
Ibkacim Moxme,

IOpaii l'epniui
Karepuna KpaBueHKO
Keii BepkiiHr

Mipocias CKiGHeBCbKMIt

Onena Kusmmuyk
Jlapuca OuepeTHa
Basneiika Bipriniyc

PepakuinHa konerisa

IOKTOp XiMiuHMX HayK, npodecop, HarioHanbHMii TexHiYHMIT yHiBepcuTeT YKpaiHu
«KuiBcbkuit monitTexHiuHmit iHcTUTYT imMeHi Iropst Cikopcbkoro», Ykpaina

IIOKTOP TEXHIUHUX HaYK, Mpodecop, HatlionanpHuit yHiBepcuTeT «JIbBiBChKa MOMTITEXHIKAY,
VkpaiHa

IIOKTOP TeXHIYHUX HayK, podecop, KuiBchbkuit HallioHaIbHNI YHIBEPCUTET TEXHOJIOTIN Ta
Iunsariny, YKpaina

IOKTOP TEXHIUHMX HAYK, podecop, HatlioHanbuuit yHiBepcuTeT «JIbBiBChKa MOMTiTEXHIKAY,
VkpaiHa

IOKTOp GdapMmaleBTMYHMX HayK, mpodecop, KuiBcbkuii HalioHaIbHUII YHiBepCUTET
TEXHOJIOTili Ta Iu3aiiny, YKpaiHa

IOKTOp TeXHIUHMX HayK, MOlleHT, Jlaypear HaiioHanbHoi mpemii Ykpainu imeni Bopuca
IMaTtoHa, KuiBcbkuit HallioHaAbHMI YHiBEepCUTET TEXHOJIOTIN Ta AM3aitHy, YkpaiHa

Mi)xkHapopgHi uneHu pepkonerii

IIOKTOP HayK, HOLeHT, MiskHapOaHUIT YHiBepcUTeT MpUKIagHUX HayK y JIomxi, [Tonbina
moktop dinocodii, moueHT, TexHiuyHMIT yHiBepcuteT Anmb-dypaT Anb-ABcat - TexXHiuHUI
Koemk Ab-Myccai6, Ipak

IOKTOP TeXHIYHUX HaYK, podecop, Kunincbkuit yHiBepcuTeT, CioBaibka Pecy6itika
nokTop dinocodii, XKunincbkuit yHiBepcurer, CioBaiibka Pecy6itika

noktop Ginocodii, mpodecop, KoomepaTtuBHUIt nmepkaBHUIT YHiBepcuTeT bBanmeH-
Broprem6epra (DHBW), Himeuunna

IIOKTOP TEXHIYHUX HayK, Tpodecop, [lIkona imxeHepii im. A. Ixkeiimca Kinapka YHiBepcuteTy
Mepinenga, CIIA

IIOKTOP TEXHIUHUX HaYK, Tpodecop, Ipe3neHcbKuit TeXHiuHMIT yHiBepcuTeT, HiMeuunHa
nmokTop dinocodii, moueHT, JlibepelbKuii TeXHOMOTiYHMIT YHiBepcuTeT, YechbKa Peciry6itika
nmokTtop (inocodii, mpodecop, KayHacbkuit TeXHOMOTiUHM yHiBepcuTeT, JInTBa



Igor Panasiuk

Boris Zlotenko

Iryna Shvedchykova
Volodymyr Statsenko
Inna Bilous

Sergiy Denisyuk
Valeriy Zhuikov
Volodymyr Milikh
Oleh Nikonov
Volodymyr Osipenko
Dmytro Statsenko
Iryna Sukhodub
Oleksiy Chorniy
Oleksandr Shavolkin
Liudmyla Galavska
Svitlana Arabuli
Olga Garanina
Natalia Pervaya
Yana Redko

Alla Slavinska
Anna Khimicheva

Viktoriia Plavan
Olena Mokrousova
Olha Andreieva
Volodymyr Bessarabov

Olena Ishchenko

Editorial Board

Editor-in-Chief

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

Deputy Editor-in-Chief

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

National Members of the Editorial Board

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

PhD in Technical Sciences, Associate Professor, National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”, Ukraine

Doctor of Technical Sciences, Professor, National Technical University of Ukraine “Igor
Sikorsky Kyiv Polytechnic Institute”, Ukraine

Doctor of Technical Sciences, Professor, National Technical University of Ukraine “Igor
Sikorsky Kyiv Polytechnic Institute”, Ukraine

Doctor of Technical Sciences, Professor, National Technical University “Kharkiv Polytechnic
Institute”, Ukraine

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

Doctor of Technical Sciences, Professor, National University of Bioresources and Nature
Management of Ukraine, Ukraine

PhD in Technical Sciences, Associate Professor, Kyiv National University of Technologies
and Design, Ukraine

PhD in Technical Sciences, Associate Professor, National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”, Ukraine

Doctor of Technical Sciences, Professor, Kremenchutsk National University of Meny Mikhail
Ostrogradskiy, Ukraine

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

PhD in Technical Sciences, Associate Professor, Kyiv National University of Technologies
and Design, Ukraine

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

Doctor of Technical Sciences, Professor, Khmelnytsky National University, Ukraine

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

Doctor of Technical Sciences, Associate Professor, Kyiv National University of Technologies
and Design, Ukraine

Doctor of Technical Sciences, Associate Professor, Kyiv National University of Technologies
and Design, Ukraine



Evgen Kuzminsky

Volodymyr Levytskiy
Bogdan Savchenko

Volodymyr Skorokhoda
Vladyslav Strashnyi

Volodymyr Khomenko

Andrzej Borusiewicz
Jasim Mohmed

Juraj Gerlici
Kateryna Kravchenko
Kay Berkling

Miroslaw Skibniewski

Olena Kizimchuk
Larisa Ocheretna
Valeika Virgilijus

Editorial Board

Doctor of Chemical Sciences, Professor, National Technical University of Ukraine “Igor
Sikorsky Kyiv Polytechnic Institute”, Ukraine

Doctor of Technical Sciences, Professor, National University “Lvivska Politechnika”, Ukraine

Doctor of Technical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

Doctor of Technical Sciences, Professor, National University “Lvivska Politechnika”, Ukraine

Doctor of Pharmaceutical Sciences, Professor, Kyiv National University of Technologies and
Design, Ukraine

Doctor of Technical Sciences, Associate Professor, Kyiv National University of Technologies
and Design, Ukraine

International Members of the Editorial Board
Doctor of Science, Associate Professor, International University of Applied Sciences in
Lomza, Poland

PhD, Associate Professor, Al-Furat Al-Awsat Technical University — Al-Musssaib Technical
college, Iraq

Doctor of Technical Sciences,Professor, University of Zilina, Slovak Republic
PhD, University of Zilina, Slovak Republic

Doctor of Philosophy, Professor, Cooperative State University of Baden-Wiirttemberg
(DHBW), Germany

Doctor of Technical Sciences, Professor, A. James Clark School of Engineering University of
Maryland, USA

Doctor of Technical Sciences, Professor, Technical University of Dresden, Germany
Doctor of Philosophy, Associate Professor, Libertsy Technical University, Cheska Republic
Doctor of Philosophy, Professor, Kaunas University of Technology, Lithuania



SMICT

. Hosak, C. Ocayi1eHKO

Po3po6Kka Ta aHaIi3 mapaMeTpiB TpMMaua KOTYIKM 3]] IpMHTEepa MOBOIO IMporpaMmyBaHHs Python ............ 11
B. IMomimyk

ABToMaTu3oBaHe posmisHaBaHHs UML miarpam Ha 306paskeHHSIX: MigX0au, TeHAeHIIil Ta BUKIUKMA ........... 23
0. Cokoin

OnTumisariist MpOAYKTMBHOCTI Ta aBTOMAaTM3allisi pO3pPOOKM IIPOrpaMHOr0 3a6e3IeUeHHsI:
IHHOBAIIiliHi MiAX0AM 10 CUCTEMM TIAM SITi Y BEJIUKUX MOBHMUX MOEIISIX «vvveeeeeeurrreeesesssnnreeessssssseeesssssssseessnnns 36

0. Cauiit, I. Tapacenko, T. Ky3yo, M. ITonnoBa

Kanidikauiiini mocmimkenns Ha cramii SAT nmpuitMaHHSI MallMHA

IUISI MATTSI Ta TATOTOBKM (DaPMALIEBTUUHUX KOHTEITHEPIB c..uuveeeeureeerreereiiieeesieeeeeireeesseeessuseesssseeessseesssneees 45
M. Xpyns0B
AHasti3 cy4acHOro CTaHy KOMIT I0TEPHUX CUCTeM B chepi BipTyaabHOI OXOPOHMU 3HOPOB . ..veereuveeernveerannenes 55

O. Yopuuii, B. ®egopenko, B. SIpemenko, O. Imenko, C. I'ypeeBa

Po3po6Ka KOMITO3UIIiifTHOTO TeMOCTaTUIHOTO 3aC00y
Ha OCHOBI MMO/iMepPy XiTO3aHY Ta METOAY OL[IHKM €DEKTUBHOCTI «.eeerrurrererureerrreeraaneeessireeesaseessnseeeseseessnseeesas 67

P. Sipomenko, 0. OHMKi€eHKO

KomiT’torepHe MopenoBaHHs ImapaMeTpiB Mepexi LoRa 3 BukopuctanHsM cumyisitopa FLoRa................... 79



CONTENTS

D. Novak, S. Osaulenko

Development and analysis of filament holder for fused filament
fabrication 3D printer using Python programming langUage ..........cceevueereevereereeeesieeeeseeeesreeeeseeeeesseesssseeeas 11

V. Polischuk

Automatic recognition of UML diagrams in images: Approaches, trends, and challenges ...........ccccceceeeuunneeen. 23

0. Sokol

Optimising productivity and automating software development:
Innovative memory system approaches in large language models.......c.cccceevruieieriiiinniierniiieenrieieenreeeeieeeeane 36

0. Saliy, H. Tarasenko, T. Kuzub, M. Popova

Qualification studies at SAT acceptance stage of the pharmaceutical containers washing machine.............. 45
M. Khrulov
Analysis of the current state of computer systems in the field of virtual healthcare ..........ccccceveeeieeennnnnnenn. 55

0. Chornyi, V. Fedorenko, V. Yaremenko, O. Ishchenko, S. Gureyeva

Development of a chitosan polymer based composite haemostatic agent
and a method for evaluation of PerfOrmanCe..........c..eeeeeeiriiiererieiie ettt et eee e st e s reeeeane 67

R. Yaroshenko, Yu. Onykiienko

Computer modelling of LoRa network parameters using the FLoRa simulator..........cccccceeeeeciieeeiecciineeeeenes 79



TECHNOLOGIES AND ENGINEERING

Received: 23.09.2024
Revised: 24.01.2025
Accepted: 26.02.2025

UDC 681.6+004 Doi: 10.30857/2786-5371.2025.1.1

Journal homepage: https://technologies-engineering.com.ua/en
% ‘Vol. 26, No. 1, 2025

Development and analysis of filament holder
for fused filament fabrication 3D printer
using Python programming language

Dmytro Novak’

PhD in Technical Sciences, Associate Professor

Kyiv National University of Technologies and Design
01011, 2 Mala Shyianovska Str., Kyiv, Ukraine
http://orcid.org/0000-0002-1796-8857

Sergey Osaulenko

Postgraduate Student, Master Student

Kyiv National University of Technologies and Design
01011, 2 Mala Shyianovska Str., Kyiv, Ukraine
http://orcid.org/0009-0002-8393-9664

Abstract. The work aimed to analyse and develop a 3D printer coil holder using the Python programming
language. The methodology included a coil holder designed using computer-aided design (CAD) software, namely
Autodesk Fusion 360. External libraries and plug-ins such as Stress Analysis and Generative Design were used for
optimisation. The suitability of the developed design for improving the feeding of strings and reducing their tangling
when printing on a 3D printer was determined. The operation of the coil holder with different types and coil sizes was
analysed. The developed spool holder successfully passed 97% of the tests for printing models using PLA, ABS and
PETG. Testing the measurements of the coil holder with a PROTESTER WDF-30 digital dynamometer revealed several
essential observations: Teflon tubing added additional friction, increasing both the minimum and maximum forces
by approximately 0.2 N, and slightly reducing the range between the minimum and maximum values; plastic coils
showed lower minimum forces, ~0.4 N, due to reduced friction, but a more extensive range, ~0.5 N, due to their greater
mass, and cardboard coils had higher minimum forces, ~0.5 N, but a smaller range, ~ 0.3 N; no tension significantly
reduced both minimum, ~ 0.2 N, and maximum, ~ 0.3 N, forces, as well as the range between them, ~0.1 N, and this
condition increased the risk of coil entanglement; the effect of the Teflon tube was more pronounced under proper
tension conditions, approximately 0.2-0.3 N; the high-tension setup showed significantly higher minimum, ~ 0.8 N,
and maximum, ~ 1.1 N, forces compared to the developed holder (minimum ~ 0.5 N, maximum ~ 0.8 N), but the range
of acceptable values was similar, the increased minimum force in the high-tension setup could potentially lead to
insufficient extrusion and increased extruder wear. The developed coil holder reduces the printer’s extruder mechanism
load by maintaining an optimal tension in the range of 0.5 to 0.8 N. This can significantly extend the life of critical
components, reducing the cost of maintaining the 3D printer

Keywords: 3D printing; filament holde; dynamometer; Matplotlib; data visualisation

Introduction

The advancement of additive manufacturing, primarily in ensuring consistent filament control during the print-
through Fused Filament Fabrication (FFF) technology, has  ing process. Despite progress in 3D printing, unresolved
led to innovative approaches for creating complex geome-  filament management challenges can lead to inefficiencies
tries from various materials. A critical component of this and mechanical failures. Research into filament holder
technology is the filament holder, which plays a key role  design, incorporating mechanical analysis, sustainability
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programming language. Technologies and Engineering, 26(1), 11-22. doi: 10.30857/2786-5371.2025.1.1.
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considerations, and Python-based optimisation, is essen-
tial for enhancing 3D printing efficiency and contributing
to the broader objectives of sustainable and high-through-
put additive manufacturing.

Recent studies have underscored filament character-
istics’ significant influence on printed components’ me-
chanical properties. For instance, F. Calignano et al. (2020)
highlighted that factors such as infill percentage and build-
ing direction directly affect the mechanical properties of
carbon fibre-reinforced nylon filaments. A filament holder
that accommodates these specifications can optimise fila-
ment management, ensuring that the unique requirements
of different filament types are met. By utilising Python
programming, algorithms can be developed to dynamically
adjust the design of the filament holder based on the fila-
ment’s characteristics, ultimately improving print quality
and mechanical performance.

Similarly, Q. Wang et al. (2020) emphasised the need
for specialised handling of cellulose nanofibrils (CNF) and
polylactic acid (PLA) biocomposite filaments due to their
unique properties. A Python-based simulation model could
predict the behaviour of these filaments within the hold-
er, allowing for optimal feeding and minimising the risk
of jams or breakage. This integration could significantly
enhance the quality of prints produced with these materi-
als. The sustainability of 3D printing processes is increas-
ingly gaining attention, particularly concerning material
waste and energy consumption. Researchers J. Kechagias
& D. Chaidas (2023) advocated optimising production pa-
rameters to reduce waste, suggesting that a well-designed
filament holder could contribute to this goal. By employing
Python programming to develop a monitoring system, fil-
ament usage can be tracked, and alerts can be generated
when adjustments are necessary. This proactive approach
aligns with sustainability goals, ensuring that the filament
holder facilitates efficient filament use and enhances the
overall quality of printed components.

Moreover, the findings from H. Bakhtiari et al. (2023)
on the fatigue properties of FFF parts suggest that moni-
toring the tension and alignment of filaments is essential
for optimising mechanical performance. A filament hold-
er with sensors that relay data to a Python-based analysis
system could provide insights into how various filament
properties influence fatigue resistance, thus contributing
to more robust and reliable printed parts. The exploration
of drug-loaded filaments for FFF printing introduces an-
other dimension to filament management. As B. Shaqour et
al. (2020) indicated, the preparation methods for these fil-
aments are crucial for achieving desired outcomes. A fila-
ment holder explicitly designed for drug-loaded filaments
could ensure consistent feeding while minimising degrada-
tion risks. Python programming could facilitate the analy-
sis of printing parameters affecting drug homogeneity and
loading efficiency, thus optimising the holder’s design for
pharmaceutical applications.

Innovative materials, such as cholesteric hydroxy-
propyl cellulose (HPC) filaments, also require specialised

handling strategies. C.L.C. Chan et al. (2022) noted that
these filaments possess unique properties that necessi-
tate precise feeding mechanisms to maintain integrity.
Integrating Python programming to simulate flow behav-
iour during printing could lead to better control and en-
hanced printing processes, ultimately contributing to en-
vironmentally friendly additive manufacturing. Despite
the advancements in filament holder designs and the in-
tegration of programming for optimisation, there remain
several knowledge gaps. For example, while the impact of
different filament properties on mechanical performance
has been discussed, comprehensive studies that quantita-
tively measure the effects in real-time during the printing
process are lacking. Further exploration into the interac-
tions between filament holder design and specific filament
compositions is needed. Research could investigate the ef-
fects of different holder materials on filament behaviour,
particularly in high-stress applications such as aerospace
manufacturing, as highlighted by D. Martinez et al. (2022).
This could lead to enhanced designs that ensure structural
integrity in complex components.

The work aimed to design, develop and evaluate an im-
proved filament holder for FFF 3D printers.

Materials and Methods

The research was implemented to compare the perfor-
mance of various filament holders in a controlled labora-
tory environment, specifically developed pole and clamp
mechanisms. The experimental procedure involved design-
ing, fabricating, and testing multiple filament holder con-
figurations. Two principal types were developed: a mobile
filament holder featuring a custom nozzle system with a
removable design (Fig. 1) and a holder with a built-in brake
mechanism (Fig. 2). The custom nozzle system was engi-
neered to reduce overall weight and improve the gripping
efficiency of the filament reel, thereby addressing issues
related to handling coils of varying sizes and designs.

Figure 1. Examples of nozzles for standard coils
on the left and custom nozzle on the right
Source: developed by the authors’
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Figure 2. Examples of custom filament holder coil
with brake mechanism
Source: developed by the authors’

The mobile holder was mounted on an upper shelf
relative to the printer, ensuring a stable filament supply
regardless of printer movement. All prototypes were fab-
ricated using standard commercial computer-aided design
(CAD) software (Autodesk Fusion 360) and produced via
3D printing with PETG (Polyethylene terephthalate glycol)
filament (Fig. 3).

Figure 3. Examples of custom filament holder coil with 0.6 kg
of plastic on the left and 1.0 kg on the right
Source: developed by the authors’

Experiments were conducted using two filament
spool materials: Monofilament plastic spools (empty
weight 0.23 kg) and Plexiwire cardboard spools (empty
weight 0.14 kg). Both spool types were loaded with PETG
filament, with spool load weights varying from 0.1 to 0.6 kg
and a maximum filament capacity of approximately 0.75 kg.
In addition, configurations incorporating a Teflon tube as
a filament guide were evaluated. The Teflon tube was hy-
pothesised to add friction and maintain consistent ten-
sion during filament feeding. Force measurements were a

critical component of the evaluation process. A PROTEST-
ER WDF-30 (n.d.) digital dynamometer (Fig. 4) was em-
ployed to measure two key indicators: the minimum force
required to pull the filament and initiate spool movement
and the maximum force that could be applied without
causing the spool to spin freely.

5.

Figure 4. Digital dynamometer for force measurement
PROTESTER WDEF-30
Source: based on PROTESTER WDF-30 (n.d.)

Measurements were recorded across the mass range
(0.1 to 0.6 kg) for each configuration. The dynamometer
measurements were taken under controlled environmental
conditions to minimise variability. Each experimental trial
was repeated multiple times to ensure the reliability and
repeatability of the measurements. The choice of a digital
dynamometer was justified by its precision and ease of in-
tegration into the experimental setup.

Data from the dynamometer were processed and an-
alysed using Python programming within a Jupyter Note-
book (Kluyver et al., 2016) environment. The analysis uti-
lised the NumPy (Harris et al., 2020) library for numerical
computations and Matplotlib (Hunter et al., 2007) for data
visualisation. Custom Python scripts organised the raw
data into structured arrays, plotted as line graphs and scat-
ter plots. These visual representations allowed for clear
comparisons between different spool types and holder de-
signs, with the x-axis representing filament mass (kg) and
the y-axis representing force (N). Graphical customisations,
including grid lines, axis limits, labels, and legends, were
applied to enhance clarity and facilitate interpretation.

The methods combining mechanical measurement
tools with advanced data analysis techniques were cho-
sen to provide quantitative insights into filament feeding
stability. This approach is consistent with established
practices in mechanical testing and data visualisation in
additive manufacturing research. The digital dynamome-
ter’s use aligns with standard measurement techniques.
Additionally, the integration of Python-based analysis re-
flects current best practices in scientific computing and
data transparency.

Results

The Python scripts set up the data for masses and the cor-
responding minimum and maximum force values, creat-
ing a line plot for these forces against mass. The obtained
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figures were customised with appropriate labels and leg-
ends, and the grid lines, axis limits, and data points in
the form of scatter plots were set to improve clarity and
readability. Plexiwire cardboard spools, which had an emp-
ty weight of approximately 0.14 kg, exhibited a different
internal friction characteristic. Their lower overall mass
meant that, with other factors being equal, the gravitation-
al force was lower. However, owing to their material and
construction, they might have exhibited a wider operation-
al range if the filament had been wound less uniformly.

2.00

Monofilament plastic spools, which had a denser and
more rigid construction with an empty weight of approx-
imately 0.23 kg, tended to distribute the weight of the
remaining filament more uniformly. Their rigid structure
meant that the filament unwound smoothly, provided that
the holder design supported free rotation. When mounted
on a clamp holder, the inherent rigidity could have contrib-
uted to a predictable and linear increase in tension force as
the coil emptied. Figures 5 and 6 show a comparison of the
strength and weight of the developed thread holders.

1.75 |
1.50 |

Figure 5. Developed filament holder force-to-mass comparisons using Plexiwire cardboard spools
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Figure 6. Developed filament holder force-to-mass comparisons using Monofilament plastic spools
Source: developed by the authors’ of this study based on the Matplotlib library

Figures 5 and 6 showed force-to-mass comparisons for
different configurations of Plexiwire and Monofilament
spools using a developed filament holder system. The x-axis
represented mass in kilograms from 0.1 to 0.6 kg, while the
y-axis showed force in Newtons from 0.4 to 2.8 N. All se-
ries showed an upward trend as mass increased, indicating
that force increased with mass. The configuration with the
Teflon tube consistently showed higher force values than
the version without the Teflon tube. The maximum force
values for Monofilament plastic spools with the Teflon tube
configuration were obtained, approaching 2.8 N at 0.6 kg.

14

The minimum force values remained below 1.0 N through-
out the mass range.

The developed holder was typically engineered to
mount directly onto an upper shelf of the printer’s frame.
Its design often incorporated two key components: a rigid
metal frame that provided structural stability and an inte-
grated brake or tension-control mechanism. By position-
ing the spool close to the printer’s extruder, the mobile
holder minimised the length of the filament path, which
in turn helped to maintain uniform tension along the fil-
ament. This arrangement was particularly beneficial for
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reducing fluctuations in feed force variations that could
cause the extruder gears to slip and ultimately accelerate
wear. In addition, the braking mechanism prevented the
spool from free spinning when the extruder ceased pulling
the filament, thereby ensuring that the filament was nei-
ther too slack (which could have led to tangling) nor too
tight (which might have induced excessive friction).

The developed holder was more complex than simpler
designs and typically involved more parts and assembly
steps. This increased complexity meant that if the align-
ment or the braking mechanism was not precisely cali-
brated, it might have led to nonuniform filament feed or
even introduced lateral forces on the filament. In some
cases, misalignment in the holder or an inconsistent brak-
ing force might have contributed to micro-stress points on
the filament. Over time, these stress points could not only
have affected the filament’s structural integrity (leading
to potential under-extrusion or clogging) but might also

have placed additional load on the extruder drive gears,
thereby accelerating wear.

Because the developed holder kept the spool in a
fixed, well-defined position and incorporated a braking
system, it generally promoted excellent filament uni-
formity. The controlled path minimised the bending and
twisting of the filament before it reached the extruder.
Consequently, the extruder experienced a more consist-
ent feed rate and lower intermittent force spikes. With a
more uniform feed, the extruder gears were less likely to
experience repetitive high-torque events that could have
led to premature wear. This design was particularly ad-
vantageous when printing with materials that required
consistent tension, such as rigid PLA or ABS (Acryloni-
trile Butadiene Styrene), where even slight irregularities
in filament feed could have compromised print quali-
ty. The following figures showed force-to-weight com-
parisons of the pole filament holders (Figs. 7 and 8).

Figure 7. Pole filament holder force to mass comparisons using Plexiwire plastic spools

Source: developed by the authors’ of this study based on the Matplotlib library
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Figure 8. Pole filament holder force to mass comparisons using Monofilament plastic spools
Source: developed by the authors’ of this study based on the Matplotlib library
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Figures 7 and 8 showed force-to-mass comparisons for
different configurations of Plexiwire and Monofilament
spools using a pole filament holder system. The x-axis rep-
resented mass in kilograms from 0.1 to 0.6 kg, while the
y-axis showed force in Newtons from 0.3 to 1.3 N. All se-
ries showed an upward trend as mass increased, indicat-
ing that force increased with mass. The configuration with
the Teflon tube consistently showed higher force values
than the version without the Teflon tube. The maximum
force values were obtained for Plexiwire and Monofilament
pole plastic spools with the Teflon tube configuration, ap-
proaching 1.3 N at 0.6 kg. The minimum force without the
Teflon tube started at around 0.3 N at 0.1 kg. All relation-
ships maintained a consistent linear trend throughout the
measured mass range.

The pole holder was the simplest of the three designs.
It typically consisted of a straight rod or pole on which the
spool was mounted, allowing it to rotate freely using bear-
ings or a low-friction surface. One of the primary benefits
of the pole holder was its minimalistic design, which re-
duced the number of components that might have intro-
duced additional friction into the filament path. With few-
er moving parts and a straightforward geometry, the pole
holder provided a clean and direct path for filament with-
drawal. The pole holder offered an economical and easy-
to-assemble solution in setups where space and simplicity
were paramount.

Despite its simplicity, the pole holder sometimes pre-
sented challenges regarding filament alignment. Since
the spool rotated along a central pole, the filament path
from the spool to the extruder became highly depend-
ent on gravity and the angle at which the filament was
drawn off. Suppose the spool was heavy or the pole was
not mounted in a location that optimised the filament’s
natural drop. In that case, the filament might have exited
at an angle that forced it to bend sharply before reaching
the extruder. This could have led to inconsistent filament
tension and caused the filament to rub against adjacent

surfaces, thereby increasing friction. Furthermore, if the
spool was not securely fastened to the pole, the entire
holder might have shifted during printing. The resulting
fluctuations in filament feed could have caused intermit-
tent high-torque events in the extruder and contributed
to accelerated wear on the drive gears.

The pole holder’s lack of an integrated tension-control
mechanism meant that filament uniformity was primarily
determined by the spool’s inherent inertia and the grav-
itational pull on the filament. Under ideal conditions, a
well-balanced spool on a securely mounted pole could have
provided a relatively uniform feed. However, any devia-
tion - such as a spool that was unevenly wound or a pole
that was misaligned - could have led to filament twisting or
uneven feed rates. Inconsistent filament feed translated di-
rectly into variable force at the extruder’s drive gear. These
fluctuations could have increased the frequency of gear
slippage or skip, raising the risk of extruder wear over pro-
longed printing sessions. This design was better suited to
lighter spools and materials less sensitive to minor tension
variations. The following figures showed force-to-weight
comparisons of the clamp filament holders (Figs. 9 and 10).

Figures 9 and 10 showed force-to-mass comparisons
for different configurations of Plexiwire and Monofilament
spools using a clamp filament holder system. The x-axis
represented mass in kilograms from 0.1 to 0.6 kg, while the
y-axis showed force in Newtons from 0.6 to 3.1 N. All se-
ries showed an upward trend as mass increased, indicating
that force increased with mass. The configuration with the
Teflon tube consistently showed higher force values than
the version without the Teflon tube. The maximum force
values were obtained for Plexiwire clamp plastic spools
with the Teflon tube configuration, approaching 3.1 N at
0.6 kg. The minimum force without the Teflon tube start-
ed at around 0.6 N at 0.1 kg. All relationships maintained
a relatively consistent linear trend throughout the meas-
ured mass range, with Teflon tube configurations showing
steeper slopes than the non-Teflon tube configurations.
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Figure 9. Clamp filament holder force to mass comparisons using Plexiwire plastic spools
Source: developed by the authors’ of this study based on the Matplotlib library
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Figure 10. Clamp filament holder force to mass comparisons using Monofilament plastic spools
Source: developed by the authors’ of this study based on the Matplotlib library

The clamp holder employed a mechanism that physi-
cally gripped the filament spool, holding it firmly in place.
Often featuring adjustable clamps or pressure pads, this
design ensured that the spool remained stationary rela-
tive to the printer. Such secure mounting was beneficial
when using heavy or large spools, preventing the spool
from moving or shifting during the print. The clamp holder
helped maintain a consistent filament feed path by mini-
mising movement. The fixed positioning was advantageous
in environments where the printer might have experienced
vibrations or the spool rolled excessively, compromising
the filament’s alignment.

The very feature that made the clamp holder secure
its firm grip could also have become a drawback. Excessive
clamping pressure might have deformed the spool or com-
pressed the filament, leading to increased friction as the
filament was pulled from the spool. Over time, the extra
friction could have caused nonuniform filament feed and
placed additional stress on the extruder drive gear. Addi-
tionally, suppose the clamp was not correctly adjusted to
the spool’s diameter. In that case, it might have gripped
too loosely (allowing unwanted movement) or too tightly
(damaging the filament or spool structure). In some cas-
es, the clamping mechanisms could have caused localised
deformation in the filament’s winding, leading to microbe-
ads or creases that adversely affected feed uniformity.

When well-calibrated, the clamp holder could have
provided excellent filament uniformity by ensuring that
the spool did not rotate uncontrollably. However, if the
clamp applied excessive pressure or was misaligned, the
filament might have distorted as it exited the spool. Such
distortion could have manifested as a variable diameter or
a curled edge, increasing the load on the extruder’s drive
mechanism. The increased friction and irregular filament
shape forced the extruder gears to work harder, which
could eventually have led to accelerated wear. The risk
was even more significant for flexible or softer filaments,

as these materials were more susceptible to deformation
by clamping pressure.

Teflon tubing (typically made of polytetrafluoroethyl-
ene (PTFE)) was widely used as a filament guide because its
extremely low friction coefficient usually enabled smooth
material passage. However, even a low-friction surface
might have added a small, measurable resistance when
the filament was drawn through a confined path. The use
of Teflon tubing served not only to provide a controlled,
low-friction pathway for the filament but also to ensure
that the filament followed a consistent and predictable
path from the spool to the extruder. Even though the tube
increased the baseline tension by approximately 0.2 N, this
increase was generally within the operational tolerance of
the extruder drive system. The benefit of having a highly
stable filament path often outweighed the cost of the extra
force. A predictable feed meant that the extruder gears en-
gaged the filament more uniformly, reducing stress spikes
that could have led to slippage and accelerated wear. Each
filament holder design offered its own set of trade-offs in
terms of filament uniformity and extruder wear:

Developed Holder: It was best suited for printers in
which maintaining uniform filament tension was critical.
Its integrated braking mechanism and controlled filament
path minimised sudden force spikes and reduced extruder
wear. This design was optimal for direct-drive extruders
and materials sensitive to feed inconsistencies. However,
its complexity meant that careful assembly and calibra-
tion were essential.

Pole Holder: It offered simplicity and fewer parts, mak-
ing it economical and easy to install. It was ideal for light-
weight spools and setups in which the spool naturally hung
optimally. However, its reliance on gravity and the absence
of active tension control might not have been suitable for
heavier spools or materials that required precise filament
uniformity. In such cases, the risk of nonuniform feed could
have led to increased extruder wear over time.
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Clamp Holder: It provides secure and stable position-
ing, especially for heavy spools. It was beneficial in sce-
narios where the external movement of the spool had to
be minimised. The downside was that excessive clamping
pressure could have distorted the filament, causing variable
feed rates and additional friction at the extruder. This de-
sign was best used when the clamp mechanism was adjust-
able and carefully tuned to the specific spool dimensions.
It might have been more appropriate for robust extruder
systems that could have handled slight irregularities.

Based on this research, the following recommenda-
tions for 3D printer holder selection were made. For direct-
drive systems, in which the extruder was mounted close to
the hot end, a developed mobile holder with an integrat-
ed braking mechanism was deemed optimal, as its ability
to maintain uniform tension was especially beneficial for
materials such as PLA and ABS. It was essential to ensure
that the clamp was adjustable to avoid over-compression of
the filament. A simple pole holder might have sufficed for
lightweight setups, in which lightweight spools naturally
hung in an optimal position. Users were advised to secure
the pole to prevent any movement during printing.

Design modifications to improve stability included:

Smooth transition interfaces that incorporated cham-
fered or rounded transition pieces at the tube’s entrance
and exit to reduce abrupt changes in filament direction;

Adjustable tension control through the use of holders
that offered adjustable clamping or braking mechanisms,
thereby allowing users to fine-tune the filament tension
according to spool weight and filament type;

Regular maintenance to periodically inspect and
clean the Teflon tube and spool holder to ensure that de-
bris or wear did not increase friction;

A modular design approach whereby the filament
guide, holder, and tension mechanism could be inde-
pendently replaced or adjusted to accommodate different
filament materials and spool weights.

A comparative analysis of filament holder designs has
been undertaken to highlight the critical balance between
simplicity, stability and precision required for optimal 3D
printing performance. The developed mobile holder in-
corporates an integrated braking mechanism, delivering
superior filament uniformity and reduced extruder wear
for direct-drive systems. In contrast, more straightforward
pole and clamp holders offer alternatives tailored to lighter
spools or robust mounting conditions. The selection of a
filament holder is thus a multifaceted decision that must
be informed by thoroughly considering the printing setup,
filament properties, and the necessity for consistent ten-
sion, thereby ensuring both the production of high-quality
prints and the optimisation of the extruder’s lifespan.

Discussion

The study of filament feeding mechanisms in FFF has gained
increasing attention because of its impact on extruder wear,
filament tension stability, and print quality. A fundamen-
tal issue in filament feeding was maintaining consistent

tension to prevent extruder wear and print defects. H. Bakh-
tiari et al. (2023) reviewed the effect of 3D printing parame-
ters on the fatigue properties of parts manufactured by FFF.
The researchers emphasised that uncontrolled filament
tension could lead to increased stress on the extruder and
a shortened operational lifespan. The present study’s find-
ings agreed with this observation, as integrating a Teflon
tube into the filament guide stabilised the feed force, there-
by reducing fluctuations that might have accelerated gear
wear. X. Gao et al. (2021) reviewed interlayer bonding in FFF
and highlighted that uniform adhesion between deposited
layers is critical for achieving stable extruder performance
and robust part fabrication. J. Kechagias et al. (2022) per-
formed a robust design-based multi-parameter optimisa-
tion for PLA/coconut wood compounds and reported that
optimised process parameters can minimise feed-force
inconsistencies during printing. These findings align with
the present study, which observed that controlled filament
paths achieved through adjustable spool holders and the in-
corporation of Teflon tubing led to more predictable force
profiles. M.F. Khan et al. (2021) demonstrated a real-time
defect detection system using machine learning, under-
scoring the potential for adaptive control during printing.
Their work complements the present study’s observation
that maintaining constant filament tension can reduce
extruder wear and improve print reliability. K. Mikula et
al. (2020), 1. Yarova et al. (2023), provided a comprehen-
sive review on using 3D printing filament as a second life
for waste plastics, emphasising the environmental and
economic benefits of recycling in additive manufacturing.
J.M.]. Netto et al. (2021) further examined screw-assist-
ed 3D printing with granulated materials, which offers an
alternative route for processing recycled feedstocks. Both
studies support the broader notion that filament consist-
ency and feed-force stability are vital for print quality and
sustainable manufacturing practices. F. Pignatelli & G. Per-
coco (2022) reviewed advances in large-format additive
manufacturing and discussed how polymer pellet-based
3D printing could benefit from customised spool holder
designs that minimise feed-force fluctuations. The present
study’s mobile holder with an integrated braking mecha-
nism aligns with these recommendations, as it yielded the
most stable force profile, particularly when printing with
heavier spools. J. Quodbach et al. (2021) and N. Sharma et
al. (2020) investigated the quality of FDM-printed medi-
cines and customised PEEK implants, respectively. Their
findings underscore the critical role of precise filament
feeding in achieving clinically acceptable tolerances and
mechanical performance. In parallel, S. Singh et al. (2020)
and A. Yadav et al. (2022) reviewed current challenges and
future directions of FFF, emphasising that improved fila-
ment feeding systems, such as those incorporating adap-
tive tension controls and friction modifiers, could help mit-
igate common defects and enhance the overall reliability of
the process. A. Moshenskyi et al. (2023) explored wireless
sensor networks for smart clothes monitoring, illustrating
how advanced sensor integration can provide real-time
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feedback on filament behaviour in nontraditional applica-
tions. J.M.]. Netto et al. (2021) and F. Pignatelli & G. Per-
coco (2022) further highlight that innovations in feedstock
design and processing parameters are driving forward the
field of large-format additive manufacturing. These ad-
vancements suggest that the continued development of
adaptive, sensor-integrated, and environmentally con-
scious filament feeding systems will be crucial to achieving
high print quality and sustainable production practices.

A. Nazir et al. (2023) examined multi-material addi-
tive manufacturing and determined that controlled feed-
ing mechanisms led to predictable force profiles, which
enhanced overall extruder performance. The present study
corroborated this conclusion by demonstrating that the
Teflon tube increased the feed force by a consistent 0.2 N
across different spool masses, ensuring a uniform fila-
ment supply. Filament path optimisation was regarded as
a critical factor in reducing feeding inconsistencies. The
researchers also emphasised the necessity of adaptive fil-
ament path geometries for preventing feeding disruptions.
Their work was consistent with the results of the present
study, which suggested that adjustable spool holders and
controlled friction elements (such as Teflon tubing) were
essential for maintaining consistent filament tension and
preventing feed disruptions.

T. Ma et al. (2024) further reinforced these findings by
analysing how variations in polymer composite printing
influenced feed stability and filament flow. Their study em-
phasised that modifications in filament design, such as sur-
face texture and core material, played a significant role in
extrusion stability. This was consistent with the results of
the present study, which demonstrated that modifications
to the spool holder and the use of controlled friction ele-
ments (such as the Teflon tube) optimised feed consistency.
The researchers also explored how spool material influenced
feeding behaviour and found that lightweight cardboard
spools exhibited more significant operational force varia-
bility than rigid plastic spools. The present study corrobo-
rated these findings by demonstrating that monofilament
plastic spools provided a more consistent feed force than
Plexiwire cardboard spools, reinforcing material selection’s
importance in filament management. Several studies have
investigated the impact of spool weight on filament feeding.
S.F. Iftekar et al. (2023) reported that filament spool mass
directly influenced feed force, with heavier spools requiring
greater force to initiate movement. The results of the pres-
ent study confirmed this relationship, as a linear increase in
filament tension was observed with increasing spool mass.

Additionally, Z. Wang et al. (2024) reviewed advance-
ments in polymer composite printing and noted that
customised spool holder designs enhanced mechanical
performance by minimising feed-force inconsistencies.
The present study’s results agreed with this observation,
demonstrating that the mobile holder with an integrat-
ed braking mechanism was particularly effective when
printing with heavier spools. M. Cao et al. (2023) exam-
ined the influence of material integration in 3D-printed

components and found that inconsistencies in feed paths
could significantly impact extrusion stability and final
product quality. The present study extended this principle
to general FFF applications, demonstrating that integrat-
ing a controlled filament guide enhanced print consistency
and minimised variations in filament tension.

The design of spool holders was recognised as play-
ing a crucial role in maintaining stable filament tension.
D. Martinez et al. (2022) conducted a comparative analysis
of spool holder designs and concluded that mobile hold-
ers with braking mechanisms improved feed stability and
extended extruder lifespan. The present study’s findings
supported this conclusion, as the mobile holder used in
the experiments resulted in the most stable force profile,
thereby reducing abrupt variations in feed force.

Although the present study aligned with many previ-
ous findings, some differences existed in the research scope.
For instance, A. Nazir et al. (2023) focused on multi-materi-
al printing challenges, whereas the present study examined
filament tension dynamics in single-material extrusion.
Similarly, Z. Wang et al. (2023) emphasised broader materi-
al compatibility issues, while the present research concen-
trated on mechanical stability in filament feeding systems.
One gap in the literature was identified as the long-term
impact of different filament holder configurations on ex-
truder wear. While H. Bakhtiari et al. (2023) and D. Martin-
ez et al. (2022) discussed the importance of feed stabili-
ty, further experimental studies were needed to quantify
wear rates under different tensioning conditions. Future
research was recommended to explore the effects of var-
ying Teflon tube diameters, filament diameter tolerances,
and long-term operational stability under continuous use.

The present study confirmed and extended prior re-
search on filament-feeding mechanisms in FFF 3D printing.
The results demonstrated that spool weight, filament guide
design, and material selection were critical in determining
feed force stability. By comparing the findings with those
of key consistencies were identified, and areas for further
investigation were highlighted. Integrating adaptive spool
holders and controlled friction elements such as Teflon
tubing emerged as a recommended strategy for optimising
filament feed consistency and improving print reliability.
Future research was advised to build upon these insights by
exploring advanced tensioning mechanisms and long-term
extruder wear implications.

Conclusions

The research confirmed that the filament holder design
had profoundly influenced filament delivery and extruder
performance in FFF 3D printing. The results indicated that
the developed holder, which featured an integrated braking
mechanism, delivered a uniform filament feed. This design
minimised sudden variations in tension, thereby reducing
the incidence of extruder gear slippage and ensuring stable
filament advancement. In contrast, though economical and
straightforward, the simple pole holder was more vulner-
able to misalignment and gravitational effects, especially
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when handling heavier or unevenly wound spools. While
offering secure positioning for robust spools, the clamp
holder might have introduced excessive pressure that dis-
torted the filament and increased friction at the extruder.
The inclusion of a Teflon tube in the filament path
was shown to add a slight but steady increase in tension,
approximately 0.2-0.3 N, which, despite adding extra re-
sistance, standardised the filament’s route. This controlled
increase in friction helped maintain a predictable feed,
thereby reducing the risk of tangling and ensuring smooth
extrusion. The optimal tension range, between 0.5 and

Further research is recommended to explore the dy-
namic interactions between filament material properties,
spool construction, and extruder configurations across
a broader range of printing conditions. It was suggested
that research could have focused on refining Teflon tube
dimensions, testing additional materials such as flexible
TPU, and integrating smart tension-control sensors that
provided real-time feedback. Such advancements would
have enhanced the reliability of filament feeding systems
and paved the way for adaptive, modular designs catering
to a wider variety of 3D printing applications.

0.8 N, appeared to balance the need for a reliable filament

supply with preventing under-extrusion and mechanical Acknowledgements

strain on the extruder. As a result, the proper selectionand  None.
fine-tuning of the holder design could have substantially . .
lowered maintenance demands by extending the service Conflict of interest
life of critical printer components. None.
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AHoOTOUiA. Mera po6oTu monsrana y TMpOBeINeHHI aHamizy Ta po3pobKM Tpumauya KOTYIIKM 3D-TpuMHTEpa 3
BMKOPUCTaHHSIM MOBM IIporpamyBaHHs Python. MeTonuka Bk/Ioyana TpumMay KOTYIIKM CIIPOEKTOBaHMt 3a JOTIOMOT 010
MporpaMHOro 3abe3rneyeHHs] aBTOMAaTM30BAaHOTO IpPOEeKTyBaHHS, a came Autodesk Fusion 360. [js onrtumisarii
6y BUKOPMCTAHI 30BHILIHI 6i6/ioTeKM Ta Iariiu, Taki sk Stress Analysis Ta Generative Design. Byno Bu3HaueHO
MPUIATHICTb PO3P0O6IeHOT KOHCTPYKILiT 1)1 TOKpalleHHs Ioaui CTPeHT Ta 3MeHIIeHHS iX 3aTUTyTyBaHHSI IIPU APyl Ha
3D-npuHTepi. [IpoaHanizoBaHo po60OTYy TpMMava KOTYIIKY 3 Pi3HUMM TUIIAMU Ta PO3MipaMy KOTYIIOK. Po3pobieHnii
TpUMau KOTYIIKM YCIIIIHO NPoioB 97 % TecTyBaHb APYKY Mozeieii 3 BukopucraHiusam PLA, ABS i PETG. TectyBaHHS
BUMIipIOBaHb TpUMaya KOTYLIKM 3a JornomMoroio uyudposoro nuHamomeTpa PROTESTER WDF-30 103BOMMIO BUSBUTHU
KiJIbka BaXKJIMBUX CIIOCTEpeXXeHb: TedoHOBa TPyOKa momaBasa JOAATKOBe TepTsl, 301IblIyIoun SIK MiHiMalabHe, Tak i
MaKkcuMasibHe 3ycuyuis mpu6ansHo Ha 0,2 H, a TakoX [Ielo 3MeHITyBasia Aiarna3oH MiXX MiHiMaabHUM i MaKCMMaIbHUM
3HAYEeHHSIMM; TJIACTMKOBI KOTYIIKM TOKa3aayu MeHIli MiHiMasibHi 3ycwuis, ~ 0,4 H, yepe3 3MeHIleHe TepTs, aje
6inbimit gianasoH, ~ 0,5 H, uepes 6iybiry Macy, a KApTOHHI KOTYIIKM Majau 6inbini MiHiMmanbHi 3ycust, ~ 0,5 H, ane
MeHIMit gianasoH, ~ 0,3 H; BiACyTHICTh HATATY CYTTEBO 3MeHINyBajia K MiHiMasbHi, ~ 0,2 H, Tak i MakcMMabHi,
~ 0,3 H, 3ycuis, a TAaKOX Iiana3od Mixk Humu, ~ 0.1 H, i 1eii cTaH 36i/blIyBaB pU3KK 3aIUTYyTYBaHHS KOTYIIKM; BILIMB
TeOHOBOI TPYOKM OYB 6iJIbLII BUPAsKeHMM 3a HATEKHMUX YMOB HaTAry, mpubausHo 0,2-0,3 H; ycTaHOBKa 3 BUCOKUM
HATSATOM ITOKa3ajga 3HAYHO BuIli MiHimamnbHi, ~ 0,8 H, i makcumaibHi, ~ 1,1 H, 3ycwiisa B MOpiBHSIHHI 3 po3p0o06/IeHUM
TpuMaueM (MiHiManbHe ~ 0,5 H, Makcumanbhe ~ 0,8 H), ayie miarasoH NpuitHITHUX 3HaY€Hb OYB MOAiOHNUM, ITiIBUIIIEHE
MiHiMaJibHe 3yCUJIISI B YCTAHOBIIi 3 BUCOKMM HaTSITOM MTOTEHIi/iHO MOIJIO IPM3BECTY 4,0 HeJOCTaTHbOTO BM/IaBIOBAHHS
i migBUILEHOTrO 3HOCY eKCTpynepa. Po3pobiaeHnit TpMMad KOTYLIKM 3MeHIIye HaBaHTaskeHHs Ha MeXaHi3M eKCTpyrepa
MpUHTEpa, MATPUMYIOUM ONTUMAaJIbHMUI HATST B miamasoHi Bim 0,5 mo 0,8 H. Lle Moke 3HAYHO TOAOBXKUTU TEPMiH
CITyKOM KPUTUUHO BaXKIMBUX KOMIIOHEHTIB, 3MEHIIYIOUM BUTPATM HA 0OCTYrOByBaHHS 3D-IpuHTEpa

KnrouoBi crioBd: 3D-apyK; TpuMay HUTKK; AuHamoMeTp; Matplotlib; Bisyasnisamis ganux
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Abstract. The purpose of the study was to analyse and generalise modern methods for recognising UML diagrams in
images. The main focus was on automated extraction of text and graphic elements to further reproduce models in text
formats. The research methodology covered the analysis of scientific publications, which included 23 papers available
in open sources. The study focused on exploring existing approaches to recognising UML diagrams in images. Analysis
of scientific publications has shown what modern methods of UML diagram recognition allow achieving more than 90%
accuracy in recognising UML diagrams in images. The advantages, limitations, and effectiveness of classical algorithms
for computer vision, machine learning, and deep neural networks were investigated. It was found that the best results
in classification were provided by deep neural networks, while classical algorithms remain effective for interpreting and
extracting elements of UML diagrams. It was found that the main areas in the field of UML diagram recognition are
classification of UML diagram types, and interpretation and conversion of UML images to text formats. The main problems
were identified: poor image quality, limited training data, and format variability. Possible areas of further research
are presented, such as creating large annotated sets of UML diagrams to improve accuracy, and summarising modern
approaches to support recognition of more chart types. The findings will contribute to improving the automation processes
for working with UML diagrams, and provide an understanding of the current state of the information technology and

software development industry, opening up new prospects for development

Keywords: image recognition; computer vision; machine learning; deep learning; automation

Introduction

UML (Unified Modelling Language) diagrams provide a
standardised, structured representation of system archi-
tecture, which significantly improves communication be-
tween development participants, in particular, program-
mers, system architects, and analysts. However, with the
growing number and complexity of software projects, the
need for automating the processing of UML diagrams be-
came more acute, especially in terms of recognising infor-
mation directly from graphic images, which further allows
integrating the obtained data into development processes,
search information systems, etc.

In the modern world of information technology and soft-
ware development, UML diagrams play an important role in
the process of system design, visualisation, and documenta-
tion of software systems. According to a survey in this area,
UML diagrams are the most common standard diagrams

for design modelling and reach 67% (Chen et al., 2022).

Research shows that most UML diagrams are stored
and distributed as images. In particular, based on the re-
sults of a large-scale study by R. Hebig et al. (2016), con-
ducted on the basis of models stored in various formats on
GitHub, 93,596 UML models from 24,717 different reposi-
tories were automatically processed and partially manually
analysed. Of this number, 57,822 models (61.8%) were pre-
sented in image format, while the rest were presented in
xml or .uml formats.

More recent studies by F. Chen et al. (2022) showed that
73.72% of UML diagrams collected from projects on GitHub
were stored as bitmaps (PNG, JPG, BMP, GIF, etc.), while the
remaining 26.28% were stored in text format. Therefore,
since UML models are often stored as images embedded in
documents, the original versions of the model’s text format
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are easily lost. This makes it difficult to use and evolve such
models, as it becomes impossible to quickly edit, integrate,
and update them in new environments. The researchers
proposed ReSECDI, a method designed to automatically
recognise semantic elements (such as classes, relation-
ships) in UML class diagram images. Their approach uses
classical image processing technologies, including cluster-
ing rectangles and combining lines. Problems such as dif-
ferent chart resolutions and styles are solved, depending
on the tools in which these charts were created. Despite
achieving an accuracy rate of about 90%, the study focus-
es mainly on UML class diagrams and does not cover other
types of UML diagrams or broader methodological issues.

S. Shcherban et al. (2021a) developed a neural net-
work-based approach for classifying four types of UML
diagrams, including class, activity, sequence, and use case
diagrams. Their study used convolutional neural networks
(CNNs) and achieved a high accuracy of more than 90% in
classifying various types of diagrams. However, it was lim-
ited to the task of classification and did not consider the
extraction of structural or semantic elements. A. Conrardy
& J. Cabot (2024) investigated the use of large language
models to transform UML class diagrams into formal ma-
chine-readable representations such as PlantUML. Al-
though their approach was innovative, it focused only on
converting handwritten diagrams and highlighted the lim-
itations of the LLM (Large Language Model), such as the
dependence on quality hints.

M. Axt (2023) introduced SketchToPlantUML, a tool
for converting sketchy UML class diagrams to formal Plan-
tUML models using OpenCV. The tool focuses on preproc-
essing and segmenting static images, but has difficulties
with more complex relationships such as associations and
dependencies. V. Moreno et al. (2020) developed a machine
learning tool for classifying static UML diagrams from
web images. Their approach achieves 95% accuracy by us-
ing rule induction, but does not consider textual content,
which limits its capabilities for semantic analysis.

A. Koenig et al. (2023) developed NEURAL-UML, a
training framework for identifying and classifying semantic
elements in UML class diagrams. The study presented a new

annotated data set for training and evaluated the model on
complex diagrams, achieving accuracy rates of more than
90%. Statistics highlighted the importance of research in
this area and pointed out the need for efficient methods
that can automatically process, classify, and extract con-
tent from UML diagrams stored in various graphic formats.
M. Baraban et al. (2021) investigated the features of using
intelligent technologies for the problem of image recog-
nition. This is especially relevant in the context of rapid
growth in data volumes and the number of UML diagrams
that require fast and accurate analysis.

These studies focus on specific aspects of UML dia-
gram recognition, such as classification of chart types,
identification of semantic elements, or transformation
of thumbnails into formal models. However, as of the
beginning of 2025, there was no comprehensive review
of existing approaches or comprehensive analysis of key
challenges of UML diagram recognition, so the purpose
of the study was to systematise available sources and
implement a generalised analysis of UML diagram recog-
nition methods to provide a holistic vision of problems,
challenges, and trends.

The objectives of this study included:

To analyse classical image processing methods used
to recognise UML diagrams.

To overview current approaches using machine
learning and deep learning for UML diagram recognition.

To identify current trends and major challenges faced
by researchers and practitioners in the industry.

Materials and Methods

The main method of research was the analysis of 23 scien-
tific publications that were publicly available. It included
searching for relevant sources in scientific databases such
as IEEE Xplore, Springer, Scopus, Web of Science, and open
archives such as arXiv. For the selection of materials, cri-
teria such as relevance of the topic (recognition of UML di-
agrams, in particular, classification, extraction of semantic
elements, image processing), and the availability of exper-
imental data or descriptions of the methods were used. Ta-
ble 1 contains a list of papers that were considered.

Table 1. Research papers that have been considered and their subject areas

Research paper

E. Lank et al. (2000)

Subject area

B. Karasneh & M.R.V Chaudron (2013)

T. De-Wyse et al. (2018)

F. Chen et al. (2022)

Extraction of elements and recognition of UML
semantics in images

M. Axt (2023)

A. Koenig et al. (2023)

A. Conrardy & J. Cabot (2024)

T. Hammond & R. Davis (2006)
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Research paper
V. Moreno et al. (2020)

Table 1. Continued

Subject area

B. Gosala et al. (2021)

S. Shcherban et al. (2021a)

S. Shcherban et al. (2021b)

L. Wang et al. (2022)

Classification of UML diagrams

J. Hjaltason & I. Samuelsson (2014)

T. Ho-Quang et al. (2014)

M.H. Osman et al. (2018)

S. Rashid (2019)

G. Bergstrom et al. (2022)

J. Ott et al. (2019)

S.W. Munialo et al. (2020)

Other

R. Hebig et al. (2016)

M. Baraban et al. (2021)

A.7Jha (2019)
Source: compiled by the author

The study stages included several consecutive steps.
First, relevant papers were searched and collected in the
above-mentioned databases. Further, the collected papers
were grouped by area, which allowed structuring the analy-
sis. The next step was to extract key information from each
paper, such as the tasks set by the authors (classification of
UML diagrams, recognition of semantics, etc.), and the ap-
proaches to solving these problems themselves, including
dataontheaccuracy of methods,their speed,and theamount
of data used. The collected information was organised into
tables and charts for further evaluation. The final stage was
the generalisation of the obtained data to systematise ex-
isting approaches and formulate conclusions at each stage.

The classification method was used to systematise the
collected data. The publications were grouped into catego-
ries: problems solved by researchers, solution methods (in
particular, native algorithms, classical machine learning
methods, deep learning), and types of UML diagrams that
were studied. Challenges for recognising UML diagrams
were detected during the analysis of papers. Each paper
was analysed to identify key approaches, algorithms used,
and their effectiveness. In addition, the statistical analysis
method was applied. Quantitative data on the accuracy of
classification of UML diagrams, the amount of data used
for training models, and the percentage of correctly rec-
ognised semantic elements were collected. The collected
information was structured in the form of tables and dia-
grams for further analysis.

Key indicators for evaluating methods were recog-
nition accuracy, quantity, and quality of data for training
and testing, algorithm execution time (if specified by the
authors), and universality, i.e., the ability to apply meth-
ods to different types of UML diagrams, rather than just a
specific type. The methods were evaluated in three sepa-
rate groups: classical machine learning algorithms, deep
learning methods, and proprietary algorithms. In addition,
aspects such as noise resistance, variable chart styles, and

adaptability to different working conditions were consid-
ered. The chosen methodology ensured reproducibility of
the study, since all stages of data collection and analysis are
described, and all sources used have links for verification.

Results and Discussion

As part of the study, modern approaches to UML diagram
recognition were classified, including classical computer
vision algorithms, machine learning methods, and neural
networks. Special attention was paid to analysing the ef-
fectiveness of methods, their limitations, and prospects.
The main trends in the use of deep neural networks and
large language models for automating UML diagram pro-
cessing were presented.

Classification of UML diagrams by subject areas
In the field of UML diagram recognition in images, re-
searchers have focused on solving a number of problems
related to automatic processing, classification, and inter-
pretation of graphic information. Given the growing need
for tools that can effectively work with UML models stored
as images, various research initiatives are focused on creat-
ing solutions to automate these processes. The main areas
of research were classification of chart types, interpretation
and recognition of UML structural elements, and conversion
of images to formats suitable for use in design software.

Among the scientific publications available in open
sources, 23 papers were identified that dealt with the task
of recognising UML diagrams in images. Figure 1 shows the
main research areas in the field of UML diagram recogni-
tion and processing — classification and conversion of UML
images to XML (Extensible Markup Language). The rest of
the papers were difficult to group and assign to a separate
area, because they are focused on solving and researching
specific problems, such as analysing the complexity of the
system architecture or finding the model’s compliance
with standardised rules for plotting diagrams, etc.
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Figure 1. Areas of research in UML image recognition
Source: developed by the author

Classification of UML diagrams consists of determin-
ing whether an image belongs to UML diagrams, and divid-
ing diagrams into types such as classes, sequences, states,
etc. This process automates image analysis using charac-
teristics inherent in UML diagrams, including shapes, text
elements, semantic attributes, and other properties. In
general, the classification of UML images can be divided
into two types (Jha et al., 2019), in particular:

Binary classification - a classification that gives a
“yes” or “no” answer to a given question. It is used when
it is necessary to determine whether an object belongs to
a certain category. For example, in the case of UML dia-
grams, binary classification can determine whether a giv-
en image is a UML diagram.

Multiclass classification — a classification that allows
dividing objects into several different categories. In the
context of UML diagrams, multiclass classification can help
to automatically recognise which of the many UML types a
model image belongs to (for example, a class diagram, se-
quence diagram, state diagram, etc.).

Various approaches to automatic classification of UML
diagrams are presented in the scientific literature. T. Ho-
Quang et al. (2014) investigated the possibility of auto-
matic classification of UML class diagrams using image
analysis and machine learning methods. The paper offers
a set of 23 features describing the structure of diagrams,
and experiments with various classification algorithms
are performed. The researchers focus on identifying the
most informative features for recognising UML classes,
and on the need to create databases of UML diagrams,
which is the basis for academic research. S. Rashid (2019)
proposed extending methods for automatic classification
of UML diagrams by adding recognition of UML sequenc-
es. The main focus is on the development of sequence
analysis algorithms based on machine learning meth-
ods. This study is a continuation of previous research in
the field of automatic recognition of UML diagrams and
demonstrates the potential for extending classification to
other types of UML models.

V.Moreno et al.(2020) investigated the possibility of au-
tomatic classification of UML diagrams among web images
using machine learning techniques. The main contribution
of the study is the creation of a large sample of UML images,
which helped to train the model to effectively separate UML
diagrams from irrelevant graphic diagrams. The proposed
method is aimed at improving the accuracy of search en-
gines and automating the analysis of software repositories.

B. Gosala et al. (2021) presented an approach to au-
tomatic classification of UML class diagrams using deep
learning using convolutional neural networks (CNN). The
researchers considered the advantages of CNNs over clas-
sical machine learning methods and evaluated the impact
of various hyperparameters on the quality of recognition.
The proposed method provides high automation of the
UML image analysis process, but its effectiveness may de-
pend on the size and quality of the training sample. The
researchers also pointed out the limited availability of UML
diagram repositories and the importance of creating open
and high-quality repositories. J. Ott et al. (2019) reviewed
the use of low-shot learning for classifying UML diagrams,
which allows efficient training of models on small data
samples. The researchers showed that even with a limited
number of training examples, it is possible to achieve high
accuracy in classifying UML classes and sequences. The
study demonstrated the possibilities of optimising educa-
tional processes in UML image recognition.

S. Shcherban et al. (2021b) presented an approach to
multiclass classification of UML diagrams, which includes
recognition of class diagrams, sequences, activities, use
cases, and other types of UML. Deep learning was used,
namely, popular neural architectures with transfer learn-
ing. The study made a significant contribution to expand-
ing the capabilities of automatic analysis of UML diagrams,
which contributes to the creation of scalable systems for
processing software models. Since images are one of the
most common formats for storing and sharing UML dia-
grams, determining whether they belong to UML notation
and classifying them by type is an important condition
for creating specialised repositories. Manually sorting a
large number of images is a time-consuming process that
requires significant time resources. Therefore, automatic
identification of UML diagram types based on images is be-
coming particularly relevant, which leads to an increase in
research attention to image classification methods.

Convert UML images to text formats
A significant group of studies concerns automating the rec-
ognition of individual elements and the semantics of dia-
grams and converting UML images to text formats for fur-
ther use in software tools. Saving UML diagrams in image
format leads to loss of structural information, which makes
them difficult to process and integrate into software tools.
Since such images are static, they cannot be edited, which
creates difficulties in maintaining and developing software
projects. Therefore, there is a need for automated methods
for recognising UML images and converting them to text
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formats to ensure that models are saved and editable. The
following papers show that research in element recognition
and UML diagram semantics focuses on two main areas.

Recognition of hand-created UML sketches - research
aimed at transforming informal sketches into formal UML
models, which allows their further use in development.
This is important to maintain the flexibility of the design
approach, reduce the manual work of transferring sketch-
es to CASE (Computer-Aided Software Engineering) tools,
and speed up the modelling process.

Image recognition of UML diagrams created in CASE
tools — considers methods for automatically extracting
structural information from UML images used in docu-
mentation. This allows converting UML models to editable
formats, reducing information loss, and facilitating their
further processing in software systems.

E. Lank et al. (2000) proposed an interactive UML
sketch recognition system that works with electronic tab-
lets, interactive whiteboards, and the mouse. It uses a mul-
ti-level approach to segmentation and recognition of UML
graphic characters. First, general recognition of graphic
primitives is performed, then UML characters, and at the
final stage — their semantic location on the diagram. The
researchers also integrated an error correction system that
allows users to manually edit segmented elements to im-
prove recognition accuracy. A different approach was used
by T. Hammond & R. Davis (2006), who created the Tahuti
system. It uses geometric analysis techniques to automat-
ically convert UML class sketches to formal models. The
main feature of this approach is its ability to adapt to dif-
ferent drawing styles, reducing the impact of the develop-
er’s handwriting on the quality of recognition. The system
also considers the relative spatial distances between ele-
ments, which improves the accuracy of determining rela-
tionships between classes.

M. Axt (2023) proposed a method for automatic recog-
nition of UML thumbnails, based on the use of the OpenCV
library for segmenting elements, analysing relationships
between them, and converting diagrams to PlantUML for-
mat. A distinctive feature of this approach is the empha-
sis on geometric contour processing and the use of noise
filtering algorithms to improve recognition accuracy. The
method works well for well-structured sketches, but has
limitations when recognising handwritten annotations,
non-standard notation, and complex diagrams with a large
number of interrelated elements, which requires additional
manual adjustment of the results. T. De-Wyse et al. (2018)
investigated the possibility of automatic recognition of
UML sketches to extract useful information from them and
then use them in the software modelling process. The main
contribution of this paper is to investigate the relationship
between initial sketches and final UML models. By analys-
ing sketches, the system identifies the key elements that
are most important for developers, and offers their auto-
matic conversion to digital format.

A. Conrardy & J. Cabot (2024) explored the possibili-
ty of using large language models (LLMs) to automatically

generate UML diagrams from images, with a particular
focus on handwritten sketches. The paper conducted ex-
periments with various LLMs, including GPT-4V, Gemini
Pro/Ultra, and CogVLM, to evaluate their ability to con-
vert UML-class images to the appropriate PlantUML text
format. The study showed that GPT-4V performed better,
while other models had difficulties with syntactic correct-
ness of the source code and correct interpretation of class
relationships. Automatic recognition of LLM-based UML
diagrams shows the potential to speed up the modelling
process, but the results remain unstable, which requires
mandatory user involvement to correct errors.

B. Karasneh & M.R.V. Chaudron (2013) introduced
Img2UML, a system for automatically extracting UML mod-
els from images and saving them in XML format, which al-
lows editing the resulting models in CASE tools. The basic
idea is that UML models are often stored as images in doc-
umentation, which makes them impossible to edit and use
in further development. Img2UML uses image processing
techniques to detect UML classes, relationships between
them, and recognise them. It uses a segmentation algo-
rithm to detect rectangles representing classes, and OCR
(Optical Character Recognition) technologies to recognise
text labels. The main limitations of this approach are relat-
ed to difficulties in recognising diagonal lines, dependency
notation, and errors in OCR text recognition, especially in
cases of poor image quality or non-standard placement of
UML elements.

F. Chen et al. (2022) presented ReSECDI, a method for
automatic recognition of UML class diagrams from imag-
es that uses rectangle clustering to identify classes and
polyline pooling algorithms to correctly detect relation-
ships. This method is effective for high-quality images, but
its accuracy is reduced on low-resolution and non-stand-
ard UML diagrams. A. Koenig et al. (2023) presented a NEU-
RAL-UML system based on deep learning for automatic
recognition of structural elements of UML class diagrams
from images. The main focus is on categorising and localis-
ing classes, and link types (association, inheritance, aggre-
gation, etc.), which significantly improves the automated
processing of UML models. The system uses an extended
set of annotated UML diagrams to train and validate the
neural network, demonstrating high recognition accuracy.
However, the researchers note that the method has certain
limitations when working with diagrams containing unu-
sual or atypical graphic designations, and low-quality im-
ages, which may affect the accuracy of the analysis.

Specialised research areas
In addition to classifying and interpreting UML diagrams,
there are also studies that focus on highly specialised tasks
in the field of UML image recognition. These areas include
identifying design patterns, which helps to automatically
recognise standard architectural patterns, evaluating the lay-
out quality of chart elements to improve their readability, and
analysing the complexity of the system, which allows evaluat-
ing the scale and structure of software based on UML models.
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Identifying design patterns is an important task for
recognising standard architectural patterns in UML mod-
els. L. Wang et al. (2022) proposed a pattern detection
method that uses deep learning and advanced graphical in-
formation from UML diagrams. The researchers proposed
a colour UML model in which information about classes,
relationships, and other aspects is encoded using differ-
ent colours and geometric shapes. This allows turning the
problem of recognising design patterns into an image clas-
sification problem that can be solved using convolutional
neural networks.

Evaluating the layout quality of UML diagrams is an-
other area of research aimed at improving the readability
of models. G. Bergstrom et al. (2022) developed an auto-
matic method for evaluating the layout of UML classes us-
ing machine learning methods. To build the model, a sam-
ple of 600+ UML class diagrams was used, for which experts
manually assessed the quality of the layout. The automated
system analysed parameters such as the number of line in-
tersections, the length of links between classes, the uni-
formity of element placement, and other metrics that af-
fect the usability of the diagram.

Another area is the complexity analysis of UML models
to assess the scalability and structure of software. S.W. Mu-
nialo et al. (2020) proposed an automated approach to
measuring the size of service-oriented architectures (SOA)
based on UML diagrams. Their method uses deep learning
to automatically extract the characteristics of UML inter-
faces and sequential diagrams, including analysing rela-
tionships between components, classifying text labels, and
determining the level of complexity of the software archi-
tecture. The implemented tool uses OCR algorithms for
text recognition, classification algorithms for link analysis,
and neural networks to assess system complexity.

Basic approaches to recognising UML diagrams in
images include proprietary processing algorithms for
converting images to XML, classical machine learning
techniques, and deep learning techniques.

Custom processing and conversion algorithms
The UML image recognition method using its own pro-
cessing and transformation algorithms is mainly used
to interpret and recognise the semantics of UML class
diagrams for their subsequent conversion to structured
XML format. This can be traced, for example, in the pa-
pers by B. Karasneh & M.R.V. Chaudron (2013), F. Chen et
al. (2022), etc. However, it is also used at the preprocess-
ing stage to extract the characteristics used by classical
machine learning algorithms for classification problems,
which is confirmed by T. Ho-Quang et al. (2014) or J. Hjal-
tason & I. Samuelsson (2014).

Proprietary image processing algorithms are usually
based on the use of classical computer vision techniques,
such as image segmentation, contour detection, and ge-
ometric shape recognition. They allow directly detecting
UML elements, such as classes, attributes and relationships
between them, key shapes and contours (Fig. 2).

Pre-processing

Recognising class rectangles

Recognising communication lines

Defining types of connections

Text recognition

Figure 2. General algorithm of the UML class diagram
recognition software
Source: developed by the author

The implementation details and algorithms used
at each individual stage differ in different research pa-
pers. However, diagram 2 describes typical steps of the
UML class diagram recognition algorithm, which can be
considered as a generalised approach. At the first stage,
the image is pre-processed to eliminate noise that may
interfere with the accuracy of element recognition. The
second stage focuses on identifying rectangles that repre-
sent classes. Each class can have one or more rectangles
to indicate the name, attributes, and methods. To classi-
fy rectangles as components of a single class, clustering
methods are used, where rectangles are distributed in a
hierarchy: the class name is at the top, attributes are in
the middle, and methods are at the bottom.

Once classes are detected, all rectangles are removed
from the image to avoid interference when recognising
link lines. The method of combining polygonal lines rec-
ognises different types of link lines: straight and diagonal.
This helps to pinpoint the source and target class for each
link. Character recognition is used to define link types,
such as dependency, implementation, and aggregation.
This includes identifying geometric shapes that represent
the type of connection (for example, triangles for general-
isation or rhombuses for aggregation). At the final stage,
text recognition is performed in all class rectangles. This
process allows getting class names, attribute names, and
method names. After text recognition, the information is
combined with class rectangles to form a complete class
with its characteristics.

During the analysis of papers that specialised in
building their own recognition algorithms, data from the
experimental results of these studies were extracted, and
Table 2 was compiled. According to each paper, the table
contains information about the accuracy of class recog-
nition, linking, and text processing. It is worth noting
that the table contains only data from three studies, since
other studies did not provide results confirming the effec-
tiveness of their algorithms.
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Table 2. UML chart element recognition accuracy indicators

B. Karasneh ‘ég{%"' F. Chen et al. (2022) M. Axt (2023)
Classes 100% 98.62% 92%
Connections 97% 93% 84%
Text and symbols 85% not specified not specified

Source: developed by the author

Notably, the study by M. Axt (2023) could have had
lower accuracy indicators, since the problem was solved by
recognising sketches of diagrams that are created in an in-
formal form (for example, by hand or on a blackboard). This
approach had significant problems due to the uncertainty
and non-standard styles of elements in such diagrams. In-
stead, B. Karasneh & M.R.V. Chaudron (2013) and F. Chen et
al. (2022) recognised diagrams created in specialised edi-
tors, which greatly facilitated the process and improved rec-
ognition accuracy due to a well-defined element structure.

In addition, B. Karasneh & M.R.V. Chaudron (2013)
provided accuracy metrics tested on only 10 sample charts
created in a specific editor, which may limit the generalisa-
tion of the results. However, it is worth noting that among
the methods considered, only the study by B. Karasneh &
M.R.V. Chaudron (2013) contained data on the accuracy of
text character recognition, which is an important aspect
in preserving the semantics of UML diagrams. In contrast,
the accuracy specified by F. Chen et al. (2022) was tested
on 598 sample diagrams found in various open source pro-
jects. This provides more grounds for generalising the re-
sults obtained and demonstrates the stability of the meth-
odology using real-world examples of UML diagrams.

Classical machine learning methods

Classical machine learning methods are widely used to
classify UML diagrams. A common feature of classical ma-
chine learning algorithms is that they are based on the use
of predefined features to classify UML diagrams. Each of
these methods relies on extracted graphical characteristics
such as shapes, contours, element sizes, distances between
them, and their spatial location, helping to clearly identi-
fy UML classes, relationships, and other components. This
approach ensures good interpretability of the model, since
the classification process can be tracked and explained
based on the selected features.

In the research papers mentioned in Table 1 and spe-
cialising in classification using classical machine learning

methods, a common pattern that the authors use when
solving the problem of classifying UML diagrams can be
distinguished. Figure 3 shows a general approach to UML
classification experiments for class diagrams. The first step
of the process is to get an input image of the UML class
diagram. At the next stage, image processing is performed
to identify contours and shapes, recognise horizontal and
vertical lines, and identify rectangles and link lines, which
is the basis for UML connections. To avoid delays in pro-
cessing complex images, images are pre-checked before
basic processing. Next, special attributes or metrics are
defined (for example, size, area, etc.). These attributes are
calculated based on the objects identified in the previous
step and presented as numeric values. Selected features are
fed to the input of a machine learning algorithm, such as
SVM (Support Vector Machine), which was trained based
on these features to classify UML class diagrams.

UML image

Image processing

Selection of features

Classification

il

Figure 3. Experimental classification process
Source: developed by the author

The classical machine learning algorithms most com-
monly used for UML diagram classification problems are
SVM, LR (Logistic Regression), RF (Random Forests), DT
(Decision Tables), and ]84 (a subspecies of Decision Tree).
Some studies use RI (Rule Induction) and K-NN (K-Nearest
Neighbours). Table 3 shows the machine learning methods
whose accuracy data was taken from the relevant studies.

Table 3. UML diagram recognition accuracy in various studies

J48 LR DT RF SVM RI K-NN
T. Ho-Quang et al. (2014) 90% 91% 89% 93.1% 89%
J. Hjaltason & I. Samuelsson (2014) 88.65% 91.1% 89.4% 91.9% 91.5%
S. Rashid (2019) 90.8%
V. Moreno et al. (2020) 94.4%
M.H. Osman et al. (2018) 88.6% 88.9% 88.3% 90.7% 87.28% 89.1%
L. Wang et al. (2022) 91.9%

Source: developed by the author
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Comparative analysis of the classification accuracy of
UML diagrams between different studies was not performed
due to differences in experimental conditions, such as the
set of classification features, image quality, chart type, and
volume of training data. However, the Random Forests al-
gorithm stands out in three papers with accuracy results
of 93.1%, 91.9%, and 90.74%, which indicates its high ef-
ficiency in classifying UML diagrams. The highest results
of classification accuracy among all the considered papers
were achieved by V. Moreno et al. (2020), who showed that
their Rule Induction method, with the correct set of rules,
achieves an accuracy of 94.4%. This demonstrates the ad-
vantage of the Rule Induction method in the context of clas-
sifying UML diagrams, although its use may be specific to the
conditions of this experiment. In general, all the considered
algorithms provide a fairly high accuracy, reaching about
90%, so under the appropriate conditions they can be suc-
cessfully used for classification problems of UML diagrams.

Deep learning methods and neural networks
With the development of new neural network architectures,
such as CNN (Convolutional Neural Network), RNN (Recur-
rent Neural Network), Transformers, etc., there has been
a noticeable interest among researchers in applying these
methods to UML diagram recognition problems. Their ad-
vantage over classical machine learning algorithms is the
ability to automatically extract relevant features from UML
diagrams and adapt to different formats and styles.

J. Ott et al. (2019) investigated the possibility of using
low-shot learning to classify UML diagrams using CNN and
the VGG (Visual Geometry Group) architecture as a basic
comparison. However, the VGGNet method showed low
accuracy in this paper (about 50%), which did not exceed
random guessing due to the excessive number of parame-
ters and the complexity of training. Instead, using a small-
er CNN with four convolutional layers allowed achieving
70% accuracy already with 100 training examples and
almost 90% with several hundred. This highlights the ef-
fectiveness of low-shot learning in cases of limited data
for training. B. Gosala et al. (2021) applied CNN to auto-
matically classify UML-class diagrams, investigating the
effectiveness of CNN using regularisation techniques to
improve model accuracy.

In classification problems, the use of deep learn-
ing helped to rapidly move from binary classification to
multiclass classification, which expanded the ability to
recognise various types of UML diagrams and elements
in them. S. Shcherban et al. (2021a) experimented with
MobileNet, DenseNet (Densely Connected Convolutional
Network), NasNet (Neural Architecture Search Network),
ResNet (Resident Network), Inception, and its own archi-
tecture for the multiclass classification problem. In the
paper S. Shcherban et al. (2021a), the researchers indi-
cated the accuracy of algorithms when solving the prob-
lem of multiclass classification of UML diagrams. Among
the tested models, DenseNet showed the highest accura-
cy - 94.44%, followed by MobileNet with 94.22%, while

ResNet reached 93.50%. The NasNetMobile architec-
ture showed lower accuracy compared to other models —
90.21%. This suggests that DenseNet and MobileNet are
more efficient for this task, probably due to their ability
to use parameters efficiently and store important infor-
mation during deep learning.

In general, the performance indicators of these neural
network methods are quite high for UML diagram recog-
nition tasks. On average, they recognise UML in images in
more than 90% of cases. However, the researchers demon-
strated that native neural network architectures designed
specifically for a specific task provide even better results
for recognising UML diagrams in images and can reach
up to 95%. However, native architectures had significant-
ly fewer parameters (2.4 million) and demonstrated the
fastest classification time (0.0135 s/image) (Shcherban et
al., 2021a). Moreover, the researchers point out that the
disadvantage of building own neural network architecture
is its complexity. Developing a specialised architecture to
perform a specific task, such as UML diagram recognition,
requires considerable effort in designing and configuring
the model, and a deep understanding of the task features
and the data being processed.

By interpreting UML semantics, researchers can rec-
ognise individual diagram elements such as classes and
types of relationships, which helps to automate software
architecture analysis. However, there are currently no pa-
pers that solve the problem of completely converting UML
images to XML format using deep learning, which indicates
a potential area for future research. A. Koenig et al. (2023)
developed a system for recognising structural elements in
UML class diagrams using YOLOVS8 (You Only Look Once) for
semantic analysis of UML diagram images. YOLO provides
high performance for the task of recognising individual UML
elements of a class diagram, which averages 94.11%, and
the accuracy of recognising class elements reaches 98.69%.

The ability of deep learning methods to generalise and
automatically identify features for problem solving allows
researchers to go beyond typical problems. Therefore, in
addition to the problems of classifying and converting UML
images to XML, they also explore such areas as, for exam-
ple, determining the complexity of the system architecture
(Munialo et al., 2020). It is difficult to perform a compara-
tive analysis of all architectures together, because they are
used in separate studies and often solve different problems.
In addition, in each individual paper, the authors have their
own set of training data, and separate experimental condi-
tions in which the tests were conducted.

Advantages and limitations

of UML recognition methods
After considering each approach separately, it can be con-
cluded that each has its own advantages and limitations
(Table 4). Deep neural networks have shown the best re-
sults in recognising different diagrams of different types
and formats. However, they have significant computational
costs and also require a sufficient amount of marked-up
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data to train the model. Classical machine learning meth-
ods may be the best choice in situations where there are
limited resources for training neural networks, but high-
er accuracy and interpretability of the model is required,

since the layout works according to a clearly defined set of
characteristics. Proprietary algorithms remain relevant for
fast and easy processing of standard UML diagrams with-
out significant complexity in their structure.

Table 4. Advantages and limitations of UML recognition approaches

Approach Advantages Disadvantages
gltés(;trc;glggocessmg High processing speed, easy implementation | Low adaptability to complex UML diagrams

Classical machine learning adaptability

Good balance between performance and

Requires manual selection of attributes

Deep learning data

High accuracy and ability to summarise new

Requirements for computing resources, the need for a
large amount of data

Source: developed by the author

The analysis showed that deep neural networks are
slightly superior to classical machine learning methods in
the accuracy of recognising UML diagrams in the classifi-
cation problem, achieving 94-95% accuracy in the case of
DenseNet, MobileNet, ResNet, while the best classical algo-
rithms (Random Forest, Rule Induction, SVM) show results
in the range of 91-94%. However, classical methods have
the advantage of processing speed and explanatory solu-
tions, while deep neural networks provide better general-
isation capabilities and recognise more complex UML dia-
grams with variable representation styles. Thus, the choice
of UML classification approach depends on the trade-off
between accuracy, processing speed, and available comput-
ing resources, but the general trend indicates the advan-
tage of deep learning in automatic UML recognition tasks.

It was found that for the tasks of recognising individ-
ual elements and semantics of UML diagrams in images,
among the various approaches to automatic recognition
of UML diagrams, only NEURAL-UML uses deep neural
networks, while other studies are based on convention-
al image processing methods and computer vision algo-
rithms (Koenig et al., 2023). The resulting accuracy for
recognising various elements using NEURAL-UML varies
between 92.62-96.09%, while Table 2 shows the recog-
nition rates of native algorithms, the accuracy of which
varies in the range of 93-98.62% in the study by F. Chen et
al. (2022). Although ReSECDI and similar classical meth-
ods may show slightly higher accuracy rates for individual

O—DNWR UIONJ00 O

elements, NEURAL-UML has a number of important ad-
vantages. Firstly, the neural network approach is more
resistant to the diversity of UML diagram styles, in par-
ticular, to changes in fonts, element positions, and circuit
structural features. Secondly, NEURAL-UML works better
with UML diagrams that contain low-quality artefacts,
such as distortion, blurring, or poor contrast, which is a
common problem in UML images stored in bitmap format.
Thirdly, the method demonstrates a higher generalisation
ability, which allows it to work effectively with UML dia-
grams created in various software environments without
the need for significant refinement. Thus, while conven-
tional algorithms can show high accuracy under certain
controlled conditions, it is deep neural networks that
provide greater reliability, scalability, and adaptability for
automatic UML diagram recognition.

Challenges and trends for further research
Current research on recognising UML diagrams from imag-
es faces a number of technical challenges that become ob-
stacles to achieving full automation and accuracy. Despite
this, the development of new approaches and methods
allows gradually expanding the possibilities of analysing
and automating work with UML. Among the analysed pa-
pers (Table 1), several problems of UML diagram recogni-
tion can be distinguished, which are most often solved by
the researchers. Figure 4 shows those that were mentioned
more than once.

8
4 4
I I 3 3

Variety of UML Low image Limited training Effect Retraining
diagram formats quality data set of redundant
and styles elements

Figure 4. The most frequently mentioned problems with UML diagram recognition

Source: compiled by the author
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In different UML software projects, diagrams may dif-
fer not only in content, but also in styles, fonts, colours,
and element placement. This makes automatic recogni-
tion difficult, as the systems used for classification are of-
ten trained in standard styles. For example, diagrams can
have different types of arrows to indicate dependencies
or associations, or they can be created in different tools,
which adds variability that is not provided for in train-
ing models. Effective recognition requires additional al-
gorithms that can adapt to different styles or standardise
the diagrams themselves.

The quality of UML diagram images significantly affects
the performance of recognition algorithms. Low resolution,
blurry borders, background noise, or other artefacts can
cause important details to be lost. In the case of blurry or
low-quality images, the model may not correctly recognise
text names, roles, or relationships between elements. This
causes the need for image preprocessing, such as improving
contrast, eliminating noise, or even image reconstruction.

One of the most serious limitations is limited access
to large data sets containing various UML diagrams. The
small amount of training images limits the ability of mod-
els to generalise, which increases the likelihood of errors
when working with new or unusual UML diagrams. There is
also often a problem of uneven distribution between UML
chart types (for example, more class diagrams, less sequen-
tial ones), which can affect the accuracy of classification.

Real UML diagrams often contain additional elements
that may not be important for recognising a particular type
or pattern, such as comments, markers, or other graphic
labels. Such elements can “clog” the image, complicating
model analysis and reducing classification accuracy. Algo-
rithms often require first removing or ignoring such ele-
ments, which, however, requires additional resources.

Overfitting occurs when the model performs well on
the training set, but shows low accuracy on new data. This
is especially problematic with a limited data set, because
the model can “learn” the specifics of specific diagrams,
but cannot generalise knowledge to new images. Regulari-
sation techniques are often used to solve the problem, and
data augmentation strategies, but this requires additional
computational resources.

Modern research on UML diagram recognition shows
a clear evolution of methods and approaches covering the
period from classical image processing algorithms to deep
learning and the use of large language models. Early ap-
proaches were based on geometric techniques and optical
character recognition (OCR) algorithms that made allowed
extracting UML elements from scanned or digital images
(Lank et al., 2000). In the following years, the researchers
integrated machine learning techniques to classify UML
diagrams based on features extracted from graphical ob-
jects. Since 2014, there has been an active development of
methods for automatic classification of UML diagrams us-
ing machine learning technologies, in particular SVM and
Random Forest (Hjaltason & Samtelsson, 2014). In 2018,
the first papers appeared using deep neural networks to

recognise UML diagrams, including convolutional neural
networks (CNN) to extract semantic structures (Osman et
al., 2018). Recent trends in UML diagram research are re-
lated to the integration of large language models (LLM),
which allow automatic conversion of UML thumbnails into
formal models (Conrardy & Cabot, 2024).

In addition, there is an active introduction of low-shot
learning methods, which allows training models on lim-
ited data sets, as an attempt to reduce the need for large
marked-up datasets (Otts et al., 2019). The low-shot learn-
ing method has become an effective approach for teaching
UML diagram recognition models based on limited samples
of training data. The researchers proved that even with 100
training examples, 70% accuracy can be achieved, and with
several hundred — almost 90%. The study showed that a
compact CNN with four convolutional layers showed sig-
nificantly better performance in small samples than the
large VGGNet model, which highlights the importance of
adapting the architecture to the specifics of the task.

An important area is also the combination of conven-
tional machine learning and deep learning methods, which
helps to improve the accuracy of recognising UML ele-
ments in complex diagrams (Koenig et al., 2023). The use
of CNN allowed researchers to automatically extract key
graphical features of UML elements, such as class forms
and relationships between them, while SVM was used for
final classification and verification of the obtained charac-
teristics, in particular, recognition of text elements (class
names, attributes, and methods).

Most classification studies focused on only one type
of UML diagram, but noted the need to improve methods
for recognising other types. In such studies, classical ma-
chine learning algorithms were most often used, in par-
ticular, SVM (Rashid, 2019), Random Forest (Osman et
al., 2018), logistic regression (Ho-Quang et al., 2014).
However, the use of deep neural networks, such as dif-
ferent CNN architectures, allowed achieving a general-
ised approach that covers the classification of various
UML diagrams within a single model by automatically
extracting characteristics, which reduced the need for
manual feature design. Thus, studies of UML diagram
classification are gradually shifting the focus from highly
specialised approaches based on classical algorithms to
generalised solutions based on deep learning. The devel-
opment of UML diagram recognition goes through sever-
al stages-from basic geometric algorithms to modern hy-
brid methods that combine deep neural networks, large
language models, and adaptive approaches to limited
samples. Further research is likely to focus on improving
the accuracy, adaptability, and efficiency of UML diagram
recognition in real-world software environments.

Conclusions

The study confirmed the relevance and effectiveness of var-
ious methods of automatic recognition of UML diagrams,
especially for tasks of classifying, extracting elements,
and converting UML images to text format. An analysis of
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23 publications showed that 53% of studies are devoted to
classifying UML diagrams, 33% to extracting elements and
converting them to text format, and 14% to other areas.

In UML diagram classification problems, neural net-
works show the highest accuracy - up to 95%, while clas-
sical machine learning methods, such as SVM, reach 94%.
Studies show that the Random Forest method is one of
the most effective for classifying UML diagrams, reaching
93.1%, 91.9%, and 90.74% in various experiments.

In problems of extracting individual elements of UML
diagrams, proprietary computer vision algorithms show
accuracy in the range of 93-98.62%, while deep neural net-
works show accuracy in the range of 92.62-96.09%. Despite
the high accuracy of conventional algorithms under con-
trolled conditions, it is deep neural networks that provide
greater reliability, scalability, and adaptability when auto-
matically recognising UML diagrams. The main problems
in this area remain the poor quality of input images, the
limited number of annotated data sets, and the significant

Among the promising areas of further research are low-
shot learning methods, the use of large language models) for
UML diagram recognition, and combined approaches that
combine classical machine learning algorithms with deep
neural networks. Most often, researchers point out the need
to create large-scale open repositories of UML diagrams for
training models, improve algorithms for converting sketch-
es into formal UML diagrams, and develop new methods for
automatic semantic interpretation of UML models. Addition-
ally, based on the results obtained, appropriate areas for fur-
ther research are the development of self-learning methods
to improve the accuracy of recognising UML diagrams with-
out the need for a large amount of annotated data, ways to
reduce the computational complexity of algorithms for real
use in resource-dependent environments, and the develop-
ment of methods for automatic detection of anomalies in
UML diagrams to identify potential errors in models.
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ABTOMOTN3OBOHEe po3nisHaBaHHA UML piarpam
HOA 306pPONKEeHHSAX: Nigxoawu, TeHOeHLii TO BUKITUKN

Bonogumup IMosmingyk

AcmipaHT

KuiBcbkuit HallioHAAbHMUIT YHIBEPCUTET TEXHOJIOTI Ta AU3aiiHy
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AHOTOAUiA. MeTra qoctiiskeHHS MoJsiTaiia B aHalisi Ta y3araJbHeHHi CyyacHMX MeTO/iB po3misHaBaHHs UML-miarpam
Ha 306paskeHHs1X. OCHOBHA yBara OyJia pyuaiieHa aBTOMATHM30BaHOMY BIIYUEHHIO TEKCTOBUX i rpadiuHmX eleMeHTiB 3
MEeTOI0 TOAAJTBIIOT0 BiITBOPEHHS MOJIe/ieil y TeKCTOBMX hopmaTax. MeToAMKa JOCTiIsKe HHSI OXOTITIOBasIa aHaIi3 HAYKOBUX
nmy6sikariiit, o BKIOUaB 23 pob0oTH, JOCTYIMHUX Y BiIKPUTUX Askepesnax. JoctimKeHHs 30cepeKyBanocsl Ha BUBYEHHI
icHyrouUMx migxofiB M0 posmizHaBaHHST UML-nmiarpam Ha 300paskeHHSIX. AHaJli3 HayKOBUX ITy6JiKalliii mokasas, sIKi
cyuyacHi MeTonu po3mnizHaBaHHss UML-miarpam 03BoJISIIOTh AOCATTY TOUHOCTI oHaA 90 % y po3nizHaBaHHi UML-giarpam
y 306paskeHHsIX. JJOCIiKeHO TMepeBaru, ooMexkeHHsI Ta e(eKTUBHICTh KIACMIHUX aATOPUTMIB KOMIT'IOTEPHOTO 30Dy,
MAaIlMHHOTO HAaBYAHHS Ta TIMOOKUX HEPOHHMX MepeX. BCTaHOB/IEHO, IO HaiiKkpalli pe3ynbTaTu y Kiaacudikarii
3a6e31euyioTh MIMOOKI HEIPOHHI Mepeski, TOLi SIK KIIaCUUHi aJITOPUTMMU 3aJIMIIAI0THCS eDeKTUBHMUMMU IJIs iHTeprpeTaii
Ta BuIydeHHs enemeHTiB UML-niarpam. 3’sicoBaHo, 10 OCHOBHMMM HampsiMkamMu y cepu posmnizHaBaHHs UML-giarpam
€ wiacudikanis Tunis UML-giarpam, a TakOX iHTepripeTallisi Ta nepetBopeHHs UML-306paskeHb y TEeKCTOBi hopmaTil.
BusiBieHO OCHOBHI BUKJIMKM: HU3bKY SIKiCTb 300pakeHb, 0OMEXKeHiCTh HAaBYAIbHUX JAHMX i BapiaTMBHICTb hoOpMaTiB.
HaBemeHO MOXKIMBI HANPSMKMU POOGIT JJ1s1 TIONANbIINX AOCTIIKeHb, TaKi SIK CTBOPEHHST BeIMKMX aHOTOBAHMX HAOGODIB
UML-piarpam mjig HigBUILEHHS TOYHOCTI, y3araJbHEHHSI Cy4aCHMX MigXOAIB AJIs MiATPUMKMU PO3ITi3HABaHHS GibInoi
KilbKOCTi TuMiB amiarpam. PesynabTaTu po6OTM CHOPUSTUMYTh BIOCKOHAJIEHHIO TMPOIECiB aBTOMaTu3allii poboTu 3
UML-giarpamMamu, a TaKOX 3abe3reyaTb PO3yMiHHS Cy4yacHOTO CTaHy Tanysi iHdbopmaliiiHuX TeXHOJOTii Ta poO3p0oOKMU
MIPOTPaMHOTO 3abe3MeueHHs], BITKPMUBAIOUM HOBI MepCreKTUBY IS PO3BUTKY

KrnouoBi crnoBd: posmi3zHaBaHHsg 300pakeHb; KOMITIOTEPHMII 3ip; MallMHHE HaBUaHHS; IIMOOKe HaBYaHHS;
aBTOMAaTM3aIlist
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Abstract. This study explored innovative approaches to enhancing memory systems in large language models to
improve efficiency and automate software development. The primary focus was on optimising memory systems that enable
long-term context storage and facilitate model adaptation to evolving interaction conditions. The research analysed
contemporary methods of data storage and processing that enhance the ability of models to handle large volumes of
information efficiently. This included the utilisation of specialised algorithms and memory mechanisms that improve the
accuracy and adaptability of large language models in executing complex tasks. A secondary focus of the study examined
the capabilities of large language models in automating software development. It assessed how these models can generate
code, optimise it, and perform error detection. Particular attention was given to analysing the impact of automation
on software quality and development time. In this context, the study investigated the use of large language models for
automating repetitive tasks, generating tests, and implementing best programming practices. The findings indicated that
enhancing the memory systems of large language models significantly improves their efficiency in tasks requiring long-
term interaction. Integrating such models into software development processes has been shown to reduce both time and
resource expenditures while enhancing product quality. The practical significance of this study lies in the formulation of
recommendations for the optimal utilisation of large language models in the field of information technology

Keywords: contextual processing; algorithm optimisation; code generation; intelligent agents; big data processing;
automation; interaction modelling

Introduction

The modern development of artificial intelligence (AI) is
opening up new opportunities across various domains,
including software development. Large language models
(LLMs) occupy a central role in this process due to their
ability to analyse, generate, and adapt to changing condi-
tions. A crucial factor influencing the performance of these
models is the memory system. Through memory optimi-
sation, LLMs can interact effectively with users, preserve
context, and adapt to new data. This study aims to explore
innovative approaches to the utilisation of memory sys-
tems in LLMs, as well as to analyse the potential for auto-
mating software development using these models.

One of the key challenges in the operation of large
language models is the preservation of long-term context

when processing vast amounts of data. Traditional ap-
proaches to information processing often face limitations
in speed and accuracy, which impact the adaptability of
these models. W. Zhong et al. (2024) proposed the Memo-
ryBank system, which enhances the long-term memory of
language models by enabling more efficient context storage
and retrieval. This significantly improved the accuracy and
stability of models when handling lengthy texts. Innova-
tive methods such as hierarchical memory structures, dy-
namic context windows, and compression algorithms have
facilitated more efficient data storage. Q. Wu et al. (2020)
introduced Memformer, an extended memory transformer
that allows models to manage complex dependencies while
optimising memory usage.
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Another important aspect is the integration of mem-
ory with big data storage and processing. The use of dis-
tributed memory systems, cloud computing, and special-
ised hardware solutions can significantly enhance model
performance. For example, W. Kwon et al. (2023) proposed
PagedAttention, a method for efficient memory man-
agement, which reduced latency and increased the speed
of real-time data processing. S. Sagi (2024) explored
optimisation techniques for graphics processing units
(GPUs) aimed at improving the performance of LLMs,
enabling the modelling of more complex problems while
reducing computational costs. Innovations in memory
technology also create new opportunities for the devel-
opment of intelligent agents. With improved memory
systems, such agents can not only analyse data in real
time but also make informed decisions based on accu-
mulated experience.

The automation of software development is another
promising application of large language models. By lever-
aging automation capabilities such as code generation, op-
timisation, and verification, developers gain powerful tools
to reduce development time and enhance software qual-
ity. M. Schéfer et al. (2023) investigated the use of LLMs
for automated testing, demonstrating how these models
generate test scripts and verify component compatibility.
Beyond code generation, LLMs are also capable of opti-
mising code. For instance, B. Liu et al. (2024) examined the
potential of automatic software refactoring using LLMs,
highlighting their contribution to improving development
efficiency and quality. Moreover, ensuring high-quality
software solutions throughout their lifecycle is essential
for enhancing the efficiency of LLMs. As A. Shantyr (2024)
states, the use of combined quality models not only facili-
tates the assessment of software system efficiency but also
ensures compliance with established criteria throughout
the entire development process.

LLMs are capable of automatically generating code
based on specifications provided by developers. For ex-
ample, X. Jiang et al. (2024) proposed a self-scheduling
approach to code generation, enabling models to solve
complex problems with minimal user intervention. An-
other significant area is automated code testing. F.F. Xu et
al. (2022) examined the effectiveness of LLMs in generat-
ing test scenarios, highlighting their ability to detect errors
at an early stage. Additionally, Z. Zheng et al. (2025) in-
vestigated the role of LLMs in software engineering tasks,
focusing on their capacity to automate complex processes
such as design and testing. Their findings underscored the
importance of advancing memory systems in LLMs to en-
hance performance and adaptability. By integrating mod-
ern memory technologies and data processing algorithms,
these models become more effective in tasks requiring
long-term context retention and flexible interaction with
users. This has created significant opportunities for soft-
ware development automation, allowing for substantial
reductions in the time and resources required to produce
high-quality software products.

The aim of this study was to develop and evaluate in-
novative approaches to the utilisation of memory systems
in LLMs, with the objective of improving their performance
and adaptability to evolving interaction conditions. Addi-
tionally, the study explored the potential of these models
for automating software development.

Materials and Methods

To achieve the research objective, a comprehensive exper-
imental approach was developed, incorporating innovative
memory mechanisms in LLMs to optimise their perfor-
mance. The primary focus was on testing and comparing
different memory management methods, including Mem-
oryBank, Memformer, and PagedAttention, to enhance the
efficiency and accuracy of models in software development
automation scenarios. The experiments were conducted on
a high-performance computing infrastructure comprising
clusters equipped with NVIDIA A100 graphics processors,
enabling efficient data processing through parallel comput-
ing. The Amazon Web Services (AWS) cloud platform was
utilised to scale resources, integrated with local servers. This
setup facilitated the creation of a flexible environment for
handling large datasets and various model configurations.
The three selected memory mechanisms were integrat-

ed into the foundational architecture of GPT-like models:
MemoryBank, designed for long-term context storage
through a hierarchical data structure, allowing for efficient
information retention and retrieval when performing com-
plex tasks. The memory access operation can be formalised as:

m=axm, +(1-a*h*+ 3 Bxc, @)

where a € 0.1 - memory decay rate, 8, — layer-specific
weights (3 ), ¢,, - context vectors from I-th layer, h, - cur-
rent hidden state.

Memformer, a transformer with extended memory,
capable of managing complex dependencies between to-
kens, thereby improving generation accuracy and analyt-
ical capabilities. The Memformer extends standard atten-
tion with (2):

Attention(Q, K, V, M)) =
=softmax((QK"+QM)/V d) <[V ; M, ], @)

where M, is the persistent memory at time t, updated ac-
cording to (3):

Mt + 1=f(Mt1 Xt: At)) (3)

where f being a learnable update function, X, the current
input, and A, the attention matrix.

PagedAttention, a dynamic memory management
approach that loads only relevant contextual data, opti-
mising processing speed. The paged attention mechanism
computes attention scores as:

Ay= (@D /(3, € P(i) €@V D), i fj € P(0)0, otherwise, (4)
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where P(i) represents the set of token indices in pages
relevant to token i, determined by a relevance function
such that (5):

P(i)=j v relevance(i, j) > 6, (5)

where 6 being a configurable relevance threshold.

To evaluate effectiveness, a test dataset comprising
10,000 diverse queries was created. This dataset included:
generating text responses to short queries; creating large
code segments in Python and C++; long-term interaction
tasks where the query context exceeded 10,000 tokens. The
performance and efficiency of the models were assessed
using the following metrics: latency, measured in millisec-
onds to determine model response speed; tokens per Sec-
ond (TPS), which assessed the number of tokens processed

1 2
Technical Specification
» LLMs received
functional requirements

» Generated code from
specifications

« Evaluated initial code quality

Automated Testing

» Test script generation

» Logical error detection

« Syntax error identification

per second; accuracy, measuring the proportion of correct
responses or generated code that met predefined require-
ments; memory Usage, indicating the amount of memory
consumed by the model during task execution.

The experimental procedure comprised three main
stages. At the first stage, the models were provided with a
technical specification detailing functional and non-func-
tional requirements. The task was to generate code that
fully met these specifications from the outset. At the sec-
ond stage, automated testing was conducted, where the
models generated test scripts to verify the code, assessing
their ability to detect logical and syntactic errors. At the
third stage, existing code bases were refactored to identify
duplication, detect complex logical conditions, and opti-
mise the overall structure (Fig. 1).

3
Code Refactoring

» Code duplication detection
» Complex logic simplification

« Structure optimization

Figure 1. Experimental procedure for model evaluation

Source: compiled by the author

The results of the experiments were analysed using
statistical tests, including the t-test to compare the mean
values of performance metrics across different memory
configurations. The t-test statistic was calculated using (6):

=& -%) NV [(s,/n)+ (s, /n)], (©6)

where ¥, and X, are the means of the compared memory
configurations, s %, s,* are their variances, and n,, n, are the
sample sizes. Results were considered statistically signifi-
cant at p <0.05, representing a 95% confidence level. Ad-
ditionally, a qualitative analysis of long-term interactions
was carried out, involving manual error coding and an eval-
uation of the contextual relevance of responses. The pro-
posed methodology enabled a comprehensive assessment
of the impact of innovative memory mechanisms on the ef-
ficiency of large language models, providing a foundation
for their further optimisation and practical application in
software development automation.

Results and Discussion

The impact of advanced memory systems on LLM
performance. The findings of this study indicate that in-
novative memory mechanisms significantly enhance key
performance metrics of LLMs. During the experiments,
three approaches to memory organisation — Memo-
ryBank, Memformer, and PagedAttention — were tested
against the baseline model, which did not incorporate
additional optimisations. The evaluation focused on
four key parameters: response time (Latency) in seconds,
throughput (Tokens per Second, TPS), where TPS=Num-
berOfTokens/Time, accuracy (Accuracy) percentage,
which shows the correct answers, and total memory con-
sumption (Memory Usage). The results demonstrated
a clear advantage for models equipped with advanced
memory mechanisms. Table 1 presents the average per-
formance metrics for the baseline LLM configuration
alongside each of the three approaches.

Table 1. Comparative performance indicators of LLM with different memory systems

LLM configuration Latency (Mc) TPS Accuracy (%) Memory usage (GB)
Basic 145 1,800 82 12
MemoryBank 100 2,200 88 10
Memformer 90 2,400 90 11
PagedAttention 85 2,500 91 9

Source: created by the author

As can be seen from Table 1, PagedAttention showed
the best results: the model with this mechanism had the
lowest response time (Latency = 85 ms) and the highest

accuracy (91%). Memformer was a close competitor,
showing a slightly higher response time (90 ms) and
TPS at 2,400. At the same time, MemoryBank showed an
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improvement compared to the baseline version, but was
still slightly inferior in speed to the other two options.

The next step was to study long-term interaction, when
the query context exceeded 10,000 tokens. This scenario
simulates situations in which the model has to “remem-
ber” a large amount of information from previous mes-
sages or code fragments. The results showed an advantage
for all three improved memory systems. PagedAttention
again showed the highest efficiency, reducing the time to
search for relevant context by 35% compared to the base-
line method. Memformer and MemoryBank also proved
to be significantly more efficient, providing 20-30% fast-
er response times. At the same time, PagedAttention was
distinguished by dynamically “loading” only those pages of
context that are needed for current processing, which gave
it an advantage over hierarchical or segmented methods. In
addition to quantitative indicators, the quality of the mod-
els’ responses in the long-term mode was evaluated. Page-
dAttention demonstrated the highest rate of correct ref-
erence to the previous context (92%), as well as error-free
consideration of changes made to the original data. Mem-
former had about 89% of correct responses, while in certain
scenarios losing small details implicitly mentioned in pre-
vious queries. MemoryBank (85%) showed a good ability to
combine different data segments in complex questions, but
sometimes mistakenly ignored secondary information if it
was located outside the main “window” of memory.

Thus, these new methods not only accelerated data
processing but also enhanced the ability of models to main-
tain and update long-term context — an essential factor in
tasks involving a large number of interconnected steps.
Contemporary research indicates that the integration of
extended memory mechanisms significantly improves the
performance of LLMs, influencing both inference speed
and response quality. By preserving intermediate states
during data processing, models can rapidly revisit previ-
ously obtained results and refine them without the need to
recompute all steps from the beginning.

U. Antero et al. (2024) highlighted that LLMs equipped
with sufficient memory capacity can perform automatic
code generation and verification more effectively, as they
retain logical connections and can reuse previously gen-
erated fragments. This capability is particularly valuable
when tasks require an analysis of a long history of chang-
es or the broader context of a project. Similarly, B. Kim et
al. (2024) noted that reducing memory access latency is a
critical factor in determining overall model performance.
Optimising memory architecture enables reduced process-
ing time, even in scenarios involving a high degree of par-
allel operations. Furthermore, Z.R.K. Rostam et al. (2024)
demonstrated that a well-configured memory system can
significantly accelerate both training and inference, which
is especially crucial for resource-intensive models.

Additionally, D. Nguyen et al. (2024) proposed an ap-
proach in which the use of larger mini-batches, combined
with optimised GPU allocation procedures, enhances

training efficiency. They emphasised that memory mech-
anisms play a crucial role in preventing the duplication of
effort when processing similar fragments. Another strong
argument in favour of extended memory is its ability to
accurately track logical dependencies within code. R. He et
al. (2024) highlighted that such an approach is particularly
important in the development of complex software solu-
tions, where each module depends on data or logic from
preceding components. Similarly, G. Marvin et al. (2024)
noted that effective prompt engineering is directly influ-
enced by the model’s capacity to retain context. The great-
er the relevance and accuracy of recalled information, the
more precise and coherent the responses.

However, 1. Ozkaya (2023) warned that if a model’s
memory becomes cluttered with unnecessary or irrelevant
information, accuracy may decline. Therefore, implement-
ing a mechanism for filtering or selectively “forgetting” re-
dundant data is essential. Many contemporary approaches
incorporate memory-cleaning algorithms or recursive re-
finement techniques to ensure that only the most relevant
details remain in focus. Finally, G. Dolcetti et al. (2024)
emphasised the importance of feedback from testing and
static analysis. They argued that if a model retains the out-
comes of previous attempts and learns from them, it can it-
eratively improve code generation accuracy and accelerate
error correction. This further underscores the critical role
of well-structured memory mechanisms in enabling LLMs
to operate effectively in complex scenarios.

Software development automation: Results of innova-
tive approaches. The second phase of the study focused
on analysing the impact of advanced memory systems on
the ability of LLMs to automate software development. A
series of experiments was conducted in which the models
generated code in Python and C++, automatically created
test scripts, and refactored existing modules in accordance
with best practices.

Initially, each model was provided with a technical
specification detailing both functional and non-function-
al requirements. The task was to generate fully functional
code based on these specifications. To evaluate the results,
two key criteria were considered. The time (in seconds)
required to generate a working prototype. The percent-
age of generated code that met all requirements without
further corrections To facilitate comparison, a graph was
constructed in which the bars represent the proportion of
correctly generated code, while the line indicates the gen-
eration time (Fig. 2).

In the field of software engineering, advanced LLM
memory enables a significant increase in automation
across all stages of development - from the initial formula-
tion of requirements to the refactoring of large code bases.
To effectively interact with code or technical documen-
tation, a model must be capable of “understanding” and
maintaining focus on the context of multiple diverse files,
sometimes even across different programming languages.
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Figure 2. Comparing the efficiency of code generation with different memory systems

Source: created by the author

According to the findings of M.K. Gormez et al. (2024),
LLMs equipped with advanced memory systems can rap-
idly generate prototypes while simultaneously producing
test scenarios that cover the most critical aspects of func-
tionality. This capability allows for the early detection and
resolution of vulnerabilities during development. Addi-
tionally, R. He et al. (2024) observed that memory support
enhances the model’s ability to resolve conflicts between
different project components, particularly in cases where
modifications to one module may introduce issues in an-
other. If an LLM retains an understanding of the logic and
structure of all modules, it becomes significantly more ef-
fective in identifying compromise solutions. At the same
time, G. Dolcetti et al. (2024) emphasised the effectiveness
of feedback mechanisms: when a detected error is recorded
in the model’s memory, it is accounted for in subsequent
code generation attempts, thereby substantially reducing
the recurrence of similar shortcomings. Another crucial
aspect is the ability of LLMs to generate unit tests and

integration tests. As part of the experiment, the models
were tasked with independently developing test scripts to
verify the compliance of the source code with its specifica-
tions. In addition to evaluating the speed of test genera-
tion, the experiment measured the percentage of detected
logical and syntactic errors that had been intentionally
introduced into the source code. The results showed that
PagedAttention successfully generated adequate tests for
94% of functions, detecting 87% of errors. Memformer
achieved comparable results, with 90% of tests deemed
adequate and 85% of defects detected. Meanwhile, Mem-
oryBank demonstrated slightly lower performance, with
87% of adequate tests and an 82% error detection rate. The
baseline LLM configuration, in contrast, identified only
75% of artificial errors and required significantly more
time to generate test scripts. Beyond test generation, the
models also analysed existing projects for code duplica-
tion, complex logical checks, and anti-patterns. Table 2
presents a summary of the refactoring results.

Table 2. Comparing code refactoring results

LLM configuration Duplication reduction (%) Comp:)ixrigil(:g‘:(ilrrclff:;ii(tjgr(lr;;lmber Recommended patterns (pcs.)
Basic 15 8 2
MemoryBank 30 13 5
Memformer 35 15 6
PagedAttention 40 18 7

Source: created by the author

PagedAttention proved to be the most effective in re-
ducing code duplication (by 40%) and in suggesting design
patterns, while Memformer and MemoryBank also signif-
icantly outperformed the baseline model. This result can
be attributed to the extended memory capabilities, which
allow the model to retain a larger portion of the code in
focus, quickly analyse its structure, and propose improve-
ments without losing context. Refactoring often requires
consideration of global dependencies between modules,
and in this regard, PagedAttention demonstrated the
greatest flexibility, as it dynamically loaded only the rele-
vant “pages” of data.

Contextual extension also plays a crucial role.
A.N.T. Dieu et al. (2024) demonstrated how a model can dy-
namically access the history of interactions, including past
testing and code reviews. This capability is particularly
useful for quickly adapting to changes in requirements or
resolving logical inconsistencies. Similar approaches have
been proposed by K. Wu (2024), and J. Park & H. Sung (2023),
who focused on runtime optimisation. Their research high-
lights that during GPU-based code generation, the model
can load only the relevant portion of the context, thereby
improving processing speed and reducing memory over-
head. Meanwhile, Y. Bajaj & M.K. Samal (2023) suggested
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using LLMs for semi-automatic test generation, where the
model, by retaining an understanding of the code struc-
ture, can immediately identify common logical pitfalls.

This approach is particularly relevant for Continuous
Integration/Continuous Delivery (CI/CD) pipelines. Ac-
cording to X. Hou et al. (2024), an LLM integrated into CI/
CD workflows can validate key functional components with
each new commit, referencing the history of successful and
failed results to enhance software reliability. In turn, S. Jal-
il (2023) highlighted that such automated scenarios are be-
coming increasingly important in complex projects char-
acterised by a high frequency of changes. The integration
of memory enables LLMs to retain key contextual informa-
tion and adapt more rapidly to evolving conditions. This
approach, as emphasised by N. van Viet & N. Vinh (2024),
forms the foundation for intelligent systems capable of in-
dependently determining development or testing priorities.

Finally, R. Hoda et al. (2023) introduced the concept
of “Augmented Agile”, in which an LLM with an advanced
memory mechanism effectively becomes part of the devel-
opment team, assisting in operational decision-making re-
lated to task distribution and code structure. This marks
a significant shift in software development, reducing the
burden on engineers by automating routine error detec-
tion and resolution. Overall, the findings from the sec-
ond phase of the study confirmed that optimised memory
systems substantially enhance the capabilities of LLMs in
automating software development — from code generation
and testing to comprehensive refactoring. This opens up
the prospect of integrating such models into Continuous
Integration (CI) and Continuous Delivery (CD) pipelines,
where they could autonomously handle a significant por-
tion of routine tasks, thereby accelerating release cycles
and reducing the risk of errors.

Comparative analysis and prospects for use. Based
on the data obtained, several general conclusions can be
drawn regarding the effectiveness of each of the examined
approaches and their potential applications in real-world
conditions. First, all three memory systems — MemoryBank,
Memformer, and PagedAttention — demonstrated superior
performance compared to the baseline LLM. According to
the metrics presented, these systems achieve 30-40% fast-
er data processing and 6-9% higher accuracy, which is par-
ticularly critical for scenarios requiring stable handling of
large contexts or long-term interaction with users.

Among these systems, PagedAttention exhibited the
best balance between speed and accuracy. Due to its abil-
ity to dynamically “load” context pages, it achieved the
lowest latency while maintaining high accuracy (91%). It
also outperformed other approaches in refactoring tasks,
as it efficiently analysed complex project structures and
suggested design patterns. Memformer proved particu-
larly effective in complex, multi-layered scenarios, where
projects contain multiple levels of logical dependencies
and large datasets. Its hierarchical model scales effec-
tively while maintaining high accuracy (90%), though its

implementation is more complex and may be excessive
for simpler applications. Conversely, MemoryBank is most
suitable for medium-sized or segmented projects. While
it lags slightly behind the other two approaches in overall
performance, it stands out for its ease of implementation
and flexibility in managing individual data blocks. This
makes it an ideal choice for small teams or projects requir-
ing rapid deployment without unnecessary complexity.

Comparing MemoryBank, Memformer, and PagedAt-
tention with the baseline LLM, all three memory mecha-
nisms demonstrate significant improvements in perfor-
mance and accuracy, particularly when handling large
contexts or highly interconnected tasks. However, each
approach has distinct advantages, making it more suitable
for specific scenarios. PagedAttention dynamically “loads”
only the necessary pages of information, optimising ef-
ficiency and reducing processing overhead. Memformer
scales effectively in complex scenarios involving multiple
logical dependencies. MemoryBank is easier to implement
and well-suited for small to medium-sized projects that re-
quire flexible memory management.

It is worth noting that X. Hou et al. (2024) highlighted
the versatility of long-term memory mechanisms, noting
that they are beneficial not only for code generation but
also for adaptive documentation analysis and project his-
tory management. According to S. Jalil (2023), LLMs that
account for previous changes and specifications serve
as integrators between different development team de-
partments, facilitating better cross-team collaboration.
Meanwhile, N. van Viet & N. Vinh (2024) observed that
the scaling and advancement of memory architectures
has paved the way for self-optimising systems capable of
monitoring design changes and autonomously suggest-
ing improvements. F. Chalumeau et al. (2024) further de-
scribed how innovative memory methods are particularly
valuable for addressing combinatorial explosion prob-
lems, where the model must track and manage multiple
intermediate states simultaneously.

Further efficiency gains are also linked to advance-
ments in hardware solutions. L.A.S. Julien et al. (2023)
highlighted the emergence of enhanced chips and mem-
ory devices, which have simultaneously reduced power
consumption and accelerated data processing. J. Cheng et
al. (2021) emphasised the importance of efficient memo-
ry allocation in multi-threaded code synthesis environ-
ments, where multiple program segments may need to
access shared memory areas within the model. According
to M. Alenezi & M. Akour (2025), these advancements
offer not only technical but also economic benefits, ena-
bling companies to release updates more quickly and re-
duce long-term maintenance costs. It is also worth noting
how memory mechanisms facilitate applications beyond
text-based tasks. M. Zhu et al. (2019) demonstrated that in
generative image modelling (DM-GAN), dynamic memory
improves the alignment between textual descriptions and
visual outputs. By analogy, in software engineering, simi-
lar concepts enable the integration of diverse data types,
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including code fragments, UML diagrams, and technical
documentation, thereby enhancing project coherence and
facilitating multi-modal processing.

Additionally, J. Cruz-Benito et al. (2019) observed
that extended memory mechanisms significantly enhance
the accuracy of code autocompletion. When a model can
reference the global structure of a project, the number of
logical errors and incorrect recommendations is substan-
tially reduced. Concluding the review, Z. Lyu et al. (2025)
introduced the Top Pass technique, which combines rank-
ing of the best results with a memory mechanism. This
approach enables the model to rapidly filter potential an-
swers, discarding the least relevant options and refining
its outputs more effectively.

Thus, the prospects for integrating innovative memory
systems into LLMs are extensive, ranging from enhancing
productivity and accuracy to improving integration with-
in development workflows. By retaining and adaptively
managing context, these models become more flexible and
versatile, enabling them to handle increasingly complex
tasks in dynamic and continuously evolving environments.
The findings of this study confirm that innovative memory
systems significantly enhance both the performance and
flexibility of large language models. With improved long-
term context management, LLMs are evolving into power-
ful tools for automating software development, capable of
independently generating code, testing it, and suggesting
optimisations. Among the tested approaches, PagedAtten-
tion delivered the best overall performance, though the
choice of a specific memory mechanism depends on fac-
tors such as project scale, complexity, speed requirements,
memory constraints, and ease of implementation. Looking
ahead, these technologies are poised to become industry
standards, fostering more effective collaboration between
humans and Al and laying the groundwork for further in-
novations in software engineering.

Conclusions

The findings of this study confirmed the high efficiency
of innovative memory management approaches in LLMs,

handling a large number of interconnected actions. The
implementation of MemoryBank improved long-term con-
text processing through its efficient hierarchical memory
structure, leading to reduced latency and greater accuracy
in complex tasks. Memformer demonstrated high effective-
ness in scenarios involving complex dependencies between
tokens, enabling deeper context analysis and more precise
generation. PagedAttention, in turn, outperformed other
approaches in key metrics, achieving the highest data pro-
cessing speed and optimal memory usage by dynamically
loading only relevant data.

In the domain of software development automation,
the study highlighted the potential of LLMs in executing
a broad spectrum of tasks, from code generation and test
script creation to refactoring existing software modules.
The integration of advanced memory mechanisms signif-
icantly reduced development time while improving code
quality, minimising both logical and syntactic errors. The
use of PagedAttention in CI/CD processes proved particu-
larly promising, as its dynamic context management opti-
mised the code testing and verification pipeline.

Overall, the study confirmed that enhancing memory
systems not only improves the performance and accuracy
of large language models but also expands their potential
applications. Further research in this field could explore
the integration of LLMs into multi-component systems
that support decision-making across various sectors, from
medicine to financial analytics. In particular, advance-
ments in technologies similar to PagedAttention could
lay the foundation for new solutions prioritising scalabil-
ity, adaptability, and efficiency. Innovative memory man-
agement approaches have the potential to become the de
facto industry standard, enabling fast, precise, and effi-
cient problem-solving across a wide range of complexities.
These developments could fundamentally reshape the way
data is processed and software is developed, unlocking new
opportunities for automation, personalisation, and seam-
less integration into existing workflows.
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AHoOTAUIA. Lle nociaKeHHS pO3I/IsSAaI0 iHHOBALi/HI TiAX01M 10 BAOCKOHAJIEHHS CUCTEM IIaM SITi Y BeIMKIX MOBHUX
MOJeJSIX IJisl MigBUIeHHsST epeKTMBHOCTI Ta aBTOMaTK3allii po3pobKyu mporpamHoro 3abesmneyeHHsi. OCHOBHA yBara
MpUAiIsiIacs oNnTuMisaliii cucreM mmam’siti, siki 3a6e31euyioTh JOBTOTpMBaje 36epiraHHsI KOHTEKCTY Ta IOJIETIIYIOTh
ajanraiilo Moaeni 40 MiHAMBUX YMOB B3aemMopii. Y mocCigkeHHi MpoaHaai3oBaHO cydyacHi MeToay 36epiraHHsl Ta
006pO6KY AaHUX, SIKi MiABUIIYIOTH 3JaTHICTh Mojiesieit eeKTMBHO 06po6IsTI BenuKi o6csiry iHdopmaliii. Lle BKoyamo
BUKOPUCTAHHSI CIeliaji3oBaHMX aJrOPUTMIB i MexaHi3MiB Mmam’aTi, SKi MigBUIIYIOTh TOUHICTh i aganTUBHICTh
BEJIMKMX MOBHMX MOJ€JIeil MpY BUKOHAHHI CKIaAHMUX 3aBAaHb. [IPyTMM HAIPSIMKOM AOCTiIKeHHSI 6Y/I0 BUBUYEHHS
MOKJIMBOCTEJ BEJIMKMX MOBHUMX MOJIeJieil B aBTOMaTu3allii po3po6Ku rporpaMHoro 3abesmnevyenHs. OmiHOBaIOC, IK
1Ii Mozesi MOKYTh TeHepyBaTu KO, ONITUMi3yBaTu 0TO Ta BUSIBJISTY TOMWIKK. OCOBIMBY yBary nMpuiijeHo aHalizy
BIUIMBY aBTOMAaTHK3allii Ha SKiCTh IPOTPAaMHOTO 3a0e3IevyeHHs Ta Yac po3poOKu. Y 1bOMY KOHTEKCTI JOCITiIKEeHHS
BUBYAJO BUKOPUCTAHHS MOJeJieit BeIMKMX MOB [Jjis aBTOMAaTu3allii MOBTOPIOBAHUX 3aBJaHb, TeHepallii TecTiB Ta
BIIPOBA/I)KeHHS HaliKpalux MpakTUK IporpamMmyBaHHs. OTpuMaHi pe3yJbTaTy CBiIUMIM IIPO Te, 10 TOKPaIlleHHS CUCTeM
MaM’sITi BEIMKUX MOBHUX MOJeIeli 3HAYHO MigBUIIYE iXHI0 e(peKTUBHICTh Y 3a/1aUax, M0 MOTPe6yI0Th JOBrOTPUBAIOL
B3aeMogii. [TokasaHo, O iHTerpalisi Takux MojeJieil y mpoiecy po3poOKu MPOorpaMHOro 3abes3neyeHHs IT03BOJISIE
CKOPOTUTYU BUTPATU YaCy Ta pecypciB Mpy 0JHOUACHOMY MifBUILeHHI SIKOCTi MPOAYKTY. [IpakTUYHA 3HAUYIIiCTh IIbOTO
IOCTiIKeHHS Tosirae y GopMy/TI0BaHHI peKoMeHalliii o0 ONTUMAaIbHOTO BUKOPUCTAHHS MOJe/iell BeJIMKUX MOB
y cepi iHbopMaIiiTHUX TEXHOJOTi i

KrnrouoBi C/1OBA: KoHTeKCTHA 06p06Ka; ONTMMI3allis aTOPUTMIB; TeHepallis KOoy; iHTeleKTyalbHi areHTu; 06podKka
BEJIMKUX JaHMX; aBTOMaTK3allisi; MOJel0BaHHs B3a€MOZi
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Abstract. In pharmaceutical practice, glass containers are subject to mandatory cleaning before filling. The presence
of dust, microorganisms or other contaminants significantly affects the quality of the medicinal product, in particular,
reducing its effectiveness. Proper preparation of containers ensures the safety of medicines and their preservation
throughout the entire shelf life. The purpose of the study was to evaluate the effectiveness of glass vial preparation on
an automatic washing machine as part of qualification tests to confirm its compliance with production standards. The
preparation of vials for bottling included disinfection, soaking, rinsing, washing, drying, depyrogenation, and sterilisation
using automated washing machines. Site Acceptance Tests ensured that the equipment worked properly after installation.
They included an analysis of the technical documentation, parameters of communication systems and control units of
the washing machine. Residual contaminants such as sodium chloride, alkalis, and riboflavin were tested to assess the
efficiency of the washing process. Based on the results, a seven-step procedure was defined, which included ultrasonic
cleaning, rinsing with purified water, and a final rinse with injection water. These cycles have proven to be effective in the
preparation of sterile drug containers. Recommendations for optimising process parameters, such as duration, temperature,
chemical composition, and mechanical action, have helped to maximise productivity and minimise maintenance costs.
A modern approach in compliance with international ISO standards ensured the high quality of vial preparation. The
automated washing machine proved its efficiency, optimised the cleaning process, reduced the risk of contamination, and
guaranteed the reliability of packaging preparation for sterile medicines
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Introduction

Modern pharmaceutical developments are focused on en-
suring the safety and high quality of parenteral medicines
and biopharmaceuticals. One of the key stages in this pro-
cess is the preparation of containers for sterile products.
Proper treatment of the containers helped to reduce the
risk of contamination and ensure that the quality of the
products is maintained throughout their shelf life. In the
context of the implementation of GMP principles and cost
optimisation in the Ukrainian pharmaceutical industry,
the study of validation and qualification of equipment for
washing, drying, and depyrogenising containers has be-
come particularly relevant. However, the scientific liter-
ature insufficiently covers the aspects of acceptance test-
ing (AT), which leads to gaps in theoretical knowledge and
practical application.

Innovative developments in the pharmaceutical in-
dustry use processes such as aseptic manufacturing to
ensure the safety and high quality of parenteral products
and biopharmaceuticals for patients with various medical
conditions. K. Sampathkumar & B.A. Kerwin (2024) not-
ed that to accelerate development, ensure compatibility
between formulation and storage container, and reduce
production costs, pharmaceutical companies can use pre-
defined container/sealant systems that are compatible
and prequalified for use with filling lines at manufacturing
sites. S. Panighello & G. Pintori (2024) highlighted that the
pharmaceutical industry depends on reliable and efficient
packaging to ensure the integrity, safety and efficacy of its
products, and glass packaging has long been a key materi-
al in pharmaceutical packaging. In pharmaceutical practice,
glass containers must be washed before being filled with the
drug. The presence of dust, pathogens, and other contam-
inants can significantly affect the quality of the medicinal
product, reducing its effectiveness. The proper prepara-
tion of pharmaceutical containers should ensure the safety
and quality of the product throughout the entire shelf life.

S. Yoneda et al. (2021) noted that containers supplied
by manufacturers, even if they are manufactured to high
quality standards, may contain various particles that need
to be removed before filling. Therefore, containers intend-
ed for sterile products are handled differently depending
on the material and type of product being prepared. F. Liu
& R. Hutchinson (2024) highlighted that the presence of
particles, endotoxins, and chemical contaminants in par-
enteral medicinal products (PMPs) poses a significant risk
to the safety and efficacy of the product. Even if containers
are manufactured to high standards, they may still con-
tain particles that need to be removed before filling. These
contaminants, if not removed properly, can lead to serious
adverse reactions in patients. Therefore, sterile product
containers must be handled with great care, considering
factors such as the material and type of product being pre-
pared. Effective removal of particles is essential to ensure
the safety of both humans and animals, which underlines
the need for strict quality control in the preparation and
handling of these products.

Researchers F. Jameel et al. (2021) also noted that ad-
ditionally, during the drying and depyrogenation stages of
vial preparation and washing, static charges can form on
the surface of vials, potentially affecting dosing during
filling, mechanical visible and invisible particles, surface
changes in curved glass vials, coating failure, alkali deple-
tion in the glass structure, and alkali ingress into the drug
product environment.

Researcher W.G. Lindboe (2021) studied the evolution
of approaches to container preparation inspection in the
pharmaceutical industry. He noted that these approaches
have undergone significant changes, from convention-
al methods to innovative solutions driven by advances in
technology and the type and level of contamination of con-
tainers. In his paper, W.G. Lindboe described in detail the
stages of vial preparation, which may include disinfection,
soaking, rinsing, washing, drying, depyrogenation, and
sterilisation. The researcher paid special attention to the
use of automated washing machines, which significantly
increase the efficiency and accuracy of these processes.

The selection of appropriate pharmaceutical equip-
ment for the preparation of sterile product containers and
the proper qualification of washing machines are necessary
steps to ensure and guarantee the quality of sterile and
parenteral medicines and biopharmaceuticals for patients
with various medical conditions. Washing and sterilisation
(depyrogenation) machines for containers are among the
pharmaceutical equipment that requires qualification —
documentary evidence that a particular equipment works
correctly, reproducibly, and produces the expected results.

The authors 0.0. Saliy et al. (2019) emphasised that
the pharmaceutical industry, where GMP principles are
mandatory, is also gradually moving to lean manufac-
turing. In the context of the current Ukrainian economy,
this approach is aimed at reducing operating costs while
maintaining the proper quality of medicines. Y. Chen et
al. (2023) also noted that the development of a combined
and optimisation approach to minimise energy consump-
tion while maintaining product quality will lead to improv-
ing energy efficiency and reduce the cost of qualification
studies without adversely affecting production or product
quality. According to FDA recommendations, “containers
and closures for drugs must be clean and, if required by the
nature of the product, sterilised and treated to eliminate
pyrogenic properties to ensure fitness for intended use”
(U.S. Food and Drug Administration, 2024).

Site Acceptance Tests (SAT) are a critical quality
management stage conducted “on-site.” Testing occurs
when a washing machine is accepted at its site. These
final tests are essential as they confirm the washing ma-
chine’s performance after installation and adjustment,
ensuring it is functional as a complete unit. Scientific
literature has scarcely covered approaches, best prac-
tices, results, and challenges in qualification testing of
pharmaceutical equipment, including washing, sterilisa-
tion, and depyrogenation machines for glass containers,
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particularly at the SAT acceptance stage at pharmaceuti-
cal production sites.

The purpose of this study was to conduct SAT qualifi-
cation studies for a pharmaceutical vial washer designed
for sterile formulations.

Materials and Methods

The study was conducted at a pharmaceutical enterprise
Ukraine equipped with a new line for washing, sterilising,
and depyrogenating glass vials for sterile formulations
manufactured by Ambica Pharma Machines Pvt. Ltd, In-
dia. The line included a vial washing machine and a steri-
lisation/depyrogenation tunnel. Depyrogenation methods,
such as heating tunnels, address pyrogenicity issues, but
residual particles, endotoxins, and chemical contami-
nants may cause adverse reactions in humans or animals.
Therefore, vial washing machines are identified as critical
devices, and validation qualification studies, conducted ac-
cording to available guidelines such as EU GMP Annex 15
(European Commission, 2013-2014), are essential for their
effective and compliant operation.

Studies on SAT stage:

Visual inspection. The analysis of the documentation includ-
edacheckDesign specifications, Electrical Wiring Diagrams,
Installation Instructions, Operation Manual and Functional
Specifications, Maintenance Instructions, Material Certifi-
cates, IQ Protocol, OQ Protocol, FAT Protocol and Report,
SAT Protocol, Instructions for Key Machine Components,
Functional Specification, Equipment Design Specifica-
tions, Supplier test documents, Cleaning Instructions. The
enterprise carried out a check of the connection of systems
and identification of control points to confirm compliance
of the equipment with technical specifications (EU guide-
lines for good manufacturing practice..., 2015). Acceptance
criteria: Compliance with user requirements specifica-
tion (URS) and purpose of application (Shoturma, 2024).

Qualification studies were performed on an automated
linear continuous-motion washing machine, where vials
undergo various cleaning stages, including pre-washing,
main washing, and rinsing. ISO 8362-1 Type I 100R glass
vials with a 20 mm neck diameter, manufactured by Bormi-
oli Pharma S.p.A., Italy, were used for tests.

Washing and preparation process for vials for sterile
formulations. The automatic vial washing machine was de-
signed for external and internal cleaning of glass cylindri-
cal containers with volumes of 50 and 100 ml. Vials, packed
in polyethylene wrapping, were transported to a “D”-class
cleanroom where the washing machine and sterilisation/
depyrogenation tunnel were installed. Vials were unpacked
and placed on the feed tray/conveyor of the washing ma-
chine, from where they were transported to the wash-
ing zone and underwent all stages of cleaning including:
Ultrasonic cleaning; Washing with recirculated water;
Washing with purified water (PW); Final rinsing with wa-
ter for injection (WFI). The vials were unloaded from the
washing machine and transported via a conveyor to the

sterilisation/depyrogenation tunnel, where they under-
went the following sterilisation stages: preheating — wet
vials were preheated and dried; sterilisation/depyrogena-
tion: the vials were exposed to high temperatures to ensure
sterility and the removal of pyrogens; cooling: the vials
were cooled to 20°C.

Considering the martial law in Ukraine, the conduct
of FAT tests online, and the impossibility of conducting
SAT tests in the presence of specialists from the equip-
ment manufacturer, as part of the SAT acceptance, tests
for soluble substances were conducted to confirm that the
equipment can function as intended. Qualification studies
included testing for the absence of contaminants on the
surfaces of vials and inside them after completing a wash-
ing cycle in the machine. For these tests, a predetermined
amount of each contaminant was applied to test vials, and
the number of residues was determined after the washing
cycle. The reduction in contaminants was used to evaluate
the machine’s performance.

Sodium chloride challenge test (soluble substances).
A 30% aqueous solution of sodium chloride was prepared,
and 0.1 ml was applied to the inner surface of 10 test vials.
The vials were rotated to coat their inner surfaces and al-
lowed to air-dry at room temperature. The test vials were
marked and loaded into the washing machine along with
uncontaminated vials. The test vials were placed at the be-
ginning, middle, and end of the washing cycle. After wash-
ing cycle, the vials were carefully removed to avoid envi-
ronmental contamination.

The vials were rinsed with distilled water, and the
residual amounts of sodium chloride in the rinses were
examined by a qualitative reaction. 0.2 ml of 1.0 M silver
nitrate and 1 ml of dilute nitric acid were added. The proce-
dure was repeated for flushes from containers not contam-
inated with sodium chloride. Acceptance criteria: all vials
should be free of sediment, opalescence, or turbidity. The
amount of chloride ions was determined by direct argen-
tometry with potentiometric determination of the equiva-
lence point (Pearson & Elstob, 1970). Acceptance criteria:
absence of sodium chloride in the rinses from the inner
surface of the vials after washing.

Test for the absence of chemicals (with alkali). An aque-
ous solution of alkali of known concentration was prepared
and 10 vials were contaminated, subjected to a washing cy-
cle, and the wash water was collected similarly to the test
with sodium chloride. The alkali content of the wash water
was determined by titration with a standard solution of sul-
phuric acid until the colour of the phenolphthalein indicator
changed (Dhoke, 2023). Acceptance criteria: absence of alkali
in the rinses from the inner surface of the vials after washing.

Chemical contamination (riboflavin testing). The use of
fluorescent riboflavin allowed for clear visualisation of are-
as that were difficult to clean (edges, corners, etc.) (Salo et
al., 2008). An aqueous solution of riboflavin (Hubei Guang-
ji Pharmaceutical Co., Ltd., China) was prepared at a con-
centration of 0.2 g/L as a test residue of the chemical. The
aqueous solution was applied to the surface of 10 test vials
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to be loaded into the washing machine. Riboflavin is highly
soluble in water and has an ultraviolet fluorescence at 385-
395 nm. The contamination had a fluorescent yellow colour
that was easily visualised (VDMA, 2007). The test vials were
placed between the other vials so that they would enter the
washing machine at the beginning, middle, and end of the
washing cycle. After the washing cycle, the test vials were
carefully removed to avoid other contamination from the
environment. The cleaning efficiency was evaluated based
on the presence of any residual contamination by visual as-
sessment and under UV light at 360 nm to detect any signs
of riboflavin contamination by fluorescence. The criterion

for machine compliance was the absence of riboflavin flu-
orescence on the inner surfaces of the vials after washing.

Results and Discussion

The washing and preparation machine for sterile vials is
a relatively simple device used to clean containers during
pharmaceutical manufacturing. The first acceptance test
(SAT) was conducted at the pharmaceutical enterprise.
During SAT acceptance, only installation qualification (IQ)
and operational qualification (OQ) of the machine were
performed, as no regulatory requirements explicitly spec-
ify that washing machine performance must be qualified.

Table 1. Documentation review for proper installation and operation of the vial washing machine

No. Parameter Available or not?
Yes No Undetermined
L Design specifications (DS) ) +
Drawings of the general location
2. | Electrical Wiring Diagrams +
3. | Installation Instructions +
4, | Operation Manual and Functional Specifications (FS) +
5. | Maintenance Instructions +
6. | Material Certificates +
7. | 1Q Protocol +
8. | 0Q Protocol +
9. | FAT Protocol and Report +
10. | SAT Protocol +
11. | Instructions for Key Machine Components +
12. | Functional Specification +
13. | Equipment Design Specifications +
14, Supplier test documents such as welder qualifications, welding records, +
roughness checks
15. | Cleaning Instructions +
16. | Original Instructions and Qualification Certificate for Key Components +

Source: based on authors’ own research

The SAT included documentation review, system con-
nectivity verification, and control point identification. The
results are summarised in Table 1. Documentation was
critical for successful commissioning and verification.

The analysis of the documentation for the installation
and operation of the vial washing machine revealed that
most of the necessary materials were available, ensuring
that the machine could be properly installed, operated, and
maintained. Key documents, such as the Design Specifi-
cations (DS), including the general layout drawings, were
present, providing the foundational framework for the in-
stallation. The availability of Electrical Wiring Diagrams
ensured proper electrical connections, which is crucial for
ensuring safe operation.

Additionally, Installation Instructions were avail-
able, detailing the setup process for the machine, while
the Operation Manual and Functional Specifications
(FS) provided guidance on how to operate the machine
and its expected performance. Maintenance instructions
were also included, helping to ensure the longevity of the

equipment and its proper upkeep. The presence of Ma-
terial Certificates guaranteed that the materials used in
the construction of the machine met the required qual-
ity standards. Furthermore, the 1Q Protocol (Installation
Qualification) and OQ Protocol (Operational Qualifica-
tion) documents were available, which were essential for
verifying that the machine was correctly installed and
functions as intended.

Cleaning Instructions is also critical, as proper clean-
ing procedures are necessary to maintain hygiene stand-
ards, particularly in environments dealing with pharma-
ceutical or medical equipment. Without these documents,
certain aspects of the installation and operation may not
fully comply with regulatory standards or best practices.
The machine’s design and functional characteristics met
the User Requirements Specification (URS). Table 2 shows
the results of the verification of the electrical system pa-
rameters of the sterile vial washer machine. It lists the
parameters required to ensure the proper installation and
operation of the vial washer.
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Table 2. Verification of utility supply systems parameters of the vial washing machine for sterile forms

No Parameter Expected Result
' Accept No Undetermined
1 Total power load Vv
: 15.7 kW (380V, 50 Hz, 3 phases, 5 wires)
9 Compressed air N
’ 50 [L/min] at 6-7 [bar]
WFI pressure [bar]
5. 3-4 [bar] v
4 WEFI temperature [°C] v
: 70-80 [°C]
5 WFI consumption [m*/h] v
) 1.0 [m3/h]
6 Length (mm) v
: To be specified on site
7 Width (mm) v
: To be specified on site
3 Height (mm) v
: To be specified on site
9 Weight (kg) Vv
’ To be specified on site

Source: based on authors’ own research

The table lists the various electrical systems and phys-
ical characteristics that need to be verified. For each pa-
rameter, the expected result is given and the verification
status is indicated as “Accept”, “No” or “Undetermined”.
The parameters are critical to the operation of the ma-
chine, especially in a sterile environment where precise
conditions are required. Compressed air is a critical utility
for the functioning of the washing machine, typically used
to power certain components or assist with the cleaning
process. The expected flow rate is 50 L/min at a pressure
of 6-7 bar. The WFI system is used to provide water of the
highest purity, necessary for sterilisation processes. The
expected pressure range for WFI is 3-4 bar. The machine’s
WEFI pressure has been verified as within the expected
range. The temperature of WFI is critical for ensuring ef-
fective sterilisation. The expected temperature range for
WFI is between 70-80°C. The consumption of WFI is ex-
pected to be 1.0 m3/h. This is an important metric for de-
termining water usage and efficiency.

The verification results for most of the utility sup-
ply parameters indicate that the vial washing machine is
in compliance with the expected specifications. All key
utilities, such as total power load, compressed air, WFI

pressure, temperature, and consumption, have passed the
verification, showing that the machine can function as in-
tended within the provided operational environment. The
location environment of the bottle washing machine was
also checked, namely the available space in the production
room (the room plan was assessed), the available ceiling
height, the requirements for drains (pH neutralisation,
wastewater cooling), and the maximum noise level allowed
(dBA). The verified parameters confirm that the Installa-
tion Qualification (IQ) has been successfully completed.
The automated vial washing and preparation machine has
been installed as specified in the URS, and the utility sys-
tems were sufficient to support its operation and ensure
proper functionality of the equipment.

Verification of Control Units for the Vial Washing Ma-
chine for Sterile Forms provides a comprehensive overview
of the control systems and safety parameters for the vial
washing machine. Table 3 lists various operational condi-
tions and failure scenarios, specifying whether the system
is set to display, stop, signal, or reset (either manually or
automatically) in response to each condition. The parame-
ters are critical for ensuring the machine’s safe operation,
particularly in a sterile manufacturing environment.

Table 3. Verification of control units for the vial washing machine for sterile forms

Requirements
No, Parameter " . - " Result | Remarks
Customise | Display | Stop | Signal | Manual reset | Automatic reset

1 Performance and +
: applications

9 Low compressed air .
: pressure

3. Low pressure WFI +

4 Low recycled water +
: pressure

5 Vials min. accumulation at .
: the power supply station
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Table 3. Continued

Requirements

Parameter
Customise | Display | Stop

Result | Remarks

Signal | Manual reset | Automatic reset

Pump overloading

Low water level

6

7

8. Low water temperature
9 Engine overloading

+ |+ [+ |+

Feed from the next
10 machine is blocked or
malfunctioning

Source: based on authors’ own research

The system is appropriately configured to address a
wide range of fault scenarios and operational issues that
could occur during the machine’s use. Each fault condition
is set to activate the necessary safety measures, including
display alerts, stoppage of operation, signalling the issue,
and automatic resets where applicable. These safety measures
are crucial in ensuring the machine operates within the re-
quired standards, preventing any potential damage or failure.

The configuration ensures comprehensive monitor-
ing of vital processes such as air pressure, water levels,
pump and engine load, and any potential malfunctions
related to the feed from the next machine. The automat-
ic reset feature in many cases is particularly valuable in
maintaining continuous operation and reducing the need
for manual intervention.

The control units for the vial washing machine have
been properly configured to address a variety of operational
faults and performance issues. The system’s comprehensive

safety and alert mechanisms, including display, stop, sig-
nal, and automatic reset functions, provide adequate pro-
tection for both the machine and the process. The verified
results demonstrate that the machine’s control systems are
fully prepared to ensure safe and efficient operation in a
sterile production environment. Washing Cycles and Util-
ities Systems Applied to the Sterile Vial Washer provides
an overview of the various washing cycles involved in the
operation of the sterile vial washer, along with the corre-
sponding utility systems required for each cycle.

Therefore, the results of the site acceptance test (SAT),
which included installation qualification (IQ), were satis-
factory and can guarantee that the washing machine, once
installed and configured, will perform according to URS
design parameters and the prepared containers will meet
expectations for cleanliness, identity, safety and quality.
Based on the results of the SAT acceptance, the vial wash-
ing cycles were determined, as shown in Table 4.

Table 4. Washing cycles and utilities systems applied to the sterile vial washer

No. of washing Cycles Utilities systems
cycle
1 Ultrasonic cleaning Compressed air + tap water
2 Pre-washing of vials Recycled water (recycled water)
3 Vial blowing Compressed air, tap water
4 Washing of vials Purified water (WP)
5 Vial blowing Sterile compressed air
6 Rinsing vials Water for injection (WFI)
7 Drying of vials Sterile compressed air

Source: based on authors’ own research

Each row represents a distinct step in the vial washing
process, specifying the cycle type and the utility systems
used during that step. The utility systems include com-
pressed air, tap water, recycled water, purified water (WP),
sterile compressed air, and Water for Injection (WFTI), all of
which play a critical role in ensuring the effectiveness of
each washing step. As can be seen from Table 4, the prepa-
ration of compressed air and its supply to the vial washing
machine has a significant impact on meeting the require-
ments for the preparation of non-sterile primary packag-
ing. Cleanliness is achieved by the machine’s option of in-
verting the container under the influence of gravity and the
use a filtered compressed air for cleaning process.

The table below shows that a variety of utility sys-
tems are employed across different cycles, each serving

50

a specific purpose in the cleaning and sterilisation pro-
cess. The washing cycles outlined in Table 4 demonstrate
a well-structured and efficient approach to vial cleaning,
with careful consideration of the utility systems required
at each stage. The use of appropriate utilities, such as re-
cycled water for pre-washing and WFI for final rinsing,
ensures both cost-effectiveness and compliance with the
highest standards of sterility. The combination of com-
pressed air and sterile compressed air for drying and blow-
ing also contributes to maintaining the vials’ cleanliness
and sterility throughout the process. Overall, the system is
well-designed to meet the stringent requirements of sterile
vial washing in pharmaceutical manufacturing.

Test vials were prepared and vial washing cycles
were performed. The riboflavin test is designed to provide a
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preliminary demonstration that the proposed wash cycles
clean the vials. The results of the evaluation of the cleaning

and preparation of pharmaceutical containers after the
washing cycle are presented in Table 5.

Table 5. Results of qualification tests for cleaning and preparation of pharmaceutical containers after the washing cycle

Total ber of Number of test Number of contaminated vials
Qualification tests ota nprlrl ero um grlo es . Evaluation under
vials vials Visual assessment . .

ultraviolet light

Sodium chloride challenge test B
(soluble substances) 500 30 Not detected
Test for the absence of chemicals (with 280 28 Not detected B
alkali)
Chemical cont&r;}(lirrllagt)lon (riboflavin 300 30 Not detected Not detected

Source: based on authors’ own research

This successful run of a full cleaning cycle demon-
strated that all systems were functioning correctly and
confirmed that all sensors and probes were calibrated, op-
erational, and compliant with the requirements outlined
in the URS. Contaminant testing had been conducted on
both the surfaces and interiors of the vials post-wash cycle,
with predetermined amounts of various contaminants ap-
plied to test vials prior to washing. Post-cycle evaluations
detected no residual contaminants, highlighting the high
performance of the machine. Additionally, riboflavin test-
ing was employed to identify critical cleaning points that
could have posed hygiene risks or structural defects. Based
on these results, the Operational Qualification (OQ) was
successfully completed.

Glass remains the preferred primary packaging mate-
rial for parenteral medicines, primarily due to its chemical
resistance, inertness, strength, and transparency (Schaut et
al., 2014). The most commonly used glass vials are ISO
8362-1 type I 6R, 10R and 100R with 20 mm diameter elas-
tomeric stoppers coated with fluoropolymer. These vials
are available in baths, pre-washed and depyrogenated, en-
suring that they are treated in the same way as during drug
manufacturing. The stoppers are also available pre-washed
and ready to be sterilised before use, which minimises the
necessary preparation steps and brings them closer to
the manufacturing process (Teska et al., 2016). The use of
fluoropolymer-coated stoppers guarantees the integrity of
the vials and prevents contamination from external sources,
making them ideal for sensitive pharmaceutical products.

In pharmaceutical practice, glass containers must be
washed before filling with the drug. The presence of dust,
pathogens and other contaminants can significantly af-
fect the quality of the medicine, reducing its effectiveness.
Proper preparation of pharmaceutical containers ensures
the safety and preservation of products within the estab-
lished shelf life (Kuzmina & Strokan, 2013). According to
the authors, even minor traces of contamination can lead
to instability of the dosage form, which can negatively af-
fect its therapeutic efficacy. Therefore, ensuring that con-
tainers are thoroughly cleaned is a critical step in the phar-
maceutical manufacturing process.

Mechanical visible and invisible particles, surface
changes in curved glass vials, coating breakdown, alkali

depletion in the glass structure and release of alkali into
the drug product environment (Ditter et al., 2018). The
research highlights the crucial role of maintaining the in-
tegrity of glass containers to avoid interactions between
the packaging and the pharmaceutical product. Even small
changes to the glass surface, such as alkali release, can
alter the chemical composition of the medicinal product,
affecting its safety and efficacy. Therefore, proper washing
protocols are essential to prevent such problems and en-
sure product quality.

Scientific publications provide data on the regulatory
framework governing laboratory equipment and metro-
logical qualification work, and also propose approaches to
the classification of equipment for determining the scope
of qualification work. M.M. Nesterchuk et al. (2009) dis-
cussed the need to develop clear qualification standards to
ensure that laboratory equipment, including cleaning sys-
tems, performs in accordance with established regulatory
requirements. They emphasised the importance of period-
ic testing and certification of equipment to minimise the
risks associated with non-compliance and to maintain con-
sistency in the production process. This approach is criti-
cal to meeting the stringent safety and quality standards
required in the pharmaceutical industry.

V.K. Yakovenko et al. (2015) identified key features
and opportunities for qualification of spectrophotometric
equipment in pharmaceutical analytical laboratories. The
researchers focused on the importance of proper qualifica-
tion of spectrophotometric equipment to ensure accurate
measurements in pharmaceutical analysis. Their study il-
lustrated how qualification procedures for such equipment
can improve the accuracy of analytical results, which is es-
sential for the safe production of pharmaceutical products.
Proper qualification of analytical equipment ensures that
measurements are consistent and reliable, thereby sup-
porting the overall quality control process.

Reviews of vial and rubber stopper washers include
tests for insolubles, solubles, and endotoxins by S.]J. Shin-
de et al. (2014) emphasised the importance of testing
cleaning solutions for impurities that may contaminate
pharmaceutical products. In their study, the researchers
emphasised that the water quality and purity of the chem-
icals used in the washing process are vital to maintaining
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the safety and stability of the final medicinal products. The
researchers recommended comprehensive testing proto-
cols to detect endotoxins and other contaminants that may
be present in cleaning solutions, ensuring that the clean-
ing process does not result in the release of harmful sub-
stances into the packaging.

P. Lopolito et al. (2017) demonstrated how process pa-
rameters such as time, temperature, chemical composition,
coating, and mechanical action affect the performance of
automated vial washing systems. The researchers found
that optimising these parameters led to a significant in-
crease in cleaning efficiency and a reduction in the risk of
contamination. They also emphasised that variations in
these parameters can affect the quality of the cleaning pro-
cess, highlighting the importance of careful control of the
washing conditions. Their study illustrated how fine-tun-
ing process variables in automated systems can minimise
the need for manual intervention, thereby improving pro-
ductivity and safety in pharmaceutical manufacturing.

In summary, qualification studies of pharmaceutical
equipment are limited, but in the rapidly evolving global
pharmaceutical market, understanding the basics of clean-
ing helps optimise automated systems and avoid common
mistakes that reduce cleaning efficiency, productivity and
increase maintenance costs. The results of these studies
contribute to ongoing efforts to refine cleaning proce-
dures, improve automation systems, and ensure safe phar-
maceutical production. Proper equipment qualification
and process optimisation play a key role in achieving high
standards of purity and ensuring the long-term stability of
medicines.

Conclusions

Based on the results of the on-site acceptance testing
(SAT-acceptance), including documentation review, sys-
tem connections, and control unit verification, it has been
established that the equipment, its configuration, and
spare parts comply with the technical specifications out-
lined in the contract. Key documents, such as the Design
Specifications (DS), including the general layout drawings,

preselected design parameters. The results obtained are
satisfactory and confirm that, after installation and setup,
the washing machine will function properly, ensuring that
the washed and prepared containers meet expectations for
cleanliness, identity, safety, and quality.

The communication systems and washing/preparation
cycles for pharmaceutical vials intended for sterile medici-
nal forms have been defined. All key utilities, such as total
power load, compressed air, WFI pressure, temperature,
and consumption, have passed the verification, showing
that the machine can function as intended within the pro-
vided operational environment. The verified parameters
(the room plan), the available ceiling height, the require-
ments for drains (pH neutralisation, wastewater cooling),
and the maximum noise level allowed (dBA) were confirm
that the Installation Qualification (IQ) has been success-
fully completed. It is confirmed that the system control
units is appropriately configured to address a wide range
of fault scenarios and operational issues that could occur
during the machine’s use. Each fault condition is set to
activate the necessary safety measures, including display
alerts, stoppage of operation, signalling the issue, and au-
tomatic resets where applicable.

Contaminant testing on vial surfaces and interiors af-
ter the machine’s washing cycle, using test contaminants
such as soluble substances (sodium chloride), chemical
agents with alkali, and riboflavin, followed by post-wash
evaluations, confirmed the absence of contaminants. This
indicates the high performance of the machine and the ef-
fectiveness of the selected washing cycle. Further research
is also focused on optimising testing protocols for evalu-
ating the machine’s performance in removing biological
contaminants under varying operational conditions and
container specifications. Additionally, studies evaluating
the effectiveness of the washing cycle on non-standard or
challenging vial geometries, and testing for the removal of
biological contaminants and endotoxins, would provide a
more comprehensive validation of its capabilities.
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AHoTAUiA. V dbapMaieBTUUHI TpakTUili CKISHI KOHTeMHepy Miijsiraau 060B’sI3KOBOMY MUTTIO IepeJ PO3JIMBOM
npemnapaty. HasBHiCTbh Ty, MiKpoopraHi3aMiB abo iHIIMX 3a6pyIHeHb CYTTEBO BIUIMBAE HA SIKICTb JIKAPCHKOTO 3aC00y,
30KpeMa 3MeHIylouM ioro edbekTuBHicTb. HalexkHa MiAroToBKa KOHTeliHepiB 3abe3meuye Ge3reKky IpernapariB i ix
36epeskeHHs TPOTITOM yChOTO TePMiHy TPUIATHOCTI. JIoCTiIKeHHS 610 CIIPSIMOBAHe Ha OLiHKY epeKTMBHOCTI MiATOTOBKM
CKISTHMX (DIIaKOHIB HA aBTOMATMUHiil MMITHIT MammHi B pamKax KBamidikauiiiHux BUIIPOOYBaHb IJisl MiATBepIKeHHS
il BigmoBimHOCTI BUpoGHMYMM cTaHgapTam. IligroroBka (GaakoHiB f0 po3nMBY BKIIOUYaNa Ae3iH@eKIio, 3aMOUyBaHHS,
OIOTiICKYBaHHS, MUTTSI, CYILIiHHS, HeMiporeHi3allilo Ta CTepuli3allilo i3 BMKOPUCTAHHSM aBTOMAaTM30BAHUX MMITHUX
MamH. lapaHTilo HameskHoi po6OTH O6MaZHAHHS MMiC/sS BCTAHOBJIEHHS 3abesredyyBany MpUIManbHi BUIIPOOYBAHHS
(Site Acceptance Test — SAT). YV ix Mmeskax TpOBOAM/IN aHAJi3 TeXHIYHOI JOKYMeHTallii, mapaMeTpiB CUCTeM KOMYHiKallil
Ta BY3/iB KOHTPOIIO MUItHOI MaumyHU. [T OLiHKY edeKTUBHOCTI MUTTSI TeCTyBaau 3aaMIIKOBI 3abpymHeHHS, Taki
SIK XJIOPUJ, HaTpito, ayru Ta pubodiaBiH. Ha ocHOBI OTpMMaHMX Pe3y/lbTaTiB BU3HAUMWIN CEMUCTALiliHY IMPOLENypY,
10 BK/IIOYasa yAbTPa3BYKOBE OUMINEHHS, IIPOMMBAHHS OUMIEHOI0 BOJLOIO Ta OCTaTOYHE IIPOMMBAHHS BOZOW0 AJIS
in’exuiit. i uykay migTBepAvIM CBOI e(eKTUBHICTh Y MiJrOTOBIi KOHTEHEPIB IJIsI CTEPUIbHMUX JIiIKApChbKUX 3aC006iB.
PexkomMeHpalii 100 ONITMMi3allii MapameTpiB MPOLIeCy, TAKUX SIK TPUBAICTb, TeMIlepaTypa, XiMiuYHMii cKIaj, i MexaHiuHa
Llisl, JO3BOMWIIM JOCSTTY MakKCUMMa/IbHOI IIPOLYKTUBHOCTI Ta MiHiMi3yBaTu BUTpaTH Ha 06CIyroByBaHHs. CyyacHuit migxiz,
i3 JOTpMMaHHSIM MikKHapOIHMUX cTaHZapTiB ISO 3abe3meuynmB BUCOKY SIKICTb MiATOTOBKM (DIaKOHiB. ABTOMATH30BaHa
MMITHA MallMHA MiATBepAIa CBO0 eeKTUBHICTh, ONITUMMIi3yBaja IPoleC OUMIEeHHS, 3HU3WIA PU3UKU 3a0pyIHEHHS Ta
rapaHTyBaJia HaAiifHICTb MiATOTOBKM YIIAKOBKU AJISI CTEPUIbHMX JTiKapChKMUX 3aC00iB

KnrouoBi CIIOBA: CKIsiHI KOHTeHepY /IS 3aCTOCYBaHHS y dapMallii; MammHa s MUTTS (QIakoHiB; IpUMaIbHi

BurpobysanHst Ha micui (IIBM); crneumdikanisi Bumor kopucryaua (CBK); duyopeciieHTHMIT TeCcT Ijisl TepeBipKu
3IATHOCTI 40 OUMILeHHS
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Abstract. The purpose of this study was to develop a conceptual model for the integration of modern digital technologies
in the healthcare sector with adaptation to Ukrainian conditions and the creation of a single national medical ecosystem.
The study was based on a systematic analysis of literature sources using content analysis and a systematic approach.
Publications, review papers, and official documents available in leading scientific databases (PubMed, Scopus, and Web of
Science) over the past five years were used to collect data. The research algorithm included preliminary selection of sources
according to the criteria of relevance, reliability, and scientific significance, further analysis of technological solutions
in the areas of telemedicine, artificial intelligence and virtual reality, and assessment of their integration compatibility
with existing electronic health systems. The analysis covered the economic, ethical, and legal aspects of implementing
innovative technologies. The results showed that telemedicine contributes to improving access to health services in remote
regions, but its implementation is limited due to imperfect infrastructure and the lack of uniform regulatory standards.
Analysis of artificial intelligence algorithms has shown their high potential in diagnosing and predicting diseases, which
indicates the need to adapt technologies to local conditions. Research on the possibilities of virtual reality has confirmed
its effectiveness in therapy, rehabilitation, and medical education, although implementation is accompanied by technical
difficulties. The developed conceptual model considers both technical and organisational factors of digitalisation of
healthcare, which can become the basis for strategic planning of further experimental implementations in the national
health system. Thus, the analysis identified the main trends and problem areas of digital technology implementation
that contribute to improving the quality of medical services and optimising resources. The results of the study form the
scientific basis for developing practical measures and strategies for digitalisation adapted to the conditions of Ukraine

Keywords: telemedicine; virtual reality; artificial intelligence; privacy of medical data; digital transformation

Introduction

215t century medicine is at the stage of comprehensive dig-
ital transformation, which involves the active introduction
of telemedicine, artificial intelligence (AI) and virtual real-
ity (VR) in various areas of healthcare. These technological
solutions not only improve the accuracy of diagnosis and
effectiveness of treatment, but also significantly expand
the possibilities of rehabilitation and remote monitoring
of patients, especially in remote regions.

Thus, E. Donnellan & A. Watts (2024) noted that tele-
medicine has proved extremely important in times of crisis
and emergency situations due to timely remote consulta-
tions and automated patient monitoring systems. In their
publication, the researchers detailed the experience of using

telemedicine solutions during disasters and epidemics,
showing how they help to ensure continuity of medical
care. The paper also emphasised the positive impact of such
technologies on optimising resource allocation and improv-
ing interaction between doctors. However, W. Febriyani et
al. (2023) emphasised that the lack of uniform data security
standards and regulation of the legal framework hinders the
large-scale spread of such solutions. The researchers pro-
posed the development of unified information exchange pro-
tocols to strengthen patient privacy protection and prevent
confidential data leakage. In addition, they stressed the im-
portance of international cooperation in the harmonisation
of legislative requirements and relevant ethical standards.
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Artificial intelligence algorithms are becoming in-
creasingly important in the medical field, because they can
quickly process large amounts of data and detect patholo-
gies with high accuracy. V. Pillai (2024) drew attention to
the fact that platforms like PathAl speed up diagnosis, but
there is a question of transparency of the “black box” — dif-
ficulties in understanding exactly how the algorithm makes
decisions in specific clinical cases. The researcher also sug-
gested integrating explanatory Al techniques to increase
trust on the part of doctors and patients and make the de-
cision-making process clearer. N. Shah (2024) saw the need
for clear standardisation of approaches and certification of
Al tools, so that the results of their study are reproducible
in various medical institutions. The researcher compared
the available standards and proposed creating unified cri-
teria for evaluating the accuracy and reliability of Al solu-
tions. The researcher also noted that constant monitoring
of algorithms and updating their models is a prerequisite
for maintaining a high quality of medical services.

An equally important role was played by virtual reality,
which opens up new prospects in therapy and rehabilita-
tion, providing manageable conditions for training patients
with various diagnoses. K. Moulaei et al. (2024) pointed out
the effectiveness of VR platforms in dealing with post-trau-
matic stress disorder and the consequences of neurological
damage, as patients are able to safely handle stressful sit-
uations or restore lost skills. The study noted that regular
use of VR technologies contributes not only to improving
clinical indicators, but also to increasing the motivation
of patients to actively participate in their own rehabilita-
tion. Moreover, interactive simulations have become useful
for medical education, as they provide close to real-world
clinical scenarios where students and doctors can hone
their professional competencies (Schiza et al., 2019). The
researchers noted that such training significantly improved
the skills of teamwork, decision-making in stressful con-
ditions and mastering emergency protocols. It was based
on simulating various situations in a virtual environment
that participants were able to quickly respond to complica-
tions and mistakes, without exposing real patients to risks.

The next level of digital medicine is associated with
building a single integrated environment where all stake-
holders interact — from healthcare institutions and insur-
ance organisations to patients themselves. According to
S.S. Albougq et al. (2022), the fragmentation of available
solutions and the lack of agreed protocols complicate data
exchange and interoperability of systems, and therefore
hinder the development of an integrated digital ecosystem.
The researchers emphasised that the introduction of gen-
eralised standards can minimise duplication of processes
and speed up the provision of health services at all levels.
Instead, creating a shared information space could increase
the effectiveness of therapy, optimise costs, promote better
communication between doctors and patients, and simpli-
fy the implementation of synergy between Al, VR, and tele-
medicine services (Morita-Jaeger et al., 2024). Researchers
studying this topic emphasised that a single integrated

platform can provide comprehensive support for clinical
solutions and speed up administration processes. Attention
has increased to ethical issues related to the confidentiality
of personal data, and the distribution of responsibility for
errors that can be made by automated systems. Therefore,
the purpose of the theoretical research was to thorough-
ly investigate the available digital solutions and develop a
conceptual model outlining scientifically based approaches
to their implementation in broad clinical practice.

Materials and Methods

The study focused on the development and theoretical
substantiation of a conceptual model that integrates key
digital technologies and their interaction mechanisms in a
single healthcare ecosystem. At the first stage of the study,
a comprehensive analysis of scientific publications, review
papers and official documents covering the implementa-
tion of telemedicine, artificial intelligence technologies,
and virtual reality in various clinical settings was carried
out. This approach helped to identify common patterns
and the main challenges that arise when integrating indi-
vidual digital solutions into medical practice. The accumu-
lated information about real cases and implemented devel-
opments formed the basis for building a conceptual model.

In the process of forming the model, general scientif-
ic methods of data analysis, synthesis, and systematisation
were used. Initially, the available sources were divided into
thematic blocks covering specific areas of healthcare digi-
talisation. After summarising the results obtained, a search
was carried out for logical connections between various tech-
nological solutions, which helped to identify critical nodes
of the ecosystem that should be given special attention to
ensure compatibility and scalability of the system. Special
emphasis was placed on integrating electronic health re-
cords with a common database, which ensures continuous
exchange of information between all components of the
model. The analysis considered both technical and organisa-
tional aspects that contribute to the creation of an effective
digital ecosystem in the context of modern clinical processes.
To test the viability of the developed concept, an additional
theoretical analysis of modern technological solutions used
in medical institutions and research centres was carried out.

The study covered data encryption, security of infor-
mation exchange, and effective integration of various in-
formation systems into a single digital healthcare platform
(Pawar et al., 2024). Special attention was also paid to the
investigation of the possibilities of creating virtual environ-
ments for rehabilitation activities and training simulations.

A conceptual model has been developed that describes
a complex architecture in which telemedicine, Al, and VR
can interact through a single centralised data ecosystem.
This model has been expanded with a more detailed de-
scription of information flows and possible connection
points for other compatible technologies, such as Internet
of Things systems for continuous monitoring of health
indicators. Based on this, a number of recommendations
were proposed to optimise the integration process, in
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particular, to strengthen the security of data exchange, im-
prove the compatibility of various electronic systems, and
create common standards.

Results and Discussion

Overview of digital technologies in healthcare:
Essence, significance, and key aspects

During 2014-2024, digital technologies were consid-
ered as a fundamental catalyst for the transformation of

the healthcare industry, as they allowed expanding the
horizons of diagnosis, therapy, and prevention. However,
their massive development was accompanied by a number
of challenges covering both legal and ethical issues, includ-
ing the need to adapt infrastructure and improve the dig-
ital literacy of patients and healthcare professionals. Ta-
ble 1 provides a comparative description of the main digital
technologies that were actively used in medicine in 2024
and their key advantages.

Table 1. Key digital technologies in healthcare: features and advantages

Technology Description Features and advantages
. . 1. Provides access to medical services without physical contact.
;s Video consultations o . . .
Telemedicine and remote medical care 2. Facilitates access for patients in remote regions.
* | 3. Reduces the burden on inpatient departments and hospitals.
. Use of algorithms 1. Improves the accuracy of diagnostics, in particular, in oncology and cardiology.
Artificial d hine | : 2 C lvse 1 fd d d li
intelligence and machine learning - Can analyse large amounts of data to detect patterns and anomalies. )
to analyse medical data. | 3. Automates routine tasks and improves the efficiency of healthcare professionals.
1. Helps patients with mental disorders through exposure therapy (for example,
Use of simulations schizophrenia, post-traumatic stress disorder).
VR for therapeutic 2. Used in rehabilitation after injuries and strokes.
or rehabilitation purposes. | 3. Creates opportunities for training medical personnel through simulations
of complex clinical situations

Source: compiled by the author based on D.K Pawar et al. (2024)

However, the large-scale integration is still accompa-
nied by financial, technical, and personnel obstacles. If it
is possible to develop more affordable equipment, uniform
standards for testing effectiveness, and train the necessary

specialists, virtual reality may well become an integral part
of modern medicine. Table 2 summarises the main factors
that facilitate or, conversely, restrain the introduction of
digital technologies.

Table 2. Factors of introduction of digital technologies in medicine

Factor Impact on implementation

Detail

Lack of wuniform standards can
complicate integration and interaction
between different technologies and
platforms

Technical standards

1. Need to develop a single protocol for data exchange between
medical institutions.

2. Importance of creating standards to ensure compatibility between
different hardware and software solutions.

Need to develop legal norms for the
protection of medical data and define
the limits of responsibility for their
processing

Legal aspects

1. Defining the legal framework for processing patients’ medical
data, especially in the context of telemedicine and Al.

2. Need to create rules for informed consent of patients to use their
data for Al training.

Low levels of digital literacy limit
patients’ access to new technologies
and can become a barrier to their
implementation

Digital patient literacy

1. Patients who are not familiar with digital technologies may have
difficulty accessing online counselling or health services

2. Problems with teaching patients the basics of using technologies
such as video communication, online consultation platforms

The need for large investments to create

Financing and and maintain medical technologies,

1. Develop infrastructure for digital medical platforms, including
hardware, software, and staff training.

adoption of new technologies by
patients and doctors

investment which may limit their implementation | 2. Government or private sector support is required to finance
in some countries. projects that reduce the cost of technology
Regul .. d . £ 1. Without proper training, doctors will not be able to effectively use
Traini £ medical egular training and retraining o technologi hich will lead to their ineffici
raining of medica new technologies, which will lead to their inefficiency.
healthcare professionals is required to L0 g .
personnel - 2 < 2. Organisation of advanced training courses for medical
effectively use new digital tools A . . :
professionals, which will ensure the correct use of technologies.
Importance of cultural, social, and é: Eatientsi; es?ecilally tl;le oldgé generatllon,.may not be ready to use
) N sychological aspects for the successful igital technologies such as video consultations
Social acceptability p 2. Consideration of socio-cultural features in the development of

platforms and ensuring access to technologies for different groups
of the population

Source: compiled by the author

As evidenced by the experience of India and South
Korea, given in the papers by N. Viswanadham (2021) and
H.Y. Lee et al. (2023), comprehensive implementation of
solutions is possible only with an interdisciplinary ap-
proach and coordinated actions of government agencies,

Technologies and Engineering, Vol. 26, No. 1, 2025

medical institutions, IT companies, and insurance organ-
isations. India has demonstrated an example of centrally
combining hospitals, insurance companies and pharma-
ceutical suppliers into a single network that facilitates data
access and treatment coordination. This model is especially
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valuable for regions with uneven distribution of resourc-
es, where there are not enough specialists and modern
equipment. South Korea focuses on personalised strategies
where Internet of Medical Things (IoMT) devices continu-
ously collect vital data and transmit it to the shared medi-
cal space. Due to this, doctors can quickly respond to minor
deviations, which reduces the number of exacerbations and
hospitalisations and increases patient comfort.

The combination of telemedicine, Al, and VR in a sin-
gle platform forms the basis for future medicine based on
continuous information exchange, personalisation of ther-
apeutic programmes, and a multidisciplinary approach. As
noted by W. Huang et al. (2023), Al systems can speed up
the processing of laboratory tests, minimise errors, and
support more efficient use of clinic resources. However,
telemedicine and VR open up new formats of rehabilita-
tion, when patients are given the opportunity to perform
exercises remotely or undergo training scenarios. Despite
their high potential, the integration of these tools largely
depends on the degree of interaction between the state and
the private sector, the willingness to invest in infrastruc-
ture and implement data protection measures. In addi-
tion, the lack of uniform industry standards and clear legal
norms complicates the exchange of medical information,
increases the risk of abuse or cyber-attacks, and under-
mines patient trust.

It is indisputable that digitisation of the medical sector
has both social and economic consequences. South Korea’s
experience shows that the development of telemedicine
and IoMT reduces barriers to access to qualified care, es-
pecially for remote regions or low-mobility patients (Lee et
al., 2023). This helps to improve public health indicators
and allows doctors to focus on more complex clinical situa-
tions. From an economic standpoint, automating processes
(such as laboratory research) using Al increases productivi-
ty and reduces the cost of manual work (Huang et al., 2023).
Telemedicine reduces the number of face-to-face visits,
which reduces the need to expand the physical network of
hospitals and allows doctors to serve more patients online.
However, the success of such models is impossible with-
out initial investment in equipment, training, and support
for network infrastructure, and for poorer countries, these
costs can be excessively high without external funding.

In addition, digital medicine can deepen social ine-
quality if some people do not have access to high-speed In-
ternet or the necessary level of technical skills. Therefore,
state and international programmes of “digital inclusion”
are becoming very important, aimed at ensuring that the
most vulnerable categories of the population are not left
out of medical innovations. Digital technologies in health-
care (telemedicine, Al, VR, and IoMT) have huge potential to
improve the efficiency, accessibility, and personalisation of
healthcare services. However, their large-scale implemen-
tation faces a number of obstacles — from the lack of unified
technical standards and legal mechanisms to the problem of
insufficient digital literacy. Successful integration of these
technologies into the real medical ecosystem requires:

1. Systematic approach that considers telemedicine, Al,
VR, and IoMT as an interconnected ecosystem. All compo-
nents must be compatible with each other and based on agreed
standards for storing, sharing, and analysing medical data.

2. Interdisciplinary interaction that attracts specialists
in the fields of medicine, computer science, engineering,
and social sciences. This helps to assess the impact of digi-
tal solutions on different regions and health systems, con-
sidering economic, cultural, and legal characteristics.

3.Legal and ethical grounds. Clear regulatory norms
and mechanisms of responsibility in case of errors or abus-
es are needed, in particular, regarding the processing of
personal data and explaining the results of Al systems.

4. Comprehensive training programmes for doctors and
patients, and digital inclusion efforts to avoid the gap be-
tween “technologically trained” and vulnerable populations.

5. Financial incentives and public-private partnerships
to cover high initial costs and further scale pilot projects to
the level of national programmes.

If these principles are followed, digital innovations can
move from the category of auxiliary or “crisis” tools to a
full-fledged basis for the development of modern health-
care. In the long run, this can ensure better provision of
medical services, save resources, and develop truly pa-
tient-centred medicine, where everyone receives the nec-
essary care on time and in a convenient format.

Telemedicine: Integration

in the modern healthcare system

In the period 2015-2024, telemedicine became particularly
important as one of the most promising tools for modernis-
ing the healthcare sector. It significantly reduced the phys-
ical distance between the patient and the doctor, providing
virtual consultations, diagnostics, and real-time monitor-
ing. According to M. Héagglund et al. (2023), in the context
of the COVID-19 pandemic, the introduction of video con-
sultations in the Swedish primary care system has reduced
the burden on inpatient departments and reduced the risk
of infection of people from high-risk groups. However,
such a rapid transition required not only the installation
of technical equipment, but also a significant restructuring
of infrastructure, which in some regions was not properly
developed. In addition, information campaigns were con-
ducted to dispel patients’ scepticism about the safety and
effectiveness of online interaction.

L. Kupczik et al. (2022) and M.S. Khan et al. (2019) not-
ed that video consultations are only the initial stage in the
development of telemedicine. A promising area is the wide-
spread introduction of remote sensors that can transmit
real-time data on the patient’s physiological state (blood
pressure, pulse, oxygen saturation, etc.). This format allows
quickly identifying deviations and adjusting therapy, which
is especially important for patients with chronic diseases
(cardiovascular, respiratory, etc.). However, the researchers
warn about the risks of leakage of confidential information,
since data transmission can take place through different
platforms with different levels of protection. This makes it
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difficult to form a unified picture of the course of the dis-
ease and disrupts the continuity of patient monitoring. An
equally important aspect is the development of universal
technical protocols that allow integrated data exchange
between medical institutions. Unification of formats and
standards facilitates interaction between doctors, reduces
barriers to patient performance transmission, and improves
treatment coordination. It is necessary to clearly distribute
the levels of access to medical records to protect person-
al data and prevent unauthorised use of information. The
imperfection of the legal framework in this area often be-
comes a serious obstacle to the development of telemedi-
cine, even despite the obvious advantages of such a model.

As noted by Y. Sofia et al. (2022), telemedicine also car-
ries socio-cultural challenges. Remote consultations have
greatly facilitated access to a doctor for those who live in
remote regions or have limited mobility. However, older
adults and patients with low levels of digital literacy may
have significant difficulties adapting to technological in-
novations. To overcome this barrier, comprehensive educa-
tional initiatives, training programmes on the use of tele-
medicine services, and the involvement of social workers to
help set up video communications and explain what data
the doctor needs are offered. All this shows that for the full
integration of telemedicine into the healthcare system, it is
necessary not only to improve the technical base, but also
to build patient trust and ensure the protection of personal
data. In general, telemedicine is turning from an “emer-
gency” tool into a full-fledged component of modern med-
ical care. Its greatest potential is manifested in epidemio-
logical threats, when it is important to minimise contacts
in hospitals and simultaneously maintain the continuity of
service provision to a wide range of the population. The
history of remote consultations and access to digital pa-
tient cards greatly facilitate the work of various specialists,
because all information is available in a centralised format.
However, the ultimate success of spreading such models
depends on the availability of clear technical solutions,
public confidence in online doctors, and high-quality sup-
port for patients who need help using new services.

Artificial intelligence in medicine:
Application and problems
Al is rapidly integrating into medical practice, as it can
process big data, identify hidden patterns, and improve
diagnostic accuracy. According to the observations of
0O.C. Oguine & K.J. Oguine (2022) and J. Li et al. (2024),
deep learning algorithms are very effective in recognis-
ing the first signs of cancer in medical images. This is ex-
tremely important for oncology, since early detection of
the disease allows choosing the optimal therapy in time
and thereby increasing the chances of recovery. Based on
Al doctors can reduce the impact of the human factor and
pay more attention to complex clinical decisions, rather
than routine verification of results.

A. Amjad et al. (2023) highlighted the growing ef-
ficiency of AI through its combination with IoMT.

This integrated environment allows continuously moni-
toring patients’ vital signs and instantly signalling devia-
tions from the norm. This paves the way for a preventive
model of medicine, where exacerbations can be avoided or
postponed to a later date due to timely treatment adjust-
ments. However, the effective implementation of these
ideas requires the unification of information platforms
and security protocols to protect sensitive data and elim-
inate duplication of information in different databases
(Mohammed et al., 2022).

M.S. Khan et al. (2019) focused on the compatibility
of different information systems, without which Al algo-
rithms will not be able to form a holistic view of the pa-
tient’s condition. Disparate databases, lack of a consistent
format for storing information, and duplication of records
increase the risk of clinical errors and delay treatment de-
cisions. Therefore, the inclusion of Al in the infrastructure
of medical institutions requires not only technical, but
also organisational training, including the establishment
of procedures for the exchange of medical information.
The phenomenon of the “black box” remains particular-
ly controversial, when the decision-making process of a
neural network is incomprehensible to users. According to
D. Apage (2023), this opacity creates distrust on the part
of doctors and patients who do not know what factors in-
fluenced the diagnosis or recommendation. The answer to
this problem is the explicable AI paradigm, which allows
explaining how the algorithm came to a certain conclusion
(Patil et al., 2021). However, the introduction of such solu-
tions requires additional developments and new method-
ologies for interpreting complex machine learning models.

From a legal standpoint, the question of liability for Al
errors remains open. When the algorithm assumes inaccu-
racies in a complex clinical case, it is not clear who should
be responsible - the doctor who trusted the technology,
the software developer, or the institution that implement-
ed it. Such aspects are actively discussed by legal experts,
and relevant regulators who are trying to adopt rules for
the use of Al Thus, the success of Al in medicine depends
not only on the quality of algorithms and the amount of
data, but also on creating transparent rules and safety
standards that establish a framework of responsibility and
protect the interests of patients.

Virtual reality: Therapy, rehabilitation, and training
VR has opened up new approaches to treatment and reha-
bilitation, offering the creation of interactive environments
that are as close as possible to real conditions. With VR,
patients can “immerse themselves” in controlled scenari-
os that mimic social interactions, therapeutic exercises, or
even critical situations that are not available for safe play-
back in a clinic setting. According to D. Kruk et al. (2020),
the use of VR therapy has shown positive results in patients
with psychiatric disorders, in particular, schizophrenia.
This format allowed tracking reactions in more detail and
gradually correcting pathological representations, avoid-
ing excessive stress or risky contacts.
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The study by M.M.T.E. Kouijzer et al. (2023), which was
based on the North American Society for the Sociology of
Sport (NASSS) Framework, highlighted several barriers to
introducing VR into everyday practice. First, there are not
enough specialists who have a thorough knowledge of clin-
ical medicine and understand the development of virtual
environments. Second, high equipment costs (helmets,
controllers, powerful computers) hinder large-scale im-
plementation. Third, the lack of proper facilities and the
lack of understanding of the potential of VR by the man-
agement of institutions also make it difficult to integrate
the technology. Z. Liu et al. (2022) summarised areas where
VR has already demonstrated tangible positive effects:
treatment of post-traumatic stress disorder (PTSD), treat-
ment of various phobias (A &F), chronic pain management
(PM), and dynamic neuromuscular stabilisation (DNS). The
key advantage is the possibility of gradual exposure of the
patient to trigger situations and the development of game
scenarios that increase the motivation of patients for re-
habilitation. However, the researchers emphasised the lack
of unified methods for evaluating the effectiveness of VR
therapy, which makes it difficult to compare the results of
different research groups.

According to F. Ferreira-Brito et al. (2022), gamification
is an important factor in increasing the attractiveness of VR

applications. In virtual “gaming” environments, patients
feel more involved and follow rehabilitation instructions
more easily. However, the spread of such solutions is still
hindered by the high cost of the hardware complex, the need
for a high-speed Internet connection and the availability of
technical personnel responsible for the correct operation of
VR systems. Thus, despite the great prospect, VR continues
to be a technology that requires further improvement and
adaptation to the real conditions of various clinics. Overall,
the analysis of these studies shows that VR can significant-
ly expand the available therapy formats, increase patient
motivation to collaborate with a doctor, and complement
conventional treatment and rehabilitation methods.

Conceptual model for integrating digital technologies
into the healthcare system

Based on the analysis and collected literature, a conceptual
model for integrating digital technologies into the health-
care system was developed, which provides for the crea-
tion of a single integrated environment. This environment
combines telemedicine services, artificial intelligence tools,
virtual reality technologies, and other digital solutions,
ensuring their synergistic interaction to improve the ef-
ficiency of medical services. The structure and interaction
of system components is shown in more detail in Figure 1.

Telemedicine
Remote consultations
Collecting primary patient data

’ Secure channels

‘ I ’ Analytics/recommendations

Data request

<=
——>

Analysis of medical data with CMD
Solution support
Chatbots, forecasts

Al

3D models, diagnostic data

’ Recording the results of VR sessions ‘ ’

CMD (system core)

Main repository (medical history, results
of analysis)
Authorisation, security
Centralised exchange

I

Virtual reality
Training simulators for doctors and students
VR sessions (therapy, rehabilitation)
Personalised scenarios

Figure 1. Integrated medical ecosystem: telemedicine, Al, VR, and centralised database

Source: compiled by the author

The basis of this integration is a centralised ecosystem
of medical data that combines information from a variety
of sources, including electronic medical records, data from
telemedicine consultations, test results, and metrics col-
lected using Internet of Medical Things. Such an ecosys-
tem provides a continuous stream of data that is analysed
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using Al algorithms to support clinical decision-making,
risk prediction, and treatment personalisation. The use
of Al allows automating routine tasks, improving the ac-
curacy of diagnostics and optimising treatment processes.
For example, deep learning algorithms can quickly and
accurately detect abnormalities in medical images, which
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significantly speeds up the process of making a diagnosis
and choosing the optimal therapy.

An important aspect is the use of VR technologies for
patient rehabilitation and training of medical personnel.
VR environments create a controlled and adaptive therapy
environment, allowing patients to safely handle stressful
situations or restore physical skills. For medical person-
nel, VR provides the ability to train in simulated clinical
scenarios, which increases their professional competence
and readiness for various clinical situations. For example,
virtual simulations can help doctors to practice complex
surgical procedures without risking patients, and patients
with mental disorders can safely process their emotions in
a controlled environment.

Telemedicine plays a key role in ensuring the availabil-
ity of health services for patients in remote regions and for
those with limited mobility. Remote monitoring of phys-
iological parameters in combination with teleconferences
allows doctors to constantly monitor the condition of pa-
tients and quickly respond to changes in their health. This
not only improves the quality of medical services, but also
reduces the burden on hospitals and medical institutions.
For example, patients with chronic diseases can regularly
receive remote consultations and monitoring, which allows
them to adjust the treatment process in a timely manner
and prevent complications.

Integration of digital technologies also involves con-
sidering regulatory aspects and issues of confidentiality
of medical data. The implementation of common security
standards and data exchange protocols is an important com-
ponent for ensuring the protection of patients’ personal in-
formation and responsibility for its processing. Regulating
the legal framework promotes trust in digital medical solu-
tions and their widespread adoption. For example, the crea-
tion of regulations on the collection, storage, and transmis-
sion of medical data, and defining the responsibility of the
parties in the event of violations, is a necessary step to en-
sure the safety and effectiveness of digital medical systems.

The social and organisational aspects of digital inte-
gration include increasing digital literacy among patients
and medical staff, and creating conditions for smooth in-
teraction between different participants in the medical
ecosystem. This includes conducting training programmes,
information campaigns, and creating intuitive interfaces
for users of different ages and social groups. Increasing
digital literacy allows patients to use telemedicine services
more effectively, and healthcare professionals to success-
fully integrate new technologies into their daily practices.
For example, organising training sessions for doctors on
the use of Al and VR can significantly improve the quality
of medical services and increase patient satisfaction.

The integration of digital technologies into the health-
care system also requires consideration of economic as-
pects. High initial investment in equipment procurement,
software development, and staff training can be a signif-
icant barrier for many healthcare facilities. However, the
long-term benefits of implementing digital technologies,

such as reducing the cost of maintaining physical infra-
structure, improving the productivity of healthcare work-
ers, and improving the quality of healthcare services, make
this investment justified. For example, automating labora-
tory processes using Al can reduce the cost of processing
tests and improve the accuracy of results, which, in turn,
improves the efficiency of medical institutions.

Overall, the integration of digital technologies into
the healthcare system provides a comprehensive approach
that combines technical innovation, regulatory, social ad-
aptation, and organisational support. This helps to create
a flexible, efficient and safe medical ecosystem that can
meet modern challenges and provide a high level of med-
ical services for all categories of the population. Based on
this integration, it is possible to achieve a more flexible,
personalised and patient-oriented medicine that is able to
quickly adapt to changes in the medical field and provide
high-quality care regardless of the geographical location or
socio-economic status of patients.

Challenges, prospects, and ethical aspects

of implementing digital technologies

in the medical sector of Ukraine

The introduction of digital tools in Ukrainian medicine fac-
es a number of fundamental obstacles, while opening up
significant prospects for improving the quality and acces-
sibility of medical care. One of the most important factors
that complicate the implementation of these processes is
the lack of funding. Against the background of military op-
erations, the country is forced to allocate limited resourc-
es primarily to the needs of the defence complex and the
provision of urgent social programmes. As a result, funds
aimed at modernising medical infrastructure and develop-
ing/implementing the latest software are often not enough.
This situation directly affects the availability and quality
of telemedicine services. According to the latest statistics,
only 8% of doctors use specialised official telemedicine
platforms that require a paid subscription or installation
of additional applications. But the popular free messengers
Viber, Telegram, and WhatsApp have become widespread.
As noted by V. Poberezhets et al. (2022) despite their con-
venience and accessibility, these unofficial services do not
provide the proper level of personal data protection and are
not adapted to the systematic maintenance of electronic
medical records. Accordingly, cyber risks and the likelihood
of leakage of sensitive patient information are increasing,
which is especially critical under martial law.

The second difficult problem is the insufficient lev-
el of digital literacy among both doctors and patients. It
is interesting that experienced doctors with more than 10
years of experience in some aspects are more adaptive to
the use of certain digital tools, compared to the younger
generation of specialists, which, at first glance, should be
more “technologically savvy”. In particular, older doctors
are more likely to master remote monitoring using blood
glucose meters or pulse oximeters, while young specialists
are often less knowledgeable in the field of telemedicine
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and need specialised training (Kotsarenko et al., 2023).
This paradox is explained by the fact that traditional ed-
ucational programmes for doctors in previous years could
offer separate modules or courses related to the introduc-
tion of telemedicine technologies, while current university
graduates do not always have the opportunity to receive
such training in the proper amount. Therefore, the estab-
lishment of a programme of additional trainings, webinars,
and courses for different age groups of health workers be-
comes a necessary condition to increase the overall level
of digital competence and move the process of digitising
healthcare from its place.

The third key aspect remains the lack of a proper reg-
ulatory framework. Despite the gradual progress, Ukraine
still lacks clear legislative provisions that would regulate
the collection, processing, and dissemination of medical
data, and define standards for secure electronic document
management. International law and European Union (EU)
legislation in this area provide for rather high require-
ments for compatibility of IT systems, data encryption
methods, and interaction procedures between different
institutions. However, as of today, Ukrainian regulations
do not always meet these requirements, creating legal un-
certainty and holding back the potential for digitalisation.
M. Kotsarenko et al. (2023) emphasised that without clear
rules for the protection of medical records and without
agreed mechanisms that would regulate the work with
personal data, significant progress in the field of telemed-
icine remains problematic.

The use of the latest technologies, which include ar-
tificial intelligence and virtual reality, opens up unique
prospects for reforming domestic medicine. Based on the
conclusions of M. Kotsarenko et al. (2023), the use of Al has
significantly improved the process of diagnosis and moni-
toring of patients’ condition: automation of X-ray analysis,
ultrasound diagnostics or computed tomography (CT) exam-
inations simplifies and accelerates the detection of pathol-
ogies, and predicting the risks of complications allows the
doctor to adjust treatment in time. This approach not only
optimises time and financial costs, but also improves the
accuracy of diagnoses, which is especially valuable during
armed conflict, when the number of wounded and patients
with serious injuries increases. VR technologies, in turn,
prove their effectiveness in the rehabilitation of military
and civilian victims of military operations. The ability to
create interactive simulations allows performing recovery
procedures remotely or speeding up the return to normal
life after injuries. In addition, VR technologies can be inte-
grated into the training system for future doctors: creating
virtual clinical cases and training scenarios allows students
to acquire practical skills without risks for real patients.

International cooperation is of great importance for
accelerating the digital transformation of Ukrainian med-
icine. Organisations such as the World Health Organisa-
tion (WHO), the World Bank, and the United States Agency
for International Development (USAID) actively support
modernisation projects in countries in conflict or with

limited resources (Kruk et al.,, 2020). Attracting external
grants and technical assistance allows purchasing the
necessary equipment for remote diagnostics, improving
local telemedicine platforms, and organising large-scale
training programmes for staff. Partnership with European
states and organisations encourages the harmonisation
of Ukrainian legislation with EU standards. This refers to
personal data protection policies, cryptography, and infor-
mation transfer protocols. All this generally increases the
confidence of patients and doctors in innovative technol-
ogies, and creates a solid foundation for the legal use of
digital tools. In the end, the international exchange of ex-
perience helps to find and adapt best practices from states
that have already passed similar challenges, in particular,
in the organisation of remote rehabilitation or psycholog-
ical support for the population affected by military opera-
tions. Research has confirmed that the synergy of local spe-
cifics and global innovations allows quickly and effectively
integrating advanced medical solutions into the reality of
Ukrainian healthcare (Kotsarenko et al., 2023).

However, along with these economic, organisational,
and technical challenges, it is important to pay due at-
tention to the ethical aspects of using digital tools in the
medical field. Protecting patient privacy and privacy is be-
coming increasingly critical as the use of artificial intelli-
gence, telemedicine, and robotic therapeutic technologies
significantly increases the volume and speed of medical
information processing. E. Chandrakar & A. Dahiya (2024)
emphasised that it is necessary to create an effective legal
framework that would clearly regulate the rules of access to
data and prevent possible abuse by commercial structures
or third-party organisations. They noted that the patient’s
informed consent to data processing and transparency of
these processes are the cornerstone of trust in new tech-
nologies. Patients should know how and for what purpose
their information is used, and be able to revoke permission
to process it if necessary.

It is also important to ensure reliable cybersecurity
in the field of robotic therapy and virtual psychotherapy.
According to L. Grosman-Rimon & P. Wegier (2024), these
industries collect particularly sensitive information related
to mental and physical health, making it a potential tar-
get for cyber-attacks. The researchers stressed that tech-
nical security tools should be combined with clear incident
response procedures to quickly identify the problem and
minimise damage in the event of a data leak. They also
stressed the importance of creating instructions that are
accessible to patients themselves, so that the latter under-
stand how their data is stored and who has access to it. The
introduction of security standards for developers and pro-
viders of medical technologies, according to researchers,
will help to prevent the implementation of unfair practices
and strengthen the security of private information.

There are concerns about the depersonalisation of
medical care, where excessive reliance on Al and digital al-
gorithms can displace direct human contact. S.0. Hansson
& B. Froding (2024) warns that reducing the time a doctor
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spends communicating with a patient can negatively af-
fect the quality of treatment and the patient’s emotional
state. Socio-cultural factors also play a significant role: in
different regions and among different population groups,
the attitude to technology in medicine may differ signifi-
cantly. Therefore, the introduction of AI should be accom-
panied by training programmes for doctors that explain
the ethical and cultural aspects of using innovative solu-
tions to prevent a decrease in the level of empathy and
trust on the part of patients.

According to 1.0. Bogomazova (2024), some of the
problems related to the preservation of privacy can be
solved by legislating the procedure for informed consent
to the use of medical data for research or commercial pur-
poses. Anonymisation of information that is necessary for
training machine learning algorithms becomes particularly
relevant. Care should be taken to ensure that anonymisa-
tion preserves the usefulness of data for researchers and
does not interfere with scientific progress. The researcher
pointed out that it is advisable to create independent reg-
ulatory bodies or structures that would conduct security
audits and monitor compliance with established standards
on the part of developers and suppliers of digital medical
solutions. This approach will help maintain trust in medi-
cal institutions and individual specialists who directly use
technological tools for treatment and diagnosis.

Thus, the Ukrainian healthcare system faces a number
of fundamental challenges - from limited finances and un-
coordinated legislation to a lack of digital literacy among
doctors and patients. Despite this, the potential of tech-
nologies, in particular, telemedicine, Al and VR, remains
extremely large. In the context of military operations and
the difficulties associated with them, these solutions can
serve as a basis for optimising resources, expanding access
to quality medical care, and restoring the health of military
personnel and civilians. However, the real benefit from the
introduction of digital tools is possible only with system-
atic support from the state and active international coop-
eration aimed at forming the necessary legal, financial and
educational foundations. An equally important component
is ethical - the protection of confidential data and the pres-
ervation of the human face of medicine, where technology
supports the doctor, and does not replace them. Only such
an integrated approach will ensure an effective and secure
digital transformation of the Ukrainian medical industry
and help to strengthen its potential on the way to integra-
tion into the global medical space.

Key recommendations for digitalisation of healthcare

Considering the results of the study, a number of recom-
mendations are proposed for further integration of digital
technologies into the healthcare system, which will create
a unified, efficient, and safe medical ecosystem. First, it
is necessary to implement unified technical standards for
the collection, storage, and exchange of medical data. Cre-
ating a single protocol will ensure compatibility between
different information systems and devices, reduce the risk

of data duplication, and facilitate prompt clinical deci-
sion-making. Second, legal regulation in the field of digi-
tal medicine should be strengthened. The development of
clear regulations on the protection of personal information,
defining mechanisms for liability for violations and setting
standards for electronic document management will help
not only to protect patients’ data, but also strengthen the
trust of both medical professionals and patients them-
selves in digital solutions. Third, special attention should
be paid to improving digital literacy among medical per-
sonnel and users of medical services. The organisation of
regular trainings, seminars, webinars, and courses on the
use of digital technologies will help to reduce barriers to
the introduction of innovative tools, allow doctors to use
the capabilities of telemedicine, artificial intelligence, and
virtual reality more effectively, and patients will be more
confident in navigating new services.

An important component of the strategy is the pro-
motion of interdisciplinary collaboration. Joint projects
involving specialists in medicine, IT, engineering, and so-
cial sciences will contribute to the development and im-
plementation of adapted innovative solutions that meet
the specifics of modern healthcare challenges. Ultimately,
financial support remains a critical factor. Actively attract-
ing public resources, private investment, and internation-
al grant programmes will allow implementing large-scale
projects to modernise medical infrastructure, ensure the
purchase of modern equipment, and support constant soft-
ware updates. An integrated approach, which includes the
unification of technical standards, legal regulation, digital
literacy, interdisciplinary interaction, and financial sup-
port, will become the basis for further digital transforma-
tion of healthcare and will contribute to the creation of a
modern patient-oriented health care system.

Conclusions

As part of the study, a comprehensive analysis of digital
technologies in the healthcare sector was carried out and a
comprehensive conceptual model was developed that com-
bined telemedicine solutions, artificial intelligence, virtual
reality, and IoMT devices. Systematic study of scientific lit-
erature, detailed familiarisation with current innovations
and methodological analysis of the collected data helped
to achieve the declared goal. In the course of research, the
advantages of each technological area were considered,
key difficulties associated with their implementation were
identified, and specific recommendations were formulated
for optimising the interaction of all components within a
single digital ecosystem.

The results confirmed that digital reform of the med-
ical industry opens up new opportunities for improving
diagnostics and treatment, in particular, through the ac-
tive use of remote patient monitoring and automation of
routine operations based on machine learning algorithms.
The proposed conceptual model illustrates how a combi-
nation of telemedicine services, Al-based platforms, and
virtual reality tools can improve the quality of healthcare
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delivery by ensuring continuous data exchange between all
healthcare participants. The practical value lies in creat-
ing a methodological basis for further implementation of
integrated digital solutions both in clinical activities and
in the modernisation of information systems of medical
institutions. The proposed options for solving the prob-
lems of technology compatibility, legal regulation, and im-

model in practice, and developing security standards and
data transmission protocols. This will improve the concept
itself, adapting it to the specifics of medical institutions in
different regions, and guarantee reliable protection of per-
sonal information and stable quality of medical services.
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AHANI3 CYYOCHOIro CTOHY KOMIMTIOTEPHMNX CUCTEM
B cchepi BipTyasIbHOI OXOPOHW 300pPOB’A

Mmuxkosna Xpyi1boB

AcmiipaHT

Yepkacbkuii fep>kaBHUIA TEXHOIOTiYHMI YHIBEPCUTET
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AHoOTOAUiA. MeTo0 IaHOr0 AOCTiIKeHHsT Gya po3pobka KOHIENTyalbHOI MOfeti iHTerpailii cyyacHux umdpoBux
TEXHOJIOTiH y chepi OXOPOHM 3[I0POB’S 3 ajanTalli€lo 40 YKpaiHChKUX YMOB Ta CTBOPEHHS €IMHOI HalliOHAJIbHOI MeIMYHOL
ekocucteMu. IocmimkeHHs 6a3yBanocsl Ha CMCTEeMAaTUYHOMY aHaTi3i JliTepaTypHMX [Iskepes i3 3aCTOCYBAaHHSM KOHTEHT-
aHaji3y Ta CUCTeMaTUMYHOro migxoxdy. s 360py JaHMX BMKOPUCTOBYBAIMCh IMyGiiKalii, omisimoBi cTaTTi Ta odiliiiHi
JIOKYMEHTH, IOCTYITHI y MPOBiIHMX HayKoBUX 6a3ax manux (PubMed, Scopus, Web of Science) 3a ocraHHi m’aTh pOKiB.
AnropuTM LOCTiIKeHHS BKIIOUAB MOMepenHii Bigbip mkepes 3a KpUTEPisiMM akTyalbHOCTI, TOCTOBIPHOCTI Ta HAYKOBOL
3HauyLIOCTi, TOAANbIINI aHaJIi3 TEXHOJOTIYHMX pillleHb y HallpSIMKax TeJeMeIUIMHMY, IITYYHOT 0 iHTeIeKTy Ta BipTyalbHOL
peasbHOCTi, a TAKOX OI[iHKY iX iHTerpaliffHoi CyMiCHOCTi 3 iCHyIOUMMM eJIeKTPOHHUMU CUCTeMaMM OXOPOHU 340POB’SI.
AHasi3 OXOIlIIOBaB €KOHOMiYHi, eTMYHi Ta IpaBOBi acleKkTV BIIPOBAJyKeHHs iHHOBaLiiHMX TeXHOJOTiil. OTpuMaHi
pe3ynbTaTu CBiJUM/IM PO Te, IO TeleMeIMIIMHA CIIPUSIE MOKPAllleHHI0 AOCTYIY A0 MeOUYHUX IMOCAYT y BifJaneHux
perioHax, rmpore ii BIpoBapKeHHs 06MekeHe uepe3 HelOCKOHATY iHppacTPyKTypy Ta BiICYTHICTh €AMHUX HOPMATUBHO-
MIpaBOBUX CTaHJAPTiB. AHaJIi3 aJArOPUTMIB IUTYYHOIO iHTEJEKTy 3aCBiIUMB IX BMCOKMII NOTeHIliaja y [JiarHOCTMUIIi Ta
MMPOTHO3YBaHHI 3aXBOPIOBaHb, 110 BKAa3ye HAa HEOOXiNHICTh amarTailii TEXHOJIOTI [0 JIOKAJbHUX YMOB. JIOCTiIsKEeHHS
MOX/IMBOCTe BipTyanabHOI peasbHOCTI migTBepamio ii ebeKTUBHICTD y Teparii, peabimitamii Ta MeguuHii ocBiTi, xoua
BIIPOBAKEHHST CYIPOBOIKYETHCSI TeXHIUHMMU ckaagHomamu. ChopMoBaHa KOHLENTyalbHA MOZEIb BpaxoByBaja SIK
TexXHiuHi, Tak i opraHizamiitni unHHMKY 1MdPOBi3allii OXOPOHM 3MOPOB’S, 1[0 MOKe CTaTH OCHOBOIO JJISI CTPATEriyHOTO
IJIAaHYBAaHHS TIOAAQIBLIMX eKCIePUMEeHTATbHUX BIIPOBAIKeHb y HAIiOHAJbHY CHUCTEMY OXOPOHM 310pOB’sa. OTxe,
MPOBeIeHNI aHai3 O3BOIMB BUSIBUTM OCHOBHI TeHJIEHIIil Ta Mpo6ieMHi 30HM BIIPOBAIKeHHS M(PPOBUX TEXHOJOTI,
IO CIIPUSIIOTH MiJABUILEHHIO SIKOCTI MeOUYHMX TMOCTYT Ta ONTMMi3alii pecypciB. Pe3ynbTaT HocCaimskeHHsT HOPMYIOTh
HayKOBY 6a3y AJisl pO3p00KM ITPaKTUYHMX 3aX0/IiB i cTpareriii udpoBisallii, agzanToBaHuX 10 yMOB YKpaiHu

KrnrouoBi C/IOBd: TefieMeniifHa; BipTyaJbHa PeabHICTh; INTYYHWIT iHTeIeKT; KOHGIIeHIiHICTh MeANYHMX TaHKX;
uudposa TpaHchopmaliist
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Abstract. The aim of this study was to develop an in vitro method for evaluating the hemostatic efficacy of composites
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reviewed. For research and quality control work with haemostatics, it was required to test their haemostatic performance.
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determine the haemostatic properties of composites has been developed. The main quality attributes of haemostatics,
such as gel formation time and permeability, were determined. The composition and method for producing the finished
haemostatic composite material were developed. The composite contains a salt of chitosan and lactic acid, polyethylene
glycol 4,000. The effect of carboxylic acids and surfactants on the properties of the composite was studied. Chitosan
with a molecular weight of at least 80,000 Dalton and a degree of deacetylation of 85-95% was selected. The “active”
and “inactive” forms of chitosan, which affect the haemostatic properties of the composite, were studied. The process
for obtaining the “active” form of chitosan from the “inactive” form by redeposition, which consists in the interaction of
chitosan with carboxylic acid to obtain a soluble salt and subsequent alkali precipitation, was developed. The influence of
the following factors on the properties of the resulting product was studied: solvent in the salt synthesis reaction; molar
ratio of lactic acid and chitosan; particle size of the haemostatic powder. The resulting haemostatic is effective in binding
water and blood into a fixed gel-like clot. The product has sufficient permeability and haemostatic performance. The clot

formed by binding liquids is stable for 24 hours

Keywords: lactic acid; polyethylene glycol; composite polymeric materials; gel formation; permeability; in vitro

Introduction

The issue of first aid is extremely important. According
to statistics, blood loss is the main cause of death of the
wounded soldiers in combat and emergency situations. For
example, R.K. Latif et al. (2023) state that a large number
of casualties die from bleeding, often before they can be
treated. N.P. Charlton et al. (2021) describe that tactical
medicine protocols focus on the effective use of haemostat-
ic agents (haemostatics) such as powders, bandages, and
applicators. The most common products include gelatine
sponge; collagen plate; oxygenated regenerated cellulose;
combined preparation with fibrin glue. However, the Tacti-
cal combat casualty care guidelines (2024) state that these
topical haemostatic agents cannot stop bleeding from
large arteries and veins on their own. They must be used
in combination with other methods of stopping bleeding.

Celox Medical (2025) report a dramatic change in
mortality statistics with the use of contact haemostatics
for massive bleeding, especially in areas where tourni-
quets are not available (buttocks, armpits, neck). P. Yu &
W. Zhong (2021) state that two main groups of contact
haemostatics have a great advantage in stopping bleed-
ing — chitosan-based composite materials (e.g. Celox®,
ChitoGauze®) and kaolin-based materials (QuikClot®),
which can stop almost any bleeding in a matter of sec-
onds. The advantages of this type of haemostat include
hypoallergenicity due to the fact that a physical reac-
tion-absorption occurs in the contact zone and induce a
local sharp rise in temperature.

Y. Zheng et al. (2023) state in their work that typical
production technologies for inorganic hemostatics include
3D printing, freeze-drying, electrospinning, and vacuum
filtration, which provide materials in the form of three-di-
mensional scaffolds, porous masses, soft membranes, or
hydrogels. Chitosan serves as the foundational material
for an alternative class of contact haemostatics. The ad-
vantages of chitosan-based composites include their prop-
erties: their performance does not decrease at low tem-
peratures; the performance does not depend on impaired
blood clotting factors; the presence of the composite in the
wound provides the effect of gluing damaged soft tissues
and prevents the resumption of bleeding during transport.

D. Tripathi et al. (2021) report that chitosan-modified gauze
achieved a hemostatic effect nearly threefold faster than
standard gauze, and facilitated more rapid wound closure.

D. Alemu et al. (2023) emphasised the widespread use
of chitosan in various industries, including medicine and
pharmacy. D. Yan et al. (2021) and A. Guarnieri et al. (2022)
reported that the unique features of chitosan-based com-
posites include antibacterial activity against gram-posi-
tive and gram-negative bacteria, which reduces the risk of
wound infection and ensures faster healing without the
massive use of antibiotics. The haemostatic mechanism of
action of chitosan-based composites is that the latter, hav-
ing a positive charge, binds negatively charged red blood
cells and platelets in the blood, thus, forming a dense blood
clot. J. Bar et al. (2017) reported that chitosan-containing
haemostatics work effectively independently of coagulation
factors without affecting the natural coagulation cascade.

Chitosan is completely biodegradable under the influ-
ence of microbial enzymes such as chitinases and chito-
biases. Chitosan is characterised by mucoadhesive proper-
ties, i.e. the ability to adhere to mucous membranes, the
ability to absorb biological fluids and help regenerate tis-
sues (Liu, 2022). Modified forms of chitosan in the form of
composite materials have been used in the form of various
haemostatic products (Das et al., 2024; Zeng et al., 2025).
Chitosan does not exhibit a pronounced gel formation
property when in contact with liquids (except for acid solu-
tions) and has weak haemostatic properties (Gheorghita et
al., 2023). Chitosan has free amino groups and is able to
form salts with acids that have stronger haemostatic prop-
erties, such as salts of lactic, succinic, acetic acids and some
other organic acids with a short carbon chain (Pieklarz et
al., 2021). Bicarboxylic and tricarboxylic acids can form in-
termolecular ionic cross-links between the amino groups
of adjacent chitosan chains, which allows for a three-di-
mensional “mesh” of chitosan molecules.

Chitosan derivatives are a promising class of haemo-
static agents. Thus, the study and optimisation of methods
for the synthesis of haemostatic chitosan-based composite
materials is an urgent task that will improve user proper-
ties and reduce the level of blood loss in wounds. Research
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work with haemostatics requires that they be tested for
haemostatic performance (Rezabeigi et al., 2022; Zhang et
al., 2022). At present, there is no generally accepted sys-
tem for evaluating the efficacy of haemostatics in vitro,
and in vivo studies require intervention in a living organ-
ism, which is not desirable for ethical reasons (Kiani et
al., 2022). Existing in vitro methods for evaluating the effi-
cacy of hemostatic materials are complex to implement and
resource-intensive for quality control, being more suitable
for the development stage of a hemostatic agent (Nativel et
al., 2024). Therefore, the search for simple but effective in
vitro methods remains relevant for testing haemostatics.

The aim of the work was to develop an in vitro meth-
od for the evaluation of the haemostatic efficacy of chi-
tosan-containing composites and to study the factors
influencing the haemostatic performance of polymeric com-
posite materials based on chitosan using in vitro methods.

Materials and Methods

Chitosan is an aminosaccharide, a derivative of a linear pol-
ysaccharide, macromolecules consist of randomly linked
B-(1-4) D-glucosamine units and N-acetyl-D-glucosamine
(Aranaz et al., 2021). Chitosan is a solid substance in the
form of scales with a particle size of no more than 10 mm
or powder of various degrees of grinding. White to off-
white, often with yellow or grey tint. Odourless. Insoluble in

water, alkalis, solvents. It is soluble in dilute solutions of
some organic and inorganic acids. Chitosan is a natural
polymer with a molecular weight of several thousand to
hundreds of thousands of Dalton (Fig. 1) (PubChem. Chi-
tosan, n.d.). To perform the study, 6 samples of chitosan pro-
duced by Zhengzhou Delong Chemical Co., Ltd. (China) with
different viscosities and degrees of deacetylation were used
(Table 1). Other starting components used to produce hae-
mostatic composites are lactic acid, sodium hydroxide,
ethyl alcohol, polyethylene glycol. Lactic acid (a-oxypro-
pionic, 2-hydroxypropanoic) is a monobasic oxycarboxyl-
ic acid, a light yellow to dark yellow liquid. It is soluble in
water and alcohols. In the study, lactic acid was used from
PURAC bioqumica s.a. (Spain). Sodium hydroxide is a white
crystalline substance, highly hygroscopic, and highly solu-
ble in water. It has strong alkaline properties. In this study,
sodium hydroxide was used from Merck KGaA (Germany).
Ethyl alcohol is a single-atom alcohol, a colourless volatile
liquid with a characteristic odour and burning taste. It is a
good solvent for other organic substances. The study used
96% alcohol produced by Lopatyn Distillery LLC (Ukraine).
Polyethylene glycol (PEG) is a water-soluble polymer, a
non-ionic surfactant. Depending on the average molecu-
lar weight of the polymer, it is a viscous liquid, gel-like or
solid substance. PEG 4,000 manufactured by Clariant Prod-
uct (Deutschland) GmbH (Germany) was used in the study.

OH OH
0 0
0 0
HO /\<NH HO NH,
0 n m

Figure 1. Chitosan molecule

Source: developed by the authors of this study

Table 1. Characteristics of the original chitosan

Parameters from the certificate of Chitosan

quality X1 X2 X3 X4 X5 X6
Viscosity, cPs 7 13 44 54 80 170
Degree of deacetylation, %. 91 90 95 95 85 85

Source: developed by the authors of this study based on certificates of analysis from the chitosan manufacturer

Preparation of “active” chitosan. The method of
producing “active” chitosan is based on precipitation,
i.e., the production of salt from chitosan and lactic acid,
followed by alkaline precipitation of chitosan. Water is
loaded into the mixer and chitosan is added while stir-
ring. Small portions of lactic acid are added to the sus-
pension in terms of 1 mol/mol of chitosan. The addition
of acid significantly increases the viscosity of the reac-
tion mass. A viscous mass is formed with particles of un-
dissolved chitosan. The mass is kept under stirring for
1 hour. During the holding time, a slight decrease in the

viscosity of the mass is observed, as well as the disso-
lution of chitosan particles (Fig. 2, a). After the aging is
completed, an aqueous solution of sodium hydroxide in
the amount of 0.95 mol per 1 mol of chitosan is added to
the reaction mass in small portions. During the reaction,
the formation of fibrous chitosan is observed (Fig. 2, b).
After the addition of alkali, a suspension is formed con-
sisting of a liquid phase (water and sodium lactate) and
fibres of “active” precipitated chitosan. The precipitated
active chitosan is filtered and washed first with water and
then with ethanol.
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I OH OH OH OH
o 0 0 o +mR-COOH= 1o 0 0 0
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Figure 2. Reactions of chitosan redeposition,
where a — obtaining a carboxylic acid salt; b — precipitation of “active” chitosan

Source: developed by the authors of this study

Preparation of a solid haemostatic composite. The
method for obtaining the haemostatic composition is the
reaction of “active” chitosan (m.w. 50-200 kDa) with lac-
tic acid at room temperature, followed by mixing with a
surfactant. It is planned to use different chitosans for syn-
thesis, in particular, chitosans with different degrees of
deacetylation and different molecular weights. The method
of producing haemostatic composites consists in the pro-
duction of a composite material based on a carboxylic acid
salt and chitosan (Fig. 3). Ethyl alcohol and water in a ratio
of 7:3 wt% are loaded into a mixer. Next, lactic acid is added

under vigorous stirring in the amount of 0.5 mol per 1 mol
of chitosan. Then, a surfactant, polyethylene glycol 4,000,
is added to the reaction mass. The mass is kept under stir-
ring for 1 hour. As a result, a viscous mass is obtained with
the inclusion of insoluble chitosan particles. The solvent is
removed from the resulting mass under vacuum, then dried
with flowing air at a temperature not exceeding 60°C. The
composite is dried to a moisture content of no more than
5% by weight. The resulting fibrous films of the haemostat-
ic composite are crushed and calibrated. A fraction of not
more than 0.8 mm is used.

Figure 3. Reaction for the preparation of chitosan salt

Source: developed by the authors of this study

In vitro method for the evaluation of haemostat-
ic performance. The development of in vitro method for
the evaluation of haemostatic performance was carried out
using the ready-made haemostatic composite Celox® as
a reference agent. In vitro parameters of the method were
chosen for the following reasons:

take water R as the Quality Control (QC) medium;

the process of formation of a fixed gel (hereinafter
referred to as gel formation) when the composite is in
contact with liquids should be as fast as possible, there-
fore the time of formation of a fixed gel plug is an impor-
tant parameter;

the composite should have permeability limits
when in contact with liquids, as there is a risk of: the for-
mation of a gel layer of insufficient depth and, as a result,

strength; or in the second case, too high permeability of
the liquid through the composite layer and the inability
to stop bleeding.

The properties of the haemostatic composite materi-
al were studied by evaluating the gel formation time and
permeability.

Gel formation time. Added 40 ml of water R into
a 50 ml chemical beaker with an internal diameter of
38+2 mm, and added 2.0 g of the drug at a time, spread-
ing it evenly over the surface of the liquid in a circular
motion from the walls to the centre of the beaker. A gel-
like mass should form within no more than 180 seconds,
which remains stationary when the beaker is turned 180°.
The resulting gel should retain its consistency for at least
24 hours (Fig. 4). At least 2 parallel tests are carried out.
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Figure 4. Gel formation during testing of Celox and the developed haemostatic composite
Source: developed by the authors of this study based on the findings of experimental research

Permeability and wetting. Added 5 ml of a 0.25%
solution of Ponceau 4R food colourant (E-124) in water R in
a test tube with a diameter of 13-14 mm, and quickly added
2.00 g (m) of the composite at a time. After 1 minute, per-
formed the following steps:

1) measure the value of the wetted gel-like layer in mm,;

2) pour out the remaining dry weight of the drug, weigh
it (m,) and calculate % moisture content using formula (1):

% wetting=(m-m, )/m =100, (1)

where m — the weight of the drug to be tested, g; m, - the
residual dry weight of the drug after the test, g.

Note: The value of the gel layer should be at least 5 mm. %
moisture content should be between 35.0 and 70.0%.

Results and Discussion

Evaluation of haemostatic performance of the reference
product “Celox®”. Water R was chosen as in vitro blood
substitute to develop in vitro haemostatic performance
method. The first stage of the method development
was carried out using the reference composite Celox®.

The parameters “Gel formation time” and “Permeability and
wetting” were studied and developed to test the reference
product for haemostatic performance. As a result of the
studies, it was found that the gel formation parameters
depend on: the quantitative ratio of gestatic composite —
water; the amount of haemostatic (and, accordingly, water)
(Table 2); the size of the vessel in which the test is carried
out (Table 3). As a result of the studies, a threshold ratio of
20:1 was established at which water could still be completely
bound by the haemostatic composite to form a stable gel. At
higher ratios, no gel clot was observed. Taking into account
that water and blood have different nature and properties,
the haemostatic composition was tested on blood with a
ratio of 20:1 and 25:1. The results were reproduced for water
and blood. Thus, the use of water R as a QC medium can
be considered acceptable for the in vitro method, therefore
water in the ratio of 20:1 was chosen for further tests.
During the gel formation studies, it was observed that in
some cases the time of complete water binding differs from
the time of formation of a fixed gel. From the results of the
studies, it was found that the time indicators depend on the
size of the vessel in which the test is performed (Table 2).

Table 2. Dependence of the time of water binding and gel formation on the diameter of the vessel, 0.5 g of powder, 10 g of water

Diameter of a cylindrical vessel with a flat bottom, mm
Parameter
12 14 17 20 22 25 30 40
Time of complete - 300 80 70 55 50 35 15
water binding, s
Gel formation time, s 90 70 70 70 70 50 40 40

Source: developed by the authors of this study based on the findings of experimental research

As the vessel diameter increases, the area of con-
tact between the haemostatic and the liquid increases,
and the height of the liquid column decreases, which
contributes to faster wetting of the haemostatic, water
binding and gel formation. At small vessel diameters, the
composite forms a gel layer, which allows all the water to

penetrate the powder, and for vessels with larger diame-
ters, the powder absorbs water quickly, but the limiting
process is gel formation. For further gel formation tests,
a 38 mm inner diameter chemical beaker was chosen. For
this vessel, the effect of increasing the gel weight was
tested (Table 3).
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Table 3. Dependence of water binding and gel formation time on powder weight, vessel diameter 38 mm

Parameter Weight of composite / water, g
0.5/10.0 1.0/20.0 2.0/40.0 3.0/60.0
Time of complete water binding, s 15 35 45 180
Gel formation time, s 40 70 90 110
Gel retention time, h > 24 > 24 > 24 2.1

Source: developed by the authors of this study based on the findings of experimental research

As the amount of haemostatic composite and water
increases, the height of the liquid column also increases,
leading to an increase in the time of water binding and gel
formation. After gel formation, the beakers were inverted
and the gel mobility was observed. For powder weights of
up to 2 g, the resulting gel remained stationary for at least
24 hours, while for a 3 g composite weight, the immobili-
ty lasted about 2 hours, after which the gel flowed out of
the beaker. This observation can be explained by the too
large weight of the gel, which did not allow the adhesive
and cohesive bonds to hold it in the glass. Therefore, for in
vitro method, the amount of the composite was chosen to
be 2.0 g. This amount of the composite also correlates well
with the commercially available Celox® in the amount of
2 g, which is designed for household use.

Taking into account the studied cases when all the
water has not yet been bound by the haemostatic com-
posite during testing in a narrow vessel, and the top layer
is already stationary, there is a need to study the perme-
ability of water through the powder. From observations,
it was found that the optimal height of the column of the
resulting gel should be at least 15-25 mm for wide ves-
sels (25-40 mm in diameter) and at least 5 mm for narrow
vessels (12-14 mm in diameter). Gels obtained from com-
posites with lower permeability values have low strength
and can collapse under the pressure of the liquid. Based
on the data obtained, in vitro methods for evaluating the
haemostatic performance of chitosan-based composite
materials were developed.

Study of the influence of carboxylic acid and sol-
vent type and amount on composite synthesis. To solve
this problem, haemostatic composites using chitosan and
various organic acids were obtained. The low efficiency of
the composites formed with succinic and citric acids was

found. Succinates and citrates of chitosan quickly form a
gel upon contact with water (20-45 s), but their stability
time does not exceed 30-50 minutes, which does not allow
obtaining a composite material with effective haemostat-
ic properties. The study of the gel formation properties
of chitosan salts and monobasic carboxylic acids showed
a slightly longer gel formation time (1-3 min) and signifi-
cantly better stability of the formed gels — up to 24 hours. It
was found that the length of the carbon chain in the range
of C,...C;does not significantly affect the properties of the
obtained composites. For the further development of a sol-
id haemostatic composite material, lactic acid was chosen
among organic carboxylic acids due to its sufficient hae-
mostatic performance and safety for the human body, as
it is naturally formed in the body. Lactic acid also acts as
a plasticiser in the composite. As a result of the work per-
formed, it was determined that the properties of the com-
posite are affected by the ratio of chitosan to acid in the
formed salt. With an increase in the acid content, the gel
formation efficiency increases. At acid content of 0.6 mol/
mol or more, a gel unstable for 24 hours is formed (Table 4).

In the course of the work, the possibility of using dif-
ferent solvents for the synthesis of haemostatic composite
material was studied. It was found that the nature of the
solvent significantly affects both the process parameters
and the haemostatic performance of the obtained compos-
ites. It has been established that salts of organic acids and
chitosan exhibit better gel formation properties when wa-
ter-alcohol solvents are used for their synthesis. The aque-
ous-alcohol solvent has process advantages: the reaction
mass has a lower viscosity, which simplifies the mixing con-
ditions; it evaporates more easily and quickly. It was found
that haemostatic performance is affected by the concentra-
tion of alcohol in the solution used as a solvent (Table 5).

Table 4. Dependence of water binding and gel formation time on the molar ratio of chitosan: acid

Parameter Molar ratio acid: chitosan
0.25:1 0.30:1 0.40:1 0.50:1 0.60:1 0.75:1 1:1
Water binding time, s 90 65 50 50 45 40
Gel formation time, s - 140 110 90 90 85 80
Gel retention time, h - > 24 > 24 >24 18 8 1.5

Source: developed by the authors of this study based on the findings of experimental research

Table 5. Dependence of water binding and gel formation time on the concentration of ethanol in the solvent

Parameter Alcohol concentration in the solvent, % wt.
40 50 60 65 70 75
Time of complete water binding, s 55 70 60 70 50 -
Gel formation time, s 125 110 110 95 90 -

Source: developed by the authors of this study based on the findings of experimental research
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The best results of haemostatic performance are
demonstrated by the samples obtained using 70% (w/w)
ethanol. With a decrease in the concentration of alcohol in
water, the viscosity of the reaction mass increases during
the preparation of the haemostatic composition, which ne-
cessitates an increase in the amount of solvent. In addition,
the properties of the haemostatic, in particular, the gel for-
mation time, deteriorate. When using a more concentrated
alcohol solution than 70%, the formation of a haemostatic
composition is impossible, because in this case chitosan
does not react with acids.

Study of the effect of surfactant amount and
preparation method of “active” chitosan. To improve
haemostatic performance, the composite can contain a
medically acceptable surfactant. In this study, polyethylene
glycol 4,000 was used. It can also serve as a plasticiser and
is safe for the human body. The results of the study showed
that the presence of 1.0% polyethylene glycol 4,000 in the
haemostatic composite reduces the time of water binding
and gel formation due to faster water permeability (Ta-
ble 6). Further increase in the content of PEG-4,000 above
1.0% does not improve the performance of the composite.

Table 6. Dependence of water binding and gel formation time on the content of PEG 4,000 in the composite

PEG-4000 content in the composite, % wt.
Parameter
0.00 0.25 0.50 0.75 1.00 1.25 1.50
Water binding time, s 60 60 55 55 50 50 50
Gel formation time, s 105 100 100 95 90 90 90

Source: developed by the authors of this study based on the findings of experimental research

The presence of a surfactant in the haemostatic com-
posite can significantly improve the efficiency of gel for-
mation with blood, since blood has a much higher viscosity
and lower permeability compared to water. In the course
of the work, it was found that the haemostatic composite

material which contains chitosan lactate and PEG 4,000 meets
the established requirements and has satisfactory efficien-
cy for both water and blood tests. Studies have shown that
the use of chitosans of different grades/viscosities to pro-
duce composites has produced inconsistent results (Table 7).

Table 7. Performance of haemostatic composites of different brands/manufacturers of chitosans

. . . . . . Tests of chitosan haemostatic samples
Chitosan Viscosity, cPs Baseline chitosan “activity”
Permeability Gel formation efficiency

X1 7 - -/- -/-

X2 13 - -/- -/-

X3 44 - -/+ -/-

X4 54 - -/+ -/-

X5 80 + + +

X6 170 - -/+ -/+

Note: test results are for two states of chitosan — “inactive” and “active” except for sample X5.
Source: developed by the authors of this study based on the findings of experimental research

Thus, haemostatic properties can be influenced by the
characteristics of the original chitosan, in particular, mo-
lecular weight (viscosity), degree of deacetylation and chi-
tosan “activity”. It has been suggested that the phenome-
non of unstable results for different chitosans may be due
to the presence of chitosan in the “active” form, i.e. when
the shape and arrangement of polymer molecules does not
facilitate uniform access of acid molecules to them, and the
“inactive” form, which does not provide uniform access of
acid molecules to amino groups. C. Carrera et al. (2023) in
their work consider modifications of chitosan with different
surface characteristics and the possibility of creating a vari-
ety of individual chitosan adapted to different applications.
In view of the above, it became necessary to establish the
possibility of using “inactive” chitosan for the production
of haemostatics. The “active” form of chitosan was obtained
by synthesising a chitosan salt followed by precipitating the

active chitosan through interaction with an alkali. Thus, the
chitosan samples X1, X2, X3, X4 and X5 were redeposited.

The composites obtained from chitosans X1 and X2
showed low permeability and gel formation efficiency both
in the initial state and after “activation”. Composites based
on X3 and X4 showed low permeability and gel formation ef-
ficiency in the initial state. After “activation”, the permeabil-
ity values are normal. The gel formation efficiency improved,
but beyond the normal range. The composite based on X5
showed good results of permeability and gel formation effi-
ciency in the initial state (without additional “activation™).
The composite with X6 showed low permeability and gel
formation efficiency in the initial state. After “activation”,
the sample meets the testing standards. Of the 6 different
chitosans, only one is suitable for use in the synthesis of
composite haemostatics according to the redeposition-free
scheme. The other chitosans do not produce compositions
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that meet the requirements without activation. It was found
that even in the case of chitosan precipitation, not all of
them can be used to prepare a haemostatic composite —
chitosan must have a molecular weight of at least 80,000.

Study of the particle size distribution of a hae-

mostatic composite. The dependence of the efficiency
of composites on the size of powder particles was stud-
ied (Table 8).

Table 8. Dependence of water binding and gel formation time on the particle size of the composite

Fraction or mixture of fractions, mm

~ ) ) ) )

S8 5 . s 5 £ %

Parameter g EY] e ; S a S 2 = °

Z < s h 3 S < < < <

8 9 S S ® X X ®

S S 5 R g

Water binding - 40 55 80 90 50 50 50 55 60
time, s

Gel formation - 70 80 105 140 90 70 70 85 90
time, s

Source: developed by the authors of this study based on the findings of experimental research

The results showed that the best gel formation ef-
ficiency was achieved with a fraction of up to 0.5 mm. At
the same time, it was found that composites with a particle
size of less than 0.5 mm have low permeability. Thus, the

optimal particle size distribution of the haemostatic was
selected — up to 0.8 mm. The IR spectra of the haemostatic
composite material based on chitosan were obtained in the
course of the study (Fig. 5).
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Figure 5. IR spectrum of haemostatic composite material
Source: developed by the authors of this study based on the findings of experimental research

Thus, during the development of the method, an op-
timal polymer composition was established, containing
chitosan lactate (molar ratio 0.5:1) and polyethylene glycol
in an amount of 1% wt. It is proposed to use a 70% wt. wa-
ter-alcohol solution as a solvent. The solid composition has
a particle size of no more than 0.8 mm. The resulting hemo-
static composite demonstrates high hemostatic properties.
In this work, the authors have for the first time proposed an
approach to developing in vitro quality control methods for
chitosan-based hemostatic composites that do not require
in vivo intervention. Celox Medical (n.d.) relies on in vivo
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studies for their hemostatic composite, but information on
in vitro gelation effectiveness studies is absent. The availa-
ble general information from the manufacturer correlates
with the obtained in vitro research results. For example,
Celox Medical (n.d.) states that the hemostatic composite
effectively absorbs blood, forms a gel in no more than 5
minutes, can be used in wounds of any shape, and is sim-
ple to apply and remove. The in vitro method developed by
the authors allows for the quantitative assessment of the
gelation effectiveness of the hemostatic composite — how
much liquid the composite can absorb, how quickly, and
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how long the gel can be retained. The method accurately
reproduces results for both the QC environment and blood.

The method developed by the authors allowed for the
study of the influence of factors on the gelation proper-
ties of composites based on modified chitosan. A. Das et
al. (2024) demonstrate in their work various methods for
obtaining chitosan-based composites. Modified chitosan
show significant differences in composite properties com-
pared to the original chitosan. The chitosan lactate ob-
tained by the authors of this work demonstrates a high
gelation capacity, unlike regular chitosan. K. Pieklarz et
al. (2021) in their work describe a method for obtaining
chitosan lactate by physically mixing chitosan with acid
using crosslinking agents. In contrast to the described
synthesis method, the method proposed by the authors
has advantages. The use of water-alcohol solvents for
synthesis instead of water is proposed. A water-alco-
hol solvent has technological advantages: the reaction
mass has lower viscosity, which simplifies mixing con-
ditions; it evaporates more easily and quickly, and the
resulting composite exhibits better hemostatic proper-
ties. The method proposed by the authors for obtaining
a hemostatic composite based on chitosan lactate does
not require the use of additional agents for crosslinking
molecules. The authors’ work shows the influence of the
ratio of chitosan and lactic acid during the synthesis of
chitosan lactate salt. The influence of surfactants on the
composition is also additionally studied.

During the development of the method for obtaining a
hemostatic composite, it was found necessary to pre-treat
some chitosan samples that have an “inactive” form. Of the
6 different chitosans studied, only one is suitable for use
in the synthesis of a composite hemostatic agent accord-
ing to the scheme without redeposition. Other chitosans
without activation form compositions that do not meet the
requirements. C. Carrera et al. (2023) in their work consid-
er methods of influencing the surface activity of chitosan
at the synthesis stage. This method does not allow chang-
ing the properties of existing chitosan after its synthesis
stage. To solve this problem, a method for obtaining the
active form of chitosan by obtaining a salt of chitosan and
acid with subsequent precipitation of active chitosan upon

have a molecular weight of at least 80,000. This requires
careful selection of chitosan depending on its properties,
which necessitates further research to develop a method
for determining the initial activity.

Conclusions

This paper presents the results of the development of an
in vitro method for the evaluation of the haemostatic per-
formance of chitosan-based composites using water R as
a QC medium, including gel formation and permeability
tests. The results of studies of the properties of chitosan
and chitosan lactate are presented. It was found that to
obtain a haemostatic, it is necessary to use chitosan with
a molecular weight of at least 80,000 Dalton and a degree
of deacetylation of 85-95%. It was found that the “active”
and “inactive” forms of chitosan affect the properties of
the composite. A method for obtaining the “active” form
of chitosan from the “inactive” form was developed, which
consists in redeposition: the interaction of chitosan with
acid to obtain a soluble salt, followed by alkali precipita-
tion. A method for obtaining the finished haemostatic
composite material was developed, in particular, the acid
and surfactant were selected. Lactic acid was used as a car-
boxylic acid because it provides high haemostatic perfor-
mance. Polyethylene glycol 4,000 in the amount of 1% was
used as a surfactant. The influence of various factors on
the properties of the resulting composite was determined:
the solvent used in the salt synthesis reaction; the molar
ratio of lactic acid and chitosan; and the particle size of
the haemostatic powder. The research results showed that
70% ethanol is the optimal solvent. The ratio of chitosan to
acid should not be more than 0.6 mol/mol of chitosan. The
haemostatic powder should have particles not larger than
0.8 mm. The properties of the obtained haemostatic com-
posite were studied. The developed haemostatic compos-
ite is effective in binding water and blood into a station-
ary gel-like clot that is stable for 24 hours. The composite
can be used for the production of haemostatic products in
the form of applicators, tapes or bandages, which are more
convenient for use in the field.
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SIKOCTi po6OTM 3 reMocTaTMKaMy HeOOXiJHO TeCTyBaTH iX reMOoCTaTUUYHy edeKTUBHiCTb. [IpoBemeHHST HOC/iIKeHb
in vivo BUMarae BTPy4YaHHS B SKMBUIT OpraHi3M i € HeGaskaHMM 3 €TUYHMX MipKyBaHb. 3araJIbHONPUITHSTOI CUCTEMMU
OIiHKM e(eKTUBHOCTI TeMOCTaTUKIB in vitro He icHye. PO3po6/ieHO MeTONMKY ITPOBeleHHs aHai3iB sl BU3HAUEHHS
reMOCTaTUYHUX BJAACTUBOCTEl KOMITIO3UTiB. Bu3HaueHO OCHOBHiI MOKa3HUKM SIKOCTi FeMOCTaTHUKIB — Uac rejieyTBOPeHHS
Ta MPOHMKHICTh. PO3p06/I€HO CKJTal Ta METOAMKY OTPMMAHHS FOTOBOTO T€MOCTaTUUHOTO KOMITO3UIIiifHOTO MaTepiay.
KoMIo3uUT MiCTUTH Cifb XiTO3aHY Ta MOJOYHOI KMQIOTH, MoieTwieHrikoab 4000. JocaigkeHo BIUIMB Kap6OHOBUX
KUCJIOT Ta TIOBEPXHEBO-AKTUBHMX PEUOBMH HA BJIACTMBOCTI KOMITO3UTY. [Tigi6paHo XiTO3aH 3 MOJIEKY/ISIPHOIO Macolo
He MeHie 80000 JanbTOH Ta CTyrneHeM AealeTwaioBaHHS 85-95 %. OCTiIKeHO «aKTUBHY» Ta «HEaKTUBHY» GOpMU
XiTO3aHy, 1110 BIUIMBAIOTh HA T€MOCTATUYHI BJACTUBOCTI KOMITO3UTY. PO3p06/I€HO TEXHOJIOTiI0 OTPUMAaHHS «aKTUBHOI»
(opmu xiTO3aHY 3 «<HEAKTMBHOI» IIJITXOM II€Pe0CasKeHHs, IO MoJIIrae y B3a€MOo/Iii XiTo3aHy 3 KapOOHOBOIO KMCIOTOIO
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3 OTPMMAaHHSIM DPO3UMHHOI COJi Ta HACTYIMHMM BMCAIKeHHSIM JIyroMm. JocmigkeHo BIUIMB (aKTOPiB HA BIACTUBOCTI
OTPMMAHOIO MPOAYKTY: PO3UMHHUK B peakllii CMHTe3Y COJli; MOJIbHE CIiBBiJHOIIEHHS MOJIOYHOI KMCJIOTY Ta XiTO3aHY;
pO3Mip YacTOK IMOPOLIKY remMocTaTuka. OTpUMaHMIl reMocTaTuK € edeKTMBHMM B 3B’SI3yBaHHI BOAM Ta KpOBi B
HepPyXOMMI1 resienofi6Huit 3rycToK. 3acib Ma€e JOCTATHIO MPOHMUKHICTh Ta reMOCTaTUYHY e(eKTUBHICTb. 3TyCTOK, L0
YTBOPIOETHCSI BHACTIZOK 3B’SI3yBAHHSI PiJIVH, € CTiAKMM IPOTATOM 24 TOIVH

KnouoBi CrioBO: MoioYHa KUCIOTA; MOTieTHMIEeHITIKO/Ib; KOMIIO3MIIIHI MoniMepHi Martepiani; rejieyTBOPEeHHS;
MIPOHUKHICTB; in Vitro
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Abstract. The purpose of this study was to investigate and compare the results of calculating the parameters of the
LoRa network obtained by computer modelling with the results of experimental measurements. To fulfil this purpose,
the methods of computer modelling of signal loss were used. Specifically, the study described a modification of the
FLoRa simulator to estimate signal losses during propagation, perform computer simulations in FLoRa, and compare the
findings obtained with the data obtained during the experiment. In addition, the RSSI values obtained in the simulation
were compared with the experimental values. The functionality of the FLoRa software simulator was extended by adding
signal power loss values to the simulation results table. Using the FLoRa software, the study simulated the signal power
loss along the propagation path at frequencies of 433 MHz, 868 MHz, and 2.4 GHz. A comparative analysis revealed that
the simulation results for different spreading factors and different signal frequencies correspond to the experimental
data. It was found that the received signal power values are represented in the software as RSSI values. The signal power
at the input does not correspond to the RSSI values and depends on the concrete type of receiver chip, and therefore the
RSSI calculation methodology should be adjusted. It was confirmed that the results table should display both the signal
strength at the receiver input and the RSSI value. To improve the accuracy of the FLoRa computer model, specifically,
the calculation of RSSI values, it was proposed to consider the specific features of measuring these values by different
types of LoRa receiver chips. The obtained findings can be used to improve the accuracy of modelling and, accordingly,
the quality of designing networks based on LoRa technology

Keywords: Long Range; computer simulators; Framework for LoRa; Received Signal Strength Indicator; signal power
loss; distribution factor; simulation parameters

Introduction

LoRa (Long Range) technology is widely used in modern
sensor networks to ensure reliable communication be-
tween nodes. The advantages of this technology are long
data transmission distances, high noise immunity, and
minimal power consumption. With the rapid growth in the
need to transmit data from many sensor nodes to remote
servers, the relevance of optimising the parameters of LoRa
networks is becoming critical.

Computer simulation provides powerful tools for
modelling the behaviour of LoRa networks under vari-
ous conditions and the ability to evaluate performance,
identify potential problems, and test new solutions
without the need to deploy expensive and time-consum-
ing networks. D. Capriglione et al. (2012) found that by
modelling different network scenarios, parameters such
as signal propagation loss, interference level, data rate,
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received signal power, and energy consumption can be
analysed in detail.

According to M.A.M. Almuhaya et al. (2022), one of
the most widely used tools for modelling LoRa networks
is simulation software. They provide researchers with the
flexibility to configure network parameters and enable
them to simulate a variety of scenarios that factor in the
specifics of the network. This allows identifying potential
problems, developing and testing optimisation strategies,
which helps to improve the efficiency of the LoRa network
in real-world conditions. In this regard, the relevance of
computer modelling of LoRa network parameters, consid-
ering the features of the hardware, is undeniable.

Previous research has highlighted a series of key as-
pects related to LoRa transmission parameters. T. Rasic et
al. (2021) investigated the effects of parameters such as
the expansion ratio, bandwidth, and transmit power on
communication efficiency and energy consumption using
a FLoRa (Framework for LoRa) simulator. The study found
that changing the distance between the node and the gate-
way considerably affects transmission stability and energy
consumption. S. Francisco et al. (2021) proposed an im-
proved LoRaSim (Long Range Simulator) model that im-
proves the accuracy of reproducing real-world conditions
through adaptive simulation parameters. O.A. Nahorni-
uk (2024) focused on methods for automatically determin-
ing the parameters of LoRa radio signals and focused on the
peculiarities of modelling using MATLAB, which helped to
improve the accuracy of measurements. However, there are
still unresolved issues related to the reliability of simula-
tion models compared to real experimental data, especial-
ly in scenarios where the distance between nodes changes
substantially or where there is considerable interference.

S. Bertoldo et al. (2019) noted that the choice of a suit-
able signal propagation model is critical for accurately pre-
dicting LoRa network parameters. Their study demonstrat-
ed that the use of empirical models, such as Motley-Keenan
or COST 231 Multi-Wall, can greatly improve the accuracy
of predictions for sensor networks in indoor environments.
This confirms the need for additional analysis and adapta-
tion of simulators such as FLoRa to more accurately repro-
duce real-world operating conditions (FLoRa, n.d.).

M.G. Campos et al. (2024) noted the lack of represent-
ativeness of some simulator configurations when network
parameters are varied. This points to the need for further
research that validates simulation models in a wider range
of conditions.

The purpose of this study was to analyse and compare
the results of calculations of LoRa network characteristics
obtained by computer simulation with the results of exper-
imental studies.

To fulfil the purpose of the study, the following tasks
were set:

1. Modify the FLoRa simulator software to display the
values of signal propagation losses.

2. Conduct a computer simulation in FLoRa to obtain
values of signal loss as a function of distance.

3. Compare the findings of the simulation with the
data obtained from the visual experiment and the RSSI (Re-
ceived Signal Strength Indicator) values obtained from the
simulation with the values obtained from the experimental
measurements.

Materials and Methods

The study employed a computer modelling method that al-
lows predicting the parameters of the LoRa network based
on theoretical models and experimental data. The key meth-
od for estimating signal propagation losses was the Fris
model, which is widely used for calculations in urban envi-
ronments. This model captures the random effects of shad-
owing due to natural and artificial obstacles such as hills,
trees, buildings, and is known as the ordinary shadowing
model. The Fries model was chosen because it is suitable for
estimating losses in densely populated and built-up areas,
which are typical conditions for LoRa network deployments.
The model parameters, such as y and X , were chosen con-
sidering the specifics of the LoRa network and the environ-
ment in which the experiments were conducted. Using the
Fris model, the path loss as a function of the communication
distance d can be described as follows (Rappaport, 1996):

Lpi(d) = Lp(do) + 107 log (5-) + X, (1)

where L, (d) is the path loss in dB; L, (d,) is the loss at the
reference distance d,, y is the path loss exponent; X_~ N(0, ¢%)
is the deviation of a normal distribution with zero mean;
and ¢ is the variance to account for shadowing.

Losses at a reference distance d, when signals propa-
gate without obstacles between the transmitter and receiv-
er are equal:

Lpl(do) =20logqo (4nfd°)-

c

At the same time, the losses on the way to distribution
can be written as follows:

LpI = va + Gtx + er - Prx’ (2)

where Ptx is the strength of the transmitted signal; Gtx, Grx
are the antenna gains, Prx is the signal strength at the re-
ceiver input.

The signal power at the receiver input P_, can be ex-
pressed as follows:

P_=RSSI+K,
where K is the offset, which depends on the characteristics
of the transceiver chip used, the frequency, and the chosen
technology and its features (in this case, LoRa and SF), or

Prx :Ptx+ Gtx + er - LpI' (3)

Therefore, signal losses along the way can be expressed
in terms of RSSI:

L,(d)=P,+G, +G,_-RSSI-K. 4)
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Thus, based on the RSSI values obtained experimen-
tally or as a result of simulation, it is possible to estimate
the level of network losses at different distances. The rela-
tionship between RSSI and losses, expressed through the
K-factor, is unique to each type of LoRa chip and was inves-
tigated by Yu. Onykiienko et al. (2022).

This study used the FLoRa simulator based on the OM-
NeT++ platform. Running simulations using FLoRa helped to
simulate various environments based on the data obtained
and preserve the conditions of the experiment, which makes
the simulation results comparable to real measurements.

The receivers and transmitters used in the experiment
(Fig. 1) were designed according to the modern element
base. For measurements at 433 MHz, the study used the
LoRa Ra-02 transceiver developed by Shenzhen Ai-Think-
er Technology Co., Ltd (China), based on the SX1278 chip
manufactured by Semtech Corporation (USA). For meas-
urements at 868 MHz, the sudy used the TTGO LORA32
868/915 Mhz ESP32 LoRa OLED module created by the
LILYGO team (China), based on the SX1276 chip from the
same company Semtech Corporation (USA). Measurements
at 2.4 GHz were performed using the E28-2G4M12S mod-
ule developed by Chengdu Ebyte Electronic Technology
Co., Ltd (China), based on the SX1280 chip manufactured
by Semtech Corporation (USA).

The transmitter settings were changed during meas-
urements via the built-in Wi-Fi channel of the ESP32
microcontroller. The receiver settings were changed via
the LoRa channel. All the antennas are omnidirectional
and vertically polarised, which minimised signal loss and
helped to evaluate the network parameters in real-world
conditions where interference from multidirectional ob-
jects often occurs. The data was transmitted in packets of
100 units with a payload of ten bytes and a 12-character
preamble at each distance. The received RSSI values of
each packet were recorded in the receiver’s memory for

further analysis of the effect of the SF spreading factor,
which was set to 7,9, and 12, and the distance at 433 MHz,
868 MHz, and 2.4 GHz. The initial data for modelling and
calculations are presented in Table 1.

Node parameters, such as transmitter power, receiver
sensitivity, and other characteristics, are configured ac-
cording to chip specifications. For simulations, FLoRa uses
a class-based signal propagation model, namely LoRaLog-
NormalShadowing, which factors in the characteristics of
urban buildings, including reflection, attenuation, and oth-
er factors. A series of simulations were performed for vari-
ous scenarios that reproduced the experimental conditions
(different distances, frequencies, and other parameters).
Each simulation included a certain number of data trans-
missions between nodes to collect statistically significant
results. Thus, by means of experimental measurements and
computer simulations, data were obtained that allow esti-
mating the level of losses in the signal transmission path
based on RSSI for different distances.

Figure 1. LoRa modules used in the experiment (in the white
case — a transmitter at a frequency of 868 MHz, in the black
case — a transmitter at 433 MHz and 2.4 GHz)

Source: developed by the authors of this study

Table 1. Input data for modelling

Frequency 433 MHz 868 MHz ‘ 2.4 GHz
c 2.65
% 2.2
Lpl(d0), dB 45.2 51.2 60.0
SE=7 49 47 24
K SF=9 54 50 25
SF=12 54 50 26
Frequency band, kHz 125 125 812.5
Coding rate 4/5 4/5 4/5
Output power, dBm 17 17 10
Antenna gain, dBi 2.5 2 3

Source: developed by the authors of this study based on Yu. Onykiienko et al. (2022)

Results

OMNeT++ provides the infrastructure and tools for run-
ning simulations. One of the fundamental features of
this infrastructure is the architecture of components for
simulation models. Models are assembled from many

components called modules. Modules can be connected to
each other using gateways and combined into composite
modules. The depth of nesting of modules is not limited.
Modules communicate through message passing, where
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messages can contain arbitrary complex data structures
that can transmit messages along predefined paths through
gateways and connections or directly to a destination; the
latter is useful, e.g., for wireless simulations. Modules may
have parameters that can be used to configure behaviour
and/or to parameterise the model topology. The modules at
the lowest level of the hierarchy are called simple modules,
and they encapsulate the behaviour of the model. Simple
modules are programmed in C++ and use the simulation li-
brary. OMNeT++ simulations can be run in a variety of user
interfaces. Graphical user interfaces with animations are
very useful for demonstration and debugging, while com-
mand line interfaces are best suited for batch execution.

LoRaNetworkTest

@ B RARA

FLoRa (n.d.) (Framework for LoRa) is a software library
for end-to-end modelling of LoRa networks that provides sup-
port for the LoRa physical layer model, considering collisions
and capture effects. It enables simulations with one or more
gateways, provides accurate end-to-end modelling of the
transport network, and provides statistics on network energy
consumption. FLoRa is based on the INET framework, which
is an open-source set of OMNeT++ models for wired, wireless,
and mobile networks. The OMNeT++ environment and simu-
lator allows creating LoRa networks with LoRa node, gateway,
and network server modules. The parameters of the system
elements are set in the initial simulation settings file. Figure 2
shows a fragment of the LoRa network simulation window.

e

43

o—

o

loud

configurator

networkServer

@)
u
loRaNodes[0] loRaGW[0]

LoRaMedium

gwRouter{0]

Figure 2. FLoRa simulation window

Source: developed by the authors of this study

The FLoRa package has all the necessary elements and
their graphical representation to simulate both the net-
work and server parts of the system, namely:

A graphical representation in the LoRaNetworkTest
plane of the network server (networkServer), router (ns-
Router), network cloud (internetCloud), gateway (gwRout-
er), and LoRa node module (loRaGW - transmitter, loRaN-
odes - receiver);

The duration of the simulation process is determined
by the value set in the initialisation file. The results of the

Browse Data

Here you can see all data that come from the files specified in the Inputs page.

simulation are recorded in the results.anf file, which has
the form of a table;

Two signal propagation models LoRaHataOkumura
and LoRaLogNormalShadowing can be used in the simu-
lation;

The simulation results, as well as the input data of
the simulation, are entered into the table (Fig. 3). The pa-
rameters Vector of RSSI per node (RSSI value) and Vector
of Pass Loss per node (loss value) are used to estimate the
signal loss depending on the distance.

All (4005/4005) Parameters (2576 /2 576) Scalars (1074 /1074) Histograms (90/90) Vectors (265 /265)

?J ] experiment filter | v I measurement filter ] v I replication fI v I modaule filter v
Experiment Measurem... Re.. Module Name Count Mean StdDev Variance
General $0="avg" #0  LoRaNetworkTest.networkServer.eth[0].q queueBitLength:vector 84 O0b 0b 0b*
General $0="avg" #0  LoRaNetworkTest.networkServer.eth[0].m txPk:vector(packetBytes) 84 64 0 0
General $0="avg" #0 LoRaNetworkTest.nsRouter.eth[0].mac  ~xPkOk:vector(packetBytes) 8 64 0 0
General $0="avg" #0 LoRaNetworkTest.nsRouter.eth[0l.mac  passedUpPk:vector(packetBytes) 84 64 0 0
General $0="avg" #0  LoRaNetworkTest.nsRouter.ethernet decapPk:vector(packetBytes) 84 45 0 0
General $0="avg" #0 LoRaNetworkTest.networkServer.udp packetReceived:vector(packetBytes) 88 35 0 0
General $0="avg" #0 LoRaNetworkTest.networkServer.app[0] Vector of SNIR per node 89 195.282367 182.871582 33,442.015408
General $0="avg" #0  LoRaNetworkTest.networkServer.app[0] Vector of RSSI per node 89 -108.4145612 3.452556 11.920146
General $0="avg" #0  LoRaNetworkTest.networkServer.app[0] Vector of Pass Loss per node 89 129.414612 3.452556 11.920146
General $0="avg" #0 LoRaNetworkTest.loRaNodes[0).LoRaNic. receptionState:vector 352 0.534091 0.563846 0.317923
General $0="avg" #0  LoRaNetworkTest.networkServer.app[0] Received Sequence number 88 43.500000 25.547342 652.666667
General $0="avg" #0 LoRaNetworkTest.networkServer.app[0] Calculated SNRmargin in ADR 4 192.664751 30.083020 ©04.988117
General $0="avg" #0  LoRaNetworkTest.networkServer.udp packetSent:vector({packetBytes) 4 24 0 0
General $0="avg" #0  LoRaNetworkTest.nsRouter.ppp|0].queue incomingPacketLengths:vector 4 352b 0b 0b*
General $0="avg" #0  LoRaNetworkTest.nsRouter.ppp[0].queue incomingDataRate:vector 864000 0016286 bps  7.573821bps  57.362764 bps®
General $0="avg" #0 LoRaNetworkTest.nsRouter.ppp[0].queue queueingTime:vector 4 Os Os 0s*
General $0="avg" #0  LoRaNetworkTest.nsRouter.ppp[0].queuc outgoingPacketLengths:vector 4 3520 0b 0’

Figure 3. A fragment of the modelling results table with the output of signal loss values along the propagation path

Source: developed by the authors of this study
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The FLoRa simulator calculates signal propagation
losses but does not display them in a table with the results.
In many cases, when designing a network, it is more con-
venient to use the loss values. Therefore, the program code
has been modified, and the obtained values are displayed in
the table after the RSSI values.

InFigure 4, the curves showing the dependence of signal
loss on distance, different SFs, and frequency are modelled

100.00
L, 433 M

80.00

60.00

PL, dB

40.00

a 1 10

L, 868 MI'1t

Distance, m

using formula (1) and calculated from experimental data
using formula (4). The curve L, which shows the total signal
loss with distance, is obtained as a result of modelling. The
min and max curves indicate the minimum and maximum
values of signal loss obtained during the simulation. The
other curves, SF7, SF9, and SF12, respectively, represent the
results of path loss calculations using formula (4), where the
experimentally obtained RSSI and K values were applied.

L, SF7

—#—1L, SF9 o

100 1000

L, SF7 ==L, SF9

b 1 10

L, 2,4 Ty

Distance, m

L, SF7

100 1000

=1L, SF9 S

c 1 10

Distance, m

100 1000

Figure 4. Dependence of signal loss at different frequencies on distance and distribution factor

Note: a — 433 MHz, b — 868 MHz, c — 2.4 GHz
Source: developed by the authors of this study

The simulation and calculation results for the 433 MHz
frequency are presented in Figure 4a. Clearly, the signal
propagation loss obtained from calculations based on ex-
perimental data is within the maximum and minimum val-
ues obtained during simulation. The graphs show that the
installed power and the selected antenna limit the range
in the 433 MHz band to about 400 m. During reception at
longer distances, a considerable increase in the number of
errors was observed.

The graph for the 868 MHz frequency (Fig. 4b) shows
that the signal loss obtained experimentally is within the
range of theoretical calculations at most distances. Nota-
bly, at a distance of 50 metres, an additional signal reflec-
tion was observed during the experiment, and therefore the
loss value at this point is lower than at the neighbouring
ones. As a result, the theoretical models can be adjusted
and improved based on real data to increase the accuracy of
predictions and improve network planning processes.
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Figure 4c shows signal loss versus distance at 2.4 GHz.
The graphs show that the range in the 2.4 GHz band reach-
es approximately 250 m. At this point, reception errors
became noticeable, which led to a considerable difference
in the RSSI value calculated by formula (4) compared to
neighbouring points. Achieving the specified distance is
possible only if the distribution coefficient SF =7 is used.
For values of the spreading factor, such as SF=9 and
SF =12, the maximum range in the 2.4 GHz band does not
exceed 160 m. This confirms that lower SF values provide
the maximum communication range of LoRa technology
and increase interference immunity at analogous values of
channel bandwidth and coding rate.

-10 [ S,

-30
-50
=70 >
-90
-110
-130

RSSI, P, dB

1 10

To estimate the signal power loss as a function of dis-
tance, the FLoRa software uses RSSI values for each end-
point. Considering that for LoRa networks, RSSI values
depend on both the type of transceivers used and the SF
distribution factor, the present study evaluated the consid-
eration of these factors when performing calculations in the
FLoRa simulator. Figure 5 presents the results of compar-
ing the RSSI values obtained in the experiment conducted
by Yu. Onykiienko et al. (2022) and those calculated in the
FLoRa simulator as a function of distance at 868 MHz for
different values of the SF distribution factor. Also presented
in Figure 5 is the dependence of the signal power P_ at the
receiver input on the distance, calculated using formula (3).
——SF7 exp.

——SF9 exp.
SF12 exp.

—&—SF7 FLoRa

—&— SF9 FLoRa

—o—SF12 FLoRa
P rx
LY

100 1000

Distance, m

Figure 5. RSSI values obtained experimentally and in the FLoRa simulator at 868 MHz for different SFs
at different distances and input power values P_

Source: developed by the authors of this study

Figure 5 shows that the RSSI values calculated in the
FLoRa simulator with the parameter settings listed in Ta-
ble 1 are significantly different from those obtained in the
experiment. There is also no effect of the SF distribution
factor. On the other hand, the simulation results almost
coincide with the input power levels for the endpoint cal-
culated by formula (3). Thus, in FLoRa, the received signal
power values are represented as RSSI values. This approach
is not entirely correct, since RSSI values depend on the
concrete type of receiver chip. Therefore, the method of
calculating RSSI in FLoRa should be adjusted. It would also
be advisable to display both the signal value at the receiver
input and the RSSI value in the results table.

Discussion

The findings of this study confirmed the significance of
choosing the right spreading factor (SF) in LoRa networks
to ensure the best performance. This is in line with the find-
ings of S. Mnguni et al. (2021), who demonstrated that low-
er SF values (e.g., SF7) provided lower power consumption
and faster data transmission, but could cause more packet
collisions due to channel congestion. In the study, a mod-
ified version of the FLoRa simulator also showed high ac-
curacy in assessing the impact of SF on signal loss and en-
ergy performance. Furthermore, this study expanded the
FLoRa functionality by adding signal power loss modelling
for different frequencies (433 MHz, 868 MHz, and 2.4 GHz).
This helped to compare the simulation findings with ex-
perimental data and confirm that the choice of parameters,

such as SF and transmit power, greatly affects network
performance, including power consumption, latency, and
throughput. However, the study found that the RSSI val-
ues presented in FLoRa need to be adjusted to consider the
hardware characteristics of the receivers. This complement-
ed the findings of S. Mnguni et al. (2021), indicating the need
to further adapt the model to more accurately estimate the
physical parameters of the network. The findings revealed
the significance of optimising the spreading factors (SF) to
ensure a balance between energy consumption, reliability,
and transmission range in LoRa networks. It is also consist-
ent with the findings of C. Bouras et al. (2021), who demon-
strated that the use of machine learning can significantly
improve energy efficiency and transmission reliability in
LoRa networks through adaptive SF selection. In contrast to
the approach of the researchers, the present study focused
on modelling signal loss and estimating RSSI parameters
using a modified version of FLoRa. At the same time, the
findings confirmed that SF plays a critical role in network
performance, especially in the context of multifactorial in-
fluences such as signal frequency, transmission medium,
and distance to the gateway. C. Bouras et al. (2021) also
pointed to the promise of integrating machine learning into
simulators such as FLoRa for automated parameter tuning.

G. Premsankar et al. (2020), who used linear program-
ming to find the optimum SF and TP parameters in dense
urban networks, achieved an increase in the delivery ra-
tio of up to 8% compared to previous algorithms and en-
sured a fair distribution of radio resources between nodes.
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In contrast to the methodology of G. Premsankar et
al. (2020), which focused on optimising real networks by
modelling spatial configurations and the mutual influence
of nodes, the present study is aimed at simulating the anal-
ysis of influence factors such as signal loss and RSSI values
using the FLoRa tool. Nevertheless, the key findings of the
researchers can be integrated into further research, spe-
cifically to improve ADR algorithms that have limitations
in terms of their setup time. Furthermore, the approach
demonstrated that the use of optimisation tools such as
linear programming can be integrated with simulation
platforms to enable rapid testing of different network con-
figuration scenarios. This opens the prospect for future re-
search on dynamic optimisation of LoRa parameters, which
can increase the adaptability and efficiency of FLoRa.

At the same time, R. Serati et al. (2022) proposed a new
ADR-Lite algorithm that optimises the settings of trans-
mission parameters such as SF, TP, CF, and CR to achieve
prominent flexibility and performance even in mobile en-
vironments. Unlike standard ADR, the ADR-Lite algorithm
operates independently of received packet history, using a
binary search to determine the optimum transmission pa-
rameters. This substantially reduces computational com-
plexity, which is critical for the scalability of IoT networks.
Simulations showed that in a mobile environment with high
channel noise, ADR-Lite achieved a 2.8 times improvement
in packet delivery ratio (PDR) compared to standard ADR
and outperformed other algorithms by 35%. The present
study highlighted the significance of including additional
transmission parameters such as CF and CR in the opti-
misation process, which is also relevant for extending the
functionality of the FLoRa simulator. The lack of depend-
ence on the previous transmission history opens the pros-
pect of integrating ADR-Lite into scenarios with dynam-
ically changing channel conditions. Thus, the approach
proposed by R. Serati et al. (2022) can form the basis for fur-
ther research, including the use of machine learning to find
the best transmission parameters without reducing PDR.

A considerable contribution to the understanding of
LoRa technology was made by M.A. Kamal et al. (2023),
which offered a detailed analysis of LoRa specifications,
implementation history, simulation tools, as well as the
principal technical and operational challenges. The re-
searchers highlighted the key advantages of LoRa, such as
wide range, low power consumption, and the availability
of the technology due to the use of unlicensed frequen-
cies. Among the technical challenges outlined in the study,
special attention was paid to connection management,
resource allocation, ensuring stable communication, and
security in LoRa networks. Particularly interesting was the
discussion of parameters that affect network performance,
such as spreading factor (SF), bandwidth (BW), and bi-
trate calculation. The researchers presented a formula for
determining the data rate depending on the selected pa-
rameters, which is useful for simulation experiments. The
study also highlighted that despite the wide range of solu-
tions, some issues are still unresolved. The discussion of

simulation tools also provided a useful context for extend-
ing the functionality of FLoRa. The inclusion of new pa-
rameters, such as the effects of network topology or en-
vironmental changes, can substantially improve modelling
accuracy and make simulations more realistic.

A.L Griva et al. (2023) presented a comparative analysis
of the performance of LoRa networks in rural, urban envi-
ronments, and a car park scenario. The researchers used the
OMNeT++ simulation environment with the open-source
FLoRa framework. In rural areas, an increase in node densi-
ty significantly degraded network performance, which was
less noticeable in urban scenarios due to the better loca-
tion of gateways and other infrastructure features. It was
also found that increasing the expansion factor (SF) from
SF 11 to SF 12 increased energy consumption by 50.76%.
It was also emphasised that optimisation of parameters
such as antenna height, transmit power, and number of
gateways is a vital factor for efficient deployment of LoRa
networks. Popular signal fading models, such as Okumu-
ra-Hata and Oulu, were used for modelling, which helped
to evaluate the network performance in various conditions.
The findings revealed that the correct choice of the signal
fading model and technical parameters greatly affects the
quality of communication and energy efficiency of the net-
work. The researchers also emphasise the necessity of ex-
perimental studies to confirm the findings.

R.P. Centelles et al. (2024) considered a new Dis-
tance-Vector Routing Protocol (DV RP) for LoRa Mesh
networks. The proposed approach aimed to extend the
capabilities of the conventional LoRaWAN star topology
by using a more flexible mesh topology. The principal in-
novation was the Time on Air (ToA) metric, which accom-
modated the possibility of using different spanning factors
(SFs) for efficient routing in networks with heterogeneous
topologies. The advantages of using multi-SF included
the use of different SFs, while allowing for optimised data
transmission, especially in cases of high loads, improving
network performance. The protocol is optimised for limited
node computing resources, making it suitable for low-pow-
er devices. In simulations using FLoRa based on OMNeT++,
the study demonstrated better packet delivery ratio (PDR),
goodput, and latency compared to other known routing
strategies in heterogeneous topologies. This study is a val-
uable contribution to the development of LoRa Mesh net-
works by showing the potential of multi-SF routing to solve
real-world problems in challenging environments. In the
future, the researchers plan to implement the developed
protocol on real devices for field trials, which emphasises
the practical orientation of the study. The findings revealed
that the correct choice of the signal fading model and tech-
nical parameters considerably affects the quality of com-
munication and energy efficiency of the network.

Y. Sarr et al. (2019) proposed the deployment of a street
lighting control system based on LoRaWAN technology for
smart cities. The system, which operates on the principle
of ‘smart lighting’, allows solar lights to dynamically ad-
just the level of illumination depending on environmental
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conditions and the state of energy supply. The study showed
that the use of a single gateway causes a large loss of pack-
ets due to collisions, which confirmed the need for multiple
gateways to improve network performance. The simulation
results showed that multiple gateways considerably reduce
packet loss and collisions (up to 20%), which indicates the
value of network scalability for the best results.

E.F. Silva et al. (2023) proposed the SlidingChange
mechanism, which helps to dynamically adjust these pa-
rameters depending on the network conditions and pro-
vides an opportunity to reduce the number of configuration
changes in the network. This approach, compared to other
methods such as InstantChange and LR-ADR, revealed a
significant improvement in Signal-to-Noise Ratio (SNR)
and Bit Error Rate (BER). At the same time, by using a slid-
ing window to smooth out short-term changes, it reduced
the need for frequent network reboots. Overall, the use of
techniques such as SlidingChange can greatly improve the
efficiency of a LoRa network by reducing the number of fre-
quent frequency and configuration changes, which reduces
energy consumption and increases network stability. This
is especially significant for large IoT networks where many
devices need to communicate with the network with mini-
mal energy consumption and high data reliability.

G. Yascaribay et al. (2022) focused on evaluating the
effectiveness of communication systems for [oT in agricul-
ture, specifically the use of LoRaWAN. In this study, based
on simulations using Omnet++ and the FLoRa library, the
performance of LoRaWAN in rural areas was evaluated us-
ing the example of Ecuador. The researchers showed that
by using two gateways and activating Adaptive Data Rate
(ADR) technology, the packet delivery ratio can be consid-
erably increased without increasing the power consump-
tion of network nodes. These findings demonstrated the
potential of LoRaWAN to solve the problem of providing
reliable communication in an agricultural environment,
where the distance between nodes can reach great values
and energy-saving features are vital for the long-term op-
eration of devices. Importantly, the study also highlighted
the need to develop additional mechanisms to improve net-
work scalability, such as the introduction of multiple com-
munication channels to reduce packet collisions, which is
a prominent issue when there are a considerable number

Conclusions

The analysis of the simulation results using FLoRa soft-
ware revealed that the obtained results of modelling the
signal loss along the propagation path correspond to the
experimental data. For frequencies of 433 MHz, 868 MHz,
and 2.4 GHz, the signal losses obtained in the simulation
were within the experimental values, which confirmed
the high accuracy of the simulation model for predicting
signal propagation losses. Specifically, this confirmed that
the model can correctly account for various factors that
affect the nature of signal propagation in real-world con-
ditions, including environmental changes, obstructions,
and interference. Particular attention should also be paid
to the consideration of various propagation factors (SF)
and different signal frequencies, which were also accu-
rately modelled, helping to assess the effects of these pa-
rameters on signal loss.

The comparison of simulation and experimental data
confirmed that the computer modelling methods employed
in this study are effective in predicting the characteristics
of LoRa networks. The results of simulations performed
using the FLoRa software revealed high agreement with
experimental measurements within the permissible errors,
which suggests the accuracy of the model for predicting
signal loss and other parameters such as delay and inter-
ference. This opens new opportunities for the development
of adaptive models that accommodate both hardware and
environmental factors when selecting SF. Thus, the use of
machine learning can be a logical step in improving FLoRa
to predict network parameters more accurately.

The FLoRa software simulator proved to be a powerful
tool for modelling systems based on LoRaWAN technology.
The openness of the software source code helped to adapt
the simulator to the concrete conditions and needs of vari-
ous studies, considering the environment.

In the future, a valuable area is to improve the FLo-
Ra simulation programme to more accurately calculate the
RSSI output values, specifically by considering additional
factors such as hardware features of the system implemen-
tation and changes in the propagation coefficients (SF)
during the simulation.
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AHoOTOAUiA. MeToo craTTi 6y/10 DOCTIIKEHHS] Ta MOPIBHSIHHS pe3y/bTaTiB o6uncieHb napamerpiB mepesxki LoRa,
OTPMMaHMX 32 AOTIOMOTOI0 KOMIT IOTEPHOTO MOJENIOBaHHS, 3 pe3y/lbTaTaMi eKCllepMMeHTaJbHUX BUMipioBaHb. s
IOCSITHEHHS MeTy 6Y/I0 BUKOPUCTAHO METO M KOMIT I0TePHOTO MOJIeTI0BaHHS BTPAT CUTHATY. 30KpeMa, Y CTATTi OIIMCAaHO
moaudikanito cumynaropa FLoRa st OI[iHKYM BTpaT CUTHAY IIif, Yyac oro MomupeHHs, BUKOHAHHS KOMIT IOTEPHUX
cumynsiniii y FLoRa Ta MOpiBHSIHHSI OTPMMAaHMX Pe3yJIbTaTiB 3 JaHUMM, 3L00yTUMMM B XOIi eKcliepuMeHTy. Takoxk
MpOBeJleHO TMOpPiBHSIHHS 3HaueHb RSSI, oTpumaHux y mporeci cumysslii, 3 ekcliepyMeHTaJbHUMMM 3HAYEHHSIMU.
PosumpeHo (yHKUiOHAJIbHI MOXIMBOCTI mporpaMmHoro cumynstopa FLoRa nuisixom [omaBaHHSI 3HAueHb BTpaT
MOTY>KHOCTI CUTHAIY 0O Tabauili pe3ynbTaTiB cumyssiii. 3 BukopuctaHHsM nporpamyu FLoRa BMKOHaHO CUMYJISILIIIO
BTPAT MOTY>XKHOCTI CUTHATy Ha LUISIXY MMOLIMPEeHHS Ha yactoTax 433 MI'u, 868 MI'y ta 2,4 ITu. ITopiBHS/IbHMI aHAali3
TO0Ka3aB, 10 Pe3yAbTaTy CUMYJISILIT 75T pisHUX KoedillieHTiB pO3MoAiieHHsT) Ta Pi3HUX YaCTOT CUTHATY BiJIIOBiIal0Th
eKCIlepyMeHTaIbHUM JaHUM. BcTaHOBI/IEHO, 1110 B IPOrpaMi 3HaUeHHS MOTYKHOCTi OTPMMaHOr0 CUTHaY IIpe/CcTaBaeHl
sik 3HaueHHs1 RSSI. [ToTykHiCTh CMTHATY Ha BXOHi He BinmoBigae 3HaueHHIM RSSI i 3a/mekuThb BiJi KOHKPETHOTO TUITY
MiKpocxemu IpuitMaua, TOMy MeToayKa po3paxyHky RSSI mae 6yTu ckoperoBaHa. [TinTBepaskeHo, 110 6y710 6 JOIITbHO
BUBOIMUTU B TAOMUIIIO0 Pe3y/IbTATIB SIK 3HAUEHHSI CUTHATY Ha BXOAi mpuitMava, Tak i 3HaueHHs RSSI. Iy miiBUIIeHHS
TOYHOCTI KoMIT 10TepHOi Mozeni FLoRa, 30kpeMa o6uncieHHs1 3HaueHb RSSI, 3ampornoHOBaHO BpaxOByBaTH 0COOIMBOCTI
BUMIpIOBaHHSI IMX 3HAUeHb Di3HMMM TUIIAaMM MikpocxeM mpuiimadiB LoRa. OTpuMmaHi pe3ynbTaTu MOXYTb OyTH
BMKOPMCTaHI AJ18 MiIBUIEHHS TOYHOCTi MO eTI0BaHHS i BiATIOBiIHO SIKOCTi MPOEKTYBaHHS MepeXX Ha OCHOBi TeXHOIOTi1
LoRa

KrouoBi cnoBd: Long Range; komi'iotepHi cumyiasitopu; Framework for LoRa; Received Signal Strength Indicator;
BTPATH MOTY)KHOCTi CUTHaNY; KoedillieHT pO3TOAiIeHHS; TapaMeTpu CUMYJISILIi1
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