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ABSTRACT

Romanenko V.V. Informatioand measuremetechnology foiquality controlof
additive manufacturingroduds. i Qualifying scientific work on manuscript rights.

Dissertation for the Doctor d?hilosophy degree in specialty 17%nformation
and measurement technologiésld of knowledge 174 Electronics, automation and
electronic communications Institute of General Energy, National Academy of
Sciences of Ukraine, Kyiv, 262

The dissertation solves the urgent scientific and technical problem of improving
the quality and reliability of 3D printing processes of complex objects by developing
and implementing information and measurement technology based on computer vision,
numeri@l analysis, and artificial intelligence methods. A systematic analysis of modern
3D printing technologies has been conducted and their features have been identified,
taking into account the complexity of manufacturing products, types of materials, and
tednological limitations. It has been shown that the choice of 3D printing technology
significantly affects the quality and continuity of the object manufacturing process,
particularly in cases of high accuracy and complex internal structure. The mairssource
of errors in the additive manufacturing process have been considered and methods for
their detection and minimization have been systematized. The potential of using
computer vision for online monitoring of the printing process has been investigated in
order to promptly detect defects and ensure continuity of production. A mathematical
model of pixel brightness equalization in images has been developed, which is a
component of information and measurement technology and allows eliminating the
negative impaicof variable lighting during the analysis of frames of the 3D printing
process. The model has been tested on various images, which has significantly improved
the quality of further analysis and processing of images.

The first sectionof the dissertation provides a comprehensive analysis of modern
additive manufacturing technologies, focused on ensuring the quality of 3D printing
processes for objects with complex geometry. The most common technologies are
classified and comparéddlayer-by-layer deposition, stereolithography, selective laser

sintering and direct laser sintering of métahllowing for an informed choice of the
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appropriate printing technology depending on the complexity of the project ar
functional requirements for the product. This section also provides an overview of sor
developments and methods used in 3D printing, and identifies the main limitations a
souces of errors in the additive manufacturing process. The importance of adapti
materials to the specifics of the technology is emphasized in order to achieve hi
accuracy, mechanical strength and stability of the structure of printed objects. ParticL
attention is paid to the issue of reducing errors that arise due to incorrect selectior
technological parameters, deformations during printing and violations ©
thermodynamic regimes. The section analyzes the methods and tools of intellige
computer ision systems based on convolutional, recurrent and generative neul
networks as an effective means of monitoring and managing quality at all stages
additive manufacturing. The results of the analysis allow us to form conceptu
approaches to the creat of automated and adaptive quality control and support
systems in 3D printing of complex objects, which is the theoretical and practical ba:
for further research in the following sections of the work.

In the second sectionf the dissertation, mathematical models and hardware an
software tools that implement the proposed method of 3D printing quality control b
analyzing images in real time are developed and analyzed. The section presen
method for solving the problenf gariable illumination, which negatively affects the
accuracy of defect detection and printing continuity, in particular, in products wit
complex geometry and small details. The problem of pixel intensity equalization
formulated in order to improve age quality, which allows eliminating the influence
of uneven lighting during visual monitoring of the printing process. A numerical metho
for equalizing illumination based on the analysis of gradient characteristics of images
developed and tested, whi allows preserving important contrast features and
geometric details. The structure of the created software is described, which ensures
integration of the method into the real process of additive manufacturing. The develor
system allows for automed control of 3D printing continuity, increasing the overall

reliability and productivity of additive manufacturing. The mathematical model make
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it possible to improve images with printing elements, which helps to increase the
accuracy of recognizing the main types of 3D printing defects

In the third section of the work, the proposed information and measurement
technology for quality control of additive manufacturing products is implemented and
its experimental validation is carried out. For this purpose, the choice of polymer
materials is justified, takingnto account their physical, mechanical and electromagnetic
properties, in particular in the context of the prospects for their application in UAV
designs and other products with special requirements. Software tools for modeling and
preparing prototypes using modern CAD/CAM tools are developed. Models are built
that take into account polymer mixing parameters and the influence of material
properties on the process and result of 3D printing. The full cycle of manufacturing
prototypes andhe implementation of a control system at the stages of design, printing
and analysis of results is described. An information and measurement technology based
on a convolutional neural network for recognizing printing defects in real time is
proposed. The odel was trained using the formed database of defect images, which
made it possible to achieve high accuracy in the classification of typical violations
(delamination, gaps, layer displacements, etc.). Effective integration of the software and
hardware pds of the system was ensured, with subsequent validation on experimental
data. The results of tests and studies of the mechanical properties of printed samples
were presented, and the effectiveness of the developed technology for detecting defects
at the arly stages of printing was also shown. The results obtained confirm the
effectiveness of the developed approach to automated quality control in additive
manufacturing, which ensures high reliability and functionality of finished products.

In the fourth section of the work, the results of the implementation of
information and measurement technology are summarized, its effectiveness is assessed,
and examples of practical implementation are given. It is shown that for the first time a
mathematical model of pixehiensity alignment in images of additive manufacturing
products was created, which allows improving quality control in real time, which is
implemented using a neural network approach. Advanced information and measurement

technology though the use of increases the accuracy of recognition of classic defects
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characteristic of serial 3D printing by 5% compared to other analogues. The study
demonstrated an increase in the efficiency of production processes through the us
flexible and adaptive control systems based on artificial intelligence and comput
vision.

Scientific novelty of the obtained results:

for the first time:

I Omathematical model was developed that describes the process of equaliz
pixel intensity in images of additively manufactured products, which made it possib
to control the quality of products during their 3D printing based on their images

I the information and measurement technology for quality control of additive
manufacturing products has been improved by applying image normalization al
standardization methods, introducing a developed mathematical model of preprocess
images with printingobjects and a model of the pixel intensity equalization process
which makes it possible to increase the accuracy of recognition of classic defects t
arise in serial additive manufacturing processes

were further developed:

I a method of preprocessing graphic objects, which is based on normalizati
and standardization of images before tlstistical analysis

Practical meaning. The results of the dissertation research, which was carrie
out at the Institute of General Power Engineering of the NAS of Ukraine, namel
prototypes of structural elements of UAV radio equipment, manufactured usin
advanced 3D printing technology fromolpmer composites with improved
characteristics, in particular, radio transparency, were successfully applied in t
unmanned systems division. It was determined that the deterioration of rad
transparency can lead to losses of ultraliigquency signal energy in data transmission
channels due to its absorption by structural elements, to changes in resonant frequer
due to moisture absorption by the material, etc. Therefore, the use of such mater
allows to avoid incorrect operati of UAV radio equipment in the microwave range

caused by this factor.
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Also, the results of scientific work were introduced into the educational process
of the educational and professional program for training bachelors in specialty
"Computer Science" in the content of the educational components "Computer Graphics"
and "Methals and Systems of Atrtificial Intelligence”. In the process of professional
training of the above educational components, the following were introduced, in
particular:

I high-speed methods and algorithms for processing images and video data
streams in order to accelerate their analysis;

I a method for preprocessing graphic objects based on normalization and
standardization of images for their morphological analysis;

I methods and tools of machine learning for tasks for the purpose of pattern
recognition on the example of the task of recognizing defects based on data obtained in
the process of additive manufacturing.

The implemented results obtained in the process of scientific work improved the
guality of training of students in specialty "Computer Science", as they made it possible
to develop fast methods and algorithms for solving complex engineering problems
underconditions of limited computing resources.

Keywords: additive manufacturing, 3D printing, information and measurement
technology, polymer mixing, Poiss@equationartificial neural networks, smoothing
uneven pixel intensity (brightness)
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[Mdzse &z § Otc@Bpl§tg dat iy vj O tedfy. 3. 7.

£ BucoTa Wwapy [Z] CriHku (@) LenakicTs nepuoro wapy
Bucota wapy 0,2 MM Kinbkicte nepumMeTpis 2 Mepuwmii wap 50
BucoTa no4aTkoBoro wapy 0,2 MM BuUABNeHHA TOHKOT CTIHKK MouaTkoBe
3aMOoBHEHHA Wapy 105
= WwupwuHa nixii £ BepxHi/HiKHi 06010HKK
@ WenakicTs iHwWX wapis
3a 3aMOBUyBaHHAM 0,42 M ManioHoK BepxHbOT NoBepXHi MOHOTOHH...
30BHiILLHI NepUMeTpH 200
MepLui wap 0,5 MM CyujinsHux WwWapis 3eepxy 5 P P
MepumeTpu 300
30BHILWHI NnepuMeTpH 0,42 e ToBlKHHa BepXHbOI 1 P P
ofonoHkK o Mani nepumeTpr 50% wmm/cabo%
MepumeTpn 0,45 ) P p b 1m/c 260 3
a . 042 ManioHoK HKUHHBEOT NoBepXHI MOHOTOHH... Mopir Manoro 0
epxHiit wap ;
. ois 5 nepumMeTpy
03piKEHE 3aNOBHEHHS ;s PoapimkeHe
. . TOBWMHA HUKHBLOT YaCTMHM 0 SaHSBi}:HHH 270
BHyTpilHe cyuinbHe 0.42 . OB ONOHKY M
3aMNOBHEHHA o B ; ;
BHyTpiwHii ManioHoK HYTPILLHE CyLiinbHe 250
MigrpuMen 0,42 T 3aMOBHEHHA CYLIiNBHUMK I'IpﬂMOﬂiHiL”rl.._ 3anOBHEHHA
[ Woe mapat\m BepxHii wap 200
& PospigxeHe 3anoBHeHHA VIoBINbHEHHS 38HE
[MonoxeHHA wea BupisHAHMA ¥
100 )
Smart scarf seam
application I'IpﬂMOﬂiHiﬁ.._ W ‘ 50
icati BMIKICTE 3BUCAHHA
Scarf application angle 155 . [loB*MHa KpinneHHa o A 30 /e |[50%, 759
threshold . 400% mm or %
PO3pigKEeHOro 3anoBHeHHs 10 we [75%, 100%
Wap¢ HaBkono BCiel CTIHK MakcuMansHa oBXWHA .
AKOPA PO3PILKEHOro 20 mmor% CTIHa noHap, 100% 50
Kpokn wapga 10 3aN0BHEHHA (He mict)
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[=] ASTM_DE38 PLA Th31m.gcode £
420 M106 P2 SO

421 M204 S500

22 Gl Z.4 FS000

4
423 G1 X40.685 Y77.262

424 Gl Z.4

425 Gl £.2

426 Gl E5 F2400

it : FERTURE: Skirt

4 ; LINE WIDTH: 0.5

429 Gl Fs00

430 Gl X41.7 ¥77.043 E.03866
231 Gl X178.3 Y77.043 E5.08783
432 G1 X179.631 ¥77.435 E.0516%
433 G1 X1B80.538 ¥78.485 E.0516%
433 Gl X180.757 ¥79.5 E.03866
235 M73 PO RBY

436 G1 X180.757 ¥140.5 E2.27202
437 G1 X180.365 ¥141.831 E.05169
438 Gl X179.315 Y142.738 E.05168
P Gl X178.3 Y14Z.857 E.03866
440 Gl X41.7 ¥142.957 E5.08783
441 G1 X40.36% Y142.565 E.0516%
442 M73 P1 R89

443 Gl X39.462 Y141.515 E.05168
444 Gl X39.243 Y140.5 E.03868
FE45] Gl X39.243 Y79.5 E2.27202
446 G1 X39.635 Y78.169 E.05169
447 Gl X40.64 Y77.301 E.04945
448 Gl E-3.5 F3600

FEES : WIPE_START

450 G1 F300

451 Gl X41.7 ¥77.043 E-.77742
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