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Pedepar:

1. Hikitia J.0. Mogesni i MeTOIU KepyBaHHS TEXHOJIOTIYHMM IIPOLIECOM BUTOTOBJIEHHS IPYKOBAaHUX ILJIAT 32
TexHoIorieto ¢poronosimepHoro 3D-npyky - KpasnidikaniiiHa HaykoBa Ipaljsl Ha TpaBax pyKonucy. Jlucepratis Ha
3100yTTs cTyneHs gokropa ¢dinocodii 3a cnenjanbHicTio 151 «ABTOMaTHU3al1isl Ta KOMITIOTEpPHO-IHTErpoBaHi
TEXHOJIOTII» — XapKiBCbKMI HALIIOHAJIbHUI YHIBEPCUTET PaiiOeIEKTPOHIKY, MiHiCTEpPCTBO OCBITH 1 HayKU YKpaiHy,
2024. luceprauiiiHy po60Ty IIPUCBSIYEHO aKTyaJIbHill HAYKOBO-TIPAaKTUYHOI 3aJja4i, & CaMe PO3BUTKY KibepPisnyHux
BUPOOHUYMX CUCTEM [IJIs1 BATOTOBJIEHHS OJHO- Ta ABOCTOPOHHIX PYKOBaHMX I1JIaT 32 JOIIOMOTOIO
aBTOMAaTH30BaHOTO TEXHOJIOT{YHOrO Ipoliecy Ha 6a3i aAUTUBHUX TEXHOJOriH 3D-ApyKy, sIKa [03BOJIsI€ BUPILIUTU
3a7ayi: MiHiMi3anii BUTpaTHUX Marepiaiis; MiHiMi3alii oniepauiil B CTPYKTYpPi TEXHOJIOTIYHOTO IIPOLECY; MiBULLEHHS
TOYHOCTI BUTOTOBJIEHHS TOIIOJIOTI] APYKOBaHUX I71aT. JucepTaliiiHa po60oTa € IPOJLOBXKEHHSIM JOCHTiIKeHb, SIKi

IIPOBOIATHCS HAa Kadenpi KOMITIOTEPHO-iHTEerPOBaHUX TEXHOJIOTIH, aBToMaTtu3alii Ta pobotorexHiku (KITAP)



XapKiBCbKOTO HAL[iOHAJILHOTO YHIBEPCUTETY PafioeIeKTPOHIKHU Mif] KePiBHULITBOM 3aBifgyBada Kadenpu KITAP,
IOKTOpa TeXHIYHUX HayK, Tpodecopa, 3aCIy>KeHoro Jisiua HayKu i TexHiky YKpaiHy, jaypeara Jlep>kaBHoOi IpeMmii B
ranysi Hayku i TexHiku Ykpainu, HesmtogoBa Irops lllakuposuya. Meta auceprauiiiHoi po60TH — IiABULIEHHS
TOYHOCTI BUTOTOBJIEHHS OIHOCTOPOHHI Ta IBOCTOPOHHI APYKOBAHUX IJIaT Ta 3MEHIIEHHS BUTPAT [IPU BUPOOHULITBI,
33 paXyHOK BUKOPHUCTaHHS MOZeJIell Ta METOIiB KePyBaHHS TEXHOJIOTIYHUM ITPOLiecOM Ha 6a3i poTonosimepHoro
3D-npyky. O6’eKT IOCiI>)KeHHS — TeXHOJIOTIYHMI [TPOLeC eKCIIOHYBaHHS TOIOJIOTIYHUX 300pakeHb IPYKOBAaHUX
71T, OTPUMAaHMX 32 AONOMOrol (OTONOJIiMEPHOro APYKY. [IpeAMeT NOoCiI>)KeHHsI — METOIU Ta MOJeJli KEPYBaHHS
TEXHOJIOTIYHUM NPOLECOM €KCIIOHYBAaHHS Ta HAHECEHHSI TOIIOJIOTII IPYKOBAHHUX IIJIAT 32 JOMNOMOIOI0 TEXHOJIOTIN
dorononimepHoro BupobHuLTBa Ha 6a3i SLA, DLP ta LCD. Metonu mociimpkeHHs. B po60Ti 3aCTOCOBYIOTHCS
MeTOoJU: AaKTOPHOTrO aHasli3y — [1J11 BU3HAYEHHS BIIJIMBY [IapaMeTpiB €KCIIOHYBaHHSI TOIOJIOTI PyKOBaHUX IJIaT Ha
30€pe’KeHHs FTeOMETPUYHUX PO3MipiB IPOBiIHUKIB Ta KOHTAKTHUX MaiiIaHYMKiB; METOIU (PinbTpalii 300pakeHb —
1181 MiATOTOBKY HEOOXiTHOTO TOIOJIOTiYHOTO PUCYHKY IPYKOBAHUX I1aT IPU BUKOpucTaHHi SLA, DLP Ta LCD
€KCIIOHYBaHHS Ta [TOPiBHSIHHS 33JJaHOI TOIIOJIOTIi Ta OTPUMAHOI 32 JOIMTOMOIOI0 CUCTEMU TEXHIYHOTO 30py Ta I
po3pobKku rpadivyHoro iHTepdeicy KopucTyBaya sl 3HaxXO[pKEHHS BilX1UIeHb T€OMETPUYHUX PO3MipiB OTPUMaHOI
¢doTrononiMepHOi MaCKH Bifj IOYaTKOBOTO 300PasK€HHSI TOIOJIOTii; METOIY CTATUCTUYHOTO aHali3y — 7S
3HAXOJKEHHS KOpeJIsLii MapaMeTpiB €KCIIOHYBAaHHS TOIOJIOTIi Ha BiAXUIEHHSI FTEOMETPUYHUX PO3MipiB TOMOJIOTI] Ta
OTPMMAaHOI perpecinHoi Mozesi. BAKOpHUCTaHi METOIM aBTOMATU30BAaHOTO KOHTPOJIIO TEMIIEPATYpPHU
dorononimepHoi cmomu npu LCD ekcrioHyBaHHi. HaykoBa HOBM3HA IUCEPTALiiHOI pOOOTH MOJISITa€ B HACTYITHOMY:
1. Bnepie 3anporoHOBaHO METO[I EKCIIOHYBAHHS OJHO- Ta JIBOCTOPOHHIX APYKOBAHUX IIJIaT 3a JOIIOMOTO0
aIUTHUBHUX TeXHOJIOriN 3D-IpyKy 3 BUKOPUCTaHHSIM (POTOIOIMEPHUX MACOK, SIKa Ha BiIMiHY iCHYI0UMX METO[IiB
HaHeCEHHS (POTOPE3UCTA, J03BOJIsI€ 3MEHIIATYA BUTPATH Ha MaTepianu Ha 37% (B IOPiBHSHHI 3 BUKOPUCTAHHIM
IJTIBKOBOTO (DOTOPE3UCTA) Ta TPYLOEMHICTh BUPOOHUIITBA IPYKOBAHUX I171aT. 2. YIOCKOHA/IEHO TEXHOJIOTIYHUI
IIpolLiec CTBOPEeHHS (POTONOiIMEPHUX MACOK TOIIOJIOTI] 3 ypaxyBaHHSIM BILJIMBY TEMIIEPATYPHUX PEKUMIB
($oTONO0NIMEPHOI CMOJIH, 110 1a€ MOXJIMBICTD MiBUIIATHA TOYHICTb BUTOTOBJIEHHSI TOIOJIOTIi Macku IPyKOBaHUX
nsatT B cepesHboMy Ha 0,03 MM (3a71€5KHOCTI Bifj pE>KMMiB €KCIIOHYBaHH4). 3. Briepine po3po6yieHO MaTeMaTUdHy
MoJiesb BIUIMBY napameTpiB SLA- ta DLP-eKcrioHyBaHHS Ha TeOMETPUYHI pO3Mipy TONOJIOTIi PYKOBaHMX IJ1AT i,
4yac eKCIIOHyBaHHS QOTONOJIMEPHUX MACOK, sIKa A€ MOXKJIMBICTb 3MEHIINTHU BiIXUJIEHHS FEOMETPUYHUX PO3MipiB
Ha 15%. 4. OTpuMaB MoAJBIINI PO3BUTOK METOJ, aJalITUBHOI GiHapizalii 06po6KY 306pakeHb 32 PaXyHOK
BMKOPHMCTaHHS pO3Mipy CKaHYI04Oi MaTpULli IPX CKaHyBaHHI 300pa’KeHHS 32 IOPOrOBUM 3HadYeHHsIM Otsu, Mo

I03BOJISl€ BMEHIINTY IIYMU IIpY 6iHApM30BaHiil 06pOOILI.

2. Nikitin D.O. Models and methods of controlling the technological process of manufacturing printed circuit
boards using photopolymer 3D printing technology - Qualification scientific work on the rights of a manuscript.
Thesis for the degree of Doctor of Philosophy in speciality 151 "Automation and computer-integrated technologies"
- Kharkiv National University of Radio Electronics, Ministry of Education and Science of Ukraine, 2024. The
dissertation is devoted to an urgent scientific and practical problem, that is development of cyber-physical
production systems for the manufacture of single- and double-sided printed circuit boards using an automated
technological process based on additive 3D printing technologies, which allows solving the following tasks:
minimisation of consumables; minimisation of operations in the structure of the technological process; printed
circuit boards topology manufacturing accuracy increasing. The thesis is a continuation of the research conducted
at the Department of Computer-Integrated Technologies, Automation and Robotics (CITAR) of the Kharkiv
National University of Radio Electronics under the supervision of the Head of the CITAR Department, Doctor of
Technical Sciences, Professor, Honoured Worker of Science and Technology of Ukraine, Laureate of the State
Prize in Science and Technology of Ukraine; Laureate of the State Prize of Ukraine in Education; Member of the
Academic Council, Nevliudov Thor Shakyrovych. The purpose of the thesis the purpose of the thesis is to improve
the accuracy of single-sided and double-sided printed circuit boards manufacturing and to reduce production
costs by using models and methods of process control based on photopolymer 3D printing. The object of research
is the technological process of exposing topological images of printed circuit boards obtained by photopolymer
printing. Subject of research - methods and models for controlling the technological process of exposing and



applying the topology of printed circuit boards using photopolymer production technologies based on SLA, DLP
and LCD. Research methods. The following methods are used in the work: factor analysis - to determine the
influence of the parameters of PCB topology exposure on the preservation of the geometric dimensions of
conductors and contact pads; image filtering methods - to prepare the required topological drawing of printed
circuit boards using SLA, DLP and LCD exposure and to compare the specified topology with the one obtained
using a vision system and to develop a graphical user interface for finding deviations in the geometric dimensions
of the resulting photopolymer masses methods of automated control of the temperature of photopolymer resin
during LCD exposure were used. The scientific novelty of the dissertation is as follows: 1. For the first time, a
method of exposing single- and double-sided printed circuit boards using additive 3D printing technologies is
developed with the use of photopolymer masks, which, unlike existing methods of applying photoresist, allows to
reduce the cost of materials by 37% (compared to the use of film photoresist) and the lab our intensity of PCB
production. 2. The technological process of creating photopolymer masks of the topology has been improved,
taking into account the influence of temperature conditions of the photopolymer resin, which makes it possible to
increase the accuracy of manufacturing the topology of the PCB mask by an average of 0,03 mm (depending on the
exposure modes). 3. For the first time, a mathematical model of the influence of SLA- and DLP-exposure
parameters on the geometric dimensions of the PCB topology during the exposure of photopolymer masks has
been developed, which makes it possible to reduce the deviation of geometric dimensions by 15%. 4. The method of
adaptive binarisation of image processing was further developed by using the size of the scanning matrix when
scanning an image according to the Otsu threshold, which reduces noise in binarised processing.
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