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1. PEQEPAT OumneiinikoB 1. A. MeTon, Ta MOZi€JIb iHTEJIEKTyaJlbHOIO aBTOMATU30BaHOr0 KepyBaHHs 3D-IpykoM Ha
OCHOBI MAlIMHHOTO HaBYaHHS. POGOTY NpUCBSIUEHO NiABULIEHHIO HafiiiHOCTI Ta sikocTi FDM /FFF-3D-npyky
IJISIXOM PO3POO6JIEHHS METOZY Ta MOZEJI iHTEeJIEKTyaIbHOTO aBTOMATU30BAaHOTO KEPYBaHH4, 10 CIIMPAIOTHCS Ha
MyJIbTUMOJIAJIbHUM MOHITOPUHT i IMIMOMHHI MOZEJIi KOMITIOTEpHOro 30py. [To6yToBuii Ta HaniBnpomucaosuit FDM-
IIPUHTEP PO3IJVISIHYTO SIK 6araTOKOHTYPHUI TeXHIYHMI 00’€KT i3 BifKpUTUMU iHTEpdeiicamy, y SKOMY IITaTHi 3ac001
KOHTPOJIIO 3[1€61/IbIIOr0 06MEXKYIOThCS IOPOTOBUMMU I1€PEBipKaMU Ta OLiHIOBaHHSIM TOTOBOTO BUPOOY. [TokasaHo,
10 33 TaKMX YMOB 3HAa4YHA 4aCTKa Ae(DEKTIB BUSABIISETHCS JIMIIE T1iCJI 3aBEPLUIEHHS TPUMBAJIOTO LUKITY APYKY, 10
3YMOBJIIOE BTPATH MaTrepiaiy, 4acy Ta eJI€eKTPOEHePrii. AKTyaslbHICTb JOCIII)KEHH BU3HAYAEThCS MTOLINPEHHAM
FDM-TexHoJI0Till y IPOTOTUITYBaHHI, MAaJIOCEPiHOMY BUPOOHUIITBI Ta OCBITi 32 BUCOKOI YyTJIMBOCTI ITpoOLEeCy 1O

BiIXWJIEHb PEXXUMIB, CTAaHY MEXaHiKU, BJIaCTUBOCTE (PislaMmeHTy 1 yMOB eKCIIyaTalii. 3arporoHOBaHO



PO3B’I3yBaTy IPOGIEMY IIJIIXOM MTOGYIOBM aBTOMATU30BAaHOTO HATJISIOBOTO KOHTYPY, 110 BUKOPUCTOBYE
BiZIEOTIOTIK NiABUILIEHOI pO3isIbHOI 3aTHOCTI, Te€JIeMETPil0 IIPUBO/IB i TEPMOKOHTYPIB Ta MOz eJIi IMTMOMHHOTO
HaByaHH kjacy ResNet, posropnyTi Ha BOyoBaHil niargopmi Raspberry Pi 5 Ha kpato mepesxi. MeToo po6oTu €
CTBOPEHHS Ta €KCIIEPUMMEHTAJIbHE OOIPYHTYBAHHSI METOZY i MOZEJIi iHTe/IeKTyaJIbHOIO aBTOMATU30BaHOTO
KepyBaHHg FDM-IpykoM Ha OCHOBI MyJIbTUMOJAJIbHOTO MOHITOPUHTY Ta Mogeell ResNet, ski 3a6e31e4yioTh
CBO€YaCHe BUSBJIEHHS ApibHOMACIITaOHUX edeKTiB, GOPMYyBaHHS PU3MKOOPiEHTOBAHUX KE€PYBaJIbHUX Till i
IOTPUMAaHHS 4aCOBUX OOMEXEHb KOHTYPIiB KEPYBaHHS 32 YMOB 0OME>XXeHUX pecypciB Raspberry Pi 5. [Is
IOCATHEHHS METU PO3POOJIEHO y3arajabHEHY apXiTEeKTypPy KOMILJIEKCY, IO ITOEIHYE BifeoniicCucTeMy, KOHBEED
[IOTIEpeJHbOTO 0OPOOGJIeHHS Ta MiATOTOBKY TEH30PiB, MOAYJIb OLiHIOBAHHS PU3UKY, OJIOK TIOJIITUK BTPY4aHHS Ta
3aco6u iHTerpauii 3 mpomuBkamu Marlin i Klipper yepe3 crangapTusoBaHi iHTepdeiicu nepemaBaHHSI KOMaH], i
IaHux. HaykoBa HOBM3HA NOJISITA€ B YIOCKOHAJIEHHI MOZEJ iHTEJIEeKTyaIbHOTO HarJIsiI0BOTO KOHTPOJIIO IIPOLecy
FDM-zpyKy, sika peasidye KacKaj, TPUrepHOTO BUSBIIEHHS, YTOUYHIOBAJIbHOI Bepuddikalii Ta agantuBHOI fii 3
ypaxyBaHHSM IIOTOYHOTO PU3KKY TEXHOJIOTIYHUX BiIX1JIeHb. 3aIIPOIIOHOBAHO (GOpMasi3oBaHUM
PU3MKOOPIEHTOBAHUH ITiJXiM, 32 IKUM OLIiHKY Bi3yaJIbHOI'O CTaHy, TeJIEMETPIi Ta KOHTEKCTY G-Komy
BiZIOOpa>KalOThCs B CKAJISIPHI iIHAMKATOPU PU3UKY i Y3rOIKYIOTbCS 3 MOJITUKAMU «M'SIKUX» Ta «KOPCTKUX» Jill i3
riCTEpPe3nCOM i MiATBEPIKEHHSIM. PO3BUHEHO MOJI€/Ib MyJIbTUCEHCOPHOI iHTerpalii Bifle0OCUrHamiB i TEXHIYHOI
TesieMeTpii A4J1s1 MigBUIEHHS CTiMKOCTI [0 3MiH OCBiTJIEHHS], MaTepiaiB i KiHeMaTUYHUX KOHDIrypaliil npuHTepa.
CdopMoBaHoO crenjanizoBaHnil KOPIyC AAaHUX J14 3aia4 aBTOMaTU30BaHOTO KOHTPoJo FDM-IpyKy, mo
BioOpa’kae HEPiIBHOMIPHMI PO3MO/ij PU3UKIB Y IPOCTOPi MOOYLOBU Ta 4aci i1 MiCTUTh IpiGHOMAcCIITAOHI edeKTH,
30KpeMa JIOKaJIbHi IPOBUCAHHS, HUTKOYTBOPEHHY, JeJIaMiHallilo, «CIareTi»-CTPYKTypH Ta MiKpO3CyBHU MIApiB.
3anpornoHOBaHO IPUHLMII BUOIPKU 3 YPaxyBaHHSIM PU3UKY Ta yOCKOHAJIIEHO IIPOTOKOJIM PO3MITKM Ha OCHOBI
MO€JIHAHHS KaIPOBUX MITOK, paMOK AETeKIIii, TiKCeIbHNUX MACOK i YaCOBUX MO3HAYOK PO3BUTKY Ne(DEKTIB.
Po3pobseHo apxitekTypHi mogudikarii mogesneit ResNet nj1s1 BusiBsieHHs npioHux nedekrtis FDM-1pyKy Ha OCHOBI
OaraToMaciITabHOro AeKo/epa 03Hak Ta aJallTUBHOIO aHaJli3y JIOKaJIbHUX JiJISTHOK i3 MiJBUIILEHOI0 PO3iIbHOIO
3paTHicTio. JoCigyKeHO BIIJIMB KBAHTYBAHHS, IIPYHIHTY Ta ONITUMIi3allii KOHBeepa Ha TOYHICTS 1 JIATEHTHICTh
inpepency Ha Raspberry Pi 5 i chopmoBano pekoMmeHalii om0 Bu60opy KOHGIrypauiii s pe>Xrumi IOTOYHOTO Ta
MDXIIapOBOro aHami3y. YI0CKOHaJIeHO MeTOo/, iHTerpallii MOyl KOMITIOTEPHOTO 30py 3 KOHTypaMu KepyBaHHs 3D-
IIPUHTEPA IIJISIXOM IOJIaHHSI MOJIITUK BTPYYaHHS K CUCTEMU KOHTEKCTHUX IIPaBUJl, IO BPaxOBYIOTh OLliHEHMI
pU3UK, TUl AedeKTy, Ppasy IpyKy Ta eKCIiyaTaliliHi BUMOTY. PeanizoBaHo clieHapii «M'SIKUX» BTPy4YaHb y BUIJISIA]
JIOKaJIbHUX KOPEKLiil MBUIKOCTI, TEMIIEPATyPH Ta iIHTEHCUBHOCTI OOYBY i CLieHapii <’KOPCTKUX» BTPy4YaHb y
BUIJIS 11ay3U 3 IaPKyBaHHSIM rOJIOBU. [IpakT4HE 3HaYE€HHS PE3YyJIbTATIB [OJIArae y CTBOPEHHI IPOTOTHUITY
inpopManifiHOI TEXHOJIOTIi iHTE€JIEKTYaJIbHOTO aBTOMAaTU30BaHOr0 KepyBaHHs FDM-npykom Ha 6a3i Raspberry Pi 5 3
BiIKDUTUM NPOTPaMHUM CTEKOM. TeXHOJIOTis 3abe3redye 3MEHIIEHHS YaCTKH BiOpaKOBaHUX BUPOGiB, CKOPOUYEHHS
HEeNpPOAYKTUBHUX BUTPAT PijlaMeHTy Ta Yacy, MiBULIEHHS BiITBOPIOBAHOCTi TeOMETPUYHUX XapaKTEPUCTHK i
CTabiJIbHOCT] TEPMIYHUX PEXKUMIB. 3alIPOIIOHOBAHUI KOMIIJIEKC MOKE OyTH BUKOPHUCTAHUM K €TaJIOHHA
nyatgopma 1715l BIIPOBaI)KEHHS HaryIsOBUX CUCTEM y NapKax 3D-NpUHTEPIB Masioro Ta cepesHboro 6i3Hecy, a
TaKOX SIK HaBYaJIbHUI MOJIrOH IJ1s1 MiArOTOBKY (axiBLiB 3 iHTEJIEKTyaJIbHOI'O KePyBaHHS aAUTUBHUMU

TEXHOJIOTiSIMU, KOMITIOTEPHOTO 30pY Ta iHXXKeHepii NporpaMHoro 3a6e3ne4yeHHsl.

2. Abstracts. Method and model of intelligent automated control of 3D printing based on machine learning. The
paper is devoted to improving the reliability and quality of FDM /FFF-3D printing by developing a method and
model of intelligent automated control based on multimodal monitoring and deep computer vision models. A
household and semi-industrial FDM printer is considered as a multi-circuit technical object with open interfaces,
in which the standard control means are mostly limited to threshold checks and evaluation of the finished product.
It is shown that under such conditions, a significant proportion of defects are detected only after a long printing
cycle, which causes losses of material, time and energy. The relevance of the study is determined by the spread of
FDM technologies in prototyping, small-scale production and education due to the high sensitivity of the process
to deviations in the modes, state of mechanics, filament properties and operating conditions. It is proposed to
solve the problem by building an automated supervisory loop that uses a high-resolution video stream, telemetry



of drives and thermal circuits, and ResNet deep learning models deployed on an embedded Raspberry Pi 5 platform
at the edge of the network. The aim of the work is to develop and experimentally substantiate a method and model
of intelligent automated control of FDM printing based on multimodal monitoring and ResNet models that ensure
timely detection of small-scale defects, the formation of risk-based control actions and compliance with the time
limits of control loops under conditions of limited Raspberry Pi 5 resources. To achieve this goal, a generalised
architecture of the complex was developed that combines a video subsystem, a pipeline for pre-processing and
preparing tensors, a risk assessment module, an intervention policy block, and means of integration with Marlin
and Klipper firmware through standardised command and data interfaces. The scientific novelty lies in the
improvement of the model of intelligent supervisory control of the FDM printing process, which implements a
cascade of trigger detection, clarifying verification and adaptive action, taking into account the current risk of
technological deviations. A formalised risk-based approach is proposed, according to which assessments of the
visual condition, telemetry and G-code context are mapped into scalar risk indicators and are consistent with soft
and hard action policies with hysteresis and confirmation. A model of multisensor integration of video signals and
technical telemetry was developed to increase resistance to changes in lighting, materials and printer kinematic
configurations. A specialised data corpus for automated FDM printing control tasks has been formed, reflecting an
uneven distribution of risks in the build space and time and containing small-scale defects, including local sagging,
filamentation, delamination, spaghetti structures and micro-displacement of layers. A risk-based sampling
principle is proposed and marking protocols are improved based on a combination of frame marks, detection
frames, pixel masks, and timestamps of defect development. Architectural modifications of ResNet models for
detecting small defects in FDM printing based on a multiscale feature decoder and adaptive analysis of local areas
with increased resolution are developed. The influence of quantisation, pruning and pipeline optimisation on the
accuracy and latency of inference on the Raspberry Pi 5 is investigated and recommendations for choosing
configurations for the current and interlayer analysis modes are made. The method of integrating the computer
vision module with 3D printer control loops has been improved by presenting intervention policies as a system of
contextual rules that take into account the assessed risk, type of defect, printing phase, and operational
requirements. The paper implements soft intervention scenarios in the form of local corrections of the speed,
temperature, and intensity of the blower and hard intervention scenarios in the form of a pause with head parking
The practical significance of the results lies in the creation of a prototype of information technology for intelligent
automated control of FDM printing based on Raspberry Pi 5 with an open software stack. The technology reduces
the proportion of rejected products, reduces unproductive filament and time consumption, and improves the
reproducibility of geometric characteristics and the stability of thermal conditions. The proposed complex can be
used as a reference platform for the implementation of supervisory systems in 3D printer.
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