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IIpennoxeHa u anpoOUpoBaHa KOHIIEIINS ITOBBIIIEHNS KOPPO3UOHHON CTOMKOCTH U3AENUl U3 HepxKaBe-
IOIIeH CTaNN IyTeM OCaXKACHUS Ha X IIOBEPXHOCTH MOAN(DUITHPYIOINX IIOKPBITHH, BKIFOYAIOIUX MaTe-
PHaJIBI C HOJIOKUTEIBHBIM U OTPULIATEIbHBIM AIEKTPOIHBIM OTEHIHAJIOM, IIPU PallHOHAILHO HOJ00PaHHbBIX
napaMeTpax npouecca ocaxaeHus. MccienoBaiuchk CBONCTBA IIOKPHITUH ¢ BHEIIHUM CJIOEM Ha OCHOBE
HUTpUAA HUPKOHUS (Z1N), ¢ are3u0HHO-KOpPPO3HOHHOCTOMKIMU ciosiMu Zr-Cu-Zr, Cr-Cu-Cr u Cu-Zr.
Boimn mogo6pans! mapaMeTpsl polecca, 00eCIeYnBaroNIie 0CaXICHAS PABHOMEPHOTO IO TOJIIHHE
U CTPYKTYpE CJI0SI MEU C HauOOJIbLIEH CKOPOCThIO OcaXkaeHHs. [IpuMeHeHue NPeyIOKEHHBIX TOKPBITHH
MO3BOJISICT CHU3UTh MHTCHCUBHOCTB KOPPO3uH 110 10 pa3 1mo cpaBHEHHUIO ¢ 00pa31ioM 6e3 TOKPHITHS | 110 3,5
Pa3 110 CPAaBHEHUIO C MOKPBITUSIMU C a/IN€3UOHHBIM CJI0eM 03 MeU (TOIbKO IUPKOHUIT UM TOJIBKO XPOM).

KaroueBble cioBa: KOHTPOJIHNPYEMOC YCKOPCHHOC AYIrOBOC OCAXXACHUC 13 ra3zoBoi (1)33])1, INOKPBITHA,

Jasa nurupoBanus: [loranos I1.1O., Bepemaka A.A., XKununckuii B.B. IloBpimenue koppo3noHHoi
CTOMKOCTH H3JICTHI N3 HePIKaBEIOLIEH CTalH ITyTeM OCaXKICHUSI Ha X IIOBEPXHOCTH MOAUDUIUPYIOMINX
HOKpBITHﬁ, BKITIOYAIOIINX MaT€pralibl C IOJIOKUTECIIbHBIM U OTPUIATCIIBHBIM 2JICKTPOAHBIM ITOTCHIINAIOM,
MIpH PalMOHAIIBHO TONO0OPAaHHBIX TapaMeTpax npouecca ocaxaeHus // Bectank MI'TY «CraHkun». —
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ENHANCING THE CORROSION RESISTANCE OF STAINLESS STEEL
PRODUCTS BY DEPOSITING MODIFYING COATINGS ON THEIR
SURFACES - COMPRISING MATERIALS WITH POSITIVE AND

NEGATIVE ELECTRODE POTENTIALS - UNDER OPTIMALLY SELECTED

DEPOSITION PROCESS PARAMETERS

Abstract

an adhesion layer without copper (zirconium or chromium only).

Keywords: controlled accelerated arc PVD, coatings, corrosion, electrode potential, copper

“Stankin”, 2026, No 3 (78), p. 8-24. DOI 10.47617/2072-3172_2026_3_8. (In Russian)

BECTHUK MI'TY « CTAHKWH» Ne 3 . 2026 / VESTNIK MSUT «STANKIN» No. 3 » 2026

This article proposes and tests a concept for increasing the corrosion resistance of stainless steel compo-
nents by depositing modifying coatings on their surfaces, including materials with positive and negative
electrode potentials, using carefully selected deposition parameters. The properties of coatings with an
outer zirconium nitride (ZrN) layer and adhesion-corrosion-resistant Zr-Cu-Zr, Cr-Cu-Cr, and Cu-Zr layers
were studied. Process parameters were selected to ensure the deposition of a copper layer uniform in thick-
ness and structure with the highest deposition rate. The use of the proposed coatings reduces corrosion
intensity by up to 10 times compared to an uncoated sample and up to 3.5 times compared to coatings with

For citation: Potapov P.Yu., Vereshchaka A.A., Zhilinski V.V. Enhancing the corrosion resistance of stain-
less steel products by depositing modifying coatings on their surfaces — comprising materials with positive
and negative electrode potentials — under optimally selected deposition process parameters. Vestnik MSUT
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HccnenoBansl porieccsl POPMHUPOBAHUS U TPHOOIOTHYECKHE CBOWCTBA aJallTHBHBIX KOMITO3HIIOHHBIX
MTOKPBITHH Ha aTIOMHHUEBOM ciuiaBe J[16. 3amuTHeIe CI0H MOTyYeHbl KOMOMHALME MeTo/a Ia3MEeHHO-
anekrponuTHOro okcuaupoBanus (I130) u mocneayromeil BaKyyMHON HMITpETHAITUH TIOPUCTON KEPaMU-
yeckoit Matpuilsl xuakuM (M20A) u mnactuunbiv (JIUTOJI) cmazounbiMu Marepuanamu. [loBeneHue
THOPHIHBIX CTPYKTYP U3YUYEHO B YCIOBHSIX CyXOTrO TPEHHS MO CXeMe «IIap-IHCK» MPH HOPMAJIBHBIX
Harpy3kax 5 u 10 H. BusyanuszupoBana KWHETHKA BBIXOJa CMa30YHBIX MaTepHUajiOB U3 MOP MOKPHITH
B 3aBHCHUMOCTH OT TEMIIEPATyphI HarpeBa. YCTAaHOBIECHO, YTO IPH YMEPEHHBIX KOHTAKTHBIX HAarpy3kax (5
H) monuduimpoBaHHbIe CJI0H IeMOHCTPUPYIOT 3G HEKT aIanTHBHOTO caMocMa3biBaHus (smart lubrication),
(PUKIMOHHEIN Pa30rPeB HHULIMUPYET BBIICIICHHE CMa3KH U3 TI0P, YTO MPUBOIHUT K (POPMHPOBAHHIO yCTOM-
YUBOW TPUOOIUICHKH M CHIDKCHHIO yCTaHOBHBINErocs ko3dduuuenta tpenus no 0,12, yto B 3,8 pasa
MEHBIIIE 110 CPAaBHEHHUIO C UCXOTHOU MOBEPXHOCTHIO. J[0Ka3aHo, 4TO MpH yBEIMYEHUU HArpy3ku 10 10
H naubonsiyto 3¢ dexruBrocTh mokaszpiBaeT cuctema «I190+JIMTOJI». 3a cyet mpoyHOTO Kapkaca
3aryCTUTENs TaHHBIH KOMITO3HT yIepKUBAeT CMa30YHYIO CpPely B 30HE TPUOOKOHTAKTa, IpeIOTBpaIast

KiroueBsble ciioBa: TIIa3MEHHO-3JICKTPOJIUTHASA 06p360TKa, MUKPOAYTOBOC€ OKCUIUPOBAHUC, ITOKPBITHUS,

Jas uurupoBanus: ['anonos B.A., I'puropses C.H., Myxauesa T.JI., Tam6osckuii U.B., Kycmanos C.A.
HccnenoBanue aganTHBHBIX CBOMCTB MOTUHUIIHPOBaHHOTO [190 MOKPHITHS HAa TOBEPXHOCTH AJTFOMHHHE-
Boro criaBa J[16 // Bectauk MI'TY «Crankuny. —2026. — Ne 3 (78). — C. 25-36. — DOI 10.47617/2072-
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INVESTIGATION OF THE ADAPTIVE PROPERTIES OF A MODIFIED PEO
COATING ON THE SURFACE OF D16 ALUMINUM ALLOY

Abstract

The formation processes and tribological properties of adaptive composite coatings on the D16 aluminum
alloy were investigated. The protective layers were produced using a combination of plasma electrolytic
oxidation (PEO) and subsequent vacuum impregnation of the porous ceramic matrix with liquid (1I20A)
and grease (LITOL) lubricants. The behavior of the hybrid structures was evaluated under dry friction
conditions using a ball-on-disk configuration at normal loads of 5 and 10 N. The kinetics of lubricant
exudation from the coating pores as a function of heating temperature was visualized. It was established
that under moderate contact loads (5 N), the modified layers exhibit an adaptive self-lubrication (smart
lubrication) effect: frictional heating triggers the release of the lubricant from the pores, leading to the
formation of a stable tribofilm and a reduction in the steady-state friction coefficient to 0.12, which is 3.8
times lower compared to the initial alloy. It was demonstrated that when the load is increased to 10 N, the
“PEO + LITOL” system exhibits the highest efficiency. Owing to the strong framework of the thickener,
this composite retains the lubricating medium within the tribocontact zone, preventing macro-destruction
and ensuring a stable friction regime with a coefficient of 0.31.

Keywords: plasma electrolytic oxidation, micro-arc oxidation, coatings, adaptability, tribology

For citation: Gaponov V.A., Grigoriev S.N., Kusmanov S.A., Mukhacheva T.L., Tambovskiy I.V. Investi-
gation of the adaptive properties of a modified PEO coating on the surface of D16 aluminum alloy. Vestnik
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MATEMATUYECKOE MOAENUMPOBAHUE N ONTUMU3ALINA PEXXMMOB
AHOOHOM NNA3MEHHO-3NIEKTPOJIMTHOW LEMEHTALIUA
TEXHUYECKW YNCTOIO TUTAHA BT1-0

AHHOTaN U

B crarbe npescTaBieHbl pe3ybTraThl HCCIEI0BAaHUS IPOLIECCA AHOIHOM MIa3MEHHO-31EKTPOIUTHOM IIEMEH-
TallUU TEXHUYeCKU yucToro turaHa BT1-0 ¢ nenbio noBbleHus ero GU3NKO-MEXaHUIEeCKUX U Tpubo-
JIOrMYEeCKUX XapakTepucTuk. [IpuMeHeHue TEXHUYECKOrO TUTAHA B BHICOKOHATPY>KEHHBIX y3J1aX TPEHUs
CTPOrO OrpaHUYEHO €r0 IPUPONHOI CKIOHHOCTBIO K aAr€3HOHHOMY U3HAIIUBAHUIO. J{71s pelieHus 3Tol
Ipo0IEMbI IPUMEHEH METOJ] AHOJHOTO 3IEKTPOIUTHO-ILIa3MEHHOIO HACBHIIIEHUs B BOAHBIX PaCTBOpax Ha
OCHOBE XJIOpUJa aMMOHHUS U NuuepuHa. [IpoBeaeHa KOMIUIEKCHAs OLIEHKA BIUSHUSA TEXHOIOIMYECKUX
PEXUMOB (TeMITepaTypsl, KOHIICHTPAIHN SIEKTPOJINTA, BPEMEHH BEIICPKKH) Ha MOP(OIIOTHIO TTOBEPX-
HOCTH, ILIEPOXOBATOCTb, MUKPOTBEPAOCTh U U3HOCOCTOMKOCTb TUTAHA.

VYeraHOBIIEHO, 4TO 00pabOTKa CHIDKAET HCXOMHYIO IIEPOXOBATOCTH U MTOBBIIAET MUKPOTBEPAOCTD IIPHUIIO-
BEPXHOCTHOTO ¢110g B 3,5 pasa (1o 850-900 HV ). C ucnons3oBaHueM MOTHOrO GaKTOPHOrO SKCHEPH-
MEHTa U (yHKIIUH KENaTeIbHOCTH XappHHrTOHé pa3paboTaHa IPeJUKTUBHAS MaTeMaTHYeCKas MOJEIb
B BHJIE HETIOJIHOTO [IOJIMHOMA BTOPOMH cTeneHH. PacueTHbIM ITyTeM OIpeeeHbl palluOHAIbHbIE PEKUMBI
MoAXGbHULIUPOBaHMS: KOHLEHTpALUs XJI0puaa aMMonus — 15% macc., remneparypa oopadotku — 760 °C,
BpeMs 00paboTku — 6,5 MuH. KOHTpOIBHBIH 3KCIIEPUMEHT NOATBEPAUI BBICOKYIO a/IEKBATHOCTh MOJEIH
(oTHOCUTENBHAS OrpelIHOCTh 10%) U JOCTHXKEHNE 3aJaHHBIX TPUOOIIOIMYECKUX CBOMCTB.

KiroueBnble ciioBa: TUTa3MEHHO-3JICKTPOJIMTHASA o6pa60TKa, MaTeMaTH4C€CKOC MOACIINPOBAHUEC
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MATHEMATICAL MODELING AND OPTIMIZATION OF ANODIC PLASMA
ELECTROLYTIC CARBURIZING PARAMETERS FOR COMMERCIALLY
PURE TITANIUM VT1-0

Abstract

The article presents the results of a study on the anodic plasma electrolytic carburizing of commercially
pure VT1-0 titanium to improve its physical-mechanical and tribological characteristics. The application of
commercially pure titanium in high-load friction units is severely limited by its inherent tendency toward
adhesive wear. To address this issue, the method of anodic plasma electrolytic saturation in aqueous solu-
tions based on ammonium chloride and glycerol was applied. A comprehensive assessment of the effect
of technological parameters (temperature, electrolyte concentration, and treatment time) on the surface
morphology, roughness, microhardness, and wear resistance of titanium was conducted.

It was established that the treatment reduces the initial roughness and increases the microhardness of the
near-surface layer by 3.5 times (up to 850-900 HV0.01). Using a full factorial experiment and Harrington’s
desirability function, a predictive mathematical model was developed in the form of an incomplete second-
degree polynomial. Rational modification parameters were determined computationally: ammonium chlo-
ride concentration of 15 wt.%, treatment temperature of 760 °C, and treatment time of 6.5 min. A control
experiment confirmed the high adequacy of the model (10% relative error) and the achievement of the
targeted tribological properties.

Keywords: plasma electrolytic treatment, mathematical modeling
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METOAbl POPMUPOBAHUA TPAEKTOPUU
ANEKTPOOA-MHCTPYMEHTA MNPWU 3JIEKTPO3PO3MOHHOM
®PE3EPOBAHUU (33®) MPOCTPAHCTBEHHO-CNOXHbIX
NMOBEPXHOCTEM (NCM)

AHHOTaNMSA

cTBeHHO-CJIOXKHBIX ToBepxHOcTel ([TCIT) 1 ux BIMsAHKE HA KaY€CTBO OBEPXHOCTHOTO CJIOS

JIEKTPOAHBIN 3a30p, HIMIMHAPHUECKUH IEKTPOI-UHCTPYMEHT.

C. 50-63. -DOI 10.47617/2072-3172_2026_3_50.

B crathe paccMOTpEeHO OJHO U3 pelIeHuit mpolieMbl 00ecIeueHnsT KauecTBa Mpu 00paboTKe MoBepX-
HOCTHOTO CJIOSI IIPOCTPAHCTBEHHO-CIIOKHBIX 00BEKTOB U3 TPYIHOOOPa0aThIBAEMbIX CILIABOB IIOCPEICTBOM
peanu3anuy MeTosa IEKTPOIPO3HUOHHOTO (ppesepoBanus (DDP) BpamaronMMucs THINHIPAIECKUMH
ANEKTPOJAMU-UHCTpYMEeHTaMH. DD SBISAETCS CPABHUTEIBHO HOBOI pa3HOBUAHOCTHIO 00paOOTKH, MONTY-
YHBIIIEH Pa3BUTHE TONBKO B IIOCIEIHUE TObI Oaroqaps afanTHPOBAHHOMY IS 9THX Liesield 000pyI0BaHUS
UITY 1 ycTpOoMCTB MoIepKaHHs 3HAUCHUS MEXKAJIEKTPOIHOTO 3a30pa. JlaHHbIi MeTo] 00pabOTKH SBIISETCS
THOPHUIHBIM, COYETAIONIMM MEXaHU3M JIEKTPOIPO3UOHHOTO BO3AEHCTBUS, IPH KOTOPOM pa3pylleHHe
MOBEPXHOCTHOTO CJIOSI IPOUCXOAUT 32 CUET DIIEKTPUUECKHUX Pa3psiIOB, BOSHUKAIOLINX MEXK/TY JNEKTPOJOM-
MHCTPYMEHTOM U 00pabaThIBaeMOi 3ar0TOBKOM, M KHHEMAaTHKY MHOTOOCEBOTO (hpe3epoBaHMs KOHLIEBHIMU
(dpeszamu. [IpuBOAATCS OCHOBHBIC METO/IBI JOPMHUPOBAHHUS TPACKTOPHH HHCTpyMeHTa rpu DD npocTpaH-

Kurouessble ciioBa: OJICKTPO3PO3HUOHHOE (bpeSepOBaHI/Ie, MPOCTPAHCTBECHHO-CJIOXKHBIC TIOBEPXHOCTH, MEKI-

Jas uutupoBanus: Manaxunckuit A.Il., ITanenoB N.P. lonsaukoB B.B., Cymunos U.B. Metonbt
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METHODS OF TOOL-ELECTRODE TRAJECTORY GENERATION
IN ELECTRICAL DISCHARGE MILLING (EDM) OF SPATIALLY COMPLEX
SURFACES (SCS)

Abstract

This article discusses one of the solutions to the problem of ensuring quality in the processing of the
surface layer of spatially complex objects made of difficult-to-process alloys by implementing the method
of electric-discharge milling (EDM) with rotating cylindrical tool-electrodes. EDM is a relatively new type
of processing that has only recently been developed due to the adaptation of CNC equipment and devices
for maintaining the inter-electrode gap. This processing method is a hybrid that combines the mechanism
of electroerosion, in which the surface layer is destroyed by electrical discharges between the tool electrode
and the workpiece, and the kinematics of multi-axis milling with end mills. The article presents the main
methods for generating the tool path during EDM of spatial-complex surfaces (SCS) and their impact on
the quality of the surface layer.

Keywords: electric discharge milling, spatially complex surfaces, interelectrode gap, cylindrical electrode-
tool.
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METO[bI U TEXHONIOIUU NTASEPHOWN OEPABOTKM:
CPABHUTENbHbIA AHANU3 U TEHOEHUWN PA3BUTUSA

AHHOTALUS

B crarbe paccMaTpHBaeTCs aKTYaIbHOCTB IIPUMEHEHHS JIA3ePHOI 00pabOTKH B COBPEMEHHOM MaIIMHOCTPO-
UTEITBHOM IPOM3BOACTBE MPHU paboTe ¢ pa3INIHBIMU MaTepHanaMi. OTMEJaroTCss OCHOBHBIEC HANIPABIICHUS
Pa3BUTHSA CIIOCOOOB Jla3epHON 00paboTKH. B paboTe naH aHaNMM3 MOTEHIMAIA JIA3EPHBIX TEXHOJIOTHH,
HO3BOJISIOMINX HE TOIBKO PENIaTh CYIIECTBYIOMINE 3a/1a4H, CBA3aHHBIE C 00pabOTKOM JeTasel u moBepX-
HOCTH, HO ¥ HAXOJTUTh PA3JIMYHbIC TEXHOJIOTMYECKHE PEIICHHS B KITIOYEBBIX OTPACIISX IIPOMBIIIICHHOCTH OT
aBHaJ[BUTATENIECTPOCHNUS JIO PHEPTETHKU H MHKPOINIEKTPOHHUKH. [IpHBEIeHBI OCHOBHBIE TPEH Bl PA3BUTHS
Ja3epHOH 00paboTKHU.

KiroueBrblie ciioBa: Jla3epHas 06pa60T1<a, HUCTOYHUKHU JIA3C€PHOI'0 U3JTYyYCHHS, TEXHOJIOTU, aiIUTUBHBIC
TCXHOJIOTHH, JIa3€pHasA HallJIaBKa.
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Ekaterina S. Sotova

Moscow State University of Technology “STANKIN”
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LASER PROCESSING METHODS AND TECHNOLOGIES: COMPARATIVE
ANALYSIS AND DEVELOPMENT TRENDS

Abstract

This article examines the relevance of laser processing in modern mechanical engineering when working
with various materials. Key development trends in laser processing methods are outlined. The paper analyzes
the potential of laser technologies to not only solve existing problems related to component and surface
processing but also to find various technological solutions in key industries, from aircraft engine manu-
facturing to energy and microelectronics. Key trends in laser processing development are also presented.

Key words: laser processing, laser radiation sources, technology, additive technologies, laser cladding.
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BJIMSTHUE TEXHONTIOMMYECKUX PEXXMMOB BAKYYMHO-IYrOBOIrO
OCAXOEHUS HA TONLLMHY U USHOCOCTOMKOCTb MOKPbLITUSA
CR-CRN-(TI,AL,SI,CR)N

AHHOTaN M

YEeCKHX PEXXUMOB B IpeiesiaX HCCIeJOBaHHON 00nacTi (haKTOpHOTO IPOCTPAHCTBA.

)IpO6HI:II71 (baKTopHLIﬁ OKCIICPUMCHT, pETPECCUOHHAs MOACIIb, I/I3H0€OCTOI7H(OCTI), TBCpHLIfI CIL1aB

2026. — Ne 3 (78). — C. 71-80. — DOI 10.47617/2072-3172_2026_3_71.

B craTbe nccienyroTes 3aKOHOMEPHOCTH (POPMHUPOBAHHUS TOIIIMHEI MHOTOKOMIIOHEHTHOTO TIOKPBITHS
Cr-CrN-(Ti,ALSi,Cr)N, HaHOCHMOTO METOJIOM BaKyyMHOAYroBoro ocaxacuus (ArcPVD) Ha TBepo-
CIIaBHbIE IUIacTUHBL. L{enb paboThl — ycTaHOBIICHNE KOINYECTBEHHbIX 3aBUCHMOCTEH TOJIIMHBI OKPBITHS
OT TEXHOJIOTHYECKUX PEXKUMOB OCaXKICHUS (TOKOB IyTH KaTooB Xpoma U Ti-Al-Si, HanpspkeHUs CMEIeHUs
Ha HOUI0XKKE M BpEMEHH Ipoliecca) ¥ NOIyYeHHE PErpecCHOHHON MOIENH Il HH)KEHEPHOTO POTHO3H-
poBanus. J{ns MoCTHKEHUS LETH PUMEHEH APOOHBI (aKTOPHBIN IKCIIEPUMEHT (Marpuiia 8§ OMbITOB +
3 LIeHTpaJIbHBIC TOYKH) C BApbUPOBaHUEM 4X (HaKTOPOB Ha 3X YPOBHsX. TOJIIUHY MOKPBITHS ONIPEACIISIIN
[0 TEOMETPUUECKUM MTapaMeTpaM JyHOK U3Hoca, chopMHUpOoBaHHBIX MeTogoM Calowear, ¢ HCTIONB30Ba-
HHEM ONTHYECKON MUKpockonHu. [1o pe3ynbraram MeToia HauMEHBIINX KBaAPaTOB IOCTPOEHA CTEIIeHHAs
MOJIeJb, aJeKBaTHOCTh KOTOPOH mpoBepeHa no kputepusMm CreiofeHta u Oumepa. YcTaHOBIEHO, YTO
TOJIIIIMHA TOKPBITUS MIPAKTHYECKU JTMHEHHO PACTET C YBEIMUYCHHEM BPEMEHH OCaXICHUs (IIOKa3aTellb
crenenu 1,14), TOKH Iyrd KaToqoB BIMSIOT CyONMHEHHO, npuyéM Bkiaz katona Ti-Al-Si B ~1,5 paza
cuibHee, yem karoga Cr. Hampspkenne cmemenns B auamnasone 50—150 B craructuueckn He3HAYUMO
13-3a KOHKYPEHIIUH MPOIECCOB YILIOTHEHUS U HOHHOTO pachbuteHus. [lomyuennas moxens (R? = 0,973)
o0ecreynBaeT CPeTHIO ONIMOKY armpokcuManuy 6,3% 1 peKoMeHIyeTcs I Ha3HaueHUS! TEXHOIOTH-

KuiroueBble ciioBa: BaKyyMHO-AYT'OBOC OCaXKJICHUE, AI'CPVD, HUTPHUAHOC NOKPBITUE, TOJIINHA [TIOKPBITHUSA,

Jast nurtupoBanms: Corosa E.C., [lonensikun E.I1., Uynpos M.B., Cynsasiikuna Y.A., I'ypun B/,
Kponotkuna E.1O., I'puropses C.H. BinsHue TeXHOTOTHUECKUX PEKUMOB BaKyyMHO-TYTOBOTO OCXKIECHHU
Ha TONIIMHY U u3HOCcOCTOMKOCTh MOKPBITHS Cr-CrN-(Ti,ALSi,Cr)N // Becthuk MI'TY «CraHkuny. —

BECTHUK MI'TY « CTAHKWH» Ne 3 . 2026 / VESTNIK MSUT «STANKIN» No. 3 » 2026



TEXHONOM A 1 OEOPYAOBAHNE MEXAHUYECKOW W ®N3NKO-TEXHUYECKOW OBPABOTKM

Original article

Ekaterina S. Sotova, Egor P. Popelyshkin, Mikhail V. Chuprov, Uliana A. Suldyaikina,
Viadimir D. Gurin, Elena Yu. Kropotkina, Sergey N. Grigoriev

Moscow State University of Technology “STANKIN”
Moscow, Russia
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DEPOSITION ON THE THICKNESS AND WEAR RESISTANCE
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Abstract

This article examines the formation patterns of the thickness of a multicomponent Cr-CrN-(Ti,ALSi,Cr)N
coating applied by arc PVD on carbide inserts. The aim of the study was to establish quantitative relation-
ships between coating thickness and deposition process conditions (arc currents of the Cr and Ti-Al-Si
cathodes, substrate bias voltage, and process time) and to develop a regression model for engineering
forecasting. To achieve this goal, a fractional factorial experiment (a matrix of 8 experiments + 3 central
points) was used, varying 4 factors at 3 levels. Coating thickness was determined based on the geometric
parameters of wear craters formed by the Calowear method using optical microscopy. A power-law model
was constructed based on the results of the least-squares method, the adequacy of which was tested using
the Student and Fisher criteria. It was found that the coating thickness increases almost linearly with
increasing deposition time (exponent of 1.14). The cathode arc currents have a sublinear effect, with the
contribution of the Ti-Al-Si cathode being approximately 1.5 times greater than that of the Cr cathode.
Bias voltage in the 50—150 V range is statistically insignificant due to competition between compaction
and ion sputtering processes. The resulting model (R?=0.973) provides an average approximation error of
6.3% and is recommended for assigning process conditions within the studied region of the factor space.

Key words: vacuum-arc deposition, ArcPVD, nitride coating, coating thickness, fractional factorial design,
regression model, wear resistance, cemented carbide
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®OPMANU3ALNA TPEEOBAHUN

K CTPYKTYPE TEXHOJIOT'MYECKOI'O NMPOLIECCA
HA OCHOBE UH®OPMALIUM U3 PMI

(PRODUCT AND MANUFACTURING INFORMATION)

AHHOTAIUS

B ycioBusix nepexosia K IpOSKTUPOBAHUIO B ITPOU3BOICTBY, IPU KOTOPOM 3 D-MozeIs M34eTHsl CTAaHOBHTCS
OCHOBHBIM UCTOUHHKOM HH(popmanun, MBD — Model-Based Definition), i 6e30yMaKHBIM TEXHOJIOTUAM
MIPOM3BO/ICTBA, BCSI HEOOX0ANMas HH(POpMALHS O AeTainH (TEOMETPHUYECKHE pa3Mephl, TOIYCKH, IIEPOXO0-
BaTOCTH, 0a3bl, TEXHUYECKHE TPeOOBaHMUS U JIp.) coaepxkutcs B 3D-monenu. J{ins sToro noaxona Tpedyercs
(hopMan30BaTh NpaBHiIa U3BJICUCHHUS 1 HHTEPIPETALNH JaHHBIX 00 M3IEIUH H IIPOM3BOJICTBE, YTOOKI Ha
1X OCHOBE (OPMUPOBATH CTPYKTYPY TEXHOIOTHIECKOTO Iporecca. Llenbio uccenoBanust siBiseTcs paspa-
00TKa (OpMaTM30BAHHOW MOJIEITH TPEOOBAHHH K CTPYKTYPE TEXHOJIOTHUYECKOTO MPOIECca MEXaHUIECKON
00paboTtku Ha ocHOBe nH(popMmanuu u3 PMI 3D-ngetanu. ITo MO3BOIUT COKPATUTh BPEMs TIOATOTOBKU
TIPON3BOICTBA, CHU3UTD KOJIMYECTBO OIIMOOK M OBBICHTH YPOBEHb MHTETPALIH MEXKY IPOSKTHPOBAHUEM
1 TIPOM3BOZICTBOM.

Kaiouessle ciaopa: MBD, PMI, 3D-Moze1b, aBTOMaTU3UPOBAHHOE IPOEKTUPOBAHHUE, TEXHOIOIMUECKUH
IIpoLecC, TEXHUUECKHE TPeOOBaHUs, Pa3Mephl
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FORMALIZATION OF REQUIREMENTS TO THE TECHNOLOGICAL
PROCESS STRUCTURE BASED ON INFORMATION FROM PMI
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Abstract

In the context of the transition to design and production, in which the 3D model of the product becomes
the main source of information (MBD — Model-Based Definition), and paperless production technologies,
all the necessary information about the part (geometric dimensions, tolerances, roughness, bases, technical
requirements, etc.) is contained in the 3D model. This approach requires formalizing the rules for extracting
and interpreting product and manufacturing data in order to form the structure of the technological process
based on them. The purpose of the research is to develop a formalized model of the requirements for the
structure of the technological process of mechanical processing based on information from the PMI of a
3D part. This will reduce pre-production time, reduce errors, and increase the level of integration between
design and production.

Key words: MBD, PMI, 3D-model, computer-aided design, technological process, technical require-
ments, dimensions
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OLIEHKA TEXHONOITMYHOCTU KOHCTPYKLUK CNOXHbIX AETANEW,
U3roTABJIMBAEMbIX NO ABOAUTUBHbLIM TEXHOJIOINAM, C YYETOM
TOJNLWHWHBbI CITOEB HA PAHHUX CTAOUAX NPOEKTUPOBAHUA

AnHoTanus

B ycnoBusx pacTymei KOHKypeHIHH U OBICTPO MEHSIOIIEHCS TMHAMUKHY PhIHKA PACTET CIIPOC HA U3JIETHSA
aJIMTUBHOTO NPOU3BOACTBA. Ha nepBblil I1aH BbIIBUIaeTCsl CBOMCTBO TEXHOIOIMYHOCTH KOHCTPYKIMU
Jeranelf, KOTOpoe 3aKIaabIBaeTCs KOHCTPYKTOPOM Ha PaHHMX 3Tamax MPOSKTHPOBAHMS.

Ienbro uccnenoBaHus ABISETCS pa3paboTKa YMCIEHHOTO METO/1a IPeBapUTEIbHON OLEHKU TEXHOIOT Y-
HOCTH KOHCTPYKITUH JieTalel, M3TOTaBIMBAEMBIX IT0 TEXHOJIOTHH CEJICKTHBHOTO JIA3EPHOTO CILIABICHHS,
C Y4ETOM BIIMSHUS TOIIIUHEI CIIOSI U TEOMETPHIECKOH CII0KHOCTH Ha BpeMs peanusaruu mpoiecca. [Tpose-
JEeHHbII 0030p myOnukanuii nokasai, 4To MOAXOAb! K OLEHKE TEXHOJOIMYHOCTH KOHCTPYKIMU AeTalei
aJUTITHBHOTO TIPOU3BOICTBA BHIIOTHSIOTCS MPOSKTHPOBIINKAMH Ha OCHOBE KOJIIYECTBEHHBIX OKa3aTeneH
1100 KaYeCTBEHHBIX 3HAHUH CHEIUaNIUCTOB. MHOTHE UCCIIeN0BaTeN U3y4YaloT KOPPEISIUOHHbIE CBIA3H
TEXHOJIOTHYHOCTH C THIIOM MaTepHalia, KadeCTBOM IIOBEPXHOCTH, CXOACTBOM XapaKTEPHCTHUK, CIIOXKHO-
CTbIO (hopMBI, OTHOLIEHHEM 00beMa K IO TOBEPXHOCTH, HO KpaiHe Mano paboT, OIeHMBAIOIINX
TEXHOJIOTUYHOCTh YePe3 CBsI3b C TONLIMHON €05, HAHOCUMOIO YCTAHOBKOI CEIEKTUBHOIO J1a3€PHOIO
croraBienus. [lokasaHo, 94TO BpeMst H3TOTOBICHHS U T€OMETPHYEcKas TOYHOCTh SBIISIIOTCSA KPUTHIECKH
BaKHBIMU (haKTOPaMU NPU OLIEHKE TEXHOJIOTUYHOCTH U3TOTOBJICHUS T€OMETPUYECKH CIOXKHBIX AeTalel
1 HaIpSMYO BIHSIOT Ha ce0ECTOMMOCTD M KaUeCTBO U3JEIHIA, HX CIIOCOOHOCTB 3(()eKTHBHO BHINONHATh
CBOM (DYHKIIMH.

IpennoxeHp! pacyeTHEIE OKa3aTeNH 3(Q(EKTHBHOCTH MCIIONB30BAHNS IIPOSKTHOTO IPOCTPAHCTBA, TAOIIIHE
MPEACTABICHHE O TCOMETPHUUECKOM CIIOKHOCTH JieTanei: ko3(hOUIIMEeHTHI IMHSHHOM 1 paiuaibHOM CII0XK-
HOCTHU JIeTaJIy, 001Mil K03hPUINEHT 00bEMHOI! CI0KHOCTH, K03 (UIUEHTHI TONIIIUHBI U [TyOUHBI I€TANIH.
Pa3paboTaH MeTOx MpeABapUTENbHON KOIHIECTBEHHON OIIEHKH TEXHOIOTHYHOCTH, HHTETPUPYIOMINI
OLIEHKY F€OMETPUYECKON CIOKHOCTH AETAIU CO CKOPOCTBIO €€ IOCTPOCHHUS C yUETOM TOJIIUHEI CII0S
B [IPOLIECCE CENIEKTUBHOTO JIA3EPHOIO CILIaBieHus. [Ipeanoxkena MoeIb NOITaHON OLIEHKH TEXHOIOT Y-
HOCTH CJIOKHBIX JeTalel, obnerdaromas KOHCTPYKTOPY IPAKTHIECKYIO PealH3aliio MeTOa.
Anpobanys MozieNIu ¢ UMUTHPOBAHUEM PEaIbHBIX YCIOBUH U OrpaHUYEHUI IPOU3BOACTBA OblIa IPOBe-
JieHa TS IBYX JieTaniell. PacdeTsl Tokasaiy, 9To KOMIAKTHAs TEOMETPHs, ONITHMAIbHOE pacpeeIeHne
MaTrepHaia U BeICOKas 3((heKTUBHOCTH CKOPOCTU MOCTPOEHHS UMEIOT Pellalolee 3HaUCHNe I TOBbI-
LIEHUS TEXHOJIOTHYHOCTU. MeTo/ I03BOIAeT KOHCTPYKTOPY Ha paHHHUX 3TaIlax IPOEKTUPOBAHUS ObICTPO
CPaBHHUTH HECKOJIBKO allbTEPHATHBHBIX BAPHAHTOB KOHCTPYKIIMH JETAIHN C BEIOOPOM Hanboree TeXHOIIO-
THMYHOTO U3 HUX.

Knrwueesvle cnosa: aiiuTuBHOC IIPOU3BOACTBO, FTECOMETPUIECKas CII0)KHOCTDb U3IOTOBJICHUS, A€TAJIb, OI'pa-
HU4YHMBaromias (bHrypa, CCJICKTUBHOC JIA3C€PHOEC CIIABJICHUC, CKOPOCTh CKaHUPOBAHUS, TCXHOJIOTUYHOCTDH
KOHCTPYKIINH, TOJIIINHA CJIO0s.

Jlost uuTupoBanus: Mpzaes ["X. Ouenka TeXHOTOTHIHOCTH KOHCTPYKIIMHY CIIOKHBIX A€Talel, N3rOTaBIIH-
Ba€MbIX I10 AJAUTUBHBIM TEXHOJIOTHAM, C YUECTOM TOJIIIHUHBI CJIOEB HA paHHUX CTaAUAX IIPOCKTUPOBAHUSA //
Bectauk MI'TY «Cranxuny. —2026. — Ne 3 (78). — C. 91-104. — DOI 10.47617/2072-3172_2026_3 91.
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ASSESSING THE DESIGN MANUFACTURABILITY

OF COMPLEX ADDITIVELY MANUFACTURED COMPONENTS,
TAKING LAYER THICKNESS INTO ACCOUNT AT EARLY DESIGN
STAGES

Abstract

to effectively perform their functions.

designs at the early stages of design, selecting the most manufacturable one.

scanning speed, design manufacturability, layer thickness.

No 3 (78), p. 91-104. DOI 10.47617/2072-3172_2026_3_91. (In Russian)

In an increasingly competitive and rapidly changing market environment, demand for additively manu-
factured products is growing. The manufacturability of component designs, which is established by the
designer in the early stages of design, is becoming increasingly important. The aim of the study is to
develop a numerical method for preliminary assessment of the manufacturability of the design of parts
manufactured using selective laser melting technology, taking into account the influence of layer thick-
ness and geometric complexity on the process implementation time. A review of publications revealed
that designers approach the manufacturability assessment of additively manufactured component designs
based on quantitative indicators or the qualitative knowledge of specialists. Many researchers study the
correlations between manufacturability and material type, surface quality, characteristic similarity, shape
complexity, and volume-to-surface area ratio, but very few studies evaluate manufacturability through its
relationship with the layer thickness applied by a selective laser melting system. It is shown that manufac-
turing time and geometric accuracy are critical factors in assessing the manufacturability of geometrically
complex components and directly impact the cost and quality of the components, as well as their ability

Calculated indicators for the efficient use of design space are proposed, providing insight into the geometric
complexity of components: coefficients of linear and radial complexity of the component, the overall coef-
ficient of volumetric complexity, and coefficients of thickness and depth of the component. A method for
preliminary quantitative assessment of manufacturability has been developed. This method integrates the
assessment of the geometric complexity of a part with its construction speed, taking into account the layer
thickness during selective laser melting. A model for a step-by-step assessment of the manufacturability
of complex parts is proposed, facilitating the practical implementation of the method by the designer. The
model was tested using two parts, simulating real-world conditions and production constraints. Calculations
showed that compact geometry, optimal material distribution, and high construction speed are crucial for
improving manufacturability. The method allows the designer to quickly compare several alternative part

Keywords: additive manufacturing, geometric complexity, component, constraint, selective laser melting,

For citation: Irzaev G. Kh. Assessing the design manufacturability of complex additively manufactured
components, taking layer thickness into account at early design stages . Vestnik MSUT “Stankin”, 2026,
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METOOONIOMMA CO30AHUA LIMOPOBbLIX BONHUKOB
POBOTU3NPOBAHHBLIX TEXHONOMMYECKUX AYEEK
HA OCHOBE O®JIAUH-NPOrPAMMUPOBAHWSA B CPEJE P-NPO

AHHOTAUUSA

TpanuiuoHHOE OHIAalH-IPOrpaMMUPOBAHKE HE II03BOJIET TapaHTHPOBATh BOCIPOU3BOAUMOCTD TPAEK-
TOPUN U YCTOMYMBOCTD K BO3MYLICHHSIM TEXHOJIOTHUECKON CUCTEMBI M3-32 OTPAaHUYECHHON CIIOKHOCTH
YIPaBISAIOLIMX JBHKECHUH U 3HAYUTEIIBHBIX TPOCTOEB 000PYAOBaHUS, YTO 0COOEHHO KPUTHIHO MPH YacTOH
CMEHE HOMCHKJIaTyphl. B KauecTBe METOIOIOTMYECKO OCHOBBI MIPEATIOKEH MOIXO0A K OdiaiiH-Iporpam-
MHPOBaHUIO Ha 6a3¢ 0TEYECTBEHHOTO IIPOrPAMMHOTO KOMITJIEKCA, HHTETPUPYIOIIETo HUGPOBOH JBOIHUK
PpOOOTH3NPOBAHHON SUEHKH, YTO 00ECIIeUnBaeT IEPEHOC ITANOB OTIIAKHU, BEPU(DUKALIUH U ONITUMU3AINI
B BUPTYaJIbHYIO cpelly 0€3 0CTaHOBKM (U3HMUYECKOro Mpon3BoACTBa. HayuHas HOBU3HA 3aKIII0YAETCS B paspa-
00TKe aJITOPUTMOB KHHEMATHYECKON ¥ ANHAMUYCCKOW ONTUMM3ALMHN TIepeMeLIeHuH, 0a3upyIoIuxcs Ha
UEepapXUUYECKON CHCTEME OTPaHMUYEHHH CKOpPOCTEeH, YCKOPEHUH U PBIBKOB, MPEIUKTUBHON KOPPEKLUU
CTOJIKHOBEHHUH U MOCTPOEHHUHU LIUKJIOTPaMM AJIsi MUHUMH3ALUK TaKTa. DTH MEXaHU3MbI, yUUTHIBAIOLIIE
JUHAMUKY IPUBOJIOB U ynpyrue AedopMaiuy 3BeHbEB, IO3BOJIAIOT COKPATUThL BpeMs IukiIa Ha 18-30%
0e3 MoTepy TOYHOCTHU O3ULUOHUPOBAHUS, YTO NPSIMO BIHMAET Ha MPOM3BOAUTEILHOCTE U PUTMHYHOCTh
TEXHOJOIMYECKOro MpolLecca.

DKcnepuMeHTaNbHas arpooaius nposesieHa Ha cBapouHoi siuerike [TAO «kKAMA3» npu U3roToBICHHH
KPOHIITEIHOB KpeIUIeH!s TOIUIUBHOTO Oaka.

KaroueBslie ciioBa: odaitH-porpaMmMupoBanue, DudpoBoit noiHuK, P-ITPO, nmpoMbIieHHbIe poOOTHI,
MYJIBTHBEHIOPHOCTD, KANNOPOBKA, UMUTAIMOHHOE MozeinupoBanne, KAMA3, TOYHOCTh O3ULIMOHUPO-
BaHUs, TEXHOJIOTHYECKas ITO/I'0TOBKA, IIEpeHaaIka, IUKIorpaMma

Jas nutuposanus: I'aBapuesa K.H., I'apapues P.B., ®acxyraunos A.M. MeTtonosiorust co3gaHus
UGPOBEIX JIBOIMHUKOB pOOOTU3MPOBAHHBIX TEXHOJIOIMUECKUX sIU€EK HAa OCHOBE OoduialiH-porpam-
mupoBanus B cpene P-IIPO // Bectauk MI'TY «Crankun». — 2026. — Ne 3 (78). — C. 105-114. —
DOI 10.47617/2072-3172_2026_3_105.
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METHODOLOGY FOR CREATING DIGITAL TWINS OF ROBOTIC
PROCESS CELLS BASED ON OFFLINE PROGRAMMING
IN THE R-PRO ENVIRONMENT

Abstract

It is substantiated that conventional online programming does not guarantee trajectory repeatability and
robustness against disturbances of the technological system, owing to limited complexity of control motions
and significant equipment downtime, which is especially critical with frequent product changeovers. As a
methodological foundation, an offline programming approach based on a domestic software suite integrating
a digital twin of the robotic cell is proposed, which enables the transfer of debugging, verification, and
optimization stages into a virtual environment without interrupting physical production.

A six-stage methodology for technological preparation of control programs has been developed, including
import of CAD models of tooling and workpieces, configuration of kinematic links taking into account
actual geometric and stiffness characteristics of the manipulator, formalization of interaction logic with
external equipment, trajectory programming with tool orientation, simulation verification of collisions and
singular configurations, and post-processing for various controller types. The scientific novelty lies in the
development of kinematic and dynamic motion optimization algorithms based on a hierarchical system
of velocity, acceleration, and jerk constraints, predictive collision correction, and cyclogram construction
for cycle-time minimization. These mechanisms, accounting for drive dynamics and elastic deformations
of links, allow reducing the cycle time by 18-30% without loss of positioning accuracy, which directly
affects productivity and rhythm of the technological process.

Experimental validation was performed on a welding cell at KAMAZ PJSC during the manufacture of
fuel-tank mounting brackets.

Keywords: offline programming, digital twin, R-PRO, industrial robots, multivendor capability, calibration,
simulation modeling, KAMAZ, positioning accuracy, technological preparation, changeover, cyclogram

For citation: Gavarieva K.N., Gavariev R.V,, Faskhutdinov A.I. Methodology for creating digital twins of
robotic process cells based on offline programming in the R-PRO environment. Vestnik MSUT “Stankin”,
2026, No 3 (78), p. 105-114. DOI 10.47617/2072-3172_2026_3_105. (In Russian)
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LE®OPMUPYIOLLMA MUHCTPYMEHT 411 ®OPMOBOYHOM BANBbLIOBKU

AHHOTAIUS

U3 cyniecTByIOIMX CII0COO0B PEABAPUTENHHOTO MPOGUIHPOBAHHUS (PACOHHBIX 3aTOTOBOK BAJIBIIOBKA SIBIISI-
eTCs IPEANOYTUTENEHON TEXHONIOTHEH, 00TaIatomei psaoM IpeuMyIIecTB, CPEIH KOTOPBIX HEOObIIHIe
rabapuThl 000PYI0BaHHS M IPOCTOTA €T0 HAJIAJKH U OOCITY)KUBaHHUS, CPABHUTEIIBHO HA3KKE CUIIBI Ieop-
MHUPOBaHHs, CBSI3aHHBIE C JIOKAJIHM3aIMed ovara IacTH4eckoil geopManny, OTHOCHTENIbHAS POCTOTa
JeopMHUpYIOLIEero HHCTPYMEHTA, TOYHOCTh M TOBTOPSIEMOCTH (POPMBI M1 pa3MepOB IOTydaeMbIX (haCOHHBIX
nony(adpukaroB. Bee 3T0 crmocoOCTBYET CHHKCHUIO ce0CCTOMMOCTH IITAMITIOBAHHBIX TIOKOBOK. [Toiy-
YeHHbIE TPOGIINPOBAHHBIE 3aTOTOBKH IITAMIIYIOTCSI B OKOHYATEIBHOM Py4be IITaMITa KPHBOLIHITHOTO
TOPSYEIITAMIOBOYHOTO Ipecca. KonnuecTBo 1 pacnpeneneHne o0os Mpyu OKOHYaTeIbHOM (GopMOHn3Me-
HEHUH BO MHOTOM 3aBUCHUT OT CIICIU(DUKH CIPOSKTHPOBAHHBIX KATHOPOB CEKTOPOB-IITaMIOB. [1pH ncmons-
30BaHMH KaJINOPOB IIOCTOSIHHOTO CEYEHHS HE YUUTHIBACTCS M3MEHEHHE TUIOIIA M ITOTIEPEYHOTO CEYESHHS IO
JutiHe neopMupyeMoii 3aroToBky. B 5TOM ciydae yrporiaercs pacyeTHas 4acTh TEXHOIOTHIECKON TOATo-
TOBKH IIPOM3BOJICTBA, KACAIOLIASICSI TPOEKTUPOBAHMUS PO HIHHON 3aTOTOBKH T10 ITEPEX0aM U T€OMETPHH
COOTBETCTBYIOIINX KaIMOpoB. HemocTaTkoM SIBISIETCS yBENMYEHHOE KOJIMUECTBO METalIa, BRIXOISIIETO
B 00JI0H, 4TO CHIKAeT KOd(OUIMEHT UCTIONB30BaHMS METaJJIa 3arOTOBKHU. B yCII0BHsAX MaccoBOTO MPOM3-
BOJICTBA Y/UIMHEHHBIX B ITaHE TIOKOBOK B KY3HEYHOM LI€XE CKAIUTMBAETCs OONIBIIOE KOTMIECTBO OTXOOB,
TTOAJIEKANNX YTHIIN3AUUH, YTO TOBBIIIAET ce0eCTOMMOCTD OKOHYATENBbHOM MPOLYKINH. DTOTO MOKHO
YaCTHYHO N30€XKaTh, IPUMEHSS KaTMOPBI CEKTOPOB-IITAMIIOB IEPEMEHHOTO CEYSHHUsI HECMOTPSI Ha TO, YTO
pacueTHast 4acTh IIPU IPOSKTUPOBAHUH KaK TeOMETPUH MPO(PUIIMPYEMBIX 3aTOTOBOK, TaK M pab0vnX JacTe
KIMOPOB YCIOKHAETCSA. B TOM M APYTroM citydasix CyIIecTByeT HEOOXOOMMOCTD BEISIBIIEHHS BOZMOXKHBIX
OMOOK OIMOOK MPOEKTHPOBAHMUS C UCTIONB30BAHHEM KOMITBIOTEPHOTO MOAEINPOBAHUS M UX KOPPEK-
TUPOBAHUS 0 Hayaja IPOHU3BOJACTBA, KPOME TOTO, HU(PPOBBIC MOAETH PACIIUPSIOT YUCIO PAaCUETHBIX
napaMeTpoB MOAEIHPYEMOT0 TEXHOIOTHUECKOro nporecca. OKOHYaTebHO YOSIUTECS B aleKBATHOCTH
MPOEKTHPOBAHUS U MOAEIHPOBAHMS TPeOyeMOol TEXHOIOTHH MOYKHO TOJIBKO MOCIIE MTPOOHOI BaJIBIIOBKH.
B crarbe npenokeHa METOIHMKA U3TOTOBIECHUS Ae(hOPMHUPYIOLIET0 HHCTPYMEeHTa (hOPMOBOYHOH Ballb-
IOBKH JUIsl TPOBENCHUsT PU3NIECKUX SKCIEPHUMEHTOB C IENbI0 YCTPAHEHUS! BO3MOXKHBIX HETOUYHOCTEH
MPOEKTHPOBAHUS, HE BBISIBICHHBIX HA 3Talle KOMIBIOTEPHOTO MOJCTHPOBAHUSL.

Kuarwuessble ciioBa: (bOpMOBO'—IHaS[ BaJIbIIOBKA, CCKTOPBI-IIITAMIIBI, (l)aCOHHLIe 3aroTOBKH.

Js uutupoBanus: Porynun C.A., Cocenyukun E.H., Cocenymkun A.E., fInoBckas E.A. lehopmupy-
IOIIMI HHCTPYMEHT 17151 hopMoBOYHOM BanbLoBkH // BecTHuk MI'TY «Crankuny. — 2026. — Ne 3 (78). —
C. 115-124. - DOI 10.47617/2072-3172_2026_3_115.
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DEFORMING TOOL FOR FORMING ROLLING

Abstract

Among existing methods for pre-profiling shaped blanks, rolling is the preferred technology, offering several
advantages, including small equipment dimensions and ease of maintenance, relatively low deformation
forces associated with the localization of the plastic deformation site, the relative simplicity of the forming
tool, and the accuracy and repeatability of the shape and dimensions of the resulting shaped semi-finished
products. All of this contributes to a reduction in the cost of stamped forgings.

Keywords: forming rolling, sector dies, shaped blanks.

For citation: Rogulin S.A., Sosenushkin E.N., Sosenushkin A.E., Yanovskaya E.A. Deforming tool
for forming rolling. Vestnik MSUT “Stankin”, 2026, No 3 (78), p. 115-124. DOI 10.47617/2072-
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PEBEPCUBHASA BbITAXKA OCECUMMETPUYHbIX OETANEN:
CPABHUTENbHbIA AHANU3, MOAENUPOBAHUE U OLIEHKA
QOPEKTUBHOCTH

AnHoTanus

PeBepcuBHast BBITSHKKA 0CECUMMETPUYHBIX JIETalIeH paccMaTpUBAeTCs Kak EPCIIEKTUBHOE HallpaBlIeHHE
Pa3BUTHS MPOIIECCOB JIMCTOBOM IITAMIIOBKH, MO3BOJIAIONIEE MEpEepacpepesiTh qehOPMAIHI0 MEXTY
cTamusiMu GopMooOpa30BaHus, CHIDKATh YHCIIO TEXHOJIOTHYECKMX IIEPEXO/I0B M MOBBIIIATH YyCTOWYUBOCTh
TIOJTY4€HHUS TOHKOCTEHHBIX MOJIBIX M3/IETHH. AKTYaJIbHOCTb UCCIICIOBAHUS ONPEEIeTCs] HEOOXOAUMOCTbIO
TIOBBIIIIEHUS] TOYHOCTH IT€OMETPHH, YMEHBIIIEHHUS PA3HOCTEHHOCTH U COKPAILIEHHS 3aTpaT Ha OTIIA/IKy LITaM-
MIOBOM OCHACTKU B CEPUHHOM IPOU3BOACTBE, IJ€ TPAJAULMOHHbIE MHOTOONEPALIMOHHBIE CXEMbI HEPEIKO
OKa3bIBAIOTCS H30BITOUHO TPYAOEMKUMH. L{enbi0 paboThI SBISETCS CPaBHUTENBHBINA aHATN3 PEBEPCUBHON
BBITSDKKH OCECHMMETPHYHBIX JIETaNeH U OLleHKa 3()(PEKTHBHOCTH COBMEIICHHOTO HHCTPYMEHTA Ha OCHOBE
pacyeTHOTr0 MCCIIEA0BAHMUS TIPOLIEcca ¢ UCIIOIb30BaHUEM KOMITBIOTEPHOTO MOJIEJIMPOBAHNS.

B pabote ncnonb30BaHbl aHATUTHYSCKHE COOTHOIICHHUS JUIsl OLICHKH YCHINI U KOHTaKTHBIX JABJICHUMH, a
TaKXKe YUCICHHOE MoJIeNIupoBaHue B iporpammuoii cpene DEFORM-2D/3D st nByX nmocienoBaresibHbIX
cTaui GOPMOLIMIIMHAPUYECKOH AeTalli 13 Koppo3noHHocTorkol cranu 08X 18H10 (AISI 304) Tommmuoi
1,5 mm. B pacueTHOi nocTaHOBKE pacCMOTPEHbI TapaMeTphl 3arOTOBKM M MHCTPYMEHTA, XapaKTePHbIE
JUTSL 0CECUMMETPUYIHON PEBEPCUBHOM BBITSKKU: UCXOAHBIN AUaMeTp mepBoi 3arotoBku 602 MM, mpome-
JKYTOUHBIN JMaMeTp nocie nepsoit craauu 350 MM, KOHEUHBIM TUaMeTp Mociie BTOpoi cTaguu 225 MM,
panuycel pabounx kpomok 18,5 u 20 MM, a TakxKe reoMeTpusi 3a30poB, 0O0eCIeYHBaIOIIas HallPaBIEHHOE
TeueHue Marepuana. J[is cpaBHEHHUS UCIIOIB30BaHbl COBPEMEHHBIE JINTEPATypHbIE IaHHbIE 110 BBITSHKKE
C HETPaJUIIMOHHBIM HHCTPYMEHTOM, AKTUBHOMY YTIPABJIEHHUIO HAIIPSKEHHBIM COCTOSHUEM U YHCIEHHOMY
aHaJIU3y FJ'[y6OKI/IX BBITSDDKHBIX ITPOILIECCOB.

PacueTHO-MozI€IbHOE HCCIIEI0BaHKE TIOKA3aJI0, YTO PEBEPCUBHASI CXEMa C COBMELIICHHOH JIOTUKOH POEKTH-
POBaHM HHCTPYMEHTa 00ECIIeUMBAET TEXHOIOTMIECKH pean3yeMoe (OpMOM3MEHEHHE Ha IBYX CTaausIX 0e3
KPUTHAYECKOH JIOKAIM3aIrK Je(hopMaliy MpH BEIOPAHHBIX ITapaMeTpax 3ar0TOBKU M OCHACTKH. [1orydeHHbIe
OLIEHKH JJIs IEpBOM U BTOPOH CTaui MOKa3bIBaIOT pa3Iniyre MaKCUMaJIbHBIX KOHTAKTHBIX JaBJICHUI, 4TO
MOATBEPKIAET HEOOXOANMOCTD pa3/iesIbHON ONTHMHU3AINU T€OMETPHU PA00UMX HIIEMEHTOB 110 IEPEXOIaM.
Hayunast HOBI3Ha pabOThI COCTOUT B 00BEIMHEHNH JINTEPATYPHOTO aHAJIN3a U aBTOPCKOM pacyeTHOM rmocra-
HOBKH B €IMHYIO CXeMY OLEHKH 3P (HEKTUBHOCTH PEBEPCUBHOMN BHITSDKKH, TI€ COBMENIEHHBIH HHCTPYMEHT
TPaKTyeTcs KaK INABHbIH (akTop ynpasieHus: HOpMyeMOCTBI0, TOYHOCTBIO M YCTOMYMBOCTBIO IpOIiecca.
HpaKTI/l‘ieCKaﬂ 3HAYMMOCTD 3aKJIIOYAacTCsd B BO3SMOKHOCTH UCIIOJIB30BaTh NPEACTABICHHBIC PE3YJIbTAaThbl
Kak OCHOBY JUIsl JajibHel el iudpoBoi ONTUMH3AaLUKN OCHACTKU U ISl pa3pabOTKU OTAENBHON CTaThH,
MIOCBALIEHHON POJIY KOMITBIOTEPHOTO MOJICTUPOBAHHS B MPOLIECCAX JUCTOBOMN IITAMIIOBKH.

KuarueBble cioBa: peBepCUBHAS BBITSDKKA, 0CECUMMETPUUYHBIE JETaIN, COBMEIIEHHBI MHCTPYMEHT,
DEFORM-2D/3D, koHEuHO-37IeMEHTHOE MOIETIMPOBaHKE, JTUCTOBAs ITAMIIOBKA, KOHTAKTHOE JIaBJICHUE,
Pa3HOCTEHHOCTh, TEXHOJOTHYECKas 3PPEKTUBHOCTh
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REVERSE DRAWING OF AXISYMMETRIC PARTS: COMPARATIVE
ANALYSIS, MODELLING AND EFFICIENCY ASSESSMENT

Abstract

Reverse drawing of axisymmetric parts is considered an advanced sheet-metal forming route because it
redistributes deformation between stages, reduces the number of operations, and improves the manufactur-
ability of thin-walled hollow parts. The topic is relevant due to increasing industrial demands for dimen-
sional accuracy, lower wall-thickness variation, and reduced tooling adjustment costs in serial production,
where conventional multi-stage deep drawing may be excessively labor-intensive. The purpose of this
study is to compare reverse drawing approaches and to evaluate the efficiency of combined tooling using
a computationally supported process analysis.

The study combines analytical estimations of drawing forces and contact pressures with numerical simu-
lation in DEFORM-2D/3D for a two-stage forming route of a cylindrical stainless-steel part made of
08Kh18N10 (AISI 304) sheet with a thickness of 1.5 mm. The computational setup includes an initial
blank diameter of 602 mm, an intermediate diameter of 350 mm after the first stage, a final diameter of
225 mm after the second stage, and working radii of 18.5 and 20 mm. Recent publications on unconven-
tional tooling, active stress control, and finite-element analysis of deep drawing processes are used as the
benchmark context for comparison.

The results show that the reverse route with a combined-tool design logic provides a technologically
feasible two-stage forming process without critical strain localization for the selected geometry and mate-
rial parameters. The estimated contact-pressure levels differ between the first and second stages, which
confirms the need for stage-specific optimization of tool geometry. The novelty of the study lies in inte-
grating the literature review with an original computational setup into a unified framework for assessing
reverse drawing efficiency, where combined tooling is interpreted as the main control factor for formability,
dimensional accuracy, and process stability. The practical significance of the paper is related to its use as a
basis for further digital optimization of tooling and for a dedicated future study focused on the importance
of computer modelling in sheet-metal forming.

Keywords: reverse drawing, axisymmetric parts, combined tooling, DEFORM-2D/3D, finite element
modelling, sheet metal forming, contact pressure, wall-thickness variation, technological efficiency
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PA3SPABOTKA AJIITOPUTMA BEPUDUKALIMX SNEKTPOHHbIX
KOMMOHEHTOB, 3AKYMNNEHHbLIX C NPUBJIEYEHNEM
MOCPEOHNYECKUX CTPYKTYP

AHHOTAIUSA

B Hacrosmielt cratbe MPOBEJeH aHATN3 MPOOJIeM, CBSI3aHHBIX C 3aKYIKOW AJIEKTPOHHBIX KOMIIOHEHTOB,
HNPUOOPETEHHBIX y MOCPEIHNKA. AKTYaJIbHOCTh HCCIIEN0BaHNs 00yCIOBICHa HEOOXOMUMOCThIO obece-
YeHHs1 TEXHOJIOTHYECKOH He3aBHCHMOCTH IIPOMBIIUICHHBIX MPEIIPUATHH IPH HEBOSMOXKHOCTH 3aKyIIKH
OTZIEJIBHBIX KOMIIOHEHTOB IIPH OTCYTCTBHH IIOCTABOK OT IMPOM3BOIUTEIIEH.

B xone paboTsl naeHTU(HUINPOBAHBI OCHOBHBIE PUCKH, BO3HUKAIOIIE TP IPUOOPETEHUN KOMIIOHEHTOB
4epe3 MOCPEIHHKA, U IS KAXKIOTO U3 BBIABICHHBIX PHCKOB IPEITIOKEHBI COOTBETCTBYIOIINE MEPHI UX
MUHUMH3ALHH.

Oco00¢ BHIMaHHE B CTAThe YACJICHO BePH(HUKAIINN 3aKyTaeMbIX JICKTPOHHBIX KOMIIOHEHTOB KaK HanOoJee
KPUTHYHOMY M HanMeHee ()opMaIM30BaHHOMY IIpoIieccy. PaccMOTpPEHBI YeThIpe OCHOBHBIX JTala Mporie-
IypBl KOHTPOJIS: MIPEIbsBICHNE KOMIIOHEHTOB Ha KOHTPOJIb C YCTAHOBJIEHHEM YPOBHS 1€()EeKTHOCTH,
BBIOOp criocoba KOHTPOJIS U onpesielieHne 00beMa BBIOOPKH, IPOBE/ICHHE MHOTOYPOBHEBOI MPOBEPKH
IIapaMeTPOB, a TAKXKE OLICHKA Pe3yNIBTaTOB U IPUHATHE PEIICHUSI OTHOCHTEIBHO BCel MapTHH 3aKyILICHHBIX
KOMITOHEHTOB. Ha OCHOBe JeTanm3anyy yKa3aHHBIX 3TAlloB COCTABJIECH aJTOPHTM IIPOBeNeHUs BepHdu-
Kanuu, y‘{l/lTbIBaI-O]_U,I/lﬁ CHCHI/Iq)I/IKy pa60T1>1 C HOBBIMHU MNOCTaBIIUKAaMU U OTCYTCTBUC HaKOIIJICHHOM CTaTH-
CTHKH [0 Ka4eCTBY ITOCTABIAEMOIT TpomyKiuH. [IpeiioskeHHEII aTrOpATM MOXKET OBITH aIalITHPOBAH IO
KOHKPETHBIE TPON3BOICTBEHHBIE 3319 M UCIIONIB30BaH B KAYECTBE METOANIECKOH OCHOBBI PH Pa3paboTKe
BHYTPEHHUX PETIAMEHTOB BEPU(DUKALIH.

KiroueBble €10Ba: 3JIEKTPOHHbIE KOMIIOHEHTHI, aJTOPUTM, BepuuKaius, BEIOOPOUHBII KOHTPOIIb,
3aKyIIKa, HOCPEIHUK
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DEVELOPMENT OF AN ALGORITHM FOR VERIFYING IMPORTED
ELECTRONIC COMPONENTS UNDER SANCTIONS RESTRICTIONS

Abstract

This article analyzes the problems associated with the purchase of electronic components purchased from a
intermediator. The relevance of this research is due to the need to ensure the technological independence of
industrial enterprises in the event of the impossibility of purchasing individual components in the absence
of supplies from manufacturers.

During the work, the main risks arising when purchasing components through a intermediator were identi-
fied, and appropriate measures were proposed to minimize each of the identified risks.

The article pays special attention to the verification of purchased electronic components as the most critical
and least formalized process. It considers four main stages of the control procedure: presenting the compo-
nents for control and determining the level of defectiveness, selecting the control method and determining
the sample size, conducting a multi-level inspection, and evaluating the results and making a decision
regarding the entire batch of purchased components. Based on the detailed description of these stages, an
algorithm for verification has been developed, taking into account the specific features of working with
new suppliers and the lack of accumulated statistics on the quality of the supplied products. The proposed
algorithm can be adapted to specific production tasks and used as a methodological basis for developing
internal verification regulations.

Keywords: electronic components, algorithm, verification, selective control, procurement, intermediary

For citation: Kokoulina T.A , Kozlova A.V. Development of an algorithm for verifying imported elec-
tronic components under sanctions restrictions. Vestnik MSUT “Stankin”, 2026, No 3 (78), p. 131-138.
DOI 10.47617/2072-3172_2026_3 131. (In Russian)

BECTHUK MI'TY « CTAHKWH» Ne 3 . 2026 / VESTNIK MSUT «STANKIN» No. 3 « 2026




ABTOMATW3ALIMA W YIMPABIEHME TEXHONOMAYECKMM NPOLIECCAMW 1 NMPOU3BOACTBAMU

OpuzcunanvHuas cmamos

YIK 621.757

DOI 10.47617/2072-3172_2026_3_139

Cepzeiit Huxonaesuu Coicoes, Bnaoucnae Cepzeeeuu Cuoopoes

Bragnmupcknii rocygapctBenusii yausepeuteT uM. A. I 1 H. I. CroneroBsix
Brnagumup, Poccus

ABTOMATU3ALUA KOPPEKLIUM NMOJIOXKEHUA COMPATAEMbIX
LOETANEA CUNb®OHHBLIMU MPUBOOAMU

AHHOTaN U

B naHHOM HCCITeIOBAaHUH PaccMaTpUBAETCs MpodIieMa MOBbIIIeHHs 3()(HEKTHBHOCTH aBTOMATH3UPOBAHHOM
cOOpPKM OCECUMMETPHUYHBIX JeTalIeii TUIIA «BTYJIKA-BTYJKay. AKTYaJIbHOCTb 00YCIIOBJIEHA TEM, UTO cOOpKa
TaKoOro THIIA JeTasel TpedyeT Oojee cImKHOrO (PYHKIMOHAIBHOTO penepTyapa 110 CpaBHEHHUIO C THIIOM
«BaJI-BTYJIKa, a CyIIECTBYIOIINE METO/Ibl KOPPEKLIMH ITOJIOKEHHUS OTPaHU4EHbI CIIOKHOCTBIO ChEMa U 00pa-
60TkH nH(OpMaImu o npornecce cOopku. Llenbro paboTHI ABISETCS PACIIMPEHUE 00IACTH TPAKTUIECKOTO
MIPUMEHEHHs aBTOMaTU3UPOBAHHON COOPKM OCECHMMETPUYHBIX JETaNe THIA «BTYJIKA-BTYJIKa» ITyTeM
COBEpLICHCTBOBAHUS METO/Ia CONPSDKEHMS JIeTajlel MOCPEeICTBOM aHaJIN3a U CUHTe3a (yHKIIMOHUPOBAHUS
cO0pouHO cucTeMsbl. B kauecTBe MaTrepualioB 1 METO/IOB UCCIIEIOBAHUS UCIIOIB30BaHbI METO]] HCCIIE/IO0-
BaHMs QYHKIMOHATBHO-(pu3mYeckuX cBsizeit (MU DDC), anann3 BApHaHTOB CUTYyaluid poriecca COOpKH,
a TaKkXKe KOMITBIOTEpHOE M HATYPHOE MOJICTINpOBaHue. Pe3ymsraroM paboThl SIBUIIOCH BBISIBIICHUE U (hopMa-
JIM3AIIKUS CYNIECTBEHHBIX (PM3NUECKUX SBICHHMN, COMPOBOKAAIONIMX IIpoLiecc COOPKH: YIvIa HAKIOHA phlyara
yIpaBJieHusl ¥ H30BITOYHOTO aBJIeHUsS B paboueil kamepe cuibdonnoro npusona. Merogom MUDDC
IMOKa3aHo, YTO COBOKYIMHOCTh 3THX MPU3HAKOB MO3BOJISIET OJHO3HAYHO MACHTU(HIUPOBATH KKIBIA H3
4eTBIPEX BO3MOXKHBIX CLIEHApHUEB Mpoliecca cOOpky. HayuHast HOBU3HA 3aKIIF0YAESTCsl, BO-TIEPBBIX, B BBISB-
JeHUU U GopMaM3aluyl YKa3aHHBIX MPU3HAKOB C YCTAHOBJICHUEM MPUIHHHO-CIEACTBEHHBIX CBS3EH
MEX/Ty HUMH U CLICHAPHSMH COOPKH, a BO-BTOPBIX, B 000CHOBAHUH UCIIONB30BaHMUS CHIIL(OHHOTO MTPUBOJIA
OJIHOBPEMEHHO KaK B CHIIOBOM, TaK H B HH(QOPMAIIHOHHOM KOHTYpe. PazpaboTaHbl OJIOK-cXeMa alropuTMa
OIIpeJIeNIeHUs] HalpaBJIEHUs] KOPPEKLUU U CTPYKTYpHas cxeMa KoppekTupymomeil cucremsl. [Ipakruye-
CKasl 3HAUUMOCTh MOATBEPIKIACHA MAKETUPOBAHHEM, MAIIMHHBIMHA M HATYPHBIMH 3KCIIEPUMEHTAaMH, YTO
JOKa3bIBaeT 3 (HEKTHBHOCTH PEITIOKEHHOTO METO/IA U PACIIUPSIET 001aCTh MPAKTUIECKOTO NPUMEHEHHS
ABTOMAaTH3HPOBAHHOM COOPKU OCECHMMETPUYHBIX JIeTajJel THITa «BTYJIKa-BTYIKa.

KuroueBble cjioBa: aBTOMaTH3HPOBaHHAsI cOOpKa, OCECUMMETPUYHBIE JIETalld, COCTMHEHHE «BTYJIKA-
BTYJIKa), KOPPEKLIUS MTOJIOKEHUS, CHIIL(OHHBIN ITPUBOJI, METOJI HCCIICAOBaHUS (PYHKIIMOHABHO-(PH3HYe-
ckux cBszeit (MUODC).
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AUTOMATION OF POSITION CORRECTION FOR MATING PARTS USING
BELLOWS DRIVES

Abstract

This research addresses the problem of improving the efficiency of automated assembly of axisymmetric
parts of the “bush-to-bush” type. The relevance is due to the fact that assembling such parts requires a more
complex functional repertoire compared to the “shaft-to-bush” type, while existing position correction
methods are limited by the difficulty of acquiring and processing information about the assembly process.
The work aims to expand the practical application scope of automated assembly for axisymmetric bush-
to-bush parts by improving the mating method through analysis and synthesis of the assembly system
functioning. The materials and methods include the method of investigating functional-physical connections
(MIFPC), analysis of assembly process scenarios, as well as computer-based and full-scale simulation.
The results consist in identifying and formalizing the essential physical phenomena accompanying the
assembly process: the tilt angle of the control lever and the overpressure in the working chamber of the
bellows drive. Using the MIFPC, it is shown that the combination of these features allows unambiguous
identification of each of the four possible assembly scenarios. The scientific novelty lies, firstly, in the
identification and formalization of these features with the establishment of cause-and-effect relationships
between them and the assembly scenarios, and secondly, in substantiating the use of the bellows drive
simultaneously in power and in information contour. A flowchart of the correction direction determination
algorithm and a structural diagram of the correction system have been developed. Practical significance is
confirmed by bench modeling, computer-based and full-scale experiments, which proves the effectiveness
of the proposed method and expands the practical application scope of automated assembly for axisym-
metric bush-to-bush parts.

Keywords: automated assembly, axisymmetric parts, bush-to-bush joint, position correction, bellows
drive, method of investigating functional-physical connections (MIFPC).
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UCMONb30BAHUE BbINYKIbIX OBOJIOYEK
ana PEWWEHNA 3A0AYU NPECIIEOOBAHUA -
YKNOHEHNA MAHUMYNATOPA OT ABNXYLIETOCA OB BbEKTA

AHHOTaNHUSA

[Ipu BEIMOTHEHNH POOOTaMH BCIIOMOTATEIBHBIX OIlEpalnii, TAKAX Kak (acoBKa MPOLYKTOB Ha JABUXKY-
IeMcst KOHBelepe, BO3HUKAST HEOOXOMUMOCTD MPEIOTBPAIICHHUS CTOTKHOBEHHI HE TOJIHKO HHCTPYMEHTA
1 Tpy3a C OCHACTKOM, HO U TeJla MAHUITYJIATOPA C MPEMATCTBUSIMHU B pabodeit 30He. L{enbro paboTh sBIs-
eTcs cOo3JaHue IUIaHa pa3pabOTKU arOPUTMa YKIOHEHUSI MaHHUITYJISIIHOHHOTO PoO0Ta OT MOABMKHOTO
OPEMIATCTBUS HA OCHOBE MPUMEHECHHUS BBIMYKJIBIX 000104ek. OCHOBHOM (PyHKIIMOHAT MPOESKTHPYEMOTO
QJITOPUTMA 3aKITIOYAETCS B PACYETE PACCTOSHHS MEXKIY ABYMsI OMMKaHIIMMHU TOYKaMH O0BEMHOTO 3BEHA
1 chepryecKoro NMpensaTcTBH. i1 MaTeMaTH4eCKOTO ONMCAaHUsI 0OBEKTOB CIIEHBI IIPEIaracTCs HCIOJb-
30BaTh BBIMYKIIbIE 000JOYKH. DTO OTKPHIBACT BO3MOXKHOCTh MPUMEHEHUsI makeTa trimesh JUist co3aaHus
BBICOKOTOYHBIX 000J10ueK HermocpeacTBeHHo n3 CAD-Mopzeneii poboTa n ipenstcTeuil. B kadecTBe MeTona
BBIUUCIICHUS PACCTOSIHUS MKy 000JI04KaMH 000CHOBBIBaeTCs BbIOOp anroputMa ['undepra—/xoHcoHa—
Kupru, 6asupyromierocs Ha pa3HoCTH MHUHKOBCKOTO ¥ (PyHKITMH TTOICPIKKH, ITO 00SCICUNBACT BHIYHCITH-
TENBHYIO CIOXKHOCTH O(1) U1 MHOTHX IMHAMHYECKUX CIIeH. [I1sl y4eTa MoABMKHOCTY NPETSITCTBHS IUTaH
HperycMaTpUBAET HE TOJBKO MPOBEPKY TEKYIIEH AUCTAHIMU, HO U MPOSLMPOBAHIE MPEMATCTBUS BAOJIb
BEKTOpa €ro CKOPOCTHU. Peanu3anuio caMoro YKIOHEHHs TUIAHUPYETCS BBIOJIHUTE HA OCHOBE Hanbolee
9 QEeKTUBHBIX METOIUK, U3BECTHBIX U3 JIUTEPaTyphl. [IpecTaBneHHbIH IIaH ONpeesseT KIIOUeBhIe dTaIlbl
Pa3paboTKu U 3aKIafbIBaeT OCHOBY JUIS JajbHEHIIeH peann3aliy alropuTMa Ha CUCTEMax PealbHOro
BpPEMEHHU.

KiroueBble cioBa: MaHPIHyJ'ISIL[PIOHHLIﬁ pO6OT, 3a/1a4a npecjaeq0BaHUA-YKIIOHCHU S, BBIITYKIIbIC O6OJ'I0'{KI/I,
AJITOPUTM I I/III6€pTa*Z[)KOHCOHa*KI/IpTI/I, Pa3HOCTH MI/IHKOBCKOFO, npamas 3ajada KHHEMAaTUKN
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USING CONVEX HULLS TO SOLVE THE PROBLEM
OF A MANIPULATOR PURSUING AND EVADING A MOVING OBJECT

Abstract

When robots perform auxiliary operations, such as packing products on a moving conveyor, it becomes
necessary to prevent collisions not only of the tool and load with the tooling, but also of the manipulator
body with obstacles in the work area. The aim of the work is to create a plan for the development of an
algorithm for avoiding a manipulative robot from a moving obstacle based on the use of convex hulls. The
main functionality of the designed algorithm is to calculate the distance between the two closest points
of a three-dimensional link and a spherical obstacle. It is proposed to use convex hulls to mathematically
describe the objects of the scene. This opens up the possibility of using the trimesh package to create
high-precision shells directly from CAD models of the robot and obstacles. The choice of the Gilbert—
Johnson—Kirty algorithm based on the Minkowski difference and the support function, which provides
an O(n) computational complexity for many dynamic scenes, is justified as a method for calculating the
distance between shells. To account for the mobility of the obstacle, the plan provides not only for checking
the current distance, but also for projecting the obstacle along its velocity vector. The implementation of
the avoidance itself is planned to be carried out on the basis of the most effective methods known from
the literature. The presented plan defines the key stages of development and lays the foundation for further
implementation of the algorithm on real-time systems.

Keywords: manipulative robot, pursuit-evasion problem, convex hulls, Gilbert-Johnson—Kirti algorithm,
Minkowski difference, direct kinematics problem.
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KOMBMHUPOBAHHbIM METO[ 3AXBATA
ONA ABYXMNANbLEBbIX 3AXBATHbIX YCTPOUCTB

AHHOTaN U

B paGore paccmarpuBaercs 3aaa4a BIOOpa 3axBara /IS JBYXIAJIBIEBBIX 3aXBaTHBIX YCTPOHCTB (3Y)
IpY BBHITIOJTHEHUH OTIepalliii 3aXBaTa U lepeHoca 3apaHee HEN3BECTHBIX 00bEKTOB, 33 JaHHBIX HEIOJIHBIM
obmnakoM Toyek. IIpu ncnonp30BaHUM JaHHBIX AATYMKA [IYOHMHBI POOOT pacnojiaraeT TOJIbKO BUIUMON
Y4acTbhIO OBEPXHOCTH O0BEKTA; IIPH 3TOM IIOJIHASI FEOMETPHsI, Macca U TOYHOE IOJIOKEHHE IIEHTPa Mace
3apaHee HEU3BECTHBI. DTO 3aTpyaHseT BeIOOp KoHdurypannu 3Y, odecrieunBaronieil ynepxanie o0bekTa
110CJIe CMbIKaHHS NMAJIBLEB U [IPU HOCcIenyomeM nogbeme. Llenpio nccienoBanus spisercs pa3padoTka
KOMOMHUPOBAHHOI'O METOoJ]a BbIOOpA 3aXBara, 0OBEANHSIONIETO T€OMETPUUECKYIO TeHEPAlHI0 KaHa1-
JIaTOB, AaHAJTMTUYECKYIO OIICHKY Ka4eCTBa KOHTAKTHOH KOH(DUTYpAIIMHU U y4eT pacyeTHOI HalpaBICHHOM
Harpy3KH IpH NoabeMe 00bekTa. [ eHepanus THIIOTE3 BBIONHASTCS 110 HEMOJIHOMY 00JaKy TOYeK Ha
OCHOBE KpUTEPHS aHTHIIOJAIBHOCTH. [IJ1 MpOBEpPKM KaHIUIATOB NCIIOIB3YETCS aHATUTHYECKas! OLIEeHKa
Ha OCHOBE € — METPHKH, & UTOTOBOE PAHXHPOBAHUE JOMOIHAETCS OLICHKOW pacyeTHOM Harpy3Kku, BO3HH-
Kalolle Ha HayaJIbHOM 3Talle nogbeMa. DKCIepUMeHTa bHas IPOBEPKa MPOBEACHA B CUMYJIALIMOHHON
cpene PyBullet ¢ ucnonp3oBanuem Moaenu Manumyastopa URS u apyxnaneuesoro 3Y. CpaBHeHHe
BBINIOJIHEHO C T€OMETPUYECKUM METOIOM Ha OCHOBE KPUTEPUS aHTHUIIOAAJbHOCTH U aHAIUTHYECKUM
METOJIOM, OCHOBAHHBIM Ha € — METpHKe. Pe3ysbTaThl OKa3aJIn yBEINYEHHE MTPOLIEHTA YCIICIIHBIX MOIBITOK
BEINTOJTHEHUSI TIOJTHOH TTOCIIEI0BAaTEILHOCTH 3aXBaTa H IEPEHOCa M0 CPABHEHHUIO ¢ 0a30BBIMH ITOXOIaMH
B paccMaTpUBaeMOW CUMYISIIUOHHON cpeae. HayuHas HOBH3HA 3aKifo4aeTcsi B O0ObEIUHEHUH TeoMe-
TPUUYECKOr0 0TOOpa, aHAJTUTUYECKOH MPOBEPKU CUIOBOTO 3aMBIKAHHS M OLIEHKH KadeCTBa KOHTAKTHOW
KOH(QUTypaluy ¥ HapaBICHHOW OIIEHKH HArpy3KH B €IUHOM IPOIeaype paHKHUPOBAHUS KaHIUIATOB.
IpakTHueckas 3HAYMMOCTB CBS3aHA C UCIIOIB30BAHHEM MTPEATIOKEHHOTO METO/Ia B alITOPUTMAax BbIOOpa
3axBara M0 JAHHBIM CEHCOPOB INIyOUHBI.

KiloueBnble ciioBa: pO6OTI/I3I/IpOBaHHI>II71 3axBar, BI)I60p 3axBara, AHTUIIOAJIbHBIA 3axBarT, CUJIOBOC 3aMbl-
KaHHC, o0Omaka TOYCK, KOHTaKTHas1 MCXaHUKa.

Jas uurnpoBanus: [oakonsun [1./1. KoMOuHMpOBaHHBINA METO] 3aXBaTa AJISl IBYXMANIBIEBBIX 3aXBATHBIX
ycrpoiict // Bectauk MI'TY «Crankun». — 2026. — Ne 3 (78). — C. 156-170. — DOI 10.47617/2072-
3172 2026 3 156.
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A COMBINED GRASPING METHOD FOR TWO-FINGER GRIPPERS

Abstract

This paper addresses the problem of grasp selection for two-finger grippers performing grasping and
transfer operations with previously unknown objects represented by incomplete point clouds. When depth
sensor data are used, the robot has access only to the visible part of the object surface, while the complete
geometry, mass, and exact position of the center of mass remain unknown in advance. This complicates the
selection of a gripper configuration capable of securely holding the object after finger closure and during
subsequent lifting. The aim of this study is to develop a combined grasp selection method integrating
geometric candidate generation, analytical evaluation of contact configuration quality, and consideration
of the estimated directional load arising during object lifting. Grasp hypotheses are generated from an
incomplete point cloud using the antipodal grasp criterion. Candidate grasps are verified analytically using
the e-metric, while the final ranking is supplemented by an estimate of the load occurring at the initial
stage of lifting. The proposed method was experimentally evaluated in the PyBullet simulation environ-
ment using a URS robotic manipulator equipped with a two-finger gripper. The method was compared
with a geometric approach based on the antipodal grasp criterion and an analytical approach based on the
e-metric. The results demonstrated an increase in the success rate of completing the full grasp-and-transfer
sequence compared with the baseline approaches under the considered simulation conditions. The scien-
tific novelty of the study lies in combining geometric candidate selection, analytical verification of force
closure and contact configuration quality, and directional load estimation within a unified grasp-ranking
procedure. The practical significance of the proposed method is associated with its application in grasp
selection algorithms based on depth sensor data.

Keywords: robotic grasping; grasp selection; antipodal grasp; force closure; point clouds; contact mechanics.
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