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[IpuBeneHo obocHOBaHME HEOOXOIUMOCTH Pa3pabOTKH U IPUMEHEHUS MTOCAT0YHBIX MAIINH JUIS CAXKEHLIEB C
3aKpbITO KopHEBOM cuctemoil. [IpoaHan3upoBaHbl CYLIECTBYIOIINE METObI MOJIEIUPOBAHUS KUHEMATUKU
U JIMHAMUKY T0CaI0YHBIX armaparoB ¢ ucnonb3oBanueM CAD- u CAE-cucrem, a Takke METOJIbI MOJICIUPO-
BaHM MIPOIIECCOB B3aUMOCHCTBUS pabOYMX OPraHOB IOCAIOYHBIX MAIIHMH C TIOYBEHHOU cpenoil. M3mnoxeHo
olnucaHue OOIICH KOHIENIUKM pa3padaThiBAEMON MOCAJ0YHON MAIIMHBI JJISl CAKCHICB C 3aKPBITONH KOpHE-
BOH cuctembl. Pa3paboTaHa UMHUTALMOHHASI MOAENb MOCAJOYHOTO MEXaHM3Ma B IIPOIPAMMHOM KOMILIEKCE
CAD SolidWorks u CAE SolidWorks Motion. MccnenoBan paGouuii mporecc Hocaj0uHOro MeXaHu3Ma Ha
BHUPTYAJIbHOM CTEH/IE, PEaIM30BaHHOM B 3TOM e nporpaMmHoii cpene. Ilonyuena rpynmna napameTpos, He-
0OXOIUMBIX JUTSl OLCHKU pabOTOCTIOCOOHOCTH TOCATOYHOTO MEXaHU3Ma, B YACTHOCTH: MOMEHTBI CHJI BHp-
TyaJIbHBIX JBMIaTeled IPUBOJA M10CAJOYHOIO allapara U 3apsAAHOr0 YCTPOMCTBA; CUIIbI, BOSHUKAIOLIME HA
BUPTYaJIbHBIX TPY’KWHAX [10CAJOYHOTO KOHYCa M CTaKaHa 3apsiTHOro 6apabaHa; cuiia KOHTaKTa Kyjladka ¢ po-
JIMKOM; BEJINYMHA PACKPBITHS IT0CAJOUHBIX KOHYCOB. BBITIOJIHEHO MOIeTMpOBaHKeE ITpoliecca B3auMOICHCTBHSA
MOCaJ0YHBIX KOHYCOB C IIOYBEHHOM CPE0il METOIOM JAUCKPETHBIX AIEMEHTOB. Pa3paboTaH noaHOpa3MepHBIii
MaKeTHbII 00pasel] ¢ ucroib30BaHueM 3D-revyary, MO3BOJMBIIMN TOATBEPANTh MOIYUYCHHBIC B PE3yNbTaTe
MOJICIIMPOBAHUS CHJIOBBIE XaPAKTEPUCTUKHU MO TAKOMY KJIIOYEBOMY IapaMeTpy, KaK KpyTSAIIMH MOMEHT, Tpe-
Oyromuiics JJIsl IPUBOZA TOCAJI0YHOTO amlmapara M 3apsiiHoro ycrpoincTsa. IlonTBepikieHa npaBUIBHOCTD
BBIOPAHHBIX B IPOLIECCE MPOSKTUPOBAHUS KWHEMATHUECKUX APaMETPOB MEXaHU3MA.

KuroueBble cy10Ba: 11ocal04YHbINA annapar, 3aKpblTas KOpHEBas CUCTEMa, UMUTALMOHHOE MOJIEJIMPOBAHNUE,
3D CAD, MBD, DEM, 3D-neuars
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BHaCTosuuee BpeMs B MUpe HalmrogaeTcs
yCTOWUYMBasl TEHICHIUS YBEJIUUYEHUsI KOJIU-
4YecTBa IJIOLIAAeH J1eCOBOCCTAHOBIICHUS C NPU-
MEHEHUEM CESHIIEB U CAXKEHIIEB C 3aKPBITOI KOp-
HeBol cucremoit (3KC), kocHyBmasicst u Poccun.
OnHaKo HECMOTPsI Ha OYEBU/IHBIE IPEUMYILECTBA
3KC, 3HauuTENbHBINA CIIEKTP NOYBEHHO-KIUMATH-
YECKHUX YCJIOBUI BBI3bIBAET HEKOTOPHIE OMACEHUS
3¢ ($EeKTUBHOCTH IIKUPOKOTO BHEAPEHHUS STON TeX-
Hojoruu. KonndyecTBa NUTOMHUKOB, CIIOCOOHBIX
BBIPAIIMBATh [10CATOUHbII MaTepua B TpeOyeMbIX
o0bemMax M (paKTU4ECKH IPU IOJTHOM OTCYTCTBUU
CPEICTB MEXaHU3ALUU AJI MOCAAKU CESHIIEB U
caxxeHieB ¢ 3KC, mmoka negocrarouno. CorinacHo
rpaBuiIaM jiecoBoccranoBienus B PO k 2025 1. ve

© Astop(s1), 2025

menee 30 % tutoniael HICKyCCTBEHHOTO U KOMOH-
HUPOBAHHOTO JIECOBOCCTAHOBJICHHUS CIIEIYyeT 00e-
CHEUUTH MOCAAKOM cesHIEeB U caxennes ¢ 3KC,
JUTSL 9€TO BEETCS Pa3BUTHE COOTBETCTBYIOMICH
CETH MUTOMHHUKOB [1-3].

B cBsi3u ¢ 3THUM akTyanbHOCTH TpuoOpena
pa3paboTKa Mocago9YHbIX MAIIWuH, CIIOCOOHBIX
00ecreynuTh CTOJb 3HAYUTEIbHbIE 00HEMBI Jie-
COBOCCTAHOBJICHHsI. PacCMOTpUM KOHCTPYKIIMH
MOCAIOYHBIX MAIIIMH ¢ pa00YMMHU OpraHaMHU B BHJIE
PacKpBIBAIOIINXCSA B MOYBE KOHYCOB, TOJTYy4YHB-
e HauOoJbIlee pacpocTpaHeHHe i Mocal-
KU JIECHBIX U CEJIbCKOXO3SIICTBEHHBIX pacTEeHUN
¢ 3KC. HccnenoBanuio nog00HBIX KOHCTPYKIUHA
MOCBAIIEHO JOCTATOYHO MHOTO paboT 3apyOesk-
HbIX aBTOpOB [4—16]. B Poccuu 3To Hampasie-
HUE UCCIIEIOBAaHUH MTOKa HE TOIYYHIIO ITUPOKOTO
pasButus [17].
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JNeconHkeHepHoe aeno

[IpennaraeM OopuUrMHAIBHYIO KOHIICTIIIUIO TTO-
CaJI0YHOM MAIIMHBI JIUIS CESHIICB U CaXXCHIICB C
3KC, otnunuaromnryrocst paboToCnocoOHOCThIO U
CTaOMIILHBIM TIPOIIECCOM PSITHOM MOCAIKH.

Lenb pabotbl

[lenp paboThl — ompeneneHne KHHEMAaTH-
YEeCKHUX U JUHAMHYECKUX XapaKTEPHUCTHK IO-
caJouyHOro MexanmisMa aist caxeHues ¢ 3KC
METOJaMH UMHUTAIITMOHHOTO MOJICTUPOBAHUS U
MOJTHOPA3MEPHOTO MAaKETUPOBAHUS C UCTIOIB30-
BanueM 3D-neuatn.

Matepuanbl nu metoabl

MeTonbl MOIeTUPOBAHUS] KHHEMATHKH U IH-
HAMHUKHM [0CAT0YHBIX ANIIAPATOB € HCIOJIb30BA-
HueM CAD- u CAE-cucrem (CAD — Computer-
Aided Design — aBromaru3upoBaHHasi cucTeMa
npoektupoBanusi; CAE — Computer-Aided
Engineering — cucrema obecrniedeHus: HHKEHEp-
HBIX PacUeTOB).

[Ipu npoeKkTUpOBaHUM MHOTO3BEHHBIX MMOCA-
JIOYHBIX MEXaHHM3MOB CJIOKHOCTb BBI3bIBAET UX
KMHEMaTH4yeckas cocTtasistomas. s monenupo-
BaHUs TUHAMUKH MHOTOTEIBHBIX crcTeM (MBD —
Multibody Dynamics — nuHamMyka MHOTOTEIBHBIX
cuctem) Tpedyetcst mpumeHenue 3D CAD-cucrem
u CAE-mporpamMm. DTOT moaxo B 00JacTH pas-
pabOTKU M MCTIBITAaHUS PA3JIMYHBIX MTOCATOYHBIX
MaIITUH IIUPOKO HCITOJIB3YETCS 32 pyOekoM.

B uccnenoBanum, mocBsIIeHHOM ONTUMHU3AIIH
MapaMeTpoB MHOTO3BEHHOTO MOCAI0YHOTO MeXa-
HH3Ma [I0JyaBTOMaTHYECKOM paccaaonocagouHon
MaIlIMHBI, OBLJIO UCIIOIB30BAHO CIICIIMATU3UPOBAH-
Hoe MBD-npunoxenne Recurdyn V8RS. O6Gna-
Jasi pacIIMPeHHBIM (YHKIIMOHAIOM, OHO TpeOyeT
skcrniopta mogenu u3 3D CAD uepe3 npomexyTou-
Hele popmatsl [18-20].

JlocTaTouHO MHOTO aHAJOTUYHBIX MCCIEH0-
BaHMI 1O 000CHOBAaHUIO MAPAMETPOB MOCA0U-
HBIX MEXaHU3MOB BBITIOJHEHO C UCIIOJIh30BAHUEM
MBD-npunoxenuss ADAMS, rie Takxe Tpedyercs
3KcnopT mMozesn u3 ctoponnux 3D CAD [21-24].

[Ipu uccnenoBanuu KMHEMATHUKH KOHYCHO-
ro MOCAaJI0YHOr0 amnmnapara Obla UCIOJb30BaHa
csizka 3D CAD SolidWorks u CAE SolidWorks
Motion (puc. 1) [25-27]. DTOT moaxon okaza-
csl OTHUM U3 Haubosiee 3¢ (EKTUBHBIX, TOCKOJIb-
Ky JlaJl BOBMOXHOCTh CO3/1aTh JTHHAMHYECKYIO
MMUTAMOHHYIO MOJIENTb MEXaHNU3Ma, UCTIOb3YsI
HETIOCPEICTBEHHO T€OMETPHIO M COMPSIKEHUS
n3 CAD-Mozxenu u uckiaovas HEOOXOAUMOCTh
9KCTIOPTa TEOMETPHHU B TIPOMEKYTOUHBIE (POPMATHI
¢ paspymenuem obparnoii cesizu CAE — CAD.

Puc. 1. HccienoBanre KHHEMATHKY II0CAJ0YHOI0 MEXaHU3Ma
B nporpamMMHbIx komiiekcax 3D CAD SolidWorks,
CAE SolidWorks Motion (a) u naboparopHsle uc-
CJIeIIOBAHMS dKCIIEPUMEHTaIbHOTO 00pasma (6) [26]
Fig. 1. Study of the kinematics of the planter mechanism in
3D CAD SolidWorks and CAE SolidWorks Motion
(a) and laboratory studies of the experimental sample

(0) [26]

Puc. 2. MozenupoBaHue MpOIECCOB TyHKOOOpa3oBaHUs
MOCaJ0YHBIM MeXaHU3MOM [28]: @ — pacKpbITue
KOHYCa B IIPOJOJNBHON INIOCKOCTH; 6 — PacKpbITUE
KOHyCa B IIOIIEPEYHON IIOCKOCTH

Fig. 2. Modeling of hole formation processes using a planting
mechanism [28]: @ — cone opening in the longitudi-
nal plane; 6 — cone opening in the transverse plane
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Puc. 3. MonenupoBanue npoueccoB BHEAPEHUS MOCAJ0UYHBIX KOHYCOB Pa3IMUHBIX F€OMETPUUYECKUX
(hopm B nouBy [29]: @ — uYeTBIpEXIPaHHOI; 6 — KOHUYECKOI
Fig. 3. Modeling the processes of introducing planting cones of various geometric shapes into the soil

[29]: @ — tetrahedral; 6 — conical

MeToabl MOIeTMPOBAHNUS B3aNMOAEHCTBUSA
pado4nx OpraHoB MOCAJAO0YHBIX aNNapaToB ¢
MOYBEHHOM cpenoii ¢ nucnosn3oBanuem CAD- n
CAE-cucrtem. {111 MomenupoBaHusl B3auMOJICH-
CTBUS TIOCA/I0YHBIX almnapaToB U paboyux opra-
HOB JIPYTMX MallllH, KOTOpPbIe HEMOCPEACTBEHHO
B3aMMOJICHCTBYIOT C OUBEHHOH Cpeioi Hanbosee
4acTO B HACTOSLIEE BPEMsI UCIIOJIb3YETCS METO]
muckpeTHbIX neMeHToB (DEM — Discrete Ele-
ment Method — MeTos AMCKPETHBIX AJIEMEHTOB)
[28, 29].

B uccnenoBanuu, npeacraBieHHOM B pado-
Te [28] MOCBAIIEHHOM U3yUYE€HHIO MPOLIECCOB JTyH-
KOOOpa30BaHMs PA0OYUMU OpraHaMU 1O Ca0THON
MaIlIMHbI, OblJIa PACCMOTpPEHA UMUTALIMOHHAS MO-
JIeNTb B3aUMOCHUCTBHS MOCAI09HOTO KOHYCa C MoY-
BEHHOU CPeJIoii, peaJIn30BaHHAas C UCTIOIL30BAaHUEM
DEM-metonoB (puc. 2). st 3TOro npuMeHu-
mu 3D-Monens, pazpaborannyio B CAD-cucreme
Pro E, xotopas sxcriopTupoBasiach uepe3 mpome-
KyTouHbI (hopmar B mporpammy EDEM 2018.
[TouBenHbIit TIACT HOPMHUPOBAJICS U3 YETHIPEX
pPa3IMYHO OKpAIIEHHBIX CJI0EB JAUCKPETHBIX
YaCTUIL JJI1 MOHUTOPUHTA MOYBEHHBIX CMEIICHUH.
Onucanue B3aMMHOTO KOHTAaKTa MOCAJOYHOTO
KOHYCa C IMOYBOH BBIMOJIHSIIOCH C HCIIOIb30BAaHUEM
dbusnueckoit monenu ['epria — MunmmHa (6€3
CKOJIbKEHUS). BoITToTHEHHAsT aBTOpaMu dKCTIepH-
MEHTaJIbHAs MPOBEPKA MOATBEPAMIIA JOCTATOYHO
BBICOKYIO JOCTOBEPHOCTD JIAHHBIX, TIOJTyYE€HHBIX C
MTOMOIIIBIO MOJICTTUPOBAHMS.

B paGore [29] nmpencTaBieHbl MOJEIH TPOIIEC-
COB BHEAPEHUS MOCATOYHBIX KOHYCOB pa3iny-
HBIX T€OMETPUUECKUX (POPM BBICOKOCKOPOCTHOM
MOCaI0YHON MalMHBI B 1TO4YBY (puc. 3). Moxenu
KOHYCOB CO3/IaBaJIMCh B CIICI[HATN3UPOBAHHOM
xomriekce 3D CAD Solidworks, koTopsie 3atem

SKCIOPTHPOBAIIUCH YEPE3 MPOMEKYTOUHBIN (Hop-
Mar B iporpammy EDEM. B kauecTBe pusnueckoit
MOJIeNIU MpUMEHsIach Mojens lepua — Munn-
JIMHA C COEAMHSIOUIUM KOHTaKTOM. B omiinuune ot
JPYTUX UCCIICIOBAHUM JUIs 3aJaHUS IBUKEHUS 0~
CaJIOYHBIX KOHYCOB UCII0JIb30BAJIOCH COBMECTHOE
MojienupoBanue ¢ npuioxkenrneM MBD RecurDyn.
JlaHHBII TIOJTXO/T XOTS | SIBJISIETCS 00JIee TPYJA0EeM-
KUM U TpeOyeT HaJIM4us cpas3y JABYX pPacueTHBIX
[IPOrpaMM, BCE K€ MTO3BOJISIET KOPPEKTHEE ONUCATh
CJIO’KHOE JIBM)KEHHUE HCCIIEeyeMOoro 00beKTa ¢ yue-
TOM €r0 KUHEMaTHKH.

JlaGopaTopHbIli AKCTIEPUMEHT, BBITIOJIHCHHBIN
B paMKax IpeICcTaBJIEHHOIO HCCIIEI0OBaHMsl, T10-
Ka3aJl HE3HAYUTEJIbHOE PACXOKACHHUE C TaHHBIMU
MOJIEJINPOBAHMUSI.

WHTepec BBI3BIBAIOT UCCIIEI0BAHUS, peain3ye-
mble DEM-MeTogamu, MOCBAIIEHHBIE MOIEIUPO-
BaHMIO MOBE/IEHHS OpUKeTa IOYBEHHOTO cyOcTpara
Ca)KeHIa [IPU €ro B3aUMOJCHCTBUH C 3JIEMEHTaMU
nocajouHoro mexanusma [30, 31].

IMoHOpa3MepHOEe MaKeTHPOBAHUE C NPH-
MeHeHueM 3D-neyaTu. Bee mupe npumensiercs
3D-neyaTh B pa3iMYHbIX OTPACisX, B TOM YHCIIE
CEJIbCKOM U JIECHOM X03siicTBe. Apkum npume-
pom sddexTuBHOTO Mcmoab30Banus 3D-nedarn
B CEJIbCKOM XO35MCTBE SIBISCTCA JIE€SITEIbHOCTh
nabopaTopyy MepCHeKTUBHBIX MATEPUATIOB OTHOTO
13 CTPYKTYpHBIX mojpasnaeseHuil denepaibHo-
ro Hay4yHOTro arpouHX’eHepHoro ueHTpa Bcepoc-
CHUMCKOI0 HayYHO-HCCJIEI0OBATEIbLCKOTO UHCTHU-
tyta (BUM). JlaGoparopust npodeccuoHaabHO
3aHUMAETCs CO3JaHUEM MOJHOpa3MEPHBIX U
MacIITaOHBIX MAaKETOB, MOJHO(YHKIIMOHAIBHBIX
WU3JeJINH, TpelHa3HAYCHHBIX ISl TPOBEACHUS
KOMIIJIEKCHBIX HAay4YHO-UCCIIEI0BATEIbCKUX HUCIIbI-
tanuii [32, 33].
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NecoviHXeHepHoe geno

0

Puc. 4. O6opynoBaHue, HCIOIb3yEeMOE I H3TOTOBICHUS IIOJITHOPA3MEPHOT0 MaKkeTa: @ —
3D-mpuntep Designer X Series 2; 6 — nazepusiii cranok REINER LP1490-150W

Fig. 4. Equipment used to make a full-size mock-up: @ — 3D-printer Designer X Series 2;
0 — laser machine REINER LP1490-150W

B oGnactu necHoro xo3siicTBa TEXHOJIOTUU
3D-nevatu moka OrpaHUYeHHO IPUMEHSIIOTCS, B
YaCTHOCTH TPH CO3/1aHUU MACIITAOHBIX MAaKEeTOB
moyBooOpadaTkeIBaloLIMX opynuii [34] u moaHopas-
MEpHBIX 00pa3IoB BHICEBAIOIIMX anmnaparoB [35].

[Ipennaraemas K pacCMOTPEHHIO KOHCTPYKLIHS
MOCAJ0YHOTI0 anmnapara UMeeT JOCTAaTOYHO CIIOXK-
HYI0 KHHEMAaTHKY U TIPH 3TOM pa3Mephbl AIEMEHTOB,
TpeOyromux ucronb3oBanusi 3D-meyartu, nocra-
TOYHO KOMIAKTHBI M HE MPEBBIIIAIOT 00BEM Ieya-
TH Bcnoib3yemoro npuatepa (200200200 mm).
DTO CyIIECTBEHHO 00JIer4aeT npoiecc nojaHopas-
MEpPHOTO MaKeTHPOBaHUs, UCKIIIOYasl ONepaIuu
pa30ueHust TabapUTHBIX AIEMEHTOB Ha YacTH C
MOoCJIeNyIoend uX CKIeHKoU. J{J1g n3roToBICHUS
rabapuTHBIX JeTalield U3 JHCTOBBIX MaTepUaioB
3¢ (PeKTUBHBIM PU3HAHO TPUMEHEHUE CTAaHKOB
JUTSI TAa3€pHOM pe3Ku HeMeTauioB (puc. 4).

Pe3ynbTtatbl M 06CyKAEHUE

OO0mas KOHUeNIUs MOCAT0YHOI MAIIUHBI.
[lepcnexTrBHAsT MamIMHA AJI MOCAIKHU CESHIICB
u caxennes ¢ 3KC (puc. 5) cocTouT U3 pambl ¢
HaBECHBIM YCTPONCTBOM /, IOCAJOYHON CEKILIMH,
BKJIIOYAIONICH B ce0sl KPOHIITEHH KpereHus [/
paMbl 11ocaouHOMN cekuu /0, mocajgouHoro mMe-
XaHu3Ma 3, ero KOXKyXoB §, 4epeHKOBOTO HOXa
C PHIXJIAIIMMU TUIOCKOPEXKYITUMHU KPBUTbIMH 7,
MpUKaThIBAIOLIEH CEeKUHUH 6 C ABYMs ITHEBMATH-
YECKUMH KaTKaMH, OTIOPHBIX THEBMATHYECKUX
KoJIeC 9, NenHOM nepenauu 5, SIKUKOB Ul 0ca-
JIOYHOIO Marepuasna 2 ¥ Kpecila CakajblluKa 4.

[Tocamounsrii Mmexanu3Mm (CM. puc. 5) BKITIO-
4yaeT B ceds mocaaouHblil anmapat (puc. 6), co-

CTOSILIIMI M3 paMbl IOCATOYHON CEKUUH 8§, quC-
KOB 9, IOBOJIKOB 3, HEMOABUKHOIO MOCAJ0YHOTO
KoHYyca / (), TOABUAKHOTO MT0OCaJ0YHOI0 KoHyca /1,
MPYKUHHOTO MEXaHU3Ma 3aKpbIBaHuUs 2, pojuKa /,
KyJ1a4ka 4, MOJIIMITHUKOBBIX OIIOP [TOBOJIKOB 7, IO/~
LIMITHUKOBBIX ONIOP AUCKOB 6 U NMIPUBOJIHBIX 3BE3-
JI0YEeK J.

Kpome Toro, mocaouHbIit MExaHu3M (CM. puC. 5)
BKJTFOYAET B ce0s 3apsiTHOE YCTPOMCTBO (puc. 7),
COCTOsIIIEE U3 KPOHIUTEHA 3apsIIHOT0 YCTPOM-
cTBa 7, 3apsAAHBIX cTakaHOB /() ¢ Kpblikamu 9
U NPYXKUHAMU pacTsiKeHus [, HarnpaButens 8,
cemaparopa 2, Koxyxa 3, OOPHOU IUIACTUHBHI 4,
YIJIOBOT'O PEAYKTOPA 5 U IPUBOIHOM 3BE3I0UKH 6.

BupryajabHble HcciIe10BaAHNS TOCAT0YHOTO
MexaHu3Ma. BupTyanbHbIil CTEH]T I UCCIEN0-
BaHMSl KUHEMAaTUYECKUX M AUHAMHYECKHUX Ia-
paMeTpoB MOCAJI0YHOrO anmnapara npeacTaBieH
Ha puc. 8. Mojiesib CeKIUHU, UCIOoIb3yemas s
BUPTYaJIbHOTO SKCIIEPUMEHTA, ObljIa yIpoIlieHa
Y CTaJsia BKJIIOYATh B ce0sl CIEAYIONME OCHOBHbIE
3JeMeHTHI: pamy /I, nucku 8, nmoBoaku [0, He-
OJIBUKHBIN KOHYC C KPOHIITEHHOM KpEIUIeHHUs 4,
MOJIBUXKHBIA KOHYC 3, POJIMK-pa3MbIKaTelb /,
KyJa4oK 2, 3apsiiHbIM CTakaH ¢ MPUBOJHBIM
MEXaHU3MOM J, MOANPYKUHEHHYIO KPBILIKY 6,
ONOPHYIO MJIACTUHY 7, CaxkeHel 9 U YCIOBHYIO
nousy /2.

st yripouieHust Iporeypbl pacuera MOJENId U
CHIDKEHUS BEPOSITHOCTH BO3HUKHOBEHHSI OIIMOOK
OBLITM BBEICHBI CIEAYIOIIHNE YIPOIICHHS: yCTa-
HOBJIEH TOJILKO OJIMH TTOCaJI0YHBIN KOHYC B cOope,
OJIUH KYJIAUOK, OJIMH 3apsITHbIN CTaKaH; U3 MOACIN
WCKJTFOYCHBI BCE 00BEKTHI, HE BO3/ICHCTBYIOIINE Ha
KUHEMATHUKY, HAlIpUMEpP KPEIEKHbIE 3JIEMEHTHI,
MOJIIMITHAKY U Jp. (Tabm. 1).
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Puc. 5. O0mmit Bu MaluHbI JUIs TIOCAJIKH CESTHIIEB U CaXKEHIIEB C 3aKPBITOM KOp-
HEBOU CHCTEMOi
Fig. 5. General view of the machine for planting seedlings with a closed root system

Puc. 6. [locamounsii anmapar Puc. 7. 3apsiaHoe ycTpoicTBO
Fig. 6. Planter gear Fig. 7. Feeding device
VYcoBHO pa300beM MOJIHBIM LUK JIBUKECHUS 3 —1,2...3 c: cBOOOAHOE OITyCKaHUE Ca’KeHIIa
MOCAI0YHOTO anmapara Ha itk ctaaui (puc. 9): B koHyce (puc. 9, 8);
1 —0...0,7 c: cBoOOHOE OMyCKaHWE KOHYCa 4 —3...5,2 c: pacKpbITHE IOCAIOYHOTO KOHYCa
(puc. 9, a); (puc. 9, 2);
2—0,7...1,2 c: mageHue caxkeHIIa B OCaa04- 5 —5,2...6 c: cBOOOIHBIN MOIBEM KOHYCA
HBIH KOHYC (pHC. 9, 6); (puc. 9, 0).
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0

Puc. 8. BuptyanbHblii cTeH ] A1 HCClIEIOBAHUS KHHEMATHYECKUX U TUHAMUYECKUX
[apaMeTPOB I0CAJOYHOIO MEXaHU3Ma: @ — Pabouue OpraHbl; 6 — OO BUJL
Fig. 8. Virtual stand for studying the kinematic and dynamic parameters of the
planter mechanism: @ — working bodies; 6 — general view

Tabnuima
Hcxonnbie mapaMeTpbl MOAEJIMPOBAHNS
Initial simulation parameters
ITapametp Hliﬁg;g:;ﬂ 3HaueHue
Obwue
ITocTynatenbHasi CKOPOCTh ABMKEHUS MOCATOYHOTO MEXaHU3Ma Mm/c 0,23
VrioBast CKOPOCTh ABUKEHUS TTOCAIOYHOTO yCTPOMCTBA, 00./MHUH 10
YrioBast CKOPOCTh JBMKEHMS 3apsiHOro OapabaHa 00./MUH 7,5
[Tapametpsr 3D-koHTaKTa - Cranp—craib
Iapamempul cesanya ¢ 3akpulmotl KOpHegou cUcmemou
Macca cesiHia KI 0,11
Bricora cestnia MM 280
MakcuManbHbI fuaMeTp cesHIa MM 60
Iapamempul nocadounoeo annapama
KonuuecTBo mocaiouHbIX KOHYCOB IIT. 1
Macca noaBHKHBIX YacTei KI 25,66
JKecTrocTh Ipy>KUHBI H/m 500
Yeunue npenBapuTEIbHOTO HATSKEHUS H/m 14,0
Koaddunuent pemnuposanus H/(m/c) 200
Tapamempuol 3apsioH020 ycmpoticmea
KonmndecTBo 3apsaHBIX cTakaHOB IIT. 1
Macca moJBMKHBIX YacTeu KT 1,66
JKecTkocTh MpyKUHBI CTaKaHa 3apsiAHOTO OapabaHa H/m 180
Yeunne npeaBapuTEIbHOTO HATSKEHUS TIPYKUHBI H 0,50
Kosddunuent nemnpupopanus H/(m/c) 90
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1 cmadusa

2 cmadus

Puc. 9. Paboune ctajuy MOCaJOYHOTO MEXaHU3Ma: @ — CBOOOJHOE OITyCKaHHE KOHYCa;
6 — maJeHne CaKeHId B KOHYC; 6 — CBOOOJIHOE OIyCKaHHe CaKEHIA B KOHYCE;
2 — PACKpBITHE KOHYCa; 0 — CBOOOIHBII MOABEM KOHYCa

Fig. 9. Working stages of the planter mechanism: « — free lowering of the cone; 6 — seed-
ling falling into a cone; ¢ — free lowering of the seedling in the cone; 2 — cone

opening; 0 — free rise of the cone
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Kpyrsmumit MomeHT, H - M

Bpewms, ¢

0

Puc. 10. KpyTamye MOMEHTBI CUJI BUPTyallbHBIX ABUraTeNeH NpUBOAA: @ — MOCAJOYHOIO

afrnapara; 6 — 3apsHOr0 yCTpoicTBa

Fig. 10. Torques on the virtual motors of the drive: « — planter device; 6 — feeding device

Ha crapgusx 3 u 4 B unrepnaie 2,2...4,5 c po-
HCXO/IUT MPOLIECC B3aUMOAEHCTBHS 10CaI0YHOTO
KOHYCa C 'PYHTOM, OJTHAKO B HACTOSIIIEM HCCIIeI0-
BaHHUM 3TOT IIPOLIECC HE MOJCIINPOBAJICS.

Meto0M MOzE€IMPOBaHUS ObLI IOITY4€H KOM-
IJIEKC MapaMeTpoB, HEOOXOAUMBIX JIJIsl OLICHKU
paboTOCTTIOCOOHOCTH MOCAA0YHOTO MEXaHU3MA.
Ha puc. 10 npexncraBieHsl KpyTsAIUE MOMEHTHI
CHJI BUPTYaJIbHBIX JIBUTATENIeH, HEOOXOJUMBbIE JUIs

MPUBOJIA MTOCAJIOYHOTO arapara (a) 1 3apsiJHOTOo
ycTpoiicTa (0).

W3 puc. 10, a, BuAHO, 4TO MaKCUMAJIbHBIN KpY-
TALMHA MOMEHT Ha MOCaJ04YHOM amnlapare BO3HU-
KaeT MPaKTHIECKU IPU MAKCHMAJIbHOM PaCKPBITUU
M0CaI0uyHOro KOoHyca (4,8 ¢), T. €. HeMOCPECTBEH-
HO TMepe]] HayaJoM Ipoliecca ero 3aKphIBaHUSI.
MakcumanbHOE 3HAUEHHUE KPpyTA1ICT0O MOMCHTA
coctaBiseT 5,2 H-M.
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Puc. 11. Cuitsl Ha Ipy>XKUHAX TIOCAIOYHOTO KOHYyca (@) U cTakaHa 3apsHoro bapabana (0)
Fig. 11. Forces on springs of the planter cone (@) and cell of the feeding device (6)
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Puc. 12. Cuna koHTaKTa KyJja4ka U pojiMKa (a) U BeTUUUHA PACKPBITHS KOHYCOB (0)
Fig. 12. Contact force of the cam and roller (a) and the amount of opening of the cones (6)

MakcuMalIbHbIN KPYTSIIUKA MOMEHT Ha 3apsij-
HOM ycTporictBe (puc. 10, 6) mocTuraeT 3HaYCHUS
2,2 H-M BO BpeMmsi Hayaia pacKpbITHs HOAIPYKH-
HEHHOW KpBIIIKH 3apsiaHoro crakana (0,7 c), a
Taroke ee 3akpwiThs (1,8 ¢).

U3 puc. 11, a BUIHO, 4TO MaKCUMaJIbHOE yCH-
nue, co3JaBaeMoe MPYKUHON MOCaJ0YHOTO KO-
Hyca, gocturaer 21,4 H Bo Bpemsi HaubosbIero
packpeiTus KoHyca (4,4 ¢). Taxxe Ha 1,2 ¢ HaGmo-
JlaJicsl KpaTKOBPEMEHHBIN CKayok cuiibl 10 26,7 H
OT yapa CakeHIIa O MOCaA0YHBINA KOHYC, KOTOPBIM
MOKHO TIpeHEeOpeyb.

MakcuManbHOE yCHIIue Ha MPYKUHE OTEIb-
HOTO CcTakaHa 3apsijiHoro Oapabana (puc. 11, 0)
nocturaer 13,2 H Bo BpeMsi 3aKpbITHsI OAIPYKH-
HeHHO kpeimky (1,8 ¢).

U3 puc. 12, a BugHO, 4TO MakcUMaJlbHasI CHJIa
KOHTAaKTa KyJlauka M pojuka cocrasiser 21,9 H.
OnHa BO3HUKAET HEMOCPEACTBEHHO TIEPE CXOI0M
KyJauka ¢ posuka (4,9 ¢). B ato Bpems Ttakxke
HaOITIOIaeTCsl MAaKCUMAIIbHOE PacKphITHE KOHYCa,
pasuoe 0,15 M (puc. 12, 6).

HccaenoBanue B3auMoAeCTBUS MOCA0Y-
HBIX KOHYCOB C MO4BOii. J[J1s mpe1BapuTeIbHOTO
WCCJIEZIOBAHUS CUJI, BOSHUKAIOLIUX B TOCAI0OYHBIX
KOHYCax, BOCITIOJIb30BAJIMCH METOJIOM JTUCKPETHBIX
aneMeHToB. [IpeacTaBuM OCHOBHBIE TapaMeTphl
MOJIeMpoBaHus (Tabi. 2) U BUPTyadbHBIA CTEH]]
JUISL UCCIIEZIOBAHMS B3aUMOICHCTBUS MTOCAI0YHOTO
KOHYyCa C IMOYBEHHOM cpeoit (puc. 13).

B uMuTanoHHOM MOJIENIM UCTIOIb30BaHbl BUP-
TyaJbHbIE CUJIOBBIE 3JIEMEHTBI. DTO IMHEWHBIN BEp-
TUKaJbHBIN JBUTATEND 3arnyonenus (puc. 14, a),
o0ecrneunBarofil MPOHUKHOBEHHUE MOCAT0YHOTO
KoHyca Ha 1yOonHy 100 MM OT MOBEPXHOCTH TO-
YBBI €O CKOpOCThIO 0,5 M/c. JInHEHHbII BepTUKAIIb-
HBII JBUraTeNb BBINTYOJICHHS OCYIIECTBIISIOIINI
0OpaTHBIH XOJ1 MTOCAI0YHOTO KOHYCa TaKkKe CO CKO-
poctbio 0,5 m/c (puc. 14, 6). YrioBoii aABUraTens
PACKpBITHS TIOABMYKHOTO MOJTYKOHYCA UMEIOIINN
MIOCTOSTHHYIO CKOpocTh 3,14 pajn/c u ciayxamuit
JUTSE IMUTALIMHU TIPOIECCa SKCTPAKIIMH CaKeHIIa B
HUKHEW 9acTH TPAeKTOPHUH ABMKEHHUS TOCAI0U-
HOTO KOHyca (puc. 14, 6).
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v

a 9]

Puc. 13. BupryanbHbIid CTEHJI JJIsl HCCIIENOBAHUS B3aMMOICHCTBHSI MOCAJOYHOTO KOHYCa C
TTOYBCHHOM CPeIoi: @ — OOIIuUi BU; 6 — NPOCKIIMOHHBIC BUJIbI

Fig. 13. Virtual stand for studying the interaction of a planting cone with the soil environment:
a — general view; 6 — projection views

a 9] 6

Puc. 14. CritoBbie 3JIeMEHTBI: @ — JIMHEHHBI BEPTHKAIBHBIN IBUTATEITb 3arTyOJICHUS; 6 — JTH-
HEHHBI BEPTUKAIIBHBIH JIBUTATE b BHINTYOJICHNUS; 6 — YIIOBOM JIBUIATEb PACKPBITHS
IIOJTyKOHYCa

Fig. 14. Power elements: a — linear vertical deepening motor; 6 — linear vertical excavation
motor; 6 — angular semi-cone opening motor

YcnoBHO pa300beM BUPTYaTbHBIN AKCTIEPUMEHT 2 — 6...6,5 c: 3anny0ieHne mocag0qHOro KO-
Ha 3 craauu (puc. 15): Hyca (puc. 15, 6); 3 — 6,5...7 c: BeImTyONneHue

1 — 0...6 c: popmMupOBaHUE NMOYBEHHOI'O I10CAJ0YHOIO KOHYCA C OTHOBPEMEHHBIM PacKphI-
macta (puc 15, a); THEM IOJIyKoHyca (puc. 15, ).
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1 cmadusa

2 cmaous

3 cmaodus

Puc. 15. Craguu MofenupoBaHust: @ — (HOPMHUPOBAHUE OYBSHHOTO IIIACTA; O — 3anTyOJIeHUE MO-
CaJIOYHOTO KOHYCa; 6 — BBITIIYOJICHHE MMO0CaT0YHOr0 KOHYCa C PaCKPBITHEM MOTYKOHYCa

Fig. 15. Modeling stages: a — formation of the soil layer; 6 — deepening of the planting cone;
6 — removing of the planting cone with opening of the half-cone
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Puc. 16. Monens B3anMOAEUCTBHS MOCATOTHOTO KOHYCa C
TOYBEHHOU Cpeoi: / — BepTUKAIbHAS CHJIA COTIPO-
THUBJICHUSI TIOYBBI IPOHUKHOBEHUIO HEMOABMYKHOTO
noxykonyca R_,; 2 — TIpOIoNbHasl CHIa COIPOTUB-
JICHUSI TIOYBBI IPOHUKHOBEHHUIO HETTOABM)KHOTO TIO-
KoHyca R,,; 3 — BepTUKaJIbHAsI CHJIa COTIPOTUBIICHUS
MOYBBI MPOHUKHOBEHHIO MOJBHKHOTO TTOIYKOHYCA
R.,;; 4 — mpoJoNbHAS CUJIa CONIPOTHBIICHHS TTOYBBI
MIPOHUKHOBEHHIO ITOJIBIYKHOTO MONYKOHYycCa R,

Fig. 16. Results of modeling the interaction of the planting
cone with the soil environment: / — vertical force
of soil resistance to penetration of fixed semi-cone
R.,; 2— longitudinal force of soil resistance to pen-
etration of fixed semi-cone R,,;; 3 — vertical force of
soil resistance to penetration of movable semi-cone
R_,; 4 — longitudinal force of soil resistance to
penetration of movable semi-cone R,,,

W3 puc. 16 BUIHO, 4TO BEPTUKAIbHBIE CHIIBI
COIIPOTUBJICHUS TIOYBbI IPOHUKHOBEHUIO II0CA104-
HOTI'0 KOHyca R, 1Ji ero noABUX HOU R, U HeNoA-
BIDKHOM R_, yacTelt (pakTUIeCcKu COBMAAAIOT U CO-
CTaBISIIOT O0KOJIo 49 H. B T0 k€ Bpems IpoobHbIE

Taomuma 2
HcxonHble mapaMeTpbl MOIEJTHPOBAHUS

Initial simulation parameters

ITapamerp Emina 3HaueHue
H3MepeHHs

dopma TUCKPETHBIX _ Ceprueckas
JaCTHIL
Pamuyc auckperHoii MM 3.5
YaCTHUIIbI
Macca 4acTHuIIbI KI' 0,000448986
KonnuecTBo TUCKPETHBIX — 40 000
YaCTHIT
BeprukanbHas CKOPOCTh e 0.5
KOHYycCa
VrioBast cKOpocThb pa/c 3,14
PACKPBITHS TOJYKOHYCA
I'myOrHa NPOHUKHOBEHUS MM 100
[InotHOCTH TBEpIOM K/ 2500
a3kl TTOYBEI
OObeMHas IIOTHOCTD K/ 1700
MIOYBEHHOTO IIaCTa
Pasmep ¢popmupyemoro MM 260%260%x200
MTOYBEHHOTO TIJIacTa

CWJIBL R, JUIsl pa3iIMYHbIX MOJYKOHYCOB IIPOTHUBO-
MOJIOXKHBI 10 3HAKY U OTJIMYAIOTCS 110 3HAYEHUIO.
Tak, Juist HEeOJBUKHOTO MOJIYKOHYca cuiia R, co-
crapisieT 16,4 H, nnsa nonsuxuoro R, — 25,1 H.
Taxoe 3aMeTHOE pa3nuyue OObICHIETCS TOTO-
HUTEJIbHBIM CUJIOBBIM BO3/ICHCTBUEM Ha IOYBY
BO BpeMsl PAaCKpbITUS MOJABUKHOTO MOJYKOHYCA,
OJTHAKO OHO HE MOJXKET IMOBJIUITH HU HA KMHEMa-
THUKY, HA Ha HapaMeTphl MPYXKUH MOCAT0OYHOTO
MEXaHHU3Ma.
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Puc. 17. C03ZlaHI/Ie TMIOJIHOPA3MEPHOI'0 MaKETHOT'O o6pa311a IoCaj04YHOIro MEXaHus3sma

¢ BcnoJib30BaHueM 3D-meuatu

Fig. 17. Creation of a full-size mock-up of the planter mechanism using 3D-printing

Puc. 18. Caxxenery ¢ 3aKpbITON KOPHEBOH cucTeMoi: @ — 3D-Mozenb; 6 — MaKeTHbIN

obpazern

Fig. 18. Seedling with a closed root system: a — 3d model; 6 — full-size mock-up

Co3nanue MOJTHOPAa3MEepPHOr0 MaKeTHOIO
o0pa3na 1mocajo4yHoOro MexaHusMa ¢ UCIHOJb-
3oBanneM 3D-neyaru. /{151 sSKxCriepuMeHTaNbHON
MMPOBCPKU KUHEMATUYCCKUX U ITUHAMUYCCKUX T1a-
paMeTpOB MOCAJOYHOIO MEXAHU3MA, & TAKXKE OIl-
TUMHU3ALUU [TAPaMETPOB MEXAHU3MaA PA3MbIKaHUA
ObUT CO3/1aH MOJTHOPa3MEepHBII MaKeTHbIHM 00pasel
W3 HeMeTaJuIn4eckux marepuainoB (puc. 17). Ero
H3TOTOBJIIEHUE OCYIIECTBIISIOCH C UCIIOIb30BAHU-

eM obopynoBanus «Jlaboparopuu ObICTpOro Mpo-
TOTUNIUPOBaHUA» MH)XMHUPUHTOBOIO LIEHTpa Bo-
POHEXCKOI'O FOCYAapPCTBEHHOTO JIECOTEXHUUECKOTO
yauepcutera uM. I.d. Moposzosa (BIJITY). lns
W3TOTOBJICHUS JieTajel CII0KHON KOH(UTrypanuu
npumensuiack 3D-neuars ABC-mmactukom, o0na-
JAIOIUM IIPUEMIIEMBIM B IAaHHOM CJIydae codeTa-
HUEeM (PU3UKO-MEXaHUUECKUX U TEXHOJIOTNIECKUX
cBolcTB. M3roToBiieHne Hanbosee HarpyKeHHbIX
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Puc. 19. VccnenoBanue TpeOyIOMErocs: KPYTAILIEro MOMEHTA: @ — ITOCAJI0YHOTO arapara;
6 — 3apsgHOTO OapabaHa
Fig. 19. Investigation of the required torque: ¢ — planter device; 6 — feeding device

Tao6mxuma 3

JlonoTHUTe/IbHBIE TAPpAMETPhl COIVIACHO
JIa00PaTOPHOMY IKCIIEPHMEHTY

Additional lab experiment parameters

[Tapamerp Emmmua 3HavyeHne
U3MEpEHHs
Tapamempul npysrcunvl corcamus
NOCAO0YHO20 KOHYCA

JlnameTp Hapy>KHBIH p1 MM 12
Juamerp nposonoku D MM 1
JKecTkoCTh TPYKUHBI ¢ H/m 500
CBoOosHast JyIMHHA L, MM 80
PabGouuit Xo1 npyx’uHsl L,...L, MM 38...64
VYeunue npeaBapuTensHOTO H/m 8.08
HaTsOKEeHUs [
Pabovast MakcuMaIbHas H 2121

Harpyska F,

Tapamempuol npysicunvl pacmsadicenus
3apa0n020 cmaxkauna

JnameTp HapyKHBIH D, MM 8
Juamerp npoBoaoku D MM 0,8
2KecTKOCTb NPYKHUHBL ¢ H/m 180
CBoOoHast JyIMHHA L MM 70
Pabounit xon npyxusl L,...L, MM 105...80
VYeunue npeBapuTeIbHOTO H 0.59
HaTsOKEeHUs [

Pabouast MakcuMalbHas H 6.14

Harpyska I,

3JIEMEHTOB, B YACTHOCTHU 3y0OUaThIX KOJIEC peayK-
TOpa U 3B€3/104€K LIEHOMN IIepeiad, BBIIOIHIOCH
C HUCIOJIb30BAaHUEM CIIELUAIBHOTO HHKEHEPHOTO
IUIACTHKA, HATIOJTHEHHOTO YIJIEPOJHBIMU BOJIOKHA-

MU ¥ 00J1aJIaI0IIEeT0 OBBIIICHHON MEXaHU4YeCKOM
MpoYHOCTHIO. Ha cTanke /i 1azepHOi pe3ku He-
METaJUIOB M3TOTOBWIIM JIUCTOBBIC JIETAU, TAKUE
KaK JMCKH, OTIOpHAs TJIACTHHA, Cermaparop moca-
JIOYHOTO OapabaHa, JIEMEHTHI paMbl U OTIOPHYIO
KOHCTPYKIIHIO.

Kpome Toro, ObUT H3roTOBJICH MOJIHOPAa3MeEp-
HbIii MakeT caxkeHia ¢ 3KC ¢ reomeTpu4ecKuMH U
MAaCCOMHEPIIMOHHBIMU XapaKTEPUCTHUKAMH, UICH-
TUYHBIMU 3D-MOJIe/IH ca)keH1a, UCIIOJIb30BAHHOM
MPU UMUTAITMOHHOM MojiesiupoBanuu (puc. 18).

IOKCnepUMeHTAIbHbIE UCCIeTOBAHUS O~
HOPa3MepPHOIro MaKeTHOro odpa3ua mocaaoyd-
HOT0 MexaHu3Ma. J[J1s1 uccienoBaHus KPyTSILETO
MOMEHTa, TpeOyeMOoro st paboThI MOCAT0YHOTO
MexaHu3Ma 0e3 ydyeTa CHJI COMPOTHBIICHHUS I0-
YBBI, ObLT M3TOTOBJICH IIKUB, YCTaHABINBACMbIN
Ha IPUBOJHOM Basi MexaHusMma (puc. 19, a). Ha
IIKKB HAMATBIBAJICS IIHYP U MOJIBEIINBAIICS TPY3.
C mocCTerneHHbIM YBEIMYCHUEM Beca Ipy3a omnpe-
JEeJSUICS KPYTSIIMA MOMEHT, HEOOXOIUMBIHA st
CBOOO/IHOTO TIOBOPOTA MOCAJOYHOTO arapara.
AHAJIOTUYHO MPOU3BOAMUIOCH UCCIIEIOBAHHUE Xa-
pakTepucTuK 3apsaHoro 6apabana (puc. 19, 0).

[Ipu cozmanuu mMakeTa ObLIA UCIIOIB30BaHBI
pealibHbIC TIPYKHHBI, COOTBETCTBEHHO, JIOTIOJTHH-
TEIHHO PACCYUTHIBAIMCH UX TTapaMeTpsl (Tabm. 3).

B pesynbrate 1a00paTOPHOrO 3KCIIEPUMEHTA
OBUIO YCTAHOBIICHO, YTO KPYTSIIUN MOMEHT, Tpe-
Oyromuiics i CBOOOTHOTO ITOBOPOTA MOCAT0YHO-
ro anmnapara, cocrasisieT 6,12 H-m, s 3apsigHoro
ycrpoiictBa — 3,42 H-m.

Takum 00pa3om, IJIaBHBIM CHUJIOBBIM Mapa-
METPOM, U3MEPSIEMbIM Ha MOJIHOPAa3MEPHOM Ma-
KETHOM 00pa3siie, SBISUICS KPYTSIIHH MOMECHT,
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Kpytsamumit MomeHT, H - M

3apsiiHoe
YCTPOMCTBO

TTocagounbIit
arrapar

Puc. 20. CpaBHeHHE KPYTSIIIMX MOMEHTOB Ha TT0CAT0IHOM
amnmapare U 3apsiAHOM yCTPOMCTBE, MMOTyUYEHHBIX B
pesynbrare MonenupoBanus (/) u 1abopaTopHOTO
aKcriepuMenTa (2)

Fig. 20. Comparison of torques on the planter gear and the
feeding device obtained as a result of simulation (/)
and laboratory experiment (2)

TpeOyromuiics 1is cBOOOJAHOTO MOBOPOTa Moca-
JIOYHOTO armapara, a Takyke JUIsi IOBOpOoTa 3apsii-
HOTO ycTpoiicTsa (puc. 20).

Jlng mocanoyHOTO ammapara, mo JaHHBIM
MOJECIUPOBAHUSA, KPYTAIIUIA MOMEHT COCTAaBUII
5,20 H'm, a o pe3ynbraTaMm 3KCIIEpUMEHTAalb-
HOI MPOBEPKU — HE3HAUUTEIBHO OOJIbLIE, T. €.
6,12 H-Mm. Pa3nuna cocraBuia He Oonee 17,7 %.
JlanHoe pa3nuune MOXHO OOBSCHUTH YCTaHOBKOM
B J1a0OpaTOPHOM IKCIEPUMEHTE BCEX YETBhIPEX
MOCAI0YHBIX KOHYCOB ¢ npykuHamu. [loatomy
KO BPEMEHH CXO0Jla POJIMKA C KyJlauKa TeKyILero
KOHYCa, NMPEeALIECTBYIOIUNA eMy KOHYC yXe Ha-
YUHAJI CBO€ PACKPBITHE, YTO MOBBIIIAIO0 OOUIUI
KPYTSIIHA MOMEHT.

Jlnst 3apaHOTO YCTPOWCTBA, O JaHHBIM MO-
NeUPOBAHUSA, KPYTAIIUA MOMEHT COCTaBUJI
2,20 H-M, a mo pe3ynpTaram 3KCIepUMEHTalb-
HOM poBepku ObLT 3aMeTHO Oomnbine — 3,42 H-m.
Pa3uuna yxe sBisercs 6onee CyleCTBEHHONW U
cocrasisieT 55,5 %. 3nech paznuuue BEPOSITHO,
TakXke, CBA3aHHO C TE€M, 4YTO B JIaOOpaTOpPHOM
9KCIEPUMEHTE yCTaHABIMBAINCH BCE ILIECTh 3a-
PSAIHBIX CTAKaHOB C MPYKUHAMH, YTO CO3/1aBaJI0
JIOTIONTHUTEIIHHYIO CUITY TPEHHS OJTHOBPEMEHHO OT
TISATH KpBIIIeK 00 onopHyto miacTuHy. K Tomy xe,
MO-BUIIMOMY, TOTIOJTHUTENbHBIE CUJIBI COMIPOTHB-
JICHUS] BO3HUKAJIU B YIIIOBOM PEIyKTOPE MAaKETHOTO
o0pasla, yepe3 KOTOPbIi OCYIECTBIISIICS IPUBOJ
3apsiAHOTO YCTPOMCTBA, B TO BPEMsI Kak IPHU MOJIe-
JUPOBAaHUY BUPTYAJIbHBIN JBUTATENb TPUKIIA]IbI-
BaJICsl HEMIOCPEJICTBEHHO K 3apsaHOMY OapalaHny,
a CUJIBI TPEHUS B COMPSDKEHUSX HE YUUTHIBAIUCH.

BoiBOADI

Pe3synbrarel MonenupoBanus paboyero npouec-
ca 10CaI0uHOr0 MEXaHU3Ma, BKITIOYAIOIIEro B ceOst
MOCAI0YHBIN anmapaT U 3apsgHOe YCTPOHCTBO,
MOKa3aJld ero mpueMiIeMble CUIIOBbIE XapaKTe-
PHUCTHKH U B 1IEJIOM OOIIyI0 paboTOCIOCOOHOCTD
npenaraeMoi KOHCTpYKIMU. Co3aaHHbIN MOJTHO-
pa3mepHbIi (DyHKIIMOHATbHBIN MaKeTHBIN 00pa3er
MOCaI04YHOT0 MEXaHU3Ma MO3BOJIUII TOITBEPIAUTH
MOJIyYEHHBIE B pe3y/IbTaTe MOJAEIUPOBAHUS CU-
JIOBbIE XapaKTEPUCTUKH MO TAKOMY KIIOUEBOMY
napamMeTpy Kak KpyTSAIIUi MOMEHT, TpeOyroIuics
JUIS TIPYUBOJIA MOCAJ0YHOr0 anmnapara u 3apsIHo-
ro ycrpoicrsa. HarmsigHo Obliia moaTBepxkaeHa
MPaBUJILHOCTh BHIOPAHHBIX B MPOIIECCE MPOEKTU-
pPOBaHUS KHHEMATUYECKUX MTapaMeTPOB MEXaHU3-
Ma. JlokazaHa 3()peKTUBHOCTh MCIOJIb30BAHUS
MOJIHOPA3MEPHOTO MAKETUPOBAHUS C IPUMEHE-
HueM 3D-neyatu Ui OLIEHKH KUHEMaTHYECKUX U
CHJIOBBIX ITApaMEeTPOB MOCAT0UYHBIX MEXaHU3MOB.
B nanpHelimem miuaHupyeTcs MOJydyeHUe dKcIe-
PUMEHTANBHBIM ITyTEM CHJIOBBIX XapaKTEPUCTHK
nporecca NIPOHUKHOBEHUS MOCaI0YHOTO KOHyca
JUIs IPOBEPKH IAHHBIX, TOTYYSHHBIX ITPU MOJIEIIH-
poanuu. [Ipeanaraemyro KOHIETILUIO TOCAI0UYHO-
TO anrnapara rnocJje He3HaYuTeNIbHON nepepaboTKH
KOHCTPYKLIMU MOYKHO aJJallTUPOBATh JJISl pEILICHUS
IIMPOKOTO CHEKTpa 3ajay, HallpuMep MOCaIKu
CEMEHHBIX KOPHEIUIONOB TaKUX KYJIBTYp, KaK ca-
XapHasi CBeKJ1a, MOPKOBb U JIp.

Uccnedosanue vinoineno 3a cuem epam-
ma Poccuiickoeo nayunoeo ¢onoa Ne 22-79-
10010, https://rscf.ru/project/22-79-10010/
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STUDY OF SEMI-AUTOMATIC PLANTING MECHANISM
FOR SEEDLINGS WITH ROOT-BALLED TREE SYSTEM
IN CAD WITH FULL-SIZE 3D-PRINTING TOOLS

ML.N. Lysych!™, S.V. Malyukov!, M.V. Shavkov%, M.A. Gnusov!

"Woronezh State University of Forestry and Technologies named after G.F. Morozov, 8, Timiryazev st., 394087,
Voronezh, Russia
2Rushydrocom (RGK) LLC, 25, Mazlumova st., 394040, Voronezh, Russia

miklynea@yandex.ru

The necessity of developing and creating planting machines for seedlings with a root-balled tree system
is substantiated. Existing methods for modeling the kinematics and dynamics of planting machines using
CAD and CAE systems, as well as methods for modeling the processes of interaction between the working
bodies of planting machines and the soil environment are analyzed. The general concept of the developed
planting machine for seedlings with a root-balled tree system is described. A simulation model of the planter
mechanism has been created in the 3D CAD SolidWorks software package and CAE SolidWorks Motion.
The working process of the planter mechanism was studied on a virtual stand implemented in the same
software. As a result of the simulation, a group of parameters necessary for assessing the performance of the
planter mechanism was obtained. These are the moments of forces of the virtual motors of the planter gear
drive and the feeding device, the forces arising on the virtual springs of the retainer cone and the feeding drum
cell, as well as the values of the contact force of the cam with the roller and the size of the opening of the
retainer cones. The process of interaction of retaining cones with the soil environment was simulated using
the discrete element method. For experimental verification of the obtained parameters, a full-size mock-up
sample was created using 3D-printing. It made possible to confirm the power characteristics obtained as a
result of modeling for such a key parameter as the torque required to drive the planter gear and the feeding
device. Also, the correctness of the kinematic parameters of the mechanism chosen during the design process
was clearly confirmed.

Keywords: planter, closed root system, simulation, 3D CAD, MBD, DEM, 3D-printing

Suggested citation: Lysych M.N., Malyukov S.V., Shavkov M.V., Gnusov M.A. Issledovanie
poluavtomaticheskogo posadochnogo mekhanizma dlya seyantsev s zakrytoy kornevoy sistemoy v srede SAPR
s polnorazmernym maketirovaniem sredstvami 3D-pechati [Study of semi-automatic planting mechanism for
seedlings with root-balled tree system in CAD with full-size 3D-printing tools]. Lesnoy vestnik / Forestry
Bulletin, 2025, vol. 29, no. 1, pp. 144-161. DOI: 10.18698/2542-1468-2025-1-144-161

References

(1]

(2]

(3]

(4]

(3]

(6]
(7]

Opletaev A.S., Zhigulin E.V., Zalesov S.V. Opyt mnogorotatsionnogo vyrashchivaniya konteynernogo posadochnogo
materiala dlya iskusstvennogo lesovosstanovieniya v teplitsakh s reguliruemym mikroklimatom [Experience of
multi-rotation cultivation of container planting material for artificial reforestation in greenhouses with a controlled
microclimate]. Khvoynye boreal’noy zony [Conifers of the boreal zone], 2023, v. 41, no. 2, pp. 152—157.

DOI: 10.53374/1993-0135-2023-2-152-157

Tregubov O.V., Laktionov A.P., Mizin Yu.A., Komarova O.V., Pilipenko V.N., Pokhvalenko V.A. Opyt sozdaniya
lesnykh kul'tur s zakrytoy korevoy sistemoy v stepnoy i lesostepnoy zonakh yuga Rossiyskoy Federatsii [Experience
of creating forest crops with a closed bark system in the steppe and forest-steppe zones of the south of the Russian
Federation]. Astrakhanskiy vestnik ekologicheskogo obrazovaniya [Astrakhan Bulletin of Environmental Education],
2022, no. 5 (70), pp. 203-211. DOI 10.36698/2304-5957-2022-5-203-211

Isakov I.Yu., Mikhin V.I., Tregubov O.V., Sidorov G.S., Popov A.V., Akhtyamov A.G. Polimorfizm i bioraznoobrazie
lesoobrazuyushchikh porod v iskusstvennykh i estestvennykh nasazhdeniyakh tsentral’'noy lesostepi [Polymorphism
and biodiversity of forest-forming species in artificial and natural plantations of the central forest-steppe]. Voronezh:
Voronezh State Forest Engineering University named after G.F. Morozov, 2021. 156 p.

Habineza E., Ali M., Reza N., Chung S.-O. Vegetable transplanters and kinematic analysis of major mechanisms Onion
transplanter View project. Korean J. Agric. Sci., 2023, v. 50(1), pp. 113—129. DOI: 10.7744/kjoas.20230007

Karayel D., Canakci M., Topakci M., Aktas A., Aytem H., Kriauciuniene Z. Technical evaluation of transplanters’
performance for potted seedlings. Turkish J. Agric. For., 2023, v. 47, no. 1, pp. 116-123.

DOI: 10.55730/1300-011X.3068

Khadatkar A., Mathur S.M., Gaikwad B.B. Automation in transplanting: A smart way of vegetable cultivation. Current
Science. Indian Academy of Sciences, 2018, v. 115, no. 10, pp. 1884—-1892. DOI: 10.18520/cs/v115/i10/1884-1892
Tylek P., Szewczyk G., Kormanek M., Walczyk J., Sowa J. M., Pietrzykowski M., Wos$ B., Kietbasa P., Juliszewski
T., Tadeusiewicz R., Adamczyk F., Danielak M., Wojciechowski J., Szczepaniak J., Szychta M., Szulc, T. Design of a
Planting Module for an Automatic Device for Forest Regeneration. Croat. J. For. Eng., 2023, v. 44, no. 1, pp. 203-215.
DOI: 10.5552/crojfe.2023.1722

JNecHoi BecTHuK / Forestry Bulletin, 2025, Tom 29, Ne 1 159



Forest engineering Study of semi-automatic planting mechanism...

[8] Igbal Z. Design of a Gear Driven Hopper Type Dibbling Mechanism for a 2.7 kW Two-row Pepper Transplanter. Thesis
for the Degree of Master of Science, Chungnam National University. DOI: 10.13140/RG.2.2.31847.80807

[9] Durga M.L., Rao A.S., Kumar A.A. Performance Evaluation of Single Row-Low Horse Power Tractor Operated
Vegetable Transplanter. Curr. J. Appl. Sci. Technol., 2020, v. 39, no. 44, pp. 37-44.
DOI: 10.9734/cjast/2020/v39i4431149

[10] Mitrache P.M., Ciuperca R., Saracin I. Kinematics of the Seedling Plant with Vertical Distributor and Buckets. E3S
Web Conf., 2021, v. 286, pp. 2—11. DOIL.10.1051/e3sconf/202128603012

[11] Sun W., Zhang H., Simionescu P.A. Numerical Optimization and Experimental Validation of a Five-link Mechanism,
Potato planter. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci., 2021, v. 235, no. 23, pp. 6883—-6892.
DOI: 10.1177/09544062211004652

[12] Han L.H., Mao H.P., Hu J.P., Kumi F. Development of a Riding-type Fully Automatic Transplanter for Vegetable Plug
Seedlings. Spanish J. Agric. Res., 2019, v. 17, no. 3. DOIL: 10.5424/sjar/2019173-15358

[13] Kumar G.V.P., Raheman H. Vegetable Transplanters for Use in Developing Countriesa Review. Int. J. Veg. Sci., 2008,
v. 14, no. 3, pp. 232-255. DOI: 10.1080/19315260802164921

[14] Sun W., Simionescu P.A. Parameter Analysis and Field Tests of a Double Crank Multi-Rod under Plastic-Film Hill-Drop
Mechanism Potato Planter. Am. J. Potato Res., 2020, v. 97, no. 3, pp. 256-264. DOI: 10.1007/s12230-020-09773-5

[15] Jin X., Li S., Yang X., Wu J., Liu Z., Liu H. Developments in Research on Seedling Auto-picking Device of Vegetable
Transplanter. Appl. Mech. Mater., 2013, v. 364, pp. 375-379. DOI: 10.4028/www.scientific.net/ AMM.364.375

[16] Jin X., Cheng Q., Zhao B., Ji J., Li M. Design and test of 2ZYM-2 Potted Vegetable Seedlings Transplanting Machine.
Int. J. Agric. Biol. Eng., 2020, v. 13, no. 1, pp. 101-110. DOI: 10.25165/j.ijabe.20201301.5494

[17] Bartenev L.I., Gavrin D.S. Konstruktivnye osobennosti posadochnykh mashin [Design features of planting machines].
Lesotekhnicheskiy zhurnal [Forest Engineering Journal], 2019, v. 9, no. 2, pp. 147-155.
DOI: 10.34220/issn.2222-7962/2019.2/16

[18] Hwang S.J., Park J.H., Lee J.Y., Shim S.B., Nam J.S. Optimization of Main Link Lengths of Transplanting Device of
Semi-Automatic Vegetable Transplanter. Agron., 2020, v. 10, p. 1938. DOI: 10.3390/AGRONOMY 10121938

[19] Markumningsih S., Hwang S.-J., Kim J.-H., Jang M.-K., Shin C.-S., Nam J. Comparison of Consumed Power and
Safety of Two Types of Semi-Automatic Vegetable Transplanter: Cam and Four-Bar Link. Agriculture. MDPI AG,
2023, v. 13, no. 3, p. 588. DOI: 10.3390/agriculture13030588

[20] Chowdhury M., Ali M., Habineza E., Reza M.N., Kabir M.S.N., Lim S.-J., Choi L.-S., Chung, S.-O. Analysis of
Rollover Characteristics of a 12 kW Automatic Onion Transplanter to Reduce Stability Hazards. Agriculture. MDPI
AG, 2023, v. 13, no. 3, p. 652. DOI: 10.3390/agriculture13030652

[21] Zhou M., Shan Y., Xue X., Yin D. Theoretical analysis and development of a mechanism with punching device for
transplanting potted vegetable seedlings. Int. J. Agric. Biol. Eng., 2020, v. 13, no. 4, pp. 85-92.
DOI: 10.25165/j.1jabe.20201304.5404

[22] Sun K., Ge R., Li T., Wang J. Design and Analysis of Vegetable Transplanter Based on Five-bar Mechanism. IOP Conf.
Ser. Mater. Sci. Eng., 2019, v. 692, pp. 1-7. DOI: 10.1088/1757-899X/692/1/012029

[23] YuY., LiulJ., Ye B., Yu G., Jin X., Sun L., Tong J. Design and Experimental Research on Seedling Pick-Up Mechanism
of Planetary Gear Train with Combined Non-circular Gear Transmission. Chinese J. Mech. Eng. Springer Singapore,
2019, v. 32, no. 1. DOI: 10.1186/s10033-019-0357-3

[24] Shao Y., Liu Y., Xuan G., Hu Z., Han X., Wang Y., Chen B., Wang W. Design and Test of Multifunctional Vegetable
Transplanting Machine. IFAC-PapersOnLine. Elsevier Ltd, 2019, v. 52, no. 30, pp. 92-97.
DOI: 10.1016/j.ifac0l.2019.12.503

[25] Reza M.N., Islam M.N., Chowdhury M., Ali M., Islam S., Kiraga S., Lim S.J., Choi 1.S., Chung S.O. Kinematic
analysis of a gear-driven rotary planting mechanism for a six-row self-propelled onion transplanter. Machines. MDPI,
2021, v. 9, no. 9. DOI: 10.3390/machines9090183

[26] Igbal M.Z., Islam M.N., Ali M., Kabir M.S.N., Park T., Kang T.G., Park K.S., Chung, S.O. Kinematic analysis of a
hopper-type dibbling mechanism for a 2.6 kW two-row pepper transplanter. J. Mech. Sci. Technol. Korean Society of
Mechanical Engineers, 2021, v. 35, no. 6, pp. 2605-2614. DOI: 10.1007/s12206-021-0531-2

[27] Igbal M.Z., Islam M.N., Chowdhury M., Islam S., Park T., Kim Y.J., Chung, S.O. Working speed analysis of the
gear-driven dibbling mechanism of a 2.6 kw walking-type automatic pepper transplanter. Machines, 2021, v. 9, no. 1,
pp- 1-16. DOI: 10.3390/machines9010006

[28] Zeng F., Li X., Bai H., Cui J., Liu X., Zhang Y. Experimental Research and Analysis of Soil Disturbance Behavior
during the Hole Drilling Process of a Hanging-Cup Transplanter by DEM. Processes, 2023, v. 11, no. 2, pp. 1-18.
DOI: 10.3390/pr11020600

[29] Yang Q., Zhang R., Jia C., Li Z., Zhu M., Addy M. Study of dynamic hole-forming performance of a cup-hanging
planter on a high-speed seedling transplanter. Front. Mech. Eng., 2022, v. 8, no. August, pp. 1-16.
DOI: 10.3389/fmech.2022.896881

[30] Bai H., Li X., Zeng F., Cui J., Zhang Y. Study on the Impact Damage Characteristics of Transplanting Seedlings Based
on Pressure Distribution Measurement System. Horticulturae, 2022, v. 8, no. 11. DOI: 10.3390/horticulturae8111080

[31] CuiJ., Li X., Zeng F., Bai H., Zhang Y. Parameter Calibration and Optimization of a Discrete Element Model of Plug
Seedling Pots Based on a Collision Impact Force. Appl. Sci., 2023, v. 13, no. 10. DOI: 10.3390/app13106278

[32] Kataev Yu.V., Goncharova Yu.A., Sviridov A.S., Tuzhilin S.P. Primenenie tekhnologiy 3D-pechati i 3D-skanirovaniya
priizgotovlenii i remonte sel skokhozyaystvennoy tekhniki [ Application of 3D printing and 3D scanning technologies in
the manufacture and repair of agricultural machinery]. Tekhnika i oborudovanie dlya sela [Machinery and equipment
for the village], 2023, no. 1, pp. 34-38. DOI: 10.33267/2072-9642-2023-1-34-38

160 Lesnoy vestnik / Forestry Bulletin, 2025, vol. 29, no. 1



MccnepgoBaHMe NOAYaBTOMATUYECKONO NOCAL0YHOTO MEXaHM3MA... JlecouHeHepHoe aeno

[33] Goncharova Yu.A. Renovatsiya tekhnicheskikh sredstv s ispol’zovaniem 3D-pechati polimernykh zapasnykh chastey
[Renovation of technical equipment using 3D printing of polymer spare parts]. Dis. Cand. Sci. (Tech.) 05.20.03.
Moscow, 2022, 188 p.

[34] Lysych M.N., Shabanov M.L., Borovenskiy V.R. Ispol’zovanie tekhnologiy 3D-pechati pri proektirovanii
pochvoobrabatyvayushchikh orudiy [The use of 3D printing technologies in the design of tillage implements].
Fundamental’nye issledovaniya [Fundamental Research], 2016, no. 11, pp. 306-311.

[35] Lysych M., Bukhtoyarov L., Druchinin D. Design and Research Sowing Devices for Aerial Sowing of Forest Seeds
with UAVs. Inventions, 2021, v. 8, no. 83. DOI: 10.3390/inventions6040083

The study was supported by a grant from the Russian Science Foundation Ne 22-79-10010, https://
rscf-ru/project/22-79-10010/

Authors’ information

Lysych Mikhail Nikolaevich* — Cand. Sci. (Tech.), Associate Professor, Department of Forest
Industry, Metrology, Standardization and Certification, Voronezh State University of Forestry and
Technologies named after G.F. Morozov (VGLTU), miklynea@yandex.ru

Malyukov Sergey Vladimirovich — Cand. Sci. (Tech.), Associate Professor, Department of Forestry
Mechanization and Machine Design, Voronezh State University of Forestry and Technologies named
after G.F. Morozov (VGLTU), malyukovsergey@yandex.ru

Shavkov Mikhail Viktorovich — Cand. Sci. (Tech.), Head of Supply and Logistics Department,
RusHydrocom (RGK) LLC, shavkovmv(@mail.ru

Gnusov Maksim Aleksandrovich — Cand. Sci. (Tech.), Head of the Forestry Engineering
Laboratory of the Engineering Center VGLTU, Voronezh State University of Forestry and Technologies
named after G.F. Morozov (VGLTU), mgnusov(@yandex.ru

Received 28.03.2024.
Approved after review 08.11.2024.
Accepted for publication 27.11.2024.

Bxkuiaj1 aBTOPOB: BCE aBTOPBI B PABHOM JI0JI€ y4acTBOBAJIN B HAIIMCAHUN CTAThU
ABTOPBI 3asBISIIOT 00 OTCYTCTBHH KOH(MIMKTa HHTEPECOB

Authors’ Contribution: All authors contributed equally to the writing of the article
The authors declare that there is no conflict of interest

JNecHoi BecTHuK / Forestry Bulletin, 2025, Tom 29, Ne 1 161



