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PA3PABOTKA KOMHI)IUOTEPHOI?'I MOJAEJIX IBUXEHMUSI
MHUKPOPOBOTA B BA3ZKOU KHJIKOCTH IIOJA BO3JAEUCTBHUEM
MATHUTHOI'O NIOJIAA U PE3YJIBTATHBI EE ITPUMEHEHUA

CoBpeMeHHass MeIULUHCKass POOOTOTEXHHMKA ynelseT OONbIIOoe BHUMAHUE Pa3pabOTKe MOAXOAOB K CO3JAHUIO
YIPaBISIEeMBIX MAarHUTHBIM TI0JIEM MHHHATIOPHBIX POOOTOTEXHHUUYECKHX YCTPOICTB, MpEJHA3HAUYEHHBIX JUIS MPOBE-
JICHUS TUarHOCTUKH, TEPANIEBTUIECKUX BO3ACHCTBUN 1 MaJIOTPaBMATHYHBIX XUPYPTUIECKUX ONepanuii BHyTpH Teia
nanuenTta. B Hacrosmiel paboTe mpeacTaBlIeHAa KOMIBIOTEpHAs MOJIEINb, OMUCHIBAIOIIAs OCOOCHHOCTH IBHKEHUS
MIPOCTEHIIIEro MUKPOPOOOTa, BEIMOIHEHHOTO B BHJIE TOHKOTO IUIOCKOTO JIUCKA, a TAKXKE IMPOAEMOHCTPHPOBAHBI pe-
3yJIbTAThl €€ TECTOBBIX IPUMEHEHUI B HECKOJIBKUX 3KCIIEPUMEHTAIBHBIX KOHDUTypaLusX.

Kniouegvie cnosa: MUKpopoOOT, MHBa3UBHOE MHHUATIOPHOE POOOTOTEXHUYECKOE YCTPOHCTBO, MATHUTHOE MOJIE

BBEJJEHUE

CoBpeMeHHas MEIUIIMHCKAasT pOOOTOTEXHUKA YIie-
nseT OoNbIIOe BHUMaHHWE pa3padOTKe IOAXO0J0B
K CO3JJaHUIO0 MUHHATIOPHBIX POOOTOTEXHUYECKHUX yCT-
pOHCTB (POOOTA-MIOMOILIHHUKA, WA MOJHOCTBIO aBTO-
HOMHOTO HMHBA3HMBHOTO YCTPOWCTBa), MpedHa3HAYEH-
HBIX JIA ITPOBECACHUSA JUATHOCTHUKHU, TCPAIICBTUYCCKUX
BO3ACHCTBUH M MaJOTPaBMaTHYHbBIX XUPYPIUUECKHX
omepanuii BHyTpu Tena naruenta [1-3]. dna npose-
JeHns1 HeOOXOAMMBIX OIepauuii JaHHble MUHHUATIOP-
HbIC WHBAa3UBHBIC POOOTOTEXHUYECKHE YCTPOMCTBA
(HampuMep, KallCyJbHOTO THIIA) JOJDKHBI yIpaBlisie-
MBIM 00pa3oM IMepeaBUraThcs 10 BHYTPEHHUM Opra-
HaM U CHCTEeMaM TeJia MalueHTa.

Kak moxazano B nureparype [4, 5], Hanboee nep-
CIICKTUBHBIM U YHUBCPCAJIbHBIM CHOCO6OM AJid opra-
HHU3AlM{ TAaKOTO NEPEABMXEHUS NPEICTABISIETCS HC-
[IOJIb30BAHUE MArHUTHOrO 1moJi. JIelcTBUTENBHO,
MPUMCHCHUE MArHvuTHOIrO I0Jid B PA3JIMYHBIX MO/U-
(hMKanMsAX B Ka4eCTBE BMKHUTEIS MUKPOPOOOTa MMe-
€T pAd HECOMHCHHLIX W YHUKAJIBHBIX IMPECUMYIICCTB.
K HuM OTHOCATCS NPOHUIIAEMOCTh E€CTECTBEHHBIX
TKaHeu u OpraHoB i1 CTaTUYCCKUX W HU3KOYACTOT-
HBIX MarHUTHBIX I10JIEH, BO3MOXXHOCTh AMCTaHLMOH-
HOTO MPHMEHEHHUs, OTCYTCTBHE KaKOoro-nmimbo HeoOia-
TONPUATHOTO  BO3ACWUCTBHA Ha  OMOJIOTHYECKHUE
CHCTEMBI M, HAKOHELl, IPOCTOTa YIPaBJICHUS U MOAY-
JIAIUA  1apaMeTpOB MArHuMTHOTO IIOJId B IHHPOKOM
JMaIia30He BEJINYKH.

B pabote [6] nmpuBeneHa cTaTUCTHKA MyOIHMKAIIK-
OHHOW aKTUBHOCTH B MHUpE IO TEMAaTHKE MEIMLIMH-
CKO# pOOOTOTEXHUKH B MHIKEHEPHBIX U METUIIMHCKIX
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*KypHanax 3a nepuon ¢ 1990 mo 2020 r. BunHo, 4to
KOJINYECTBO Hy6J'IPIKaHPII71 HWHTCHCHUBHO pacCTEeT U3 rojga
B T'oJI, a UX HanOoibIee KonmmdecTBo (o 350 crareit
B 2020 roay) OTHOCHTCS MUMEHHO K MarHUTOYIIPaB-
JIIEMBIM POOOTaM.

HOCKOHI)Ky cpeaaMun ABUKCHUA MHUHUATIOPHOI'O
po0oTa SBISIOTCS pa3IUYHbIE OMOJOTHYECKHE TKAaHU
C MEPEMEHHON MJIOTHOCTBIO, BaXKHEUILIEH 3aauei s
BEIpAaOOTKH M CHHTE3a AJITOPUTMOB YNPABICHHS JBH-
XKEHHEM POOOTOTEXHUUYECKOI'O YCTPOMCTBA SIBJISETCS
pa3paboTKa KOMIBIOTEPHBIX MOJAETEeH Kak CcaMHxX
Cped, TaKk M MX B3aUMOACWUCTBHS C MHUHHATIOPHBIM
HWMHBAa3HMBHBIM pO6OTOM Ipu €ro ABMKCHUU.

OtmetnM, 4TO MpoOiieMa KOMITBIOTEPHOTO MOJIe-
JIMpOBaHUsA 6I/IOJ'IOFI/I‘-I€CKI/IX TKaHCI‘/'I, JOCTaTOYHO IIH-
POKO paccMaTpuBalach B Hay4yHOH JUTeparype
(cm., B wactHOCcTH, [7, 8]), OmHAKO, Kak MPaBHIIO,
HE MPUMCHUTEIBHO K MEIAUIIMHCKON POOOTOTEXHHMKE.
B pamkax Hacrosimei paboThI MpenNpHHATA TOMBITKA
pa3pabOTKH KOMIBIOTEPHOW MOJENH, JEMOHCTPH-
pyromeii 0COOCHHOCTH JBIKEHUS MPOCTEHINET0 WH-
Ba3suBHOTI'O yCTpOfICTBa, BBIITOJIHEHHOT'O B BHJAEC TOH-
KOT'O IUIOCKOI'O JIMCKa, B I10JIE ITIOCTOSIHHOIO MarHMTa,
a TaKoKe MPOJAEMOHCTPUPOBAHBI PE3YJIbTATHI €€ TECTO-
BBIX HpI/IMCHCHHﬁ B HCCKOJIbBKHX 3KCIICPUMCHTAJIbHBIX
KOH(UTYpaLnsiX.

OIIMCAHME KOMIIbIOTEPHOM MOJEJIN

KoMmbroTepHasi MOZIENb B LIEJIOM COCTOUT U3 TPeX
OCHOBHBIX OJIOKOB, B3aHMOJICHCTBHE MEXIY KOTOPBI-
MH  WUIIOCTpHpYyeTcs Ha  Ollok-cxeme  puc. 1.
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Cxema urepaumm

MarHuUTHbIA 610K

NONOYKEHWA MHBA3MBHOIO YCTPOMCTBA. Ha Bbixoade U3

N

B 6noke nporcxoamT 06HOBNEHWE TEKYLLErO

6N10Ka BbIBOAATCA 3HAYEHUA CUT U MOMEHTOB,
AEeMCTBYIOWNX Ha 0B6bEKT B MarHUTHOM MoJie.
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B 6n1oke NnporcxoanT pelleHue \
rMAPOAMHAMUYECKOM MTepaLnn 3anaqum ¢
YYETOM CKOPOCTEN, MONYYEHHbIX B pe3ynbTaTe
peLleHns NpeablayLei MTepaumm, 1 ¢ yHeToM
06HOBNEHHOMO NONOXeHWs. Ha Bbixode 13
6110Ka BbIBOAATCH CUJbl CONMPOTUBAEHWUS CO
CTOPOHBI OKPYXatoL el cpenbl.

bnok BbluMcneHus
CyMMapHbIX cUn

MONOXEHUA 1 CKODOCTGI} VMHBa3MBHOIO yCTpDP’!CTBa B
MarHMTHOM none C y4eToM CKMN CONpoTMBNEHMA OT

B 6bnoke BoinonHaeTcs allrfoOpMTM BblHMCNEHWA

OKPYKEKLLEN Cpenbl.

o

Puc. 1. B3anmoelicTBie OCHOBHBIX OJIOKOB MaTEMATHYECKON MOIEITA

s ruppomuHamMuueckoro 0Oioka paspaboraHa
KOMITbIOTEPHAsI MOJIEJIb BSI3KOUM BHEIIHEHN Cpelipl, ONuU-
ChIBaIOI[asi €€ B3aUMOJEHCTBUE C HHBa3UBHBIM
YCTpPOMCTBOM. MoJieib BBIIOJHEHA B TPEXMEPHOU
IMOCTAHOBKE, TIOAYUHACTCA YpaBHCHUAM HaBne —
Crokca M HCHOJB3YET METOXI KOHEUHBIX OOBEMOB.
PazOunenne Ha siUEHKM MPOUCXOAUT C MCIIOIB30BAHU-
€M IPUCTEHOYHBIX CJIOEB, OKPY)KAIOLIMX MHBA3MBHOE
ycTpoiicTBo. IIpocTpaHcTBO, OKpyXKarollee yCTpoicT-
BO, CUUTAETCS] OTPAaHMYEHHBIM CTEHKaMH (cM. puc. 2),
3a UCKJIKYEHHEM OTKPBITOH BEPXHEN NOBEPXHOCTH,
KOTOpasl MpeJCTaBlIeHa YCIOBHUEM KOHTAaKTa BS3KOH
BHEITHEW XKUIKOCTH ¢ aTMocdepoit. JlanHoe ympore-
HHUE HC BJIMACT HAa IIOBCACHHUEC MHBA3UBHOI'O yCTpOI‘/'ICT-
Ba, OJJHAKO 3HAYUTEJHHO YBEIMYMBAET CTAOMIBLHOCTD
U CKOPOCTb CXOIMMOCTH TI'MIPOAMHAMUYECKOH 3ana-
4u.

Ycnosue cteHku (wall)

Puc. 2. I'paHuuHble YCIOBHUSI AN THAPOAMHAMHYECKON
3a1a4u
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B pesynbrare pelieHus IMAPOJAMHAMHUYECKOM 3a-
Jla4d BBIBOAMTCS MHPOPMALMS O CUJIaX COINPOTUBIIE-
HUS TepeMEIeHUI0 HHBa3UBHOIO YCTPOMCTBA CO CTO-
poHbl kuakoctH. Kak Oymer omumcaHo HUXE,
MpelycCMOTPEHa BO3MOKHOCTh U3MEHEHUSI T€OMETPUU
(pacmmpenue pacueTHOW O0OIAacTH) ¥ Marepuaia
BHEIIIHEH cpeaibl (BaKyyM, BOJa, MPOMHIICHTITUKOJIb).

Jnst pa3paboTku G0oka KOMIBIOTEPHOW MOJIETH,
ONMCHIBAIONICH AEWCTBHE BHEIIHETO MarHUTHOTO IIO-
7, WCIOJIb30BaHa MapaMeTpuyeckass Mojelb WHBa-
3MBHOTO YCTpOiicTBa, MO (OopMe MPEICTABISIIOIIETO
c000#1 TUCK, JABWKYIIUHACS B TOJIE€ MOCTOSHHOTO Mar-
HuTa. ['eoMeTpust MOIETN B TPEXMEPHOU IMOCTAHOBKE
MpeJicTaB/IeHa Ha puc. 3.

B ocHOBHOM KOJHMYecTBE pacyeToB BHICOTAa MHBA-
3UBHOrO YCTpOMCTBa cocTaBisuia 1 MM, paguyc —
5 MM, Macca aucka coctasisuia 0.617 r. B xaudecTtse
MaTepHuaja MPUMEHSUIACh BBICOKOIUIACTUYHAS KOHCT-
PYKIIMOHHAs CTaJlb C HU3KUM COJIEpXKaHUEeM Yriiepoja
(0.05-0.15%)).

HcxomHoe paccrosiHue MO OCH Z OT MOBEPXHOCTHU
JUCKa 10 IOBEPXHOCTH IOCTOSHHOI'O MarHumTa co-
crasisuio ot 20 1o 50 mM. B kauecTBe marepuana mo-
CcTOsIHHOTO MarHuta npumeHsuicsi Nd-Fe-B, maraut
¢ BblcOTOM 10 MM M IHaMeTpoM, 3HAUUTEIBHO Ipe-
BbIIIAKOINUM JUAaMCTP HWHBA3MBHOI'O yCTpOI‘/'ICTBa, TakK
YTO BEKTOP MAarHUTHOI'O IOJIA CUMTAJICSI HalpaBJICH-
HBIM TOJIBKO BJOJb BepTUKaNbHOW ocu. Takum oOpa-
30M, JBIDKEHHE O0OBEKTA MIPOMCXOIUIO B OHOPOIHOM
" MMOCTOSAHHOM MAarHMTHOM IIOJIC IIPU HAIIPAXKCHHOCTU
MopsiIKa (6—10)-105 A/M W MarHMTHOW WHIYKITHH
ot 2.5 no 3 Tn.
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UCTOYHUK MarHMTHOro nons
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» WNHBa3nBHOE yCTPOMUCTBO

Puc. 3. 'eomeTpus moaenu

Mojgens noOAYMHSIETCA YypaBHEHUsM Makcsemia
U BBINOJHEHA C UCIOJIB30BAHUEM METOAA KOHEYHBIX
aneMeHTOB. Pa3OueHue pacueTHON 00JacTH Ha KO-
HEYHBIC DJJIEMEHTHl MPOUCXOAMT TIIepell Ha4YaIoM
peuieHus 3a1aun. B pesynbrare peleHus MarHUTHOU
3aJjaud BBIBOAWUTCS MH(OpMalus O CHIOBOM BO3IEH-
CTBUM Ha YCTPOMHCTBO CO CTOPOHBI MarHUTHOTO MOJIS.
Pa3meps! nucka, ero moyiokeHHE OTHOCUTEIBHO Mar-
HUTA, CKOPOCTh IEPEMEIEHN MarHuTa B MPOCTPaH-
CTBE SIBIISIIOTCSI MTapaMeTpaMH MOJCIH M MOTYT OBITh
W3MEHEHBI B IIOCJIENYIOINX pacyeTax.

Tpertuii 60K KOMIBIOTEPHOH MOjenH (cM. puc. 1)
MpeIHa3HAa4YeH AJI BBIYMCIEHUS CYMMAapHBIX CHIIO-
BBIX BO3/ICHCTBUN Ha OOBEKT CO CTOPOHBI BSI3KOHM OK-
pyXaromieil cpeapl M BHEIIHET0 MarHWTHOTO TOJIs,
MOJIy4YEHHBIX B PE3yNbTaTe NPEABIAYIIHX pPacdeToB.
brox mpuHMMaeT Ha BXOJ JIaHHBIE 110 BPEMEHHOMY
mary, HadajdbHBIM  CKOPOCTSIM,  BBIYHCIIEHHBIM
Ha MpeabIayleil uTepaniy, MOJ0XKEHUI0O UHBA3UBHO-
ro yCTpPOMCTBA, a TaKXE€ CUJIAM U MOMEHTaM, ACHUCT-
BYIOIIIMM Ha YCTPOMCTBO, BBIYHMCIEHHBIM B IpoIlecce
peuieHusl MarHuTHOM M TUAPOAMHAMHYECKOW 3a1ad.
Jlanee TPOM3BOAATCSA BBIYMCIEHHE TPAHCIALMOHHBIX
U YIJIOBBIX CKOPOCTEH U OINPECIICHUE JIMHEUHBIX I1e-
peMenIeHuil ¥ MOBOPOTOB MHBA3UBHOI'O YCTPOICTBA.

[TomyuenHble pe3yibTaThl CIOy’KaT OCHOBOM s
NEPEeCTPOCHUs] T'€OMETPUH  pacdeTHOH  objactu
JUIS  cIeNylolled UWTepalud MarHUTHOM 3aJaud,
a TaKXKe Ui OINpEelNeNeHUs HadalbHBIX CKOPOCTEH
JUCKa Ui CIEAYIOIIeW WTepaldd THUAPOJUHAMUYE-
ckoil 3amaun. Takum oOpa3oM, peaau3yeTcs aliro-
PUTM, IpeICTaBICHHBIA Ha puc. 1.

PE3VYJIBTATHI PEHIEHWA TECTOBBIX 3AJJAY

s nemoHcTparu paboTOCIIOCOOHOCTH MOJISIN
HI)KE PacCMOTPEHBI Pe3yJIbTaThl PENICHUs psijia Tec-
TOBBIX 3a7a4.

B nmpocreiiieil U3 HUX paccMaTpUBajIOCh IPUTS-
THMBAaHUC MOJACJIN MHBA3HUBHOI'O YCTpOI‘/'ICTBa K HEIOoI-
BM)KHOMY HMCTOYHHKY MAarHHTHOTO TIOJNSI B Bakyyme
B OTCYTCTBUC Z[eI‘/'ICTBI/Iﬂ TpaBUTAlIMOHHBIX CHIJIL. IIJ'ISI

oOecrieueHUs] TOJOOHOW ITOCTAHOBKU CHJIBI COIIPO-
TUBIIEHUS, AEWCTBYIOIINE HA JTUCK, ¥ CHJIBI TpaBHTa-
MU IPUHYAUTEIHHO MPUPABHUBAINCH K HYIIIO Ha Ka-
K10 wutepanuu. TakuM o0pa3oM, Ha WHBAa3MBHOE
YCTPOHCTBO NE€UCTBOBAJIIM TOJIBKO CHJIBI OT B3aUMO-
JIEUCTBUSA C MarHUTHBIM noJieM. Lllar mo BpemeHu co-
crasisun 0.01 c.

HcxonHoe monokeHWe HWHBAa3WBHOTO YCTPOWCTBA
HaxoJUJIOCh Ha paccTosiHUK 50 MM OT MarHuTa 1o ocu
Z u g oOmHOCTH OBLJIO CMemEeHO N0 ocu X
Ha 20 MM oT nentpa. Ha puc. 4 wmutoctpupyrorcs
HECKOJIBKO TPOMEXKYTOUYHBIX PE3yAbTATOB DPEIICHHS.
Tax, Ha 10-it urepauuun (cMm. puc. 4, a) oHCK, 3axBa-
YEHHBI MAarHUTHBIM IIOJIEM, CMECTHJICA IO OCU Z
nmoutu Ha 2 MM 3a nepBeie 0.1 ¢ (BepTuKambHasi CO-
CTaBIIAONIAS] CHJIBI COCTAaBISLIA MPH STOM BEIWUYHHY,
paenyio 2:10* H). Kpome 31010, ycTpoicTBO HpHOG-
peNo YrioByIO CKOPOCTh BpAIleHHS BOKPYT OCH Y,
paBHyto 4.75 pag/c, ¥ Ha4yajlo MOBOPAaYMBATBHCS BO-
KpyT 3TOH OCH.

Ha 25-it wrepanuu (cMm. puc. 4, 60) WHBa3HMBHOE
ycrporicTBo 3a 0.25 ¢ mpuOIM3WIOCh K UCTOYHHKY
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Puc. 4. Cocrosane oobekra Ha 10-it (a), 25-1 (0) u 36-i
(B) utepanusx.

A — cmemeHne oobexTa o Z w3 O 3a Bpems urepanuii,
HITPUXOBBIE JIMHUM MPOSIUPYIOT LIEHTP MarHUTa Ha OCb X

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 3
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MarHuTHOro mojs Ha 13.5 MM W mpuoOpeno JuHEH-
HYI0 CKOPOCTh 110 ocu Z, paBHyto 0.13 m/c. YrmoBas
CKOpPOCThb TIOBOPOTA BOKPYT OCH Y IOMEHsUIa Halpas-
JIeHHE Ha MPOTHBOIIOJIOKHOE, HO KPOME 3TOro, BO3-
HUKJIO BpalleHhue oO0beKkTa BOKPYT ocu X C YIIOBOU
CKOPOCTBIO 110 7.6 pajy/c.

Janee nuck ¢ yCKOpeHHEM NpUOIMKAeTcs K HC-
TOYHUKY MarHuTHOro mois u yepe3 0.3 ¢ oT Hauana
pacuera IpOXOJUT PACCTOSHHUE IO BEPTUKAIBHON OCH,
paBHOe 22 MM. Ha maHHOM I1are yrioBble CKOPOCTH
BO BCCX HaIIpPaBJICHUAX 3HAYUTECJIbHBI, U3-3a 4Y€T0 MH-
Ba3UBHOE YCTPOMCTBO BpallaeTcsi BO BCEX IUIOCKO-
ctsax. [lo mepe mpuOMMKEHHUsT K UICTOYHUKY MarHuT-
HOT'O TIOJIA CHJIa, IEMCTBYIOLIAst Ha TUCK, BO3PACTAET.

Ha puc. 4,8, npoaeMoHCTpUpOBaHa 3aKIIOYH-
TenpHas 36-1 urepauus pacuera. MIHBa3uBHOE yCT-
POMCTBO MPHOOPETIO JIMHEHHYI0 CKOpOCTh 1O Z
0.5 M/c ¥ IOYTH BIJIOTHYIO MPHOJIN3UIOCH K TIOBEPX-
HOCTH HCTOYHHMKAa MarHMTHOro mosid. Takxe nmeer
MECTO CMEIllEHHEe MOJEeNH MO och X OT HCXOAHOIO
3Hauenus 20 1o 33.5 Mm.

Ha puc. 5 npencrapien rpaduk 3aBUCUMOCTH pac-
CTOSIHUS, IPOMIEHHOTO AUCKOM IO OCH Z, OT BpeMe-
HU. BunHo, uto gopma kpuBoii Onm3ka k mapabore,
U O0OBEKT NPUTATHBAETCSI K MAarHUTy C YCKOPEHHUEM,
YTO COOTBETCTBYET YCIOBUSAM OTCYTCTBHUS ydeTa rpa-
BUTAIlMU U CHUJI CONTPOTHUBJIEHUSI OKPYKAIOLEH CPEMAbI.
Ha puc. 6 mpencrasieH rpaduk 3aBHCHMOCTH YIIIO-
BBIX CKOPOCTEW OBOPOTOB 00BEKTA BOKPYT oceld X, ¥
U Z B 3aBUCHMOCTHU OT BPEMEHHU.

dakT HaMMUMA Bpali€Huss MOJCJIIM BOKpYT IOIIe-
PEUHBIX OCEH IpH OTCYTCTBUM T'PaBUTALIMU WU CHII
THIPOANHAMHYECKOTO COINPOTHUBIICHHUS MOXXET OBITH
CBSI3aH C HECUMMETPUYHOCTBIO T'PAHUYHBIX YCJIOBUUI
B TIOCTAHOBKE TMEpBOH 3amadn (cM. puc. 4), UTO
B JaJbHEUIIIEM MOATBEPAUIOCH OTCYTCTBUEM Bpallle-
HUSI MOZETH B TIOJHOCTHI0 CUMMETPUYHON IeOMETPUH
OIIbITA.
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Puc. 5. 3aBucuMOCTh HepeMeleHHus AUCKAa OT BPEMEHU
B BaKyyMe
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Puc. 6. 3aBUCHMOCTb YTJIOBBIX CKOPOCTEH ITOBOPOTOB
JIICKa OT BPEMEHH
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Puc. 7. 3aBUCHMMOCTh NEpeMEILEHUsI TUCKAa B BOJE
OT BpEMEHU

Bo BTOpoil TecToBOl 3amaue paccMaTpPUBAIOCH
MNPpUTATUBAHHUEC OHUCKAa K HCIOABWKHOMY MArHuty
B Boze Oe3 yueTa TpaBUTAlliH, T.e. JOOABISIIOCH pe-
LIeHWe THUAPOJMHAMUYECKON 3aJauyd M CHUJIBI COIpO-
THUBJICHUS KUAKOCTH. Ha puc. 7 noka3aHo U3MEHEHHE
KOOpAWHATLI V4 06’bCKTa B 3aBUCUMOCTU OT BPCMCHH.
Buano, 4ro mosiBIeHHE CHII CONPOTHUBIIEHHUS >KUAKO-
CTH NpHUBENO K Ooyiee MEIJIEHHOMY HPUTITUBAHHIO
00beKTa K MarHuTy, IpUYeM Ha OCHOBHOM 4acTH Tpa-
EKTOPUH HMHBAa3MBHOE YCTPOWCTBO ITOJAHUMAETCS Ha-
BEPX C IIOCTOSIHHOM CKOpPOCTBIO. BpamieHue ycrpoi-
CTBa OTCYTCTBOBAJIO.

HanpHeillline ycnoXKHEHUs YCIOBUM TECTOBOM 3a-
Jlauyd — y4deT IpaBUTallNu, IPUMEHEHHE Ooee BA3KOI
XKHUIKOCTH (IIPONMJICHITIMKOIIb) U YUET IBHKEHUS HC-
TOYHHMKA MarHUTHOTO TIOJIS, TOKa3aJld, YTO BCJEJCT-
BUE YBEJIMUEHUS CHUJIbI CONPOTHBICHUS ISl CXOIUMO-
CTH MOJICJIM HEOOXOAMMO OBUIO YBEJIUYUTH CHILY
MarHuTHOTO T10JISl, YMEHBLINTG AT PELIeHUs 3aa4u
10 0.0001 ¢ u pacmuputh pa3Mepbl pacueTHOM 00ac-
Tu. Hexotopsie pe3yibTaThl, I0JyYeHHBIE B paccMat-
pUBaeMol 3ajiaye, IOKa3aHbl HUXKE.
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Puc. 8. [IputsaruBanne o0bEKTa K JBIKYIIEMYCSI MAarHU-
Ty B IIPONMJICHTIIMKOJIE C Y9eTOM rpaBuTanun Ha 0-i (a),
15-i1 (0), 20-i1 (B) u 30-ii (T) nTepanmsx.

I Tpux-BepTHKaIb MO3BOJSIET BOCHPUHATH ITOTIEPEUHOE
CMEIlleHIe MarHuTa

[110THOCTH NPONMIIEHTIMKONIA NPUHUMAIACh PaB-
Hoit 1036.3 xr/m’, a Bsskocte — 0.06 kr/(M-c).
B naHHO# 3ajaue UCTOYHMK MarHUTHOI'O IOJISI UMEET
ckopocth 1o ocu Y, paBuywo 0.01 m/c, a wcxomaHOe
paccTosiHME OT IUCKa 10 MAarHUTA 110 OCH Z COCTaBIIA-
eT 25 MM (cM. puc. 8, a).

Ha 15-it urepanuu (cM. puc. 8, 6) craHOBUTCS 3a-
METHBIM MOMEHT BpAIllEHHsS BOKPYT OCH X, B CBSI3H
C 4YEM HAYUHACTCA MMOBOPOT MHBA3UBHOT'O yCTpOI‘/'ICTBa.
JIuHeliHas cKOpocTh MO OCHM Z HAa JaHHBIA MOMEHT
BpemeHn pocruraer 0.6 m/c. Ha 20-ii wurepamun
(puc. 8, B) IUCK YCKOPSETCSI, TOCTHTAasi CKOPOCTH TI0Y-
TH | M/C B HampaBJIeHUH Z, YBEIUIUBACTCS U YIIIOBasi
CKOpOCTh BpaieHus: BOkpyr ocu X. Ha Mmoment 20-i1
UTepallMd  HMHBAa3MBHOE  YCTPOMCTBO  MOIHSIIOCH
Ha 4 mM. Eme gepe3 10 ureparuii ero cKOpocTs He-
CKOJIBKO YMEHBIIMJIACh, 1 OHO JOCTHIJIO ITOBEPXHO-
CTU UCTOYHUKA MArHUTHOTO TOJIA (CM. pHC. 8, T).

Takum 00pa3om, MO pe3ysbTaTaM peleHus: TeCTo-
BBIX 3aJ1a4 MOYKHO 3aKJIIOUUTh, YTO MOJENb B3aWMO-
JEHCTBUSA MHBA3MBHOI'O YCTPOWCTBA, UCTOYHUKA Mar-
HUTHOTO TMOJISI, OKPYXarouleil BA3KOYNpPYyrod cpeabl
paboTaeT KOPPEKTHO M MO3BOJSIET MPOTHO3MPOBATH
JBIDKEHHE MHBA3MBHOI'O yCTPOMCTBA MO YIPABJICHU-
€M MAarduTHOI'O I10JI4.

3AKJIFOYEHUE

B mpouecce nmposeneHus uccienoBaHuil pazpado-
TaHbl KOMIIBIOTEPHBIE MOZAEIH, OIMCHIBAIOLINE AEHCT-
BUSI CHJI HA MOJIENTb pOOOTOTEXHUYECKOTO YCTPOUCTBA
CO CTOPOHBI MAarHUTHOT'O MOJISI M CO CTOPOHBI BHEII-
Hel BS3KOW KUAKOCTH, UMHUTHPYIOIIEH Onoiornde-
CKHe TKaHU. B mporecce pacuera BEIBOAUTCS MOAPOO-
Hasi uHpOpMAIMs O CHJIaX, MOMEHTaX, CKOPOCTAX
U IIOJI0KEHUSAX YCTPOUCTBA B TPEXMEPHOM IPOCTPAH-
CTBE C YUETOM IPaBUTALIUU.

Mogens T03BOJISIET TIPOU3BOAUTH BBHIOOp XapakTe-
PUCTUK MaTepHaia U pa3MepPOB POOOTOTEXHHUYECKOTO
YCTpOWCTBa, MapaMeTpOB HCTOYHUKA MAarHUTHOTO
IOJIsI, XapaKTEPUCTUK BHEUIHEH Cpelbl, UCXOIHOIO
MOJIOKEHNSI YCTPOWCTBA OTHOCHUTENIBHO MarHMra.
Kpowme 3toro, paspaboTanHas cucTeMa MpeaocTaBiseT
BO3MOXHOCTb MOZEIMPOBATh IABMKYLIMKCS UCTOYHUK
MAarHuTHOI'O I10JIA.

[IpuBenensl pe3ynbTaThl pEIIEHHS HECKOJIBKHX
HpOCTCI‘/'IHII/IX TECTOBBIX 3aJa4 C II0CJICO0BATCIIbHBIM
YCIOKHEHUEM YCIIOBHM OKCIIEpPUMEHTa, MOJTBEp-
XKpamme paboToCrocOOHOCTE MOJeNell W yIpaB-
JIAIOIIUX UMH IIPOTPaMM.

[IpuBeneHHbIe pe3ysibTaThl HOCAT IpeIBapUTENb-
HBI XapakTep, HO OTKPHIBAIOT BO3MOXKHOCTH ISl pe-
nIeHus: 6osiee CIOXKHBIX M NPUOJIMKEHHBIX K NPaKTH-
K€ 3aJa4 MarHuTHOIO YIpaBJICHUSA MHWHHUATIOPHLBIM
POOOTOTEXHUYECKUM YCTPOHCTBOM M, B IPHHLMIIE,
MO3BOIISIOT chopMupoBaTh TpeOOBaHWS K TEXHHUYE-
CKUM M (DYyHKIHMOHAJIBHBIM XapaKTepUCTHUKaM arma-
PaTHBIX CPEACTB A TeHepaldyd MarHUTHOTO MOJIs
MIPU PEIICHUY 3a/1a4 METUIIMHCKOM POOOTOTEXHHUKH.

diunaucupoeauue
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00558-26-00 om 12.01.2026 1024061000024-6-
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NpeOHA3HaAUeHH020 Ol NpoBedenus OUdeHOCMUKU, mepd-
nesMuYecKux 6030etcmeutl U MAIOmMpaeMamuyHblX Xupyp-
2UYecKux onepayuii ¢ NpuUMeHeHuem UHBA3UGHBIX YCIM-
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Modern medical robotics places significant emphasis on developing approaches to creating magnetically
controlled miniature robotic devices designed for diagnostics, therapeutic interventions, and minimally inva-
sive surgical procedures inside the patient’s body. This paper develops and describes a computer model for the
motion of a simplest microrobot, shaped like a thin flat disk, and demonstrates the results of its test applica-
tions in several experimental configurations.
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INTRODUCTION

Modern medical robotics devotes considerable at-
tention to developing approaches to creating miniature
robotic devices (robot assistants or fully autonomous
invasive devices) designed for diagnostics, therapeutic
interventions, and minimally invasive surgical proce-
dures within the patient's body [1-3]. To perform the
necessary surgeries, these miniature invasive robotic
devices (e.g., capsule-type) must be able to move in
a controlled manner within the patient's internal or-
gans and body systems.

As demonstrated in the literature [4, 5], the most
promising and universal method for organizing such
movement appears to be the use of a magnetic field.
Indeed, the use of a magnetic field in various modifi-
cations as a microrobot propulsion device offers
a number of undeniable and unique advantages. These
include the permeability of natural tissues and organs
to static and low-frequency magnetic fields, the possi-
bility of remote application, the absence of any ad-
verse effects on biological systems, and, finally, the
ease of control and modulation of magnetic field pa-
rameters over a wide range of values.

The paper [6] provides statistics on worldwide
publication activity on medical robotics in engineering
and medical journals for the period from 1990 to
2020. It is evident that the number of publications is
growing rapidly year after year, and the largest num-
ber (up to 350 articles in 2020) relate specifically to
magnetically controlled robots.

Since the motion environments of a miniature ro-
bot are various biological tissues with variable densi-
ty, a critical task in developing and synthesizing algo-
rithms for controlling the motion of a robotic device is
the development of computer models of both the me-
dia themselves and their interaction with the miniature
invasive robot during its movement.

It should be noted that the problem of computer
modeling of biological tissues has been widely consi-
dered in the scientific literature (see, in particular, [7,
8]), however, as a rule, not in relation to medical ro-
botics. In this study, an attempt was made to develop
a computer model demonstrating the motion characte-
ristics of a simple invasive device, designed as a thin
flat disk, in the field of a permanent magnet, and the
results of its test applications in several experimental
configurations are also presented.

DESCRIPTION OF THE COMPUTER MODEL

The computer model consists of three main blocks,
the interaction between them is illustrated in the block
diagram in Fig. 1.

A computer model of a viscous external medium
was developed for the hydrodynamic unit, describing
its interaction with the invasive device. The model is

Fig. 1. Interaction of main units of mathematical
model

made in three dimensions, obeys the Navier — Stokes
equations, and utilizes the finite volume method. Cell
division is performed using wall layers surrounding
the invasive device. The space surrounding the device
is considered bounded by the walls (see Fig. 2), with
the exception of the open upper surface, which is
represented by the condition of contact between the
viscous external fluid and the atmosphere. This sim-
plification does not affect the behavior of the invasive
device but significantly improves the stability and
convergence rate of the hydrodynamic problem.

Fig. 2. Boundary conditions for the hydrodynamic
problem

As a result of solving the hydrodynamic problem,
information is obtained about the resistance forces to
the movement of the invasive device from the liquid.
As described below, the geometry (expanding the
computational domain) and the material of the exter-
nal medium (vacuum, water, propylene glycol) can be
modified.

To develop the computer model block describing
the action of an external magnetic field, a parametric
model of the invasive device was used. The 3D geo-
metry of the model is shown in Fig. 3.

Fig. 3. Model geometry

In most simulations, the invasive device height was
1 mm, the radius was 5 mm, and the disk mass was
0.617 g. Highly ductile structural steel with a low car-
bon content (0.05-0.15%) was used as the material.

The initial distance along the Z axis from the disk
surface to the surface of the permanent magnet ranged
from 20 to 50 mm. The permanent magnet material
was Nd-Fe-B, the magnet had a height of 10 mm and
a diameter significantly larger than that of the invasive
device, so the magnetic field vector was considered to
be directed only along the vertical axis. Thus, the ob-
ject moved in a uniform and constant magnetic field
with a strength of approximately (6-10) x 10° A/m
and a magnetic induction of 2.5 to 3 T.

The model obeys Maxwell's equations and was de-
veloped using the finite element method. The compu-
tational domain is divided into finite elements before
solving the problem. Solving the magnetic problem
yields information about the force exerted on the de-



vice by the magnetic field. The dimensions of the
disk, its position relative to the magnet, and the speed
of movement of the magnet in space are parameters of
the model and can be changed in subsequent calcula-
tions.

The third block of the computer model (see Fig. 1)
is designed to calculate the total force effects on the
object from the viscous environment and the external
magnetic field, obtained from previous calculations.
This block receives input data on the time step, initial
velocities calculated at the previous iteration, the posi-
tion of the invasive device, and the forces and mo-
ments acting on the device and calculated during the
solution of the magnetic and hydrodynamic problems.
Next, the translational and angular velocities are cal-
culated, and the linear displacements and rotations of
the invasive device are determined.

The obtained results serve as the basis for rebuild-
ing the geometry of the computational domain for the
next iteration of the magnetic problem, as well as for
determining the initial disk velocities for the next ite-
ration of the hydrodynamic problem. Thus, the algo-
rithm is shown in Fig. 1.

RESULTS OF TEST PROBLEM SOLVING

The results of several test problems are presented
below to demonstrate the model's performance.

The simplest of these concerned the attraction of
an invasive device model toward a stationary magnet-
ic field source in a vacuum in the absence of gravita-
tional forces. To ensure this state, the drag forces act-
ing on the disk and the gravitational forces were
forcibly set to zero at each iteration. Thus, only the
forces caused by the interaction with the magnetic
field acted on the invasive device. The time step was
0.01 s.

The initial position of the invasive device was
50 mm from the magnet along the Z axis and, for ge-
nerality, was shifted by 20 mm along the X axis from the
center. Figure 4 illustrates several intermediate solution
results. Thus, at the 10th iteration (see Fig. 4, a), the disk
captured by the magnetic field shifted along the Z-axis
by almost 2 mm in the first 0.1 s (the vertical compo-
nent of the force was equal to 2 x 10~* N). In addition,
the device acquired an angular velocity of rotation
around the Y-axis of 4.75 rad/s and began to rotate
around this axis.

Fig. 4. The state of the object at the 10th (a), 25th
(6), and 36th (B) iterations

A is the displacement of the object along Z from O
during the iterations; the dashed lines project the
magnet's center onto the X axis.

At the 25th iteration (see Fig. 4, 6), the invasive
device approached the magnetic field source by
13.5 mm in 0.25 s and acquired a linear velocity of
0.13 m/s along the Z-axis. The angular velocity of ro-
tation around the Y-axis reversed its direction, but in
addition, the object began to rotate around the X-axis
with an angular velocity of up to 7.6 rad/s.

The disk then accelerates toward the magnetic field
source and, after 0.3 seconds from the start of the cal-
culation, travels a distance of 22 mm along the vertic-
al axis. At this point, the angular velocities in all di-
rections are significant, causing the invasive device to
rotate in all planes. As it approaches the magnetic
field source, the force acting on the disk increases.

Figure 4, B, shows the final, 36th calculation itera-
tion. The invasive device has acquired a linear veloci-
ty of 0.5 m/s in the Z direction and has almost com-
pletely approached the surface of the magnetic field
source. The model also shifts along the X axis from
the initial value of 20 to 33.5 mm.

Figure 5 shows a graph of the distance traveled by
the disk along the Z axis versus time.

Fig. 5. Dependence of disk displacement on time in
a vacuum

It can be seen that the curve's shape is close to
a parabola, and the object is attracted to the magnet
with acceleration, which corresponds to conditions
where gravity and environmental resistance are ig-
nored. Figure 6 shows a graph of the angular veloci-
ties of the object's rotation around the X, Y, and Z axes
as a function of time.

Fig. 6. Dependence of the angular velocities of disk
rotation on time

The presence of rotation of the model around the
transverse axes in the absence of gravity and
hydrodynamic drag forces may be due to the
asymmetry of the boundary conditions in the
formulation of the first problem (see Fig. 4), which
was subsequently confirmed by the absence of
rotation of the model in the fully symmetrical
geometry of the experiment.

In the second test problem, the hydro-dynamic
problem solution and the liquid's drag force were
introduced to analyze the attraction of a disk to
a stationary magnet in a liquid without accounting for
gravity. Figure 7 shows the change in the Z coordinate
of the object as a function of time. It is evident that
the appearance of drag forces led to a slower
attraction of the object to the magnet; the invasive



device rises at a constant speed along the main part of
its trajectory. There was no rotation of the device.

Fig. 7. Dependence of disk displacement in water on
time

Further complications in the test problem — taking
gravity into account, using a more viscous fluid
(propylene glycol), and accounting for the motion of
the magnetic field source — revealed that, due to the
increased drag force, convergence of the model
required increasing the magnetic field strength,
reducing the solution step to 0.0001 s, and expanding
the computational domain. Some results obtained in
this problem are shown below.

The density of propylene glycol was assumed to be
1036.3 kg/m?, and the viscosity was 0.06 kg/(m's). In
this problem, the magnetic field source has a Y-axis
velocity of 0.01 m/s, and the initial distance from the
disk to the magnet along the Z-axis is 25 mm (see
Fig. 8, a).

Fig. 8. Attraction of an object to a moving magnet in
propylene glycol, taking gravity into account, at
iterations 0 (a), 15 (6), 20 (B), and 30 (1).

The vertical dashed line allows us to perceive the
magnet's displacement

At the 15th iteration (see Fig. 8, 0), a rotational
torque around the X-axis becomes noticeable and
causes the invasive device to begin rotating. The
linear velocity along the Z-axis at this point in time
reaches 0.6 m/s. At the 20th iteration (Fig. 8, B), the
disk accelerates, reaching a speed of almost 1 m/s
toward Z; the angular velocity of rotation around the
X-axis also increases. At the 20th iteration, the
invasive device has risen by 4 mm. After another

10 iterations, its velocity has decreased slightly, and it
has reached the surface of the magnetic field source
(see Fig. 8, 1).

Thus, based on the results of solving the test
problems, it can be concluded that the model of
interaction between the invasive device, the magnetic
field source, and the surrounding viscoelastic medium
operates correctly and allows us to predict the motion
of the invasive device under the control of the
magnetic field.

CONCLUSION

During the research, computer models were
developed that describe the effects of magnetic field
forces and external viscous fluid simulating biological
tissue on a robotic device. The calculations yield
detailed information on the forces, moments,
velocities, and positions of the device in three-
dimensional space, taking gravity into account.

The model allows for the selection of the material
characteristics and dimensions of the robotic device,
magnetic field source parameters, environmental cha-
racteristics, and the initial position of the device rela-
tive to the magnet. Furthermore, the developed system
provides the ability to simulate a moving magnetic
field source.

The results of solving several simple test problems
with progressively more complex experimental condi-
tions are presented, confirming the operability of the
models and their control programs.

These results are preliminary in nature, but they
open up possibilities for solving more complex and
practical problems of magnetic control of miniature
robotic devices and, in principle, allow for the formu-
lation of requirements for the technical and functional
characteristics of hardware for generating magnetic
fields for medical robotics applications.



