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Amnoranis. Enekrpo3BaproBaHHS KHUBUX
TKaHMH 3aCTOCOBYEThCS Maike Yy 0Oararbox
obnacTsx y Xipyprii. 3MEHIIIYIOTbCSI Yac omnepariii,
BTpaTu KpOBi, HMOBIPHICTH MiCJIsSIONIEpallifHIX
yCKJIaJHEHb. 1i 3py4HO BUKOPUCTOBYBATH TaM, JI€
CKJIQJIHO YM HE MOYKHA BUKOPHCTOBYBATH HUTKH,
KIIICH, AYKKU. 3BapIOBaHHS IPOBAIUTHCS Ha
gacrorax Big 100 x['x go 15 MI'n. Ha Bucokux
4acToTax BiJOyBa€TbCAd BUTICHEHHS CTPyMY
MTOBEPXHi

HpOBiI[HI/IKa. I_[e Ha3MBA€THCA

MTOBEPXHEBUM abo CKiH-€()E€KTOM.
HepiBHOoMipHUi1 po3noaina cTpyMy B OiojoriuHii
TKaHUHI TpU 3BaplOBaHHI MOXE CIPUYUHUTU
YTBOpEHHS  JeeKTiB y 3BapHOMYy  IIBI
Komn'torephe MOJICTTIOBaHHS JI03BOJISIE
BU3HAYUTH IIUIBHICT CTPYMY, HaNpyXeHICTh

CJICKTPUYHOT'O ITIOJIA, TCMIICPATYPY TKAHWUHU TIPpH
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3BapIOBaHHI 3 ypaxyBaHHSAM IIOBEPXHEBOTO
edexry. Komm'torepne MOJIEJTFOBAHHS
npoBoaminocs cepen MATLAB 1 SolidWorks.
MopnenroBanas B MATLAB no3Bosisie moBHiIIE
0COOIMBOCTI

BpaxyBaTH  BCl MPOIIECIB.

MopnemoBanass B SolidWorks  3pyuno
BUKOPHCTOBYBAaTH npu KOHCTpPYIOBaHHI
€JIEKTPO3BaPIOBAILHUX IHCTPYMEHTIB,
PO3pOOKK TEXHOJIOTIH 3BaprOBaHHS, TOMY IO
CTBOPCHHS TEXHIYHOT JOKyMEHTAIIIT,
MeXaHI4YHEe, eJICKTPOMArHiTHE Ta TEIIOBE
MOJICIIOBAaHHS ~ BUPOOMNSIOTBECS B OJHOMY
cepeloBuINi. Y  CTarTi HaBEACHO OIS
JiTepaTypu 3  MOJETIOBAHHS  TOBEPXHEBOTO
edekTy Mpu 3BaprOBaHHI XUBUX TKaHUH. J[is
3MEHIIIEHHSI BIUIMBY TOBEPXHEBOTO  €(EKTy

BUKOPHCTOBYIOTbCS IHCTPYMEHTH 13 CIIELiaJIbHOIO
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dbopmoro  enekTponiB. MiHIMalbHA TOBIIWHA

TKQaHUHH, IO 3BapIOETHCS, MOXE CTAaHOBHUTH
JIecaTKu MikpoH. ToMy 3HayHMi BIUTUB Ha
IIUTBHICTh CTPYMY Ma€ TaKOX €(EeKT OTU3BKOCTI
enexktponiB. HaiiMeHmi mIimbHOCTI  CTPyMiB
yCepeIuHi eIeKTPOIiB Ta TKAaHWHHM Ta Ha KiHII
eJIeKTPOMiB. MaKCHUMalbHI IIUIBHOCTI CTPyMiB
OubLIl 3a MiHIManbHI B 10 pasiB. Lle BukiukaHo
niero  ckiH-epekTy Ta edexTy OIM3bKOCTI.
MaxkcumanbHa TemnepaTrypa BCepeIuHl TKaHWHU
B KUIbKa pa3iB  MEpEeBUIIyE  MIHIMAIbHY
TeMIlepaTypy Ha Kpasx enekTponiB. Pesymprartu
NOCTIPKEHHST MOXYTb OyTH KOPUCHHUMHU TpU

MPOEKTyBaHHI OOJIaJHAHHS, IHCTPYMEHTIB Ta

TEXHOJIOTIH  3BapIOBaHHS  KUBUX  TKAHHH.
Komm'torepue  MopentoBaHHS ~ AO3BOJISIE Y
Oararbpox BHUITAKaX BIZIMOBUTHCS BIJT

€KCIIEPUMEHTIB Ha TMIIJAOCIITHAX TBapHHAX Ta
MPUCKOPIOE  JOCTI/DKEHHS Ta TPOCKTYBAHHS

oOaHaHHA.

Abstract. Electric welding of living tissue
is used in almost many areas of surgery. The
operation time, blood loss, and the likelihood of
postoperative complications decrease. It is
convenient to use it where it is difficult or
impossible to use threads, clips, staples. Welding
is carried out at frequencies from 100 kHz to 15
MHz. At high frequencies, the current flows on
the surface of the conductor. This phenomenon is
called surface or skin effect. Uneven distribution
of current in biological tissue during welding can

cause defects in the weld. Computer simulation

CC-BY-NC
makes it possible to determine the current density,

electric field strength, tissue temperature during
welding, considering the surface effect. Computer
simulation was carried out in MATLAB and
SolidWorks ~ environments.  Modeling  in
MATLAB allows you to more fully consider all
the features of the processes. Modeling in
SolidWorks is convenient to use in the design of
electric welding tools, the development of
welding technologies, because the creation of
technical documentation, mechanical,
electromagnetic, and thermal modeling are
performed in the same environment. The article
provides a review of the literature on modeling the
surface effect when welding living tissues. To
reduce the influence of the surface effect, tools
with a special shape of the electrodes are used.
The minimum thickness of the tissue to be welded
can be tens of microns. Therefore, the effect of the
proximity of the electrodes also has a significant
effect on the current density. The lowest current
densities are inside the electrodes and tissue and
at the end of the electrodes. The maximum current
densities are 10 times higher than the minimum
ones. This is due to skin and proximity effects.
The maximum temperature in the middle of the
tissue is several times higher than the minimum
temperature at the edges of the electrodes. The
research results can be useful in the design of
equipment, tools, and technologies for welding
living tissues. Computer simulation allows, in

many cases, to abandon experiments on

experimental animals and speeds up research and

Copyright: © The Authors Licensee: This work is licensed under the Creative Commons Attribution License
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equipment design.

KuroueBble ci0Ba: cBapka )KUBBIX TKAHEH, MOBEPXHOCTHEIN, 3 ekt OnmzocTy.

Keywords: living tissue welding, superficial, skin, proximity effects.

Section: Biotechnology/Clinical Engineering

Brenenne. DOnexkTpocBapka MPUMEHSETCS B XUPYPruu Ajs pa3pe3aHusi, FeMocTa3a U COeIMHEHUs
KUBBIX TKaHel. B MHctutyTe anexkrpocBapku uM. E. O. [latona HanpionansHoOM akageMuu HayK Y KpauHbI
(M3C) sTOT MeTO HaYaT U3y4YaThCsl COBMECTHO C MEITUIIMHCKUMU opranu3anusmu ¢ 1992 r [1-2]. Tkanp

C)KMMaeTCs IEKTPOIaMU U Yepe3 He€ MpOoIycKaeTcsl BBICOKO4acTOTHbIN Tok (Puc 1).

N

(R r
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Puc. 1. [locnenoBarenbHOCTh TOYECYHOW KOHTAKTHOW CBApKU KHUIIKHA MUHIIETOM: a) pa3pe3aHHas
KHIIKa; 0) CBEJCHUE YYACTKOB; B) CBapKa; I') OKOHYaHUE CBAPKU
[Ton BO3melcTBHMEM TeMIEPATypbl M 3JIEKTPUUECKOTO MOJS MPOUCXOIAT H3MEHEHHS, KOTOphIE
MPUBOJIAT K 00pa30BaHUIO CBAPOUYHOTO coeMHeHus. B MecTe cBapku HaOII01aeTCsl TECHOE COeIMHEHUE U
CIUIaBJIEHUE MBIIICYHBIX U KOJUIAT€HOBBIX BOJIOKOH. OOpa3yercs OMOKIIEH, yBEIMUMBAIOLUIUN MTPOYHOCTH
cBapku [4].
Jlis cBapKkd UCHONB3YIOTCS pa3MYHbIE HWHCTPYMEHTHI. TouedyHass KOHTaKTHas CBapka
ocymiectrisercs nunieramu (Puc.2) [5]. B pesysbrare cBapku 00pasyercsi COeTUHEHHE pa3MepoM 10 2—3

MM. Mem,uy TOYKaMH OCTAETCs HCHOBpe)KI[éHHaH TKaHb, KOTOpPAa 6BICTpO cpacTacTcs.

Copyright: © The Authors Licensee: This work is licensed under the Creative Commons Attribution License
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Puc.2. KonTakTHas cBapKka KUIIKH MTHMHIIETOM

VYBenuueHue pa3MepoB CBapHOrO MIBa BO3MOXKHO IPU CBapke CHENUAIN3HPOBAHHBIMU

saxxumamu (Puc.3).

Puc. 3. CBapKa CIICHUAJIU3UPOBAHHBIM 3A)KUMOM allllICHANKCaA MEPEN €ro yarajJlCHUuEM

Ecimm YMCHBIIUTL INHUPHUHY J3JICKTPOAOB 3aKMMa W YBCIHWYUTH HANPSHKEHUC, TO YBCIUYHUBACTCIA
IUIOTHOCTD TOKA U HAITPSAKCHHOCTD 3JICKTPUUCCKOI'O ITOJIAI B TKAHU U €€ TEMIICpATypa. Bwmecto CBapKu 6y,ueT

MPOKCXOUTHh OECKPOBHOE pa3pe3aHue TKaHH C OJTHOBPEeMEHHbIM reMocta3oM (Puc.) [6].

Copyright: © The Authors Licensee: This work is licensed under the Creative Commons Attribution License
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Puc.4. Paccedenne MBI TPYAHOW CTEHKH CBAPOYHBIM 32)KUMOM CO3/Ia€T T€MOCTa3 COCYIOB U

KaInmnuJuIsipoB.

Puc. 5. OTCYTCTBI/IG KPOBOTCYCHUS ITOCJIC OKOHYAHUA paCCCUYCHU I‘py,[[HOfI CTCHKHU

yCKOpI/ITL BBITIOJIHEHUE U ITOBBICUTH T€PMETUIHOCTD CBAPHOI'0 aHACTOMO3a MOKHO C ITIOMOIIbIO
O,Z[HOMOMGHTHOﬁ CTBIKOBOM CBapKMU. I/IHCTPYMGHT BCTaBJILICTCA BHYTPb KHUHIIKU MW COACPXKUT IBa
MUIIMHAPUYCCKUX BJICKTPOJd, Ha KOTOPBIX OACBACTCA OTPE3KU KUIIIKH. 3arem QJICKTPOABI CXKUMAKOT TKAHb

¥ Ha HUX 10JaéTcst BhICOKOYacTOTHOE Hanpshkenue (Puc.6) [7].

Copyright: © The Authors Licensee: This work is licensed under the Creative Commons Attribution License
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Puc. 6. OJIHOMOMGHTHaSI CTBIKOBas CBapKa KUIICYHWKA CBUHbH.

Bpewmsi BhINONHEHNS CBAapKH CYIIECTBEHHO MEHbIIE, a TepMETHYHOCTh B 1,5-2 pa3a Bbllie, ueM

[IPH CIIMBAHWUHM HUTKaMH win creruiepom (Puc.7) [8-9].

Puc. 7. HpOBepKa TepMETUIHOCTH OAHOMOMCHTHOI'O CBAPOYHOI'0 aHACTOMO3a CBUHbU MCTOIOM

TUAPOKOMIIPECCUM BO BpeMs feMoHcTpauuu cBapku B CIIIA B 2004 r.

CBapKa MPUMCHACTCA B MUKPOXUPYPTUU JJIA COCANHCHUS HEPBOB, COCYOB, IIPUBAPKU CECTYATKU

(Puc. 8) [10-11].

Copyright: © The Authors Licensee: This work is licensed under the Creative Commons Attribution License
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Puc. 8. IlpuBapka ceTyaTKky Ipu ONEpanny 10 yCTPAHEHUIO €€ OTCIOEHHS OT APYTUX 0007I04eK

rinaza. Jlmametp snexrpona ¢ qguamerpom 0,8mMm.

Marepuanbl 1 MeTobl ucciaegoBanus. dopma, pazMepsl EKTPOJOB U YACTOTa CBAPOYHOTO
HaMpsDKEHUS M3MEHSIOTCS B LIMPOKUX Mpejaenax Ajis pa3iIMuHbIX CcrocoOOB cBapku. B aTux ciydasx
00J1bI1I0€ BIMSIHUE Ha TUIOTHOCTh TOKA B 3JIEKTPOAAX M TKAHU OKa3bIBAET MOBEPXHOCTHBIN (CKUH) Y3PQEKT.

Pa3zpaborannsiee B cpene MATLAB marematnyeckue MOAEIM CBapKU MOKAa3bIBAIOT, YTO MPU
YBEJIIMYEHUH YACTOTHI MPOUCXOAUT YMEHBIICHHE TOJIIUHBI CJI0s, M0 KOTOPOMY HpoxoauT Tok [12-13].

VYBeIWYHTD TUIOMIAIb IEKTPOIa C TOKOM, MOKHO 3a cueT u3MeHeHus ero ¢opmsl (Puc. 9-10) [14].

0.2 pun

2

. Ak S i

15 1rimm

PucyHok 9. DnekTpoa ¢ yBeTUYSCHHON TMHOW MepUMETpa.

Axs Y, m
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Puc. 10. Pacnipenenenue TUIOTHOCTH TOKA B AJIEKTPOJIE C YBEIMYCHHBIM TIEPUMETPOM Ha

gactore 300 k[ 11.

MonenupoBanne B MATLAB mno3Bonser omnpenenuth IUIOTHOCTh TOKA, HANPSHKEHHOCTh

AIIEKTPUYCCKOTO TOJISl M TEMITepaTypy 3JICKTPOI0B U Orosnorndeckoit Tkanu (Puc. 9) [15-16].

Color bar: 7, Am®
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Puc. 11. TInoTHOCTH TOKA Mpu TIpUBapKe ceTyaTku Ha yactore 66 kKI'11 (Puc.8)

[Ipu pa3paboTke CBapOYHBIX WHCTPYMEHTOB HCHOJIb3yeTcsi cucreMa 3D mpoekTupoBaHus
SolidWorks, B KOTOpo#i BO3MOXHO MOJECIMPOBAHUE MEXaHHUUYECKHX, SJIEKTPOMArHUTHBIX, TEILUIOBBIX
MPOIIECCOB M TMOBEpXHOCTHOrO 3 dekra u 3dpdekra 6nm3zoctu. BerpoenHas Oubnmoreka maTepuaioB
COJCPIKHUT DIICKTPUUYECKHE U TEIIO(QU3MUYECKHE apaMeTpbl OCHOBHBIX OPraHOB YEIIOBEKA Ha Pa3IMYHBIX

yacrorax [17-18].
B kauectBe npumepa npomoaenupyem B SolidWorks csapky u pesky 3axumom (Puc. 3-5, 12).

Puc. 12. 3D mozens cBapKu 3aXKUMOM; 1 1 2 — 31eKTpobl, 3 — OMOIOTMYEeCKs TKaHb.

Copyright: © The Authors Licensee: This work is licensed under the Creative Commons Attribution License
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Caapounoe Hamnpsikerue nMmeeT yactory S00 k[, Haubomnbimnas mioTHOCT TOKA 2,4 e+6 A/M2

Ha BHYTPEHHEH MOBEPXHOCTH OpaHITU HHCTPYMEHTa. HauMeHbIIHe MI0THOCTA TOKOB BHYTPH 3JIEKTPOJIOB
Y TKaHU ¥ Ha KOHIIE JIEKTPOJOB. DTO BBI3BAHO JeiicTBUEM CKHH-3((dekTa u addexra 6muzoctu (Puc.13-

14)).

Gt Deysity
(Anp n™3 )
1.3e+006
1.2e+006
1.1e+006

1.0e+006

4.5e+005 9.2e+005

- 8.3e+005
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6.4e+005

. 7'49+a 5.5e+005
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§ 3.7e+005

2.8e+005

2.4e+006

1.8e+005
9.2e+004

1.1e+001

Puc. 13. [ImoTHOCTH TOKA B TOPIIE ¥ HAa TIOBEPXHOCTSIX AIIEKTPOIOB M TKAHU.

S
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6.6e+005
5.5e+005
4.4e+005
3.3e+005
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1.1e+005
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| 3.42+005

W [ 7ev00s |

Puc.14. IIn0THOCTH TOKOB BHTYPH JIEKTPOJIOB M TKAHU.

HauOonpmias Temneparypa BHyTpU TKaHH B HECKOJIBKO pa3 OoJIblie, YeM IO Kpasim

anektponoB (Puc. 15). DiaekTpoapl 0X1axal0T TKaHb U B KOHIIE cBapku HarpeBatotcs oT 20 Cro 80 C.
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Puc. 15. Temneparypa BHYTpH JIEKTPOJIOB U TKAHU B KOHIIE CBAPKU.

Ecnu cpasy e nocnie nepoy CBapkH, Ha4aTb BTOPYIO CBAapPKy, TO HarpeB 3JIEKTPOJOB MOKET
npeBbIcuTh 100 C, 4TO BBI30BET 0KOT MOBEPXHOCTHOIO CJIOSI TKAHU. /{7151 MpeoTBpallleHus meperpena
HE0OXO0JMMO HCII0JIb30BATh aBTOMATHUECKOE PEryJIMPOBAaHUE CBAPKU, KOTOPOE 00EeCTIeYnBaeT MOCTOSHHOE

Ka4eCTBO I11Ba B HE3aBHCUMOCTH OT MHTEPBAJIOB Mex 1y cBapkamu [19-20].
Pe3yabTarsl ucciieloBaHuA.

[ToBepxHOCTHBIN 3P PekT u A3hDHEKT OIM30CTH 0Ka3BIBAIOT OOJIBIIOE BIUSHHUE Ha TJIOTHOCTH TOKOB
BHYTPH 3JIEKTPOJIOB M TKaHH, YTO BIUSET HA KAUECTBO CBApPKH.

C moMmoIibl0 MOJEIHMPOBAHMSI MOKHO MMOJYYUTh HMH(GOPMAIUIO, KOTOPYIO KpailHe TsDKENOo WU
HEBO3MOXKHO TIOJYYUTh OKCIEPHUMEHTAIbHBIMU METOJAaMH, BO MHOTHUX CIydyasX OTKa3aThCsl OT
HKCIEPUMEHTOB Ha KMBOTHBIX, YCKOPUTD U YJICIIEBUTh UCCIIEIOBAHUSI.

KomnerorepHoe MoienrpoBaHie MO3BOJISIET HAMTH ONTUMaJIbHBIE PEXKUMBI CBAPKH U KOHCTPYKIUIO
MHCTPYMEHTOB.

PabGora BpImosiHeHa npu nopaep:xkke MuHucrepcrBa o6pasoBaHus U Hayku YKpaunbl (b

Ne0119U100189).
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