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COBEPHIEHCTBOBAHHME METOJIUKH ITPOI'THO3UPOBAHUA
ITAPAMETPOB CTPOEHUSA TKAHU ITOJIOTHAHOI'O
NPENJIETEHUSI HA OCHOBE HEJIMHEMHOM TEOPUM U3I'HBA.

A.TL. TPEUYXUH, [I. B. 3AMLIEB

(KocTpoMckoii rocyiapcTBeHHbIH TEXHOJIOTHYECKHH YHHBEPCUTET)

B cmamwve  npeodnodicenvt  ypagnenusa,  ucnonwviyemvie 014
NPOZHO3UPOBAHUA NAPAMEMPOE CMPOCHUA MKAHU HA CMAHKe U nocie
omaedxycku. Cucmema npeonoHCeHHbIX YPAGHEHUI Peulaemcsa YUC1eHHbIMU
Memooam 6 pa3iuyHvX npuiodxcenusax. HMcnonv3oeana HeluHnennas meopus
uzeuda mMoOHKuUX ynpyzux naacmun, paspadoomannan Ilonosvim E. II. u
énepevie NPUMEHEHHAA K NPOZHO3UPOBAHUIO RAPAMEMPOE CIPOCHUA MKAHU
Hukonaegwvim C. /1.

Bormnpocamu nporHo3upoBaHus MapaMeTpoB CTPOCHUS TKAHEH 3aHMMAJIACh
mHorue ydenble [1-8]. OpHako 3amada ompeneieHHs B3aUMOCBS3H MEXIY
TEXHOJIOTHYECKUMHU ITapaMeTpaMHy TKauyeCcTBa U MapaMeTpaMy CTPOCHHUs TKaHEM
(Ha pa3mMYHBIX 3Tanax ee (GOPMHUPOBAHUS TKAHM) aKTyalbHa MO HACTOSILEE
BpeMms. [IporHozupoBaHue mapameTpoB CTPOECHHUS TKAaHEW I103BOJIIET PEIIATh
TEXHOJOTMUECKHUE 3a7laud ellle Ha CTaJud MNPOEKTUPOBaHUS TKaHU (T0I00p
HATSOKEHUW HUTEH OCHOBBI M yTKa i1 (OPMUPOBAHUS TKAHU 3aJaHHOU
CTPYKTYpBI, OIpeleseHHe UX BIMUSIHMUS Ha ypaOOTKy HUTEH OCHOBBI U YTKA).
HNurepecna teopus, npemnmoxenHHas C. JI. HuxonaeBbiM. [lanHas Tteopus
BIIEpBbIE U3JI0KEHA B pabote [1]. BrocnenctBuu pa3BuTa €ro y4eHHMKaMH B

paborax [2-6]. OmnHako B paboTax MaHHBIX aBTOPOB HMCIIOJB3YETCS METO,

! PaGoTa BbIONHEHA 110 npoekty Ne HK-632I1/38(3) B pamkax ®LI1 «Hay4ynsie 1 HaydHO-TIe[arorndeckue
KaJpbl ”HHOBaIMOHHOU Poccun» Ha 2009 — 2013 roasl



KOTOPbI  OCHOBBIBAETCSI HA  MCHOJB30BAHMM  JIMArpamMM, OTCYTCTBYET
MaTeMaTHu4ecKasi MOJIeNIb CTPOCHUs TKaHu. Kpome Toro, u3BecTHBI paboThl [7],
BBIMOJIHEHHAsT 1o pykoBojctBoM T. FO. KapeBoit u [8], BwImosHeHHAs Mmon
pykoBojgictBoMm B. I1. [Ilep6akora. Takxke nnrepecHa padota B. I1. Illep6akora
[9]. B nmanHoii paboTe paccMaTpUBANIOCh CTPOCHHE TPUKOTAXKHOH TIETIIH,
PUYEM aBTOP MPEAJIOKUI MOJIEIb, KOTOpas HE TPeOYeT UCIIOIb30BAHUS TA0JIHII
U nuarpamm. Bee mepedncieHHble TpyAsl 0asupyroTes Ha padote [10]. OnmHako,
B HACTOSIIIIEEe BPEMS HE CYIIECTBYET MAaTEMAaTUYECKON MOJIEIN CTPOCHUS TKaHH,
KOTOpasi OCHOBBIBaeTcs Ha Teopuu [10].

Asropom [10] mpenmnoxena HenuHeHHas Teopusi WU3rHOa TPU OOJIBIITUX
HNepeMEeIEHN TpU IUIOCKOM M3rM0e TOHKUX YIPYrux JAeTajneil, KoTopas
OCHOBAaHA Ha TOYHOM peleHur Au(QdepeHIuanbHOr0 ypaBHEHUS YHPyrou
auHuM. M300pa3uM HUTH B TKAHU MOJIOTHSHOTO MEPEIUIETEHHS] B BUJIE CXEMBI Ha

pucynke 1 [6].
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Puc. 1 — Cxema HarpyXeHusi HUTH OCHOBBI B TKAaHHM MOJOTHSIHOTO

MNCPCILNICTCHUA.



I'ne Fcp — natskenue HUTH OCHOBBI; Po — paBHonelcTByromas cuia; N —
HEW3BECTHAs CHJIA, KOTOpas JABUT CO CTOPOHBI HUTH yTKA M KOTOPAas BKIIFOYAET
BEPTUKAJILHBIC COCTABJISIFOIINE HATSHKECHUS HUTH OCHOBBI YTKa; Ly — paccTosiHUe
MEXIy yTouMHamu; ho/2 — MOJOBHHA BBICOTHI BOJIHBI M3rM0a HUTH OCHOBHI B
TKaHu; Mc - m3rubaromuii MOMEHT; MA — peaKTHUBHBII MOMEHT; 00 — YTOII,
OTIPEICIISIONTNI HAIIPABJICHUE OCH X IT0 OTHOIICHHUIO K HaIPaBJICHHUIO CUJIBI PO B
HavanbHOU Touke 4 [10, ctp.40]; ABC — cpemHsis THHHUS HUTH OCHOBBI.

dopMa HHTH CHMMETPHYHA OTHOCHTCIBHO TOYKH «B», T.k. cxema
Harpy>XCHUSI HUTH COOTBETCTBYET MEPHOIUYSCKH YIIPYTOM KPUBOU MEpErunOHOTO
poxna [10, ctp.60] u [6].

[ToaToMy cXxemy, corjacHO KOTOpoW OyJaeM WHCKaTh IepeMeleHue,

n300pa3uM Ha PUCYHKE 2:
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Puc. 2 — cxema A1 OIIPEACIICHUS BBICOTBI BOJIHBI M3ru0a HUTH OCHOBHI B
TKaHH.

Moskem 3anucaTh ciaenyromue ypaBaenus [10]:



1)

rac IO - ITIOJIOBHMHA JJIWHBI HUTHU OCHOBBI B TKaHU,

@A — drIMNTHYECKas: aMIUTUTYA B TOUKE «A»;
K — samunTiHaecKuii MOIyIb;
Ho — ecTKOCTh HUTEW OCHOBBI HAa U3THO.
3HauyeHHE JUIMIITUYECKON aMITUTY bl B TOUke «B» paBHO 7/2.
JIJ1s HaXOKAEHUS CUIIbI, KOTOpasi IpUBEET K U3rM0y HUTH BOCIIOJIb3yEMCS

YPaBHEHUEM:

P():\/FCF)2+N2 (2)

OnpenenuM yroi oo U3 TpeyrojbHuKa, oopasyemoro cuinamu Po, Fep, N:
V4 Fcp
S, = 5 +arctg (W) , pal. (3)

VYron HakiioHa kacaTenbHOU ({s) B TOUKE «A» M30THYTOW HUTU K JUHUU

JecTBUs CHITbl Po paBeH yriy do, Toraa, coriacuo [10]:

¢, =0, =2arcsin(k -sin(eA)) @)

dopmyna A pacyera CMELIEHHS KOHIIEBOW TOUKM «B» mo ocu opauHar:
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2-j\/1—k2 -sin? (@)do
.cos S, — (—2 ~1)-sing,
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dopmyra s pacyeTa CMEIIeHUs KOHIEeBOM Touku «By mo ocu abcerucc:
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2. j\/1—k2 -sin’(p)do
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HO HO

(6)

Takum 00pazom, HEM3BECTHBIMHE MTApaMETPAMU SBJISIOTCS 00, 9A, lo, Po, N,
ho, K, T.e. ceMb mapamMeTpoB U MIECTh YPaBHCHHIA.
Jlnst onpezieNieHnst BBICOT BOJIH M3TM0a HUTH HEOOXOMMO COCTaBUTh TaKUE

K€ ypaBHEHUS W JUIsl yTOUHOU HUTH. Cxema OyJeT Tako# e KaK U Ha PUCYHKaX

Py:w/Fy2+N2 ©)

1 u?2. Tornoa:

T Fy
5y = > +arctg (W) . panL. (8)

G4y =0, = 2arcsm(ky-sm(goAy))’paﬂ. ©)



(10)

oL = ky? -sin?(p)

Tne | y - JUINHA U30THYTOM JIMHUY HUTH yTKA B TKaHU (Ul y4acTKa U3ruoa

B HAIllEeM CIy4yae COOTBETCTBYET MOJOBUHE U30THYTOU TUHUU HUTHU B
TKaHU);
@Ay — drANTHYECKas aMIUIUTYa B TOUKE «A»;
Ky — snmunTraeckuii Moy b,

Hy — xecTkoCTh HUTEH yTKa Ha U3THO.

2
2- [\1-ky? sin* (p)de
y ZCOS(pAy / ~1)-siné

coso, — (—= y
/ / (11)

T

2. le—kyz -sin?(p)dg

2LCI) = (—2 _ —1)-cos 3, +2'C0i’iy-sm 3,
A, P, 1, P,1, (12)
Hy Hy

Takum 00pa3oM, HEU3BECTHBIMU TApaMeTpaMu SBISIIOTCS Oy, pAy, ly, Py,
N, hy, ky.
B cucreme ypaBHeHUH s OCHOBBI M yTKa 13 Heus3BeCTHBIX M 12

YPAaBHEHUH.



3anuiieM OCHOBHOE reoOMCTpUICCKOC COOTHOIICHUC [JIAd OCHOBHOH H

YTOYHOU HUTH:
h,+h, =d, +d,, (13)

rae d,,— pa3Mep MornepeyHuKa HUTH OCHOBBI 110 BEPTHKAJIH;
d,, — pa3mep nonepeyHnKa HUTH yTKa [0 BEPTUKAIIH;.

C yuerom (13) momyuyaem cucremy u3 13 ypaBHeHuii ¢ 13 HEeM3BEeCTHBIMU
napaMeTpami.

[lepemernienne TOYEK OCEBOW JUHUU HUTH yTKa B 30HE (HOPMHUPOBAHUS
CBs3aHBl TJaBHBIM 00pa3oM ¢ jgedopMalveil pacTsHKEHUS HUTU yTKa. ODTO
Xopouio JokasbiBaetcsi B pabore [11]. B nmanHoit paboTe mokazaHO, YTO
MOCTYIJICHUE JOMOJIHUTEIIBHOTO YTOYHOTO pe3epBa YTOYHOM HUTU CO CTOPOHBI
COCEIHUX JJIEMEHTOB 3a CUET CKOJIBKCHHSI TI0 HHUTSIM OCHOBBI HEBO3MOKHO
(ecr OBI CTAJIO BO3MOXKHBIM TOCTYTUICHHE PE3€pBa YTOUHMHBI K IIEHTPATHLHOMY
AJIEMEHTY, TO 3TO TMpHUBEIO Obl K HEPaAaBHOMEPHOCTHU BBICOT BOJIH HU3rHOa
AJIEMEHTOB YTOYHOW HUTU 1o ee miune) [11, ctp.79-81]. Tloatomy mist yTka
MO>KHO 3aIKcaTh €IIe OJHO COOTHomIeHue. Torna oTHocuTeNbHAS aedopmarus

HUTEHN yTKa B 30HE (POPMHUPOBAHUS TKaHU MPU 3apabOTKE €ro B TKaHb:

Q-Amm
Lo
=G =100
A= 7 100
29 Anau (14)
Lo 2
2 100

['me A — oTHOCUTENBbHAS IPOAOJbHAS nedopmanyst HUTEH yTKa B TKaHH, %0;
Anau — HavalIbHAsi OTHOCUTEINbHAS POAOJIbHAA feopMalus HUTEH

yTKa, TPOJI0KEHHOH B 3€B, %0.



HauanpHast oTHOcUTeNbHAST AeopMaIis yTKa MOXKET OBITh OIpeeicHa
yepe3 HATSHKECHUE HUTH YTKa B MOMEHT €€ MPOKJIaIbIBaHUSI B 3€BE.

Torma, ecnum w3BecTHa  (QYHKIMOHATBHAS  3aBUCHUMOCTH  MEXIY
OTHOCHUTENIbHOU aedopmarveit u HaTsKeHueM (F(A)), momydaem Gopmyny aiis

ONpCACICHNA HATSKCHUA HUTH YTKaA:

Fy=F(4a) (15)

Takum oOpa3om, mosmyueHa cuctema u3 15 ypaBHenwmit (1-15) c 15
HEHM3BECTHBIMH: 00, pA, lo, Po, N, ho, K, dy, pAy, ly, Py, hy, ky, 4, Fy. Jlannas
CHCTEMa peIlaeTcs YNCICHHBIMU MeTofamMu B cpee Mathcad.

B cuctemy ypaBHeHUil MOTYT ObITh BBEJICHBI YpPaBHEHUS ISl ONIPEACICHUS
BEPTUKAJIBHBIX JIMAMETPOB HUTEH OCHOBBI B 3aBUCUMOCTH OT  CHJIbI
HOPMAaJILHOTO JaBJCHUS MEXIy HUTAMHU. OJHAaKO, HA JJAHHOM JTalle pPacyeToB
IpoIe TOJIb30BaThCsl KOA(PUIIMEHTaMH CMSITUS HUTEH B TKaHU WIH
WHCTPYMEHTAJILHO OIpPEICICHHBIMA 3HAUYCHHUSIMUA TIOTIEPEUHUKOB HUTEU MO
BEPTUKAJIH.

N3BecTHO, 4TO B 30HE (OPMHUPOBAHUS TKaHb MMEET IJIOTHOCTH MO YTKY,
OTJIMYHYIO OT IUIOTHOCTH, KOTOPYIO 33/1a€T TMO3UTUBHBINA TOBAPHBIN PETYIISATOP.
HaunbGonee Onu3Kyr0 MIOTHOCTh MO YTKY K 3aJlaHHOM WMEET TKaHb B 30HE
rpyaHulbl. [Ipy 3TOM IUIOTHOCTH MO OCHOBE TAaKXE€ OTJIMYAETCS B 30HE
dbopmupoBaHus U y TpyAHULIBI. TO €CTh 3aJaHHBIMH SIBJISIOTCS PACCTOSIHUS
MEXy YTOUYMHAMHU y TPYTHUIIBI U PACCTOSHUS MEXIY HUTSAMH OCHOBBI B 30HE,
omm3koil k 30He (opmupoBanus. [losToMy s ompenesieHUs MapaMeTpoB
CTPOCHHUS TKaHM B 30HE, OJM3KOM K 30HE (HOPMUPOBAHUS, HEOOXOIUMO
YYUTHIBATh CTPOCHUE TKAHM KaK Yy 30HBI (POPMUPOBAHUS, TaK U Y TPYIHUIBI U
COBMECTHO peEIIaTh COOTBETCTBYIOIIUE YpPaBHECHUSI. Torna B cucremy
ypaBHeHu# (1-15) noGaBsTcs eimie ypaBHEHUS, KOTOPBIE OMPEACIISIOT CTPOSHHUE

TKaHH Yy I'PpyAHUIBI. HeunsBecTHBIMM BEIUYHMHAMU SIBJISIOTCS: IJIIOTHOCTh TKAHHU



[0 OCHOBE Yy TPYJIHHUIIbI, IJIOTHOCTh MO YTKY B 30H€ (OPMHPOBAHUS TKAHH.
Toraa nonydaem 32 HeusBecTHBIX BenuuuHbl U 30 ypaBHeHuit. [Ipeamnonaraem,
YTO JIMHA HUTH OCHOBBI B DJIEMEHTE TKAaHW KaK y TPYIHHUILBI, TaK U Y 30HBI
dbopmupoBanus, Oyner oOAMHAKOBOM. Takke OYEBHMJIHO [IBa HAINpaBICHUSA
Pa3BUTHS PACUETOB:

1. Jlo AOCTUXKEHUS y TPYJHUIIBI MAKCUMAJILHO BO3MOXKHOW TJIOTHOCTH T10
OCHOBE (3TO 3aBUCUT OT HATSKEHUS HHUTEH OCHOBBI, KOTOPOE
OTIpEENSIeTCS U3 MPEIBAPUTEIHHBIX PACUETOB) M3BECTHOW BEIUYMHON
CTAaHOBUTCS JJIMHA YTOUHOM HUTH B DJIEMEHTE TKaHU 0e3 Harpy3ku. OHa
pPaBHA PACCTOSIHUIO MEXKy HUTSAMHU OCHOBHI (IIpeAnojaraem padbory 6e3
JIO3UPOBKU YTOYHOW HUTH);

2. Ilocne pocTwkeHMsT MaKCHMAajdbHOH INIOTHOCTH, JalbHEHIEe ee
YBEIIMYEHUE HE TMPOUCXOJUT, a HAuyMHAETCS JAePHOPMUPOBAHUE HUTEU
yTKa (IPUPOCT IJIWHBI YTOUHOW HUTH B dJIeMEHTE TKaHM). M3BecTHas
BEJIMYMHA - IUIOTHOCTh MO OCHOBE, paBHAas MaKCUMaJIbHO BO3MO>KHOM
IJIOTHOCTH.

Takum 00pa3oM, B 3aBUCHMOCTHU OT HATSDKEHUSI HUTEH OCHOBBI, U3BECTHOM
BEJIMYMHOW CTAHOBUTCS JIMOO JIJIMHA YTOYHON HUTH B TKAHU y TPYIHUIIBI, TUOO
IJIOTHOCTB IO OCHOBE.

HNcxons w3 BblIeckazaHHOro uMeeM cucremy u3 30 ypaBHenud u 30
HEU3BECTHBIX.

Pemienne cuctembl MO3BOJSET OINPEIEIUTh CTPOCHHE TKAHU Y 30HBI
dbopmMupOBaHUsl, U UCXOS U3 ATOTO HAWUTHU MapaMeTphbl TKaHH, CHATOM CO CTaHKa.

[TapameTpsl TKaHU, CHATOM CO CTaHKa HEOOXOJIUMO OMPENETSATh UCXOIS U3
TeX JJIMH HUTEU, KOTOPhIE COXPAHATCS B MPOCBETAX MEXKAY COCCAHUMHU HUTIMHU
MOCJIE CHSATUS HArpy30K (HATsHKEHUM BJIOJIb OCHOBBI M YTKA).

3Hasi IJIMHBI HUTEH B TKAHU B OCHOBE M B YTKE B B IPOCBETAX MEXKAY
COCEJHUMHU HUTSIMHU U UMes 3aBUCUMOCTH Harpy3Ka-pacTsuKeHHE, OIpeserseM

JUTMHBI TTOCIIE CHATUA Harpy3ok. Crucremy ypaBHeHH# (1-13) MOKHO yIIPOCTHUTb.



DTO CBS3aHO C TeM, 4YTO YIIIBI 0o u Jy Oyaytr paBHbl 90° u He Oynuer

paCTATMBAIOIIUX CHUJL.
Torna cuctema ypaBHEHUI IPUMET BUJI;

V o ;,[Al k?-sin® (@)

% = 2arcsin(k - sin(gA4))

V oy \/1 ky -sin’ (¢) (10)

% = 2arcsin(ky - sin(gA4y))



3
2. j\/l—ky2 .sin®(p)dg
y =_( Ay _1)

h,+h,=d, +d,

[TomyyaeM cuctemy u3 9 ypaBHEHUN ¢ 9 HEM3BECTHBIMU BEJIMYMHAMM.

Mel HU3YUYUIIN IIapaMCTPbl CTPOCHHUA JIbHSHOW TKaHW Ha Pa3JINYHbIX JTallax

(bOpMI/IpOBaHI/IH. HapaMeTpLI TKaHH CICAYIOIHC: INJIOTHOCTDb I1I0 OCHOBC B 30HC

dopmupoBanusg — 164 vut/10 cM; MWIOTHOCTH MO YTKY Yy IpyAHUUBl — 130 HUT/

M TKOCTb HUTEH OCHOBEI — MM?; TKOCTb HUTEH YTKa —
10 cMm; kecTKOC el OCHO 0,0496 H*MMm?2; KecTKOC el yTka

0,0657 H*MM?, BepTUKaJIbHbIA JIWAMETP HUTEH OCHOBBI U yTKa B TKAaHU

(nHCTpYMEHTaJIbHO ompenesieHHbIi) — 0,16 MM; cpeaHee 3HAYCHHE HATSHKCHUS

HUATEH OCHOBBI B IUKJIE paboThl ctanka — 0,336 cH/HuTh;, mpuHHMamM, 4TO

HayaJbHOE HATSHKEHUE HUTEH yTKa J10 Hayaia mpuoosi OTCYTCTBOBAJIO.

Tabmuma 1

BricoTa OTKJ10HEHUE BricoTa OTKJI0HEHHE
BOJIHBI AKCTICPUMEHTAJIb | BOJIHBI AKCTICPUMEHTAITb
HUTHU HBIX JIAaHHBIX OT | HUTH YTKA, | HBIX JIAaHHBIX OT
OCHOBBI, pacueTHbIX, % MM pacueTHbIX, %
MM

30HA 0,2581/0,25 | 3,24 0,0612/0,07 14,3

dbopMHUpOBaHUS

y rpymHumer | 0.2125/0,22 | 3,5 0,1068/0,11 | 2,9

cypoBast TKaup | 0,2354/0,23 | 2,3 0,0839/0,089 | 6,1




B umciwWrene IMoOKa3aHbl pacueTHbIC JaHHbIE, B 3HAMEHATele —
9KCIIEPUMEHTAJIbHBIE.
JXecTkocTh HUTEH Ha M3THO ONMpPECAIACh M0 METOIUKE, MU3JI0KEHHON B
padote [8].
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