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NPOEKTYBAHHA IHOUBIAYAINIbHUX CYOUHHUX CTEHTIB

[DocnipkeHo pAouinbHICTL 3aMiHM rocdpoBaHOro Kinbusi CYAMHHOro CTeHTa
3 MOCTINHMM KPOKOM rochpyBaHHsA Ha roppoBaHe KinbLe 3MiHHOro Kpoky. [ins onucy
3MiHM KpOKYy rocdpyBaHHsA BBeAeHO chneuianbHy yHKUil0. PiBHAHHA piBHOBarm
Ta pgecopmauii aHanisyBanu 3a [OMNOMOrod MeToAy acMMNTOTMYHOI FroMoreHi3adii.
OTpuMaHO 3anexHiCTb pagianbHOi XXOPCTKOCTI pudneHoro Kinbusa 3i 3MiHHUM
KPOKOM rocpyBaHHA Bifi KOHCTPYKTMBHUX napameTtpiB. EcbekTuBHiCTE po3rnsaHyToi
KOHCTPYKLii OLiHIOETLCA 3a Nowel MNPOCBiTY, AKMK 3abe3nevyye CyAMHHUA CTEHT.
Y nopiBHAHHI 3i cCTeHTamMu 3 perynsapHUMM ropoBaHMMK KinbusiMKU, LS nnowia
Ginblua, Wwo nokpaiye ePeKTUBHICTb KiflbLIEeBOro CTEHTA.

Knroyoei cnoea: iHOusidyanbHull cyOUHHUU CmMeHm; eoghposaHe Kinbue, mMemod
acumnmomuy4Hoi 2oMozeHi3auii; cmpykmypHut ou3aliH.

BeTtyn. Y 6inbLliocTi pobiT 3 NPOEKTYBaHHS iHAMBIAYanbHUX AN nauieHTa
(IF1) cyanHHmx cTeHTiB [3, 5, 6] He Byno 3BepHEHO yBary Ha Te, WO CKIepo-
TUYHI OnAWKKM CTiHKM cyauHn (puc. 1) matTb Takox [ posmipu i dopmy.
CTeHT — Le TOHKa MeTaneBa ciTyacta Tpybouka, siky po3MilLlyoTb Y NPOCBITI
MOPOXHWUCTUX OpraHiB i po3gyBaeTbCa chneuianbHUM 6anoHOM 3 METOK po-
3LINPEHHS OiNsHKKU, 3BY)XEHOI BHACNigoOK natosoriyHoro npouecy. Mpn ubo-
My PO3MOAin TOBLYMHM BMSLWKN He € MOCTINHUM Y OKPY>XHOMY Ta MO340BX-
HbOMY Hanpsimkax. Lle npusBoauTb OO TOro, WO 3 BOKy CTiHKM CyaMHU Ha
CTEHT Jie pagianbHUn TUCK 3MiHHOI iIHTEHCMBHOCTI. Y AaHui vac Len aktop
He BPaxOBYETbCS i CTEHTU MPOEKTYOTLCA 3 HAOMIPHOK pagianbHOK XOpPCT-
KICTIO Sika BM3HAYaETbCA MaKCMManbHUM 3HaYEHHSM pafianbHOro TUCKY.
Hagnuwkosa pagianbHa XOpPCTKICTb NpU3BOAMTL A0 MiABULLEHUX PO3MipiB
nonepeyvyHoro nepepisy BOMOKOH CTEHTa, WO HeraTMBHO MO3HAYa€ETbCH Ha
MOro MeguyHUX NokasHuKax Ta MexaHiYHMX BNacTMBOCTAX NPy 0OTUCKaHHI B
npoueci yCTaHOBKM.

BupileHHAM Takoro npoTmpivysa moxe ByTy NPOEKTYBAHHA CTEHTIB 3i 3MiH-
HOIO B OKPY>KHOMY HanpsiIMKY XOPCTKIiCTI0. [Insi ubOro NponoHyeTbCA BUKOPUC-
TOBYBaTW CTEHT, LLO CKMNafdaeTbCs 3 roppoBaHuMxX Kineup 3i 3MiHHUM KPOKOM
rocppyBaHH4, Npuknag akoro nokasaHun Ha puc. 3. Take rodpyBaHHA po3rns-
panocs y [1, 2, 4], B OCHOBHOMY, AN OOOMOHKOBMX KOHCTPYKLIN i MoKasano
BinbLU BUCOKY €DEKTUBHICTb NPW HABAHTaXEHHI 3MiHHOT iIHTEHCUBHOCTI.
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MopgenioBaHHS1 30BHILULHLOroO HaBaHTAXEHHS, WO Ai€e Ha CTeHT nicnsa
6anoHyBaHHA. [poekTyBaHHSA Il CTEHTY NOYHEMO 3 MaTEMATUYHOI Mogeni
CKNepOTUYHOT BRALIKN AN BU3HAYEHHS NapameTpiB 30BHILLHbOrO HaBaHTa-
XKEHHS, WO Aie Ha CTeHT nicnsa 6anoHyBaHHsA. banoHyBaHHSA — Le BBEAEHHS
cneuianbHOro NPOBIAHMKA OO0 3BYXXEHOI AiNAHKN CyAMHM 3i CTUCHEHMM cre-
uianbHUM 6anoHOM Ha SIKOMY 3MOHTOBAHWA CTEHT Yy CTUCIOMY CTaHi. Bee-
OeHWIn BanoH Ha MPOBIAHMKY PO3AYBAETLCS, CTEHT PO3LUMPIETLCS | BTUC-
KYETbCS Y BHYTPILUHIO CTIHKY CYAMHU.

ApTepis CknepoTuyHa bnsiika 3ByxeHa apTepis bnsiwka

MonepeyHun nepepis

KateTtepu

3aKkpuTuii CTEHT

LLiupoka apTepisn  CtucHyTa 6nsiwwka  36irbLUEHMI KPOBOTIK - Poswwinpena aprepist

Puc. 1 — Npuknag cyAUHHOro CTeHTY Ta cxeMa 6anoHyBaHHs



Hanpuknag, Ha puc. 4 nonepedYHuin nepepia CKNepoTUYHOI GMSILLKN MO-
JernoeTbca B NONSAPHIA cMcTeMi koopauHaT Ha iHTepsani [0, 2] 3a gonomMo-
rol cTeneHeBoi PyHKUIT

p(@) = R — (ap* + bp® + cop® + ep + d), 1)

Oe p,@ — NonapHWi pagiyc Ta KyT BignosigHo; R — pagiyc 6asoBoro kona
(puc. 4); a,b, c, e, d - koeiLieHTH, L0 BU3HaYatoT hopMy rodpa.

MepiognyHo npogoBxMMo BUpas (1) TakMm YMHOM, pa3oM 3i CBOEHD MOXi-
OHOM0, 3 nepiogom 2z, Togi

p(0) = p(2m); 2
Py 0) = Py (2m), 3

d
ne ()(p = E()
MigcTtaBngaoun Bupas (1) B ymosu (2), (3), oTpumMyemo

p=R —a(go4—4mp3 + 4m2p? +g), 4)
e napameTpu a, d NOBUHHI 3a40BOSbHATN HEPIBHOCTI
0<p<R (5)

Mpu 6anoHyBaHHI, BHacNiAok TUCKY HGanoHa BHYTPILLHA CTOPOHAa CyaAWHM
HabyBae hopmu KpyroBoro komna, a cknepoTuyHa 6nsiwka nepexoauTb Ha
30BHILLHIO CTOPOHY UbOro komna (puc. 1). Lia kpyroea cdopma Hagani nigTpu-
MYETbCSl CTEHTOM, Ha SIKMA 3 BOKY CTiHKM CyOWHW Oi€ 30BHILIHIA TUCK q,,.
OuyeBMAHO, WO IHTEHCMBHICTbL Takoro TUCKY He byae piBHOMipHOW. BusHa-
YeHHS1 po3noAiny iHTEHCMBHOCTI TUCKY ¢, (@) He € TpuBianbHUM 3aBOAHHSAM.
BoHo noB'a3aHe, y TOMy 4nChi, 3 BUSHAYEHHSIM NPYXHUX BNACTUBOCTEN CTiH-
KM CyOVMHW Ta CKNEepPOTUYHOI BNSLLKK.

CknepoTuyHa bnsiuka

CriHka cyanHu

Puc. 2 — Mpuknag moaeni cyanHHoI 6nsWKK Ao i nicna 6anoHyBaHHA

MpoTe hisnyHO MOXHa cTBepAXyBaTK, LIO CyauHa nicnsa 6anoHyBaHHS
nparHe BiAHOBUTK noyaTkoBy oopmy (puc. 2). ToMy MOXHa NpunycTuTH, Lo
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iHTEHCUBHICTb TUCKy OGyae oOepHeHO MpOMOpLINHOK PO3MOoAiny TOBLLMHU
CTiHKM cyamHu. [Ins aHanizoBaHoi KybiYHOT Moaeni cknepoTuyHoi 6nsawkn (4)

qn = —ka ((p3 —3np? + 2n@ + g) (6)

ae k — pesikmin koedilieHT NPONOPLiNHOCTI.

MaTtemaTtnyHa mogenb CKNagoBoi CTeHTa — rodpoBaHOro Kinbus 3 ypa-
XyBaHHAM HEPIBHOMIPHOCTI TUCKY CTIHOK CyauHW. B komepuiiHuX cTeHTax
(puc. 3) BOHa € perynspHo rodppoBaHuM Kinbuem (puc. 4).

1- rochpoBaHe KinbLie sk CknagoBa CTeHTa;
2 — 6a3oBe KpyroBe Koro, piBHOBigfaneHe Big BepLUvH rocppu;
H — amnnityaa rocpwu;
( — HopMarnbHe 40 UMniHAPUYHOI NoBepxHi padiyca R
po3nogineHe HaBaHTaXeHHs, Lo Aie 3 6OKy CTIHOK CyAuHM

Puc. 4 — Cxema cTeHTy

[na pagianbHOro HaBaHTaXeHHs1 3MiHHOI IHTEHCMBHOCTI Ginblu pauioHa-
NbHUM € rodppoBaHe KifnbLe 3i 3MiHHUM KPOKOM roppyBaHHS, nNpuknag sSkoro
nokasaHui Ha puc. 5. PosropTka rogppoBaHoro kinbus (puc. 5, 6):

z = sin(nf((p)); n=28; a =0,1;
20 40 1
f= a<(p5 — 5me* + ?mp3 +20m?(m — Do? + (?n"’ —16m* + a) cp).
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a)

=0 @ =2m

6)

Puc. 5 — Mpuknap rochpoBaHoro Kinbus 3i 3MiHHUM KPOKOM rodpyBaHHA (5):
a) 3aranbHuK BUrnsA[; 6) noro posroprtka

BekToOpHe piBHAHHSA TaKOro KifnbLUsA B 3aranbHOMY BUIMIS4i MOXHA 3anuca-
TV Yy BUrNSAI

7 = R(&; + z(nf (p))és), (7)

ae f(p) — nesika «kpokoBa» (yHKLUis, NoxiAHa sIKOi BU3HAYa€e 3MiHYy KpPOKY
rodppyBaHHs; z = Z /R — 6e3po3MipHa amnnityaa rodpu, ae Z = H sin ¢.

MpoekTyBaHHA rodpOBaHOrO KinbLs 3i 3MIHHUM KPOKOM rodpyBaHHsi Oy-
AeMOo NpOBOAUTU 3 YMOBOL 36epexeHHs KinlbKOCTi XBUIb

f(0) =0; f(2m) = 2m; f(9) >0,f,(p) > 019 ¢ € [0,27]. (8)

Ak npuknag, 3agamo KpokoBy (OYHKLKO y BUTNAAi cTeneHeBoi PyHKLiT Ha
iHTepsani [0, 27] i nepio4gn4HO NPOAOBXUMO ii 3 Nepiogom 21

20 40 1
f=a ((p5 —5me* + T me® + 20m*(m - Do’ + (?7'[3 —16m* + ;) ga). 9)

PapgianbHa opcTKicTb rodopoBaHOro Kinbusa 3anexartb Bi «ryCTOTU» ro-
dpyBaHHsA, TOMY 3a AONOMOrol BUMOGOPY KPOKOBOi (OYHKLIT MOXHa kepyBaTu
3MiHOI TaKOI XXOPCTKOCTI MO KOny.

PiBHAHHA piBHOBaru. Po3rnsHeMo eneMeHT roppu SOBXMHOW ds i Aito-

4Yi Ha HBOrO CUMK, OTPUMYEMO [Ba BEKTOPHUX PIBHSHHS piBHOBAru
R+ RA7=0; 10)
M, + RA&, x F = 0.

Lli piBHSIHHSA iHBapiaHTHI MO BigHOLEHHIO A0 ByAb-AKi CUCTEMU KOOPAW-
HaT. 3anuwemo ix BiZHOCHO KoopAMHAaT, NoB'a3aHunx 3 ©a30BOK KpYroBoOH
OKPY>XHICTIO (puc. 4). [Ina uboro NnpeacTaBuMo BEKTOPU, WO BXOAATb A0 piB-

HaHHS (10), y Burnagi posknagis no 6aswucy é; (i = ﬁ)
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F =Fée, +F,é, + Fyé;

M = Mle_l + Mze_z + M3€_3,' (11)

(7 = qe_lﬂ
ae q = const.
MigcTaBngatoum posknagaHHsa (11) B (10), nicns nepeTBOpeHb 04epPXKYEMO
PiBHSIHHS piBHOBAru B NPOEKLisiX Ha oci 6a30BOI OKPY>KHOCTi
Fz(pq’ - Fz = _RAq; (12)
Msppp + Ms, = R?A,q. (13)
FomoreHisauia piBHAHb piBHOBaru. PiBHAHHSA piBHOBarm (12), (13) go-
3BONAOTb BM3HAYMTU HanNpPy>XeHUM cTaH roppoBaHOro Kinbus Npw 3agaHin
dopmi rocbpu (1). Ans 3agadi ontumisauii uiei popmu HeobxigHO oTpumaTn
pO3B’'AI30K Yy 3aranbHOMYy BWUMMs4i Ansg HeBu3HadeHoi dopmun. OTpumaemo

Moro 3a JOMNOMOroK MeToay acMMNTOTUYHOT FOMOreHi3aLii.
MpoekKuii BHYTPILLHIX 3ycurnb Ta MOMeHTY (6) NpeacTaBnuMo y BUrMAi

Fi = Yroon ™ Fu(@,8); M; = Yizon My (,$), (14)
ae & = ng; Fy, My, nepiognyHi no ¢ dyHKUiT ¢ nepiogom 2.

MipcTaBnsatoum posknagaHHs (14) y piBHsaHHSA (12), (13), nicna po3dutTta no
CTerneHsX N Ta 3aCTOCOBYHOUM OnepaTop ycepeaHeHHs fozn(--- )dé&, oTpumyemo

FZO = Raq; FlO = 0; MlO = M20 = M30 =0. (15)

HeBaxko 3HaMTW HaCTYMHi HAabNKEHHS acMMNTOTUYHUX po3knagis (14),
Hanpuknag

M, = R?zaq + C(p), (16)

2
ae C(p) = 0 3HaxoauTbCsa 3 yMOBU fo anldf =0.

Ons onTumisauii npodinto rodpy 0OMEXMMOCS HyNbOBUM HABNMKEHHAM
Hanpy>XeHoro cTaHy, ske 36iraeTbCs 3 HanpyXeHNM CTaHOM FMagKoro Kpyro-
BOrO Kinbus Nig Aieto piBHOMIPHOro, y AaHOMY BUNAaAKy ycepegHeHoro, 30B-
HILLHBOrO TUCKY.

PiBHAHHA Aedopmauii. [ns BCTaHOBMNEHHS 3anexXHocTi u; = u,(q) pos-
rMAHEMO CTUCHEHHS NMOCKOro rodhpoBaHOro CTpuxHA cunamm F,, i npupis-

o . . u
HSIEMO Moro gedpopmalito oo gedopmadii rodpoBaHOro Kinbus & = ;1.

Po3B’a3ok uiei 3agadvi 6yno oTpumaHo B [1] Ha OCHOBI aCMMMTOTUYHOT
romMoreHisadii:

Fyo = ESk™ Uz, 17
S 1 -
ek == ["z2Ad¢ +~ [ AT dE.
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3amiHtooum B (17) NO3nOBXKHIO AehOpMaLLito MIOCKOTO CTPWKHSA U, HA
OKPYXXHY, HEBAXXKO OTPUMATMK HYyNbOBE HABMVKEHHS LLYKAHOI 3aneXHOCTi

— . R
Uy = ak e (18)

HanbinbLy pagianbHy )XOPCTKICTb NpY 3a4aHivi 4OBXMWHI AyrM CTBOPHOOTh
cuHycoiganeHi rodpu abo Ginbl edheKkTVBHI y LIbOMY NiiaHi rodpu y BUrNAgi
eninTnyHoro cuHyca [2]. Tomy Hagani obmexunmocs, 6e3 BTpatu CninbHOCTI,
CUHycoiganeHUMu roopamu, Togi

a(p) = %\/1 + m? E(s), (29)
2
Ae m = nhf,; E(s) — NOBHUIA eNiNTUYHWIA iHTErpan Apyroro poay s?= Pyt
PosknaBlum E(s) no cteneHsx s, OTPMMaeMo:
— P _1m? 4
a(p) =4Vv1+m <1 pRpeeiny 0(s )). (20)

Ona npuknagy kpokoBoi dyHKUii (9) Bupa3 (20) mMoxHa posknactu 3a
cTyneHammn a<<1. OBMeXMBLLUCL NepUNMK ABOMA YreHaMM LbOro po3kra-
[OaHHs, OTPUMYEMO

a(p) = ay + aa;(4¢% — 12m¢? + 8m2¢p), (21)
_ P21 1R ), _1 pa(q 1R \_R ¢ _
neap=vV1+h2(1-2-")a =21+ h2(1-2-1) o h=nh

Y pesynbTaTi 3 (18) 0AEpPXKYEMO HACTYMHE:
o = 200,62 + a(0.94¢* — 11.849% + 53697 + 20008 — 216.47)). (22)

Ha puc. 6 nokaszaHo nopiBHAHHA Aedopmauin u,. Ta u,, T06T0 Aedop-
Mauii perynspHo rogpoBaHoro KifnbUs OOHAKOBOrO MepuMmeTpy Afs Takux
ikcoBaHMX napameTpiB: R=1, a=0,003;d=0.01;n=8; h=
0,8; @ =0,0008; k =0,5.

BucHoBku. [MpoaHanisaoBaHO MOXIMBY KOHCTPYKLitO iHOUBIAYyanbLHOro
CYAVMHHOro CTeHTa 3 ypaxyBaHHsM reomeTpii cyauHHuXx 6ngawok. Hesig'em-
HUM efneMeHTOM DaraTbOX BUAIB CTEHTIB € roppoBaHe KinbLe. [ponoHyeTb-
CH 3aMiHUTK rodpu 3 NOCTINHUM KPOKOM Ha rodpu 3i 3MiHHUM KpokoM. Me-
TOH € PO3LIMPEHHS MPOCBITY KPOBOHOCHMX cyauH. BuBegeHo dyHKuito, sika
Onucye 3MIHHICTb KpOoKy rodpis. MNMokasaHo, Wo 3anponoHoBaHa MogudikaLisa
rodpyBaHHs MOXe OyTU eheKTUBHILLIOK, HiXK BigjoMa CTaHOapTHa KOHCTPYK-
Lis KiNbLS CYOAMHHOrO CTEHTA.
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Puc. 6 — NopiBHAHHA pagianbHOi AedopMaLii Kinbusa 3 rodppamm
3i 3MiHHUM KpOKOM (niHiA 1) i 3 perynAapHuUM rocppoBaHnUM KinbLem
Toro camoro nepumeTpy (NiHiA 2) anA R =1, a = 0,003,
d=0,01,n=8 h=0,8 a=0,0008 k=05
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DESIGN OF INDIVIDUAL VASCULAR STENTS

The expediency of replacing the corrugated ring of a vascular stent with
a constant corrugation pitch for a corrugated ring with a variable pitch is being
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investigated. A special function is introduced to describe the change
of the corrugation step. The equations of equilibrium and deformation were analyzed
by the method of asymptotic homogenization. The dependence of the radial stiffness
of the corrugated ring with a variable corrugation step on the design parameters was
obtained. The effectiveness of the considered design is evaluated by the area
of the lumen provided by the vascular stent. Compared to stents with regular
corrugated rings, this area is larger, which improves the efficiency of the ring stent.

Keywords: individual vascular stent, corrugated ring, asymptotic homogenization
method, structural design.

In most of the work on the design of vascular stents individual for the pa-
tient (IP) [3, 5, 6] attention was not paid to the fact that sclerotic plaques of the
vessel wall (Fig. 1) also have IP dimensions and shape. At the same time, the
distribution of the plaque thickness is not constant in the circumferential and
longitudinal directions. This leads to the fact that radial pressure of variable
intensity acts on the stent from the side of the vessel wall. Currently, this factor
is not taken into account and stents are designed with excessive radial stiff-
ness, which is determined by the maximum value of radial pressure. Exces-
sive radial stiffness leads to increased cross-sectional dimensions of stent
fibers, which negatively affects its medical performance and mechanical prop-
erties when crimped during installation.

p(p) =R — (ap* + bp® + cp? + ep + d). )

Plaque

Artery

Fig. 1 — An example of a vascular plaque model (1) before and after ballooning

The solution to this contradiction can be the design of stents with variable
stiffness in the circumferential direction. For this purpose, it is suggested to
use a stent consisting of corrugated rings with a variable pitch of corrugation,
an example of which is shown in Fig. 2. Such corrugation was considered in
works [1, 2, 4] mainly for shell structures and showed higher efficiency under
load of variable intensity.

Fig. 2 — Vascular Ring Stent
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We will start the design of the IP stent with the mathematical model of
vascular plague to determine the parameters of the external load acting on
the stent after ballooning. For example, in Fig. 1, the cross-section of vascu-
lar plaque is modeled in the polar coordinate system on the interval [0, 27]
using a power function (1).

In commercial stents, the unit cell (Fig. 2) is a regularly corrugated ring.

For a radial load of variable intensity, a corrugated ring with a variable
pitch of corrugation is more rational, an example of which is shown in Fig. 3

Fig. 3— An example of a corrugated ring with a variable pitch of corrugation

Fig. 4 — Comparison of the radial deformation of a ring with corrugations
with variable pitch (line 1) and with a regular corrugated ring
of the same perimeter (line 2)

As an example, let's define a step function in the form of a power function
on the interval [0, 2x] and periodically extend it with a period of 2x

— 5 _ 4,20 3 20 _ 24 (20 3 _ 441
f-a(qo Smo* +—mp* + 207 (r—Deo +(37r lé6m +a)<p). 2)
In Fig. 4 shows a comparison of the deformation a regular corrugated

ring and a ring with variable pitch corrugations for the following fixed param-
eters:

R=1,a=0.003,d=0.01,n=8h=0.8a=0.0008k=0.5.
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Conclusions. The possible design of an individual vascular stent was
analyzed taking into account the geometry of vascular plaques. An integral
element of many types of stents is a corrugated ring. It is proposed to re-
place corrugations with a constant pitch for corrugations with a variable
pitch. The goal is to expand the lumen of blood vessels. A function is derived
that describes the variability of the pitch of the corrugations. It is shown that
the proposed corrugation modification can be more effective than the known
standard vascular stent ring design.
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