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ONTUMAIIbHE NPOEKTYBAHHA TO®POBAHUX KIJIELIb
AK ENNIEMEHTIB CYOMHHUX CTEHTIB

Po3srnaHyto aedopmauito Kinbus, rocbposaHoro nepneHAMKynsipHo pagiycy, Lo
3HaxXoAUTLCA MiA Ai€l0 30BHIWHBLOrO TUCKY. 3acTOCOBaHO MeToA, acUMMNTOTUYHOI
romoreHisadii. OTpuMaHO acuUMNTOTMYHY OPMYIy 3arNeXHOCTi  BeNnUYUHU
nedopmadii Big BeNMMUYMHU 30BHILWHLOTO TUCKY AJIsl AOBINbHOrO rrnagkoro npodinto
rocppu. MNocraBneHo 3agayvy onTumisadii popmmu npodpinio roppu No BiAHOLEHHIO
[0 CYyNpOTUBY 30BHILUHLOro TUCKY. 3HaWAeHWA ONTUManbHUM npodinb Mo cBOIN
ed)eKTUBHOCTi BUAABUBCH OGNU3bKMM [0 CUHYCOIiAanbHOro, 3MeHweHHs paedopmadii
CKIano MeHiue OA4HOro BiAcoTKa.

Knroyoei cnoea: cyOuHHUli cmeHm; 2oghposaHe Kinbye; 308HIWHIU muck; mMemod
acuMnmomu4HOi  2oMozeHi3auii;  3anexHicmb Oegopmauii 8i0 308HILIHBO20 MUCKY;
onmumisauiss popmu rnpoirnto 2oghpul.

BcTtyn. OcTtaHHiM 4acom 3HaxoAsiTb 3aCTOCYBaHHsS rodppoBaHi KinbLs
(puc. 1) sk cknagoBi eneMeHTU cyauHHux cTeHTiB (puc. 2). Lli cTpyktypm
3a3BMYa MOLESOIOTLCS i3 3aCTOCYBaHHAM aHani3y CKiHYEHHWX eNeMeHTIB,
ane icHye Takox notpeba B GinblU CNPOLLEHMX NIAXOA4AX OLHKM MOXITMBUX
BapiaHTiB NPOEKTYBAHHSI.

Puc. 1 — FodpoBaHe Kinbue:
1; 2 — 6a3oBe Kinbue piBHOBigaaneHe Big BeplwuvH rocgpu; H — amnnityaa rocpwu;
q — HopManbHa [0 uMniHAPUYHOI NOBepXHi paAiyca R po3nogineHe HaBaHTaXeHHs,
o Aie 3 60Ky CTIHOK CyAUHN
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Puc. 2 — Mpuknap cyamHHoro cteHTy [DAIS NEWS. June 12. 2017. Open Access]

MeToto poboTn € NpPOEKTYBaHHA hopMu rodpyBaHHs, sika 3abesnedye
HanbinNbLUy KiNbLEeBY OPCTKICTb rodpoBaHOro Kinbus npu 3agaHomy
nepumeTpi. [Ans uboro 6yayeTbCa roMoreHHa Moaernb ropoBaHOro Kinbus
3a JOMOMOroK MeTofa acMMNTOTUYHOT roMoreHisauii [1 — 3].

FeomeTpuyHi cniBBigHOWEHHA. BeKkTopHe pIiBHSAHHSA OCbOBOI fiHii B
LUIiHAPWYHIN cucTemi koopamHat (puc. 2)

r=Re, +Z(nd)e,, (1)

fe Z=HéO(np), H - amnnityna rodpu; &(ne) — nepiognyHa yHKLiA 3
nepiogom 2z/n; n — KinbkicTb xBUnb rodppu. PyHkuis O(ne), sika BU-
3Havae copmy rodpu, cMMeTpuYHa LWoao 6a3oBOi OKPYXHOCTI 2 (puc. 2),
-1<8(hp) <1, 0<p<2r.

OOMHMYHI BEKTOPW FONOBHOT HOpMani 6'1, HOOTUYHOT é'z, GiHopmani 5'3
OCbOBOI MiHiT

o |:F¢><F¢¢}<F¢ 1
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PiBHAHHA piBHOBaru. Po3rnsHemo enemeHT rodpu AOBXuHOW ds i Ai-
tOYi Ha HbOrO CUMK, OTPUMYEMO ABa BEKTOPHUX PIBHSAHHA piBHOBaru

Fp+ Rﬁq =0;

_ - 5)
M, +RAey x F =0,

BekTopHi piBHAHHSA (5) iHBapiaHTHI NO BigHOLEHHIO A0 OyAb-AKin cucTemi
KoopauHaT. 3anuweMo Ui PiBHSHHA LOAO KOoopAWHaT, NoB'a3aHux 3 6aso-
BOK KPYroBOK OKPY>XKHICTIO (puc. 2). Onsa uboro npeactaBvMO BEKTOPU, LLO

BXOATb B PiBHSHHS (5), Y BUIMsAi po3knagis no 6asucy € (i=1-3):
EZ Fle_1+ er_2+ F3%v
M =M;e; +Mye, + Mgy ; (6)

q=0dey,
Ae g =const .

MigctaBngaoun posknagaHHa (6) B (5), micna nepeTBopeHb OAEepPXKYEMO
PiBHSIHHA piBHOBAry B MPOEKLisiX Ha oci 6a30B0i OKPYXKHOCTI

F2<0(0 — F2 = —RAq ; 7)

2
M3¢¢¢+M3¢)=R A¢q (8)

FomoreHi3auia piBHAHb piBHoBaru. PiBHAHHA piBHOBaru (7), (8) mo-
3BONATb BM3HAYUTU HanNpPy>XeHUn cTaH roppoBaHOro Kifbus nNpw 3agaHin
dopmi rocpn (1). Ona 3agadvi ontumisadii uiei dopmm HeobxigHO 3HaNTK
pO3B’'AA30K B 3aranbHOMY BMWIMA4i, ANd HeBu3HayeHoi dopmu. Takun
PO3B’A30K MOXHa OTpMMaTK 3a AOMOMOrol MeTody acMMMATOTUYHOI romore-
Hi3au,il.

MpoekKuiT BHYTPILLHIX 3ycuib Ta MOMEHTY (6) NpeacTaBumo y BUrnagi

0 0
—k . -k
Fi =Y 0 Fi(@.&); Mj =Y 0" "My (0,9), )
k=0 k=0
ae £=ng, Fi, Mj —nepioanyHi no & dyHKLUil ¢ nepiogom 27 .

MigcTaBngatoun posknagaHHs (9) y piBHaHHA (7), (8), nicnsg po3dutTa no
2z

CTeneHsx N Ta 3acToCyBaHHS onepaTopa ycepeaHeHHs J.(...)dg , OTPMMYEMO
0
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F20=Rag: F10=0; M1=M =M 3,=0. (10)

HeBaxKo 3HaWTU HACTYMHi HABNMXEeHHs acUMNTOTUYHMX po3knagis (9),
Hanpuknazg

M= R?zaq+C(gp), (11)
2z
ae C(p)=0 3HaxoguTtbCs 3 yMOBU leldgZ =0.
0

[ns 3aBgaHHA onTuMi3aLii Npodinto rodpn 0OMeXMMOcsa HyNbLOBUM Ha-
BNKEHHAM HanpyXeHoro ctaHy, sike 36iraeTbCsi 3 HamnpyXeHUm CTaHOM
rnagKkoro KpyroBoro Kinbus nig gieto piBHOMIPHOro, B JaHOMYy BUMNAAKy yce-
peAHEeHOoro, 30BHILLHBLOrO TUCKY.

PiBHAHHA aedopmauii. NS BCTaHOBNEHHSA 3aneXHOCTi Uy =Uq(q) pos-
MMAHEMO CTUCHEHHS MIOCKOro rohpoBaHoro CTpkHA cunamn Fyg (puc. 3) i
npupiBHSEMO Moro gedopmadito 4o gedopmadii rodopoBaHOro KinbLs
ug
-

F20

2m

Puc. 3 — Mnockuit rocopoBaHui cTpuxKeHb 3 napameTpamu rocpu (1)
Po3sB’si3ok 3agaui (puc. 3) 6yno otpumaHo B [4] Ha OCHOBI aCUMNTOTUYHOT

roMoreHisaluiii:

Fa0 = ESk MUy, (12)

T T
_S[.2 10,4
ne k_m!)'z Ad§+ﬂ£A dé .

3amiHiooun B (12) no3goBxHIO gedopmaLito MAOCKOro CTPUXKHS Upg, Ha

OKPYXXHY, HEBaXKKO OTPUMATU HyIbOBE HABNMKEHHS! LUYKaHOI 3aNeXHOCTI

RZ
Uip = aqu—F . (13)
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3apaya npoekTyBaHHsA. OAHIEl0 3 rOMOBHMX MepeBar acMMNTOTUYHOI
romoreHisadii 4ns NpOrHO3yBaHHA HampyXeHO-4eOpMOBaHOro CTaHy rod-
pPOBaHNX KOHCTPYKLIA € MOXMMBICTb MOCTAHOBKM Ta BUPILLEHHS 3a4ad onTu-
MarnbHOro npoekTyBaHH4. Lli 3agayvi nos'asaHi 3 Bubopom cpopmu npodpinto,
sika 3abe3nevye HeobXifHI MexaHiyHi XapakTepuUCcTUKn rodppoBaHNX KOHCTPY-
Kuin. Y uboMy po3gini 3agayeto € BuOip oopmu, ska Jae HaNMEHLLe 3HavYeH-
HA ePeKTMBHMX MOAYIIB NPY>XHOCTi B (13), Konu 3aranbHa SOBXWHA KPUBO-
NiHiNHOT oCi (hikcoBaHa

k — min,; 14)
a=const ; (15)
2(0) = 2() =0. (16)

Po3Bs’sa3ok BapiauivHoi 3agavi (14) — (16) 6yno otpumaHo B [4] onsa nos-
OOBXHbBOI fledhopmaLii rodhpoBaHOro CTpuKHs (puc. 3):

z:izn—rsn[ZK(r)n—m“,rj. a7
(1-r<)nhK(r) T

TyT napameTp I BU3HA4Yae SOBXWUHY Oyrn XBWUAi rodpw.
Ha puc. 4 3o06paxeHo onTumansHuin npodine (17) gna r=0,4; 0,6; 0,8.

XpecTtamy no3HayeHo BiAMOBIAHI CUHYcoIganbHi Npodini 0AHaKoBOI AOBXMK-
HWU gyru.

r=0.8

z ette s

Puc. 4 — OntumansHwuin npodine rocdopu ana r =0,4; 0,6; 0,8

Mipctasuslum Bupa3s (17) B (13), MOXHa BU3HAYUTV 3HAYEHHS Uy ANS cu-
HycoiganbHoro Npoginto Ui Ta Ana ontumansHoro U, . BigHocHo Bapiauii
r maemo
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5="0"s 15004 (18)
Ugs

3 (18) oTpumyemo, wo ana BubpaHux 3HayeHb r =0,4;0,6;0,8 3amiHa

CUHYyCOiAanbHOro Npodinto Ha onTUMarnbHUn 3meHwye gedopmadito (13) Ha
8 =0,065; 0,23; 0.365% BIANOBIAHO.

BucHoBkKu. 3acTocyBaHHs MeTody acMMMTOTMYHOI rOMOreHisauii  go-
3BONINNO OTPMMAaTU acUMNTOTUYHY POpMyIny 3anexHocTi BenuinHn aedop-
MaLii BepTukarnbHO ropoBaHOro Kinbus Bif BENMUYMHW 30BHILLHBOMO TUCKY,
LLO € KOPWUCHOK MonepeaHboi iHopMauied nNpu MPOEKTYBAHHI CYAMHHUX
CTeHTIB. 3HanaeHVn onTUManbHUA Npodinb No edeKTUBHOCTI BUsiIBUBCSI Bnu-
3bKUM [0 CUHYCOIAanbHOro, 3MeHLUeHHs aedhopmalii Cknano MeHLle OZHOro
BigcoTka. OTpuMMaHi reoOMeTPUYHI XapakTePUCTUKN BEPTUKAIbHO rodopoBaHOro
KinbLSA MOXYTb B6YyTW KOPUCHUMU O MOSANbLUOrO BMBYEHHS MEXaHIYHUX Xa-
PaKTEePUCTUK CYANHHMX CTEHTIB, Hanpuknag, B 3a4adax CTiKOCTI.
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OMNTUMAJIbHOE NPOEKTUPOBAHUE TO®PUPOBAHHbLIX
KOJIEL| KAK 3NIEMEHTOB COCYAOAUCTbLIX CTEHTOB

PaccmoTpeHa pedopmaums Konbua, rodpuMpoBaHHOro nepneHAUKYNsipHo
paguycy, HaxoAslerocs nopa AelcTtBUeM BHellHero AaeneHus. MpumeHéH meTton
acumnToTuyecko romoreHusauum. [MonyyeHa acumnToTuyeckas cpopmyna
3aBUCUMOCTM BeNnU4MHbl AedopmMauuu OT BeNUYMHbI BHELLHero AaBrneHus Ans
npousBosibHOro rnagkoro npocuns rodpsl. MoctaBneHa 3agavya onTUMU3aALUM
cdopmbl npocunAa rodpbl MO OTHOWEHUID K NPOTUBOAEUCTBUIO BHELUHEMY
paeneHuro. HaigeHHbIW onTUManbHbIA npodunb no cBoel 3dpeKTUBHOCTU
oKasancsi GNnMU3KUM K CUHycouaanbHOMY, YMeHblieHue AedopmMaumu cocTaBumio
MeHee O4HOro NpPoLIeHTa.
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OPTIMAL DESIGN OF CORRUGATED RINGS
AS ELEMENTS OF VASCULAR STENTS

The deformation of a corrugated perpendicular to the radius ring under
the action of external pressure is considered. The method of asymptotic
homogenization is wused. The asymptotic formula for the dependence
of the deformation value on the external pressure value for an arbitrary smooth
corrugation profile was obtained. The problem of optimization of the corrugated
profile shape in relation to the resistance of external pressure was set. The found
optimal profile in its effectiveness was close to sinusoidal; the reduction
of deformation was less than one percent.

Keywords: vascular stent; corrugated ring; external pressure; method of asymptotic
homogenization; dependence of deformation on external pressure; optimization of the
corrugated profile shape.

Recently, corrugated rings (Fig. 1) used as components of vascular
stents (Fig. 2). These structures are usually modeled using finite element
analysis, but there is also a need for more simplified approaches to as-
sessing possible design options. The aim of the work is to design a form of
corrugation, which provides the greatest annular stiffness of the corrugated
ring at a given perimeter. To do this, a homogeneous model of the corrugat-
ed ring is using the method of asymptotic homogenization [1 — 3].

Fig. 1 — Corrugated ring:
1; 2 - base ring equidistant from the tops of the corrugations;
H — amplitude of corrugations; g —normal to the cylindrical surface of radius R
distributed load acting from the walls of the vessel
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Fig. 2 — Example of a vascular stent [DAIS NEWS. June 12. 2017. Open Access]

Geometric relations. Vector equation of the centerline in a cylindrical
coordinate system (Fig. 2)

r=Re1 +Z(np)es, (1)

where Z =H6(n¢); H is the amplitude of the corrugation; @(n¢e) is a peri-
odic function with period 27z/n; n is the number of corrugated waves. The
function @(n¢g), which determines the shape of the corrugation, is symmetric
with respect to the base circle 2 (Fig. 2), -1<8(ngp) <1, 0<p<2r.

Equilibrium equation. Consider a corrugated element of length ds and
the forces acting on it, we obtain equation of equilibrium in projections on the
axis of the base circle

Fag —F2 =—RAG; @
M3¢¢¢ + M3¢ = Rz%q. 3)

Homogenization of equilibrium equations. Presented projections of in-
ternal forces and moment (2), (3) in the form

Fi :Zn_kFik (@.8): M; :Zn_kMik (@8, 4)

k=0 k=0

where £=ng, Fjy, Mj — periodic functions on & with period 27 . Substi-

tuting the expansion (4) into equations (2), (3), after dividing by powers of n
2z

and applying the averaging operator J-(...)df , we obtain
0

F20: Raq X F10=0; M]_O:M 20:M 30:O . (5)
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Deformation equation. To establish the dependence u; =uy(q) consi-
der the compression of a flat corrugated rod by forces F,y; and equate its

. . . u
deformation to the corrugated ring deformation & :El [4]:

2

grR
W =ak—, 6
10 EF (6)

A T
_S[,2 11,2
where k—ﬂi.([z Ad§+”£A dé.

Design problem. In this section, the problem is to choose the shape that
gives the smallest value of the effective modulus of elasticity in (13), when
the total length of the curvilinear axis is fixed

k — min,; )
a = const; 8
2(0) = z(7) =0. 9)

The solution of the variational problem (7) — (9) was obtained in [4] for the
longitudinal deformation of the corrugated rod

z=i2ﬂ—rsn(2K(r)n—h§,rj. (10)
(1-r<)nhK(r) T

The parameter r determines the arc wavelength of the corrugation.
If we compare deformation for the sinusoidal profile u;q and for the opti-

mal Uy, :

5 =10 "ts 10095 (11)
Uss

We obtain that for the selected values of r =0,4; 0,6; 0,8 replacement of

the sinusoidal profile by the optimal one reduces the deformation by
3=0,065; 0,23; 0,365% , respectively.

Conclusions. The application of the method of asymptotic homogeniza-
tion allowed obtaining an asymptotic formula for the dependence of the
amount of deformation of the vertically corrugated ring on the value of exter-
nal pressure, which is useful preliminary information in the design of vascu-
lar stents. The found optimal efficiency profile was close to sinusoidal; the
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reduction of deformation was less than one percent. The obtained geomet-
rical characteristics of the vertically corrugated ring can be useful for further
study of the mechanical characteristics of vascular stents, for example in
stability problems.
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