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Objective. To conduct a finite element analysis of the stress-strain
state (STS) of the elements of the shoulder joint after implantation
reverse shoulder endoprostheses. Material and methods. After 3D-
scanning of the composite model of the scapula and humerus, geo-
metric models of the shoulder joint were built in the SolidWorks
2019 SP 1.0 program, followed by mathematical modeling and
FEA. For the comparative analysis of the STS of the «bone — reverse
endoprosthesis» system, three-dimensional models of two types
of reverse shoulder endoprostheses were created, which were then
transformed into a finite-element model and implanted into the de-
veloped three-dimensional mathematical model of the shoulder
joint without cement. The STS calculations of the elements of endo-
prostheses were carried out for two positions: abduction 90° and
Sfexion 90° with a load of 5 kg. Results. Compared to the healthy
shoulder joint, models with reverse shoulder endoprosthesis have
significantly different contact stresses and contact areas. It was es-
tablished that the maximum stress in the details of the contact parts
of the endoprosthesis when retracted at an angle of 90° did not ex-
ceed +1.78 MPa, when bending +5.8 MPa. The maximum stresses
on the liner during shoulder abduction are +8.6 MPa, the minimum
—7.38 MPa, during flexion +2.3 MPa and —2.45 MPa, respectively.
1t has been proven that the contact areas of the hemisphere and
inserts of both reverse endoprostheses during abduction and flexion
of the limb by 90° are significantly larger (573 mm’ vs. 1809-2081
mni’) when compared with a healthy shoulder joint, while changes
in the area between the endoprostheses are insignificant and equal
to 2...3 %. Conclusions. Analysis of the STS load of elements of re-
verse shoulder endoprosthesis showed that the greatest stresses
occur in the contact zones. It has been proven that the maximum
stresses on the contact structures of endoprostheses are less than
on the head of a healthy joint, but the contact area during implanta-
tion of a reversible endoprosthesis of the shoulder joint increases
significantly (more than 3 times). Keywords. Shoulder joint, total
shoulder replacement, finite element analysis, 3D-imaging.

Mema. Ilposecmu cxinuento-eremenmuuii ananiz (CEA) nanpyoice-
no-oepopmosanozo cmany (HIC) enemenmis nieuosozo cyenoba
ma iMRAaGHMamie 080X MUnig peeepCusHUX eHOONPOMe3i6 NieU06020
cyenoba. Mamepian i memoou. Iicns 3D-ckanyearnms, KOMnO3umHoi
MOoOesii Ionamku ma npomesa niaevosoi Kicmku, nooyoo8ano 2eo-
MempuuHy Mooeib naew0602o cyenoda é npocpami SolidWorks 2019
SP 1.0 i3 nacmynuum mMamemamuyHum MOOe08AHHAM U AHANIZ30M
HJIC. [{na nopisusanvnoeo ananizy HJC cucmemu «kicmka — pe-
8EPCUBHULL eHOONPOME3) CMEBOPEHO MPUBUMIPHI MOOei 080X mil-
ni6 pesepcusHUX MOMAIbHUX eHOONPOme3i6 Niedo60i Kicmku, AKi
MPAHCPHOPMOBAHO 6 CKIHUEHHO-eeMeHmi MoOei 1l IMIIAHIMOBAHO
6 pO3pOONIEeHy MPUBUMIDHY MOOeTb NIeH08020 Cyenoda Oe3 yemeH-
my. IIposedeno pospaxynxu H/C enemenmis endonpomesig nie-
406020 cyenoba 0ns 080X noodceHv: aboykyis 90° ma seunauus
90° 3 nasanmaoicennam 5 ke. Pezynomamu. [lopiensno 3i 300posum
nAeuoBUM Cy21000M, MOOENi 3 PeBEPCUBHUMY MOMATLHUMU eHOO-
npomesamu naiewo8020 cy2100a Maiomb 3HAYHO [HULI KOHMAKMHI
Hanpyoicents ma naowi Konmaxmy. Bemarnosneno, makcumanvhe
HANPYHCEHHs. 8 OeMANAX KOHMAKMHUX YACMUH eHOONpome3d 3a
siosedenns nio kymom 90° ne nepesuwyeano +1,78 Mlla, seunan-
ua +5,8 Mlla. Makcumanshi Hanpyscenns Ha 8K1a0yi 3a abOyKyii
nneya +8,6 MITA, minimaneni —7,38 MIla, nio uac 32unanus eiono-
siono +2,3 MIla ma —2,45 Mlla. /losedeno, wo konmaxmui niowi
eemicghepu ma 6xk1AOKU 00X pesepCUBHUX eHOONPOMe3i6 3a AOOYK-
yii’ ma 3eunanns kinyieku na 90° snauno Oinvwe (573 mm’ npomu
18092081 mM?) nopignsino 3i 300pOGUM NIEHOBUM CYeLOOOM, NpU
YbOMY 3MIHU NAOWI MIdIC eHOONPOme3amMu He3HAYHi ma 0opie-
nroroms 2—3 %. Bucnoexu. Ananiz H/[C nasanmasicenmsi enemenmis
PeBEPCUBHUX MOMATLHUX eHOONPOME3i6 NOKA3as, Wo HAudLIbLI
HANPYHCEHHS GUHUKAIOMDb Y IXHIX KOHMAKMHUX 30Hax. [JosedeHo, wo
MAKCUMATIbHI HANPYHCEHHSL HA KOHMAKMHUX CIPYKIYPAX eHOOnpo-
mesie MeHuie HidXC Ha 201108Yi 300p06020 Cy2i00a, ane niowad KOH-
maxkmy 6 pasi iMnianmayii peeepcugHo2o enoonpomesa niewo6020
cyenoba 3HauHo 36invuLyemvcs (binvuie Hise y 3 pasu).

Kurouosi cioBa. [TiredoBuii cyrino0, peBepcuBHUHN eHAONPOTE3, CKIHYCHHO-ETICMEHTHH I aHali3, TPUBUMIipHE

MOICIIFOBAHH A
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Beryn

Meron ckindyenHux eniemeHTiB (finite element
analysis — FEA), ax oauH i3 1HCTpyMEHTIB A0CIi-
JUKeHHSI B OioMmexaHini OyB ymeplie BHKOpHUCTA-
Huit W. Brekelmans [1]. Hapasi 3aBasiku po3BUTKY
KOMIT TOTEPHHUX TEXHOJIOT1H Ta BIOCKOHAJICHHIO MaTe-
MaTu4yHOTrO MojenoBanHs, FEA € 3aranbHOBH3HAHOIO
e(heKTHBHOIO 1 HEIHBA3UBHOIO METOIUKOIO aHAJII3y HO-
BHX IMIUIAHTATiB Ha OCHOBI OTPUMAaHHS JAaHUX OO0
po3noxiry aedopmariit Ta HaIpyKeHb [2—6].

Bimomo, 1110 GiTbITICTh IEpETOMiB TPOKCUMATHHO-
ro Bigainy medoBoi kictku (I1I1BIIK) Buaukae y ma-
IIIEHTIB MTOXHJIOTO BiKy 3 octeornopo3oM [7]. dikcarris
IMIIJIAHTATiB y MPOKCHMAJIbHOMY BiJJiJi MJI€40BOT
KICTKH Ha TJIi OCTEONOpPO3y € CKIAIHUM 3aBJaHHSIM
IUIsL XipypriB. PeBepcuBHE TOTaJIbHE €HJIOMPOTE3Y-
BaHHS 1IedoBoro cymioba (RTSA) e oxniero 3 me-
TOOUK XipypridHOro JIKyBaHHS MAli€HTIB i3 ¢par-
mentapuumu [ITIBIIK Ha ¢oni octeonoposy [8].
[Ipore nus nposenenns: FEA-mociipkeHHs HEOOX 11
He KOpPEKTHE 3aJ[aHHsI TPAHUYHUX YMOB, 110 HETIpOC-
TO Yepe3 CKIAJIHY CTPYKTYpy IUIEYOBOTO Cyrioda,
YPaxoBYIOUH BCi M’SI3H Ta 3B’I3KH, IO IIOTH Pa3oM.
OCKiTBKY CTabUIBHICTE TIJICYOBOTO CYTII00a 37¢01Th-
moro 3abe3neuyeTbes M IKUMHU TKaHUHAMH, TO aBTO-
pu [9-10] ogaumu 3 mepmux y 3D-Momens okpim
KICTOK BKJIFOYHMIJIM OCHOBHI 00epTallbHI M’5I3H, ajie 1X
PO3TIsAIaIH K MaCUBHI CTPYKTypu. binbmricts FEA-
JIOCTII)KeHb, CIPONIyBalld MaTeMaTHYHY MOJIENTh
MJICYOBUX CYTJO0IB, ITHOPYIOUN B3A€EMOJII0 M A3iB,
3B’SI30K, KICTOK Ta IHIIUX OTOYYKUYHUX CTPYKTYD
[11-12]. Ha nHam morisij, po3risaaTd M’sa3u Tpeda
SIK JIMHAMIYHI CTPYKTYPH, IO JIO3BOJIUTH ONTUMAJIb-
HO BHM3HAYUTHCHh 13 BUHUKAIOUUM MEPEMIICHHSIM
1 KOHTAaKTHUMH 30HAMH IITYYHOTO CHAOINpOTE3a
IIJICUOBOTO CYTJI00a.

Mema: po3poOUTH MaTeMaTHYHY MOJIEIb IICYO-
BOTO CYTJ100a 3 ypaxyBaHHSIM M’131B Ta IXHbOT'0 KpiIl-
JICHHSI, IIPOBECTU TIOPIBHSJIBHUH aHaJIi3 HAIPY>KEHO-
nedopmoBanoro crany (HJIC) enemeHTiB T1€90BOTO
cyrioba B HOpMI Ta IicIs IMIUIaHTAIii ABOX THIIIB
PEBEPCHUBHUX €HIOMPOTE31B IIIEYOBOTO CyTiioda.

Marepiaa i meTonmn

JUisl TPUBUMIPHOTO MOJIETIFOBAHHSI IJICUOBOTO CyT-
no6a micas 3D-ckaHyBaHHSI KOMIIO3UTHOI Moje-
JIi JIONATKU Ta IJI€40BOI KICTKM IIBELbKOI KOMIIaHil
[13], moOynoBaHO reomMeTpUyHI MOzeNi y Hmporpami
SolidWorks 2019 SP 1.0 i3 MaremMaTH4HUM MOZEIIO-
BaHHsIM H ananizom H/IC y makeTi npukiiaiHux mpor-
pam ANSYS 2022 R2 (Licences belongs to Ontic Ltd
01159718, serial N 0000-0001-5371-9527, ANSYS,
Inc., Canonsburg, PA, USA) [14]. locmixeHHs: mpo-
BoamJIocs Ha 6asi: 3D-ckaHyBaHHS KiCTOK 1 CTBOpEH-
Hs 3D-Mozeneid, aHai3, y3araJlbHeHHsI pe3yJIbTaTiB Ta
BUCHOBKH I'PYHTYIOUYHCH Ha po3poOkax Y «lHctutyT
narosiorii xpe6Ta Ta cyriobiB imM. nmpod. M. 1. Cuten-
ka HAMH VYkpaian». ®i3uko-MexaHiuHi BIacTHBOC-
Ti TpomapkiB mMoxeni Ta cama 3D-monens Oyu B3SITI
3 po0ir [15-19].

s mopiBastmeHOTO aHamizy HJIC cuctemu «KicT-
Ka — IMIUIAaHTaT» CTBOPEH1 TPUBHUMIpHI Mopeni
PEBEPCUBHHUX TOTAJBHUX €HJIONPOTE3IB ILICYOBOT
KICTKH, IO MOTIM TpaHc(OpMOBaHI B CKiHUEHHO-
enemenTHi Mojieni (CEM) ta BOy10BaHi B po3po0iie-
HY TPUBHMIpPHY MaTeMaTH4YHY MOJENb IJIEYOBOTO
cyrioba [15] 6e3 niementy (puc. 1).

VY pos3pobaenux CEM BUKOpHCTaHUN €IEMEHT
TetralO i3 nmecsiTbMa By3JlaMH, KiJbKICTh €JIEMEH-
TiB — 530 094, kinbkicTs By3miB — 784 700, cepen-
Hil TiHIHHUHT po3Mip eneMeHTiB — 2 MM. [IpoBeneHo
po3paxynku HJIC enemMeHTiB 1BOX peBEPCHUBHUX TO-
TaJlbHUX €HJ0NPOTE31B IJICYOBOTO CYII0o0a s IBOX
noyiokeHb: adbaykuis 90° Ta sruHanHsa 90° i3 HaBaH-
TaXEHHSM 5 KT (puc. 2, 3).

CxeMy NpHKJIaJICHUX NPYKHUX €JIEMEHTIB HaBe-
JeHO Ha puc. 4. XapakTEepUCTUKH MarepiaiiB KOM-
MMOHEHTIB PEBEPCHBHUX C€HJOMPOTE3iB HaJaHi
B Ta0i. 1 [21-24].

CrarucTUYHUN aHami3 JaHuX OyJo 3AIHCHEHO
Oe3nocepeiHbo B mporpamHoMy makeTi ANSYS rta
3a JIOTIOMOTOI0 TIporpamMHoro nakera Mathcad (Bep-
cist 15.0). [opiBHSHHS TTPOBOAMIIOCS 3a HEmapaMeT-
PUYHHAM KpHUTEpieM Binkokcona.

Tabauys 1

®Di3uKo-MexaHiyHi BJaCTHBOCTI MaTepiajiB Mo/eJiell peBepCUBHUX TOTAJBHUX €HAONPOTE3iB

Tun TkaHuHU 11inbHiCTS, Monyns FOnra E, Koediuient [Tyacona v Meska MITHOCTI Ha PO3TSIT, 6+, Me>ka MIITHOCTI Ha CTHCK, O-,
Kr/m? I'Tla MIla MIla
Topucrwnii TuTan 4 354 0,61 0,34 170 105
UHMWPE 930 0,60 0,46 21 48
CoCr alloy 8400 0,20 0,29 1100 800
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Puc. 1. 3aransuuit Burnsg CEM pesepcuBHOro TO-
TaJBHOT'O CEHJIONpOTe3a miaedoBoro cyrioda: a) UNIC
Reverse Evolutis, France [21]; 0) 3anpomoHOBaHOTO aB-
'm’IF Topamu [25]

Skg
[a] [6]

Puc. 2. [InevyoBuii cyrnod: KiHeMaTHYHa MOZEINb 1 CXeMa HaBaHTaXEeHH:L: a) abaykii 10 90°; 6) sruraHH: 10 90° 3 HaBaHTAXKEHHSAM 5 KT

Puc. 3. Cxemn CEM miedoBoro cyrio6a 3 peBepCHBHUM TOTAJIBHUM €HIONPOTE30M IIEYOBOr0 CYriI00a Al pO3paxyHKOBOTO BH-
naaky aomykuii (BixBenenus) miaeda Ha 90° 3: a) UNIC Reverse Evolutis, France [21]; 6) 3anpononoBanoro aBropamu [25]

Tabauys 2
MaxkcumaJibHi Ta MiHIMaJILHI HANIPYKeHHS B €JIeMEHTAaX eH/I0NpoTe3iB
y noJiozkeHHi adayknii 90° Ta miiomi KOHTaKTy
Pospaxynox HJC s mozeni MaxkcuManbHi HanpyxenHs, MITa MinimanbHi HanpyskeHHs, MITa IInomra
KOHTAKTY,
Ha remicdepi Ha BKJIa/[11i Ha remicdepi Ha BKJIaJI1i MM?2 Y
3a abaykuii 90° 3a abaykuii 90° 3a abaykuii 90° 3a abmykuii 90°

UNIC Reverse Evolutis, France 1,78 8,60 -6,75 -7,38 1809,48
PesepcuBHuit ToTanbHun

P : 1,22 0,12 -2,20 -0,12 1948,24

CHAONPOTE3 aBTOPIB
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Pe3yiabTaTn Ta iX 00roBopeHHs

3a pe3ynbTaTaMu po3paxyHKiB BCTAHOBIIEHO, IO
3aJIe’KHO BiJl KyTa Ta HampsMKy BiJBEJCHHS KiH-
IIBKM PO3MOAIT MaKCUMAJIbHUX 1 MIHIMallbHUX TO-
JIOBHUX Hampy>XeHb sl TeMichepr eHJoNpoTe3iB
1 BKJIAJIOK €HJIONPOTE3iB Ma€ HEeNHIHHUN XapakTep.
3a peBEpPCUBHOTO CHJAONPOTE3yBaHHS IJICYOBOTO
Cyrino0a BUHHMKAE 3MiHA HANPSIMKIB PE3yJIbTYIOUHUX

D: Final =200 N - Vertical —
Minimum Principal Stress y
Type: Minimum Principal Stressf
Unit: MPa

Time: 1's
04/01/2023 17:06

30,972 Max
26,476
21,979
17,483
12,986
8,4896
3,9931
~0,50345

-5

~19,858 Min

50,00 (mm)

Puc. 4. Ilpuknan pospaxyuxy HJAC mozmeni «kicTka — peBep-
CHBHHII €HIONPOTE3 IIeYay 3 MPYKHUMH SIEMEHTAMH, IO 1Mi-
TYIOTh M’SI3H

D: Static Structural MDSS_13-01
Maximum Principal Stress 2 mm
Type: Maximum Principal Stresy
Unit: MPa

Time: 1's
02/02/2023 08:06

9,648 Max
3

2,1451
1,2903
0,43538
~0,41949
~1,2744
-2,1292
-2,9841
~3,839 Min

BEKTOPIB 3yCHJIb, IO BHHHUKAIOTH IiJl 4ac poOOTH
M’SI31B, OTOUYIOUHX TJICHOBUH CYTI00, 3MIHIOIOTHCS
BiJICTAaHBb MiX MICI[IMH KPITIJICHHS MTPYKHUX 3B’3KiB
MOPIBHAHO 31 3J0POBUM IUIEYOBUM CYTJIO0OM, MIO
MPU3BOAUTH, SK HACHIJOK, A0 3MIHU KiHEMaTHKH
IJICYOBOTO CYTII00a.

V tabi. 2, 3 HaBeeHO MiHIMaJIBbHI Ta MAaKCUMaJlb-
Hi Hallpy>XCHHA B €JIEMEHTaxX €HIONPOTE3iB y MOJI0-
skeHH1 a0mykiii 90°, 3runanus 90° Ta IO KOHTaK-
Ty, @ TaKoX 370poBoro mnieda. Ha puc. 5, 6 nogano
MPUKJIaIW Bizyalizauii Hanpy>KeHb.

MakcumalibHe HampyKeHHS B KOHTAKTHUX YacTH-
Hax eHJoNpoTe3a i Yac BiABeAEHHS i KyToMm 90°
He nepeBuityBaio +1,78 Mlla, 3a srunanns +5,8 Mlla.
Ha Bkmanmi 3a aOnykiii mieda MakcHMallbHI Ha-
npyskeHHs +8,6 MIIA, MiHiMaTbHI HaIpyXXeHHSA Ha
BKJaall gocgararoTh —7,38 MIla, 3a 3sruHaHHs Bil-
noBigHO +2,3 Mlla ta —2,45Mlla (quB. Tadm. 2).

AHaJi3 OTpUMaHUX JAaHWX MOKa3aB, IO KOHTAKT-
Hi TTomi reMicepn Ta BKIAAKA 000X PEBEPCUBHIX
EHJIONPOTE31B 3a aOAYKIl Ta 3rHHAHHS KiHIIIBKU Ha
90° 3HauHO O1JTbIIE IOPIBHSHO 31 3/I0POBUM TLJICHOBUM
cyriooom [15] (tadm. 3), mpu mbOMY 3MiHU TUIOIII MiX
€H/IONPOTE3aMH HE3HAYHI Ta TOPIBHIOIOTH 2—3 %.

D: Static Structural MDSS_13-01 (Side
Minimum Principal Stress 3 Y

Type: Minimum Principal Stri
Unit: MPa

Time: 1s
02/02/2023 08:06

2,7012 Max
2,0386
1,3759
0,71327
0,050614
—0,61204
—1,2747
—-1,9373
-2,6

—11,173 Min

Puc. 5. HJIC peBepcuBHOro TotanpHoro enaomnporesa miedoBoro cyrioda UNIC Reverse Evolutis, France B mosnoxxenni abayxuit
90°: a) MaKCUMaJIbHI HAIIPYKSHHS Ha BKJIA/I; 0) MiHIMalIbHI HAIIPY>KEHHS Ha BKJIAJII

F: Static Structural MDSS_13-01 (Side 90 deg). SLDPRT
Maximum Principal Stress 4
Type: Maximum Principal Stress
Unit: MPa

Time: 1's

02/02/2023 10:01
0,12824 Max
0,11203
0,095819
0,079606
0,063394
0,047181
0,030968
0,014756
—0,0014572
—0,01767 Min

0.000 10.000

20000 im )

5000 15.000

F: Static Structural MDSS_14-01 (Side 90 deg).SLDPRT
Minimum Principal Stress 4
Type: Minimum Principal Stress
Unit: MPa

Time: 1 s

02/02/2023 10:01
0,017547 Max
0,0014412
—0,014664
—0,03077
—0,046875
—0,06298
—0,079086
—0,09519
—0,1113
—0,1274 Min

20,000 (mm)

0.000 10,000
—

5000 13000

Puc. 6. H/IC 3anponoHoBaHOTO aBTOPaMH PEBEPCUBHOTO TOTAJILHOTO CHIOMPOTE3a MIICYOBOTO CYT00a B MONOKEHHI a0y Kirii 90°:
a) MAaKCHMaJIbHI HAaIIpY XKeHHs Ha BKJIA/I1; 0) MiHIMaIbHI HAIIPY)KEHHs HA BKJIAJIIL
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Tabauys 3

MaxkcumaJibHi Ta MiHiMaJIbHI HANIPY?KeHHS B eJIeMeHTaxX eHJ0MNPOoTe3iB i 310pPOBOro MJ1e40BOr0 Cyri06a
i/ Yac 3ruHaHHA nJ1e4a 10 90° Ta miomi KOHTaKTy

Pozpaxysox HJIC fuist mozeni Makcumaibhi HarpysxerHs, MITa Minimanbhi Hanpyxeuns, MIla ITioma
- - ' . . ' KOHTaKT)’,
Ha FeMlCd)epl Ha BKJIaa1l 3a KyTa Ha T‘CMICdJCpl Ha BKJIaaI1 3a KyTa MMZ
3a 3rUHaHHA 3a 3rUHaHHSA BiZ[BeI[CHHS[ 3a 3rUHaHHA 3a 3rUHaHHA Bi JABCICHHSA
meya Jio 90° eya j10 90° mieda 90° ieda 710 90° ieya j10 90° mieya 90°
UNIC Reverse Evolutis, France 2,20 2,30 — -3,60 -2.,45 — 1897,93
PeBepcuBHUI TOTAIBHUN
P ; 5,80 0,12 — 2,45 -0,13 — 2081,60
€H/IONPOTE3 aBTOPIB
Cyrn000BH# XpsIIl TOJOBKH
YIIIODOBHI XPAL — — +13,8 — — -3,58 573
MJICYOBOI KiCTKH
CyrnoGoBuii Xpsm| TJIEHOI- 13.62
aJbHOI 3ama uHu JIONAaTKU ’

Mu BBa)kaeMo, Mo-nepuie, mo 30iabIIeHHS 110~
i KOHTaKTy HNPUBOAMUTH 10 NPO(DiTaKTUKH BH-
BHUXY EHJIONPOTE3a 32 PaxyHOK 301IbIICHHS PyXY
KOHTaKTHHUX IOBEPXOHb OJHI€l BIIHOCHO iHMIOL
(1897,93-2081,60 Mmm? mpoTH 573 MM? y 310pOBOMY
cyrno0i).

[To-gpyre, M’s131 HaBKOJIO IJICUOBOTO CyTjo0a
B pa3i 3MiHH IeHTpa oOepTaHHs (y pEBEPCHBHHX
EHJIONPOTEe3aX BHHUKAE HOTO Memiami3aris) 3a pe-
BEPCUBHOTO TOTAJBHOTO EHAONPOTE3yBAHHS PO3-
TATYIOTHCS Ta MOAOBXKYIOTHCS, TOMY MaKCHUMaJIbHI
HaIpy>KeHHS Ha KOHTAKTHUX CTPYKTYypax €HIO0Ipo-
Te31B MEHIIE Hi’K Ha TOJIOBIIi 3A0pOBOTO cyTiooda [15]
(tabmn. 2, 3). TakuM YUHOM, TEXHITHI OCOOIHUBOCTI
3aIpOIIOHOBAHOI'0 aBTOPAMM PEBEPCUBHOIO TOTAJIb-
HOT'O €HJI0IIPOTE3a JO3BOJIAIOTh OTPUMATH IOCTATHIO
IJIOIY KOHTAKTY, aje 31 3MEHILNEHHSIM MaKCHUMallb-
HUX Ta MIHIMQJIbHUX Halpy>KCHb HA KOHTaKTYIOUHUX
MOBEPXHAX. 301TBIIEHHS TUIOMNII KOHTAKTY, 3 1HIIIOTO
00Ky, MPU3BOANTH O OOMEKEHHS 00CATY PyXiB TO-
PIBHSIHO 31 37I0pOBMM ILIEYOBUM cyriobom [15, 20,
21, 26, 27].

Amnaniz HJIC HaBaHTa)XKeHHS €JIEMEHTIB JIBOX TH-
MiB MOJIeJICH pEBEPCUBHOTO TOTAILHOTO SHJIONPOTE-
3a TI0Ka3aB, 10 HAKOUIBII HANpyKEHHS! BUHUKAIOTh
y KOHTaKTHUX 30Hax eHjomnpote3iB. OTpumani pe-
3ynpTatH yucenbHoro monentoBands HJIC B erne-
MEHTaX €HJONPOTE31B MOPIBHSIHO 3 JIOMYCTUMUMH
Hanpy>KeHHSIMHU JUIsl MaTepianiB. BuzHaueno, mio 3a-
JISKHO BiJI HATIPSIMKY PYyXY HaIpy KEHHS 3MIHIOEThCS
HEJTHIHHO.

JoBeneno, o koM roTepae moaentoBanus RTSA
MOJIETIIYE OL[iHIOBAaHHSI HAaBAaHTa)KEHHS Ha M’S3U Ta
cyrinoowu, sike Hapa3i HEeMOXKJIMBO BUMIPSITH HEiHBa-
3UBHO i1 vivo. MojentoBanHst Ta cumydsinis RTSA
3irpasii BUpIIAIbHY POJib Y MO3ULIOHYBaHHI IMILIaH-
TaTa i BIOCKOHAJICHHS XipypriuHoi TexHiku [28, 29].
Ha cporogHi OUIBIIICTh IHCTPYMEHTIB IJIs MOJIE-
JIOBAHHS Ta CUMYJISILii BUMAraloTh BUCOKOI'O PiBHS

3HaHb 1, 31€01IbIIOro, OOMEXKEeH1 TOCHTITHUIEKUM
cepenoBuiieM [30, 31].

Mu BBakaeMo, IO KOPEKTHE OLIHIOBaHHS aHa-
JIi3y HANpyXeHb Ta JepopMalliid, 10 BUHUKAIOTh
y KOHCTPYKTUBHUX €JIEMEHTaX €HIOIPOTe3a IJIeU0-
BOTO CYTJI00a Ta OTOYYIOYUX HOTO KiCTKaxX, 3HAYHOIO
MipOFO 3aJIEKHUTH BiJl MOJIEITIOBAHHS M’SI31B Ta MOTpe-
Oye Mozeni, 34aTHO TOYHO Ta HaJIiHO MPOTHO3YBa-
TH PYX M’31B B aBTOMaTH30BaHUX YMOBax. UncenbHi
JIOCITITHUKY T IXOASATh JI0 IiET MPoOIeMH TI0 Pi3HO-
my. Tak, aBropu [8] moOynyBamu 3D-Momens mie-
YOBOTO Cyrio0a Ta mpoaHamizyBanmu metogoM FEA.
Oco0nuBIiCTB iIXHBOI MOJIETII TIOJIATAE B TOOY/IOBI HO-
TUPHOX M’SI31B POTaTOPHOT MAH)KETHU Ta TPHOX MYUKiB
JEeNBTONONIOHOT0 M’sI3a Y BUTJIAMI «HUTKH TEPIiB».
M’s130Bi mydku ckiajganucs 3 15 xopcTkux cdep,
3’€THAHUX JIHIHHO-IPYKHUMU MPYKUHAMU 1 TIpH-
KpPITUIEHUX 10 KiCTOK. BimbHI KiHII M’M30BUX ITyd-
KiB MATATYBaJIN 0 MICIS BCTaBJICHHS, ITICIISI YOTO
3nilicHIoBasH pyxu miuedeM. Mogens FEA moka3zana
XOpOIIy SIKICHY BIJIMIOBIIHICTH i3 paHimie omyO0iiko-
BaHUMHU pe3yJIbTaTaMHM AJIs BiABEACHHS, 3STHHAHHS Ta
0CbOBOr0 00epTanHs 110 Ta micist RTSA.

Po3po0bieni TpuBUMIpHI MOJIENI «KICTKA — peBep-
CUBHHUU €HJOMPOTE3» 3 YpaxXyBaHHSIM M A3iB Ta ix-
HBOI B3a€MOIT 3 KICTKaMHU Ta pe3yJbTaTH, OTPUMaHi
micis aHanizy HJIC, y MalilOyTHROMY MOXYTh OyTH
BUKOPHUCTAaHI JIsl BIPOBAJKCHHS HOBUX €(EKTHBHI-
LIIUX METOJMK JIIKYBaHHS, BKIIOYal0YH HOBI KOHCT-
PYKLii eHI0NPOTE3iB MICYOBOrO Cyrinoda.

BucnoBxu

AHaJi3 Hampy>KeHO-1e()OpMOBAaHOTO CTaHy elle-
MEHTIB JBOX THIIIB MOJEJCi PEBEPCUBHOrO TO-
TaJbHOI'0 CHJIOMPOTEe3a IOoKa3aB, IO HaHOibII
Hanpy>KeHHs BUHUKAIOTh Y KOHTAKTHUX 30HaX EHO-
npote3iB. OTpuMaHi pe3ysIbTaTh YHCEITHHOTO MOJIEITIO-
BaHHSI HAINPYXEeHO-e(hOPMOBAHOI'O CTaHY B EIEMEHTaX
SHJIONPOTE31B 3HAYHO MEHIIE 3 JONYyCTUMHMH Ha-
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NpYKeHHSIMHU I MaTepialiB. BuzHaueHo, mo 3a-
JIKHO BiJI HAIIPSIMKY PyXY HAaIpy KEHHS 3MIHIOETbCS
HEeJiHIHHO.

Po3pobiieHa HaMu TPUBUMIPHA MOJIEb «KIiCTKa —
PEBEpCUBHUI €HIOMPOTE3» i3 BBEACHHSM IPYKHHUX
€JIEMEHTIB, IO IMITYIOTh M 5131, OTOUYIOYi IIJICHOBU I
CyTn00, Hajama 3MOTy BUKOHATH CTaOLIi3aIlifo Mo-
neJeil W OMIHUTH METOIOM CKIHYEHHO-EJIEMEHTHOTO
aHaJi3y PO3MOALT HAaNpy>KeHb Y KOHCTPYKTHBHUX
€JIEMEHTAaX eHJOIPOTE3iB.

JloBeneHo, 10 MaKCMMallbHI KOHTAaKTHI HAIpYy-
KCHHSI B PEBEPCUBHHUX EHJIIONMPOTE3axX MOPIBHAHO 3i
3M0POBUM IUICYOBUM CYTJIOOOM MEHIIE, ajie TJIoIa
KOHTAaKTY 32 IMIUIaHTaLil peBEPCUBHOTO €HJIONPOTE-
3a TUIEYOBOTO CYTII00a 3HAYHO 301TbIIyeThCS (O1TbIIIe
HIX Yy 3 pasn).

Jxepeno ¢inancyBanHs: OwomxeTHi (pobo-
Ta BUKoHaHa B mexax HJIP 1Y «IlnctutyT naro-
yorii xpeOra Ta cyrnobiB im. mpod. M. 1. Curenka
HAMH VYxkpaiam», M. XapkiB, Ykpaina: «Excriepu-
MEHTaJIbHE BUBYCHHS peakilii KiCTKOBOI TKaHWHHU
Ta OlOMEXaHIYHHUX BIACTUBOCTEH CHCTEMH «iMII-
JAHTAT — KiCTKa» B pa3i BUKOPHCTAHHS 1HHOBAIlil-
HuX 3D-HagpyKOoBaHMX MaTepiaiiB i3 IMOJIMOJIOY-
HOi KHCIIOTH Ta TpaOeKyJspHOro TUTaHY», HOMEp
nepxkpeectpaiii 0119U102449) ta BnacHi KomTu.

Kondguaikr inTepeciB. ABTOpH IeKIapylOTh BiACYTHICTH

KOHQIIIKTY iHTepeciB.
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Objective. To conduct a finite element analysis of the stress-strain
state (STS) of the elements of the shoulder joint after implantation
reverse shoulder endoprostheses. Material and methods. After 3D-
scanning of the composite model of the scapula and humerus, geo-
metric models of the shoulder joint were built in the SolidWorks
2019 SP 1.0 program, followed by mathematical modeling and
FEA. For the comparative analysis of the STS of the «bone — reverse
endoprosthesis» system, three-dimensional models of two types
of reverse shoulder endoprostheses were created, which were then
transformed into a finite-element model and implanted into the de-
veloped three-dimensional mathematical model of the shoulder
joint without cement. The STS calculations of the elements of endo-
prostheses were carried out for two positions: abduction 90° and
Sfexion 90° with a load of 5 kg. Results. Compared to the healthy
shoulder joint, models with reverse shoulder endoprosthesis have
significantly different contact stresses and contact areas. It was es-
tablished that the maximum stress in the details of the contact parts
of the endoprosthesis when retracted at an angle of 90° did not ex-
ceed +1.78 MPa, when bending +5.8 MPa. The maximum stresses
on the liner during shoulder abduction are +8.6 MPa, the minimum
—7.38 MPa, during flexion +2.3 MPa and —2.45 MPa, respectively.
1t has been proven that the contact areas of the hemisphere and
inserts of both reverse endoprostheses during abduction and flexion
of the limb by 90° are significantly larger (573 mm? vs. 1809-2081
mni’) when compared with a healthy shoulder joint, while changes
in the area between the endoprostheses are insignificant and equal
to 2...3 %. Conclusions. Analysis of the STS load of elements of re-
verse shoulder endoprosthesis showed that the greatest stresses
occur in the contact zones. It has been proven that the maximum
stresses on the contact structures of endoprostheses are less than
on the head of a healthy joint, but the contact area during implanta-
tion of a reversible endoprosthesis of the shoulder joint increases
significantly (more than 3 times).

Mema. Ilposecmu cxinuento-eremenmuuii ananiz (CEA) nanpyoice-
no-oepopmosanoeo cmany (HAC) enemenmis niewogozo cyenoba
ma iMRAaGHMamie 080X MuUnie peeepCusHUX eHOONPOMe3i6 N1e408020
cyenoba. Mamepian i memoou. Iicnsi 3D-ckarnyearnmst KOMnO3umHoi
MoOesii Ionamku ma npomesa niaevosoi Kicmku, nooyoo8aHo 2eo-
MempUuuHy Mooeib naew06020 cyenova é npoepami SolidWorks 2019
SP 1.0 i3 Hacmynuum mMamemamuyHum MOOeO8AHHAM U AHANIZ30M
HJIC. J{na nopisusanvnoeo ananizy HJIC cucmemu «xicmka — pe-
8EPCUBHULL €HOONPOME3)» CMBOPEHO MPUBUMIDHI MOOeNi 080X mil-
ni6 pesepcusHUX MOMAIbHUX eHOONPOme3i6 Niedo60i Kicmku, AKi
MPAHCHOPMOBAHO 6 CKIHUEHHO-eleMeHmi MoOei 1l IMIIAHINOBAHO
8 pO3pOONIeHY MPUBUMIDHY MOOeTb NIEH08020 Cyenoda Oe3 yemeH-
my. IIposedeno pospaxynxu H/C enemenmie endonpomesig nie-
406020 cyenoba 0ns 080X nNoodceHv: aboykyis 90° ma seunauus
90° 3 nasanmaoicennsm 5 ke. Pezynomamu. I[lopiensro 3i 300posum
NAeuoBUM CY2l1000M, MOOENi 3 PeBEPCUBHUMU MOMATLHUMU eHOO-
npomesamu nievo8o20 Cyenoba Maroms 3HAYHO iHUL KOHMAKMHI
Hanpyoicents ma naowi Konmaxkmy. Bemarnosneno, makcumanvhe
HANPYHCEHHs. 8 OeMANAX KOHMAKMHUX YACMUH eHOONpome3d 3d
siogedenns nio kymom 90° ne nepesuwyeano +1,78 Mlla, seunan-
ua +5,8 Mlla. Maxcumansui Hanpyscenus Ha 8K1aoyi 3a abOyKyii
nneya +8,6 MITA, minimaneni —7,38 MIla, nio uac 32unanus eiono-
siono +2,3 MIla ma —2,45 Mlla. /loseoeno, wo konmaxkmui niowi
eemicghepu ma 6xk1AOKU 00X peBepCUBHUX eHOONPOME3i6 3a AOOYK-
yii’ ma 3eunanns kinyieku na 90° 3nauno Oinvwe (573 mm’ npomu
18092081 mM?) nopisnsino 30 300pOGUM NIAEHOBUM CYeLOOOM, NpU
YbOMY 3MIHU NAOWT MIdJIC eHOONPOme3amMu He3HAYHi ma 0opie-
nroroms 2—3 %. Bucrnoexu. Ananiz H/[C nasanmasicentsi enemenmis
PeBEPCUBHUX MOMATILHUX eHOONPOME3i6 NOKA3as, Wo HAUOLNbULI
HANPYHCENHs BUHUKAIOMb Y IXHIX Konmakmuux 30onax. /losedeno,
WO MAKCUMANbHI HANPYIICEHHS HA KOHMAKMHUX CIMPYKMYpax eH-
oonpome3sié MeHule HidIC Ha 207108Yi 300p0B020 cyenoda, ane naioujd
KOHmaKkmy 6 pasi iMnaanmayii peeepcugHo2o eHoonpomesa niedo-
6020 cyen00a 3HauHo 30inbuyemsvces (invie Hise y 3 paszu). Knouosi
cnosa. Ilneyosuii cy2nob, pegepcusnuii eHOonpomes, CKiHueHHO-ele-
MeHmHUTL aHani3, MpUSUMIpHe MOOEIOBAHHSL.

Keywords. Shoulder joint, total shoulder replacement, finite element analysis, 3D-imaging
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Introduction

Finite element analysis (FEA) as one of the re-
search tools in biomechanics was first used by
W. Brekelmans [1]. Currently, due to the develop-
ment of computer technologies and the improvement
of mathematical modeling, FEA is a generally recog-
nized effective and non-invasive method of analysis
of new implants based on obtaining data on the distri-
bution of deformations and stresses [2-6].

Most fractures of the proximal part of the hu-
merus (FPPH) are known to occur in elderly pa-
tients with osteoporosis [7]. Fixation of implants in
the proximal part of the humerus against the back-
ground of osteoporosis is a difficult task for surgeons.
Reversible total shoulder arthroplasty (RTSA) is one
of the methods of surgical treatment of patients with
fragmented FPPH against the background of osteopo-
rosis [8]. However, FEA assessment requires correct
setting of boundary conditions, which is not easy due
to the complex structure of the shoulder joint, tak-
ing into account all the muscles and ligaments acting
together. Since the stability of the shoulder joint is
mostly provided by soft tissues, the authors [9-10]
were among the first to include the main rotational
muscles in the 3D model in addition to the bones, but
they were considered as passive structures. Most FEA
studies simplified the mathematical model of shoulder
joints, ignoring the interaction of muscles, ligaments,
bones and other surrounding structures [11-12]. In
our opinion, muscles should be considered as dy-
namic structures, which will allow optimal determi-
nation of the resulting movement and contact zones
of the artificial endoprosthesis of the shoulder joint.

Purpose. To develop a mathematical model
of the shoulder joint taking into account the muscles
and their attachment, to conduct a comparative analy-
sis of the stress-strain state (SSS) of the elements
of the shoulder joint in normal conditions and after
implantation of two types of reversible endoprosthe-
ses of the shoulder joint.

Material and methods

For three-dimensional modeling of the shoul-
der joint after 3D scanning of the composite model

of the scapula and humerus of the Swedish com-
pany [13], geometric models were built in the Solid-
Works 2019 SP 1.0 environment with mathematical
modeling and SSS analysis in the ANSYS 2022 R2
application software package (Licences belong to On-
tic Ltd 01159718, serial N 0000-0001-5371-9527, AN-
SYS, Inc., Canonsburg, PA, USA) [14]. The research
was conducted on the basis of: 3D scanning of bones
and creation of 3D models, analysis, generalization
of results and conclusions based on the developments
of the State Institution Professor M. 1. Sytenko In-
stitute of Spine and Joint Pathology of the National
Academy of Sciences of Ukraine. Physical and me-
chanical properties of the layers of the model and
the 3D model itself were taken from the studies
[15-19].

For the comparative analysis of the SSS
of the «bone — implant» system, three-dimensional
models of reversible total endoprostheses of the hu-
merus were created, which were then transformed
into finite element models (FEM) and built into
the developed three-dimensional mathematical model
of the shoulder joint [15] without cement (Fig. 1).

The developed FEA uses a Tetral0 element with ten
nodes, the number of elements is 530,094, the num-
ber of nodes is 784,700, and the average linear size
of the elements is 2 mm. Calculations of SSS elements
of two reversible total endoprostheses of the shoulder
joint were carried out for two positions: abduction
90° and flexion 90° with a load of 5 kg (Figs. 2, 3).

The scheme of applied elastic elements is shown in
Fig. 4. The characteristics of the materials of the com-
ponents of reversible endoprostheses are given in Tab-
le 1 [21-24].

Statistical analysis of the data was performed di-
rectly in the ANSYS software package and with the help
of the Mathcad software package (version 15.0).
The comparison was made by the non-parametric
Wilcoxon test.

Results and their discussion

Calculations showed that depending on the angle
and direction of abduction of the limb, the distribu-
tion of maximum and minimum principal stresses for

Table 1

Physico-mechanical properties of materials of reversible total endoprostheses models

Tissue type Density, Young's modulus E, Poisson's ratio v Tensile strength limit, Compressive strength limit,
kg/m’ GPa o+, MPa o-, MPa
Porous titanium 4354 0,61 0,34 170 105
UHMWPE 930 0,60 0,46 21 48
CoCr alloy 8400 0,20 0,29 1 100 800
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00 50,00

Fig. 1. General FEA view of a reversible total
endoprosthesis of the shoulder joint: a) UNIC Reverse
Evolutis, France [21]; b) proposed by the authors [25]

90° side direction

S5kg
(b

Fig. 2. Shoulder joint: kinematic model and loading scheme: a) abduction up to 90°; b) bending up to 90° with a load of 5 kg

Fig. 3. FEA diagrams of the shoulder joint with reversible total endoprosthesis of the shoulder joint for the calculated case of shoulder
abduction (abduction) by 90° from: a) UNIC Reverse Evolutis, France [21]; b) proposed by the authors [25]

Table 2
Maximum and minimum stresses in elements of endoprostheses
in 90° abduction position and contact area
Calculation of SSS for the model Maximum stresses, MPa Minimum stresses, MPa Contact
area, mm?
for 90° abduction for 90° abduction for 90° abduction for 90° abduction
on the hemisphere on the tab on the hemisphere on the tab
UNIC Reverse Evolutis, France 1.78 8.60 —6.75 -7.38 1 809.48
Reversible total endoprosthe-
P 1.22 0.12 -2.20 -0.12 1948.24

sis proposed by the authors
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the hemisphere of endoprostheses and inserts of endo-
prostheses has a non-linear nature. Reverse endopros-
thetic repair of the shoulder joint is accompanied by
a change in the directions of the resulting force vectors
that occur during the work of the muscles surround-
ing the shoulder joint, the distance between the places
of attachment of elastic connections changes compared
to a healthy shoulder joint, which results in a change in
the kinematics of the shoulder joint.

D: Final =200 N — Vertical — STA#i
Minimum Principal Stress
Type: Minimum Principal Stressf
Unit: MPa

Time: 1's
04/01/2023 17:06

30,972 Max
26,476
21,979
17,483
12,986
8,4896
3,9931
~0,50345

-5

~19,858 Min

-6.0356 5

Node 447413

058201
Node 465078 |

—
—
—
-
—
—d
-
-
-
-
—
~—

[

Fig. 4. Example of SSS calculation of the «bone — reversible
shoulder endoprosthesis» model with elastic elements imitating
muscles

50.00 (mm)

D: Static Structural MDSS_13-01
Maximum Principal Stress 2 ::ﬁﬁ;-
Type: Maximum Principal StreSss
Unit: MPa

Time: 1's
02/02/2023 08:06

9,648 Max
3

2,1451
1,2903
0,43538
~0,41949
—1,2744
-2,1292
-2,9841
~3,839 Min

Tables 2, 3 show the minimum and maximum
stresses in the elements of endoprostheses in the po-
sition of 90° abduction, 90° flexion and the con-
tact area, as well as a healthy shoulder. Figures 5, 6
demonstrate examples of stress visualization.

The maximum stress in the contact parts of the en-
doprosthesis during abduction at an angle of 90° did
not exceed +1.78 MPa, during bending +5.8 MPa.
The maximum stresses on the tab during shoulder
abduction are +8.6 MPa, the minimum stresses on
the tab reach —7.38 MPa, +2.3 MPa and —2.45 MPa
during flexion, respectively (see Table 2).

Assessment of the obtained data showed that
the contact areas of the hemisphere and the tabs
of both reversible endoprostheses during abduction
and flexion of the limb to 90° are significantly larger
compared to the healthy shoulder joint [15] (Table 3),
while the changes in the area between the endopros-
theses are insignificant and equal to 2-3 %.

We believe, firstly, that an increase in the contact
area leads to the prevention of dislocation of the en-
doprosthesis due to an increase in the movement
of the contact surfaces one relative to the other
(1897.93-2081.60 mm? vs. 573 mm? in a healthy joint).

D: Static Structural MDSS_13-01 (Side
Minimum Principal Stress 3 gz,
Type: Minimum Principal Strgsé 116
Unit: MPa

Time: 1s
02/02/2023 08:06

2,7012 Max
2,0386
1,3759
0,71327
0,050614
—0,61204
—1,2747
—-1,9373
-2,6

—11,173 Min

Fig. 5. SSS of the reversible total endoprosthesis of the shoulder joint, UNIC Reverse Evolutis, France in the 90° abduction position:

a) maximum stresses on the tab; b) minimum stresses on the tab

F: Static Structural MDSS_13-01 (Side 90 deg). SLDPRT
Maximum Principal Stress 4
Type: Maximum Principal Stress
Unit: MPa
Time: 1's
02/02/2023 10:01

0,12824 Max

0,11203

0,095819

0,079606

0,063394

0,047181

0,030968

0,014756

—0,0014572

—0,01767 Min

20000 im )

0.000 10.000

5600 15.000

F: Static Structural MDSS_14-01 (Side 90 deg).SLDPRT
Minimum Principal Stress 4
Type: Minimum Principal Stress
Unit: MPa
Time: I s
02/02/2023 10:01

0,017547 Max

0,0014412

—0,014664

—0,03077

—0,046875

—0,06298

—0,079086

—0,09519

—0,1113

—0,1274 Min

26,000 (mm)

0.600 10,000
—

5000 13000

Fig. 6. SSS of the reversible total endoprosthesis of the shoulder joint proposed by the authors in the 90° abduction position:

a) maximum stresses on the tab; b) minimum stresses on the tab



ISSN 0030-5987. Orthopaedics, traumatology and prosthetics. 2023. Ne 3

Table 3
Maximum and minimum stresses in elements of endoprostheses
and a healthy shoulder joint during flexion of the shoulder to 90° and contact area
Calculation of SSS for the model Maximum stresses, MPa Minimum stresses, MPa Contact area,
mm?
on the hemi- on the tab at a shoulder on the hemi- on the tab at a shoulder
sphere for bend- for bending abduction angle | sphere for bend- for bending abduction angle
ing the shoulder the shoulder of 90° ing the shoulder the shoulder of 90°
up to 90° up to 90° up to 90° up to 90°
UNIC Reverse Evolutis, France 2.20 2.30 — -3.60 -2.45 — 1897.93
Reversible total endoprosthe-
. P 5.80 0.12 — —2.45 -0.13 — 2081.60
sis proposed by the authors
Articular cartilage of the head
& — — +13.8 — — -3.58 573
of the humerus
Articular cartilage of the
uar ¢ — - +3.62 — — — —
glenoid cavity of the scapula

Secondly, in the case of a change in the center
of rotation (its medialization occurs in reversible en-
doprostheses), the muscles around the shoulder joint
are stretched and lengthened during reversible total
endoprosthesis, so the maximum stresses on the con-
tact structures of endoprostheses are less than on
the head of a healthy joint [15] (Tables 2, 3). Thus,
technical features of the reversible total endopros-
thesis proposed by the authors make it possible to
obtain a sufficient contact area, but with a decrease
in the maximum and minimum stresses on the con-
tacting surfaces. An increase in the contact area,
on the other hand, leads to a limitation of the range
of motion compared to a healthy shoulder joint [15,
20, 21, 26, 27].

Analysis of the SSS load of elements of two types
of reversible total endoprosthesis models showed
that the greatest stresses occur in the contact zones
of the endoprostheses. The obtained results of numeri-
cal modeling of SSS in elements of endoprostheses
were compared to allowable stresses for materials.
It was determined that depending on the direction
of movement, the tension changes non-linearly.

Computer simulation of RTSA has been shown to
facilitate the assessment of muscle and joint loading
that cannot currently be measured noninvasively in
vivo. Modeling and simulation of RTSA played a cru-
cial role in implant positioning and improvement
of surgical technique [28, 29]. Today, most modeling
and simulation tools require a high level of know-
ledge and are mostly limited to a research environ-
ment [30, 31].

We believe that the correct evaluation of the analy-
sis of stresses and deformations occurring in the struc-
tural elements of the endoprosthesis of the shoulder
joint and its surrounding bones largely depends on
muscle modeling and requires a model capable of ac-
curately and reliably predicting muscle movement

in automated conditions. Numerous researchers ap-
proach this problem in different ways. Thus, the au-
thors [8] built a 3D model of the shoulder joint and
analyzed it using the FEA method. The peculiarity
of their model is the construction of four muscles
of the rotator cuff and three bundles of the deltoid
muscle in the form of a «string of pearls». The mus-
cle bundles consisted of 15 rigid spheres connected
by linear elastic springs and attached to the bones.
The free ends of the muscle bundles were pulled to
the place of insertion, after which shoulder move-
ments were performed. The FEA model showed good
qualitative agreement with previously published re-
sults for abduction, bending, and axial rotation before
and after RTSA.

The developed three-dimensional models of «bone —
reversible endoprosthesis» taking into account the mus-
cles and their interaction with bones and the results
obtained after the SSS analysis can be used in the fu-
ture for the introduction of new and more effective
treatment methods, including new designs of shoul-
der joint endoprostheses.

Conclusions

Analysis of the stress-strain state of elements
of two types of reversible total endoprosthesis models
showed that the greatest stresses occur in the con-
tact zones of the endoprostheses. The obtained results
of the numerical simulation of the stress-strain state
in elements of endoprostheses are significantly less
with permissible stresses for materials. It was deter-
mined that depending on the direction of movement,
the tension changes non-linearly.

The three-dimensional model «bone — reversible
endoprosthesis» developed by us with the introduc-
tion of elastic elements imitating the muscles sur-
rounding the shoulder joint made it possible to sta-
bilize the models and evaluate the stress distribution
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in the structural elements of endoprostheses using
the finite element analysis method.

It has been proven that the maximum contact
stresses in reversible endoprostheses are less com-
pared to a healthy shoulder joint, but the contact area
during implantation of a reversible endoprosthesis
of the shoulder joint increases significantly (more
than 3 times).
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0119U102449) and own funds.

Conflict of interest. The authors declare no conflict

of interest.

References

1.  Brekelmans, W. A. M., Poort, H. W., & Slooff, T. J. J. H.
(1972). A New Method to Analyse the Mechanical Behaviour
of Skeletal Parts. Acta Orthopaedica Scandinavica, 43 (5),
301-317. https://doi.org/10.3109/17453677208998949

2. Ye, Y., You, W.,, Zhu, W., Cui, J., Chen, K., & Wang, D.
(2017). The Applications of Finite Element Analysis in
Proximal Humeral Fractures. Computational and Math-
ematical Methods in Medicine, (2), 1-9. https://doi.
org/10.1155/2017/4879836

3. Mousa, M. A, Abdullah, J. Y., Jamayet, N. B., El-Anwar, M. L,
Ganji, K. K., Alam, M. K., & Husein, A. (2021). Biomechan-
ics in Removable Partial Dentures: A Literature Review of
FEA-Based Studies. BioMed Research International, 1-16.
https://doi.org/10.1155/2021/5699962

4. Sugano, N., Hamada, H., Uemura, K., Takashima, K., &
Nakahara, I. (2022). Numerical analysis evaluation of artificial
joints. Journal of Artificial Organs, 25 (3), 185-190. https:/
doi.org/10.1007/s10047-022-01345-0

5. Sabesan, V. J, Lima, D. J. L., Yang, Y., Stankard, M. C.,
Drummond, M., & Liou, W. W. (2020). The role of greater
tuberosity healing in reverse shoulder arthroplasty: a finite
element analysis. Journal of Shoulder and Elbow Surgery, 29
(2), 347-354. https://doi.org/10.1016/.js¢.2019.07.022

6. Huang, Y., Ernstbrunner, L., Robinson, D. L., Lee, P. V. S., &
Ackland, D. C. (2021). Complications of Reverse Total Shoulder
Arthroplasty: A Computational Modelling Perspective. Journal
of Clinical Medicine, 10 (22), 5336. https://doi.org/10.3390/
jem10225336

7. Mellstrand Navarro, C., Brolund, A., Ekholm, C., Heintz, E.,
Hoxha Ekstrom, E., Josefsson, P. O., Leander, L., Nord-
strom, P., Ziden, L., & Stenstrom, K. (2018). Treatment
of humerus fractures in the elderly: A systematic review
covering effectiveness, safety, economic aspects and evo-
lution of practice. PLOS ONE, 13 (12), €0207815. https://
doi.org/10.1371/journal.pone.0207815

8. Goetti, P., Denard, P. J., Collin, P., Ibrahim, M., Mazzolari, A.,
& Léadermann, A. (2021). Biomechanics of anatomic and
reverse shoulder arthroplasty. EFORT Open Reviews, 6 (10),
918-931. https://doi.org/10.1302/2058-5241.6.210014

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Biichler, P., & Farron, A. (2004). Benefits of an anatomical
reconstruction of the humeral head during shoulder arthroplasty:
a finite element analysis. Clinical Biomechanics, 19 (1), 16-23.
https://doi.org/10.1016/j.clinbiomech.2003.09.009

Biichler, P, Ramaniraka, N. A., Rakotomanana, L. R., lannotti,
J. P, & Farron, A. (2002). A finite element model of the shoulder:
application to the comparison of normal and osteoarthritic
joints. Clinical Biomechanics, 17 (9-10), 630—639. https:/
doi.org/10.1016/50268-0033(02)00106-7

Xia, S., Zhang, Y., Wang, X., Wang, Z., Wang, W., Ma, X., &
Tian, S. (2015). Computerized Virtual Surgery Planning for
ORIF of Proximal Humeral Fractures. Orthopedics, 38 (5),
e428-e433. https://doi.org/10.3928/01477447-20150504-62

. Webb, J. D, Blemker, S. S., & Delp, S. L. (2012). 3D finite

element models of shoulder muscles for computing lines of
actions and moment arms. Computer Methods in Biomechanics
and Biomedical Engineering, 17 (8), 829—837. https://doi.org/
10.1080/10255842.2012.719605

Sawbones: biomechanical test materials: A Division of Pacific
Research Laboratories [web source]/Sawbones Europe AB,
2018. Retrieved from: http://www.sawbones.com.

Gadala, M. (2020). Finite elements for engineers with Ansys
applications. Cambridge, Cambridge University Press.
Korzh, M., Makarov, V. ., Smerdov, S., Tankut O., Pidgaiska, O., &
Zdanevych, S. (2023). Analysis of the stress-strain state three-di-
mensional model of a healthy shoulder joint. ORTHOPAEDICS
TRAUMATOLOGY and PROSTHETICS, (3), 27-36. https:/
doi.org/10.15674/0030-59872021327-36

Lazarev, I. A., Lomko, V. M., Strafun, S. S., & Skiban, M. V.
(2018). Comparative analysis of stress-strain changes at the
humeral head cartilage in different types of glenoidlabrum
injuries. TRAUMA, 19 (2), 51-59. https://doi.org/10.22141/1608-
1706.2.19.2018.130654

Zheng, M., Zou, Z., Bartolo, P. J. D. S., Peach, C., & Ren, L.
(2016). Finite element models of the human shoulder com-
plex: a review of their clinical implications and modelling
techniques. International Journal for Numerical Methods
in Biomedical Engineering, 33 (2), €02777. https://doi.
org/10.1002/cnm.2777

Gunneswara Rao, T. D. & Andal, M. (2018). Strength of
Materials: Fundamentals and Applications. Gunneswara Rao.
Cambridge University Press.

Singh, D., Rana, A., Jhajhria, S. K., Garg, B., Pandey, P. M., &
Kalyanasundaram, D. (2018). Experimental assessment of
biomechanical properties in human male elbow bone subjected
to bending and compression loads. Journal of Applied Biom-
aterials & Functional Materials, 17 (2), 22808000187938]1.
https://doi.org/10.1177/2280800018793816

Haering, D., Raison, M., & Begon, M. (2014). Measure-
ment and Description of Three-Dimensional Shoulder
Range of Motion With Degrees of Freedom Interactions.
Journal of Biomechanical Engineering, 136 (8). https://doi.
org/10.1115/1.4027665

Frankle, M., Marberry, S., & Pupello, D. (Eds.). (2016). Reverse
Shoulder Arthroplasty: Biomechanics, Clinical Techniques,
and Current Technologies. Springer International Publishing.
https://doi.org/10.1007/978-3-319-20840-4

Falkowska, A., Seweryn, A., & Skrodzki, M. (2020). Strength
Properties of a Porous Titanium Alloy Ti6Al4V with
Diamond Structure Obtained by Laser Power Bed Fusion
(LPBF). Materials, 13 (22), 5138. https://doi.org/10.3390/
mal3225138

Zhang, C., Zhang, L., Liu, L., Lv, L., Gao, L., Liu, N.,
Wang, X., & Ye, J. (2020). Mechanical behavior of a tita-
nium alloy scaffold mimicking trabecular structure. Journal
of Orthopaedic Surgery and Research, 15 (1). https://doi.
org/10.1186/s13018-019-1489-y

Hussain, M., Naqvi, R. A., Abbas, N., Khan, S. M., Nawaz, S.,



25.

26.

27.

ISSN 0030-5987. Orthopaedics, traumatology and prosthetics. 2023. Ne 3

Hussain, A., Zahra, N., & Khalid, M. W. (2020). Ultra-High-Mo-
lecular-Weight-Polyethylene (UHMWPE) as a Promising
Polymer Material for Biomedical Applications: A Concise
Review. Polymers, 12 (2), 323. https://doi.org/10.3390/
polym12020323

Korzh M. O., Manukyan V. A., Kosyakov O. M., Makarov V. B.,
Kovalev A. M., Strelnytskyi V. E., Vasiliev V. V.,, Yermakov V.R.,
Nikitin Yu. M., Grebennikov K. O., & Chupryna D. O. Re-
versible total modular endoprosthesis of the shoulder joint.
Patent Ne 147264 UA. (In Ukrainian)

Collotte, P., Erickson, J., Vieira, T. D., Domos, P., & Walch,
G. (2021). Clinical and radiologic outcomes of eccentric gle-
nosphere versus concentric glenosphere in reverse shoulder
arthroplasty. Journal of Shoulder and Elbow Surgery, 30 (8),
1899-1906. https://doi.org/10.1016/j.jse.2020.10.032
Helmkamp, J. K., Bullock, G. S., Amilo, N. R., Guerrero,
E. M, Ledbetter, L. S., Sell, T. C., & Garrigues, G. E. (2018).
The clinical and radiographic impact of center of rotation
lateralization in reverse shoulder arthroplasty: A systematic
review. Journal of Shoulder and Elbow Surgery, 27 (11),
2099-2107. https://doi.org/10.1016/.jse.2018.07.007

28.

29.

30.

31.

Ingrassia, T., Nigrelli, V., Ricotta, V., Nalbone, L., D'Arienzo, A.,
D'Arienzo, M., & Porcellini, G. (2019). A new method
to evaluate the influence of the glenosphere positioning
on stability and range of motion of a reverse shoulder
prosthesis. Injury, 50, S12—S17. https://doi.org/10.1016/].
injury.2019.01.039

Zhang, M., Junaid, S., Gregory, T., Hansen, U., & Cheng, C.
(2019). Effect of baseplate positioning on fixation of reverse
total shoulder arthroplasty. Clinical Biomechanics, 62, 15-22.
https://doi.org/10.1016/j.clinbiomech.2018.12.021

Ackland, D. C., Robinson, D. L., Wilkosz, A., Wu, W.,
Richardson, M., Lee, P., & Tse, K. M. (2019). The in-
fluence of rotator cuff tears on muscle and joint contact
loading after reverse total shoulder arthroplasty. Journal
of Orthopaedic Research, 37 (1), 211-219. https://doi.
org/10.1002/jor.24152

Glenday, J., Kontaxis, A., Roche, S., & Sivarasu, S. (2019).
Effect of humeral tray placement on impingement-free range
of motion and muscle moment arms in reverse shoulder ar-
throplasty. Clinical Biomechanics, 62, 136—143. https://doi.
org/10.1016/j.clinbiomech.2019.02.002

The article has been sent to the editors 10.08.2023

FINITE ELEMENT ANALYSIS OF THE STRESS-STRAIN STATE
OF 3D COMPUTER GENERATED IMAGING
OF REVERSE TOTAL SHOULDER ENDOPROSTHESES

M. O. Korzh !, V. B. Makarov 2, Marcin Chilik 3, S. V. Zdanevych 4, M. S. Smoliar 3

! Sytenko Institute of Spine and Joint Pathology National Academy of Medical Sciences of Ukraine, Kharkiv

2 Municipal non-profit enterprise «City Clinical Hospital Ne 16» of the Dnipro City Council. Ukraine
3 Ontic Engineering & Manufacturing UK Ltd, Gloucester, UK
“ Dnipro State Agrarian and Economic University. Ukraine
5 Limited Liability Company «ESPER», Kyiv. Ukraine

< Mykola Korzh, MD, Prof. in Traumatology and Orthopaedics: mykola.korzh47@gmail.com

<] Vasyl Makarov, MD, PhD in Orthopaedics and Traumatology: vasylmakarov2010@gmail.com
<] Marcin Chilik, PhD in Tech. Sci: mchilik@gmail.com

< Serhii Zdanevych, PhD in Tech. Sci: zdanevych.s.v@dsau.dp.ua

<l Maksym Smoliar: maxsmoliar@gmail.com



	Страница 1

