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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.
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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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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




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

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
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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
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F: Static Structural MDSS_14-01 (Side 90 deg).SLDPRT
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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
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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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