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Objective. To work out as close as possible to normal human anato-
my three-dimensional finite element model of the shoulder joint with
elastic ligaments as well as with muscles and the spatial location
of their attachment points, to analyze the stress-strain state of the ele-
ment proximal humerus and scapula. Methods. A geometric model
of the humerus and scapulae are constructed. The three-dimensio-
nal modeling of the shoulder join based on the geometric models
was used with software SolidWorks with mathematical modeling
method finite elements and the stress-strain state analysis in the ap-
plication package Ansys sofiware. To approach the real conditions
of the model we have added the elastic elements that mimic muscles.
Model loaded with forces that reproduce the effort in the muscles,
applied to the respective contact planes on the humerus head
of the human bone. The stress-strain state of proximal elements
is calculated in the humerus and scapula for the angles of the ab-
duction — 0°, 30° 60° and 90° in neutral rotation of the hume-
rus. Results. The tensile stresses in the scapula are distributed in
such a way that at an angle of 0 ° the limb is not raised +5.67 MPa
in the area below the joint depressions. The minimum values
of the compressive stress have been reached 18.5 MPa. Maximum
stresses are in 1.5-2 times higher area of the articular cartilage
of the humerus head compared to the cartilage of the glenoid cavity
of the scapula. It is established that the dependence of the values
of the area of the contact zone in the range of change limb abduction
angle (0° ... 90°) can be approximated section of a cubic parabola,
with changes in area insignificant and are equal to +2.26% — 7.3 %
of the value in neutral position at an angle of 0°. Minor differences
with the results of similar studies indicate that the validity of the de-
veloped mathematical model. Conclusions. The proposed model
would allow performing more correct mathematical modeling and
comparative analysis of the stress-strain state for various methods
of surgical treatment of pathology shoulder joint, in particular ar-
throplasty. Key words. Shoulder joint, humerus, articular cartilage,
contact area of the scapula,three-dimensional model, finite element
method, stress-strain state.
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Mema. Po3pobumu MaxcumanbHO HAOAUdCEHY 00 HOPMATbHOL
aHamomii TOUHU MPUSUMIPHY CKIHUEHHO-eeMeHMH)Y MOo0elb
naew08020 cyen0ba 3 ypaxy8anmsm NPYJiCHUX 38’53Ki@ (M3i6)
1 NPOCMOPOB020 PO3MAULYBAHHS MOYOK IXHbO20 KPINJIEHHs, NPo-
ananizyeamu wanpyoiceno-oegpopmosanuti cmarn (H/[C) enemen-
mie NPOKCUMANILHO20 BIOOINY NAeU080i KicmKu ma JONAmKU.
Memoou. Ilo6yoosano ceomempuuny mooensb NIe4080i KiCmKu
ma nonamxu. [[na mpueumipHo2o mMo0enioeants nieio8o2o cye-
7106a Ha OCHOGI 2eomMempuuHUX Mooeneti GUKOPUCTNANO Npo2pa-
my SolidWorks i3 mamemamuynum mMo0eno8aHHAM Memooom
CKiHueHHux earemenmie i ananizom HJC y naxemi npuxiaouux
npoepam Ansys. /[ns nabausicenns 00 pearbHux ymos y Mooensb
000aHi npyoicHi enemenmu, aKki imimytoms m’sa3u. Mooenb Hasaw-
Masicysany Cunamu, ki 6I0MeopIoIoms 3VCULIA 8 M A3aX, NPUKIA-
OeHUMU 00 GIONOGIOHUX NIOWUH KOHMAKMY HA 20J108Yl N1e4060T
xkicmku. Pospaxoeano HJIC enemenmie npoxcumanoHo2o 6i00i-
Sy nevo8oi Kicmku ma J1onamku O1s Kymie 6i08e0enH sl KiHYiG-
xu 0° 30° 60°i 90° y neimpanvuiii pomayii nievoeoi Kicmxu.
Pezynomamu. Hanpyoicenns pozmsaznents 6 ionamyi posnooineni
6 makuti cnocib, wo 3a kyma 0° 6i0gedenns KiHYyi6KUu He nepe-
suwysanu +5,67 Mlla 6 30mi, posmauiogatiil Hudxicue cy2106060i
sanadunu. Minimanshi 3navenns HanpysicenHs CMUCKANHA 00Cs2-
au 18,5 Mlla. Maxcumanwvni Hanpyswcenns o6invwi 6 1,5-2 pasy
6 30HI CY2n10006020 XpAWA 006K NAEYOBOI KICMKU NOPIGHANO
3 Xpswem 2nrenoioanvbroi 3anadunu ronamku. YcmanoseieHo,
WO 3ANEAHCHICIb 3HAYEHb NIOWI KOHMAKMHOL 30HU 8 Olana3oni
sminu kyma giogedenns xinyieku (0°.. 90°) mooce 6ymu anpok-
CUMOBana OLISAHKOIO KYOIMHOT napabonu, npu ybomy 3MiHU NIOWL
HesHauni ma dopisHioroms +2,26 % ..—7,3 % 6i0 3nauenms 6 Hetim-
PanbHOMY nonodcenni 3a Kyma siosedennsi 0°. Posbiocnocmi
3 pe3ynbmamamu aHanoiHUX 00CNI0dCeHb YKA3YI0mb HA 00C-
mogipnicms po3pobienoi mamemamuunoi mooeni. Bucnosku.
Bukxopucmanns zanpononosanoi mooeni 003601ums Kopexmuiute
npoeoouUmU Mamemamuune MoOe08anHsA Mma NOPIGHANbHUL aHA-
i3 HJIC 3a pisHux memodie Xipypeiunoeo NiKy8aHHs namonoeii
nie106020 cyenoba, 30kpema eHoonPome3sy8anHsi.
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Introduction

A healthy human shoulder joint is a complex
anatomical formation ensuring both maximum range
of motion and stability of the position of the upper
limb in the three-dimensional coordinate system [1].
Three-dimensional modeling and finite element
method (FEM) in the biomechanics of the shoulder
joint are used for comparative assessment both in
norm and abnormalities, for example, in instabili-
ty of the shoulder joint, ruptures of the rotator cuff,
during various types of osteosynthesis and endo-
prosthesis [2, 3]. The main problem in the develop-
ment of a three-dimensional finite-element model
of the shoulder joint and the study of its stress-strain
state (SSS) is the difficulty of modeling anisotropic
inhomogeneous material under conditions of com-
parative evaluation with experimental parameters.
A number of difficulties in creating models are
the variety of individual physiological characteris-
tics of bone, cartilage, muscle and connective tissue
of the shoulder joint [4]. It should be noted that most
experimental studies to study the stresses that occur
in the area of the shoulder joint are limited by in vitro
conditions [5, 6]. Significant simplification of three-
dimensional models of the shoulder joint [2] leads
to difficulties in conducting a comparative analysis
of stress distribution and interaction of different com-
ponents of musculoskeletal structures of the shoulder
joint, which, in turn, does not allow to obtain any
clinically useful conclusions. Although articular
surface of the glenoid cavity is known to be smal-
ler than the humerus, it provides a range of motion
greater than in other human joints, while the stability
of the shoulder joint is achieved by soft tissues, which
necessitates the modeling of muscles and other struc-
tures when calculating the SSS to obtain indicators
close to experimental [2, 4]. FEM-based mathemati-
cal models of solid medium mechanics are a power-
ful tool for analytical assessment of SSS conditions
of musculoskeletal system models [4, 5], which are
usually impossible to measure in vivo. Thus, elabo-
ration of a three-dimensional mathematical model
of the shoulder joint, as close as possible to normal
human anatomy, consisting of a soft tissue structure
that stabilizes the shoulder joint, is relevant and de-
serves further study.

The purpose of the study: to develop three-dimen-
sional finite element model of the shoulder joint as
close as possible to normal human anatomy, taking

into account the elastic connections (muscles) and
the spatial location of their attachment points, to ana-
lyze the stress-strain state of the proximal humerus
and scapula.

Material and methods

FEM-based software was used to calculate the SSS
of the elements of the proximal humerus and scapu-
la, as well as to determine the stress distribution
[11, 12]. FEM is an effective tool for solving problems
of static loading of various structures. We employed
matrix equation, which can determine displacement
of the nodes of the model (1) [12, 13]:

[K]e{U}e: {F}e+ {P}eg+ {P}e‘l + {P}850+{P}e"0 (1)7

where /K], — is the element stiffness matrix; {U}, —
is the vector of nodal displacements of the element;
{F}.— is the vector of nodal forces of the element;
{P}.s, {P}s— are vectors of nodal forces, stati-
cally equivalent to mass and surface forces; {P} 0,
{P} o0 — are vectors of nodal forces, statically equi-
valent to the initial deformations and stresses.

The general system of equilibrium equations
of the whole finite-element model of the studied
deformed solid body is formed from the conditions
of equilibrium of nodes or by means of variational
principles, as well as methods of residuals. For statics
tasks, it has the form (2) [11-13]:

[KJ{U} = {P} + {P}' + {PF+ (P} + (P} (),

where /K] — is the global stiffness matrix of the fi-
nite element model; {P} — is the global vector of given
external nodal forces; {PY, (P}, {P}, {P}°* — are, re-
spectively, global vectors of nodal forces equiva-
lent to distributed surface and mass forces, initial
deformations and stresses.

The general system of equations obtained by
the FEM for a static linear-elastic model of a body
is mathematically a system of linear algebraic
equations. The global vector of nodal displace-
ments {U} becomes a solution of equation (1) follow-
ing the assessment of the superimposed connections
that do not allow the model to move as a solid body.
After its determination, the vectors of nodal displace-
ments of the elements {U}, are calculated. Next, dis-
placement of any points of the elements is calculated
by interpolation using the shape function.

Differentiating the approximating functions
of displacements inside the elements, we can deter-
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mine the deformation and Hooke's law to calculate
the stress (3):

{c} = [D]{e} (©)}

where {c}! = {c, 0, ©. G, G,. G,.}" — is the stress vector;
{e'l = {e g ¢ g, ¢, &.}" — is the strain vector.

A geometric model of the humerus and scapu-
la is constructed. Three-dimensional modeling
of the shoulder joint based on geometric models was
performed using SolidWorks 2019 SP 1.0 software
with mathematical modeling of FEM and SSS analysis
in the application package Ansys, 2019. The applied
software automatically calculates all stages of FEM.

To approximate the physical and strength charac-
teristics of the calculation model to the real human
humerus, the computer model is divided into lay-

Fig. 1. Model of the proximal humerus (a) and scapula (b).
Cortical (1), subchondral (2) and spongy (3) layers; bone marrow
canal (4)

ers. The general view of the model of the humerus
and scapula is shown in Fig. 1. The calculated model
of the shoulder joint includes the cartilaginous articu-
lar surfaces on the humerus and the glenoid cavity
of the scapula.

Physico-mechanical properties of the layers
of the model (Table 1), as well as the nature of the mo-
del load for all calculations were assumed to be con-
stant [3, 14—-18]. We analyzed the options for loading
the humerus in the position of neutral rotation with
angles of abduction in the shoulder joint 0°, 30°, 60°
and 90°.

To the geometric models of the humerus and sca-
pula, according to normal human anatomy, were
added elastic elements that mimic muscles: supraspi-
natus, infraspinatus, subscapular, minor and major
teres, latissimus dorsi, minor and major rhomboid,
trapezius, minor and major pectoral, deltoid. Fig. 2
schematically shows the sites of attachment of the su-
praspinatus muscle as an example of modeling.

A kinematic model in the Rigid Dynamics module
was created to determine the effort in the muscles
at different positions of the elements of the shoulder
joint. The humerus is connected to the scapula by
elastic elements that mimic muscles at the attachment
points, as described above. Muscle characteristics are
given in Table 2, kinematic model and load condi-
tions in Fig. 3. The load on the humerus and scapula
occurred by moving and turning in the appropriate
positions (Fig. 4).

Supraspinatus muscle

¢« 'S Supraspinatus muscle

Fig. 2. Anatomical
location of the su-
praspinatus muscle
and the place of at-
tachment on the
model of the shoul-
der joint (top view)

Table 1

Physico-mechanical properties of bone and cartilage tissues in the model

Tissue type Density, kg/m? Young’s modulus, E, GPa Poisson's ratio, v Tensile strength, Compressive strength,
o+ MIla 6-, MIla
Cortical 1640 12.65 0.30 157.0 200.0
Subchondral 900 2.20 0.30 300.0 100.0
Spongy 200 0.47 0.48 3.9 28.6
Cartilage 1300 9.00 0.30 12.0 50.0
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The calculation of contact stresses in the shoul-
der joint for all considered positions of the upper
limb was performed taking into account findings
of the studies [1, 3]. The following initial parameters
were employed during the calculation [3]: human
weight 76 kg, upper limb weight 3.8 kg (5 % of body
weight), distance from the shoulder joint to the center
of the upper limb mass 32 cm; to the center of hand
mass 74 cm.

In all calculated cases, the vertical external force
was applied to the hand and was equal to 200 N.
Elaboration of a new three-dimensional model
of the shoulder joint involved taking into account
muscles, considered the most important for this load:
middle (MM), anterior (AM) and posterior (PM)

Fig. 3. Shoulder joint: kinematic model (a) and load diag-
ram (b)

parts of the deltoid, supraspinatus (SM), infraspinatus
together with minor teres (IM), subscapular (SSM).

Muscles were modeled as three-dimensio-
nal and one-dimensional elastic elements (springs)
along the main directions of their action (for ex-
ample, from the starting point on the humerus to
the point of attachment on the shoulder blade), depend-
ing on the calculated case. The cross-sectional area
of the three-dimensional elements was chosen based
on the conditions of ensuring the required rigidity.
The middle deltoid muscle with a longitudinal stiff-
ness of 52.2 N/mm was chosen as the main one [7].
The stiffness of other muscles was determined in pro-
portion to the stiffness of the MM by multiplying it
by the appropriate factor (this technique is described
in [3]).

Schemes with applied forces for the calculated
cases of the angles of the limb at 30°, 60° and 90° are
shown in Fig. 4.

Calculation of the used kinematic model of a shoul-
der joint yielded the value of efforts in muscles
(Table 3) depending on an angle of abduction of an
extremity.

The finite element model (FEM) of the humerus,
built on the basis of a three-dimensional geometric
model, is shown in Fig. 5. Second-order solid di-
mensional elements are used. The constructed FEM
contains 425 thousand Tetral(O elements (tetrahedron
with 10 nodes) and 285 thousand nodes. The mean
linear size of the elements is 2 mm. The scapula
is connected to the ribs and spine by connections

Fig. 4. Three-dimensional model of the shoulder joint for the calculated cases of the angle of humerus abduction by: a) 30°; b) 60°; ¢) 90°

Characteristics of the muscles used in the three-dimensional model of the shoulder joint fable2
Muscle characteristics Muscle

MM AM PM SM SSM IM
Length L;, mm 110.8 129.1 129.1 80.9 99.2 99.2
Section plane A;, mm? 10 10 10 10 10 10
Calculation of the coefficient 1.0 0.8 0.2 0.5 0.5 0.5
(according to the method [3]),
;= Fi/Fup
Stiffness Kj, Ki = KCyw'r; N/mm 52.20 41.76 10.44 26.10 26.10 26.10
Module E;, E;= K;-Li/A;, MPa 578.5 539.4 134.8 211.3 258.9 258.9
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of «joint» type. The spine is rigidly fixed in the upper
and lower parts (zones C and D), and the sternum to it
(zone E) (Fig. 5). The humerus is in contact with the
scapula of the «bonded» type, attached to the spine
and sternum. The model was loaded with forces that
mimic the forces in the muscles applied to the respec-
tive planes of contact on the head of the humerus.

During the calculation, the fact that all the consti-
tuent elements of the shoulder joint consist of brittle
materials is taken as a basis, therefore, in order to
analyze their strength, the first theory of strength was
used [8—10]. It is based on the hypothesis that the ma-
terial acquires a dangerous state when the maximum
in absolute value of the main stress reaches a va-
lue corresponding to the dangerous state in the case
of simple stretching or compression [11-14]. The main
are the normal stresses on the planes of the selected
element of the body with zero tangential stresses,
there are three values, namely the first, second and
third main stresses, of which the first in its indica-
tor are the maximum, and the third are the minimum
ones. Within this theory, the first and third principal
stresses are, for the most part, compared to the tensile
strength of the material during tensile and compres-
sive pressure, respectively.

Thus for each element two values of a safety mar-
gin from which the minimum is chosen are calculated.

To visualize the distribution of stresses in the ar-
ticular cartilage of the humeral head, glenoid cavity,

Time: 1,5
01.02.2021 20:05

[ Force: 200N
2:200,N
[ Fixed Support
B Fixed Support 2
[ Fixed Support 3

Fig. 5. Model of the shoulder joint in the form of a network of finite
elements with added forces mimicking the forces in the muscles, in
a position with an angle of shoulder joint abduction of 0°

cortical, subchondral and spongy layers, two cross-
sectional planes of the proximal humerus were used
(Fig. 6).

Results and their discussion

SSS calculations of the elements of the proximal
humerus and scapula for the four angles of limb ab-
duction (0°, 30°, 60° and 90°) in the neutral rotation
of the humerus were performed (Fig. 7-14). Cal-
culations established that depending on the angle
of the limb, the distribution of maximum and mini-
mum main stresses for the cortical layer of the hu-
merus (Fig. 7, a, ¢) in the articular cartilage of the hu-
meral head (Fig. 7, b, d) is nonlinear. This is due to
the complex contact surface, changing the directions
of the resulting vectors of reactions that mimic musc-
le elements, moving the points of attachment of elas-
tic ligaments.

The maximum stresses in the scapula with
an angle of 0° of the humerus are given in Fig. 8.
The tensile stresses in the scapula are distributed in
such a way that in the position with an angle of 0°
of the limb does not exceed +5.67 MPa in the area be-
low the joint cavity. The minimum values of the com-
pressive stress reach 18.5 MPa.

Table 4, 5 shows the minimum and maximum main
stresses in the shoulder joint, obtained after modeling

Fig. 6. View of the cross-sectional planes of the head of the humerus:
a) sagittal passes through the geometric middle of the great
tubercle, head and diaphysis of the humerus; b) axial perpendicular
to the vertical axis of the diaphysis of the humerus at the level
of the lower third of the head

Tabauys 3
3ycuiis B M’A3aX 3aJ1€KHO BiJl KyTa BiiBe/leHHs IJ1€40BOI KiCTKH i/l Yac MOJeJIOBaHHS
Muscle Muscle effort (N) depending on the angle of abduction
(indicated in Fig. 5)
30° 60° 90°
SM (a) 102 267 364
AM (b) 112 245 505
MM (c) 463 808 1417
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the SSS using Ansys software. The values of stresses
were much lower than the stress limits for the materials
of the elements of the shoulder joint (Table 1).

There are studies of SSS of the shoulder joint with
various injuries of the articular lip, where an increase
in stress in the head of the humerus is set by 1.22 ...
2.65 times [2—4].

Table 4
Maximum and minimum main stresses in the elements
of the joint in a position with an angle of 0°
of humerus abduction

Element of the shoulder joint Main stresses, MPa

minimum maximum

Cortical layer _1370 +12.90

of the humerus ’ )

Cortical layer of the scapula -18.50 +5.67

Articular cartilage of the head 137 +1.28

of the humerus

Art}cular cartilage of the glenoid 358 43.60

cavity of the scapula

Spongy bone of the head

of the humerus (sagittal section) ~0.24 +8.86

Subchondral bone

of the humeral head -3.24 +6.78

(axial section)

Our study showed that the maximum stresses are
1.5-2 times higher in the area of the articular cartilage
of the humeral head in comparison with the cartilage
of the glenoid cavity of the scapula (Table 5). Assess-
ment of the obtained data showed that the dependence
of the values of the area of the contact zone (Table 6)
in the range of changes in the angle of the limb (0° ...
90°) can be approximated by the area of the cubic
parabola, with changes in area insignificant and equal
to +2.26% ...— 7.3% of the value in the neutral position
at an abduction angle of 0°.

The use of FEM to study the shoulder joint is a tool
that can improve the understanding of biomechanics
in norm and abnormalities (various types of instabili-
ty, deficiency of the rotational cuff of the shoulder, os-
teoarthritis). Many models of the shoulder joint have
now been proposed and discussions continue about
their features, advantages and disadvantages [2—4].

Recently, FEM-based studies of the shoulder
joint have tended to build models taking into ac-
count data on muscle strength and/or bone move-
ment proceeding from dynamic measurements and
complex simulations of several bodies with different
properties. Despite the complexity of modeling mul-
tiple bodies, this integration provides more precise

Table 5

Maximum and minimum main stresses in the articular cartilage and the contact zone of the scapula in positions
with an abduction angle of 30°, 60° and 90°

Element of the shoulder joint The angle of the humerus, degree Main stresses, MPa

minimum maximum
Articular cartilage 30° —13.70 +2.40
of the head 60° —-18.50 +10.40
of the humerus 90° 358 +13.80
Articular cartilage 30° - +1.66
of the glenoid cavity 60° — +4.08
of the scapula 90° . 13.62

Table 6

Value of the contact zone area at different angles of the limb

Limb abduction angle, degree Contact area, mm?
540
0° 618 530 /“ L .
o 620 g2
R g s10 — —#—Calculation
30 632 < —— Approximation \
& 600
= \\
§ 390 Ty = BE_05¢ - 000945 + 0,8x+ 618
60° 620 = R =1 \\
3 seo
570 ! 4
o 0 30 80 30
90 573 Limb abduction angle, degree
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Fig. 7. Maximum (a, b) and minimum (c, d) main stresses (Pa) in the position with 0° angle of the humerus abduction in the cortical

layer (a, c) and articular cartilage of the head (b, c) of the humerus
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Fig. 9. Maximum (a) and minimum (b)
main contact stresses (Pa) in the articular
cartilage of the head of the humerus
in the position of 0° angle of the limb
abduction

Fig. 10. Maximum (a) and minimum (b)
main stresses (Pa) in the scapula in
the contact zone in the position of 0° angle
of the limb abduction
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Fig. 13. Maximum main stresses (Pa) in the articular cartilage of the humeral head in the contact zone with the abduction angle of:

a) 30°; b) 60°; c) 90°
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boundary conditions and loads. The complete three-
dimensional model developed by the authors taking
into account the muscles and their interaction with
the shoulder girdle bones is very important and neces-
sary for a better understanding of the biomechanics
of the shoulder joint and further comparative analysis
of stresses in bone and contact surfaces under dif-
ferent implants. justify their advantages. For the first
time, the dynamic modeling of the FEM based on
physiologically realistic boundary conditions and
load conditions, applied by the authors, made it pos-
sible to better stabilize the model and estimate the de-
formations and stress distribution in soft and hard
tissues. Thus, the developed three-dimensional model
of the humerus and SSS assessment findings can be
used in the future to develop more effective surgi-
cal interventions and treatments, including humeral
arthroplasty.

Conclusions

The developed three-dimensional model of the shoul-
der joint, which differs in the administration of elastic
connections (muscles) and the spatial location of their
attachment points, allowed to more accurately stabi-
lize the model and assess the deformation and stress
distribution in soft and hard tissues.

Assessment of SSS for modeling the load on
the shoulder joint with different angles of the limb
showed that the greatest stresses occur in the contact
areas on the humerus, as well as in the upper and
middle parts of the head, depending on the applied
external influences.

The obtained results of numerical simulation
of SSS in the elements of the shoulder joint are com-
pared with the allowable stresses for materials. It is
determined that in case of lip damage contact stresses
approach the maximum allowable ones. Slight dis-
crepancies with the results of similar studies indicate
the reliability of the proposed mathematical model.

With the help of the developed simulation comput-
er 3D-model of the shoulder joint, it will be possible
to perform a comparative analysis of stresses occur-
ring in the bone and contact surfaces under the condi-
tions of using different implants.
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