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Abstract: The shoulder is the most mobile joint of the human body, but it is very fragile; several
pathologies, and especially muscular degenerations in the elderly, can affect its stability. These are
more commonly called rotator cuff fractures. In the case of this type of pathology, the mobility of
the shoulder decreases and pain appears. In order to restore mobility and reduce pain, implantation
of an inverted shoulder prosthesis is recommended. Unfortunately, over time a notch phenomenon
has been observed. In the lower position of the arm, part of the implant comes into contact with
the scapula and therefore causes deterioration of the bone. Among the solutions adopted is the
lateralized method with bone grafting. However, a main disadvantage of this method concerns the
reconstruction of the graft in the case of prosthesis revision. In this context, the aim of the present
work was to reconstruct the shoulder joint in 3D in order to obtain a bio-faithful geometry, and then
study the behavior of different types of biomaterials that can replace bone grafting. To this end, three
arm abduction motions were examined for three individuals. From the results obtained, it appears
that grafts in ultra-high molecular weight polyethylene (UHMWPE) exhibit a behavior closer to that
of bones.

Keywords: shoulder prosthesis; graft; finite elements; abduction; stresses; BIO-RSA

1. Introduction

The shoulder is a suspended joint that is very mobile and very fragile. Thus, it is possible to
perform ample movement while ensuring adequate maintenance of its articulation [1]. Shoulder
articulation is characterized by weak congruence, which gives it a great amplitude of circumduction,
but exposes it to multidirectional instability risks [2].

Many pathological and traumatic factors can disturb this balance. Among these are omarthroses
with deficient cuff (with or without subacromial narrowing), comminuted fractures of the humeral
head in the elderly and massive ruptures of the cuff bilateral omarthrosis of the shoulder in
osteonecrosis [3,4]. The consequences of such pathologies can be dramatic, and involve a lot of
pain. According to Lock et al. [5], 20 to 30% of the population is prone to joint pain in the shoulder,
and 40% of people over the age of 60 suffer from osteoarthritis on this joint. In the case of appearance
of the previously discussed indications, the implantation of an inverted shoulder prosthesis may be
recommended to restore mobility and reduce pain.
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As an example, in France, each year, around 2700 shoulder prostheses are placed, 30% of which are
simple prostheses and 70% of which are total prostheses. Although commonly practiced, postoperative
complications persist: Notch, limited movement, instability, etc. [6,7]. The notch problem is the
most frequent, according to the Sofcot series [8]. These complications have the effect of prematurely
deteriorating the implant (at the level of the cup) and causing pain and other serious consequences
for the patient. The appearance of a notch is correlated with deterioration in the clinical outcome
that in the medium and long term seems to be worrying. In addition, the polyethylene wear debris
generates a granulomatous reaction, responsible for the enlargement of the notch. The latter is one
of the complications of the medialization of the rotation center, which is the principle on which the
inverted shoulder prosthesis proposed by Paul Grammont is based, used to improve the lever arm of
deltoid and to reduce the stresses on the glenoid implant [7].

To treat this problem, several authors have proposed less medialized inverted prostheses than
the Grammont prosthesis, the center of rotation of which is closer to the normal shoulder. A case
in point is Frankle [7], who proposed a lateralized prosthesis. According to Boileau and Balg [9],
prosthetic lateralization undeniably increases the stresses on metaglene, because it yields a significant
number of complications. Furthermore, a few have proposed the method BIO-RSA (Bony Increased
Offset—Reversed Shoulder Arthroplasty) [10] which is based on the bone lateralization of metaglene
using a bone graft taken at the expense of the humeral head. This method gives more interesting
clinical results than the method of prosthetic lateralization [9].

To evaluate the effectiveness of shoulder prostheses, several authors developed bio-faithful
models of the shoulder, which allowed them to evaluate and analyze the different types of shoulder
prostheses by focusing their studies on the fixation mode [11-13], the bone grip [14-16], the shape
and positioning of the prosthesis [17,18], the effect of the prosthesis geometric parameters [19] and
the glenoid component stability [20]. Furthermore, a review article published by Berliner et al. [21]
discussed the biomechanics of reverse total shoulder arthroplasty, with a focus on elements of implant
design and surgical technique that may affect stability, postoperative complications, and functional
outcomes. Permeswaran et al. [22], on the other hand, presented cadaveric validation of an FE model
(Finite Element Model) developed for studying impingement related to notching in RSA; they found
that the numerical model predicted highly focal contact areas due to the sharp edge-on-edge contact
present during an impingement event. More recently, Ingrassia et al. [23] presented an evaluation of
the reverse shoulder implant design parameters effect on the deltoid muscle forces and on the shoulder
range of motion. The obtained results demonstrated that appropriate positioning of the humeral tray
can offer significant biomechanical advantages in terms of motion range and abduction force.

Finally, biomaterials chosen for the prosthesis had a great impact on implant performance [24].
These could be divided in several categories. Polymers were chosen for their physical
characteristics [25], whereas metal or metal alloys and gold or stainless steel were used despite
of allergen risks because they are easy to process and well finished [26,27]. Nowadays, they are
progressively being replaced by new materials such as NiTi (Nickel—Titanium) [28] or magnesium
and alloys [29] for implants requiring dissolution in biological media.

In this work, we are interested in the BIO-RSA solution (bony-increased offset-reverse shoulder
arthroplasty) in the case of revision of the shoulder prosthesis. In order to achieve this goal, a
bio-faithful model of the shoulder complex (humerus and scapula) was developed using the 3D
segmentation method. Then, we implanted an inverted type prosthesis using the BIO-RSA method. A
numerical investigation of the biomechanical behavior of the shoulder complex with prosthesis under
different abduction motions of the arm is presented and discussed in detail below.

2. 3D Reconstruction and Conception of the Shoulder Prosthesis

The model used was constructed by image processing of an MRI file obtained on a subject without
a pathology in the shoulder complex, using the technique of 3D reconstruction through several stages.
The data conversion method used to develop the finite element model of the shoulder is illustrated
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in Figure 1. This method is based on tomographic sections taken from radiographs of the shoulder
complex performed in a repetitive manner at regular intervals. From these, we can reconstruct a
numerical volume model closer to reality. Indeed, the first step is to recover the data from tomographic
sections (CT-scan), namely a sequential image file with a 0.5 mm interval, type “DICOM”. X-ray images
are transferred to the Mimics image processing software. This anatomical representation software
makes it possible to visualize the reconstruction of tomographic sections in 3D. We can see a precise
model of the shoulder complex performed with precision in the order of a tenth of a millimeter.

Mimics

STL

RapidForm

IGES

parasolid x_t

Figure 1. Illustration of the 3D reconstruction procedure of the bone structure of the shoulder.

After three-dimensional regeneration of the model using Mimics, the same file is run in the
Remesh module to eliminate any debris and correct some of the shape defects (asperities) caused by
the segmentation procedure. The resulting model is then exported to an “STL” file. The content of the
file is a mesh composed of several triangular facets. However, this mesh cannot be used as is for a
finite element calculation. Indeed, segmentation sometimes generates gaps or overlays of elements
(discontinuity). In addition, it is performed automatically without any possible control of dimensional
parameters of the elements, and does not necessarily respect the constraints necessary for building a
mesh of good quality.

It is possible to mesh a surface provided that it is very regular. Indeed, the smoother a surface
is, without any alterations and distortions, the better the mesh is. However, the surface generated
by Mimics software is not perfect. It is common to find anomalies, most often in the form of folds,
where the surface gets wrapped around itself to create a bead. These invisible irregularities disrupt the
generation of mesh by creating an infinite number of superimposed elements or elements of almost
zero size. For this reason, RapidForm software is used to perform a smoothing operation by filling
gaps and rebuilding a regular automatic mesh using NURBS (Non-Uniform Rational Basis Splines)
surfaces. The three-dimensional geometric data obtained are converted into the data format of type
Parasolid x_t.

In this work, the model of Delta3 inverted shoulder prosthesis was chosen for its wide use [30].
Figure 2 illustrates the 3D drawing of this prosthesis using CAD software Solidworks.
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Figure 2. The design of the Delta 3 model of a total inverted shoulder prosthesis.

Placement of the prosthesis in accordance with the operative protocol consists of planning the
proximal end of the humerus at a cervico-diaphyseal angle of 125°. The glenoid portion should
be reduced by a vertical plane in order to position the glenoid base. The humeral part of the
prosthesis is inserted in press-fit. On the side of the glenoid, the base is fixed by two screws
(Figure 3). This implantation of the prosthesis was carried out in collaboration with experienced
surgeons specialized in the placement of this type of prosthesis (Dr. A. Gasmi and his team at the
Caduceus Clinic, Oran, Algeria).

S'::re_i.v..r support S

Glenosphere

Cup

Diaphyseal ste

Figure 3. Implantation of the prosthesis into the shoulder joint.

3. Finite Element Modeling

3.1. Mechanical Properties

The different mechanical properties of the prosthesis components and the bones of the shoulder
are presented in Table 1.
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Table 1. Properties of bone and prosthetic materials in shoulder arthroplasty [31,32].

Elements Materials Young Modulus E(MPa) Poisson Coefficient v Density (g/mm?)
Scapula Cortical bone 8000 0.3 1.3 x 1073
Screws and Screws Holder Titanium 110,000 0.33 45x%x 1073
Glenosphere Stainless steel 230,000 0.3 8.01 x 1073
PMMA 2000 0.22 -
Graft UHMWPE 500 0.4 -
Bone 450 0.3 -

3.2. Loading Conditions

It should be noted that the purpose of this study was to search for biomaterials that could replace
bones in the lateralized bone graft method, compare their behaviors and choose the most suitable
one. To do this, it was assumed that the compression force undergone by the arm is mainly due
to the deltoid muscle, because it allows lifting of the arm. We used three abduction movements of
three different individuals. The evolution of the total effort required by the shoulder as a function
of the angle of the arm abduction is illustrated by Figure 4 [33]. First, kinematic measurements were
preformed using the magnetic movement capture system “Polhemus Liberty”. A sensor was placed
on each bone segment (thorax, clavicle, scapula, humerus and forearm) and the system provided
their position and orientation over time. Then, a numerical model was developed into the MATLAB
software representing the joint glenoid—humeral by a spherical connection and muscles by eleven
fibers. An algorithm was developed to calculate the contact reaction force of the glenoid, the strength of
the muscles and the contact position of the glenoid, using the kinematic measures of the first part [34].
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Figure 4. Illustrations of the three models of abduction movement, representing the force applied to
the shoulder joint as a function of the abduction angle of the arm in the case of: (a) 1st individual,
(b) 2nd individual and the (c) 3rd individual, from [33].
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The action of contact of the cup on the glenosphere was modeled by pressure. In fact, the contact
force was the compressive force between the humerus head and the glenoid cavity undergone by the
arm during abduction movements. The surface of the applied pressure, to get closer to reality, varied
depending on the position of the arm by subdividing the glenosphere into four parts as shown in
Figure 5. The resulting force of the applied pressure was chosen using the direction shown in Figure 6.
The scapula was fixed at its right side (see Figure 6). Simulations were performed in the framework of
small strains with linear quasi—static evolutions.

(b)

mﬂ

(d) (e) )

3=

Figure 5. Contact surfaces and zone of applied forces on the glenosphere depending on arm inclination
(a) 30° position; (b) 60° position; (c) 90° position; (d) applied force for 30°; (e) applied force for 60°; (f)
applied force for 90°.

Faces constramed against

displacement and rotation

Abduction

Figure 6. Illustration of the direction of the abduction force as a function of the angle of abduction and
the fixed faces of the scapula.
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For the glenoid part we defined all contacts as “fully bound” because when the prosthesis is in
place, it is assumed to be embedded in the shoulder.

4. Results and Discussion

4.1. The Mesh Sensitivity Study

In order to highlight the effect of the mesh size on the stability and convergence of the results,
four different meshes of the graft were examined as illustrated in Figure 7.

o  The first mesh (a) of a size of 5 mm was composed of 49,866 tetrahedral elements with 86,186 nodes.
e  The second mesh (b) of a medium size (3 mm) was composed of 51,061 tetrahedral elements with

88,109 nodes.
e  The third mesh (c) of a fine size (1.5 mm) was composed of 62,567 tetrahedral elements with
105261 nodes.
e  The fourth mesh (d) of a very fine size (1 mm) was composed of 93,929 tetrahedral elements with
150,252 nodes.
Unité: MPa Unité: MPa
1,7878Max 1,7008 Max
15051 1,5177
14024 1,3346
12096 11515
10169 49,6839
8,2418 7,853
f,3144 6,022
43871 41911
24598 2,3601
0,53252 Min 0,52920 Min
(a) (b)
Unité: hPa Unité: hPa
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7,8004
5,323
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2,1018Max
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16474
1,4202
1,193

9,658

7,3861
5,1141
23422
057028 Min

(0) (d)

Figure 7. The distribution of Von Mises stresses on the bone graft for different meshes. Mesh (a): coarse;
Mesh (b): medium; Mesh (c): fine; Mesh (d): very fine.

It should be noted that the same boundary conditions, illustrated in Figure 6, were used with
a force of 500 N applied to the contact surface of the glenosphere in the 60° position. From the Von
Mises stress distribution, we noticed that there was acceptable agreement between meshes (c) and (d).
To confirm these results, we plotted the evolution of the Von Mises stress along the peripheral contour
of the graft (Figure 8). This contour was chosen because the maximum value is always localized in this
region. It can be seen that there was a rather remarkable difference between the results obtained by
meshes (a) and (d), whereas a slight difference was noted between those of (c) and (b). Therefore, in
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order to reach a better compromise between accuracy and computation time, it is recommended to use
a mesh with an element size less than or equal to 1.5 mm.

2,5

fsd

lMFa:l

Von Mises stress
=

=
Ln

0 0,2 0,4 0,6 0,8 1
Mormalized distance

Figure 8. The evolution of the Von Mises stress along the peripheral contour of the bone graft for
different meshes.

Figure 9 shows the Von Mises stress distribution in the cases of: Graft (Figure 9a), glenosphere
(Figure 9b), support with screws (Figure 9¢) and scapula (Figure 9d), using a very fine mesh. It should
be noted that the maximum stress (77.838 MPa) was found at the prosthesis screws, whereas the
maximum value at the level of the graft was 2.27 MPa. It should also be noted that the elastic limit
for the screws was 830 MPa, whereas that for the bone graft was 135MPa. This satisfies the strength
conditions for these components.
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Figure 9. The distribution of Von Mises stresses in the cases of: (a) Graft, (b) glenosphere, (c) support
with screws and (d) scapula.

After selecting the suitable mesh, we focused on the effects of different abduction movements on
the mechanical behavior of the graft by using different biomaterials. The evolution of Von Mises stresses
along the graft peripheral contour is highlighted for each individual abduction movement below.

4.2. Movement Case of Individual 1

The abduction movement of individual 1 is presented in Figure 4a. Table 2 shows the force applied
to the glenosphere as a function of the abduction angle of the arm in abduction motion for the case of
individual 1.
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Table 2. Applied force to the glenosphere as a function of the elevation angle of the humerus in the

case of individual 1.

Contact Force (N)

280

480 710

Elevation of the Humerus (Degrees)

30

60 90

Figure 10 illustrates the stress distribution along the graft contour for the motion of individual
1. It can be noted that the stress variation in ultra-high molecular weight polyethylene (UHMWPE)
was closer than that of bone grafting. It is also important to note that the maximum stress in the cases
of bone and polyethylene UHMWPE were 0.8 MPa and 0.7 MPa, respectively, whereas in the case of
polymethyl methacrylate (PMMA), this was 2.18 MPa.
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Figure 10. The Von Mises stresses distribution along the graft contour in the case of movement of

individual 1. (a) 30° position; (b) 60° position; (c) 90° position.

4.3. Movement Case of Individual 2

The abduction movement of individual 2 is presented in Figure 4b. Table 3 shows the force
applied to the glenosphere as a function of the abduction angle of the arm in abduction motion for the

case of individual 2.
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Table 3. The applied force to the glenosphere as a function of the elevation angle of the humerus in the

case of individual 2.

Contact Force (N) 350 390 560
Elevation of the Humerus (Degrees) 30 60 90

The distribution of stresses along the contour of the graft in the case of movement of individual
2 is shown in Figure 11. The same tendencies of variation of stresses as those of the movement of
individual 1 were noticed in the second individual; that is, the behavior closest to the bone was that of
polyethylene UHMWPE. In the second individual, the maximum stresses were as follows: 0.85 MPa in
the case of bone, 0.6 MPa in the case of polyethylene UHMWPE, and 2.6 MPa in the case of PMMA.
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Figure 11. The Von Mises stresses distribution along the graft contour in the case of movement of
individual 2. (a) 30° position; (b) 60° position; (c) 90° position.

4.4. Movement Case of Individual 3

The abduction movement of individual 3 is presented in Figure 4c. Table 4 shows the force applied
to the glenosphere as a function of the abduction angle of the arm in abduction motion in the case of
individual 3.



Bioengineering 2019, 6, 19 11 of 14

Table 4. The applied force to the glenosphere as a function of the elevation angle of the humerus in the

case of individual 3.

Contact Force (N) 250 410 680
Elevation of the Humerus (Degrees) 30 60 90

Figure 12 shows the distribution of Von Mises stresses along the contour of the graft in the case
of the third individual’s movement. The same tendencies of stresses variation as those of the first
individual movement were noted; that is, the behavior closest to the bone was that of polyethylene
UHMWTPE. It was also noted that the maximum stress in the case of bone was 0.75 MPa, whereas in
the case of polyethylene UHMWPE it was 0.6 MPa, and in the case of polymethyl methacrylate PMMA
it was 2.1 MPa.
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Figure 12. The Von Mises stresses distribution along the graft contour in the case of movement of
individual 3. (a) 30° position; (b) 60° position; (c) 90° position.

The highest maximum stresses for the PMMA and bone grafts were obtained in the case of
individual 2, when the contact surface of the glenosphere was in the 30° position, whereas for the
UHMWPE graft, the highest maximum stress was obtained in the case of individual 1, when the
contact surface of the glenosphere was in the 90° position.



Bioengineering 2019, 6, 19 12 of 14

These numerical results deserve a verification with experimental ones. We did not make any
experimental measurements, and unfortunately the lack of experimental data in the literature did not
allow us to compare numerical and experimental stress results.

It is important to note that the differences between UHMWPE and PMMA were very large;
however, the obtained results for UHMWPE were very similar to those obtained for bone. Indeed,
stresses peaks were located on either side of the holes. This is normal because holes are geometric
singularities that lead to mechanical singularities. The difference in stresses intensity can only be
attributed to the properties of the materials. The Young modulus and the Poisson ratio between PMMA,
bone and UHMWPE are significantly different. It is the combination of these material parameters that
created their differences.

Nevertheless, we could notice that the yield strengths for UHMWPE and PMMA were around 25
MPa and 70 MPa, respectively, which are far from the maximum computed stresses.

5. Conclusion

The main objective of this study was to propose a solution to the problem of bone graft
regeneration in the case of revision of the implanted inverted shoulder prosthesis using the BIO-RSA
method. In order to achieve this goal, we started by designing the prosthesis using Solidworks
software. In the second phase, we reconstructed the anatomical model of the shoulder in 3D using
Mimics and RapidForm software. ANSYS Workbench software was used to conduct a finite element
analysis of different efforts applied to the prosthetic shoulder with different biomaterials of the graft.
Emphasis was placed on the abduction motion of the arm because it is this gesture that most solicits
the articulation of the shoulder. This movement was studied in three precise positions: 30°, 60° and
90° for three individuals.

From the results obtained, we can draw the following conclusions:

e To obtain reliable results, we must use bio-faithful geometric models with a fine mesh.

e The graft of ultra-high molecular weight polyethylene (UHMWPE) has a closer mechanical
response to that of bone compared to poly methacrylate (PMMA). So, grafts made of UHMWPE
minimize stress and better protect the prosthesis from the risk of fatigue failure.

e  The maximum stress on the graft varies significantly depending on the properties of the graft, the
position of the contact surface and the individual.

Finally, from a clinical point of view, this study shows that it is better to use a graft made of
UHMWPE than PMMA to minimize the stresses created close to holes. Furthermore, in order to
properly examine the consequences of lateralization in RSA, studies on multiple variables such as the
extent of lateralization, basal plate orientation and screw orientation could be considered. It should
also be noted that the possibility of performing 3D printing to produce specific grafts for each patient
is a very interesting surgical guideline.
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