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Scapular notching is a frequently reported complication of the total reverse shoulder
arthroplasty. This phenomenon consists in a bone erosion of the scapular neck bone,
bellow the implant, as a result of the biomechanical changes the reverse arthroplasty
causes on the glenohumeral joint. The scapular notch can reach several levels of erosion,
the most severe of which exposing part of the implant, which may compromise implant
fixation. The purpose of this work was to evaluate if the development of scapular
notching threatens the implant fixation. A set of computational models of a reverse
shoulder arthroplasty were developed for increasing levels of scapular notching. The
three-dimensional model of the scapula was created from computed tomography data of
a right shoulder. The elements of the scapular component of the implant were modeled
after the Lima Corporate reverse prosthesis. The finite element analyses were performed
in ABAQUS considering as loading conditions the glenohumeral joint reaction forces
estimated for loaded and unloaded arm elevations of flexion and abduction. The risk
of failure was assessed by applying the maximum strain criterion to the strains on the
glenoid region and applying the Hoffman criterion for the stresses on the bone-implant
interface. The results showed no relevant differences in the risk of failure between the
different notching levels, which suggests that the development of scapular notching does
not compromise implant fixation and is consistent with the clinical cases reported in the
literature.
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1. Introduction

The reverse total shoulder arthroplasty
(rTSA) has been acknowledged as an
effective solution for the treatment
of the massive tear of the rotator
cuff. The configuration of the rTSA
differenciates from the other shoulder
artropasties for its inverse placement
of the ball-and-socket components in
the glenoumeral joint. In a rSTA the

semisphere component is placed on
the scapula while the socket-shaped
component is placed on the humerus.
Its reverse design restores the range of
motion of the glenoumeral joint due
to its changes in the biomechanics of
the shoulder. Nevertheless, there are
some complications that result from the
modifications of the natural shoulder
joint configuration. The development of
scapular notch is one of the most common
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complications. In particular, notches that
form on the scapular neck below the
implant. These notches appear due to
the abutment of the humeral component
on the scapular neck. The scapular
notch then increases in size with the
combination of the impingement of said
surfaces and an osteolitic process that
comes from the wear of the humeral
polyethylene component.

Sirveaux et all. [19] classifies several
grades of scapular notching with respect
to its size and level of propagation on the
scapula. If the erosion is contained within
the inferior pillar of the scapular neck it is
classified as grade 1. If the erosion of the
inferior pillar reaches the level of fixation
of the inferior screw, it corresponds
to grade 2. When the notch already
passed beyond the inferior screw, it is
considered grade 3. The highest level of
erosion reported, corresponding to grade
4, occurs when the notch reaches the
undersurface of the glenoid component.

There are reports that the patients
with rTSA that developed scapular notch
present less range of motion, less strength
in performing arm movements and a
higher score in the Constant-Murley clas-
sification in comparison to the patients
that didn’t develop a notch. Further-
more, these complications aggravate for
patients with higher grades of scapular
notching [14, 15, 19]. Nevertheless, there
was no clinical evidence showing that
scapular notch compromises the glenoid
component stability.

Finite element studies of inverse
arthroplasty models are scarce in the
literature [3, 7, 9]. In the author’s
knowledge, no finite element study was
conducted to study the effect of scapular
erosion. Considering that there is no
conclusive answer of what is the extent
of the impact of the scapular, a finite
element study could be useful to expand
the knowledge about negative outcomes
of scapular notch.

2. Material and Methods
The scapular component of a re-

verse shoulder arthroplasty - bone and
implant- was modeled in order to
investigate the consequences that the
development of scapular notching on the
scapula can have on implant fixation.

A finite element study was performed
in order to investigate whether scapular
notching has an impact on strain
and stress levels in the bone volume
surrounding the glenoid component and
at the contact interface between bone and
implant.

2.1. Geometry

The model of the right scapula was
built from the computed tomographies
(CT) available on the Visible Human
Female Dataset [20]. The surface model
of the scapula was created in ITK-
SNAP by segmenting the CT image
data. This model was then processed
in Meshlab where two surface mesh
adjustment techniques were applied: a
Laplacian smoothing and a quadratic
decimation algorithm [22]. Finally, the
surface model was converted into a 3D
model using the Solidworks’ ScanTo3D
Add-In.

The 3D model of the rSTA implant was
drawn in SolidEgde. Its geometry was
based on the rSTA model commercialized
by Lima Corporate, whose design is
similar to the Grammont-based implants
[19], with a medialized centre of rotation.

Only the glenoid components of the
implant were recreated. This set includes
the glenosphere with a 36mm diameter,
the metaglene and 2 bone screws with
a 20mm and 25mm length respectively.
All these components were built as
similar as possible to the physical model
according to the Lima Corporate surgical
techique guide [2]. The screws thread was
modeled according to the internacional
norm SO 5835:1991(en). The assembly
of the componets and the scapula was
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performed in SolidEgde following the
surgical technique.

The final model of the scapula includes
a cut done on the glenoid cavaty in order
to allow a better adjustmente of the
metaglene surface with the bone.

A total of 6 different cuts were done
on the scapular neck in order to replicate
increasing grades of scapular notch, of
which the last 2 correspond to extreme
levels of severity. Although there have
been no reports on the literature of such
extensive notches. In addition to the
6 models of artroplasties with scapular
notch, a model with no scapular notch
was studied for comparison reasons.

2.2. Meshing
A very refined mesh was generated

in Abaqus for the glenoide in order
to capture the rapid changes in the
solution around the shoulder implant.
These meshes are composed of linear
tetrahedral elements (C3D4) with an
average side length of 0.25mm. This
element size was selected after a mesh
convergence study and was also applied
for all the bodies of the implant.

The remaining region of the scapula
has a less refined mesh with an average
element size of 2mm so that the analysis
required less computational power.

In addition to the solid bodies
of the scapula, shell bodies involving
the scapula were added in order to
simulate the cortical bone outer layer
of the scapula [6, 11].These bodies were
composed of triangular linear elements,
S3. The shell elements involving the
glenoid region have an average side
length of 0.25mm equal to mirror the
average length of the elements of the solid
bodies within. For the same reason, the
remaining shell elements have an average
length of 2mm.

2.3. Material Properties
All bodies of the finite element models

were modelled with the properties of

isotropic materials and elastic and linear
behaviour.

The density distribution on the scapula
was calculated from the CTs used in the
segmentation process. The CT values,
given in Houndsfield units (HU) were
extracted from the CTs by an Abaqus
plug-in called Bonemapy. Bonemapy
returns the CT values at each node of
the mesh so a distribution map of the
apparent densities of the scapula can
be obtained by making a linear relation
between densities and CT values, given
by:

ρ = a+ b.CTvalue (2.1)
The linear regression was calculated

by assuming that the highest CT value
found in the scapula should corresponded
to the maximum density of the cortical
bone, 1.8g/cm3, whereas the lower CT
value corresponds to the regions where
there is no bone material, and therefore
correspond to a zero density.

CTvalue ρ (Kg/m3)

Cortical Bone 2100 1800
Air 800 0

The density values in each node were
obtained by the following relation:

ρ = −1107.7 + 1.38.CTvalue (2.2)

The mechanical properties of the
bone elements were determined based
on the apparent densities previously
calculated. The relation between the
Young’s modulus and the densities was
given by the following equations [12].

E = 1049.25× 10−6ρ2, ρ ≤ 350Kg.m3

(2.3a)

E = 3× 10−6ρ3, 350 ≤ ρ ≤ 1800Kg.m3

(2.3b)

The screws and the metaglene are
made of titanium-aluminum-vanadium
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(Ti6AI4V) metal alloy while the gleno-
sphere is made of a cobalt-chromium-
molybdenum (CoCrMo) metal alloy [2].
The Poissont’s ratio and Young’s module
of the analysis materials are stated in
following table.

Material YM[1] [GPa] PR[2]

Bone CT Value 0.3
CoCrMo 241 0.3
Ti6AI4V 113 0.34

[1] Young’s Module
[2] Poisson’s Ratio

2.4. Loads, Boundary Conditions, and
Contact

Reaction forces were estimated by
inverse dynamics using a multi-body
upper limb model that simulates shoulder
geometry with a total reverse arthro-
plasty [17].

Movements of flexion in the sagittal
plane and abduction in the frontal plane
were studied. For each of the movements,
two loading conditions were defined, one
with a weight of 2kg in the hand and one
without weight. Two positions of the arm
were selected for each movement, where
one of the positions corresponds to the
maximum shear stress obtained in the
reaction force of the shoulder joint and
the other corresponds to the maximum
magnitude of that force.

As result, 8 different load cases were
studied in the finite element analysis.
These forces were applied in the center
of rotation of the arthoplasty and
transmited to the metaglen by a coupling
constraint.

The interactions between the screws
and the metaglene and between the the
3 separated parts of the scapula were
modeled in Abaqus with a tie constraint,
where the surfaces were fully bonded.
The tie constraint was also used to join
the various elements of the scapula to
their respective shells.

For the interaction between the im-
plant and the bone, a tie constrain was
used with contact in order to obtain

surface tension results. The level of
osseointegration is considerably higher
in the metaglene since this surface is
coated by a layer of hydroxyapatite. This
coating gives the properties of trabecular
titanium to the metaglene which can be
translated into the contact modeling of
this interface by a high coefficient of
friction of 2.2 [4]. The interaction of the
interfaces between the two bolts and the
bone was modeled with a lower coefficient
of friction of 0.36 [8].

In order to keep the shoulder blade
fixed and prevent the existence of rigid
body movement, 2 sets of nodes were
embedded in the scapulo-thoracic joint
[5, 16].

2.5. Measuring Results
The implant fixation stability of

the models were evaluated in two
different ways. By measuring the risk of
failure by debonding the bone-implant
interface and by evaluating the rick of
microdamage to occur in the region of
the scapula surrounding the screws and
the metaglene.

From the finite element analysis values
of normal stresses (CPRESS) and shear
stresses (CSHEAR1 and CSHEAR2)
the nodes of the glenoid surface that
is in contact with the implant were
extracted. Furthermore, the maximum
and minimum principal strains were
extracted for all the nodes of the glenoid.
These values were extracted from each of
the 8 load cases of all the finite element
models of the different grades of scapular
notch.

A filter was then applied to all
the variables of study in order to
eliminate peak values from the results
that are often unrealiable due to mesh
dependendy [23]. A 1% peak threshold
value was applied to the results extracted
from the model with a grade 6 of scapular
notch. The maximum values obtained
from applying the filter to the highest
level of scapular notch were established
as the reference limits and were used to
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filter the results from the remaining finite
element models.

2.5.1. Hoffman criterion

The Hoffman criterion was used to
evaluate the probability of mechanical
failure of the bone-implant interface
[13, 21, 24, 25, 27, 28]. The Hoffman
criterion, presented in eq. 2.4, consists
of a quadratic formulation that evaluates
the fixation force of an interface from
the normal (σn) and shear (σs) stresses
obtained in said interface.

H =
1

StSc
σ2
n +

( 1

St
− 1

Sc

)
σn +

1

S2
s

σ2
s

(2.4a)

Sc = 32.4ρ1.85 (2.4b)

St = 14.5ρ1.71 (2.4c)

Ss = 21.6ρ1.65 (2.4d)

In the Hoffman criterion, the uniaxial
compression (Sc), the uniaxial stress (St)
and the uniaxial shear stress (Ss) depend
on the apparent density (ρ) of each node
[13, 21, 24].

This criterion assigns a Hoffman
number (H) to each interface node,
which quantifies the risk of failure of
that respective node. According to this
criterion if the value of H is equal to
or greater than 1, the interface will fail,
whereas if the value is below 1 there is no
risk of failure.

The Hoffman number of all interface
nodes was calculated for the 8 load cases.
In order to obtain the worst possible
scenario for each node, the highest value
of the extension among the assigned ones
in the various load cases was selected.

2.5.2. Glenoid Strain Acessement
In this study we opted to apply a

criterion based on the evaluation of the
extensions obtained in the analyzes [18].

The risk factor was calculated based
on the minimum principal strain, ε1, and
the maximum principal strain,ε3, of each
node. A maximum strain value, εmax, has
been assigned to each node following eq.
2.5.

εmax = sup (|ε1|, |ε3|) (2.5)
A second extension analysis was

performed in which the maximum and
minimum extensions were compared to
the value indicative of the microdamage
appearance in the bone.

Some microscopic fatigue damage can
be caused by repeated variations of bone
extension, referred to as microdamage.
The bone presents an extension interval
within that does not undergo microdam-
age on that interval. Exceeding this
interval, the formation of primary bone
overlaps the existing lamellar bone in
the region. Extensions above the 3000µε
limit can cause sufficiently high levels
of accumulated microdamage to make
it impossible to repair. Accumulated
microdamage can induce appearances of
pathological fractures in the bone [10].

3. Results
Due to the restricted amount of space

available, Figures 1 and 3 only have the
results of the evaluation criteria for the
analysis with grades 0, 2, 4 and 6 of
scapular notching. Figure 1 depicts the
distribution of the Hoffman number in
the glenoid surface in contact with the
implant. In all the analysis, the areas at
risk of failure are placed in the base of
the superior screw, on the border of the
surface.
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(a) Grade 0 (b) Grade 2

(c) Grade 4 (d) Grade 6

Figure 1: Distribution of the number of Hoffman in the glenoid surface in contact with
the implant of the analysis with with grades 0, 2, 4 and 6 of scapular notching.

In the analysis with scapular notch (1
to 6) there were small areas at risk of
failure on the border of the surface where
the scapular notch was present. This fact
is made more evident by the analysis with
grade 6 of scapular notch, where most of
the area at risk of failure is present on
the central pin of the metaglene.

Only a small portion of the surface area
of all grades of scapular notch have a
Hoffman’s number greater than 1, Figure
2. The surface area at risk of failure is
successively larger for higher the levels of
scapular notch.

The most significant increase of the
area at risk of failure was observed
between grades 5 and 6 of scapular
notch. The difference in the analysis with
scapular notch is very low in comparison
to the area at risk of failure in the
analysis with grade 0, which didn’t have
scapular notch.

Figure 2: Area of the glenoid surface
in contact with the implante at risk of
failure considering the Hoffman criterion.

The maximum principal strain distri-
bution on the glenoid is depicted in
Figure 3. The region of the glenoid that
is at risk of failure by microdamage of the
bone is represented by the colour gray.

In all analyses, was observed a region
of the glenoid where the strain values
exceeded the limit of 3000µε.
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(a) Grade 0 (b) Grade 2

(c) Grade 4 (d) Grade 6

Figure 3: Distribution of the extension in the glenoid of the analysis with with grades 0,
2, 4 and 6 of scapular notching.

The regions of the glenoid where
the strain values exceeded the limit of
3000µε, are located around the central
pin of the metaglene, near the end of the
superior screw and in the region around
the thread of the superior screw. As
the grades of scapular erosion increased,
there was an increase of the volume at
risk of failure in the region surrounding
the central pin and the superior screw
end, Figure 4. The volume increase was
more pronounced in the analysis with
grades 5 and 6 of scapular notch. In
respect to grades 1, 2, 3 and 4 of scapular
notch, it was found that the difference in
results was small compared to the volume
at risk of failure present on the analysis
with grade 0 of scapular notch.

Figure 4: Volume of the glenoid at risk of
failure considering the strain acessement
criterion.
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4. Discussion

This study aim was to analyse the
impact of scapular notching on the
implant fixation of a rTSA. Finite
element analysis were conducted for
several models of rTSA with increasing
grades of scapular notching (grade 1 to
6), including a model without scapular
notch (grade 0). Two failure criteria
were applied in order to evaluate the
fixation of the implant. The Hoffman
criteria evaluated the risk of debondig
of the bone-implant interface while the
maximum strain criteria evaluated the
risk of occurring microdamage in the
glenoid region surrounding the implant
screws and metaglene.

The results of the Hoffman criteria
show that there was a region at risk
of failure in all the grades of scapular
notch, including the model with grade 0.
Nevertheless, the surface area at risk of
failure was very small for the scapular
notch of grades 0 to 5. The most
noticeable result belonged to scapular
erosion model with grade 6 where there
was a distinctive increase of the surface
area at risk of failure. Nevertheless, this
area only corresponded to 3% of the total
surface area of contact in the grade 6
model.

Regarding the strain evaluation of
the glenoid region, the analysis showed
similar results as the volume at risk
of failure of the glenoid was very low
and common to all the models of rTSA
models. A more prominent increase in
failure occurred between grade 4 and 5
and grade 5 and 6 of scapular notching.

The rSTA model without scapular
notch (level 0) presented regions at risk
of failure on both criteria, which indicates
that a portion of the area and the volume
of regions at risk of failure in the Hoffman
criteria and the extensions is not due to
the presence of scapular erosion but it is
inherent to rTSA. The difference between
the results of scapular erosion analysis
is small in relation to the case that

does not present scapular erosion (level
0). This fact suggests that the impact
of scapular notch may be negligible for
implant fixation.

Nevertheless, some limitations should
be taken into account in the evaluation of
the results of the finite element analyses
carried out in the present study.

In the first place, this study was
conducted with the CT images of only
one scapula specimen, this does not allow
to have variability of scapular geometry
and density distribution into the results.
Furthermore, no in vitro experiments was
conducted to confirm the results obtained
in this study. Only one model of the
Grammont-like reverse implant was used
in the model, whereas it could have
been studied other configurations like a
fixation with 4 screws [9].

Moreover, the CT values distribution
performed by bonemapy generates a
partial volume effect (PVE) [26], which
happens when one voxel has information
regarding different biological tissues.
This secondary effect occurs mainly on
the bone surface, in order to minimise its
effect, all the nodes at the surface were
given the maximum value of density of
the bone, 1.8 g/cm3, and a shell structure
was added to the model [6, 11].

Regarding the failure criteria used
to evaluate the implant’s fixation, it
is necessary to take into account some
limitations. The Hoffman criteria has the
advantage of evaluating the probability
of mechanical failure of the interface
using multi-axial surface stresses as well
as density and strength. Nevertheless,
its application to the bone-implant
interface lacks experimental validation.
As for the maximum principal strains
evaluation, the 3000µε limit is only a
reference threshold, above which there
a possibility of occurring microdamage
in bone. According to Frost [10], this
threshold applies to cortical lamellar
bone in healthy young adult mammals
and might vary in different individuals of
the same species.
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In this study it was considered
that the screw heads were perfectly
bound to the metaglene through a
Tie constraint. This is representative
of inverse implants whose screws have
a lock system connecting them to the
metaglene [1]. However, the reverse
implants commercialized by the Lima
Corpotare do not have this system, and
its screws are not fixed to the metaglene.
This rigid bond forces the glenoumeral
reaction force to be transmitted to the
screws, which might have an influence
on the analysis results. A possible future
work could be to replace the rigid bond
between the screws and the metaglene by
a contact interaction.

As for the bond between the implant
and the bone, a perfectly rigid bond
was also made in the finite element
analysis. This might give the model a
better attachment between bone and
implant than the real bond between those
surfaces. Specially for between the screws
and bone, since screws do not have a coat
off hidroxiapatite their connection with
the bone is less strong. The finite element
analysis conducted by Elwell et all. [9]
of rSTA models used contact formulation
between the implants and the bone in
order to study micromotions between
these surfaces. A similiar approach could
be made in the future to see whether
a weaker connection between srews and
bone produces relevant changes in the
scapular notch impact to the implant
fixation.

5. Conclusion
The regions at risk of failure obtained

by both criteria were very small in all
grades of scapular notching. Further-
more, the results of the analysis with
grades 1 to 6 of scapular notch were very
similar to regions at risk of failure in
the analysis where scapular notch wasn’t
present (grade 0). Therefore, these results
suggest that scapular notching doesn’t

have a negative impact on the fixation
of the implant.
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