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Hypothesis: Multiple problems and complications associated with Latarjet fixation have been described;
thus, this is the first study in the literature to identify the maximum allowed screw clamping force and
best fixation screw position for Latarjet surgery.
Methods: A variation of distal and proximal coracoid screw positions with and without a flat washer was
evaluated through finite element analysis, at a minimum distance of 3 mm from the edge. A loading
progression test was performed until the maximum stress reached a limit imposed by the bone yield. We
identified the maximum allowed screw clamping force based on a von Mises and maximum principal
stresses failure theory.
Results: When using the flat washer, the cortical bone generally has only space for 1 piece. For this
reason, as a primary study, it was observed that when the distal screw was more than 7 mm from the
edge, the clamping force supported will be higher than that during the proximal fixation regardless of
the proximal location screw. We have found that the best position is 7 mm from the distal edge, with the
highest compression of 445 N (7 mm proximal distance, 5 mm distal distance) in due respect to the von
Mises failure theory. To get around this lack of space situation, in this study, we have proposed a fixation
plate to replace the flat washer. This plate has shown very interesting values when compared to the
previously flat washer study, but now, for both screw holes. With those results, we can assure that using
a fixation plate like this will ensure surgery safety and higher allowed compression force when clamping
the bolts.
Conclusion: The distal screw provided higher tensile strength values when located more than 7 mm
from the coracoid edge. The geometry of the coracoid in its distal position supports higher stress loads
than in the proximal position. When the flat washer was in the proximal position, the coracoid was
submitted with a more distributed and uniform load, preventing localized bone damage as a crush.

© 2022 Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
In the original surgery technique by Dr. Michel Latarjet, which is
the standard treatment for recurrent anterior instability of the
shoulder with bone loss, the coracoid process is fixed with 1 screw
on the anteroinferior glenoid border.18 Since then, the original
procedure has been modified and improved based on biomechan-
ical research studies. With regard to fixation devices, methods
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using 2 screws, interference screws, and plating have been pro-
posed.13 Stable fixation with maximum compression is essential to
avoid acute and chronic complications; however, it is crucial not to
break the coracoid process during screw fixation.4

Good compression of the bone block is mandatory to achieving
successful outcomes. Screw strength and length are important as long
screws may cause nerve injuries and short ones may result in insuf-
ficient compression, nonunion, and coracoid process migration.5,6,13

In the technique described by Watch and Boileau,2 2 malleolar
screws were used without a specified distance between them or to
the proximal and distal margins of the bone. The drilling position in
the graft has great importance and can increase the risk of graft
fracture during preparation and glenoid fixation.2

Since 1970, the number of publications related to bone load
analysis, arthroplasties, and osteosynthesis has increased.8,14 The
w Surgeons. This is an open access article under the CC BY-NC-ND license (http://
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Figure 1 Virtual geometric three-dimensional (3D) model used to build a 3D coracoid model. (A) Top, (B) front, (C) right, (D) perspective view.
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stress analysis of bones by the solid mechanics theory enhanced
with numerical models is key to assess fracture risk and design
fracture fixation.7 The finite element analysis (FEA) can be used to
evaluate the effects of a load on the bone (irregular geometries and
heterogeneous material properties) as well as its biomechanical
behavior.

The development of subject-specific finite element (FE) models
from computed tomography data is a powerful tool to nonde-
structively investigate bone strength in vivo: Actually, subject-
specific FE models are capable to include most of the internal
parameters which contribute to bone strength and simulate the
influence of general and variable external boundary conditions.16

The purpose of our study is to identify the maximum allowed
screw clamping force to avoid the intraoperative coracoid fracture.
The ductile failure theory of von Mises was chosen to evaluate the
fracture fail risk due to its wide application and flexibility in the
fracture mechanics field. This method relates the normal and shear
stresses provided by a load, which in our case is the force applied in
the screw, with themaximum stress allowed by thematerial, which
in our case is the yield stress of the bone.

Materials and methods

Subject-specific geometries/who were undergoing the Latarjet
procedure?

Computed tomography was used to determine cortical cora-
coid thickness in 10 patients between 20 and 30 years of age
749
preoperative to the Latarjet procedure. Series of orthogonal
short-axis and long-axis images were acquired. The short-axis
images were of 1.1-mm pixel size, and each short-axis slice
was separated by 2 mm. In the middle of the distance from the
distal (coracoid tip) and proximal (osteotomy) coracoid, we
analyzed the sagittal, axial, and coronal planes to calculate the
cortical coracoid thickness ([sagittal þ axial þ coronal]/3). The
cortical thickness average value achieved, 3 planes listed for 10
patients, was 1.875 cm.

Afterwards, Rhino 6 software (Rhinoceros; Robert McNeel &
Associates, Seattle, WA, USA) was used for designing a 3D coracoid
model (Fig. 1). The size and dimensions of the 3D coracoid model
were based on a review by Alves et al.1 The coracoid dimensions of
the grafts were the same regardless of the gender; the mean length,
thickness, and width were 22.6, 7.9, and 14.0 mm, respectively, for
31 patients.2 Two partially threaded 4.0-mm screws were created
with a cylindric head (6.0 mm). The flat washer had a diameter of
1.0 cm (Fig. 2). The glenoid was represented using a solid box
(20.0 � 14.0 � 2.0 mmdlength � width � thickness) and used as a
fixed support and to make contact with the entire extension,
inferior face, of the coracoid (Fig. 3); the miniplate dimension was
22.6 � 7 � 2 mm (length �width � thickness) with 2 central holes
of 4.0-mm diameter (Fig. 4).

Computational modeling

The entire study was conducted through FEA (Fig. 3)14 to
calculate the mechanical response of the bone and plate in each



Figure 2 Representative figure of the 2D drawing for the positioning of the screws and
the coracoid. d, Distance to edge; D, distance between the screws; G, glenoid. Green
color, screw; yellow color, flat washer; white arrows, fixation direction.

Figure 3 Three-dimensional coracoid model with coracoid mesh to finite element
method.

Figure 4 Miniplate. Coracoid stresses topology optimization (TO) study generated by
the clamping force of the proximal and distal screw. The density of lines presents the
areas of greater detail for mathematical study.

Table I
All property values used for finite elements tests in cortical bone

Young's modulus (Ey) 1.15E10 Pa
Young's modulus (Ez) 1.70E10 Pa
Poisson's ratio (nxy) 0.51
Poisson's ratio (nyz) 0.31
Poisson's ratio (nxz) 0.31
Shear modulus (Gxy) 3.6E9 Pa
Shear modulus (Gyz) 3.3E9 Pa
Shear modulus (Gxz) 3.3E9 Pa
Yield strength (MPa) 129.814
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scenario. The numerical models were implemented using the
FEA software Ansys, version 19.2 (Canonsburg, PA, USA), and
calculated on a Pentium I7 10th-generation computer (Santa
Clara, CA, USA).

Loading scenarios and screw locations

Possible screw locations in the coracoid were decided. The
minimum distance from the distal (coracoid tip) and proximal
(osteotomy) coracoid graft was 3mm (screw headwith a radius of 3
mm) and 8 mm, respectively, between the holes for fixation (3 mm
from the screw head and 5 mm from the flat washer; Fig. 2). The
angles for fixing were 0� (parallel), and the type of force used was
compression. All screw positions were tested with flat washers in
the proximal and distal screws.

We evaluated the force application in different coracoid posi-
tions and directions to predict biomechanical responses (Fig. 2).
The compression load progressed until a maximum limit, lower
than the bone yield strength. It was defined through pretensioning
with friction, allowing the phenomenon of friction between the
screw and the bone to be considered.

Mechanical contact behavior

The flat washer, screw head, and the superior coracoid cortical
bone, as well as the glenoid, were in total contact with the inferior
coracoid cortical bone. A statistical mesh analysis and a mesh
convergence study were performed4 in order to use the Tresca
friction contact behavior, which is responsible to represent both
rotational dynamics and crush contact.19 The Newton method was
used to linearize the equations.
750
Constitutive and material laws

This step is fundamental for differentiating among mechanical
problems in general as the use of a material law describing the
correct study-case stress-strain relationship, additional informa-
tion if necessary, and appropriate boundary conditions must be
prescribed to configure this specific study.

Since cortical bone represents nearly 80% of the skeletal mass
and there is a “grain” or preferred direction and Young's modulus
varies with that direction,16 the material law used for the bone is
orthotropic, and all property values used in this study were ob-
tained from the literature (Table I). The yield strength used is for
cortial bones in young patients.10

The mesh was developed using the concept of a thin-walled
structure as the thickness of the model is small relative to the
length and width, and this allows the use of a simplified analysis
through shell elements. Isoparametric elements with 2 degrees of
freedom at each node and impeding translations perpendicular to
the plane guarantee a plan state analysis.

Failure criterion

The primary requisites for the failure criterion to be imple-
mented in the FE models are to reproduce to the maximum extent
possible the elastic limit behavior observed experimentally for
bone tissue, being as simple as possible to implement.11 A
maximum principal strain criterion and the theory of maximum
distortion energy, including asymmetry in the tensile/compressive
limit values, were selected because they incorporate many of the
fundamental bone elastic limit characteristics reported in the
literature: isotropy in mono-axial loading conditions and invari-
ancewith respect to density. To guarantee the validity of our model,
deformations were also verified for each case, maintaining the
hypothesis of small deformations of the constitutive model.

Results

The principal stress distribution is presented in megapascals for
the coracoid simulation models, and its magnitude is shown at the



Figure 5 Distal hole with flat washer vs. proximal hole without flat washerdbars show graphical distribution. Prox. D, proximal distance; Distal D, distal distance. Blue color, distal
hole with flat washer, N/mm (screw clamping force); orange color, proximal hole without flat washer, N/mm (screw clamping force).

Figure 6 Proximal hole with flat washer vs. distal hole without flat washerdbars show graphical distribution. Distal D, distal distance; Prox. D, proximal distance. Blue color, distal
hole without flat washer, N/mm (screw clamping force); orange color, proximal hole with flat washer, N/mm (screw clamping force).
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colored bar. These are the von Mises stresses that are used with the
maximum distortion energy theory to evaluate whether the ma-
terial will fail due to static loads.

The coracoid geometric distal part (conjoined tendon insertion)
has an oval shape. Looking at the stress-strain distribution, we may
see a less deformed area when the same load was applied. There-
fore, it is conclusive that a higher force may be applied at the distal
position than at the proximal one.

The best advantage of using a flat washer is the load distri-
bution from the concentrated load of the bolt's head to the bone,
avoiding punctual damage, fracture, or other kinds of failures.
Furthermore, we are only able to use 1 flat washer because of the
lack of space. For this reason, it is more useful to keep the flat
washer fixed at the distal position since it supports a higher
compression force. Figure 5 represents the variation of the
possible position for both holes at the available coracoid space.
Through this study, respecting the von Mises failure theory, we
found the highest compression load value of 705 N/mm at the
distal position (6 mm proximal distance and 7mm distal distance)
to keep the bone free of static failure. There was a significant in-
crease in the applied force when the hole with a screw and flat
washer in the distal portion was located 7 mm from the distal
edge, regardless of the proximal screw. So we can conclude that
the use of a flat washer, mainly at this best position, induces a
significant increase of force that can be applied or, even for the
same load, a higher safety coefficient.
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In the interpretation of the distribution, it was observed that
when the distal screwwas above 7mm from the edge, it had a force
higher than the proximal fixation regardless of the proximal loca-
tion screw. When the distal screw was close to the edge (6 mm and
5 mm), the proximal screw location with a flat washer exhibited
higher fixation, with the highest tension being 445 N (7 mm
proximal distance and 5 mm distal distance) (Fig. 6).

The average values for fixation force with a flat washer at
proximal and distal locations were similar in both cases for every
tested position (Fig. 7). In another hand, there was a significant
increase in the allowed strength when the screws located in the
distal portion were 7 mm from the edge, regardless of the position
of the flat washer. The location of the screw in the proximal portion
did not interfere with the result of the average force.

In the final analysis, Figure 8 demonstrates the developed plate
after a topological optimization. This new model was generated for
a low-cost construction by using the essence of the analyzed results
as an input. Additionally, it observes a more homogeneous
distribution of stresses than with models of the fixation plate. The
previous plate was 22.6 mm long, resulting in complete coverage of
the coracoid graft. Since the magnitude of applied forces were
equivalent at both screw fixation points, the maximum
allowed compression forces were generated for fixation at 7 mm of
the proximal edge and 7 mm of the distal edge, reaching an
average value of 410 N; 8 and 6 mm, with 432 N; and 9 and 5 mm,
with 430 N (Fig. 9).



Figure 7 Average tension ([proximal screw clamping force þ distal screw clamping force]/2). Prox. D, proximal distance; Distal D, distal distance. Blue color, distal hole with washer,
N/mm (screw clamping force); orange color, proximal hole with washer, N/mm (screw clamping force).

Figure 8 Stresses in the model with a fixation plate. Homogeneous distribution of
stresses in the model (same tension in proximal and distal hole).
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Discussion

In the open or arthroscopic Latarjet technique, 2 bicortical
screws are commonly used as a fixation method. However, screw
fixation is also a source of complications,2 which include nonunion,
neurovascular damage, screw migration, loosening, fixation posi-
tion, and the most important, the fracture of the coracoid graft
being intraoperative.6 Comparative data on the biomechanical
behavior of cortical buttons, fixation of the interference screw, and
fixation of the screw during the Latarjet-Bristow procedure are
frequently reported in the literature. However, this is the first study
aiming to identify the best location, minimum distance, and safe
distance to avoid graft fracture. We used the classic Latarjet tech-
nique graft position in the glenoid, simulated with 2 screwsd4.0-
mm cancellous screwsdwith three possibilitiesdflat washers in
the proximal, distal position, or a miniplate in almost all possible
fixation locations in the coracoid graft. The main function of the flat
washer is to increase the screw contact, as it is known that the
752
higher the contact area between the screw and the surface, the
better the distribution of the applied force and the stronger the
fixation. Giles et al studied strength and joint contact in classic
Latarjet coracoid transfer and compared it with the congruent arc
technique.3,4 Biomechanical tests showed improved fixation sta-
bility and strength with the classic Latarjet technique.4 Shin et al, in
a biomechanical study with 35 fresh-frozen cadaveric shoulders,
showed that the screw type or fixation method does not signifi-
cantly influence the properties of fixation in the classic Latarjet
procedure. The authors used 2 screws, and the screws included
were partially threaded solid 4.0-mm cancellous screws, solid 4.0-
mm cancellous screwswith unicortical fixation, fully threaded solid
3.5-mm cortical screws, total threaded cannulated 4.0-mm
cancellous screws, and partially threaded cannulated 4.0-mm
screws. These findings suggest that surgeonsmay continue to select
screws and fixation methods based on choice without significantly
compromising the biomechanical properties. There were no dif-
ferences between different screw types or fixation methods after
cyclic loading or in loading to failure during the failure test.12,13

Frank et al suggested that the angle of screw insertion was linked
with biomechanical outcomes and obtained lower maximum loads
to failure and higher displacement with screws fixed at 15� than for
constructs with screws inserted at 0� (where 0� represents an
insertion angle perfectly perpendicular to the bone).3 In the present
study, the screws were fixed at an angle of 0�.

In research and projects in orthopedics, there is an increasing
use of mathematical models as an instrument to analyze the effects
of stresses on bones subjected to forces. The bone shape and
physical properties are built by computation with software pro-
grams, and physical interactions are calculated in terms of stresses
and deformations.3 Additionally, simplifications in mathematical
models can enable complex analyses.15 The finite element method
modeling analysis results of bones depend on the anatomical
location, cortical thickness, anisotropic material properties, and
bone mass.7 The finite element method considers the structures to
be small particles of finite quantity connected to a finite number of



Figure 9 Plate tension. Bars show graphical distribution. Compression forces in proximal distance and distal distance at the coracoid edge.
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points, called nodes or nodal points. It is possible to evaluate the
distribution of stresses in a structure observing the deformation or
visualizing and interpreting the images.14 This coupled model
represents a more realistic phenomenon showing results in
agreement with biomechanical tests9,13; however, the problem
becomes nonlinear, and the mesh and solution of the differential
equations require more attention.

Analyzing the fixation with screws and flat washers, it was
observed that the flat washer in the proximal position presented a
lower difference in the load between the screws. The anatomy of
the coracoid allows the distal graft portion to absorb higher force;
thus, when fixing the screw with a flat washer in the proximal
position, there is a tendency for better force distribution, as even
without the flat washer, the screw in the distal position obtained
higher applied force (Fig. 5).When the flat washerwas placed in the
distal position, the difference in load to failure between the 2
screws was higher, particularly when the screw was fixed at 7 mm
or 8 mm from the distal border.

Our study showed a higher difference between the compressive
force at the 2 sites and that the minimum distance to achieve a
higher load for distal screw fixation to the distal edge was 7 mm
(with or without flat washer, P ¼ .01), but there was no statistical
difference when analyzing the distance to proximal screw fixation.

The most homogeneous results were in the miniplate, which
allowed improved stress distribution because of the larger surface
area of the plate compared with flat washers or screw heads alone.
The miniplate was 20 mm long as the miniplate was out of contact
with 2 mm in the distal position because of the distal coracoid
geometry. Tests to achieve the best location on the miniplate have
shown that the positioning of the screws tends to be closer to the
distal edge associated with the shortest possible distance between
the 2 screws, that is 6 mm.17 We believe that the plates, due to its
better stress distribution, could be a mechanical factor that pre-
vents graft resorption. However, clinical studies are lacking for this
conclusion.

This study has several limitations, including the use of mathe-
matical biomechanical models as alternatives to cadaveric speci-
mens. We chose software to maintain bone uniformity and
excluded the effect of the difference in bone quality and density. In
addition, the geometry and surface were designed in software
programs to simulate real conditions. In this mathematical study,
wewere able to design perfect contact of the bone block against the
glenoid, which is not always true in real cases. The values for the
simulation and coracoid design are averages. The glenoid was
created as a flat surface to obtain all contacts with the coracoid.
However, in surgical procedures, this contact is often not reached.
The geometry of coracoid process was determined as perfectly
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symmetric. Individual differences of bone morphology constitute
one of the important pathogenetic factors of intraoperative
fracture.

Conclusion

We obtained higher tensile strength values for the distal screw
positioned 7 mm above the coracoid edge. The geometry of the
coracoid in its distal position supports higher stress loads than in
the proximal position. The flat washer improved force distribution,
allowing higher application of force in the fixation. Based on the
results, the miniplate has better force distribution, and the flat
washer in the distal position exhibited a considerable difference in
strength when compared to the proximal flat washer. Thus, the flat
washer in the proximal position provided a more uniform distri-
bution of forces. More uniform the forces, the lower the tension and
risk of fracture.
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