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The shoulder joint in the human body is a complex anatomical structure
composed of diverse biological tissues that connect and stabilize the joint.
This complexity allows the shoulder to perform a wide range of movements
and develop specific skills compared to other joints. However, activities such as
heavy lifting, forceful jerks of the arm, rapid or aggressive movements of the arm
above the shoulder, or sports activities involving repetitive motions can lead to a
shoulder labral tear. This injury, known as superior labrum anterior to posterior
(SLAP) type II tear, damages the joint, weakens its stability, and limits its motion.
The tear diagnosis is based on physical examination tests such as the O’Brien test,
the Jobe relocation test, or the internal impingement sign. This research
evaluated the shoulder joint from a biomechanical perspective by applying the
finite elementmethod to a virtual complex shoulder joint biomodel and analyzing
the main elements of the joint, including the bones (cortical and cancellous),
ligaments (labrum and joint capsule), and articular cartilage. The main objective
was to analyze the effects of loading on the labrum and joint capsule tissues by
applying an external load on the humerus, simulating the shoulder abduction
movement, and obtaining stress and von Mises stress results. A case study of a
healthy shoulder joint structure is developed for comparison. Subsequently, a
biomodel modification is proposed to virtually represent the SLAP type II tear in
the labral tissue, allowing for numerical analysis of the three-dimensional
biomodel. This study investigated the regions of the labrum and capsule most
susceptible to tears in the presence of a SLAP type II tear. The labrum does not
effectively deepen the socket of the humeral head in the glenoid cavity, resulting
in increased mobility of the humeral head. The simulation result is shown to align
with observations noted in clinical practice.
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1 Introduction

The shoulder is the joint where the arm starts and connects the
upper limb and the torso, forming the shoulder girdle (Chang et al.,
2023); it is essential to outline its anatomical structure, which
includes the clavicle, scapula, and humerus. The labrum is a
fibrocartilaginous tissue that surrounds the glenoid cavity edge,
enhancing its depth and improving the fit of the humeral head
(Brzóska et al., 2017). Its main function is to increase the depth of the
glenoid cavity, enhancing its depth and improving the humeral head
fit. The joint capsule is a loose tissue that allows for a wide range of
motion in the glenohumeral joint. This shoulder joint capsule is a
tight sac made of fibrous lax tissue that encases the glenohumeral
joint, extending from the scapula to the humerus (Saccomanno
et al., 2013).

One of the most prevalent injuries affecting the labrum is the
superior labrum anterior to posterior (SLAP) tear (Figure 1). It is
primarily diagnosed using a combination of clinical examination
and imaging studies. Physical examinations may include specific
tests such as the O’Brien’s test, the Jobe relocation test, or the
internal impingement sign, which help identify the presence of an
SLAP tear through pain or internal tissue impingement sensation
during shoulder movements (Mathew and Lintner, 2018). This
study focuses on developing a virtual simulation of the SLAP
lesion based on an analysis conducted from January 1995 to June
1998 (Bencardino et al., 2000). The research included data from
159 patients, consisting of 123 men and 36 women, to improve
understanding of this shoulder injury. Among the patients, a subset
experienced chronic pain or instability in the shoulder and
underwent magnetic resonance arthrography for diagnosis. It is
important to note that while magnetic resonance procedures are
commonly used, they may not provide an optimal diagnostic
assessment because they often fail to accurately depict the extent
of the lesion. Consequently, surgical procedures were necessary to
diagnose 28 patients (19 showed SLAP type I tears, and nine showed
SLAP type II tears).

In this research, a complex biomodel of the shoulder joint is
developed based on information from computed tomography (CT)
of the upper joint, which is stored in a DICOM file. A methodology

described in previous publications (Hernández-Vázquez et al., 2020;
Marquet-Rivera et al., 2021; Jang et al., 2020; Martinez-Mondragon
et al., 2022) was followed to develop a virtual model that accurately
represents the shoulder morphology. Different process stages were
developed, where the surfaces of the elements that build the shoulder
(bone, ligaments, joint capsule, and articular cartilage) are
developed. These components were refined through a process
that modifies their volume, smooths their surfaces, and produces
a solid model. The first case study considers a healthy shoulder joint
to establish a baseline criterion for the biomodel joint behavior,
serving as a comparative reference. Additionally, modifications were
made to the upper area of the labrum to depict the disinsertion of the
tissue from its normal position, resembling an SLAP type II tear.
Both biomodels (a healthy shoulder biomodel and the SLAP type II
tear biomodel) were exported to a finite element method (FEM)
software to perform a numerical simulation to obtain the numerical
data. Comparisons were made between both cases (a healthy
shoulder biomodel and the SLAP type II tear biomodel) to
understand the labrum and capsule behaviors numerically during
abduction motion when the lesion is present.

2 Materials and methods

2.1 Computational biomodel

Computational biomodels are characterized by replicating
diverse biological structures of the human body based on
medical images, using modeling techniques for elaboration
(Zheng et al., 2017). They are characterized by their precision
and accurate representation of the human anatomy. They
represent an alternative for the study of different biological
tissues that avoid ethical, legal, and moral problems because
invasive techniques that affect the patient’s physical health are
not used to obtain them, saving time and economic and material
resources. Biomodels are used in simulations where the behavior of
biological structures is analyzed numerically (Lohfeld et al., 2005).
CT is a non-invasive scanning technique that provides image
information on tissue geometry stored in a DICOM file

FIGURE 1
On the left, shoulder joint anatomy. On the right is an example of an SLAP type II tear and quadrants in the sagittal plane.
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(Kramme et al., 2011). The file goes through post-processing
computer programs to generate the volumetric model
(Figure 2e), applying a methodology that simplifies model
development regardless of complexity.

The methodology that was to be followed for the development of
the shoulder joint biomodel used in this research is presented below
(Correa-Corona et al., 2023; Dhanopia and Bhargava, 2017; Trejo-
Enriquez et al., 2023; Serrato-Pedrosa et al., 2024):

• Data acquisition: CT images of a 23-year-old female
volunteer’s torso area are used to create the DICOM file to
develop the biomodel. These images provide information

about the dimensions and position of the body’s internal
structures (Figure 2a).

• Image processing consists of importing a DICOM file into a
CAD-type computer program for image processing, where the
elements forming part of the three-dimensional model are
outlined and delimited (Figures 2b, c). Mimics Research®
(version 21.0) software was used to develop the model.

• File refinement for generation of the 3D biomodel: The
process continues by improving the element surfaces, using
tools to remove repeated surfaces, repair, and smoothing
geometry (Figure 2d). Once the refinement process is
finished, the volumetric model is generated for further

FIGURE 2
Steps for developing a 3D biomodel of the anatomical structures of the shoulder joint. (a) Data acquisition from a tomography scan. (b) DICOM file
imported into Mimics Research

®
. (c) Image processing: the model structures are delimited. (d) Surface repair and geometry smoothing from Materialise

3-matic
®
. (e) Final shoulder joint biomodel.
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analysis. Each of the biomodel elements is saved with an STL
extension. Finally, a biomodel of the shoulder joint is obtained.
The refinement process was conducted within Materialise 3-
matic® (version 13.0) software.

• Exporting CAD model: The biomodel was developed in
CAD software and exported for performing structural
numerical analysis into an FEM-method software ANSYS
Workbench® (Figure 2e).

The bone segmentation of cortical and cancellous surfaces was
performed using a combination of automatic thresholding andmanual
labeling techniques. Ligament and joint capsule segmentation were
performed manually, according to what is reported in the literature,
based on ligament origin and insertions in the bones (Kadi et al., 2017).
For the humeral head cartilage, a 1 mm outward offset of the humeral
head surface was performed (Yeh et al., 1998). For the glenoid cartilage,
a 2-mm extrusion of the glenoid cavity surface was performed along
the lateral direction, and a Boolean operation cut was applied between
the glenoid cartilage, labrum, and articular capsule to ensure
consistency between them (Favre et al., 2012).

The three-dimensional shoulder joint biomodel developed has
19 structural components. These include six components (humerus,

scapula, and clavicle) that are rigid structures of cortical bone and
cancellous bone and two components (glenoid cartilage and
cartilage humeral head) for articular cartilage. The remaining
11 components correspond to soft tissues (glenohumeral
ligaments, acromioclavicular ligament, coracoacromial ligament,
trapezoidal and conoid ligaments, superior transverse scapular
ligament, labrum, and joint capsule) (Figure 3) (Suarez-
Hernandez et al., 2024).

2.2 Numerical analysis

Different types of biological material (cortical bone and
cancellous bone) are applied in this research. It is assumed that
bone is rigid (although cortical bone is more rigid than cancellous
bone), homogeneous, isotropic, and behaves in a linear-elastic
manner. In the case of ligament and cartilage, despite having
very different characteristics from bone, it will be assumed that
they have the same homogeneity, are isotropic, and are linear-elastic.
In the case of biological tissues, there are no exact values due to
aspects such as lifestyle, injuries, physiology, and age, among other
factors. Therefore, approximations of the mechanical properties can

FIGURE 3
Shoulder joint biomodel with soft tissues, including bones (cortical and cancellous) and the ligaments that hold the bones together.
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be made based on data from previous studies (Favre et al., 2012;
Hayes et al., 1991; Abril et al., 2015; Clavert et al., 2006; Büchler et al.,
2002). The characterization of biological tissues (cortical bone,
cancellous bone, ligaments, and cartilage) relies on these prior
works and is summarized in Table 1. For this study, the
mechanical properties of the labrum and capsule joint were
classified as equivalent to those of a ligament. This simplification
allows for a focus on the geometry of the model.

Two case studies are considered in this research. Initially, the
biomodel considers the biological tissue structure of the healthy
shoulder joint (especially the labrum component); this case will
serve as a comparison case. Subsequently, a labrum with
deterioration due to wear is simulated to consider an SLAP type
II tear lesion in the numerical analysis and compare it against the
data results from a healthy biological system.

The identification of the SLAP type II tear lesion is commonly
performed by physical examination. It is not the best option for
diagnosis because morphologically fibrocartilaginous tissue
presents variations, which can be confused with other types of
injuries (Kanatli et al., 2010). In addition, no apparent symptoms
exist to establish a difference against other conditions (O’Kane
and Toresdahl, 2014). In the second case, a modification into the
biomodel components in the upper area of the labrum is
produced by eliminated tissue, recreating the SLAP type II
tear, which corresponds to the degeneration and partial
detachment of the upper part of the labrum and the tendon
head of the biceps (Fitzpatrick et al., 2021). Figure 4 compares the
model of the healthy shoulder in contrast to the model of the
shoulder with an injury. Likewise, for the development of the
numerical simulation, the material’s mechanical properties,

boundary conditions, and applied load are replicated in
both cases.

Previously developed works on analyzing structures part of the
shoulder consider only a few tissues as part of the joint complex,
imposing boundary conditions (Yeh et al., 2005; Ellis et al., 2007;
Adams et al., 2007) and loading conditions (Suarez-Hernandez et al.,
2024; Luo et al., 1998; Ellis et al., 2007; Sano et al., 2006; Seki et al.,
2008; Webb et al., 2014). For both numerical simulations, the
boundary conditions have embedded characteristics (Figure 5)
according to the union between the shoulder and the torso,
between the clavicle and the sternum (the sternoclavicular joint),
and the scapula on the medial border, where muscle
attachments occur.

Both numerical evaluations are performed by applying
structural-static concepts, considering linear-elastic behavior,
isotropic considerations, and mechanical properties from Table 1.
The biomodel discretization is developed in an accessible manner,
producing triangular elements. For bones, the discretization is
generated by a triangle length of 2 mm; for soft tissues, the
discretization considers a triangle length of 1 mm. The biomodel
comprises 19 solids (Figure 6) (Suarez-Hernandez, 2023).

3 Results

3.1 Result comparison of the labrum

The research focuses on learning about the effects of sudden
abduction movement on the static stabilizers of the shoulder. The
shoulder joint numerical simulation data represent the abduction

TABLE 1 Tissues mechanical properties.

Tissue Young´s module (MPa) Poisson relation Density

Cortical bone 18,000 0.3 1.9 g/cm3

Cancellous bone 75.7 0.3 1.9 g/cm3

Ligaments 62.63 0.4 —

Cartilage 10 0.4 —

FIGURE 4
Numerical biomodel comparison. On the left is a healthy biomodel, and on the right is a biomodel with an SLAP type II tear.
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movement, allowing us to evaluate the stress and the von Mises
stress. Figure 7 compares von Mises’s results between the
healthy biomodel labrum and the labrum of the biomodel
that presents the SLAP tear. The results are divided into the
quadrants in which the labrum is divided, which allows us to
observe the region where the joint is most stressed when the
joint performs the abduction movement. It is observed that the
labrum that presents the SLAP lesion presents less stress than
the healthy labrum, except for the anteroinferior zone, which
presents a stress of 10.52 MPa. The joint labrum does not
present any lesion and has a stress of 11.5 MPa in the

posteroinferior zone. Figure 8 shows the von Mises results
obtained from the numerical simulation.

Figure 9 shows a comparison of the results of the distribution of
stress in the labrum, which is not uniform. The highest value,
10.16 MPa, was presented in the anteroinferior zone. However,
in the injured labrum, the values obtained in the different areas are
doubled, reaching a maximum value of 22.33 MPa in the
anteroinferior zone. Meanwhile, Figure 10 shows the stress
results obtained from the numerical analysis simulation.

Figure 11 shows the vonMises stress results obtained in the joint
capsule, as well as in the axillary recess and the labral area. In the

FIGURE 5
Boundary conditions application and loading. On the left, mark A is the sternal facet on the sternal end of the clavicle. Mark B is the medial margin of
the scapula.

FIGURE 6
Shoulder discretization joint biomodel with soft tissues in the ANSYS Workbench

®
software for numerical analysis.
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articular capsule, when there is a lesion in the labrum, a value of
10.65 MPa was obtained in the healthy articular capsule. In
contrast, in the capsule corresponding to the model with the
lesion, values of 15.75 MPa were obtained. The axillary recess is
the region where there is a marked difference because, in the
model, lesion values of 19.84 MPa were obtained, while in the
healthy capsule, values of 14.67 MPa were obtained. Comparing
the biomodel results, the healthy model shows a 13.15 MPa von
Mises stress value, while the injured model slightly increases to
13.95MPa. Meanwhile, Figure 12 shows the vonMises results from
the numerical analysis simulation.

While Figure 13 shows that the stress in the capsule is lower in
the model with the lesion, values of 5.7 MPa were obtained; on the
other hand, the capsule of the healthy model obtained values of
13.39 MPa. There was a notable difference in the axillary recess area
because, in the healthy model of the articular capsule, values of
7.9 MPa were obtained. In contrast, lesion values of 16.71 MPa were
obtained in the model capsule. In the area shared with the labrum,

values of 5.12 MPa were obtained in the healthy model, while values
of 4.05 MPa, lower than the healthy model, were obtained in the
model with the lesion. Figure 14 shows the stress results obtained
from the numerical analysis simulation.

4 Discussion

Certain studies address a numerical analysis of SLAP type II
tears. This work aimed to determine the areas of the labrum and
joint capsule most prone to injury during the abduction movement
while the SLAP tear is present. The results indicated a reduction in
stress distribution because the labrum tissue does not effectively
deepen the socket of the humeral head in the glenoid cavity,
resulting in increased mobility of the humeral head (Kadi et al.,
2017). In the model with injury, the shoulder joint capsule in the
axillary recess area presents the highest stress, which could be related
to thickening signs of adhesive capsulitis (Sernik et al., 2019).

FIGURE 7
von Mises stress results comparison that presents the labrum areas during abduction movement.

FIGURE 8
Maximum von Mises stress results of the labrum. On the left side is a healthy labrum, and on the right side is the biomodel labrum with an SLAP tear.
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FIGURE 9
Stress results in comparison that presents the labrum areas during abduction movement.

FIGURE 10
Stress results of the labrum. On the left side is a healthy labrum, and on the right side is the biomodel labrum with an SLAP tear.

FIGURE 11
von Mises stress results comparison that presents different areas of the shoulder articular capsule joint.
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FIGURE 12
Maximum von Mises stress results from the shoulder joint articular capsule. On the left side is a healthy articular capsule, and on the right side is the
biomodel articular capsule with an SLAP tear.

FIGURE 13
Comparison of stress results of different areas of the shoulder articular capsule joint.

FIGURE 14
Stress results of the joint capsule. On the left side is a healthy articular capsule, and on the right side is the biomodel articular capsule with an
SLAP tear.
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The labrum results show that in the biomodel without a lesion,
the greatest von Mises stress is presented in the posteroinferior area
(11.5 MPa). In the other areas, the von Mises stress results are
similar. However, the most affected region in the labrum with a
lesion is the anteroinferior area, which suffers a 66% increase relative
to the healthy labrum. In contrast, the posteroinferior area decreases,
with a 1.7 MPa von Misses stress. The biomodel with lesion capsule
exhibited a 47% increase in vonMises stress compared to the healthy
biomodel capsule. Additionally, the area of the axillary recess
increased by 35% compared with the healthy biomodel, but the
region where the capsule and the labrum overlap showed only a 5.3%
increase in von Mises stress compared to the healthy biomodel.

The results of this study are highly significant, demonstrating
that the stress present in the capsule tissues plays a crucial role in
maintaining the balance in the joint. Moreover, the axillary recess of
the biomodel is essential for joint movement, supporting the
humeral head as the capsule does. In contrast, the labral tissue in
the anteroinferior area shows high-stress values, with a healthy
labrum at 1.6 MPa and an injured labrum soaring to 22.33 MPa,
suggesting that, without prompt treatment, a significant tear is
probable in this area. The rest of the labrum areas revealed a
stress reduction in distribution, indicating instability within the
joint. This instability occurs because the humeral head does not fully
engage with the glenoid, which diminishes the effectiveness of
humeral shock absorption during joint abduction movement.

The findings presented in this article align with the results
obtained by Maldonado et al. (2023), who conducted a numerical
evaluation of the SLAP type II lesion. Their study indicates that the
area of the axillary recess is particularly vulnerable to injury,
highlighting its critical role during joint movement. Furthermore,
it is validated that the capsule is essential for maintaining joint
stability by restricting the movement of the humerus.

Numerical simulations using numerical models allow the
investigation of aspects that would otherwise be difficult to study,
overcoming technical and ethical limits. Improving software and
computational power has been fundamental for modeling,
developing, and resolving increasingly complex models. The
article explains the methodological steps to replicate the shoulder
joint biomodel for its study in patients with similar lesions using
medical images such as CT. The presented methodology can
replicate other body joints or biological tissues for numerical
analysis. This research uses a CT scan of an uninjured shoulder
to develop a finite element model to investigate the SLAP lesion. To
represent this SLAP type II lesion, an alteration in the model’s
geometry was performed to identify vulnerable areas of the tissue,
indicating the potential for additional conditions. This section
provides knowledge of the impact of natural shoulder motion on
joint function, emphasizing the role of static stabilizers such as the
joint capsule and labrum.

The numerical representation of biological tissue materials was
treated as isotropic rather than anisotropic because the tension along
the fiber direction was not considered. Soft tissues were assumed to
have isotropic properties, which means their characteristics are
directionally independent. This simplification allowed a more
straightforward approach to formulating the numerical model
and problem resolution.

The shoulder joint has a range of movements andmorphological
variations, and predictions from a single model may have

limitations, so it is fundamental to consider that the results
presented in this research are from a single, specific patient
model. Because variables such as age, lifestyle, gender, impact of
complex daily activities, anatomical variations (Kadi et al., 2017),
biomechanical variability due to previous pathologies, and
simplified material properties, among others, are not taken into
consideration, it cannot be concluded that they apply to the
population with this type of injury. In addition, this analysis was
developed from a simple and primary representation of the
SLAP lesion.

This study sets the tone for interdisciplinary collaboration
between clinicians and biomechanical engineers to improve its
comprehensiveness and relevance to clinical practice. It offers a
promising avenue for simulation testing and treatment exploration
and provides valuable insights into conditions before surgical
intervention.

5 Conclusion

The case studies presented in this work have helped to
understand the effects of the shoulder’s natural movement on the
functioning of the joint, emphasizing the interaction of the static
limiters that give stability to the joint, highlighting the results of the
effect of internal forces that produce soft tissue displacement
(ligaments). The study shows the areas susceptible to presenting
a tear in the healthy model due to the concentrations of stresses and
the intensification of these, which agree with the clinical
observations published in previous articles. In addition, the
model with lesions shows the areas where the tissue could be
susceptible to presenting another condition. The difference in
biomechanics was due to the alteration of the geometry of the
tissue representing the labrum to represent the SLAP type II tear
because the mechanical properties of the tissues and boundary
conditions were the same in both models. It is essential to point
out that currently, the development of biomodels is a representation
with a high level of characterization of the human body, which is
why they represent a viable and effective alternative to carry out
simulation tests for the knowledge and treatment of conditions
before reaching surgery.
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