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RESUMO

A articulagao glenoumeral, inerentemente instavel devido a sua geometria, pode estar
sujeita a luxagdes anteriores do ombro que causam rompimento dos tecidos moles e
defeitos 0sseos, comprometendo a estabilidade articular. Esta tese apresenta um
modelo computacional para analisar a mecanica de contato da articulagao
glenoumeral na presenca de defeitos 6sseos na borda anterior da glenoide, visando
preencher a lacuna nas avaliagbes quantitativas de como tamanhos variados de
defeitos afetam a estabilidade da articulacdo e a mecanica de contato. Utilizando
analise em elementos finitos e modelagem de corpo rigido, a biomecanica da
articulagao glenoumeral é simulada, focando em tamanhos de defeitos de 0 mm a 6
mm. O modelo incorpora cartilagens com superficies articulares elipsoidais e nao
congruentes e considera as mudancgas nas diregdes das forgas musculares devido as
translacdes da cabeca do umero. Os resultados revelam que a estabilidade € mantida
para angulos de abducéao superiores a 90° com defeitos de até 4 mm. O aumento do
tamanho do defeito altera significativamente as forgas de reacao articular, a pressao
de contato maxima e a largura da trilha da glenoide. No entanto, o tamanho do defeito
nao afeta significativamente a area de contato e as translagbes da cabega do umero.
Visualizacbes e dados quantitativos indicam uma relagao direta entre o tamanho do
defeito e o comprometimento mecanico da articulagcédo, destacando o impacto critico
de defeitos moderados na fungcdo e estabilidade articular. Em conclusdo, esta
pesquisa avanga na compreensao da biomecanica da articulagdo glenoumeral,
oferecendo uma abordagem computacional refinada para avaliar o impacto de defeitos
0sseos anteriores na mecanica de contato articular e nas translagdes da cabeca do

umero.

Palavras chaves: MEF, articulagdo glenoumeral, modelo do ombro, estabilidade

articular, defeitos 6sseos.



ABSTRACT

The glenohumeral joint, inherently unstable due to its geometry, may be subjected to
anterior shoulder dislocations that cause soft tissue detachments and osseous defects,
compromising joint stability. This thesis develops a computational model to analyze
the contact mechanics of the glenohumeral joint in the presence of osseous defects in
the anterior border of the glenoid, aiming to bridge the gap in quantitative assessments
of how varying defect sizes affect joint stability and contact mechanics. Utilizing finite
element analysis and rigid body modeling, we simulate the glenohumeral joint's
biomechanics, focusing on defect sizes from 0 mm to 6 mm. The model incorporates
cartilages with ellipsoidal and non-congruent articular surfaces and considers the
changes in muscle force directions due to humeral head translations. Results reveal
that stability is maintained for abduction angles greater than 90° with defects up to 4
mm. Increasing defect size significantly alters joint reaction forces, peak contact
pressure, and glenoid track width. However, the defect size does not significantly affect
the contact area and humeral head translations. Visualizations and quantitative data
indicate a direct relationship between defect size and the mechanical compromise of
the joint, highlighting the critical impact of even moderate defects on joint function and
stability. In conclusion, this research advances the understanding of glemohumeral
joint biomechanics, offering a refined computational approach to evaluate the impact

of anterior osseous defects on joint contact mechanics and humeral head translations.

Keywords: FEM, articular contact, shoulder model, joint stability, anterior osseous

defects.



RESUMO EXPANDIDO

A articulacéo glenoumeral, devido a sua geometria inerentemente instavel, é a
mais frequentemente deslocada no corpo humano. Luxa¢des anteriores do ombro
podem levar a rompimentos de tecidos moles e defeitos 6sseos, comprometendo a
estabilidade articular. A tese busca preencher uma lacuna no conhecimento,
fornecendo avaliagdes quantitativas de como diferentes tamanhos de defeitos 6sseos
afetam a estabilidade da articulacdo e a mecanica de contato. Estudos anteriores
focaram em determinar tamanhos criticos de defeitos para indicar a necessidade de
enxerto 6sseo, mas sem detalhar o impacto mecanico de diferentes tamanhos. Este
trabalho avanca nesse campo, utilizando um modelo computacional para simular a

biomecénica da articulagdo glenoumeral.

O estudo emprega uma combinacéo de analise de elementos finitos (MEF) e
modelagem de corpo rigido para simular a biomecanica da articulagao glenoumeral.

O modelo computacional inclui:

e Geometria da Articulagao: Cartilagens com superficies articulares

elipsoidais e ndo congruentes.

o Defeitos Osseos: Simulacéo de defeitos na borda anterior da glenoide,

variando de 0 mm a 6 mm.

e Forgas Musculares: Incorporacdo das mudangas nas diregbes das
forcas musculares devido as translagdes da cabeca do umero. O modelo
considera o0s musculos deltoide, supraespinhal, subescapular,
infraespinhal e redondo menor, divididos em segmentos para melhor

representacido anatémica.

e Movimento de Abdug¢ao: Simulacdo do movimento de abdug¢do do
ombro no plano coronal, com o brago em rotagao externa, e analise das
forcas de reacao articular, pressao de contato, area de contato e

translacdes da cabeca do umero.

e Rastreamento da Glenoide: Calculo da largura da trilha da glenoide,
que corresponde a area de contato entre a glenoide e a cabega umeral.

O ponto M, localizado na borda anterior da glenoide, é projetado na



cabega umeral, e a distancia entre este ponto projetado e a margem

medial da insergdo do manguito rotador define a largura da trilha.

O modelo foi construido com base em dados de exames de imagem (MRl e CT)
de um sujeito saudavel, combinados com informag¢des da literatura. O software
Abaqus/Explicit foi utilizado para simular o movimento e o contato entre as superficies
articulares. Os resultados da simulagao revelam que a estabilidade da articulagéo
glenoumeral € mantida para angulos de abdugao superiores a 90° quando os defeitos

0sseos na glenoide n&o excedem 4 mm. A pesquisa também encontrou que:

e Forgas de Reacgao Articular: O aumento do tamanho do defeito altera
significativamente as for¢cas de reagdo articular, com um incremento

proporcional ao tamanho do defeito.

e Pressao de Contato: A pressao de contato maxima também ¢é afetada,

aumentando com o tamanho do defeito.

e Largura da Trilha da Glenoide: A largura da trilha da glenoide diminui

com o aumento do tamanho do defeito.

e Area de Contato e Translagdes da Cabeca do Umero: Ao contrario
das forgcas de reacéao articular e da pressao de contato, o tamanho do
defeito ndo afeta significativamente a area de contato e as translagbes

da cabeca do umero.

Os dados quantitativos e visualizagbes fornecidos pelo modelo mostram uma
relacdo direta entre o tamanho do defeito e o comprometimento mecanico da
articulacdo. Defeitos maiores resultam em maior instabilidade e alteragdes nas forcas
de reacgao articular. A estabilidade foi mantida até 105° de abducéo para defeitos de

3 mm e 4 mm, mas apenas até 45° para defeitos de 5 mm e 6 mm.

A pesquisa destaca que defeitos 6sseos moderados tém um impacto critico na
funcao e estabilidade articular, corroborando estudos anteriores. A analise das forgcas
musculares mostra que musculos como o supraespinhal, subescapular e infraespinhal
desempenham um papel crucial na estabilizacdo da articulagdo, com forgcas variando
conforme o angulo de abducdo e o tamanho do defeito. O modelo computacional

oferece uma analise mais detalhada da biomecanica da articulagéo glenoumeral do



que estudos experimentais in vivo ou in vitro, que sao limitados por questdes éticas e

tecnologicas.

A presente tese contribui significativamente para a compreensdo da
biomecanica da articulagdo glenoumeral em casos de defeitos 6sseos. O modelo
computacional desenvolvido fornece uma ferramenta refinada para avaliar o impacto
de defeitos 6sseos anteriores na mecanica de contato articular e nas translagdes da
cabecga do umero. A pesquisa destaca a importancia de avaliagées quantitativas para
o planejamento de tratamentos para instabilidade do ombro, como a reparagao
artroscoépica de Bankart ou enxertos 6sseos, que sao procedimentos invasivos. Os
resultados desta tese tém implicagdes clinicas importantes. A identificacdo de que
defeitos acima de 4 mm impactam significativamente a estabilidade da articulagao
glenoumeral pode ajudar os cirurgides a tomar decisbes mais informadas sobre a
necessidade de intervengdes cirurgicas como enxertos 0sseos. A avaliagdo precisa
do tamanho do defeito e sua relagado com a largura da trilha da glenoide é fundamental

para determinar o risco de recorréncia de luxacoes.

A tese também aponta para futuras direcbes de pesquisa, incluindo
aprimoramentos do modelo computacional, como a incorporagao de outros ligamentos
e musculos, além de simulagbes com diferentes planos de movimento. Estudos
adicionais também poderiam investigar o impacto da lesdao de Hill-Sachs na
estabilidade da articulagdo, em combinagdo com os defeitos da glenoide, bem como

a influéncia do ritmo escapulo-umeral na mecéanica da articulacao.

Em resumo, a presente tese de doutorado oferece uma analise abrangente e
detalhada da biomecanica da articulagdo glenoumeral em condigdes de defeitos
0sseos, utilizando um modelo computacional avancado e validado, representando um

avanco significativo no conhecimento desta complexa articulagao.

Palavras chaves: MEF, articulagdo glenoumeral, modelo do ombro, estabilidade

articular, defeitos 6sseos.
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1 INTRODUCTION

1.1 CONTEXT AND OBJECTIVES

The glenohumeral (GH) joint is the most frequently dislocated joint in the human
body due to its inherently unstable geometry (CUTTS; PREMPEH and DREW, 2009).
Unlike the acetabulum of the hip joint, the glenoid fossa is not a deep, stabilizing
socket. Its small surface captures only a limited portion of the humeral articular surface,
and the glenohumeral ligaments are lax in most functional positions of the joint,
providing significant stabilization mostly at the extremes of joint movement (ITOlI,
2017).

Anterior shoulder dislocation, in particular, can lead to detrimental outcomes
such as the detachment of the anterior and anteroinferior labral complex and the
development of osseous defects that compromise the concavity of the glenoid fossa
(ITOl et al., 2000). These alterations in the joint geometry further aggravate the
instability of the glenohumeral joint, especially when the integrity of
capsuloligamentous structures is compromised. The stability of this joint is not only a
matter of anatomical integrity but also of the biomechanical characteristics of joint
contact, such as joint reaction force, area, and pressure, particularly in the presence
of osseous defects. Understanding these biomechanical aspects is vital, as they
directly influence the severity of instability and the effectiveness of therapeutic
interventions. Despite the acknowledged importance of these factors, there remains a
significant gap in the quantitative analysis of how varying sizes of anterior osseous

defects affect those joint contact characteristics.

In the context of osseous defects on the anterior border of the glenoid, while the
determination of a critical defect size that necessitates bone grafting has been a focal
point of prior research, the broader implications of these defects on glenohumeral joint
contact mechanics remain underexplored. Studies performed using cadaveric
shoulders provided valuable insights into the critical sizes of osseous defects, ranging
from 19% to 21% of the glenoid length, which require bone grafting to restore joint
stability (ITOl et al., 2000; YAMAMOTO, N. et al., 2009, 2010). These investigations,
utilizing methodologies with limitations such as non-physiological joint compressive
forces, highlight the necessity for further research using physiological conditions to fully
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understand the biomechanical consequences of osseous defects. KLEMT et al. (2019)
advanced this field by using a finite element (FE) model to assess critical defect sizes
under physiological forces, suggesting a threshold for bone grafting at defects larger
than 16% of the glenoid length. These studies, while focused on surgical thresholds,
inadvertently underscore the gap in understanding the specific impact of varying defect

sizes on joint contact mechanics.

Building upon the existing foundation, further research by YAMAMOTO, A. et
al. (2014) on cadaveric shoulders has begun to bridge this gap by quantifying
glenohumeral contact pressures in the presence of anterior labral and osseous
defects. Under compressive forces of 220 N and 440 N, the study identified changes
in contact area and peak pressures at abduction angles of 60° and 90° combined with
neutral and external arm rotation, using Tekscan pressure sensors and a self-centering
glenoid system. Despite the innovative approach, the limitations of the Tekscan
sensors for non-linear surfaces and the non-physiological behavior of the self-
centering glenoid mechanism point to the need for research methodologies that can

more accurately replicate in vivo conditions.

Given the outlined limitations of existing methodologies and the need for a
deeper understanding of glenohumeral joint mechanics in the presence of anterior

osseous defects, the general objective of this study is as follows:

A novel investigation of the impact of osseous defects of varying sizes (0 mm,
2 mm, 3 mm, 4 mm, 5 mm, and 6 mm) on the anterior border of the glenoid on
glenohumeral joint stability and contact mechanics along shoulder abduction
in the coronal plane with the arm externally rotated. Specifically, the following

outcomes are analyzed:
e Joint reaction force,
e Contact pressure,
e Contact area,
e Glenoid track width,
¢ Humeral head translations, and

e Muscle forces.
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This objective is achieved using a computational model of the glenohumeral
joint. The use of such models to answer clinical questions became a common practice
to acquire quantitative information that cannot be obtained in vivo or in vitro due to
ethical and technological limitations (ZHENG et al., 2016). Over the years, many
computational shoulder models were developed with the aim of enlightening several
aspects of shoulder function related to activities of daily living (CHARLTON;
JOHNSON, 2006; DAMSGAARD et al., 2006; KLEMT et al., 2018; NIKOOYAN, A. A.
et al., 2011), wheelchair propulsion (DUBOWSKY et al., 2008), rotator cuff tear
(KHANDARE; ARCE; VIDT, 2022; TERRIER et al., 2007), osseous defects (KLEMT et
al., 2019; WALIA et al., 2015), joint stability (FAVRE et al., 2012; KLEMT et al., 2017,
QUENTAL et al., 2016), humeral head translations (ENGELHARDT et al., 2017,
FAVRE et al., 2012; SARSHARI et al., 2017), shoulder arthroplasty (BOLA; SIMOES;
RAMOS, 2022; SINS et al., 2015), joint contact (JUNIOR et al., 2022; PECORA et al.,
2020; SAHARA et al., 2019; SARSHARI et al., 2017) and more. Many of these models
are based on rigid body (RB) dynamics that simplify the articulations as spherical
mechanical joints without translations. Despite their considerable usage in the analysis
of diverse shoulder functions, they unfortunately fall short when the topic is joint contact
mechanics and humeral head translations, significant aspects to correctly evaluate

joint stability.

The inclusion of a deformable contact formulation into shoulder models permits
the incorporation of humeral head translations along with the moment applied on the
humerus due to the contact between the humeral head and the glenoid (SARSHARI
et al., 2017). The moment generated from the joint contact is called joint reaction
moment and affects the prediction of joint stability based on the mechanical balance
of the forces and moments acting on the glenohumeral joint. In this context, finite
element models emerge as effectual tools to predict internal loading conditions that
otherwise cannot be predicted in-vivo, in-vitro or from RB models. Furthermore, FE
models permit the inclusion of biofidelic soft tissue geometries, such as the labrum and
joint cartilages with ellipsoidal articular surfaces (ZUMSTEIN et al., 2014a), along with
the consideration of the joint’s translational degrees of freedom (FAVRE et al., 2012;
SADEQI et al., 2023; TERRIER et al., 2007; ZHENG et al., 2020).

Finite element models often simulate a sequence of static positions from specific

joint movements. Some of these models are integrated with RB frameworks that can
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resolve the indeterminacy of the load sharing among the muscles, thereby generating
stability in the position of interest. The loads and moments calculated in this manner
are applied to the FE model to analyze the desired outcomes, such as contact
mechanics and tissue stress. However, the loads and moments thus applied causes
the humeral head to translate to a position that ensures mechanical equilibrium that is
often different from the position firstly assumed in the RB model. This new position
changes the original lines of action of the muscles, altering the previously calculated
muscle forces and moments, and creates a new contact situation that changes the
previously assumed joint reaction moment, in cases where this variable is included in
the framework. No finite element model using joint kinematics as inputs to calculate
the loads acting on the joint has yet considered the implications of these changes due

to humeral head translations.

An associated objective of this study is the development of a computational
model of the shoulder that can assess joint stability and contact mechanics,
including the influence of humeral head translations and joint reaction

moment.

The computational model consists of a rigid body model and a finite element
model that work iteratively together. The RB model calculates the smallest muscle
forces required to stabilize the glenohumeral joint, while the FE model imports these
muscle forces to determine the position at which mechanical equilibrium is achieved.
The new humeral head position and joint reaction moment obtained from the FE model
are then fed back into the RB model for another iteration. This process continues until
a stable convergent position is reached, defined as the humeral head position where
the differences between the RB model and the FE model fall below a specific threshold.
The model includes the humerus, scapula, humeral head cartilage, glenoid cartilage,
deltoid muscle, and rotator cuff muscles. The articular surfaces of the cartilages are
modeled as ellipsoidal and non-congruent and are represented using a deformable

material model.

This work seeks to offer insights into the ways in which glenoid osseous defects
influence glenohumeral joint mechanics, thereby laying a foundation for more effective
diagnostic and therapeutic strategies. By addressing these critical questions, this

research hopes to contribute to a deeper understanding of shoulder instability
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mechanisms, ultimately guiding clinical decision-making and improving patient

outcomes.

1.2 STRUCTURE OF THE THESIS

The structure of this thesis is designed to provide a comprehensive exploration

of the computational modeling of the glenohumeral joint, focusing on the analysis of

contact mechanics in the presence of osseous defects. The thesis is organized into

several chapters, each addressing key components of the research.

Chapter 2 describes the shoulder physiology and its biomechanics,
including a brief review about the glenohumeral joint stability, mobility,

and the role of the muscles associated with this joint.

Chapter 3 is a review of the state of art of shoulder models, presenting
their development over the years and highlighting nowadays trends. It
also includes brief discussions about the geometry and computational
modeling of the GH joint cartilages and muscles, along with methods to
solve the indeterminacy problem associated with the calculation of

muscle forces.

Chapter 4 details the development of the subject-specific computational
model, describing the modeling of the considered structures in both CAD
and FE softwares. It explains the proposed resolution to the load sharing
problem and the iterative process between the rigid body model and the
finite element model, emphasizing the novelty and technical aspects of
the approach. This Chapter ends with the procedure to create the

osseous defects in the anterior border of the glenoid.

Chapter 5 reports the effects of the arm weight amplitude on joint reaction
force and humeral head translations. It discusses the findings related to
percentual increases in joint reaction force as a function of arm weight
amplitude, the translation pattern in all cases studied, and the dispersion
of humeral head translations along the abduction movement using the

minimum bounding sphere technique.
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Chapter 6 presents the results of the simulations, focusing on the impact
of various osseous defect sizes on joint stability and contact mechanics.
It includes quantitative analyses and visualizations that illustrate the
effects of osseous defect on joint reaction force, muscle forces, contact

pressure, contact area, humeral head translation and glenoid track width.

Chapter 7 discusses the findings of the simulations, comparing the
results with existing studies. Some parts of the text have been extracted
from a previous publication by the author (JUNIOR et al., 2022) and

revised to better adapt to the present study.

Chapter 8 summarizes the conclusions drawn from the research,
reiterating the significance of the findings and their contribution to the
field of shoulder biomechanics. It also outlines potential future research

directions to enhance the model's performance and applicability.

This doctoral thesis builds upon the author's master's dissertation, where the

initial version of the model was developed. Significant improvements were made during

the doctoral research, from which partial results have been published (JUNIOR et al.,
2022; PECORA et al., 2020). Key updates to the model include:

Non-congruent and ellipsoidal articular surfaces for both cartilages,

providing a more accurate representation of joint contact geometry.

Consideration of the individual action of all muscle segments,

allowing for a more detailed analysis of muscle forces.

Inclusion of additional abduction angles based on previously

obtained positions, expanding the model's applicability.

Enhancement of the Simulation Framework, specifically improving the

coupling between the RB model and the FE model.

Improvement in resolving the load sharing problem, utilizing MatLab
optimization tools to achieve better performance and outcomes.

Refinement of muscle path tracing for muscle segments in
Abaqus/Explicit, ensuring the capability to incorporate the effects of
humeral head translations on muscular lines of action, capturing more

realistic joint dynamics.
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2 THE HUMAN SHOULDER

2.1 SHOULDER PHYSIOLOGY AND BIOMECHANICS

2.1.1 Shoulder mobility and stability

The shoulder complex is composed by the humerus, the scapula, the clavicle
and three joints that provide to the shoulder the greatest mobility of the human body
(JOBE; PHIPATANAKUL; COEN, 2009). The sternoclavicular joint connects the thorax
to the clavicle and the acromioclavicular joint connects the clavicle to the scapula.
These joints, in combination with the junction between the anterior surface of the
scapula and the thoracic cage, are collectively known as the scapulothoracic joint’
(INMAN; SAUNDERS; ABBOTT, 1944). It enables and integrates the movement of the
upper limb with the torso. The glenohumeral joint, also known as the shoulder joint, is
a synovial joint (Figure 1). It is responsible for roughly two thirds of the shoulder total
mobility, that covers about 65% of a sphere (ENGIN; CHEN, 1986). This great range
of motion is only possible because the articular surface of the glenoid is considerably
smaller than the articular surface of the humeral head. While the humeral head
constitutes approximately one third of the surface of a sphere, the glenoid surface is
pear shaped and covers roughly only one quarter to one third of the humeral head
surface (ITOl; MORREY; AN, 2009).

Figure 1 — Glenohumeral joint, comprising the humerus, the scapula, and the clavicle. The articular
surfaces of the humeral head and of the glenoid fossa are represented in green.

From Kenhub?.

' Some authors consider the junction between the anterior surface of the scapula and the thoracic
cage as the fourth joint, as exemplified by Hall (2012). Here, the definition by Inman (1944) is used.
2 Available at <https://www.kenhub.com/en/library/anatomy/the-shoulder-joint>. 14 October 2024.
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The relationship between the contribution of the glenohumeral joint and the
scapulothoracic joint to shoulder mobility is called scapulohumeral rhythm (Figure 2).
It is said that the overall ratio to glenohumeral-to-scapulothoracic motion is 2:1 during
arm elevation (BERGMANN, 1987). However, this ratio is not linear throughout the
movement. At the first 30 degrees of abduction the glenohumeral motion prevails over
the scapulothoracic, where the scapulohumeral rhythm may vary from 4:1 (POPPEN;
WALKER, 1976) to 7:1 (DOODY; FREEDMAN; WATERLAND, 1970).

Figure 2 — Scapulohumeral rhythm. The top image shows the arm at 30° abduction, where most of the
movement occurs at the glenohumeral joint. The image below shows the arm is 90° abduction with a
scapulohumeral rhythm ratio of 2:1.

Compilation by the author?.

3 Images obtained from <https://www.youtube.com/watch?v=rpzBGIOEW4E>. 14 October 2024.
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The same glenohumeral joint that gives the shoulder its great mobility is,
however, inherently unstable. The articular surface of the glenoid is too shallow and
the contact area between the bones is not big enough to sustain the loads on the joint.
There are several stabilization mechanisms that take place depending on whether the
arm is in mid-range or end-range of motion (ITOI; MORREY and AN, 2009). End-range
of motion happens at the limits of a shoulder movement, e.qg., at high degrees of
abduction with external rotation of the arm. The capsuloligamentous structures are
then tight and provide most of the joint stability, preventing the translations of the
humeral head. Outside the end-range of motion, the arm is in mid-range of motion. The
capsuloligamentous structures are lax and stability is ensured by mechanisms such as
intra-articular pressure and the concavity-compression effect. The intra-articular
pressure acts as a stabilizing mechanism when the shoulder muscles are silent (e.g.,
arm in hanging position), sucking the humeral head into the glenoid socket and
preventing a downward translation. The concavity-compression effect occurs by
contraction of the muscles around the joint, compressing the humeral head into the
glenoid fossa. The deeper the glenoid socket, the greater the concavity-compression

effect.

2.1.2 The glenoid labrum and the capsuloligamentous structures

The glenohumeral joint is surrounded by a loose fibrous capsule on all sides
(Figure 3). It is overall lax and does not offer much resistance to movement. The joint
capsule arises from the scapular neck on its anterior and inferior sides, and blends
with the glenoid labrum on its posterior and superior sides. Except on specific places,
it is reinforced by the tendons of the rotator cuff muscles and, on its anterior side, by

the glenohumeral ligaments.
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Figure 3 — Glenohumeral articular capsule and coracohumeral ligament.

Coracohumeral ligament

Articular capsule

Adapted from PAULSEN & WASCHKE (2013).

The glenoid labrum is a fibrocartilaginous structure attached to the glenoid rim
(Figure 4). It assists the joint mid-range stability by conferring depth and concavity to
the glenoid fossa, resisting the translations of the humeral head (ZHENG et al., 2016).
It also serves as an anchor to the glenohumeral ligaments and the biceps brachii
tendon (BELTRAN et al., 2002).

The coracohumeral ligament has as its origin the coracoid process at the
scapula and attaches to the greater and lesser tuberosities of the humerus. From its
origin, it extends itself as two bands over the top of the shoulder to blend with the
capsule near its insertion on the humerus. When the arm is externally rotated, it
becomes taut and functions as a possible inferior joint stabilizer (ITOIl; MORREY; AN,
2009).
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Figure 4 — Glenoid labrum and surrounding structures.

Acromion—

Glenoid fossa—

Adapted from PAULSEN & WASCHKE (2013).

According to BELTRAN et al. (2002, p. 253), “the glenohumeral ligaments are
infoldings of the glenohumeral capsule, extending from the anterior and inferior glenoid
margin of the glenoid to the region of the anatomical neck of the humerus”, as
illustrated in Figure 5. There are the superior glenohumeral ligament, the middle
glenohumeral ligament and the inferior glenohumeral ligament. Their anatomy may
vary between individuals and their function is debatable, as it is dependent on the
position of the humerus relative to the glenoid. The superior glenohumeral ligament
originates “from the tubercle of the glenoid anterior to the origin of the long biceps
tendon and runs inferior and lateral to insert on the head of the humerus near the
proximal tip of the lesser tuberosity” (ITOI; MORREY; AN, 2009, p. 239). Its function is
similar to the coracohumeral ligament, acting on inferior stability and limiting external
rotation of the arm (BURKART; DEBSKI, 2002).

The anatomy of the middle glenohumeral ligament is akin to the superior
glenohumeral ligament. According to (STEINBECK; LILUENQVIST; JEROSCH, 1998),
its origin is found on the supraglenoid tubercle and anterosuperior region of the labrum
between the 1 and 3 o’clock positions, blending with the subscapularis tendon and
attaching at the lesser tuberosity of the humerus. TURKEL et al. (1981) observed that
when the shoulder is abducted and externally rotated, the middle glenohumeral

ligament becomes taut, and hence it is considered as an anterior stabilizer. As stated
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by PASSANANTE et al. (2017, p. 65), the inferior glenohumeral ligament complex is
“a hammock-like structure with anchor points on the anterior and posterior glenoid and
an attachment to the proximal humeral neck near the head/neck junction”. It
encompasses the anterior band, the posterior band and the axillary pouch. The anterior
band is attached partly on the bony glenoid and partly on the anterior labrum,
restraining anterior and inferior translations of the humerus when the arm is abducted
and externally rotated. The posterior band has its origin at the posterior glenoid rim
and helps with posterior stability when the arm is in flexion and internally rotated
(WARNER et al., 1992). The axillary pouch is the “hammock” between the anterior and
posterior bands and has its origin at the inferior glenoid labrum. The inferior
glenohumeral ligament is inserted at the inferior margin of the humeral articular surface

and around the anatomic neck of the humerus.

Figure 5 — lllustration of the glenohumeral ligaments.
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From Dr. Anand Jadhav?.

4 Available at <https://dranandjadhav.in/shoulder-instability-dislocations/>. 14 October 2014.
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2.1.3 Glenohumeral joint muscles

Most voluntarily controlled skeletal muscles have the function of producing
movements of body parts (TORTORA; DERRYCKSON, 2011). By contracting, a
muscle produces tension that is transferred to its tendons and to the bones attached
to them, creating a torque at the joint and pulling the bones together when the
contraction is concentric. The function of a muscle depends on the movement in
execution and on the joint angle. It can be an agonist, contracting to produce
movement, or an antagonist, acting against the movement (HALL, 2012). However, a
muscle generally acts in tandem with other muscles so that the joint motion can be
executed in a controlled manner. The election of which muscle must be activated
comes from the central nervous system, but the choosing criteria is not yet completely

understood.

There are eleven muscles around the glenohumeral joint that act together to
move and to stabilize it. The deltoid and the rotator cuff muscles are the primary mover
and stabilizers, respectively, during the abduction movement. The supraspinatus,
subscapularis, infraspinatus and teres minor are collectively known as rotator cuff
muscles (Figure 6). Their tendons merge with the joint capsule (and sometimes with
one another), creating a cuff around the joint, surrounding it posteriorly, superiorly and
anteriorly (HALL, 2012). The main function of these muscles is to stabilize the joint,
compressing the humeral head into the glenoid fossa to prevent excessive translations,

while also acting as important rotators of the arm.
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Figure 6 — Rotator cuff muscles. On the left a posterior view of the scapula depicting the subscapularis
and the posterior part of the supraspinatus. On the right an anterior view of the scapular depicting the
infraspinatus, teres minor and the anterior part of the supraspinatus.

Clavicle

Supaspinatus Supaspinatus
— Infraspinatus

Subscapularis -Teres minor

Humerus Humerus

Adapted from TORTORA & DERRYCKSON (2011).
The supraspinatus fossa is located above the spine of the scapula, and it is the

origin site of the supraspinatus muscle. This muscle’s tendon inserts on the greater
tuberosity of the humerus in common with the coracohumeral ligament anteriorly and
with the infraspinatus posteriorly (JOBE; PHIPATANAKUL; COEN, 2009). It aids the
deltoid in the abduction of the arm, mainly at the beginning of the movement, and is an
important inferior stabilizer. The subscapularis muscle originates at the subscapular
fossa on the anterior surface of the scapula and inserts onto the lesser tubercle of the
humerus. It represents 53% of the muscle mass of the rotator cuff muscles (KEATING
et al., 1993) and is the main internal rotator of the arm. By releasing the subscapularis
tendon on cadaveric specimens, MARQUARDT et al. (2006) found that it also helps
with anterior-inferior stabilization of the humeral head in mid-range of motion, and it is
considered the most important anterior stabilizer by DEPALMA; COOKE;
PRABHAKAR (1967).
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Figure 7 — lllustration of the deltoid muscle in a side view. In blue, the posterior deltoid; in green, the
middle deltoid; and in red the anterior deltoid.

From Wikipedia®.

The infraspinatus muscle has a wide origin at the posterior surface of the
scapula and inserts on the grater tubercle of the humeral head, blending with the
supraspinatus tendon superiorly and with the teres minor tendon inferiorly (BACLE et
al., 2017). The infraspinatus and the teres minor act synergistically as external rotators
of the arm. The deltoid has a U-shaped origin that comprises the spine of the scapula,
the acromion and the lateral end of the clavicle, all of them sharing the same insertion
at the deltoid tuberosity on the shaft of the humerus (Figure 7). It is generally divided
into three functionally distinct parts in accordance with its origin: the anterior (clavicular)
deltoid, the middle (acromial) deltoid, and the posterior (spinal) deltoid (MOSER et al.,
2013). The middle deltoid is the main abductor of the arm and an elevator of the
humeral head (ITOI; MORREY; AN, 2009). The anterior deltoid helps with arm flexion
and internal rotation of the humerus, while the posterior deltoid helps with external

rotation.

5 Available at <https://en.wikipedia.org/wiki/Deltoid_muscle>. 14 October 2024.



39

The biceps brachii is a bi-articular muscle, crossing the joints at the elbow and
shoulder (Figure 8). It consists of a large head and a short head that merge into a
common belly. The large head originates from the supraglenoid tubercle of the glenoid
fossa and merges with the glenoid labrum superiorly. Its tendon passes through the
bicipital groove of the humerus, encircling the glenohumeral joint. The short head
originates from the coracoid process of the scapula. The muscle belly has two
tendinous insertions at the forearm. The biceps brachii works primarily at the elbow
joint as a flexor and is a powerful supinator of the forearm (LANDIN; THOMPSON;
JACKSON, 2017). Its role as a stabilizer of the humeral head is debatable. Some
studies on cadavers verified that, when a load was applied at the long head of the
biceps, its tendon acted as compressor of the humeral head into de glenoid fossa
(PAGNANI et al., 1996; YOUM et al., 2009). RODOSKY; HARNER; FU (1994) verified
the role of the biceps on resisting torsional forces during the throwing movement of
baseball players; and an old study suggests that it acts as a depressor of the humeral
head when electrically stimulated (ANDREWS; CARSON; MCLEQOD, 1985). However,
two studies measured the muscle activity in isolated shoulder movements with
controlled elbow and shoulder joints angles. In a series of movements that include
flexion abduction, internal and external rotation, LEVY et al. (2001) found that the only
substantial activity of the biceps brachii occurred at the first 30° of flexion by
electromyography (EMG) measurements. LANDIN et al. (2008) analyzed the isometric
torque produced by the shoulder in the scapular plane when the muscle was electrically
stimulated in a variety of combined shoulder and elbow angles. They found a peak
torque at 0° abduction, that became insignificant after 30°, but not substantial enough
to say that the long head of the biceps played a major role in stabilizing the humeral
head. Both studies support the statement from JOBE et al. (2009) that the action of the

biceps brachii on shoulder stability is unusual on patients without shoulder pathologies.



40

Figure 8 — lllustration of the biceps brachii in green. The long head passes through the bicipital groove
and short head originates from the coracoid process of the scapula.

From Kenhub®.

The other muscles that cross the glenohumeral joint do not act significantly on
the abduction of the arm. The teres major helps with internal rotation, adduction and
extension of the arm when there is some form of resistance. The coracobrachialis acts
on the adduction and flexion of the glenohumeral joint. The latissimus dorsi functions
as an internal rotator and adductor of the arm and the function of the pectoralis major
depends on the joint start position, but it is not related to the abduction movement.
While the triceps brachii is thought to help in shoulder adduction against resistance, it
acts mainly as an elbow extensor. Figure 9 illustrates these muscles from origin to

insertion.

6 Available at <https://www.kenhub.com/pt/library/anatomia/musculo-bicipite-braquial>. 14 October
2024.
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Figure 9 — lllustrations of the pectoralis major (sternal and clavicular portions), latissimus dorsi, teres
major, coracobrachialis and triceps brachii.

major

Lateral head,

Long head, triceps brachii

triceps brachii

Clavicular pectoralis
major

Adapted from HALL (2012).

2.2 SHOULDER PATHOLOGIES AND THE GLENOID TRACK

Anterior shoulder instability is a common affliction of the shoulder due to the
anatomy of the glenohumeral joint. Severe cases of instability can lead to dislocations,
i.e., the loss of articular contact. The glenohumeral joint is the joint that presents the
most cases of dislocations (CUTTS; PREMPEH; DREW, 2009). ZACCHILLI &
OWENS (2010) carried out an analysis of shoulder dislocation incidence in the USA
from 2002 to 2006 and found an incidence rate of 23,9 per 100000 person-years.
Similarly, an incidence rate of 40,4 per 100000 person-years in men was found in the
UK between 1995 and 2015 (SHAH et al., 2017). In Oslo, 2009, there was an incidence
rate of 56,3 per 100000 person-years (LIAVAAG et al., 2011). In all studies, the highest

risk of dislocation is associated with young men below 30 years of age.

The biomechanical reasons for the occurrence of dislocations are associated
with tangential forces acting on the articular surfaces that surpass the stabilization
capability of the joint stabilizers (ZHENG et al., 2016). The occurrence of dislocation
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may cause structural damage to bones and soft tissues, such as a Bankart lesion, a
bony Bankart lesion, and a Hill-Sachs lesion. The Bankart lesion is the detachment of
the anteroinferior labral complex, and it increases the risk of further dislocations (Figure
10). The Hill-Sachs lesion (HSL) is a posterolateral humeral head compression fracture
that results from impacts with the anterior glenoid rim (Figure 11). The bony Bankart is
a fracture to the anteroinferior glenoid rim that reduces the articular contact area of the
glenoid (Figure 12). Arthroscopic Bankart Repair (ABR) is the most common procedure
to recover the shoulder anterior stability (DEFRODA et al., 2017) by reattaching the
capsule-labral complex. However, the presence of a HSL is a risk factor that may lead
to further dislocations and to the failure of the ABR. ITOI (2017) says that the risk of a
HSL causing instability is zero if it is covered by the glenoid, but the risk of recurrent
dislocation is high if it is out of glenoid coverage because it may engage with the
anterior rim of the glenoid. The risk intensifies when both an HSL and a bony Bankart
coexist, termed bipolar bone loss (DI GIACOMO; ITOI; BURKHART, 2014), affecting
approximately 80% of patients with anterior instability (ITOI, 2017).

Figure 10 — lllustration of a Bankart lesion.

From Ortopedia e Ombro?.

7 Available at < https://ortopediaecombro.com.br/lesao-de-hill-sachs-e-lesao-de-bankart-lesao-do-labio-
anterior/>. 14 October 2024.
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Figure 11 — lllustration of a Hill-Sachs lesion.

From Central Coast Orthopedic8.

Figure 12 — Bony Bankart. D represents the glenoid width and d the size of the bony defect.

Adapted from STEFANIAK et al. (2020).

8 Available at < https://centralcoastortho.com/patient-education/hill-sachs-lesion/>. 14 October 2024.



44

According to DI GIACOMO; ITOI; BURKHART (2014, p. 90), “there are no clear
guidelines on how to address patients with bipolar bone lesions who have varying
degrees of bone loss of the glenoid as well as the proximal humerus (Hill-Sachs
defects)”. They discuss some methods to assess the risk factors related to bone losses
that may lead to further instability of the shoulder, before or after an ABR. Many of
them, however, rely mostly on qualitative data and are related to arbitrary sizes of bone
losses. To improve decision making processes on how to treat shoulder instability, to
avoid unnecessary surgeries, and to reduce the occurrence of recuring dislocations,
quantitative data are paramount. To this end, DI GIACOMO; ITOl; BURKHART (2014)
conceived the concepts of on-track and off-track HSL based on the position of the HSL

in relation to the glenoid track.

The concept of the glenoid track was proposed by YAMAMOTO et al. (2007) for
a better understanding of the interaction between anterior glenoid osseous defects and
the humeral head. According to ITOI (2017, p. 349), “the glenoid track is the area of
posterior humeral articular surface in contact with the glenoid when the arm moves
along the posterior end-range of movement” (Figure 13). Posterior end-range
movement occurs when the arm is in abduction and external rotation, causing the

anteroinferior capsule to tighten and preventing humeral head translation.

Figure 13 — Representation of the glenoid track by overlapping the glenoid fossa contour on the
surface of the humeral head.

From ITOI (2017).
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In contrast to other assessment methods, the glenoid track concept dictates that
the most important factor is not the HSL size or depth, but rather its location. When the
Hill-Sachs lesion stays within the glenoid track, there is no inherent risk of it causing a
dislocation, and it is termed on-track HSL. However, if the medial margin of the HSL
extends beyond the glenoid track, it is referred to as off-frack, and it has the potential
to override the glenoid rim, leading to a dislocation. The study conducted by YANG et
al. (2018) found that the recurrence rate in patients with off-track lesions was

significantly higher (69,2%) than in patients with on-track lesions (8,8%).

(b) off-track.

Adapted from DI GIACOMO et al. (2014).

Figure 15 — Measurement of the Hill-Sachs interval (HIS) as the sum of the Hill-Sachs width (HS) and
the bone bridge (BB). Dotted line L1 represents que medial margin of the rotator cuff attachments and
dotted line L2 represents que medial margin of the glenoid track.

From DI GIACOMO et al., 2016.
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The aforementioned concepts allow the use of quantitative data to assess the
risks of recurring dislocations by comparing the values between the Hill-Sachs interval
(HSI) and the glenoid track width. The Hill-Sachs interval is quantitatively determined
by the sum of the width of the Hill-Sachs lesion and the width of the bone bridge,
specifically defined as the area of exposed bone that lies between the Hill-Sachs lesion

and the medial footprint of the rotator cuff, as illustrated in Figure 15.

The in vivo measurement of glenoid track width, as described by OMORI et al.,
2014, begins with the acquisition of joint images from MRI scans, from which a three-
dimensional model of the joint is constructed. Within this 3D model, a plane is created
to approximate the anatomical neck of the humerus, creating a section with a central
reference point called Point G. From Point G, a line is drawn perpendicular to this plane
until it intersects with the articular surface of the humeral head, defining Point C at the

intersection. This entire procedure is illustrated in detail in Figure 16.

Figure 16 — In red, the plane approximating the humeral neck of the humerus (A). The section created
by the plane and the center of this section, called point G (B). The perpendicular line connecting point
G to the articular surface, thus defining the location of point C (C).

A B Cc

From OMORI et al., 2014.

From an en face view of the glenoid, a vertical line is created connecting the 12
o’clock and 6 o’clock positions (Figure 17). Subsequently, a horizontal line is drawn
through the midpoint of this vertical line. At the point where this horizontal line
intersects with the anterior rim of the glenoid, Point M is identified. During shoulder

abduction, Point M is projected onto the humeral head. At static abduction angles of
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interest, a line is traced onto the humeral head starting from Point C, passing through
the projected Point M, and extending to the rotator cuff tendon’s footprint on the greater
tuberosity. The width of the glenoid track at each abduction angle is then measured as
the distance from the projected Point M to the medial margin of the footprint of the
rotator cuff. A cadaveric study has shown that the glenoid track width corresponds to
84% + 14% of the glenoid width (YAMAMOTO, N. et al., 2007), while OMORI et al.
(2014) found a corresponding value of 83% + 12%. By comparing the values of the
glenoid width and the HSI, the Hill-Sachs lesion can be defined as on-track if the
glenoid track width is greater than the HSI or off-track if the glenoid track width is

smaller than the HSI.

Figure 17 — Definitions of points L and M (A). Projection of the glenoid area onto the humeral head
surface along with point M (B). Measurement of the glenoid track width (C).

From OMORI et al., 2014.
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3 STATE OF ART

The understanding of the functions of the individual structures of the shoulder
and how they cooperate with each other is paramount to develop better treatment
techniques, better strategies to avoid the occurrence of damage to the tissues and
even to design joint implants. However, there are many essential parameters that
cannot be readily measurable due to ethical and technological limits (ZHENG et al.,
2016). Some procedures may be too invasive to perform (e.g., muscle force
measurement) (ERDEMIR et al., 2007) or the devices may lack enough resolution to
give correct measurements (e.g., humeral head translations) (BOLSTERLEE;
VEEGER; CHADWICK, 2013). In this context, computational shoulder models emerge
as effectual tools that allow the investigation of aspects that are otherwise difficult or

impossible to quantify.

The model to be used and its complexity is determined heavily by the desired
output and should be realistic enough to replicate the behavior of the human
musculoskeletal system (NIKOOYAN, A. A. et al.,, 2011). It is possible to roughly
classify musculoskeletal models into two major categories: multibody models and finite
element models (ZHENG et al., 2016). Multibody models are based on rigid body
dynamics and can simulate the kinetics of a predefined movement. The skeletal
description of multibody models is quite similar to each other. The bones are
considered as rigid bodies, articulations are simplified as mechanical joints without
translations and muscles are modeled as taut string connecting their insertions, tracing
a path that wraps over bones and virtual soft tissues in the way. These types of models
have low computational costs, allowing the consideration of not only the shoulder
complex, but also its adjacent bones and the interactions between them. The resolution
of the load-sharing problem is performed mainly by optimization procedures associated
with inverse and/or forward dynamics methods. Traditionally, multibody models rely
intrinsically on simplifications of the joint as congruent spherical surfaces without any
contact model to simulate humeral head translations. Recent models, however, have
managed to include elastic (KHANDARE and VIDT, 2022) and viscoelastic
(SARSHARI et al., 2017) contact models using contact meshes on the humeral head
and glenoid fossa to simulate a more biofidelic joint contact, thus allowing some degree

of humeral head translations.
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Despite the evolution of multibody models, they are still not capable of providing
a detailed assessment of the deformable and non-congruent joint contact like those
provided by finite element models. Furthermore, FE models enable the inclusion of 3D
geometries of soft tissues such as the musculotendon units of the rotator cuff, the
glenohumeral ligaments and the glenoid labrum, thus permitting the assessment of

several clinical related issues, among which:

o Effect of rotator cuff deficiency on the glenohumeral contact and joint
stability (TERRIER et al., 2007; ZHENG et al., 2020);

¢ Influence of bone defects in the glenoid fossa and humeral head on joint
stability (KLEMT et al., 2019; WALIA et al., 2015);

e Evaluation of the contact geometry and pressure distribution along the
glenoid track (JUNIOR et al., 2022); and

e Prediction of prosthesis performance (BOLA; SIMOES; RAMOS, 2022).

This review aims to present and discuss many aspects of the development of
shoulder models, beginning by tracing their evolution over the years and highlighting
some important aspects and their uses in the Development of Shoulder Models
section. In the Modeling of Soft Tissues section, the representation of muscles,
cartilages, glenoid labrum, their material properties, and the interaction among them
are discussed. The section Muscle Force and the Load Sharing Problem focuses
on the several methods tailored to estimate the forces the muscles should exert to
perform a certain movement. The last section, Analysis of Glenoid Osseous

Defects, discuss the studies related to the effects of osseous defects on joint stability.
3.1 DEVELOPMENT OF SHOULDER MODELS

The development of shoulder models started at the very end of the 19t century
with a physical model of the shoulder mechanism, where the muscles were
represented by strings connected to a keyboard (Figure 18) and motions took place
when the keys were pressed (VAN DER HELM, 1994a). Many decades later, two-
dimensional models arose with the works of DELUCA and FORREST (1973), and
POPPEN and WALKER (1978). These models described the motion of the humerus
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with respect to a nonmoving scapula. Although an advancement at the time, 2D

representations were not enough to describe the complexities of the joint.

Three-dimensional musculoskeletal models of the human shoulder appeared at
the end of the last century. KARLSSON and PETERSON (1992) introduced a shoulder
model that was used to analyze static load sharing between the muscles, bones, and
ligaments during the abduction movement on the scapular plane every 15°, up to 120°.
According to them, earlier attempts on the development of shoulder models did not
consider important aspects, such as the addition of all the muscles of the shoulder, not
only the main ones. Being one of the first 3D models developed, some limitations could
be observed, such as the issue of the glenohumeral joint stability and the lack of

detailed data to better comprehend and reproduce the model.

Figure 18 — Physical shoulder mechanism.

From van der Helm (1994).

In 1994, van der Helm published his work on the development of a finite element
shoulder model that made notable contributions on shoulder model development
throughout the years (VAN DER HELM, 1994a). Initially known as the Delft Shoulder
Model (DSM), it consisted of the shoulder girdle, the humerus, three extracapsular
ligaments, and 16 muscles divided into 95 muscle segments. The shoulder structures
were derived from cadaver data and were represented as structural elements (Figure

19) on SPACAR, a software subroutine package for simulation of the behavior of
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biomechanical systems. The model itself consisted of motion equations describing the
mechanical behavior of the shoulder mechanism, derived by using the finite element
method. Recorded motions of the bones and external loads were used as inputs to find
muscle and contact forces, muscle length and moment arms. Contributions were made
on subsequent years to update the model, such as the use of a new morphological
dataset (BRETELER; SPOOR; VAN DER HELM, 1999). Aspects and developments of
this model since 1994 were described by NIKOOYAN, et al., (2011) such as the
addition of muscle dynamics data, new simulation frameworks combining inverse with
forward dynamics optimization, and a new muscle load sharing cost function based on
the energy consuming processes needed for a muscle to contract (PRAAGMAN et al.,
2006). With the addition of elbow data, this model is known as the Delft Shoulder and
Elbow Model (DSEM). It was used to study goal-directed movements (HAPPEE; VAN
DER HELM, 1995), wheelchair propulsion (VEEGER; ROZENDAAL; VAN DER HELM,
2002), and rotator cuff tears (STEENBRINK et al., 2009).

Figure 19 — Shoulder model developed by van der Helm (1994).

@———D : BEAM (bone)
. : HINGE (joint)

: TRUSS (ligament)

,',':\, : SURFACE (scapulothoracic gliding plane)

——{==— : TRUSS or CURYED-TRUSS (musclc)

From van der Helm (1994).

The studies published by Brian A. Garner & Marcus G. Pandy on the years
1999-2001 influenced many studies in the area (GARNER; PANDY, 1999, 2000,
2001). They presented their model with data detailed enough that anyone could
reconstruct a mathematical model using it. The musculoskeletal model included all the
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major joints of the shoulder, elbow and wrist. Up to that date, no other model had a
musculoskeletal geometry so complete as this one. To develop such a model, they
used data from the Visible Human Project, a public-domain library of clinical digital
images of one male cadaver and one female cadaver with which it is possible to
reconstruct musculoskeletal models®. They also introduced the concept of the
obstacle-set method to correctly model the paths of muscles and their wrapping around

bones and soft tissues.

Holzbaur and colleagues developed a musculoskeletal model of the upper limb
including muscles and joints from the shoulder to the fingertip known as the Stanford
Model (HOLZBAUR; MURRAY; DELP, 2005). It focuses on the relationship between
joints on muscle force generation and its parameters were experimentally derived. In
2006, I. W. Charlton and G. R. Johnson published a musculoskeletal model of the
upper limb named the Newcastle Model to study the muscle, ligaments and joint
contact forces during the execution of ten activities of the daily living (CHARLTON;
JOHNSON, 2006). Its geometry (Figure 20) was based on the cadaver studies made
by JOHNSON et al. (1996), and by the DSEM. To simulate the geometry, the software
SIMM was used, but the algorithm was implemented using Matlab. This model brought

a novel approach to simulate the ligaments tensile properties.

Michael Damsgaard and co-authors published in 2006 a paper describing the
Anybody Model, a musculoskeletal model of the entire human being (DAMSGAARD et
al., 2006). The model development started at the Aalborg University by the authors as
a general modeling system to reproduce several activities of the daily living in a
relatively easy way. In 2001 the AnyBody Modeling System was turned into a private
company, the AnyBody Technology. Their model of the upper limb was based on the
data published by the DSEM with slight differences and contains 118 muscle segments
that wrap around the bones using contact mechanics. Using the AnyBody Modeling
System a potential link between wheelchair use and shoulder pain was investigated by
DUBOWSKY et al. (2008) and adaptations were made to use it in the context of
nonconforming total shoulder arthroplasty (SINS et al., 2015).

9 Information about the Visible Human Project can be found at
www.nlm.nih.gov/research/visible/visible_human.html.
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Figure 20 — Geometry of the shoulder model developed by Charlton and Johnson (2006).

From CHARLTON and JOHNSON (2006).

Dickerson and colleagues developed a shoulder model to be used as an
ergonomic analysis tool and to be compatible with existing popular ergonomics
software at the time. Postural data were used as inputs to the model to obtain muscle
forces and joint contact forces estimates (DICKERSON; CHAFFIN; HUGHES, 2007).
Based on the work of LIPPITT and MATSEN (1993), empirical cadaver data on
directional glenohumeral joint dislocation force ratios were converted into a set of linear
equations to act as constraints on the joint reaction force, such that its direction did not
exceed certain values that could theoretically lead to joint dislocation. This method is
considered by the authors to be more physiologically consistent than the use of “an
ellipsoid cone into which the glenohumeral contact force is constrained to be directed”
(DICKERSON; CHAFFIN; HUGHES, 2007, p. 398).

TERRIER et al. (2007) developed a 3D finite element model of the shoulder
using muscle activation to stabilize the glenohumeral joint. The model consists of the
humerus, scapula, the rotator cuff muscles, the deltoid muscle and the cartilages of
the glenohumeral joint. The muscles were partially modeled by 3D structures and
partially by cables to represent the wrapping of the muscles over the humeral head
(Figure 21). With six degrees of freedom, this model was used to evaluate the joint

reaction force, muscle forces and the humeral head translation, highlighting the
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importance of the translational degrees of freedom on the evaluation of joint
mechanics. Its solution to the load-sharing problem, however, involved too many
simplifications, such as the merging of muscles to reduce the number of unknown
variables and the use of muscle ratios based on physiological cross-sectional area

(PCSA) and EMG data that was discontinued on further developments of the model.

Figure 21 — Model of the glenohumeral joint developed by Terrier et al. (2007). On the left its geometry
is illustrated and, on the right, a simplified 2D model illustrating the forces acting on the joint and their
application points.

From TERRIER et al. (2007).

To design and test neuroprostheses, BLANA et al. (2008) developed a shoulder
and elbow model on the software SIMM that simulates both the inverse and the forward
dynamics methodologies. It was used to evaluate the restoration of the humeral
elevation by stimulation of the rotator cuff muscles, highlighting their importance as

humeral head elevators.

Favre and colleagues developed a six degrees of freedom finite element model
of the glenohumeral joint to study its stability using an “active muscle driven humeral
positioning without a priori kinematic constraint” (FAVRE et al., 2012, p. 2248). To that
end they implemented an automated muscle wrapping technique that relied on the
software contact mechanics (FAVRE; GERBER; SNEDEKER, 2010) and “an algorithm
for distributing muscle forces according to their relative mechanical advantage for
counteracting external moment components” (FAVRE et al., 2012, p. 2249). To allow
all the six degrees of freedom of the joint they gradually released the translational DoF

while applying the joint reaction force components calculated by their algorithm. The
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model was able to analyze muscle and joint reaction forces, humeral head translation

and articular contact.

SINS et al., (2015) adapted the AnyBody model to allow five degrees of freedom
on the glenohumeral joint in the context of a nonconforming total shoulder arthroplasty
(SINS et al., 2015). To account the two translational DoF (inferior-superior and anterior-
posterior directions) an algorithm called force-dependent kinematics (FDK) was
implemented. This algorithm describes the joint as force elements and its main
assumption is “the quasi-static equilibrium between the FDK reaction forces acting
between the humeral head component and the glenoid component in the directions of
the FDK translations” (SINS et al., 2015, p. 3). The FKD also accounts the inferior
glenohumeral ligament, assuming that this ligament is the primary stabilizer for inferior-
superior translations. To account the articular contact, a penalty formulation was
implemented to eliminate the penetration between the contact surfaces to ensure an

appropriate contact representation.

Quental and co-authors published in 2016 their model of the upper limb that
simulates the six degrees of freedom of the GH joint using “a novel inverse dynamics
procedure that allows the evaluation of not only the muscle and joint reaction forces of
the upper limb but also the GH joint translations” (QUENTAL et al., 2016, p. 969).
Although the model is composed only of rigid bodies, they did not consider the joint as
an ideal ball-and-socket. Instead, they used a spherical joint with clearance (FLORES;
LANKARANI, 2010) and a Herz contact force model to describe the linear elastic force
developed in the contact between the humeral head and the glenoid cavity, making it
possible to account the humeral head translations. As stated by the authors, only three
studies accounted the tri-dimensional humeral head translations: two finite element
models (FAVRE et al., 2012; TERRIER et al., 2007) and one using the AnyBody model
that accounted only for five degrees of freedom (SINS et al., 2015). This consideration
is an upgrade on their earlier model from 2012 (QUENTAL et al., 2012) and showed

that the joint reaction forces obtained from both models share some similarities.

A model focusing on the evaluation of the translational DoF of the humeral head
was developed by SARSHARI et al. (2017) including a viscoelastic contact model on
a non-conforming spherical glenohumeral joint to adequately define the joint contact
reaction force and moment. To solve the load sharing problem (LSP), the unknown

muscle and contact forces, as well as their associated moments, are defined as smooth
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function mappings of the generalized coordinate and velocity vectors, leading to a set
of transformed equations of motion that is no longer indeterminate. Using a desired
trajectory as input, this framework allows forward-dynamics simulation of the
glenohumeral joint model with six degrees of freedom where the muscle forces
amplitudes are defined such that the generalized coordinates and velocities of the

glenohumeral joint follow their associated desired trajectories.

A model of the upper limb from OpenSim was used as a foundation by
KHANDARE and VIDT (2022) to the development of a computational model that
considers the 6 degrees of freedom of the glenohumeral joint. To include the three
translational DoF of the humeral head, the authors included a contact mesh to the
spherical surface of the humeral head and the scapula considering an elastic contact
model available in OpenSim. Along with the muscles and bones from the upper limb,
nine ligaments that cross the glenohumeral joint were added to the model, namely the
coracohumeral ligament (one band), glenohumeral ligaments (five bands) and the
posterior capsule (three bands). These ligaments were represented as non-linear
elastic bands by considering normalized force-length curves obtained from the study
by ELMORE and WAYNE (2013). The scapular plane abduction of the shoulder was
simulated using the OpenSim’s Computed Muscle Control algorithm that compute the
muscle excitation by static optimization at angles 0°, 15°, 30°, and 45°, considering a
set of desired kinematics and using as the objective function the weight quadratic sum

of muscle activations and residual torques.

A finite element model of the shoulder complex was developed by ZHENG et al.
(2020a) based on subject-specific data acquired from magnetic resonance imaging
from the right shoulder of a volunteer. The FE model consists of 3D geometries of the
rotator cuff muscles, humerus, scapula, clavicle, coracohumeral ligament,
glenohumeral ligaments, and the cartilages of the humeral head and glenoid fossa.
The cartilages and muscles were represented using a linear elastic material model
while the ligaments were represented using a hypoelastic material model. The
objective of this model was to analyze the glenohumeral motion, stress/strain
distribution on soft tissues and mechanical contact characteristics. To this end, the FE
model was coupled with a rigid body model using the OpenSim software, from which
the muscle forces were determined using an inverse dynamic method based on data

obtained from motion capture. In the FE model, the force exerted by the deltoid was
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applied on its insertion site pointing towards its origin in the scapula and clavicle while
the forces exerted by the rotator cuff muscles were applied through muscle contraction
by pre-stressing the muscle belly to match the forces calculated using the RB model.
The tridimensional geometries of the soft tissues also acted as passive stabilizers by
naturally constraining the humeral head, which was free to move in its six degrees of

freedom throughout the simulation.

Another finite element model of the shoulder was developed by SADEQI et al.
(2023) and made available to the community for download. The model was constructed
in Abaqus/Explicit using data from the Visible Human Project and includes the
humerus, scapula, clavicle, glenoid labrum and the cartilages from the humeral head
and glenoid fossa. The cartilages were represented as thin layers with constant
thickness covering their respective underlying bones using a Neo-Hookean
hyperelastic material model. The muscle-tendon units were represented as 2D line
actuators connecting the insertion and origin regions that do not wrap around the
humeral head or adjacent tissues. To simulate the abduction motion of the shoulder in
the scapular plane, muscle forces acquired from a previous study (YANAGAWA et al.,
2008) were applied directly to the connector elements of the muscle-tendon units along

with displacement/rotation control boundary conditions.

In conclusion, recent advancements in shoulder modeling have increasingly
focused on incorporating deformable cartilages of the glenohumeral joint to accurately
compute humeral head translations and the moments generated by joint contact. This
can be achieved through the integration of finite element models with rigid body models
or by incorporating contact formulations directly within rigid body models. These
approaches enhance the precision of biomechanical simulations, offering deeper

insights into joint mechanics and stability.

3.2 MODELING OF SOFT TISSUES

3.2.1 Glenohumeral joint cartilages

The glenohumeral joint has been traditionally modeled as a spherical joint with
no translations (IANNOTTI; SCHNECK; GABRIEL, 1992; SOSLOWSKY et al., 1992).
However, the study from ZUMSTEIN et al. (2014a) suggests that the articular surfaces
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of both cartilages of the humeral head and the glenoid fossa are not congruent and are
better represented by ellipsoid surfaces. They measured the radius of the articular
surfaces of the cartilages on several planes and verified by circle fitting the mismatch
between the humeral head cartilage and the glenoid cartilage. It is hypothesized that
these differences in radii along with the deformable nature of the cartilages induce
humeral head translations similar to those that were first measured by GRAICHEN et
al. (2000). The consideration of these translations in shoulder models is paramount to
evaluate the correct joint biomechanics, such as its stabilizing mechanism (PRINOLD
etal., 2013; TERRIER et al., 2010), and to analyze the contact area and pressure that
are required to assess the glenoid track (PECORA et al., 2020).

The deformable nature of the cartilages makes the measurement of cartilage
thickness a non-trivial matter because it demands a great resolution from
measurement devices and postprocessing methods (GRAICHEN et al., 2003). Most of
the evaluations were performed using cadaver data (GRAICHEN et al., 2003;
SOSLOWSKY et al., 1992; ZUMSTEIN et al., 2014b) at the risk of measuring altered
geometry due to rigor mortis, cartilage degeneration, and absence of compression
forces from muscles and passive structures (SCHLEICH et al., 2017). To circumvent
these problems, SCHLEICH et al. (2017) performed the measurements on healthy and
young subijects using MRI. However, the assessment was performed using 2D images
on three distinct planes parallel to the coronal plane, lacking detailed information about
the overall cartilage thickness distribution. In a different study, ZUMSTEIN et al.
(2014b) reported higher thickness at the periphery of the glenoid cartilage, mainly at
the anterior-inferior region, whereas at the humeral head the cartilage is thicker at the
central and superior region. A comparison of thickness values throughout different
studies is presented at Table 1. Overall, the studies that evaluated data from cadavers
display higher values when compared to the study of SCHLEICH et al. (2017). It is
hypothesized that the thinner cartilages on in vivo subjects may be due to the

compression forces at the joint.
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Table 1 — Thickness distribution of the humeral head and the glenoid cartilages measured by different
authors. The number and age of subjects are also included for a better analysis.

Soslowski et  Greichen et Zumstein et al. Schleich et al.

al. (1992) al. (2003) (2014b) (2017)
Number of subjects 32 8 9 38
Age range [year] 49 - 90 31-69 20-63 21-29
Humeral head cartilage
Mean thickness [mm] 1,44 +£0,3 1,2+ 0,09 1,74 (SD 0,45) 1,2-1,5
Min. thickness [mm] 0,65+ 0,32 - 0,92 0,8
Max. thickness [mm] 2,03 + 0,66 2,3+£0,1 3,32 2,5
Glenoid cartilage
Mean thickness [mm] 2,16 £ 0,55 1,7+ 0,13 1,93 (SD 0,59) 1,2-1,5
Min. thickness [mm] 1,14 £ 0,6 - 0,98 1,0
Max. thickness [mm] 3,81+£0,72 3,1%+0,1 4.8 1,8

From the assumption of a ball-and-socket joint on early multibody models, the
cartilages’ role was not assessed, i.e., the deformable behavior and the difference in
radius that allow most of the joint translation were neglected. Biological soft tissues
have complex material properties, presenting anisotropic and non-homogeneous
nature with non-linear viscoelastic behavior (ZHENG et al., 2016). To account the
effects of the deformable cartilage tissue, some multibody models implemented a
contact model based on the Hertz law (QUENTAL et al., 2016; SINS et al., 2015), a
pure elastic model that does not represent the viscoelastic nature of human joints
(MACHADO et al., 2011). SARSHARI et al. (2017) circumvented this limitation by
approximating the cartilage as a non-linear elastic material with the addition of a
viscous damping term considering, however, only one thick layer of cartilage in a rigid-
to-deformable contact model. The desired deformable-to-deformable contact model
can be achieved using a finite element model, in which the material properties of the
cartilages are often represented by a hyperelastic material model (FAVRE et al., 2012;
TERRIER et al., 2007; WALIA et al., 2015), such as the one presented in Section 4.2.1,
first used by BUCHLER et al. (2002) based on the work from BENVENUTI (1998).

3.2.2 Muscles

The geometry of a muscle can be described as an elongated volume composed
by muscle fibers between its origin and insertion at adjacent bones. Their
computational representation, however, often differs from this geometry. Mostly,
muscles are modeled as frictionless taut strings connecting their attachment sites that
are used to derive their lines of action (GARNER and PANDY, 2000). Although this
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simple representation cannot fully reproduce the physiological function of a muscle,
they are preferred over a more accurate one. Tridimensional models of muscles have
high computational costs and require much more input data than line-segment models,
such as the specification of the spatial arrangement of fiber direction (WEBB,;
BLEMKER; DELP, 2014). Early models modeled muscles as a combination of 3D
structures linked to insertion sites by cables (BUCHLER et al., 2002; TERRIER et al.,
2007), but subsequent models of did not continue this approach and moved back to

muscle line-segment modeling.

Musculoskeletal models describe muscle function by the force it generates and
the moment they exert in the joint. To this end, a muscle line of action must be defined
through the path that it follows between attachment sites on the bones at a given joint
configuration. A muscle path is often modeled through the shortest distance between
its insertion and origin, ideally considering bony and soft tissue obstacles on the way.
It can follow the centroids of the cross-section areas of a muscle volume or follow the
bony contour. Models that use the centroid line to model the muscle path usually use
the obstacle set method (Figure 22) presented by GARNER and PANDY (2000):

The method is based on the premise that the resultant muscle force acts along
the locus of the transverse cross-sectional centroids of the muscle. The path
of the muscle is calculated by idealizing its centroid path as a frictionless
elastic band, which moves freely over neighboring anatomical constraints
such as bones and other muscles. The anatomical constraints, referred to as
obstacles, are represented in the model by regular-shaped, rigid bodies such
as spheres and cylinders. [...] Assuming that the locus of muscle centroids is
knows for an arbitrary joint configuration, the obstacle set method can be used
to calculate the path of the muscle for all other joint configurations. The
obstacle-set method accounts not only for the interaction between a muscle
and a neighboring anatomical constraint, but also for the way in which this
interaction changes with joint configuration. (GARNER and PANDY, 2000, pp.

1),

Although modeling a more realistic muscle path, this method relies on data that
are difficult to obtain (PRINOLD et al., 2013). The bony contour method, as the name
suggests, follows the shortest distance adjacent to the bones, considering their own
geometry (or a smooth, simplified one) as obstacles (Figure 23). It is easy to implement
and can be used on CAE softwares to automatically define the muscle path (FAVRE
et al., 2012). Nonetheless, care must be taken as it may lead to unrealistic muscle
moment arms (PRINOLD et al., 2013).
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Figure 22 — Usage of the obstacle set method to represent the paths of the three heads of the triceps
brachii.

From GARNER and PANDY (2000).

Figure 23 — On the left the computational representation of the paths of shoulder muscles and on the
right an artificial model of the glenohumeral joint developed by FAVRE et al. (2005). It depicts some of
the muscles that cross the joint in which the path followed by them are adjacent to the bones.

Adapted from FAVRE et al. (2010).

Some muscles have attachment sites big enough that they cannot be

represented by a single string and are then divided into several segments “to allow for
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a differentiated action, as moment arm length and direction of tendon action can vary
considerably within an individual muscle” (FAVRE et al., 2009, p. 2102). Thus, this
segmentation better depicts a muscle’s line of action and the force it exerts (VAN DER
HELM and VEENBAAS, 1991). It can be done by homogenous division of the
attachment site area (FAVRE et al., 2012); by fascicular anatomy (CHARLTON and
JOHNSON, 2006; JOHNSON et al., 1996) ; or by its influence on a muscle’s DoF (VAN
DER HELM, 1994a). The number of segments that a muscle can be divided into is
important for computational reasons, since it alters the number of unknowns of the
problem and may influence the force exerted by a muscle. However, it is not an exact
science. Several models depict muscles with different number of elements, as shown
in Table 2. VAN DER HELM and VEENBAAS (1991) found that no more than six

segments are necessary to represent a muscle and more than that is hardly effective.

Table 2 — Number of segments the 11 major muscles that cross the GH joint are divided into by
different authors. Muscles with more than six segments are composed of sub volumes that act
independently from each other and are segmented accordingly.

Charlton and Dickerson et Favreetal. Nikooyanet Quental et

Muscle Johnson (2006) al. (2007) (2010) al. (2011) al. (2015)
Subscapularis 3 3 3 11 11
Supraspinatus 1 1 2 4 4

Infraspinatus 3 2 3 6 6
Teres minor 1 1 2 3 3

Deltoid 5 3 6 15 15

Triceps 2 3 1 4 3

Biceps 2 2 2 4 2

Coracobrachialis 2 - 1 3 1

Teres major 1 - 1 4 1
Latissimus dorsi 5 3 6 3
Pectoralis major 10 1 3 8 3

3.2.3 Muscle forces and the Load Sharing Problem

Articulations such as the glenohumeral have more muscles that cross around it
than joint degrees of freedom. The recruitment of adequate muscles to move the joint
or to stabilize it in a certain position is performed by the neuronal control system.
However, the recruitment criteria are not yet known. On musculoskeletal models, it is
translated into an overactuated system, where the presence of more unknown

variables than degrees of freedom prevent the finding of a unique solution. This
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problem is known as the load sharing problem and several methods were tailored to
solve it, from reducing the number of unknown variables by merging muscles
(TERRIER et al., 2007) to the generally used optimization procedures that rely on cost

functions and constraints to simulate biological function (ERDEMIR et al., 2007).

The solution of the equations that describe the movement and the equilibrium
of the musculoskeletal system requires the use of an adequate technique that depends
on the available data. Many models use the inverse dynamics method to predict the
torque on selected joints (BLANA et al., 2008; CHARLTON; JOHNSON, 2006;
NIKOOYAN, Ali Asadi et al., 2011; QUENTAL et al., 2016; VAN DER HELM, 1994a).
This method uses as input kinematic data such as bone trajectory, and its first and
second derivatives in time, of the joint degrees of freedom. The main advantage of this
approach is the relative ease in which these data can be measured. The forward
dynamics method uses muscle force estimations and joint torques to predict joint
movement. Although it enables the inclusion of humeral head translations into the

equations, the acquisition of input data is difficult at best.

To obtain more theoretically reliable answers, both methods can be coupled
with optimization procedures. ERDEMIR et al. (2007) called these methods inverse
dynamics-based static optimization, forward dynamics data tracking and optimal
control strategies. In the inverse dynamics-based static optimization, the joint torques
are calculated using the inverse dynamics method and at each instant in time the
muscle load-sharing problem is solved by minimizing an adequate objective function.
In the forward dynamics assisted data tracking an initial set of muscle excitations are
used as input to obtain optimal muscle excitations. The cost function J to be minimized
is the tracking error and generally takes the form of ] = ||q — qexp||, Where q is the
predicted trajectory from the forward dynamics’ method, and q.,, is the experimental
trajectory. Optimal control strategies are very similar to forward dynamics assisted data
tracking. The inputs and outputs are the same, but instead of minimizing the error
between predicted and experimental results, it optimizes a physiologically based or

performance-based cost function.

Several alternative strategies have been proposed to solve the load-sharing
problem. TERRIER et al. (2007) used a method similar to the inverse dynamics-based
static optimization, where the input was the shortening of the middle deltoid. The

muscle forces F, were defined as the product between a pre-defined muscle ratio r;
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and the force Fy, exerted by the middle deltoid, an unknown, such that F, = r.Fyp.
The ratios r, have constant values and are defined by multiplying the normalized
values of EMG and PCSA. FAVRE et al. (2005) developed an algorithm involving
decision-making loops to share the load between the muscles that cross the
glenohumeral joint, with the goal of statically stabilizing the joint. For a given external
moment, the algorithm selects an appropriate group of muscles based on their PCSA
and the three orthogonal components of the moment they exert. Small force
increments are iteratively assigned to these muscles to counterbalance the external
moment and achieve joint stabilization. QUENTAL et al. (2016) introduced an inverse
dynamics-based static optimization method that accounts for humeral head
translations. In their approach, not only the internal forces (e.g., muscle and joint
reaction forces) but also humeral head translations are considered design variables in
the optimization process. SARSHARI et al. (2017) implemented a forward dynamics-
assisted data tracking method, avoiding the use of inverse dynamics. They developed
a framework to map unknown forces to unknown generalized coordinates and
velocities, transforming the equations so that the system is no longer indeterminate.

The load-sharing between muscles is achieved by minimizing an objective function.

3.2.4 Optimization procedures

Over the years many cost functions have been proposed to share load among
muscles, from the minimization of physiological criteria to task-dependent ones
(ERDEMIR et al., 2007; PRAAGMAN et al., 2006). Most shoulder models are used to
analyze movements from activities of daily living, such as the abduction or flexion of
the shoulder. These activities are often assumed to stimulate the muscles sub
maximally and, thus, “most optimization algorithms are based on the notion that
muscles are coordinated according to a minimal effort principle” (ERDEMIR et al.,
2007, p. 149).

Optimization procedures employ the use of objective functions related to the
minimization of muscle activations, muscle forces, muscle stresses, and muscle
energy, along with scaling factors based on physiological criteria. BECANOVIC et al.
(2023) identified 15 of the most common objective functions used in the literature, from
which 12 are presented in Table 3. Although the study focused on the gait movement,
some of them have been applied to shoulder movements (VAN DER HELM, 1994b).
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Table 3 — Examples of cost functions from the literature.

Name Objective function
1 n
Sum of muscle forces - F;
i=1
1 n 1/2
Sum of squares of muscle forces _Z Fl.2>
e
1 n 1/3
Sum of cubes of muscle forces <_z Fz3>
n i=1
Maximum of muscle forces lg%axn F;
1~ F—F
Sum of muscle activations —Z L
n = Fmaxi - Fmini
1~ F,—F 2\
Sum of squares of muscle activation _z <$>
n = Fmax,i - Fmini
1x~( F,—F 3\
Sum of cubes of muscle activations _Z <$>
n = Fmax,i - Fmin,i
F.—F . .
Maximum of muscle activations ‘max <$)
i=1,..n Fmax,i - Fmin,i
1w F
i
Sum of muscle stresses - . PCSA;
i=
1 n F P 1/2
Sum of squares of muscle stresses —Z ( - )
n £ \PCSA;
i=
1< B
Sum of cubes of muscle stresses —Z ( L )
n £ \PCSA;
i=
F;

Maximum of muscle stresses ax
1,..mn PCSA;

i

PRAAGMAN et al. (2006) argued that, although these mechanical cost functions
may be related to physiological energy-consuming processes, a clear relationship have
not been proven. They developed an energy-related cost function based on the two
major energy-consuming processes during muscle contraction: the detachment of

cross-bridges and the re-uptake of calcium. It takes upon consideration the muscle
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size (PCSA and length), force-length relationship and force-velocity relationships. They
tested it and another cost function, the sum of muscle stress squared, using the DSEM
and compared the results with experimental data that included muscle oxygen
consumption. According to their results “the energy-related cost function appeared to
be a better measure for muscle energy consumption than the stress cost function and
led to more realistic predictions of muscle activation” (PRAAGMAN et al., 2006, p. 758).
However, the lack of adequate muscle force measurement techniques restricts the
validation of cost functions and the analysis of which one better represents the role of

the central nervous system.

3.2.5 Constraints on muscle forces and joint reaction force

To further improve the physiological aspects of optimization procedures,
constraints are used collectively with cost functions. They are generally composed by
the static balance equations, minimum and maximal values for muscle force
amplitudes and a criterion that indicates joint stability. Models that use a Hill-type
muscle model already have minimum and maximal values imbued within the
equations. A simplified alternative to this method is to set a minimum value of zero,
since a muscle can only provide a contraction force, and a maximum value according
to the Fick law. It is based on the concept introduced by FICK (1910) that the maximum

force a muscle can exert is linearly proportional to its PCSA, such that

F"® = K PCSA;,

where K is a constant of proportionality estimated to range between 0.4 to 1.0 MN /m?
(CROWNINSHIELD and BRAND, 1981).

Amidst the calculations to determine the forces acting on the joint, it is important
to guarantee that it will not dislocate. One way to do this is to enforce the joint reaction
force to always point to the glenoid articular surface by the use of glenohumeral joint
stability ratios (DICKERSON; CHAFFIN; HUGHES, 2007; FAVRE et al., 2012;
QUENTAL et al., 2012). LIPPITT and MATSEN (1993) performed in vitro experiments
to evaluate the stability of the humeral head on the glenoid fossa by applying a
compressive force component perpendicular to the glenoid plane and tangential force

components in eight equally spaced different directions until dislocation, as illustrated
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in Figure 24. The glenoid plane is essentially the en face view of the glenoid articular
surface. The compressive force component is defined as the force vector
perpendicular to the glenoid plane, while the tangential force components are parallel
to it. They calculated the tangential to compressive force ratios in which dislocation
occurred at each direction and set these values to be used as constraints, called
glenohumeral joint stability ratios. These constraints are dependent on the magnitude

of the applied compressive force and on the presence of the glenoid labrum.

Figure 24 — Stability ratios calculated when applying a compressive force of 50 N on a case with
labrum (left) and without labrum (right).
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Adapted from LIPPITT and MATSEN (1993).

The relationship between the muscle segments of the same muscle should also
be accounted. Most models consider that the segments of a given muscle act
independently from each other (CHARLTON and JOHNSON, 2006; GARNER and
PANDY, 2001; NIKOOYAN et al., 2011; QUENTAL et al., 2016), as done by VAN DER
HELM (1994). TRICHEZ JR. et al. (2020) evaluated the implications of constraining
the segments of the same muscle to have the same amplitude and compared it to the
case where they act independently. Results showed differences on the forces exerted
by the muscles in both cases and a reduction of the joint reaction force on the case
with no constraints that may be due to a more flexible segment recruitment. The studies
of BROWN et al. (2007) and RATHI et al. (2017) corroborates the hypothesis that
muscles with large attachment sites may be divided into sub volumes that are recruited

with lesser or greater intensity as a function of the movement performed. However, the
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evaluation of the mechanisms of muscle recruitment is still a challenge and more

studies are needed to enlighten this process.

3.3 ANALYSIS OF GLENOID OSSEOUS DEFECTS

Most studies related to the analysis of glenoid osseous defects focused on the
determination of a critical size from which bone grafting surgery becomes paramount
to restore the glenohumeral joint stability. For a long time, it has been said that a bone
defect of one-third of the glenoid or greater needed to be treated with bone grafting
(MORREY; ITOI; AN, 1998). However, in a clinical setting, it is not practical to express
the precise size of a defect as an area ratio. The definition of a critical size of a bone
defect is paramount to help surgeons decide whether a bone grafting must be
performed, since it is an invasive procedure with a considerable rate of complications

when compared to que arthroscopic Bankart repair.

In their research, ITOI et al. (2000) proposed a novel approach for quantifying
the size of osseous glenoid defects. Rather than using an area ratio, which had been
commonly employed, they introduced the concept of expressing the defect size as a
percentage of the glenoid length. This approach offered a more precise and
standardized way to evaluate the extent of glenoid defects. In their study, they created
and measured different sizes of osseous defects in the glenoid and assessed their
effects on shoulder stability and motion after a Bankart repair. The osseous defects
were created anteroinferiorly at the 4:30 clock position, as depicted in Figure 25. The
procedure involved translating the humeral head 10 mm in the anteroinferior direction
in the presence of a constant compressive force of 50 N with the arm in abduction and
external rotation (end-range of shoulder movement) as well as with the arm in
abduction and internal rotation (mid-range of shoulder movement). Results showed
that the stability of the shoulder did not change significantly after Bankart repair with
the arm in the end-range of movement, regardless of the size of the osseous defect.
However, with the arm in the mid-range of motion, stability decreased significantly as
the size of the osseous defect increased. They concluded an osseous defect with a

width that is at least 21 percent of the glenoid length may lead to shoulder instability.
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Figure 25 — Osteotomy lines for anteroinferior glenoid defects.

From ITOI, ENJI (2017).

Saito and colleagues (SAITO et al., 2005) conducted a comprehensive analysis
using 3D images of 123 patients who experienced recurrent anterior dislocation of the
shoulder. Their findings revealed that the glenoid defect pointed toward 3:01 on the
clock face of the glenoid (Figure 26), instead of the previously assumed 4:30 position.
Based on this study, Yamamoto and colleagues (YAMAMOTO, N. et al., 2009)
investigated the effect of anterior glenoid defects on shoulder stability, as opposed to
the formerly studied anteroinferior defects. The study concluded that an anterior
glenoid defect at the 3 o'clock position, with a width equal to or greater than 20% of
the glenoid length, significantly reduced anterior shoulder stability. This suggests that
in cases where an anterior glenoid defect meets this criteria, reconstruction of the

glenoid concavity may be necessary to restore stability.

Figure 26 — Osteotomy lines for anterior glenoid defects.

From ITOI, ElJI (2017).
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YAMAMOTO et al. (2010) continued their investigation by delving into the
stabilizing mechanism of bone-grafting in the context of glenoid defects. They sought
to understand how bone-grafting could restore shoulder stability in cases of substantial
defects. Testing was performed under various conditions, including the intact glenoid,
simulated Bankart lesion, Bankart lesion repair, and the creation and subsequent
bone-grafting of defects ranging from 2 mm to 8 mm in width. The study concluded that
an osseous defect with a width equal to or greater than 19% of the glenoid length
remains unstable even after Bankart lesion repair, needing a bone grafting to restore

shoulder stability.

Regarding the analysis of the glenohumeral joint stability in the presence of
articular bony defects, WALIA et al. (2015) developed a finite element model to
“‘quantify the effect of different size combinations of Hill-Sachs defects and bony
Bankart defects on shoulder instability across a broad range of motion”. The model
consists of the humerus, the scapula and their respective cartilages concerning the
glenohumeral joint. Quasi-static analyses were performed every 10° from 40° internal
rotation to 60° external rotation at 45° and 90° of abduction. To evaluate the joint
stability, displacement control simulations were performed at each position of interest
in the presence of a 50 N compressive load throughout the translation of the humeral
head in the antero-inferior direction. Four defects were created on each articular
surface with different sizes to analyze their individual and combined effects on joint
stability. The size of the Hill-Sachs lesion was 6%, 19%, 31%, and 44% of the diameter
of the humeral head at its anterior side and the size of the bony Bankart lesion was
12.5%, 25%, 37.5%, and 50% of the glenoid width at the antero-inferior quarter of the
glenoid. A variable called distance to dislocation (DTD) was created to quantify joint
stability. It measured the distance traveled by the humeral head until loss of contact.
The lesser the DTD value, the lesser the joint stability. Their results show that the
presence of bipolar bone losses is indeed a great risk factor to shoulder dislocation

and subluxation.

One of the limitations of the aforementioned studies is the use of a non-
physiological compressive force of 50 N. In contrast, the research from WESTERHOFF
et al. (2009) have measured contact forces up to 151% body weight during activities
of daily living with senior patients that had received instrumented shoulder implants. A

similar trend has been observed with the use of computational shoulder models that
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allow humeral head translations, where the highest contact force varied between 550
N and 690 N (JUNIOR et al., 2022; SARSHARI et al., 2017; TERRIER et al., 2007)

during abduction of the shoulder.

In an effort to surpass the limitations from earlies studies, (KLEMT et al., 2019)
investigated the critical size of an osseous defect in the glenoid during 30 functional
activities that could lead to further anterior instability of the shoulder despite
undergoing a Bankart repair. The model consisted of the proximal humerus, the lateral
scapula, the humeral head cartilage, the glenoid cartilage, and the glenoid labrum. For
each size of the defect, a simulated Bankart repair was performed by reattaching the
labrum to the osteotomy line, aiming to restore the natural concavity of the glenoid.
They used physiological joint loading conditions that were calculated using the
computational rigid body model from (CHARLTON and JOHNSON, 2006). Under
compressive forces thus calculated, an anterior translation was applied to the humeral
head and the tangential forces were measured. The highest tangential force obtained
from this procedure was compared with the physiological tangential force obtained
from the rigid body model to determine whether a dislocation occurred. The results
indicated that there was a high risk of shoulder dislocation during the functional
activities even after a Bankart repair had been performed. This high risk was observed

for anterior defects that corresponded to as little as 16% of the length of the glenoid.
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4 METHODS
41 MODELING OF THE GLENOHUMERAL JOINT

The computational model was developed based on magnetic resonance
imaging (MRI) and computed tomography (CT) scan data acquired from the right
shoulder of a healthy male subject, aged 24, with a body mass of 70 kg and a stature
of 1.72 meters. The image acquisition procedure was conducted at the I0T-HC-
FMUSP as part of another doctoral thesis (PECORA et al., 2020). The MRI scan was
executed with the subject in a supine position, while maintaining the arm at 0° of
abduction and 90° of external rotation. This facilitated the collection of necessary data
pertaining to the geometries of the humeral head cartilage, glenoid cartilage, and the
insertion sites of the rotator cuff muscles on the scapula. The CT scan was conducted
with the subject in a supine position and the arm positioned at 0°, 30°, 60°, 90°, 120°
and 150°, while maintaining 90° of external rotation. This procedure was instrumental
in acquiring data concerning the geometrical attributes of the skeletal structures and

their respective spatial relationships.

The model encompasses the humerus, scapula, humeral head cartilage,
glenoid cartilage, deltoid muscle, and rotator cuff muscles. The geometric
representation of these structures (Figure 27) was made using a CAD software
(SolidWorks) by a third-party personal, integrating information from image exams and
relevant literature sources. To accommodate the insertion sites of the deltoid muscle,
the humeral shaft was partially configured as a cylinder. The placement of these
muscular insertion sites on the scapula is described in the work of FAVRE; GERBER
and SNEDEKER (2010) and were adapted to match our model.

A local coordinate system, as depicted in Figure 28, is established with its origin
coincident with the nominal rotation center. This center is determined by fitting a
sphere, possessing a diameter similar to the dimensions of the articular surface of the
humeral head cartilage, within the glenoid cartilage articular surface, as outlined by
VEEGER (2000). In this system, the z axis is oriented perpendicular to the center of
the glenoid cartilage articular surface in the lateral-medial direction, intersecting
through the center of the fitted sphere. The y axis is defined along the inferior-superior

direction, while the x axis is orthogonal to the yz plane, in the anterior-posterior
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direction. The xy plane is also called the glenoid plane. This coordinate system, which
is anchored to the scapula, provides a more effective framework for analyzing the

forces exerted on the joint, particularly in relation to their stabilizing capacities.

Figure 27 — Model of the glenohumeral joint including the cartilages and the bones.

From the author.

Figure 28 — Local coordinate system.

From the author.
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The articular surfaces of the humeral head cartilage and the glenoid cartilage
were characterized as non-congruent ellipsoid surfaces, replicating the geometry
derived from clinical examinations of the individual from which the MRI and TC scan
were performed. The radii of the ellipsoids used to design the cartilages are presented
in Figure 29 and Figure 30. The thickness of these cartilaginous structures was
determined from clinical imaging data, exhibiting variations in thickness due to the
irregular bone morphology of the humeral head and glenoid fossa. Specifically, the
humeral head cartilage displayed an average thickness of 1.96 mm, with a range from
0.72 mm to 3.25 mm. In contrast, the glenoid cartilage exhibited an average thickness
of 2.23 mm, ranging from 1.35 mm to 4.86 mm. Details about the construction of each

cartilage are presented in Appendix A.

Figure 29 — Radii of the ellipsoid structure used to create the articular surface of the glenoid cartilage.

From the author.

Figure 30 — Radii of the humeral head cartilage.

From the author.
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The muscles are described as frictionless taut strings and are segmented to
better represent their anatomical function, as there are muscle attachment footprints
big enough that cannot be correctly represented using only one segment. The number
of segments for each muscle are in accordance with the data provided by FAVRE;
GERBER and SNEDEKER (2010), which is summarized in Table 4, to correspond to
the attachment locations acquired from their study. Out of the eleven muscles
traversing the glenohumeral joint, only five have been incorporated in this model: the
deltoid, supraspinatus, subscapularis, infraspinatus, and teres minor. These specific
muscles were selected due to their roles as primary stabilizers and abductors of the
glenohumeral joint. The rotator cuff muscles were represented using two
supraspinatus, three infraspinatus, three subscapularis, and two teres minor
segments. The deltoid muscle was divided into six segments (one anterior, three

middle, and two posterior segments).

Table 4 — Muscle segmentation.

Muscles Segments
Anterior supraspinatus
Posterior supraspinatus
Superior subscapularis
Subscapularis Middle subscapularis
Inferior subscapularis
Superior infraspinatus
Infraspinatus Middle infraspinatus
Inferior infraspinatus
Superior teres minor

Supraspinatus

Teres minor - -
Inferior teres minor
Anterior deltoid Anterior deltoid
Anterior middle deltoid
Middle deltoid Middle middle deltoid

Posterior middle deltoid
Anterior posterior deltoid
Posterior posterior deltoid

Posterior deltoid

The trajectory of each muscle is delineated in Abaqus/Explicit using the bony
contour technique (FAVRE; GERBER; SNEDEKER, 2010), wherein the muscles
envelop the bones between their respective attachment areas. This approach removes

the requirement for predefined via points and wrapping surfaces, allowing for
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automatic, penetration-free, multi-object wrapping of muscles around complex bone

geometries. A detailed explanation of this procedure is presented in Section 4.2.2.
4.2 FINITE ELEMENT MODEL
4.2.1 Finite element model using Abaqus/Standard

The finite element model was created using the Abaqus/Standard software
platform (Figure 31). The bones were represented as rigid bodies, while the cartilages
were characterized by a hyperelastic Neo-Hookean material model exhibiting isotropy

and non-linearity, represented by the following elastic strain energy potential:

_ 1
W =Cyolh —3)+—(0-1)?
D,
where, for consistency with linear elasticity,
2
C10 = %and D1 = ?L

The parameters A, and u are the first and second Lamé parameters,
respectively, and 1, is the first invariant of the isochoric part of the right Cauchy-Green

deformation tensor. Alternatively,

__E _ 6(1-2v)
Cio = ) and D, = .

where E = 10 MPa and v = 0.4 (BUCHLER et al., 2002; FAVRE et al., 2012; TERRIER
etal., 2008; WALIA et al., 2015). The reference point of the humerus is coincident with
the origin of the local coordinate system. The interaction between cartilages was
modeled as frictionless, following the approach by FAVRE et al. (2012). The bones
were discretized using rigid elements (R3D3), while the cartilages were meshed with
second-order tetrahedral elements (C3D10M), which are particularly well-suited for
simulations involving contact, non-linear kinematics, and hyperelastic materials. The

convergence study to determine the mesh size is presented in APPENDIX A.
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Figure 31 — Mesh of the glenohumeral joint bones and cartilages.

From the author.

4.2.2 Muscle path using Abaqus/Explicit

The tracing of the muscle path for the selected muscle segments is conducted
utilizing the Abaqus/Explicit software package. This procedure is performed in a
manner akin to the methodology described by FAVRE; GERBER and SNEDEKER
(2010, p. 1932):

The muscles are modeled as a straight series of beam elements with very low
bending stiffness. They are anchored at their insertion to the humerus with a
predefined orientation (insertion nodes are constrained to prohibit translations
but allowed three degrees of freedom in rotation), but not yet attached at their
origin on the scapula. A wrapping step then displaces the free end node of
each segment toward its predefined origin on the scapula. Along the way, the
muscle elements wrap around relevant bone surfaces, relying on contact
detection of the FE software. [...] the main benefit of our method over the
obstacle-set method is the ability to wrap around complex geometries without
the need to define artificial obstacles or via points. [...] As with the obstacle-
set and via point methods, the major benefit compared to volumetric models
is drastically lower computational expense. [...] This allows the complete
shoulder model to run on a standard desktop PC and would permit
simultaneous use of a wrapping algorithm in conjunction with muscle force
estimation models.
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Figure 32 — The muscle paths of the infraspinatus and of the teres minor are represented by black
lines. The directions of the forces exerted by the infraspinatus segments are represented by red
arrows and the directions of the forces exerted by the teres minor segments are represented by blue
arrows.

From the author.

Figure 33 — In black, the muscle path of the middle segment of the subscapularis. The red arrow
represents the direction of the force exerted by this muscle segment.

From the author.

The orientation of the muscle forces, represented as unitary vectors d,,, are
established based on their points of insertion on the humerus and the respective
muscle paths. For muscle segments that do not wrap around bone surfaces, d,, is

determined from their insertion points to their origin points, as illustrated in Figure 32.
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In contrast, for muscle segments that do wrap around bone surfaces, d,, is derived
from the final contact point (as detected using Abaqus) on the wrapped surface to the
origin point on the scapula, as illustrated in Figure 33. The point where the muscle

force vector is applied is called x,,,.
The point of application x,, for the arm weight p = Pd,,, where P is the arm

weight amplitude, is situated 320 mm distant from the center of the humeral head
(POPPEN and WALKER, 1978). The unitary direction d,, is defined with the arm at 0°

of abduction along the humeral shaft, oriented downwards, under the assumption of

an upright subject, as illustrated in Figure 34.

Figure 34 — Arm weight vector at 0° degrees of abduction.

P

From the author.

As described in Section 2, the abduction movement involves the combined motion of
the glenohumeral and scapulothoracic joints, giving rise to the scapulohumeral rhythm.
In the computational model, the scapula is assumed to remain fixed in space. To
account for scapular rotation under this assumption, the arm weight vector p is rotated
throughout the abduction movement. This adjustment ensures that the biomechanical
representation remains realistic. Figure 35 illustrates this concept: instead of simulating
scapular rotation (A), the arm weight vector p rotates (B) to align with the abduction

movement in a biofidelic manner.



81

Figure 35 — Arm weight direction at 90° of abduction.

(A)

From the author.

4.3 THE LOAD SHARING PROBLEM AT THE GLENOHUMERAL JOINT

The forces acting on the glenohumeral joint are the arm weight p, the forces
exerted by the muscle segments f,,,, and the joint reaction force r,, which is defined
as the resultant force due to the contact between the articular surfaces. To achieve

joint stabilization at a specific abduction angle 6, the system must be in mechanical

balance:
M
fr=p+ra+2fm:0' (1)
m=1
M
m,=m,+my,+ ) my, =0. (2)

In Equations (1) and (2):

e M is the total number of muscles segments;
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e fm=F,d, is the force exerted by muscle segment m, where E,, is the
force amplitude and d,,, the muscle force direction;
e m, =x, X f, is the moment generated by muscle segment m, where
x,, is the point of application of f,,;
e p = Pd, is the arm weight vector with an amplitude P = 35 N (POPPEN;
WALKER, 1978) and direction d,;
e m, = x, X p is the moment generated by p, where x, is its application
point; and
e 1, and m, are the joint reaction force and moment, respectively.
Assuming that the muscle force direction d,,, the application points x.,, x,, and
the arm weight p are known, the system comprises a total of 16 unknown scalar

variables and one unknown vector variable:

e the muscle forces amplitudes Fi, ..., F), for M = 16, and

¢ the joint reaction moment three-dimensional vector m,,.

Although not known a priori, the joint reaction force r, is obtained from Eq. (1)

as a linear combination of the arm weight and muscle forces:

ra=-p=) fm (3)

Since only six equilibrium equations are available (Eqg. (1 and (2), there is no
single solution to this problem, called load sharing problem. In order to obtain a
physiologically adequate solution among all the possible ones, an optimization problem
was formulated. To this aim, let F be the array of variables containing the amplitudes

of muscle forces,

F={F,.., Fy}

belonging to the design space

M
T, T,
0= (FeRM:0 < Ry < BRW | 5 < €y 22 < Gy Irgll < Res 7 = =P - me}.
m=1

a,z a,z

Note that, within this set,
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o the muscle force amplitudes F, are submitted to side constraints, in
which E*%* is the maximum force a muscle segment m can exert. Values
for El'** were based on the literature (FAVRE et al., 2005) and are
presented in Table 5;

e (. and C, are the glenohumeral ratios in directions x and y of the local
coordinate system, respectively. They enforce the direction of the joint
reaction force r, to be within a cone with axis direction z ,i.e., normal to
the glenoid plane of reference (see Section 3.2.5). The procedure to
determine the values for C, and C,, and the results obtained are described
in APPENDIX B;

¢ the reaction amplitude ||r,|| is bounded by R., which, in effect, indirectly
constrain the forces the muscle segments can exert;

o forces are constrained to satisfy linear momemtum balance.

Table 5 — Muscle segments maximum allowed forces.

Muscles Segments Variable Maximum force (N)
. Anterior supraspinatus f1 260
Supraspinatus Posterior supraspinatus f> 260
Superior subscapularis fs 450
Subscapularis Middle subscapularis fa 450
Inferior subscapularis fs 450
Superior infraspinatus fe 320
Infraspinatus Middle infraspinatus fo 320
Inferior infraspinatus fs 320
. Superior teres minor fo 100
Teres minor Inferior teres minor f10 100
Anterior deltoid Anterior deltoid fi1 860
Anterior middle deltoid f1z 290
Middle deltoid Middle middle deltoid f13 290
Posterior middle deltoid f1a 290
. ., Anterior posterior deltoid fis 430
Posterior deltoid Posterior posterior deltoid f1i6 430

To solve the LSP, a performance function called relative residual moment is
defined as
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The relative residual moment ¢ is a measure of the amplitude of the unbalanced
moment m, acting on the humeral head (Eq. 2) compared to the amplitude of the
moment m,, generated by the arm weight. It is then postulated that a possible solution
of the balance equations (1) and (2) can be found by solving the following minimization
(LSP) problem:

LSP = min &(F) ()
FeEQ

This setup seeks a set of non-negative muscle forces amplitudes F that stabilize
the glenohumeral joint at a given joint abduction angle 6. Note that, by definition, the
minimum attainable value of relative residual moment is € = 0, which means that the
angular momentum balance (Eq. 2) has been achieved. The numerical algorithm stops

when ¢ < tol, with tol, = 107°.

44  SIMULATION FRAMEWORK

Although the results from solving the load sharing problem achieve mechanical
balance, they represent only part of the solution for overall joint stabilization. Given the
nature of the objective function, many global minimizers F are expected, justifying the
use of a genetic algorithm for the optimization procedure. Among the possible
solutions, the wanted solution is the one that satisfy the principle of the minimum effort
(ERDEMIR et al., 2007), i.e., that minimizes the reaction force amplitude ||r,||. This
principle is implemented by a sequential reduction of the constraint value R, on the
design space Q = Q(R,) driving the muscle forces to progressively lower values until
there is no null minimum solution of Eq. (5), which means that mechanical balance is
not achievable. From Eq. 3, r, is a linear combination of the muscle forces f,, and the
arm weight p. Since the arm weight p remains constant during the resolution of the
LSP, the constraint R, effectively limits the sum of the amplitude of the muscle forces.
By imposing small values for R., the optimization procedure that solves the LSP is
forced to find a solution set of muscle force amplitudes F = {F,, ..., Fyy} with minimal

values.

The smallest set of balanced muscle forces F identified through the above-

described process is then exported to the finite element model to determine the
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humeral head position where mechanical equilibrium is achieved. This new humeral
head position differs, in general, from the initial assumption, inducing a joint reaction
moment different from the one used in the LSP. The new geometry is then updated
into the rigid body model for another iteration of the LSP. This iterative procedure
continues until a stable convergent position is reached, defined as the humeral head
position where the difference in joint reaction moment between the RB model and the

FE model falls below a specified threshold.

The Simulation Framework is divided into four modules that are iteratively
connected using the toolbox Abaqus2MatLab (PAPAZAFEIROPOULOS; MUNIZ-
CALVENTE; MARTINEZ-PANEDA, 2017): Module Shoulder Abduction, Module
Muscle Path, Module Muscle Forces, and Module Simulation. The emphasis 6
above some of the variables indicates that this variable is a function of the smallest set
of muscle forces F obtained from Module Muscle Forces. The interaction among the

Modules is illustrated in Figure 36 and presented in Table 9 at the end of this Section.

Figure 36 — Fluxogram illustrating the interaction among Modules.
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The Module Shoulder Abduction sets the initial geometric conditions. The
humerus abduction angle 8 € [30°, 120°] is defined and the position of the humeral

head center g is calculated (Table 6).

Table 6 — Inputs and output of Module Shoulder Abduction.

INPUT 0 | Humerus abduction angle
OUTPUT | g4 | Humeral head center

Within the module Muscle Path, the paths of the muscles are defined,
establishing their lines of action and the direction of the muscle forces (Table 7) as
described in Section 4.2.2.

Table 7 — Inputs and outputs from Module Muscle Path.

INPUT | go | Humeral head center

d,, | Direction of the muscle force vectors

x,, | Insertion point for the muscle force vectors
d, | Direction of the arm weight

X, | Insertion point of the arm weight

OUTPUT

In Module Muscle Forces, a solution set F = {F,, ..., F,} of the Load Sharing
Problem (LSP) is said to be feasible if it generates a relative residual moment ¢ < tol,,
for tol, = 107%, which means that the mechanical balance has been achieved. This
module solves the LSP iteratively for decreasing values of R, until the smallest set of
feasible muscle forces F are found (Table 8), defined as F = FX~1, where K is the

number of iterations performed.

The muscle forces f = f(F) obtained from Module Muscle Forces and the arm
weight p are applied directly to the humerus Reference Point in Module Simulation.
Throughout the finite element simulation, the scapula maintains a fixed position in
space, with only the humerus undergoing translational motion. To facilitate
convergence, the translational degrees of freedom of the humerus are progressively
released. This commences with the release of the z-axis DoF within the local
coordinate system, followed by the y and x axes. Moreover, rotational DoF of the
humerus are constrained to ensure convergence. To further enhance simulation

stability and convergence, both automatic stabilization and adaptive stabilization
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techniques are employed, with a maximum stabilization-to-strain energy ratio set at

0.05 and a maximum dissipated energy fraction equal to 0.0002.

Table 8 — Inputs and outputs for Module Muscle Forces.

go | Position of the humerus at joint angle 6.
F..;; | Muscle force amplitudes to be used as initial population.
d,, | Direction of the muscle force vectors.
x,, | Application point for the muscle force vectors.
p Arm weight p = Pd,,.
m, | Arm weight momentm, = x,, X p.
C, | Glenohumeral ratio constraint in direction x.
INPUT C, | Glenohumeral ratio constraint in direction y.
R. | Joint reaction force amplitude constraint.
Emex | Maximum force amplitude that a muscle segment m can exert.
m, | Estimated joint reaction moment.
B Reduction factor for R..
tol, | Specified tolerance for the relative residual moment.
&, | Relative residual moment.
r, | Joint reaction force.
F Set of the smallest feasible muscle forces amplitudes.
OUTPUT Z’” feasible_muscle forces f, = fm(Fn).
r, |7r,= ra(@.
Em | Em = en(F).

The forces applied to the humerus cause it to move to a position of mechanical
equilibrium, g, = g, (F), which differs from the initially assumed position, g4. This new
humeral head position results in a different contact location and induces a new joint
reaction moment, m, = m,(F), which also deviates from the initially estimated joint
reaction moment, m,. To achieve an optimal solution, an additional iterative procedure
takes place. In this approach, an optimal solution is attained when the difference
between the joint reaction moment im, obtained from the FE model in the Module

Simulation and the estimated joint reaction moment m, utilized in the RB model in

[lme—mg||

Imell
This condition signifies a close alignment between the outcomes of the finite element

Module Muscle Forces is close enough to zero, i.e., < tol,, for tol,, = 107°.

and rigid body models, indicating that an optimal solution has been reached. If
|lm, —m,|| > tol,,, another iteration begins from which the estimated joint reaction

moment m, is updated to m? = m?~! and the position of the humerus g, is updated

to gy = g5 "
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Table 9 — Simulation Framework.

Module Shoulder Abduction
[g%] = humerus_rotation(0)
n=1
. lImg—ing||
while T > tol,,
Module Muscle Path
g5 =95 "
[y, x, d, xn| = muscle_path(gy)
Module Muscle Forces
k=1
RM=1 = R = 1500 N
k=1 __ 0 _ Tn-
F?nit _F?nit_Fn !
ml = mh !
Load Sharing Problem
while e™* < tol,
RM = B|riy* ||, B = 0.975
Kk _ pnk-
F?nit - Fnk !
[F'K] = LSP(C,, C,, F™, d2, X3, d2, X3, P, Flu¥ , RV, m1)
k k
= )
v = ry(F™%)
gn,k — gn,k(Fn,k)
k=k+1
end
F* = Fnk-1
Tm _ gnK-1
m — m
7 =K1
g = gnk-1
Module FE Simulation
[m}, gyl = FE_simulation(fi, p, 93)
n=n+1
end

The Simulation Framework’s overall operation is presented in Table 9 and
illustrated. The functions are presented as [output] = function(input). Building on the
summary of the Simulation Framework presented earlier, a detailed explanation of the
Module Muscle Forces can now be provided. As shown in Table 9, the Module
Muscle Forces operates as an iterative procedure nested within another iterative
procedure, which will be referred to as iterative procedure K and iterative procedure
n, respectively. Within Module Muscle Forces, the constraint R, is progressively
reduced based on the joint reaction force amplitude ||r5*~"|| solution from the previous

iteration k, multiplied by a reduction coefficient B. In the first iteration of iterative
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procedure k (k = 1), |[ry*="|| is equal to 1500 N, which is sufficiently large for the
purposes of the Simulation Framework. To ensure the effective reduction of R, the
coefficient B must be less than 1. In this study, B = 0.975 was selected, as it

consistently produced satisfactory results.

The genetic optimization algorithm used to solve the load-sharing problem

(LSP) utilizes a previously identified solution set of muscle forces as its initial

. . . v ey . . . Kk k-
population. For iterative procedure k, the initial population is defined as Fj;;, = F™*1.

nk=1
init

When k = 1, the initial population becomes F = F*"1, where F*"! is the solution
set of muscle forces amplitudes of the previous iterative procedure n. If n =1, a
random set of muscle forces is selected as initial population. Additionally, to correctly
solve the LSP, an estimated joint reaction moment must be provided, defined as m? =
m?~1, where m?~! is the joint reaction moment obtained from the solution of the
previous iterative procedure n. If n = 1, the estimated joint reaction moment is m?=1 =
[0 0 0], based on the assumption that the joint is a ball joint and the resultant force

acting on the joint passes through the joint rotation center, thus generating no moment.
45 ANTERIOR OSSEOUS DEFECTS

Anterior glenoid osseous defects were created at the 3 o’clock position,
following the procedure presented by YAMAMOTO, N. et al. (2009). Osteotomy lines
were created at 2 mm, 3 mm, 4 mm, 5 mm, and 6 mm from the 0 mm osteotomy line,
as illustrated in Figure 37. The 0 mm osteotomy line is the most anterior vertical line
tangential to the glenoid projection on the glenoid plane and represents a clinical case
of a Bankart lesion. The sizes of the osseous defects correspond to 5.67%, 8.51%,
11.34%, 14.18%, and 17.02% of the glenoid length, measuring 35.26 mm and defined
as the diameter of the circumference that best fits around the projection of the glenoid

on the glenoid plane, while the glenoid width measures 24.34 mm.
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Figure 37 — Osteotomy lines in red. The dotted line represents the line by which point M is identified
for each osseous defect size.

65432 0 [mm]

From the author.

The glenoid track concept was used to quantify the influence of the glenoid
osseous defects on the contact area onto the humeral head cartilage. The
measurement of the glenoid track width was performed as indicated by OMORI et al.
(2014), albeit with adjustments on the location of certain landmarks. Point C,
representing the articular center of the humeral head cartilage, is defined in alignment
with OMORI et al.'s specifications, as illustrated in Figure 38. However, Point M, which
OMORI et al. identify at the intersection of the medial-lateral line and the anterior
glenoid rim, is instead defined in this study as the most anterior point of the glenoid
surface, as shown in Figure 37. Additionally, the medial footprint of the rotator cuff is
estimated using a plane derived from MRI images, and is set perpendicular to the
humeral anatomical neck, represented as the green plane in Figure 38. The calculation
of glenoid track width for each abduction angle and osseous defect size involves
measuring the distance of line MT from the projection of point M onto the humeral head
cartilage to point T on the plane that simulates the medial margin of the rotator cuff

following the articular curve of the humeral head cartilage.
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Figure 38 — Landmarks used to compute the glenoid track width at abduction angles of 60°, 90° and
120°.

From the author.
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5 SENSITIVITY ANALYSIS

To better understand the impact of arm weight on joint reaction force and
humeral head translations, a sensitivity analysis was conducted. Simulations were
performed at abduction angles of 30°, 45°, 60°, 75°, 90°, 105°, and 120°, considering
arm weights of 35 N, 40 N, 45 N, and 50 N. A one-sample t-test was used to statistically
compare the mean percentage increase in joint reaction force to the percentage
increase in arm weight, with the null hypothesis that both values are equal. A
significance level of « = 0.05 was chosen for the two-tailed test, and with 6 degrees of
freedom (7 samples), the critical t-value was 2.447. Humeral head translations were
analyzed using the center of the humeral head as a reference in each abduction
position, employing the minimum bounding sphere technique (RITTER, 1990; WELZL,
1991) to assess result dispersion. This technique calculates the center and diameter
of the smallest sphere containing all data points. The analysis was performed for
abduction angles from 30° to 90° and from 30° to 120° to evaluate the impact of arm

elevation beyond 90° abduction.

5.1 RESULTS AND DISCUSSION

The joint reaction force increased proportionally with the rise in arm weight
amplitude (Figure 39). Table 10 presents the joint reaction forces obtained for each
case, while Table 11 details the corresponding percentage increases in relation to P =
35 N. Joint reaction forces are greatest in 90° abduction in all cases, corresponding to
92.83%, 110.27%, 125.86%, and 150.22% of body weight (70 kg). For arm weights of
40 N, 45 N, and 50 N, the mean percentual increase in joint reaction force was 16.86
% (SD 4.92 %), 36.29 % (SD 4.94 %), and 53.00 % (SD 10.72 %), respectively. For P
= 40 N, there was no significant difference between the percentage increase in arm
weight and the mean percentage increase in joint reaction force (t-value = 1.386 <
2.447). However, for P = 45 N (t-value = 3.804 > 2.447) and P = 50 N (t-value = 2.687
> 2.447), the mean percentual increase in joint reaction force was statistically greater
than the percentual increase in arm weight amplitude. It is worth noting that if the
significance level «a is adjusted to 0.01, the critical t-value increases to 3.707. Under
this stricter threshold, only the case where P = 45 N shows a marginally significant

difference.
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It has been observed that an increase in the amplitude of the joint reaction force
also increases its compressive component, r,(z). As demonstrated in APPENDIX B, a
rise in the compressive component leads to a decrease in the critical value of the
glenohumeral ratio, thereby reducing the design space Q. This reduction in the
glenohumeral ratio forces the joint reaction force toward the center of the glenoid
cartilage, further increasing the compressive component (as discussed in Chapter 7).
This feedback loop continues to influence the glenohumeral ratio. Although this
mechanism is self-limiting, it may explain the discrepancies between the percentage

increases in arm weight and joint reaction force.

Figure 39 — Joint reaction force as a function of the arm weight amplitude.
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From the author.

Table 10 — Joint reaction force as a function of the arm weight amplitude.

Joint reaction force (N)

Arm weight amplitude 30° 45° 60° 75° 90° 105° 120°

P=35N 281,96 407,52 491,73 556,20 637,23 520,11 512,45
P=40N 342,37 461,34 601,08 622,45 756,95 624,90 565,27
P=45N 380,28 585,03 658,28 717,17 864,95 737,52 693,09

P=50N 395,34 633,96 769,03 869,49 1031,25 855,89 697,51
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Table 11 — Percentual increase in joint reaction force for arm weight amplitude equal to 40 N, 45 N,
and 50 N, including mean value, variance and t value.
P=40N P=45N P=50N
Arm weight increase  14,29% 28,57% 42,86%

30° 21,43% 34,87% 40,21%
45° 13,21% 43,56% 55,57%
60° 22,24% 33,87% 56,39%
75° 11,91% 28,94% 56,33%
90° 18,79% 35,74% 61,83%
105° 20,15% 41,80% 64,56%
120° 10,31% 35,25% 36,11%
Mean 16,86% 36,29% 53,00%
SD 4.92% 4.94% 10.72%
t-value 1.386 3.804 2.687

Starting from 30°, in all cases, humeral head translations followed the same
pattern, moving slightly posterior up to 90° and inferior up to 120°. The center of the
humeral head remained in the posterior and inferior region of the glenoid cartilage
when observed from the glenoid plane, near the center of the coordinate system
(Figure 40). Using the minimum bounding sphere technique, the diameter and center
of the smallest sphere enclosing all humeral head centers were determined for each
arm weight. For abduction motion from 30° to 120°, the largest minimum bounding
sphere had a diameter of 2.808 mm (Table 12). When considering abduction from 30°
to 90°, the largest sphere had a diameter of 1.758 mm (Table 13), showing how
humeral head translations increase after 90° abduction. Figure 41 illustrates the size
and location of these minimum bounding spheres relative to the glenoid cartilage,
showing how the spheres overlap. This overlap indicates low dispersion in humeral

head translations across all arm weight values.

Table 12 — Center coordinates, diameters and distances from the origin of the coordinate system of
the minimum boundary spheres considering abduction from 30° to 120°.

Abduction 30° - 120°
Case X (mm) Y (mm) Z (mm) Distance from origin (mm) Diameter (mm)

P=35N 21067 -1.6047 1.8706 3.2423 2.6136
P=40N 2.0304 -1.6057 1.9278 3.2276 2.6056
P=45N 21161 -1.5501 1.9717 3.2815 2.8074

P=50N 1.9858 -1.2830 1.9936 3.0926 2.4402
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Figure 40 — Humeral head translations for different values of arm weight P project onto the glenoid
plane. The cross in the illustration represents the origin of the coordinate system.
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From the author.

Table 13 — Center coordinates, diameters and distances from the origin of the coordinate system of
the minimum boundary spheres considering abduction from 30° to 90°.

Abduction 30° - 90°
Case X (mm) Y (mm) Z(mm) Distance from origin (mm) Diameter (mm)

P=35N 1.8848 -0.7956 2.1817 2.9909 1.5140
P=40N 2.0314 -0.9033 2.1579 3.0982 1.5706
P=45N 19017 -0.7624 2.2299 3.0283 1.5666

P=50N 1.8038 -0.7711 2.2355 29742 1.7588



Figure 41 — Minimum bounding spheres for abduction up to 90° (left) and up to 120° (right).
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6 RESULTS

In this research, whenever stability was successfully attained (Table 14), the
values of the relative residual moment were consistently below 1078. Specifically, for
defects measuring 3 mm and 4 mm, stability was maintained up to an abduction angle
of 105°. However, for larger defects of 5 mm and 6 mm, stability could only be achieved
at abduction angles of 30° and 45°. In instances where stability was not attained, the

relative residual moment exceeded the established tolerance of 107°.

Table 14 — Joint stability. “OK” means that stability was achieved. “NOT OK” means otherwise.

Osseous 30° 45° 60° 75° 90° 105° 120°
Defect
0 mm OK OK OK OK OK OK OK
2 mm OK OK OK OK OK OK OK
3 mm OK OK OK OK OK OK NOT OK
4 mm OK OK OK OK OK OK NOT OK
5 mm OK OK NOT OK | NOT OK | NOT OK | NOT OK | NOT OK
6 mm OK OK NOT OK | NOT OK | NOT OK | NOT OK | NOT OK

The abduction position has a significant impact on the predicted joint reaction
forces, with values increasing up to 90° abduction and then exhibiting a declining trend,
as shown in Figure 42. Moreover, the size of the bone defect appears to influence the
joint reaction force, with indications that larger defects may be associated with higher
joint reaction force values, especially in higher abduction positions. The variability in
the data suggests that this relationship may vary among different abduction positions,
as in 30° and 45° abduction. The peak joint reaction force for defect sizes of 0 mm, 2
mm, 3 mm, and 4 mm are, respectively, 637.23 N, 687.14 N, 773.93 N, and 901.30 N.
These values represent 92.83 %, 100.10 %, 112.74 %, and 131.29 % of the subject’s
body weight, respectively.

The force exerted by the supraspinatus muscle shows great variability across
abduction angles and osseous defect sizes (Figure 43). For defect sizes 0 mm and 2
mm, there is an increase of muscle force from 45° to 90° of abduction, while for defect
size 3 mm this increase ends in 75°. This trend is not repeated when the defect size is
4 mm, where there is a peak of muscle force in 90° of abduction. The subscapularis
muscle presents the same trend for all sizes of osseous defects: the force exerted by
the subscapularis increases up to 90° followed by a slight fall on subsequent angles.
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Furthermore, Figure 44 shows an increase in muscle force from 60° of abduction with

the enlargement of the size of the osseous defect.

Figure 42 — Joint reaction force along the abduction movement for osseous defects measuring 0 mm,
2 mm, 3 mm, and 4 mm.

1000 1

m— (0 mm

900

800

700

600

500

400

Joint reaction force (N)

300

200 1 1 1 1 1 1
30 45 60 75 90 105 120

Abduction Angle (°)

From the author.

Figure 43 — Force exerted by the supraspinatus muscle along the abduction movement for all sizes of
osseous defects.
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Figure 44 — Force exerted by the subscapularis muscle along the abduction movement for all sizes of
osseous defects.
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With a similar tendency to the subscapularis muscle, the force exerted by the
infraspinatus increases up to 60° of abduction and decreases at the following angles
for all sizes of osseous defects. From 60° of abduction, it is observed in Figure 45 that
there is an increase in muscle force along with an increase in the osseous defect. For
all sizes of osseous defect, the force exerted by the intermediate segment of the deltoid
increases up to 60° of abduction followed by a reduction until the end of the movement
(Figure 46). From 75° onwards, there is a reduction in muscle force as the size of the

osseous defect increases.

The posterior segment of the deltoid muscle starts to act from 60° of abduction
for all sizes of osseous defects and the force it exerts increases up to 105° of
abduction, as presented in Figure 47. Although there is a certain variability in defects
sized 0 mm and 2 mm, the muscle force generally increases with the enlargement of
the osseous defect. While the teres minor muscle and the posterior segment of the
deltoid played a role in joint stabilization, their muscle forces were very small compared
to the other muscles. In all cases, as depicted in Figure 48, Figure 49, Figure 50, and
Figure 51, the supraspinatus muscle is the one that exerts the greatest force along the

abduction movement, followed by the intermediate segment of the deltoid.
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Figure 45 — Force exerted by the infraspinatus muscle along the abduction movement for all sizes of
osseous defects.
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Figure 46 — Force exerted by the intermediate segment of the deltoid muscle along the abduction
movement for all sizes of osseous defects.
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Figure 47 — Force exerted by the posterior segment of the deltoid muscle along the abduction

movement for all sizes of osseous defects.
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Figure 48 — Muscle forces along the abduction movement for osseous defect sized 0 mm.
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Figure 49 — Muscle forces along the abduction movement for osseous defect sized 2 mm.
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Figure 50 — Muscle forces along the abduction movement for osseous defect sized 3 mm.
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Figure 51 — Muscle forces along the abduction movement for osseous defect sized 4 mm.
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Figure 52 and Figure 53 illustrate the distribution of contact pressure along the

abduction movement on the articular surfaces of the glenoid cartilage and humeral

head cartilage, respectively. In every scenario, the peak of contact pressure is noted

around 75° or 90°, with values rising alongside the increase in osseous defect size,

mirroring the trend observed in the joint reaction force. The geometric location of the

peak contact pressure and the centroid of the contact area predominantly reside in the

anterior segment of the glenoid, transitioning from the superior to the inferior portion

as abduction increases, across all osseous defects analyzed. Table 15 presents the

contact area for all abduction angles and osseous defects sizes.

Table 15 — Contact area for all abduction angles and osseous defect sizes.

Contact area (mm?)

Osseous defect size 30 45 60 75 90 105 120
0 mm 277,69 306,48 337,11 359,52 397,74 338,61 325,14
2 mm 266,55 305,24 351,91 359,28 397,87 359,14 323,67
3 mm 307,87 279,74 355,18 403,68 407,78 377,88
4 mm 272,07 306,41 360,34 421,10 392,64 369,58
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Figure 52 — Contact pressure distribution on the glenoid cartilage articular surface for each defect size.

0 mm, 30° 0 mm, 45° 0 mm, 60° 0 mm, 75° 0 mm, 90° 0 mm, 105° 0 mm, 120°

2 mm, 30° 2 mm, 45° 2 mm, 60° 2 mm, 75° 2 mm, 90° 2 mm, 105° 2 mm, 120°

CPRESS
+4.886e+00
+3.671e+00
+3.365e+00
+3.059e+00
+2.753e+00
+2.447e+00
+2.141e+00
+1.836e+00
+1.530e+00
+1.224e+00
+9.178e-01
+6.118e-01
+3.059e-01
+0.000e+00

3 mm, 30° 3 mm, 45° 3 mm, 60° 3 mm, 75° 3 mm, 90° 3 mm, 105°

4 mm, 30° 4 mm, 45° 4 mm, 60° 4 mm, 75° 4 mm, 90° 4 mm, 105°

From the author.



107

Figure 53 — Contact pressure distribution on the humeral head cartilage articular surface for each defect size.
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On the humeral head cartilage, the contact area remained at the posterior region
of the humerus and shifted from inferior to superior as the abduction movement
progressed. As shown in Table 16, there is a clear trend of increasing glenoid track
width as abduction position increases, suggesting that abduction position has a
significant impact on the glenoid track. It is shown in Figure 54 the trajectory of Point
M along the abduction movement and for each defect size. In general, the width of the
glenoid track tends to decrease as the size of the bone defect increases as the location
of Point M tends to move medially. This is evidenced by increasing through values and

reduced glenoid track length for larger defects compared to a 0 mm defect.

Table 16 — Glenoid track widths along the abduction movement for each defect size in comparison to
the values obtained by OMORI et al. (2014).

Glenoid track width in mm (% of glenoid width)

Defect size 60 75 90 105 120
0 mm 18.04 (74.1%) 22.38 (91.9%) 22.72 (93.3%) 23.84 (97.9%) 23.31(95.7%)
2 mm 16.77 (68.8%) 21.41 (87.9%) 20.81(85.4%) 22.41(92%)  21.5(88.3%)
3 mm 15.73 (64.6%) 20.83 (85.5%) 20.36 (83.6%) 21.62 (88.8%)
4 mm 15.03 (61.7%) 19.11 (78.5%) 18.14 (74.5%) 20.03 (82.2%)
OMORI et al. (2014)  20.7 (89%) 19.4 (83%) 18.9 (81%)

Figure 54 — Trajectory of Point M along the abduction movement for defect sizes 0 mm, 2 mm, 3 mm,
and 4 mm.

From the author.
The humeral head exhibits a posterior translation that reaches its maximum at

90° abduction for osseous defects measuring 0 mm, 2 mm, and 3 mm. For the osseous
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defect sized 4 mm, the maximum posterior translation is observed at 60° abduction.
Furthermore, there is a general inferior translation of the humeral head center across
all cases. The inferior translation reaches its peak at 120° of abduction for defects sized
0 mm and 2 mm, and at 105° for defects sized 3 mm and 4 mm. Using the minimum
bounding sphere technique, the diameter and center of the smallest sphere enclosing
all humeral head centers were determined for each defect size. When considering
abduction from 30° to 90°, the largest sphere had a diameter of 1.676 mm (Table 17).
In this case, the impact of greater abduction angles could not be thoroughly
investigated since stability was achieved only up to 105° for defects sized 3 mm and 4
mm. Figure 55 illustrates the size and location of these minimum bounding spheres
relative to the glenoid cartilage, showing how the spheres overlap. This overlap
indicates low dispersion in humeral head translations across all osseous defect sizes.
In relation to the glenoid plane, the humeral head center maintains its position within
the inferior-posterior quadrant for all cases (Figure 56 and Figure 57), despite the

variability in translation patterns.

Table 17 — Center coordinates, diameters and distances from the origin of the coordinate system of
the minimum boundary spheres considering abduction from 30° to 90° and all osseous defects sizes.

Abduction 30° - 90°

Defectsize X(mm) Y (mm) Z(mm) Distance from origin (mm) Diameter (mm)
0 mm 1,8848 -0,7956 2,1817 2,9909 1,5140
2 mm 1,6783 -0,9646 2,1791 2,9147 1,6759
3 mm 1,9056 -1,0796 2,3708 3,2276 1,2859
4 mm 1,8045 -1,0859 2,4032 3,1954 1,6231

Figure 55 — Minimum bounding spheres for abduction up to 90° including all osseous defects sizes.
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Figure 56 — Center of the humeral head projected into the glenoid plane osseous defects sized 0 mm
and 2 mm.

a) 0 mm

From the author.
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Figure 57 — Center of the humeral head projected into the glenoid plane osseous defects sized 3 mm
and 4 mm.

c) 3 mm

From the author.
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7 DISCUSSION

The findings of this investigation elucidate the complex biomechanical
interactions within the glenohumeral joint in the presence of anterior glenoid osseous
defects, offering novel insights into how these defects affect joint stability and contact
mechanics along the abduction movement in the coronal plane with the arm externally
rotated. Using a computational model, it was possible to infer changes in joint reaction
force, muscle forces, contact pressure, contact area, humeral head translations and
glenoid track widths. Previous studies have indicated that an osseous defect and a
Bankart lesion reduce the capability of the joint to sustain tangential forces acting on
the glenoid cartilage due to the absence of anterior stabilizing structures, such as the
labrum and glenohumeral ligaments (ITOl et al, 2000; KLEMT et al., 2019;
YAMAMOTO, N. et al., 2009, 2010). Mathematically, a bone defect lowers the
threshold of tangential forces the glenohumeral joint can endure before dislocating,
which, in turn, constricts the design space of admissible solutions for the
underdetermined system. For certain abduction angles and osseous defect sizes, this
constraint on the admissible solution space means that it may no longer contain

feasible solutions that ensure mechanical balance.

The joint reaction force increases in concert with the size of osseous defects, a
predictable outcome given the restrictions on admissible tangential forces (Figure 42).
In all cases, the joint reaction force follows a trend already observed in other
computational studies, where its value increases up to 90° abduction and decreases
further along the abduction movement (JUNIOR et al., 2022; SARSHARI et al., 2017,
TERRIER et al., 2007). This trend is correlated with the increasing value of the moment
generated by the arm weight reaching its peak at 90° abduction; as the external
moment decreases, the load exerted by the muscles to achieve equilibrium also
decreases, resulting in a lower estimated joint reaction force. However, this behavior
contrasts with measurements obtained using an instrumented prosthesis after 90°
abduction, which showed a continuous increase in joint contact force (BERGMANN et
al., 2007; WESTERHOFF et al., 2009a). It is important to note that these
measurements were taken from an elderly patient with a limited range of motion and
diagnosed with osteoarthritis, albeit without "serious rotator cuff injuries." This
description does not fully rule out the presence of minor injuries that could impact

muscle recruitment and force exertion. A previous study reported that the use of a
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shoulder endoprosthesis alters the scapulohumeral rhythm, resulting in reduced
humeral motion and increased scapular motion (DE WILDE; AUDENAERT; BERGHS,
2004). This shift leads to greater muscle force generation due to a less efficient

shoulder mechanism and, consequently, to a greater joint reaction force.

The model includes the deltoid muscle, and the rotator cuff muscles divided into
16 individual muscular segments that are modeled as taut strings to represent their
biomechanical function. They are the main muscles responsible for joint stability,
shoulder abduction and internal/external rotation of the arm. The muscle forces
predicted by the model are the minimum forces necessary to ensure mechanical
balance, and thus joint stability, in a static position of the arm. The main finding is the
force exerted by the subscapularis muscle, which is the greatest in all cases
considered. Due to the nature of the analyzed movement, the subscapularis is
stretched in all abduction angles, generating a passive force related to the elastic
properties of the muscle. The absence of passive joint stabilizers, such as the glenoid
labrum, glenohumeral ligaments and joint capsule, along with the restriction that the
joint reaction force must point to the glenoid surface, may explain the high force exerted
by the subscapularis, as it is the only anterior barrier impeding an anterior luxation of
the shoulder. This behavior is in accordance with the theoretical biomechanical
advantage of the Latarjet surgery which, by interposing the conjoined tendon after
fixing the coracoid graft, potentiates the action of the subscapularis as an anterior

stabilizer by creating a sling effect.

This study introduces a novel analysis of joint contact mechanics across
different abduction angles and for varying sizes of osseous defects. The increase of
the peak contact pressure along the abduction movement corresponds to the increase
of the compressive component of the joint reaction force, that presents its maximum
value at 90° abduction. Similarly, this tendency is observed with the enlargement of
the osseous defect, that, in effect, constrain the admissible tangential forces to lower
values, thus intensifying the compressive component. In terms of contact area, a
similar trend is noted with abduction angles and defect size; as the resultant
compressive force increases, there is a corresponding increase in the contact area.
However, the deformable nature of the cartilages and the anterior location of the area’s
centroid led to a compaction of the contact area in the anterior region, which may have

mitigated the effect of the compressive force. Also, the contact surfaces between the
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cartilages, defined as non-conforming ellipsoids, introduce a unique shape to the

contact area and a certain level of variability to the predicted values.

This study's findings on peak contact pressures and contact areas differ from
other computational and in-vitro studies, which were mostly performed with the arm in
neutral rotation and on the scapular plane. The finite element model developed by
ZHENG et al. (2020), restricted to a 30° range of abduction motion and incorporating
3D ligament and muscle volumes, reported a peak contact pressure of 7.66 MPa over
an 88.04 mm? area at 30° abduction, contrasting with this study's 1.919 MPa over
277.70 mm? at the same angle for a 0 mm defect. SARSHARI et al. (2017) found a
peak pressure of 0.50 MPa over an 1838 mm? area at 30° abduction and 1.12 MPa
over 2224 mm? at 90° abduction, while this study records 3.01 MPa over 397.73 mm?
at 90° abduction. The integration of ligaments and the 3D volumes of muscles by
ZHENG et al. (2020), alongside the specific contact model employed by SARSHARI et

al. (2017), likely contribute to the variations in findings.

In-vitro studies by GREIS et al. (2002) and YAMAMOTO, A. et al. (2014) used
Tekscan pressure sensors on cadaveric shoulders, applying a 440 N force for humeral
head compression on a self-centering glenoid. Both studies documented peak
pressures in the glenoid's posterior-superior quadrant, with GREIS et al. observing
approximately 3.01 MPa and 3.30 MPa at 60° and 90° abduction, respectively, and
YAMAMOTO et al. reporting 3.43 MPa at 90° abduction with external rotation. Beyond
the evident difference in methodology, it's noteworthy that Tekscan sensors, as pointed
out by YAMAMOTO, A. et al. (2014), are originally not designed for non-linear surfaces
and have shown issues such as crinkling and damage to the sensels. Additionally, the
self-centering glenoid mechanism does not replicate in vivo conditions, where there is
a translation of the humeral head as a function of muscle activity and joint position
(MASSIMINI; WARNER; LI, 2014).

In the glenoid frame of reference, the positioning of the contact area's centroid
in this study shares similarities with the in-vivo study performed by MASSIMINI,
WARNER, and LI (2014). Their research, which analyzed the abduction movement
from 0° to 110° within the scapular plane with external arm rotation, mirrors the motion
examined in the current study to a notable extent. In their findings, the centroid of the
contact area predominantly occupied the anterior-inferior quadrant, initially moving

superiorly up to about 66°, before shifting inferiorly through to the end of the abduction



116

movement. However, a distinction lies in the plane of motion analyzed; this study
explores abduction in the coronal plane, diverging from the scapular plane approach
of MASSIMINI, WARNER, and LI (2014). Additionally, while subjects in their study
were tasked with holding dumbbells amounting to 2% of their body weight, the present
study takes into account only the weight of the arm. Although a dumbbell weighting 2%
of body weight may not seem like much, at 90° abduction it can generate a torque in
the glenohumeral joint equivalent to that of the arm weight alone, which may have

influenced the contact area’s centroid to be located at the anterior-inferior quadrant.

The glenoid track widths derived from this computational model show variations
from the measurements conducted by OMORI et al., (2014). While this study indicates
that glenoid track width expands with an increase in abduction angle, OMORI et al.
observed a reduction in glenoid track width under similar conditions. The discrepancies
can be attributed to several methodological differences. This analysis incorporates
glenohumeral cartilages, a factor not considered by OMORI et al. Moreover, the
definition of point M diverges; in this study, it's identified as the most anterior point on
the glenoid cartilage, whereas OMORI et al. define it relative to a specific anatomical
line. Another distinction is the inclusion of arm weight in our calculations, contrasting
with the supine position used in OMORI et al.’'s MRI images, where the arm weight
exerts a different influence. Regarding the size of osseous defects, there is a decrease
in glenoid track width as the defect size enlarges. This outcome is expected, as the

osseous defect shifts the Point M laterally when projected over the humeral cartilage.

Anterior translations of the humeral head center have been observed in standing
patients when the shoulder is externally rotated and the arm is at 90° abduction with
the elbow flexed in 90° (BEY et al., 2008; KIM et al., 2017; PARK et al., 2024).
However, studies that have performed image acquisition with the patient in supine
position have reported posterior translation of the humeral head (DI GIACOMO et al.,
2016; MATSUMURA et al., 2019), highlighting a possible influence of the arm weight
on humeral head translations. Regarding superior-inferior translations, the studies from
BEY et al. (2008) and KIM et al. (2017) found that the abduction motion is associated

with inferior translation of the humeral head center after an initial superior translation.

This study’s findings present some correlations and discrepancies with the
literature. The inferior translation along the abduction motion correlates well with the

above-mentioned studies. However, the posterior translation presented in this study
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disagrees with the mostly observed anterior translation that happens during external
rotation of the arm when the subject is in standing position. The posterior location of
the humeral head center may be due to the restriction enforced on the direction of the
joint reaction force to point towards the glenoid surface along with the sling effect of
the subscapularis muscle. In computational models that exclude ligaments and other
passive stabilizers, these two factors prevent the occurrence of anterior translations of
the humeral head. Albeit the significant changes in the centroid of the contact area
along the abduction movement, humeral head translations were observed to happen
inside spheres with diameters smaller than 2.7 mm for all osseous defect sizes and
very close to the center of the origin of the coordinate system. The minimum bounding
sphere diameters become even smaller if motion is considered only up to 90°
abduction, suggesting that there is minimal translational motion to ensure joint stability

in static positions of the humerus along the abduction movement.
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8 CONCLUSION

The glenohumeral joint, due to its inherently unstable geometry, is highly
susceptible to dislocations, particularly in the anterior direction. This instability is often
exacerbated by the presence of osseous defects in the anterior border of the glenoid,
which further compromise joint stability. Although previous research has concentrated
on identifying the critical defect size that requires bone grafting, the wider impact of
these defects on the contact mechanics of the glenohumeral joint has not been

thoroughly investigated.

This study presented a novel analysis of the glenohumeral joint contact
mechanics along the shoulder abduction movement with external rotation of the arm
in the presence of osseous defects in the anterior border of the glenoid. To this end, a
subject-specific model of the glenohumeral joint was developed, incorporating
deformable cartilages with non-congruent ellipsoidal articular surfaces. The model
included a simulation framework that combined a rigid body model and a finite element
model to calculate the smallest muscle forces needed to stabilize the glenohumeral
joint. The RB and FE models work iteratively, feeding back humeral head translations
and joint reaction moments to each other until a stable humeral position is achieved.
Joint stabilization was assumed when the loads on the glenohumeral joint were in
mechanical balance and the joint reaction force was directed toward the glenoid

articular surface.

Through computational modeling, it was demonstrated how varying sizes of
osseous defects influence joint stability, joint reaction force, peak contact pressure,
contact area, humeral head translations, muscle forces and the width of the glenoid
track. Joint stability was maintained up to 120° of abduction for bone defects of 0 mm
and 2 mm, and up to 105° of abduction for bone defects of 3 mm and 4 mm, highlighting
the abduction angle beyond which joint stability is compromised. For osseous defects
size 5 mm and 6 mm, stability was achieved only up to 45° of abduction. The findings
suggest that larger defects are associated with increased joint reaction forces and peak
contact pressures, especially at higher abduction angles, which could potentially
compromise joint stability and function. Moreover, the study has quantitatively
demonstrated the variations in glenoid track width in response to different sizes of
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osseous defects. Humeral head translations presented no significant differences as a

function of osseous defect size and remained within spheres with minimum diameters.

Despite these significant findings, this study acknowledges certain limitations,
mainly related to the absence of muscles properties and joint elements that act as
passive stabilizers. Firstly, only the deltoid and rotator cuff muscles were included,
omitting other muscles that interact with the joint. While these excluded muscles are
not central to the abduction or external rotation of the arm, their absence potentially
limits the range of feasible solutions for the load sharing problem. Additionally, the
modeling of muscles as frictionless taut strings and the use of a bony contour obstacle-
set method for muscle path tracing may not fully capture the complexities of actual
muscle function, which present full three-dimensional volumes. Finally, not all
necessary data could be acquired from the subject, necessitating the use of data from
the literature, which may have introduced variability and affect the accuracy of the
model. This final limitation prevented the inclusion of a biofidelic muscle model that

could have predicted better force estimations.

Future research should aim to integrate more sophisticated mathematical
muscle models that include the effects of PCSA, force-length and force-velocity
relationships on muscle force estimation. The incorporation of the muscles previously
omitted, along with GH ligaments and the glenoid labrum, will offer a more complete
understanding of joint stabilization and movement. Utilizing a new set of subject-
specific anthropometric data, such as those from the Visual Human Project by the US
National Library of Medicine, is recommended to minimize uncertainties stemming
from individual anatomical differences. In addition, the inclusion of Hill-Sachs lesions
in the models may yield deeper insights into the mechanisms underlying shoulder
dislocations and their recurrence. Lastly, further refinement of the simulation
framework to enhance computational efficiency and reduce convergence time is
essential for practical and widespread application in clinical settings. To this end, it is
recommended that additional sensitivity analyses be conducted to evaluate the effects
of variations in material model coefficients, optimization parameters, and the number

of muscle segments.

In conclusion, this research has provided valuable insights into the impact of
osseous defects on the glenohumeral joint's stability and contact mechanics. These

findings highlight the importance of quantitative evaluation in clinical decision-making
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and pave the way for future studies to further enhance our understanding and

management of shoulder instability.
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APPENDIX A - GLENOHUMERAL CARTILAGES

The reconstruction of the tridimensional cartilages of the humeral head and
glenoid fossa was performed using data from the literature and also from MRI and CT
scans acquired from the right shoulder of a healthy male subject, aged 24, with a body
mass of 70 kg and a stature of 1.72 meters (Section 4.1). The first step in modeling the
humeral head cartilage was to define the anatomical neck of the humerus. To achieve
this, curves were drawn along the surface of the humeral head, and inflection points
were identified. A best-fit plane was then established using these inflection points,
which was designated as the anatomical neck of the humerus. The center of the cross-
section created by this plane is referred to as point U. Figure 58 illustrates the

procedure.

Figure 58 — From left to right: curves used to identify the inflection points (A); lateral view of the section
defined by the plane designated as the anatomical neck of the humerus in green; and frontal view of
the section with point U at its center.

From the author.

The base of the cartilage is 2 mm distant from the anatomical neck of the
humerus, as observed in the clinical exams. From point U, a line is traced orthogonally
to the anatomical neck of the humerus up to the articular surface of the humeral head.
This distance is used to define one of the radii of the cartilage’s articular surface (outer
surface) which is depicted in Figure 59. The radii parallel to the anatomical neck of the
humerus, illustrated in Figure 30, were based on data from clinical exams and from the
literature (SOSLOWSKY et al., 1992; ZUMSTEIN et al., 2014). The bone surface
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(inside surface) of the cartilage is congruent with the humeral head, resulting in a
tridimensional volume with variable thickness, which is in accordance with the literature

and clinical images (Figure 60).

Figure 59 — Plane of the anatomical neck of the humerus in blue, which was used to design the
humeral head cartilage and the cartilages’ articular surface radii.

2mm

From the author.

Figure 60 — Thickness distribution of the humeral head cartilage.
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From the author.
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The reconstruction of the glenoid cartilage starts by tracing the contour of the
glenoid fossa in the glenoid plane (Figure 61) and extruding it up to the glenoid fossa.
As with the humeral head cartilage, the bone surface (in this case, the outer surface)
is congruent with the glenoid fossa, granting the cartilage a variable thickness (Figure
62) that is in accordance with the literature (ZUMSTEIN et al., 2014). The articular
surface of the cartilage (in this case, the inside surface) is designed from radii obtained
from the clinical exams data, which are presented in Figure 29.

Figure 61 — Contour of the glenoid fossa to design the glenoid cartilage.

From the author.
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Figure 62 — Thickness distribution of the glenoid cartilage.
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From the author.
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APPENDIX B - MESH CONVERGENCE STUDY

To ensure that the results are independent of mesh size, a mesh convergence
study was performed for the joint cartilages. The procedure to find an adequate mesh
size is similar to the procedure presented in Section 4. Here, a compressive force, as
defined in Section 3.3.2, is applied to the humerus and the translational degrees of
freedom are progressively released to ensure convergence. Starting with a coarse
mesh, refinement is performed until there is a difference of less than 5% from all the
desired outputs. The chosen output variables are percentage of distorted elements,
peak contact pressure (CPRESS), contact area (CAREA) and maximum von Mises
stress (MAXMISES). Based on the results presented in Table 18 and Table 19, the

chosen mesh size is mesh D.

Table 18 — Mesh size for the mesh convergence study.

Mesh Cartilages Approximate global size Number of elements
A Glenoid cartilage 3 2066
Humeral head cartilage 3.25 2761
B Glenoid cartilage 2 4172
Humeral head cartilage 2.25 6774
c Glenoid cartilage 1.75 4920
Humeral head cartilage 2 10610
D Glenoid cartilage 1.25 11064
Humeral head cartilage 1.5 23432
E Glenoid cartilage 1 18845
Humeral head cartilage 1.25 30628

Table 19 — Outputs obtained for the mesh convergence study.

Mesh  Wallclock time (s) CPRESS (MPa)  CAREA (mm?) MAXMISES (MPa)

A 344 2,531 454,022 1,901
B 601 2,602 460,321 1,997
Cc 737 2,581 463,699 2,097
D 1665 2,584 467,884 2,357
E 2739 2,592 469,279 2,37
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APPENDIX C - GLENOHUMERAL RATIOS

Assume C, to be the glenohumeral ratio in direction x of the coordinate system
described in Section 4. It is defined as the quotient C, = ||Firansiate,crit/Frompress||,
where F,,mpress is the applied compression force and Fyygnsiate cric 1S the critic tangential
force that causes a dislocation to occur. If the calculated joint reaction force r, presents

a compressive component ||7, .|| = || Frompress|| @nd a tangential component ||r,..|| =

Ta,x

|Feransiaten || < |Feransiate,cric|s then < C,, and dislocation does not occur.

Ta,z
However, if the joint reaction force presents a tangential component ||r,.|| =

Ta,x

|Feransiatez|| = |Feransiate,cric]|s then > (C,, and it is assumed that dislocation

Ta,z

occurs. Figure 63 illustrates this explanation, where Fi.qns4te1 IS represented by a
green vector, Fgnsiate2 1S represented by a yellow vector, and Fi.gnsiatecric 1S

represented by a red vector

Figure 63 — Effect of the glenohumeral ratios in the xz plane to constrain the joint reaction force to
point toward the glenoid surface.

A

e = ﬂ

compress

translate, 1 translate crit translate,2

From the author

The calculation of the critical tangential force Fi,qpsigte crie AN be performed by
means of a finite element model. The procedure involves the application of a
compressive force, as defined in Section 3.3.2, on the humeral head that compresses

it into the articular surface of the glenoid cartilage. Under sustained compression, the
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humeral head undergoes displacement in the directions illustrated in Figure 64, and

the tangential forces generated during this displacement are recorded.

Figure 64 — Directions in which the humeral head translates. The variable u represents the
displacement in each direction.

u

y.u

uy‘down

From the author.

The glenohumeral ratio C, is defined as the ratio between the maximum
recorded tangential force in the x direction and the applied compressive force.
Similarly, the glenohumeral ratio C, is defined as the ratio between the maximum
recorded tangential force in the y direction and the applied compressive force. The
value of the glenohumeral ratio is, however, dependent upon the value of the applied
compressive force Fympress: the higher the value of F.,.press, the lower the value of
the glenohumeral ratio (HALDER et al., 2001; KLEMT et al., 2017). It is hypothesized
that an increase in compressive force results in a flatter contact surface between the
deformable cartilages, thereby reducing the constraint imposed by the curvature of the
glenoid cartilage. Additionally, considering the ellipsoidal nature of the articular
surfaces, the glenohumeral ratio becomes dependent on the abduction position. As
the joint rotates during shoulder and arm movements, the congruency of contact
between the ellipsoidal surfaces changes, altering the constraint potential of the

glenoid cartilage's curvature.
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For defect size 0 mm, the glenohumeral ratios C,,C, ,,, and Cy 4o4n Were
calculated for abduction angles 30°, 60°, 90°, and 120°, using three different values for
the compression forces for each abduction angle. The compressive forces values and
dislocation’s directions were based on outcomes from a previous study (JUNIOR et al.,
2022). The results are presented in Table 20, Table 21, Table 22, and Table 23. As
the osseous defect are located at the anterior border of the glenoid, only the

glenohumeral ratio C, was calculated for bone defects greater than 0 mm.

Table 20 — Maximum tangential forces for osseous defect size 0 mm.

30° 60° 90° 120°
Fcompress Fx Fy,up Fy,down Fx Fy,up Fy,down Fx Fy,up Fy,down Fx Fy,up Fy,down
200N 5274 81,65 X  — - e e e e
300N 72,22 1159 X = == o= e e e e e e
400N 894 1481 X 8991 1463 X
500N -~ - - 1054 1757 X = - - - 9918 X 122
600N - -  -— 1194 2041 X 1161 2105 1386 1107 X 1388
700N -= - == e - . 1283 220 1542 1231 X 1543
800N -~ - = = - - 1393 263,8 168,86 - - -
Table 21 — Glenohumeral ratios for osseous defect size 0 mm.
30° 60° 90° 120°
Fcompress Cx Cy,l Cy,Z Cx Cy 1 Cy 2 Cx Cy,l CJ’ 2 Cx Cy 1 Cy 2
200N 0264 0408 X  —
300N 0241 0386 X -
400N 0,224 0,370 X 0,225 0,366 X - -—- -—- --- --- -
500 N - - - 0,211 0,351 X - - - 0,198 X 0,244
600 N - - - 0,199 0,340 X 0,194 0,351 0,231 0,185 X 0,231
700 N --- - - - - --- 0,183 0,314 0,220 0,176 X 0,220
800N --- - - - - - 0,174 0,330 0,211 - - -

Table 22 — Maximal tangential forces in the x direction for osseous defect sizes 2 mm, 3 mm and 4

mm.
2 mm 3 mm 4 mm
Fcompress 30° 60° 90° 120° | 30° 60° 90° 120° | 30° 60° 90° 120°
200 N 4414  -- - - 37,5 - - 130,26 ---
300N 59,99 - - -- | 50,55 - 40
400 N 73,75 74,74  --- -- |61,65 62,99 - --- | 47,98 49,64  ---
500N --- 86,94 - 8207| -- 7242 - 6824| -- 56,31 --- 52,05
600 N - 97,75 9718 91,74| -- 80,59 82,05 7555| --- 61,68 63,86 56,43
700 N --- 106,7 100,2| --- -- 89,17 81,67 | --- --—- 68,19 59,75
800N - 1151 - - -- 9515 - - 71,57 -
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Table 23 — Glenohumeral ratio C, for osseous defect sizes 2 mm, 3 mm and 4 mm.

2 mm 3 mm 4 mm

Fcompress 30° 60° 90° 120° | 30° 60° 90° 120° | 30° 60° 90° 120°
200 N 0,221 - - 10,188 --- - 10,151
300N 0,200 - - 10,169 - - 10,133 -
400 N 0,184 0,187 - - 10,154 0,157 --- - 10,120 0,124 ---
500N - 0174 - 0,764| - 0145 - 0,136| -- 0,113 -- 0,104
600 N - 0,163 0,162 0,153| -- 0,134 0,137 0,126 | -- 0,103 0,106 0,094
700 N - - 0,152 0,143 | --- - 0,127 0,117 | --- --- 0,097 0,085
800 N --- -- 0,144  --- - 0,119 --- -- 0,089 ---
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