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Abstract 
Shoulder instability is a complex impairment that presents as the shoulder sliding out of its 

support. It challenges current clinical prac�ce in its defini�on, assessment, classifica�on and 

long-term outcome. An improved understanding of its mechanisms, as well as the 

iden�fica�on of specific biomarkers may inform treatment alloca�on which mo�vated this 

body of work. 

Data was analysed from an established cohort study to examine paterns of shoulder 

instability. A kinema�c and electromyography analysis was performed on fi�een young 

subjects with shoulder instability and fi�een healthy age equivalent controls. Shoulder 

instability par�cipants were found to have characteris�c paterns of compensa�on, both in 

the way they move and in the way their muscles contract, which adds valuable informa�on 

to the current literature. 

A novel study design is presented to examine a subgroup of pathological individuals that 

presented with normal kinema�cs and muscle contrac�on paterns, and were virtually 

indis�nguishable from the healthy control group using a standard mo�on analysis approach. 

Using musculoskeletal modelling techniques, sta�c op�misa�on and sta�s�cal analyses, a 

new approach was demonstrated that provided indica�on of non-obvious compensatory 

paterns that inherently characterise this impairment. 

One of the main challenges that this pathology can present is the assessment of small 

compensatory paterns that are linked to this condi�on and are likely to create long term 

complica�ons and ul�mately prevent full recovery. By assessing the neuromuscular 

behaviour based on the individual kinema�cs, strong indica�on can be provided of an 

impaired muscle control behaviour. This important informa�on provides an insight that is 

currently lacking or not observable in the assessment of pa�ents that could otherwise 

appear healthy based on the current evalua�on methods. Therefore, it could prove to be an 

important objec�ve marker in their rehabilita�on. 

Finally, the results of this study advocate for the streamlining of the use of modelling 

techniques in clinical se�ngs, to assess both joint angles and muscle control in this 

popula�on. This thesis provides a groundwork for longer term goals in upper limb 

biomechanics in general, and pa�ent-specific modelling approaches. 
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1. Introduc�on 

The shoulder is a highly mobile complex involved in the mo�on of the upper limb. It is 

made of several bones and joints, the glenohumeral, sternoclavicular and 

acromioclavicular joint. The efficient func�oning of the shoulder girdle relies on the 

interplay and perfect coordina�on of several layers of muscles that are ac�ng on its parts. 

The muscle contrac�ons are the results of neuromuscular interac�ons that ul�mately 

allow the func�on of the shoulder. Beyond the morphological and mechanical aspects, it is 

the muscular contrac�ons that control the func�on. 

The complex nature of the shoulder girdle, as well as the diversity of the mo�ons allowed 

and the elaborate func�oning of the underlying muscle interac�ons, make the shoulder 

suscep�ble to a broad range of pathologies. Therefore, numerous classifica�on systems 

atempt to make dis�nc�ons between the most common pathologies, such as rotator cuff 

tear or tendinopathy, adhesive capsuli�s, glenohumeral instability, and acromioclavicular 

joint abnormali�es (McClure, 2015). 

Among the shoulder pathologies, and due to the unstable nature of the shoulder joint, 

shoulder instability (SI) is a complex impairment which manifests as an excessive and 

undesirable transla�on of the humeral head within the glenoid fossa. It results in a par�al 

subluxa�on or a complete disloca�on of the glenohumeral joint, the most commonly 

dislocated joint in the body (Stokes, 2023). It is a rela�vely common pathology affec�ng 

around 1.7% of the general popula�on (Hetrich et al. 2019) that can impair general 

func�on and have short- and long-term consequences such as pain or decreased 

movement abili�es, increase the risks of shoulder arthri�s and several possible changes to 

the joint (Philp et al. 2022). It has many causes, and the pathophysiological mechanisms of 
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shoulder instability are also numerous and diverse. They include trauma�c or atrauma�c 

injury mechanisms, different instability direc�ons, frequencies and severi�es of 

subluxa�on or disloca�on. Different classifica�on systems are used in the atempt to 

diagnose, label and orientate treatments of Shoulder Instability in order to try to recover 

the func�on and the range of mo�on. 

Shoulder Instability presents challenges to current clinical prac�ce. Individuals with 

Shoulder Instability o�en experience delayed diagnosis (Lawton et al., 2002), and have a 

generally variable clinical outcome, especially in paediatric popula�ons. Further episodes 

of instability occur in 40-100% of children depending on the studies (Leroux et al. 2015; 

Deitch et al. 2003; Kudora et al. 2001). 

A poor understanding of the causes and presenta�ons of Shoulder instability led, over the 

years, to numerous classifica�on systems, and therefore to different treatment pathways. 

They are built on underlying assump�ons about the motor control and muscle structure 

and func�on (Shumway et al. 2012; Philp et al. 2022) that don’t always appear to 

represent the reality of the pa�ents. More specifically, the way the muscles contract is 

interchangeably seen as a cause or consequence of the instability which changes 

dras�cally the clinical approaches to addressing the condi�on with some primarily 

focusing on restoring a “normal” patern in muscle behaviour. 

In summary, the complexity of the shoulder, the general assump�ons about the basic 

components of the mo�on, as well as the general lack of understanding of this specific 

pathology (illustrated by the many different classifica�on systems), are likely related to the 

poor clinical results that these pa�ents exhibit. The evidence currently available on 

shoulder instability is therefore limited and has led to a body of work that provides no 
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consensus on the clinical outcome. Consequently, several aspects of research could be 

explored in order to benefit the general outcome of these pa�ents. First, a beter 

understanding of the ini�al clinical problem is required. Taking into considera�on the 

unique motor control of this popula�on during their assessment could be a groundwork 

that allows a pa�ent-centered and pa�ent-specific approach to care, and ensuing clinical 

considera�ons could then rely on less biomechanical assump�ons. Further work could be 

done on the modelling aspect specific to shoulder instability in order to beter characterise 

those pa�ents and objec�fy the way they move and control their muscles. Addi�onally, 

motor control can be inves�gated with personalised biomechanical models of the 

glenohumeral joint. The models can use each unique kinema�c patern to predict muscle 

ac�va�on based on a cost func�on, and the rela�onship between predicted and measured 

muscle ac�vity can be used to explore motor control as a novel way to inves�gate 

shoulder instability. 

This method differs from the standard approach that compares directly the experimental 

muscle ac�vity of a pathological group to that of a control group (Spanhove 2021, 2022). 

While the standard approach is commonly used in lower limb analysis for example, the 

upper limb provides greater kinema�c variability (Goe� et al. 2020, Ludewig et al. 2009) 

and therefore the normal muscle ac�vi�es of upper limb tasks contain a larger variety of 

paterns. Consequently, a given set of experimental muscle ac�vity could match normal 

ac�va�ons which would be associated with slightly different (but s�ll within the norm) 

kinema�cs. In other words, the more ways there are to perform a mo�on or task in a 

normal fashion, the less relevant a direct comparison of muscle ac�vi�es might be. This 

could be a limita�on in cases of shoulder instability which is characterised by small 

compensatory paterns in both kinema�cs and muscle ac�vi�es. This limita�on might be 
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removed by using predicted ac�va�ons. In this case, the norm would be defined by a 

varia�on around the predic�on that takes into account (is based on) the specific 

kinema�cs of the par�cipant. 

Further detailed biomechanical data would include joint forces and would cover a range of 

ages and clinical presenta�ons. Finally, longitudinal studies based on this objec�ve 

biomechanical data could allow a more accurate assessment, comparison and predic�on 

of the long-term clinical outcome than what is currently available in the literature mainly 

due to the diversity in protocols and parameters used. This current research is located at 

the beginning of this pipeline. Its purpose of this research is to produce a body of work 

that inves�gates this pathology from a biomechanical perspec�ve in order to increase our 

understanding and inves�gate new ways to assess muscle func�on. 

Roadmap 

This thesis starts with a review of basic anatomy that provides the fundamental knowledge 

required for the understanding of the rest of the work (chapter 2). 

The Literature Review (chapter 3), which is a summary of the current knowledge relevant 

to this topic, covers the func�onal anatomy and biomechanics, provides a review of 

shoulder instability and exis�ng classifica�on systems, and shows the available 

technologies, modelling techniques and recent advances in research that can complement 

and improve the current understanding. It is followed by the aims and objec�ves of the 

thesis (chapter 4). 
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The Methods chapter (5) then describes the experimental methods performed in this 

study, therefore which data was collected and how, as well as the modelling methods and 

u�lisa�on of the data. 

The main findings are presented in three self-contained chapters: chapter 6, 7 and 8. They 

cover, respec�vely, kinema�cal and electromyography analysis (6), sta�c op�misa�on to 

predict muscle control based on the kinema�cs alone in the control (7) and shoulder 

instability (8) groups, as well as the demonstra�on of an approach to discriminate a 

subgroup of par�cipants of the shoulder instability group that exhibited normal kinema�cs 

and muscle ac�vity paterns (8). 

Finally, in the last part of chapter 8, Sta�c Op�misa�on and a sta�s�cal analysis are used 

on the subgroup of par�cipants of the SI group that exhibited normal kinema�cs and 

muscle ac�vity paterns (“subset”). 

The final chapters cover the general discussion (9), conclusions and limita�ons (10) of this 

research. 
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2. Basic anatomy and defini�on 

The shoulder complex is formed of bones, capsules, ligaments and muscles and connects 

the upper limb to the trunk via the scapula. The main role of the shoulder is to contribute 

to the orienta�on of the hand in space. The following anatomical reminders provide an 

overview of the basic components of the shoulder girdle area that are of importance to 

understand and study shoulder instability. The modifica�on of any of those components 

will impact the way muscles work, and this will be covered in the next sec�on in the 

literature review, in the func�onal anatomy and biomechanics sec�on. 

2.1 Osteology 

2.1.1 The humerus 

The humerus is the bone of the upper arm that ar�culates with the scapula from the head 

of the humerus that forms one third of a sphere of 5-6cm of diameter (Hurov 2009) and is 

covered roughly by 26 to 37 cm2 of ar�cular car�lage. Below the head, the humerus 

narrows down into the anatomical neck. It is oriented superiorly, forming the neck/sha� 

angle of 130°, and posteriorly, forming an angle of retroversion of 35-40°. The greater 

(lateral and lesser (anterior) tubercles extend from the humerus just below the anatomical 

neck. In between them is the bicipital groove, loca�ng and guiding the tendon of the long 

head of the biceps brachii muscle. Inferior to the tubercles, the humerus narrows down 

once again in a region known as the surgical neck. 
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2.1.2 The scapula 

The scapula (Fig. 2.1) is a flat and triangular bone with lateral, superior and inferior 

corners. Its anterior or ventral surface is smooth covered by muscles and allows the sliding 

of the scapula on the thorax. Its posterior surface is transversally subdivided into two parts 

by the spine of the scapula that differen�ates two por�ons: the supraspinous fossa above 

and the infraspinous fossa below. 

On the lateral angle of the scapula and following the neck of the scapula - a thickening of 

the bone - is the glenoid fossa or cavity that ar�culates with the head of the humerus. The 

glenoid fossa sits laterally on a thick bony ridge, the lateral pillar of the scapula. 

The glenoid fossa is a pyriform ar�cular surface of 6 to 9 cm2 (Hurov 2009). On its superior 

margin, on the supraglenoid tubercle, originates the tendon of the long head of the biceps 

brachii muscle. On its inferior margin, the long head of the triceps brachii rises from the 

infraglenoid tubercle. 

 

 

` 
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Fig 2.1) Glenohumeral osteology (Gosling et al. 2016). Anterior view (left) and Posterior view (right). 
Acromion (A), Coracoid process (C), Glenoid fossa (G), Greater tubercule (GT), Head of the humerus 
(H), Infraspinous fossa (ISF), Lateral pillar (LP), Lesser tubercule (LS), Spine of the scapula (Sp), 
Surgical neck (SN), Supraspinous fossa (SSF). 

Laterally, in con�nua�on with the superior por�on of the spine is the acromion, a bony 

process that extends over the posterosuperior region of the glenoid fossa. On the 

anterosuperior region of the glenoid fossa is the coracoid process. 

2.1.3 The clavicle 

The clavicle is a long-shaped bone and is the osseous link between the thorax (from the 

sternal region) and the scapula. It keeps them at constant distance throughout mo�on 

(Dufour, 2017). 

2.2 Arthrology 

2.2.1 Gleno-humeral joint 

When the arm is hanging beside the body in the anatomical posi�on, the ar�cular surfaces 

of the head of the humerus and of the glenoid cavity are in contact on a surface of 4 to 5 
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cm2. This surface varies throughout mo�on from a minimum of 2.59 cm2 to a maximum of 

5.07 cm2 of contact (Soslowsky et al. 1992). These results of variable contact surface, as 

well as the shallow aspect of the glenoid fossa, show the importance of the surrounding 

structures to prevent excessive transla�ons during range of mo�on and more specifically 

the necessity of complex muscle interac�ons. 

The ar�cular surfaces are enclosed in the ar�cular capsule that has an outer fibrous layer 

and an inner synovial layer. The joint line is crossed superiorly by the tendon of the long 

head of the biceps that originates from the supraglenoid tubercle and goes in the bicipital 

groove. While this tendon is within the intracapsular space it remains extrasynovial. 

Surrounding the capsule is a ligamentous system whose purpose is to keep the ar�cular 

surfaces in contact. Enclosing the capsule and the ligaments are the rotator cuff muscles 

that originate on the scapula and atach to the humerus as seen on Fig. 2.2. 
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Fig. 2.2) Muscles around the shoulder joint (Gosling et al. 2016). On the left: Anterior view of the 
rotator cuff (subscapularis (SSc), supraspinatus (SSp)), and on the right: Posterior view of the rotator 
cuff (supraspinatus (SSp), infraspinatus (ISp), teres minor (TM), long head of the triceps brachii 
(LHT)). 

2.2.2 Scapulothoracic joint 

The scapulothoracic joint is not a true anatomical joint, and is the sliding plane between 

the anterior aspect of the scapula (covered by the subscapularis muscle) and the thorax 

(covered by the serratus anterior). 

2.2.3 Acromioclavicular joint 

The atachment of the lateral end of the clavicle on the scapula is the acromioclavicular 
(AC) joint that allows slight gliding movement. 

2.2.4 Sterno-costo-clavicular joint 

The atachment of the clavicle on the thorax is the sterno-costo-clavicular (SCC) joint as it 
ar�culates between the manubrium, clavicle and costal car�lage of the first rib. It is o�en 
referred to as sterno-clavicular joint. 
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3. Literature review 

3.1 Func�onal Anatomy and biomechanics 

This first sec�on of the literature review explains the func�oning of the different 

anatomical components introduced in the previous sec�on. It shows different ways to 

describe mo�ons, illustrates the high degree of interdependence of all the components to 

stabilise the joints and produce mo�on, and presents the complexity of the muscular 

system in that anatomical region. 

3.1.1 Func�onal and anatomical movements 

The descrip�on of the mo�on of a joint is commonly based on the standard terminology 

provided by the American Orthopaedic Society, the SFTR system (sagital, frontal, 

transverse) as seen in Fig. 3.1. Anatomical mo�ons are described in those pre-defined 

orthogonal planes and are intui�ve. The term physiological mo�on is some�mes used 

when described specifically in the planes of the joint (Maitland, 2013). 
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Fig. 3.1) Left: Anatomical planes and axes. Coronal plane (C), Sagittal plane (S) and 
Transverse plane (T), defining the the Sagittal or Anterior (red), Transversal or Lateral 
(blue) and Longitudinal or Superior (green) axes. Right: Local reference plane of the 
scapula (in yellow), illustrate the modification of orientation of the axes when describing 
the physiological motions. 

When describing the shoulder, the SFTR system can be ambiguous if the humerus is not 

strictly in those planes (i.e. during ac�vi�es of daily living or combined mo�ons, the arm 

can be in a posi�on that is not easy to describe with those intui�ve planes of reference, 

neither strictly in front nor strictly on the side of the body) and alterna�ve systems of 

descrip�on have been proposed for clinical prac�ce, such as the globe system. In the globe 

system the ini�al plane in which the eleva�on of the humerus is performed is specifically 

defined (Pearl et al., 1992). 

The globe system, defined in the anatomical planes, is a simplifica�on of the standard set 

by the Interna�onal Society of Biomechanics (ISB) (Rab, 2008). ISB recommends describing 

each segment in a local coordinate system rela�ve to the one of the proximal segments, 

and more specifically describe the mo�on of the GH joint rela�ve to the scapula as a 
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sequence decomposi�on that is o�en misunderstood by clinicians. In this sec�on, the 

SFTR conven�on will be used to describe anatomical movements. 
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3.1.2 Several joints working together 

The joints of the shoulder girdle are inter-dependent. From the sternum on the thorax, the 

sternoclavicular joint ar�culates with the clavicle, which then ar�culates with the scapula 

via the acromioclavicular joint, which finally ar�culates with the humerus via the 

glenohumeral joint. 

The glenohumeral joint is a six degree of freedom ball-and-socket joint (Goe� et al. 2020).  

The very small transla�ons (around 2mm) that occur in the glenoid fossa are o�en omited 

and the glenohumeral joint is generally described as a three degree of freedom joint which 

allows the mo�ons of flexion and extension, internal and external rota�on, abduc�on and 

adduc�on represented in Fig. 3.2. 
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Fig. 3.2) Left: SFTR representation of the motions flexion (“FLX”) and extension  ("EXT”, or 
“return of flexion”) of the glenohumeral joint, in the sagittal plane. Right: SFTR 
representation of the motions abduction (“ABD”) and adduction (“ADD”) of the 
glenohumeral joint, in the frontal plane. 
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The following Table 3.1 describes the roles of the principal anatomical actors of the 

glenohumeral joint during anatomical mo�ons. 

Table 3.1) Anatomical actors in the glenohumeral motion, listing the acting and limiting 
elements per motion 

Mo�on Plane Axis 
Main muscles 

ac�ng 
Main muscles 

preven�ng 

Capsulo-
ligamentous 

limits 

Abduc�on Coronal Sagital 
Deltoid 

Supraspinatus 

Pectoralis major 
Pectoralis minor 
La�ssimus dorsi 

Teres major 
Teres minor 

Infraspinatus 
Subscapularis 

Anterior capsule 

 

Glenohumeral 
ligaments1 

Adduc�on Coronal Sagital 

Pectoralis major 
Pectoralis minor 
La�ssimus dorsi 

Teres major 
Teres minor 

Infraspinatus 
Sub-scapularis 

Deltoid 
Coracohumeral 

ligaments2 

Flexion Sagital Transversal Anterior deltoid 

Posterior deltoid 
Pectoralis minor 
Long head of the 

triceps brachii 

Posterior 
glenohumeral 

ligament 

Extension Sagital Transversal 

Posterior deltoid 
Pectoralis minor 
Long head of the 

triceps brachii 

Anterior deltoid 
Anterior 

glenohumeral 
ligament 

Medial 
rota�on 

Transversal Ver�cal 
La�ssimus dorsi 

Teres major 
Sub-scapularis 

Teres minor 

Infraspinatus 

Posterior 
glenohumeral 

ligament 

Lateral 
rota�on 

Transversal Ver�cal 
Teres minor 

Infraspinatus 

La�ssimus dorsi 

Teres major 

Sub-scapularis 

Anterior capsule 

Glenohumeral 
ligaments 

1, 2 Lugo et al (2008) 
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Most movements of the glenohumeral joint are accompanied by a mo�on of the scapula 

as seen in Fig. 3.3 below, and the orienta�on and posi�on of the scapula is modified to 

allow an op�mal range of mo�on of the humerus. Therefore, any limita�on in scapular 

mo�on will have a nega�ve impact on the GH range of mo�on. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3) Physiological motions of the scapula (Ludewig et al. 2009). Motions of the scapula 
are defined as internal-external rotation (A) as seen in the superior view of a right 
shoulder, with the ghosted image representing increased internal rotation; upward-
downward rotation (B) as seen in the posterior view of a right shoulder, with the ghosted 
image representing increased upward rotation; anterior-posterior tilting (C) as seen in the 
lateral view of a right shoulder, with the ghosted image representing posterior tilting; the 
glenohumeral plane of elevation (D) as seen in the superior view of a right shoulder, with 
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the ghosted images representing anterior and posterior positions relative to the plane of 
the scapula; and elevation angle (E) as seen in the posterior view of a right shoulder. 

The mo�on of the scapula is restricted by its atachment to the clavicle via the 

acromioclavicular joint and is therefore restricted by the mobility of the clavicle on the 

sternum and the first rib (subclavius muscle). It also relies on the ac�on of the different 

muscles arising from the thorax. The mo�on of the clavicle is mainly the consequence of 

the mo�on of the scapula. 

The sternoclavicular joint is a diarthrosis linking the clavicle and the manubrium sterni. As 

the manubrial notch par�ally receives the car�lage of the first rib (Le Loet and Vitecoq, 

2002), we can refer to the sternoclavicular joint as sterno-costo-clavicular (SCC) joint. It is a 

universal joint with three degrees of freedom and allows anterior and posterior rota�on, 

eleva�on and depression, protrac�on and retrac�on, as seen in Fig. 3.4. 

 

Fig. 3.4) Physiological motions of the clavicle (Ludewig et al. 2009). Motions of the clavicle are 
defined as protraction-retraction (A) as seen in the superior view of a right shoulder, with the 
ghosted image representing increased protraction; elevation-depression (B) as seen in the 
anterior view of a right shoulder, with the ghosted image representing increased elevation; and 
anterior-posterior rotation (C) as seen in the lateral view of a right shoulder, with the ghosted 
image representing posterior rotation. 
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The following Table 3.2 describes the roles of the different anatomical actors of the sterno-

costo-clavicular joint during the physiological mo�ons. 

Table 3.2) Anatomical actors in the motion of the clavicle, listing the acting and limiting 
elements per motion 

Mo�on of the clavicle 
(SCC)1 

Mo�on of the 
scapula2 

Main muscles 
ac�ng 

Main muscles 
preven�ng 

Capsulo-
ligamentous 

limits 

Anterior/posterior 
rota�on 

Anterior/posterior 
�l�ng 

Pectoralis 
major 

(clavicular 
por�on) 

Anterior 
deltoid 

Pectoralis 
minor 

Trapezius 
(superior 

fibres) 

Trapezius 
(inferior fibres) 

Pectoralis 
minor 

Sterno-
clavicular 
ligaments 

 

Costo-clavicular 
ligaments 

 

Acromio-
clavicular 
ligaments 

Eleva�on/depression 
Upward/downward 

rota�on 

Trapezius 
(superior 

fibres) 

La�ssimus 
dorsi 

Pectoralis 
major 

Pectoralis 
minor 

Subclavius 
muscle 

 

Protrac�on/retrac�on 
Internal/external 

rota�on 

Trapezius 
(middle fibres) 

Rhomboids 

Serratus 
anterior 

 

1 Ludewig et al. (2009) 
2 Karduna et al. (2000), Ludewig et al. (2009) 
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The shoulder is a complex that includes several joints with different capaci�es and 

configura�ons. Each joint plays a part in the global, final movement of the upper limb. 
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3.1.3 Shoulder stability 

Glenohumeral stability is the ability to maintain the humeral head centered within the 

glenoid fossa. There are two categories of stabilisers in this joint: capsules, ligaments, 

fascias and the labrum are passive (or “sta�c”) stabilisers and act mainly at the end of the 

range of mo�on (Lugo, 2008), while muscles are defined as dynamic stabilisers and act 

throughout the range of mo�on (Veeger and van der Helm 2007). The muscles have a 

decisive role in the mo�on of the GH joint, and have to adapt their tension in order to 

compensate the instability within the three planes of space. A more in-depth descrip�on 

of the role of the muscles is in the next two sub-sec�ons. 

3.1.4 The muscles of the rotator cuff 

The four muscles of the rotator cuff (Supraspinatus, Infraspinatus, Teres minor and 

Subscapularis) are deep muscles that originate from the scapula and connect to the head 

of the humerus, and that play a major role in GH stability, and also in the rota�on of the 

humerus. They form a cuff around the GH joint as they cover the anterior, superior and 

posterior part of the capsule. Their fibres are oriented transversally and the scapula moves 

on the thorax accordingly to the humerus in order to maintain the most effec�ve ac�on of 

those muscles on the humerus. With the arm in neutral posi�on hanging beside the body, 

the four muscles of the rotator cuff are the main actors of the axial rota�on of the 

humerus. The supraspinatus, infraspinatus and teres minor are lateral rotators of the 

humerus while the subscapularis is a medial rotator. The rotator cuff muscles are 

par�cularly suitable for providing compressive forces to the joint without introducing large 

moments due to their small moment arms, compared to the prime movers such as 

deltoids. 
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3.1.5 Several layers of muscles working together 

The shoulder is made up of several muscles ac�ng on the glenohumeral joint that are 

arranged in two layers. 

The deep muscle layer, comprised of the rotator cuff muscles, depending on the level of 

contrac�on can either change its rigidity and therefore compensate the instability of the 

shoulder, or allow the mo�on of the humerus in rela�on to the scapula. It has to act in a 

precise sequel/sequence of �mings of contrac�ons to allow a good balance of rigidity and 

mobility throughout the movement (Longo et al. 2011). 

The superficial muscle layer is mainly responsible for the flexion and abduc�on – or 

general eleva�on - of the shoulder. It is made up of the deltoid that has three dis�nct sets 

of fibres (the anterior deltoid is responsible for shoulder flexion, and the lateral and 

posterior deltoid is responsible for abduc�on. The posterior deltoid also par�cipates in 

lateral rota�on). The �mings within the deltoid are complex as it is possible to differen�ate 

up to 19 muscle segments organised in seven groups (Brown et al. 2007). 

Each muscle layer has a precise �ming to respect in order to achieve their respec�ve 

func�on throughout a mo�on, and those two layers have to interact together in a 

seamless way. The scapula is controlled by muscles arising from the trunk on its anterior 

aspect (pectoralis minor), lateral aspect (serratus anterior), and posterior aspect 

(trapezius, rhomboids, levator scapulae). Therefore, the scapula needs to be stabilised and 

oriented to allow precise mo�on of the humerus. The synchronized kinema�c interac�on 

between the humerus and the scapula was first described by Codman in 1934. 

The muscles around the glenohumeral joint as well as the muscles stabilising and orien�ng 

the scapula have to work in harmony and at a precise �ming, which defines cocontrac�on, 
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co-ac�va�on or co-ordina�on paterns. These paterns are dictated by the biomechanics 

of the anatomy and bone structure, and the fine tuning of this patern and �ming is 

individual to every subject. It is also variable and can be modified by external factors 

(such as goal constraint) or by internal factors (such as morphology, force, flexibility, past 

medical history, training, �redness, etc.), and therefore the exact paterns of muscle 

contrac�on in GH stability remain poorly understood (Belli et al. 2023). 

The norm of muscle paterns (MP) in the upper limb is based on variable normal 

kinema�cs (compared to the lower limb for example). Therefore, a considerably large 

varia�on in muscle paterns and associated muscle ac�vity profiles is commonly accepted 

as normal, in order to represent the diversity of healthy kinema�cs. As a consequence, 

single reference surface electromyography could be of limited value in dis�nguishing 

pathological muscle ac�vity paterns, or at least in assessing them. 

In other words, each unique kinema�c patern in the normal solu�on space can be the 

result of a range of normal muscle forces and therefore the accepted normal shoulder 

muscle ac�vi�es are even broader than the normal kinema�cs. The norms of func�on, 

kinema�cs and MP are independent, as normal func�on could exist with abnormal 

kinema�cs (and therefore abnormal MP), and normal func�on and kinema�cs could exist 

with an abnormal MP. 

While the standard approach, described above, of describing muscle patern with one 

large norm might be relevant in the lower limb for most applica�ons due to the limited 

angle varia�ons, it only allows to highlight very extreme impairments in the upper limb 

(i.e. paterns that would fall outside of the solu�on space of all the normal kinema�cs). 
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Therefore, assuming normal mo�on - so if the func�on is normal and the kinema�cs fall 

within the norm - there is a poten�al for false-nega�ve (EMG would appear normal) in the 

muscle paterning that would provide no useful clinical informa�on on the inner workings 

or poten�al muscle control impairments. Similarly, if assuming abnormal kinema�cs, the 

EMG data becomes of litle relevance as it should also appear out of the norm. For these 

reasons, narrowing down the muscle patern accepted solu�on space to each specific 

kinema�cs by solving a load-sharing problem (which is covered in sec�on 3.4) could allow 

for a beter es�ma�on of muscle patern impairments. 
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3.1.6 Conclusion of func�onal anatomy 

The shoulder is a complex layout of joints, passive and ac�ve elements. Its biomechanics, 

kinema�cs and op�mal efficient func�oning depend on sta�c and dynamic stabilising 

structures. It also relies on the synchronisa�on, the �mings and the balance of ac�va�on 

and cocontrac�on amongst different muscles, muscle groups and muscle layers that 

contribute to both the mobility and the stability of the shoulder girdle and more 

specifically of the glenohumeral joint. 

The general tendency of cocontrac�on paterns and �mings are dictated by the structure 

and biomechanics of the shoulder as well as the ac�vi�es undertaken. The paterns are 

variable in �me and adapt to internal and external factors. Failure or disturbance of one or 

more of these mechanisms will break the overall harmony, poten�ally impac�ng stability 

and mo�on. In a snowball effect, instabili�es can lead to perturba�ons in the 

propriocep�on and neuromuscular control, and to a misuse of the different anatomical 

components with overloading for example. Ul�mately, this can lead to wear and tear, 

pathologies, pain, reduced range of mo�on or func�on, and can therefore impair the 

shoulder (Vin� 2012, Morrison et al. 2000, Bateman et al. 2018). Shoulder pathologies, 

with a focus on shoulder instabili�es which are associated with major biomechanical 

changes, are the focus of the next sec�on.  
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3.2 Shoulder pathologies and Shoulder Instability 

The shoulder girdle is more complicated than it first appears. The two previous sec�ons, 

anatomy and func�onal anatomy, showed the complexity of interac�on of the many 

elements of the shoulder girdle, as well as the need for stabilisa�on of the highly mobile 

GH joint. 

Due to its mobility and its use, many elements and mechanisms can go wrong in the 

shoulder. With so many elements relying on each other, the classifica�on of shoulder 

pathologies is not an easy task and several models of general classifica�on for shoulder 

pathologies have been developed. 

The next two sec�ons (3.2.1-2) review common shoulder pathologies, classifica�on and 

clinical management as well as the standard ways of assessing the shoulder. Sec�ons 

3.2.3-4 focus on Shoulder Instability and present its specific challenges. 

3.2.1 Common shoulder pathologies and their clinical management 

The variety of actors on which the shoulder girdle relies for an efficient func�oning 

throughout large ranges of mo�on, as well as the elaborate func�oning of all its ac�ve 

parts to ensure both stability and mobility, make disorders and impairments of the 

shoulder a common musculoskeletal problem. Classifica�on systems and diagnos�c 

algorithms have been developed to inform diagnos�c and clinical decision making. 

Pathoanatomical diagnoses are based on a likelihood that specific tests or examina�ons 

can be linked to a specific condi�on, and look into iden�fying an anatomical cause, such as 

labral or muscle tears, adhesive capsuli�s, glenohumeral instability or arthri�s (Palmer et 

al. 2000, Uhthoff et al. 1990). This approach suggests that each pathology will receive a 

standardised care, which can be problema�c when pa�ents exhibit varying degrees of 
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possibly overlapping impairments that might require a more personalised rehabilita�on 

approach. 

Rehabilita�on models do not focus on a specific anatomical cause nor look for it, and base 

the treatment decisions on physical assessment findings throughout the rehabilita�on 

(Huges et al. 2008, Lewis et al. 2008, Klintberg et al. 2015, Ludewig et al. 2022). It is for 

example examining the impact that posture and surrounding joints, as well as strength and 

flexibility, have on the symptoms. 

The STAR-Shoulder (Staged Approach for Rehabilita�on Classifica�on of Shoulder Pain) 

atempts to incorporate both of the above models to inform clinical decision making, using 

the pathoanatomic model for the ini�al diagnosis and informing treatment decisions 

through rehabilita�on approaches (McClure, 2015). 

Amongst the most common shoulder pathologies, such as rotator cuff tear or 

tendinopathy, adhesive capsuli�s and acromioclavicular joint abnormali�es, shoulder 

instabili�es are ones of the most complex to classify and rehabilitate. 
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3.2.2 Standard shoulder assessment 

Several outcome measures are used to assess the pa�ent during the course of 

rehabilita�on (Wilcox et al. 2005). Numerous shoulder tests, assessments and protocols 

are used in clinical prac�ce. Some of the most common are listed below in table 3.3 with a 

summary of the informa�on they gather. 

Table 3.3) Summary of the most common shoulder tests used in clinical practice 

Name of the test Main Informa�on gathered 

Constant-Murley Shoulder Score (CMS) Pain, ac�vi�es of daily living, strength, range of mo�on 

Upper extremity func�onal index Difficulty of performing 20 func�onal tasks 

Disabili�es of the arm, shoulder and hand 
(DASH) 

Difficulty of performing 30 func�onal tasks 

Quick-DASH Same as above, with 11 ques�ons on func�onal tasks 

Shoulder pain and disability index (SPADI) Rates shoulder pain and disability on 13 items 

Penn Shoulder Score (PSS) Difficulty of performing 20 func�onal tasks 

Simple shoulder test Difficulty of performing 12 func�onal tasks 

 
The Constant-Murley Score (CMS) is considered as the gold standard for shoulder 

assessment. CMS is promoted by the European Society of Shoulder and Elbow surgery 

(ESSE) in addi�on to being available and used in many different languages (Rocourt et al. 

2008, Katolik et al. 2005). Unlike the others, CMS gathers subjec�ve and objec�ve 

informa�on and takes into account ROM, strength and basic func�onal tasks. The other 

protocols are mainly subjec�ve based on ques�ons regarding pain and ADL, thus require 

an addi�onal assessment of ROM and strength to be performed by the clinician. 
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The tools that are used to conduct the examina�on are generally based on “tradi�on or 

what was learned during ini�al professional training” (Cleland et al. 2011) and on the �me 

and accuracy required by the examina�on (Clarkson and Hazel, 2013). Normal equipment 

includes goniometers, tape measures, inclinometers, and more rarely plumb lines. Visual 

examina�on is also used when �me maters (for a rapid assessment) or when there is no 

need or possibility for accuracy (Magee 2006, page 26). 

Based on the defini�on of the Interna�onal Classifica�on of Func�oning, Disability and 

Health (Ustun et al., 2010), the func�onal scales described above allow the assessment of 

disability (task accomplishment and func�on such as reaching, etc.) and can measure the 

recovery (the change in the ability to perform a task or func�on). They do not allow the 

assessment of the inner workings of the shoulder girdle, i.e. the impairments (muscle 

paterns, coordina�on, etc.) which indicate the presence of compensatory strategies. A 

compensatory strategy is, for example, bending the trunk or over-using certain muscles or 

muscle groups while performing a task and is an indica�on of the performance of the task 

and of the quality of the recovery (the reappearance of “healthy” motor paterns). 

Compensatory movements, such as modified cocontrac�on paterns, can help in 

recovering func�on in the short term but can also lead to long-term complica�ons (Levin 

et al. 2008). Some shoulder assessment scales or assessments do take impairments into 

account, but are not based on objec�ve measurement tools and are therefore lacking 

reliable high-quality data. 
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Conclusion of standard shoulder assessment 

The tradi�onal tools allow for the assessment of range of mo�on and subjec�ve muscle 

strength, and do not allow for the assessment of muscle ac�vity. None of the standard 

tests reviewed in this sec�on takes them into account. As a consequence, the 

cocontrac�on paterns are not generally studied in standard clinical se�ng nor taken into 

account during the rehabilita�on of the pa�ents. In this way, standard assessments focus 

on the evalua�on of disability (func�on) and not on the objec�ve evalua�on of 

impairments (strategies used during func�on). 
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3.2.3 Shoulder instability 

In a very simple way, Shoulder Instability is the opposite of shoulder stability, to an extent 

that is detrimental enough to be pathological. Anatomically, what happens (the 

mechanism, or the “how”) is that the head of the humerus is sliding out of the glenoid. 

Therefore, Shoulder Instability is a pathology that disrupts the mechanisms presented in 

the func�onal anatomy sec�on that normally keep the glenohumeral joint stabilised 

during mo�on. 

As the humeral head is unable to be maintained properly in the glenoid fossa, shoulder 

instability ranges from a slight ‘catching’ feeling to a full disloca�on. This can be due to a 

disrup�on in the integrity of bony, ligamentous or muscle structures around the 

glenohumeral joint, to a disrup�on in muscle control, or to anatomical varia�ons like a 

shallow glenoid for example. Shoulder instabili�es can be direc�onal as they occur on 

different aspects of the glenohumeral joint: anterior, posterior, or mul�ple direc�ons. 

Anterior disloca�ons have the highest prevalence and can occur in 1.7% of the general 

popula�on (Hetrich et al. 2019). 

There is very limited research and robust scien�fic data evalua�ng shoulder instability in 

the general popula�on and more specifically in young people. Current literature on its 

overall incidence, prevalence, mechanisms and long-term outcomes either focuses on case 

studies, specific surgeries or does not isolate this age group, therefore current knowledge 

is extrapolated from related but not directly comparable studies. However, disloca�ons in 

pa�ents appear extremely rare under 10 (Leroux 2015, Zacchilli 2010) and in the 10-14 

year-old range (Longo 2020, 2021). Subjects around the age of 20 are at most significant 

risk of disloca�ng their shoulder (Longo 2020). The incidence in the 10-19 year-old range is 

39.17 per 100.000 people per year, compared to 47.76 in the 20-29 year-old range 
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(Zacchilli 2010), although the reported incidence and age vary depending on the studies 

(Kroner et al. 1989, Simonet et al. 1984). Males are o�en reported as being twice as likely 

to develop shoulder instability in all age groups including under 16, and are more likely to 

have a trauma�c onset (Lawton 2002, Longo 2020). Approximately 10% of people who 

presented to emergency departments in America and Denmark with a shoulder 

disloca�on could not iden�fy a trauma�c onset, which is likely to be an underes�mate as 

people with atrauma�c shoulder instability can experience mul�ple episodes before 

presen�ng to a healthcare professional (Lawton et al. 2002, Leroux et al. 2015, Hung et al. 

2020). 

There are two types of instabili�es. Trauma�c instabili�es result from a disloca�on with a 

loss of joint integrity (Shields et al. 2018). It is es�mated that over 90% of the shoulder 

disloca�ons result from trauma�c cases (Hayes et al. 2002), and they are o�en associated 

with rotator cuff tears (Gomberawalla and Sekiya, 2014), glenohumeral ligament lesions 

and loosening of the joint capsule. Atrauma�c instabili�es can appear slowly over �me 

with repe��ve microtraumas o�en due to overhead mo�ons as found in sports. They can 

also be caused by symptoma�c congenital laxi�es (presen�ng with pain or abnormal 

func�on (Bateman et al. 2018)), bony anomalies, or control issues. Control issues are 

either due to underlying neurological pathologies (Makki et al. 2014), or due to a poor 

synchronisa�on or weakness of the muscles (Ansanello et al. 2018) as discussed in 3.1.5. 

Defining two main types (trauma�c and atrauma�c) of shoulder instability is however 

oversimplifying and can be misleading. The causes as well as the clinical presenta�on (the 

symptoms) are diverse, mul�ple and complex and have led to many different defini�ons 

(Kuhn 2009) that atempt to answer the fundamental ques�ons such as “to what extent 

does the humerus dislocate?”, “how frequently?”, “does it need to be accompanied by an 

impairment?” or “to what extent is it part of the normal constantly changing 

neuromuscular system?”. The mul�tude of defini�ons lead to a plethora of classifica�on 
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systems that have been subsequently developed (Lewis et al. 2004), some�mes with a 

great amount of discordance that can lead to different diagnoses depending on the system 

used (McFarland et al. 2003). Two main categories of classifica�on systems are described 

below. 

The simple classifica�on systems 

Some�mes, the cause of instability is clear and iden�fied, and the “how” (mechanism) 

also answers the “why” (cause): it is the case in some congenital deformi�es like a shallow 

glenoid, or more o�en in trauma�c cases where a specific anatomical structure has been 

damaged. For example, tears in the labrum of the glenoid can be seen on an MRI, and 

could explain both the mechanism of disloca�on and the cause (no or less car�laginous 

support at a specific place). 

In those straigh�orward cases, simple models such as TUBS (Trauma�c Unilateral 

disloca�on with a Bankart lesion requiring Surgery) and AMBRI (Atrauma�c, 

Mul�direc�onal, Bilateral, Rehabilita�on, Inferior capsular shi�) (Thomas et al. 1989) are 

relevant, and have a similar approach to the pathoanatomic models of the previous 

sec�on on general shoulder pathologies. Simple models generally recommend surgical 

interven�on to remove an anatomical cause, which should logically remove the symptoms 

by restoring – to the best extent possible – func�on to prior level. In these uncomplicated 

and well iden�fied cases, the ra�onale is simple, backed-up by numerous studies showing 

good clinical outcome as seen in the next sec�on, and the clinical management follows 

well defined protocols. However, reality is not always that simple, and while these 

approaches are intui�ve to use in a clinical se�ng, they also fail to capture the complex 
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presenta�ons and the key role of muscle paterning (Lewis et al. 2004). For this, reason, 

different systems were developed. 

The complex classifica�on systems 

Some�mes, none of the possible anatomical causes – even when all combined – could 

fully explain or truly jus�fy the symptoms. For example, very minor damage in the glenoid 

labrum and a small degree of laxity in ligaments could fail to explain frequent disloca�ons 

or the associated impairment. At other �mes, such as in some atrauma�c cases, no 

anatomical cause can be found while disloca�ons s�ll persist. In both those cases, when 

there is no clear anatomical cause, more informa�on has to be taken into account such as 

the way the muscles that control the shoulder girdle and stabilise the GH joint work 

(muscle paterning). For these reasons, more complex classifica�on systems such as the 

Stanmore Classifica�on or Bayley Triangle, or FEDS (Kuhn, 2009), have been developed, 

that take into account the four most common features that are ae�ology, direc�on, 

severity and frequency. 

There is no perfect classifica�on system as it is always a trade-off between usability and 

accuracy, is highly dependent on the defini�on used for shoulder instability, and this 

pathology is generally complex. This has led to much confusion in the literature. 

Standardising the defini�on in shoulder instability could allow comparing treatments 

(Kuhn, 2009) and ul�mately help determining standardised classifica�on systems in the 

future. 

Many studies have been published on shoulder instability, assessing reflexes, force, muscle 

ac�vity paterns and kinema�cs of different categories of shoulder instability and during 

different movements. The electromyography recordings o�en involve intramuscular 
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electrodes to access the deep muscles (Barden, 2005, McMahon, 1996, Morris, 2004, 

Pizzari, 2008), and the mo�ons o�en cover standard physiological mo�ons of flexion and 

extension, abduc�on and adduc�on of the arm, or standardised mo�ons on equipment 

such as arm cycling (Hyndza, 2006). 

The result of the studies regarding the muscle ac�vity paterns are o�en contradictory or 

assess different parameters. 

Hundza (2006) reported, in 21 par�cipants, an increased ac�vity of the deltoid, upper 

trapezius, infraspinatus and serratus anterior only in physiological mo�ons and not in 

func�onal tasks such as reaching, while the supraspinatus was found having less ac�vity in 

the shoulder instability group in a study by McMahon (1996), and was found having similar 

ac�vity that the control group by Morris (2004). 

Barden (2005) in a study on 7 mul�-direc�on shoulder instability pa�ents found difference 

in �mings of ac�va�on of several muscles but no in the overall amplitude. One specific 

muscle, the pectoralis major, was found ac�ve throughout the mo�ons of shoulder flexion 

and extension in SI pa�ents while it had dis�nct ac�vity paterns in the control subjects. 

Jaggi (2012) found, in 131 pa�ents and on average, an increased in the pectoralis major, 

la�ssimus dorsi, deltoid anterior and infraspinatus, while Pizzari (2008) found no 

difference in these muscles and reported a lower ac�vity of the trapezius in the shoulder 

instability group. 

Overall, a review of 12 ar�cles by Struyf (2014) found no consensus in muscle paterns of 

shoulder instability due to the contradic�on of some results. This could be closely related 

to the range of possible clinical presenta�ons described in the previous sec�on covering 

the numerous classifica�on systems. 
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From a kinema�cal point of view, apart from an increased transla�on of the head of the 

humerus in the direc�on of the instability, there is also no consensus in the literature. 

Spanhove (2021), in a review of 12 ar�cles, found moderate evidence that shoulder 

instability pa�ents have less upward rota�on and more internal rota�on of the scapula 

during arm eleva�on in the scapular plane, which is directly contradicted by Ernstbrunner 

in 2022 who reported, in 20 pa�ents, an increase in upward scapula rota�on. 

The current knowledge on shoulder instability is also focused on adult popula�ons with 

limited informa�on available in young people. The differences in clinical presenta�ons or 

response to treatment between adults and young people are s�ll unclear (Lawton 2022). 

One of the largest studies available from Lawton (2002) focuses on the 13-16 age range 

and found that strength and range of mo�on was likely to be normal while the main 

complaint was instability and pain, which is similar to the reports in older age groups 

(Maruyama 1995). The diversity of subluxa�ons (such as complete disloca�ons or 

mul�direc�onal instability) also appears similar to adults, therefore most characteris�cs 

and parameters that do not depend on modelling or rely on electromyography 

assessments closely parallel those in adults. 

Clinical assessment and outcome measures 

In standard clinical se�ngs, the assessment of shoulder instability can differ from the 

standard shoulder assessments seen in 3.2.3. In addi�on to imaging techniques, the 

clinical assessment of shoulder instabili�es - and therefore the different forms of clinical 

presenta�ons - can include: 

- Observa�ons of muscle was�ng, dynamic scapula winging, or of limited ac�ve range of 

mo�on in overhead posi�ons due to pain or apprehension. 
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- Hypermobility assessment with the Beighton score, or the observa�on of excessive 

shoulder range of mo�on in external rota�on (>90°) or abduc�on (>180°) (Bateman et al. 

2018). The Beighton score quan�fies the laxity and hypermobility of different joints of the 

upper limb, taking into account ac�ve and passive mo�ons. 

- Laxity tests (sulcus sign, load and shi� test, shoulder drawer test) that are rather 

subjec�ve due to some pa�ents not being able to relax their muscles and due to the lack 

of objec�ve outcome measure in the “feeling of excessive movement”. 

- Instability provoca�on tests such as the apprehension test (or Crank test), the reloca�on 

test, and the posterior jerk test. 

- Subjec�ve isometric muscle power compared to the contralateral side, with resisted 

ranges of mo�on, and special tests for the external rotators such as the “full can” and 

“empty can” tests. 

- Evalua�on of the muscle-paterning through manual palpa�on of muscle tone, which is 

difficult to assess without the means of EMG. Jaggi et al. (2012) found that manual 

assessment was only able to find 11% of 122 muscle paterning cases iden�fied with EMG. 

There are validated outcome measures for shoulder instability, such as the Oxford 

Instability Shoulder Score (OISS), the Rowe score, the Melbourne Instability Shoulder Score 

(MISS) and the Western Ontario Shoulder Instability Index which has the most suppor�ng 

evidence (Rouleau et al. 2010). As outcome measure, these tools are used to monitor the 

efficacy of a given treatment throughout the rehabilita�on, however they only provide 

subjec�ve reports from the pa�ents. 
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Management and treatment 

The exis�ng guidelines are different for trauma�c or atrauma�c mechanisms (Brownson et 

al. 2015, Noorani et al. 2019). During the management of trauma�c instability, early 

mobiliza�on is indicated for all age ranges and demographics. For young and ac�ve male 

athletes, surgical referral is indicated within 6 weeks given the risk of recurrent instability. 

For atrauma�c instability, ini�al conserva�ve management through physiotherapy is 

recommended, with a posi�ve outcome in 50% to 80% of cases (Burkhead and Rockwood 

1992, Burkhart and De Beer 2000). A systema�c review of physiotherapy treatment 

programmes for atrauma�c shoulder instability iden�fied a single control trial comparing 

two exercise programmes, with the Watson programme resul�ng in beter outcomes at 12 

and 24 weeks (Warby et al. 2018, Griffin et al. 2022). However, this program has not been 

widely adopted in prac�ce, possibly due to its complexity (Griffin et al. 2022, Philp et al. 

2022). 

A challenge that clinicians face when dealing with shoulder instability is the difficulty of 

ge�ng and providing objec�ve, quan�fied feedback on muscle control and muscle ac�vity 

in general, which is always a key component of shoulder instability. Clinicians rely on 

subjec�ve visual inspec�on or manual palpa�on to assess muscle paterns and ac�vi�es 

which can lead to incorrect or par�ally incorrect iden�fica�on of the specific muscle 

ac�vi�es in 91% of the cases (Jaggi et al. 2012). From the pa�ent’s perspec�ve, while 

func�on is a conscious phenomenon, the specific kinema�cs and their underlying muscle 

ac�vity is not. 

In adults, the cocontrac�on paterns and �mings of ac�va�on are constantly adap�ng to 

internal factors (such as �redness, injuries, physiological changes, etc.) (Belli et al. 2023) 
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and to external factors (physical ac�vity, func�on, etc.), as covered in part 3.1.6 

“Conclusion of func�onal anatomy”. Young adults are possibly required to adapt even 

more, as they undergo strong physiological changes inducing a constant adapta�on of 

their central nervous system to follow the normal matura�on. 

In pathological situa�ons or a�er trauma�c events, however, several factors such as pain 

or fear might have longer las�ng effects on muscle paterns than the anatomical damage 

would dictate alone. The pa�ent could ins�nc�vely keep avoiding a certain situa�on or 

mo�on which in turn could impede a re-paterning, entering a vicious circle. If the changes 

impact func�on, a clinician can guide the mo�on to induce re-training. If or when the 

mo�on appears normal, muscle ac�vity can be guided as well, away from detectable 

wrong paterns so as to allow the central nervous system to adapt. The Alexander 

technique (Preece et al. 2016) is one example of a) the importance of the clinician in 

providing guidance and b) the importance of the pa�ent to have access to feedback, in 

order to become aware of harmful habits of muscle use and unlearn those unwanted 

paterns. Increasing propriocep�ve awareness - the general sense of posi�oning, 

movement and force or tension (Ager et al. 2020) - can guide the pa�ent into improving 

their coordina�on and preven�ng harmful habits of muscle use and shoulder therefore be 

considered in clinical prac�ce. This is however constrained by the limited ability of 

clinicians to assess muscle paterns, and by the limited ability of the pa�ents to perceive 

their own propriocep�on in general. This is an area that can benefit from technology such 

as electromyography, together with the use of biomechanical models. Valuable 

informa�on can be gained from models that can provide quan�ta�ve data on the way 

pa�ents are moving or on the way pa�ents are controlling their muscles to inform clinical 

decision making and guide rehabilita�on while empowering the pa�ents. Exis�ng research 
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making use of the models to provide biofeedback is o�en centered on evalua�ng its 

impact on stroke rehabilita�on. In general, the literature shows benefits such as Lirio-

Romero et al. (2020) who demonstrated a significant increased upper extremity motor 

func�on using biofeedback of joint angles and levels of muscle ac�va�on. That 

informa�on could also be useful for shoulder instability pa�ents in making them more 

aware of the mo�ons there are making. 
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3.2.4 Outcomes of shoulder instability 

There is extensive literature on the outcome of shoulder instability surgeries and 

conserva�ve management. Most studies show an overall posi�ve outcome for different 

surgical interven�ons of trauma�c instabili�es (Guala et al. 2018, Brilakis et al. 2018, 

Coughlin et al. 2018, Levine 2018, Lazarides et al. 2019) with variable sa�sfac�on, and 

limita�ons in func�on being more frequent a�er some surgeries than others (Dumont et 

al. 2011), and also show generally posi�ve outcome for conserva�ve management of 

atrauma�c instabili�es (Watson et al. 2018, Hayes et al. 2002). 

However, the numbers reported vary greatly between the studies. This can be due to the 

fact that inclusion criteria and assessment tools are not consistent across the studies 

(Robinson et al. 2006, Warby et al. 2013), that it is difficult to follow-up certain categories 

of pa�ents, or that depending on the study the clinical tests used for the clinical outcome 

measure are based on different tests (Jaeger et al. 2004, Robinson et al. 2006), some of 

which are described in sec�on 3.2.2. This variety is also found in clinical se�ngs. A survey 

on nearly 200 surgeons from different countries reveals that there is a high variety and no 

consensus in the use of diagnos�c tools (Weel et al. 2016). 

The ques�onnaires used can ask the pa�ent about func�onal ac�vi�es, return of shoulder 

func�on and ROM, stability and Visual Analog Scale (VAS) for pain (Jaeger et al. 2004), or 

ask about any addi�onal disloca�ons, symptoms or treatment (Robinson et al. 2006). It is 

also men�oned that the pa�ent-reported outcome measures are some�mes not used on 

appropriate group-ages, and that there is a need for a more standardised outcome 

measure across the studies (Kocher, 2018). 
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Overall, reviews either ask for more high-quality studies (Barlow et al. 2018, Warby et al. 

2013) or men�on the poor quality, inconsistencies (Harris et al. 2013, Coughlin et al. 2018, 

Warby et al. 2013) or risk of bias of the studies (Warby et al. 2013), which limited their 

abili�es to make definite statements on the outcome of shoulder instabili�es (Coughlin et 

al. 2018, Barlow et al. 2018, Lazarides et al. 2019, Warby et al. 2013). This makes the 

es�ma�on of pain, deficit of func�on, ROM or strength, difficult in shoulder instability 

pa�ents. 

Muscle paterning is not part of the standard clinical outcome. As seen in 3.1, in clinical 

se�ngs muscle paterning is "grossly underes�mated" (Lewis and Bayley, 2004) and 

some�mes not taken into account (Weel et al. 2016), or only using manual palpa�on 

which is not reliable at iden�fying poor paterns (Jaggi et al. 2012). Lewis and Bayley 

(2004) emphasise the importance of a normal scapulothoracic rhythm, based on a smooth 

and coordinated muscle coupling ac�vity, in maintaining dynamic constraint to the 

glenohumeral joint. They state that electromyography should be used during the clinical 

assessment and report observing, in their own pa�ents, over-ac�vity of the rotator cuff 

muscles in pa�ents with generalised laxity. However, as seen in 3.2.3, there is no 

consensus on the clinical presenta�on of muscle paterning of shoulder instability. 

Unstable shoulders o�en present with abnormal muscle paterning. Studies find that 

93% (on 131 recurrent instability shoulders) (Jaggi, 2012) to 100% (on 11 mul�direc�onal 

instability shoulders) (Barden, 2005) of the pa�ents had abnormal paterns prior to 

surgery. This is o�en associated with a deficit in propriocep�on (Barden 2005). More detail 

has been given in 3.2.3 on how the abnormal muscle paterning was analysed in the 

different studies. 
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Addressing abnormal paterning can increase the likeliness of a good outcome. When 

there is no clear anatomical cause for the instability, such as some atrauma�c 

presenta�ons, the involuntary recruitment of abnormal couples can be the cause of the 

disloca�ons (Lewis et al. 2004). Addressing this is mostly done with specialised 

physiotherapy treatments based on biofeedback, propriocep�ve treatment and 

glenohumeral and scapulothoracic patern correc�on (Burkhart et al. 2003), which is 

further developed in part 3.2.2. Otherwise, abnormal force couples applied on the joints, 

due to abnormal muscle forces, will interfere with a successful outcome. This is not always 

possible however, but these op�ons should be explored first, and further clinical decision 

should be made accordingly. 

Conclusion of Outcomes of shoulder stability 

The same way the defini�on and standardisa�on of classifica�on systems of shoulder 

instability proved difficult in the previous sec�on, es�ma�ng its clinical outcome is 

problema�c. Reviews recommend beter quality studies that are more consistent in their 

design. In general, muscle paterning should be assessed in clinical prac�ce using 

specialised equipment such as electromyography, and it is believed to be a key element in 

some atrauma�c cases, and in rehabilita�on for all shoulder instability types. 

3.2.5 Conclusion of shoulder instability 

Shoulder instability has a high variety of causes and can have complex clinical 

presenta�ons.  Consequently, it has many defini�ons, and no clear consensus or 

standardisa�on for its defini�on, classifica�on or management. This is especially true in 

young popula�ons where the evidence available is based on small size studies with design 

limita�ons that present highly variable results (Leroux, 2015) – partly due to their 
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dependency on parents for accessing health service. It is therefore likely that young adults 

are diagnosed and treated based on generalisa�on from the data available in adult 

popula�ons, while their neuromuscular system might behave differently as it is constantly 

developing alongside possible changes to their body structure, body func�on and personal 

factors that can contribute to the impairment of their instability (Seyres and Philp, 2024). 

Given the limited data available in young popula�on compared to adults, the known 

differences in motor control as well as the extrapola�on and assump�ons made from adult 

studies make, more research focusing on this age group is needed. 

Shoulder instability is in�mately linked to the overall biomechanics of the shoulder and 

can be the consequence of a disrupted patern of contrac�on of the muscles of the 

shoulder, or be the cause of a disrupted patern. Muscles are the actors of the mo�on, and 

regardless of if they manage to compensate for the anatomical varia�ons (trauma�c, 

atrauma�c or congenital) they are a key element of the whole system. This new 

biomechanics changes the normal patern and �ming of cocontrac�on of the muscles of 

the shoulder girdle (Walker et al. 2015) and forces the individuals to learn a new way to 

use the different elements of their shoulder by finding new, individual cocontrac�on 

paterns and �mings to perform func�onal tasks and regain range of mo�on. As seen in 

3.2.3, difficul�es in finding op�mal and efficient paterns, regardless of the overall 

func�on, can nega�vely impact the recovery in addi�on to leading to further impairments. 

Muscular ac�vi�es and kinema�cs therefore provide important clinical informa�on to 

study the impact of shoulder instabili�es, and it could increase the success rate of 

conserva�ve (Jaggi et al. 2012) and surgical management. 
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Muscle paterning diagnosis is however not part of standard clinical shoulder protocols. 

The tools used in standard clinical prac�ce do not allow to assess precisely the muscular 

ac�vi�es during a mo�on and therefore do not allow to monitor the changes in the new 

patern developed by the pa�ent. Such equipment exists and is used in research and 

specialized se�ngs. The next sec�on will review the tools that can gather useful 

biomechanical informa�on in this situa�on and that are not used in standard clinical 

prac�ce. Some of the preven�ng factors of their use in standard prac�ce will also be 

analysed.  
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3.3 Research and specialised equipment, clinical benefits and barriers to its use 

3.3.1 Mo�on capture 

There are many ways to assess kinema�c measurements such as ranges of mo�on, and 

this sec�on reviews the main methods used in biomechanics. In clinical applica�ons, it is 

the role of the clinician to decide what tools they want to use, based on how much 

reliability is acceptable in one specific context (Cleland et al. 2011). 

Goniometers are mechanical devices that allow measuring a joint angle in a single plane of 

mo�on. This requires placing the goniometer manually around the joint of interest 

throughout the range of mo�on, and therefore stabilising the joint, palpa�ng the 

appropriate bony landmarks and reading the measures. While these techniques are quick 

and portable which makes them popular in clinical prac�ce, they are limited to accessible 

single joints and mo�ons, and each step of the manual process can increase the error in 

measurement. Electro-goniometers are a digital alterna�ve that increase accuracy 

(Christensen, 1999) but suffer from the same limita�ons introduced by the manual 

handling. 

Iner�al Measurement Units (IMU) report the angular rate and orienta�on of a body using 

a combina�on of gyroscopes, accelerometers and magnetometers. They are increasingly 

used in biomechanics to track joint angles (Gu et al. 2023), and provide an affordable and 

portable solu�on to many clinical applica�ons. Their accuracy is impacted by challenges in 

the calibra�on and filtering (most notably in dri� over �me (Digo et al. 2022)), and they 

are currently overall inferiorto marker-based mo�on capture systems. 

Markerless 3D cameras capture can be based on a single or on mul�ple cameras. They 

both present advantages over the marker-based approach that is reviewed in the next 
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paragraph, as they allow quicker examina�ons, eliminate the need for manual palpa�on, 

and provide increased portability in the case of single cameras. It is however recognised 

there is a trade-off between usability and accuracy (Scot et al., 2022), which can vary 

greatly depending on the joint and mo�on assessed, the morphology, and more generally 

depending on the training data on which the markerless approach relies. The accuracy has 

been found comparable to that of a goniometer in shoulder abduc�on (Johnson et al. 

2015), although many parameters can vary. Overall, the accuracy is s�ll inferior to that of 

marker-based approaches for most clinical applica�ons (Scot et al. 2022), and limita�ons 

such as a reduced field of view (occlusion) in some mo�ons and poor performance 

determining axial rota�ons make this technology imprac�cal in some cases. 

Camera-based 3D mo�on capture systems are the state-of-the-art in clinical mo�on 

capture. They yield the best accuracy compared to the alterna�ves reviewed above, and 

allow the simultaneous assessment of several joints in different places. Spherical markers 

with infrared reflec�ve material are typically taped on bony landmarks and detected by 

the cameras that emit infrared light. A calibra�on procedure is required that uses Direct 

Linear Transforma�on to establish the rela�onship between the 2D coordinates of the 

image of each camera and the 3D loca�on in space. During calibra�on, a wand that has 

markers placed at a known distance from each other is typically used. The wand (rigid 

body with markers) is then moved in space in front of the fixed cameras. This provides 

informa�on on where the cameras are with respect to each other (posi�on and 

orienta�on). Addi�onal use of markers typically placed on a rigid body (“L-shaped”) on the 

floor provide the direc�on of the cameras with respect to the environment (ground and 

world axes). Once this is established (the calibra�on is done), the 3D posi�on of each 
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marker can be calculated inside the calibrated space so long as the cameras are not 

moved. 

This approach allows for the most versa�le and flexible joint angle determina�on. Using 

markers mounted on rigid clusters and strapped on a segment reduces visual occlusions, 

and allows local coordinate systems to be determined in a standardised way which is 

covered in more detail in part 3.4.2 that covers inverse kinema�cs.  

3.3.2 Muscle ac�vity 

Electromyography (EMG) is a technical means of assessing the electrical ac�vity produced 

by the contrac�on of a muscle. As a muscle contracts, muscle fibres – or more precisely 

each motor unit, comprised of one motor neuron and several muscle cells - form a 

myoelectric signal that can be detected by the electrodes of the EMG and used to assess 

muscle ac�vity. 

The most common use of EMG is surface EMG, with electrodes placed on the surface of 

the skin. High density EMG uses arrays of electrodes for a higher spa�al resolu�on and to 

gain informa�on on the different muscle fibres and on the conduc�on velocity. 

To inves�gate deep muscles, the electrodes can be placed inside of the belly muscle with a 

needle (“fine wire electrodes”) as seen in Fig. 3.5 below. 
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Fig. 3.5) Fine-wire EMG placed by a needle (Konrad, 2005) 

 

EMG signals are commonly band-pass filtered between 10-400Hz. Then, in order to 

calculate an ac�va�on level from the signal, a full-wave rec�fica�on can be performed 

(i.e., obtaining the absolute value of the signal) followed by a low-pass filter with a cut-off 

frequency of 6Hz using a second order Buterworth filter (Winter, 2009) that provides the 

linear envelope. This last step is the equivalent of a moving root mean square (RMS) with a 

moving window that is also commonly used. 

3.3.3 Barriers of use of technology in standard prac�ce 

There are several preven�ng factors to the use of specialised equipment in standard 

clinical se�ng. Amongst them, the cost is likely to be too high for standard prac�ce 

(Lehman, 2004) and the skills involved might involve too much training �me. This could 

also have a repercussion on the �me needed to use the equipment- as the more complex 

the equipment, the more �me it will take for the clinician to perform the assessment. In 

the original publica�on of what is today the gold-standard of the shoulder assessment 

(“CMS” as seen in 3.2.2), Constant (1987) explicitly described that the main objec�ve of 

the shoulder tests is to be “easy to perform” and have to require “a minimal amount of 

�me for evalua�on” es�mated between 5 to 7 minutes to be completed. Finally, 

acceptability for the pa�ent is an addi�onal aspect to take into account. 
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3.3.4 Conclusion of research equipment 

Several technologies from specialised se�ngs can be used to gather the data necessary to 

assess the outcome of shoulder instability pa�ents. Using technologies such as EMG and 

three-dimensional cameras to study the shoulder before and a�er surgery or throughout 

rehabilita�on provides several advantages compared to a standard assessment. More 

specifically, it allows, via the use of biomechanical models described in the next sec�on 

(4.4), the assessment and the studying of contrac�on paterns and of range of mo�on. 

Both technologies bring objec�ve, accurate and reliable informa�on during the 

assessment as well as compara�ve data during the follow-ups. 
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3.4 Musculoskeletal modelling 

Musculoskeletal (MSK) models allow the studying of the complex dynamics that underlie 

human movement. Research in MSK modelling has expanded in the past 30 years (Hicks et 

al. 2015) and allows applica�ons in a large range of clinical scenarios, such as calcula�ng 

internal forces, joint angles and loads. A typical MSK model is a set of mathema�cal 

equa�ons describing a physical (human) system, in the form of rigid mul�body skeletal 

structure in which bodies (bones) move rela�ve to each other in the presence of internal 

(such as muscle forces) and external forces (such as gravity or added weights). Simula�ons 

are the result, or outputs, of a model that allows the studying of specific aspects or 

components. 

This sec�on reviews the main components and models relevant to this thesis. 

3.4.1 Introduc�on to musculoskeletal models 

A model is composed of rigid bodies, moving in rela�on to each other, a graphical 

illustra�on of which is presented below in Fig. 3.6.  Each body is defined in a local 

coordinate system defining a joint permi�ng mo�on representa�ve of the physiology, and 

interna�onal standards have been set for the formula�on of internal coordinate systems 

of mul�body dynamic models (Wu et al, 2005). While many anatomical components can 

be integrated such as menisci, ligaments or fasciae, and many axes of mo�on can be 

defined in specific ways based on three-dimensional scans for example, a typical MSK 

model is based on reasonable approxima�on of the underlying physiological components 

and system in the form of basic mechanical joints and muscles, with added constraints. 
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Fig 3.6) Graphical illustration of a rigid-body musculoskeletal system (Bourgain et al. 2018) 
from two different angles. The scapula is highlighted in two different positions. 

Models are commonly validated based on experimental data based on dissec�ons and 

imaging procedures, and these parameters are then o�en scaled which is covered at the 

end of this sec�on. 
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3.4.2 Muscle models 

In musculoskeletal models, the actuators controlling the degrees of freedom of the model 

are typically muscles based on the Hill-type muscle model (such as the Millard (Millard, 

2013) or Thelen (Thelen, 2003) models) that consist of a contrac�le element with two 

spring elements, one in series that represents the tendon and one in parallel that defines 

the passive force of the connec�ve �ssues. It defines the force-genera�on behaviour of 

the muscle based on a force-length-velocity rela�onship. 

The general geometry of a muscle-tendon unit can include detailed via points, inser�on 

points and wrapping objects, in order to ensure realis�c muscle lines of ac�on in all 

configura�ons of the model. Each muscle is also defined by individual internal parameters, 

such as maximum isometric force based on the physiological cross sec�on area, penna�on 

angle, op�mal fiber length, and tendon parameters such as slack length. Some studies 

ignore the series-elas�c element which is reported to have litle impact in muscles with 

short or s�ff tendons (Anderson, 2001). 
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3.4.3 Inverse Kinema�cs 

A musculoskeletal model, as mul�body physical system, allows the calcula�on and 

defini�on of accelera�on, posi�ons and veloci�es of its rigid bodies over �me. A common 

approach for this is to use three-dimensional mo�on capture equipment that provides the 

coordinates of markers taped on bony landmarks, in order to calculate joint angles. 

Each body or bone in the model is defined in the local coordinate frame of a joint, itself 

defined in the coordinate system of a bone following a parent-child hierarchy. Therefore, 

the internal coordinate system is unique to each body and interna�onal guidelines for 

standardisa�on have been set by the Interna�onal Society of Biomechanics (Wu, 2005), as 

well as the order of rota�ons that defines the posi�on of one body rela�ve to another. 

Within each body’s coordinate system, the posi�ons of the relevant virtual markers can be 

calculated. 

Inverse Kinema�cs is a global op�misa�on process that minimises the total errors 

between modelled and experimentally recorded marker posi�ons as shown in Eq. 3a 

below. Markers are defined in the model at the same bony landmarks than have been 

obtained from the mo�on capture system, calibra�on or virtualisa�on steps, and this 

processed is described in more detail in Fig 3.7. For each �me step, the sum of weighted 

squared errors of the markers posi�ons is minimised, resul�ng in the determina�on of 

joint angles (the generalised coordinate trajectories) through the discrete �me series. The 

weight, or importance given to a marker, is typically lowered when artefacts are likely to 

take place. A balance should also exist between the sum of the weights of every segment 

that is modelled. This trade-off is an intrinsic problem that has no straigh�orward solu�on 

(Mantovani and Lamontagne, 2016) apart from ensuring that the artefacts have been 
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minimised with prior steps such as digi�za�on, and manually changing the weights 

according to the marker errors reported during the analysis. 
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Eq. 1) cost-function 

with: q the generalised coordinates being solved for, 
xiexp the experimental marker coordinates in world, 
xi(q) the position of the virtual marker in the model coordinates, 
wi and wj the weight of the marker and the weight of the coordinates 
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In upper limb models, different published approaches allow calcula�ng the origin of the 

glenohumeral joint and defining the posi�on of the scapula, which are both necessary to 

perform the inverse kinema�cs. 

The glenohumeral joint’s origin is commonly defined by regression equa�ons from both 

other angles and bony landmark posi�ons or either or them (Magermans 2005), func�onal 

methods using instantaneous helical axes (IHA) (Stokdijk, 2000) or the alterna�ve SCoRE 

method (Ehrig 2006, Monnet 2007, Nikooyan 2011), or an offset (Williams 2005, Rab 

2002) which is the most conven�onal approach. 

Several ways exist to determine the posi�on of the scapula during dynamic mo�ons. 

Regression methods define a standard scapulohumeral rhythm (Nicholson 2017, Rapp 

2017, Matsumura 2019, Xu 2014, Stokdijk 2000) based on the scapulothoracic and 

humerothoracic angles as well as the posi�on of the acromion. Par�cipant-based 

regression equa�ons can alterna�vely be defined when dynamic imaging is available, such 

as MRI or 3D-xray scans. 

The use of an acromion marker cluster (AMC) is common and illustrated below in Fig 3.7. 
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Fig. 3.7) illustration of an AMC cluster used for the scapula digitization. The AMC is used 
as a standard marker cluster during the calibration procedure using a wand. The scapula’s 
bony landmarks’ local positions are calculated within the reference frame of the AMC. The 
AMC is then used to virtualise the position of the scapula over time. Left is the 3d printed 
AMC, right is the graphical representation of a frame where the coordinates of the scapula 
bony landmarks are reconstructed from the AMC position. 

In a calibra�on phase, a wand is used to point to three anatomical landmarks of the 

scapula (Acromial Angle, Trignum Spinae and Inferior Angle) whose local coordinates are 

calculated with regards to the coordinate system defined by the AMC. This allows the 

reconstruc�on of these anatomical points during dynamic mo�ons, and subsequently the 

reconstruc�on of the angles of the scapula in the kinema�c chain of the model. A single 

calibra�on can be used, which is the most applicable and quickest use of the AMC cluster, 

although its main limita�on is that it is prone to errors above 120° of shoulder eleva�on 

(Lempereur et al., 2014) as it assumes a constant posi�onal rela�onship between the AMC 

and the scapula. Dual calibra�ons are also documented, that use two semi-sta�c 

calibra�ons. It is however representa�ve of a single plane of humeral movement (defined 

by the two calibra�ons), and mul�ple calibra�on methods refine the rela�onship between 

the AMC and the scapula in different planes of mo�on that are more representa�ve of 

ac�vi�es of daily living but require more calibra�on phases in different eleva�on planes 

and eleva�on angles. 
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3.4.4 Sta�c Op�misa�on, Dynamic simula�ons and Computer Muscle Control 

With arbitrary controls provided such as forces or muscle excita�ons, the model is driven 

through a forward dynamic simula�on to predict the mo�on resul�ng from the 

applica�on of forces. 

Alterna�vely, in an inverse dynamic simula�on, a prescribed mo�on is used to predict the 

forces that caused that mo�on. The forces are the generalised forces (e.g. net forces and 

torques ac�ng along the coordinate axes) that caused the par�cular mo�on at each joint. 

Sta�c op�misa�on is an extension of inverse dynamics and is also based on the known 

mo�on of the model which can be the result of the inverse kinema�cs process (i.e. joint 

angles over �me). During a sta�c op�misa�on analysis, the net joint moments are further 

resolved into individual muscle forces. Because there are more muscles than there are 

degrees of freedom, no unique solu�on exists to the set of excita�ons producing the joint 

moments leading to the desired kinema�cs – in other words several combina�ons of 

muscle ac�vi�es could lead to the specific kinema�cs. This is represented by an 

indeterminate problem, or a degree of freedom problem some�mes referred to as the 

“muscle redundancy” problem (Mulla, 2023). In order to decide on a unique solu�on, a 

load-sharing approach uses a standard cost func�on. It es�mates healthy muscle control 

and assumes an effort minimisa�on approach by minimising the squared ac�va�ons 

during the op�misa�on as shown in Equa�on 2 below as described in Wu (2016). The 

Sta�c Op�misa�on approach assumes independent control of the musculotendon units 

and considers the muscles to be the only contributors to joint torques, not taking 

ligaments or other passive structures into account. 
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𝐽𝐽 =  � (𝑎𝑎𝑚𝑚)𝑝𝑝
𝑛𝑛

𝑚𝑚=1

 

Eq. 2) 

with: J the cost function to be minimised, n the number of muscles in the model, am the 
activation level of the muscle, p is the power, commonly squared 

 

This most straight-forward way of solving the muscle redundancy problem simplifies the 
mul�body dynamics approach by ignoring ac�va�on dynamics (that describes the func�on 
from muscle excita�on to ac�va�on) and therefore allowing a robust op�misa�on on 
linear constraints, as the muscle ac�va�on becomes the only variable. The defini�on of 
the muscles varies, as it can consider or not the force-length-velocity rela�on (Equa�on 
3c). It always assumes a fixed length tendon. 

� [𝑎𝑎𝑚𝑚𝑓𝑓(𝐹𝐹𝑚𝑚0 , 𝑙𝑙𝑚𝑚, 𝑣𝑣𝑚𝑚)]𝑟𝑟𝑚𝑚,𝑗𝑗 =  𝜏𝜏𝑗𝑗  
𝑛𝑛

𝑚𝑚=1

 

Eq. 3) 

with n the number of muscles in the model, am the activation level of the muscle, F0m its 
maximum isometric force, lm its length, vm its shortening velocity, rm,j is the moment arm 
around the jth joint, τj is the generalised force acting on the jth joint 

 

Reserve actuators, specific to the Opensim framework, are added to each coordinate to 

achieve dynamic consistency. In other words, they are pure torques or forces applied at a 

joint level that compensate forces when muscles are not able to generate sufficient 

accelera�ons, and account for small discrepancies between the model and the measured 

mo�ons and forces. They are highly penalised in the op�misa�on, and are some�mes 

referred to as simply “residuals” or “hand of god forces” (Hicks, 2015). 
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Computed Muscle Control is a specialised combina�on of forward dynamics and sta�c 

op�misa�on (Thelen et al. 2003) that also computes a set of muscle excita�ons and forces 

that drive a model to follow prescribed kinema�cs. The main difference is that CMC allows 

the inclusion of muscle synamics (ac�va�on and contrac�on dynamics). For this, it uses 

forward dynamic simula�ons on small �me-steps, to match the kinema�cs as closely as 

possible, thus making the simula�on more flexible. However, no benefits to the use of 

CMC compared to Sta�c Op�misa�on are reported (Anderson 2001, Lin 2012, Roelker 

2020). 
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3.4.5 Sta�s�cal Parametric Mapping 

Sta�s�cal Parametric Mapping (SPM) is the applica�on of the Random Field Theory (RFT) 

that assesses the features of sta�s�cal tes�ng over a con�nuous func�on, emerged in 

brain mapping studies in the mid 1990’s (Friston et al., 1995) and has only recently been 

applied to biomechanics. 

Biomechanical data such as kinema�cs and EMG inherently have a degree of spa�o-

temporal smoothness, in the way that each value (or �me-step) is correlated to the one 

before and the one a�er, due to physiological or mechanical constraints (Robinson et al. 

2015). Therefore, no random varia�on is expected in the waveform. SPM, using Random 

Field Theory, allows us to understand the level of dependency between the values of our 

waveforms. In other words, if a sta�s�cal test such as a t-test is performed on each value 

of waveforms, then Random Field Theory can be applied to es�mate if the changes in the 

results between �me-steps are due by chance, while taking the full waveform into account 

(Vanmechelen 2023, Watananon 2023, Papi 2020). In the context of biomechanical data, 

the input of an SPM analysis is for example a �me-series of joint angles or EMG data, and 

the result is also a �me-series (of t-values) which provides important informa�on of the 

�mes at which areas of significance occur. Therefore, the use of SPM provides benefits 

compared to data reduc�on (to a single value) approaches, such as Root Mean Square 

Error (Pataky, 2016). 
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3.4.6 Upper-limb models 

 

Many different upper-limb models have been created for specific purposes, and each 

model is a combina�on of components, some of which are reviewed earlier such as bones, 

joints and muscles. They are usually developed with a specific applica�on in mind, and 

validated accordingly. Therefore, there are differences in the number of components as 

well as their type and final use of the models. 

For example, some models focus on specific anatomical regions, such as the Upper 

Extremity Dynamic Model (Saul et al. 2014) that describes a more detailed hand but a less 

detailed shoulder compared to the Del� model (Nikooyan et al. 2011). 

Some models have more actuators represen�ng a single large muscle than others, such as 

the Del� model that has a total of over 130 actuators compared to Wu’s (Wu et al. 2016) 

or the Scapulothoracic Shoulder model (Seth. et al. 2015) that have a total of 26 and 33 

actuators respec�vely. 

The scapulothoracic joint is also represented in different ways, and can be constrained 

with a built-in rhythm such as in the model described by Saul, have enforced constraints of 

scapular mo�on based on a thoracic ellipsoid such as the model described by Seth et al., 

or free to move (unconstrained) such as in Wu’s model. 

Finally, there are differences in the abili�es of each model as they have been developed 

for a specific applica�on or applica�ons. For example, Wu’s model was specifically 

published with Hill-type muscles which inser�ons were defined from cadaveric studies. 

The joint moments and muscles parameters of the models were tested against maximal 
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voluntary isometric, isokine�c contrac�ons and surface EMG recorded in vivo, in healthy 

males. 
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3.4 Overall conclusion of the literature review 

The biomechanics of the shoulder is complex and relies on the synchronisa�on, �ming, 

and balance of ac�va�on of several muscles and muscle layers. 

Shoulder instability has a high variety of causes and presenta�ons, and ul�mately changes 

or disturbs the harmony of the muscle paterns of the shoulder girdle. Pa�ents suffering 

from this condi�on might exhibit different control strategies from healthy subjects due to 

the addi�onal need to stabilise further the glenohumeral joint, and specialised 

technologies such as electromyography are required to provide informa�on on these 

muscle ac�vity paterns. 

The lack of consensus or standardisa�on of Shoulder Instability makes its understanding 

challenging, and its long-term outcome difficult to assess. More specifically, there is very 

limited characterisa�on of its impact on young people. 

The use of rigid-body musculoskeletal models can provide objec�ve informa�on on the 

kinema�c chain, and addi�onal understanding of the inner workings and behaviour of the 

neuromuscular system on a case-by-case basis, which could help gain clinically valuable 

informa�on on this pathology. 
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4. Aims and objec�ves 

Firstly, this study will help fill a gap in the current knowledge regarding the complex 

interac�on of the kinema�cs and muscles ac�vi�es of the shoulder girdle. Knowledge will 

be gained and added to the exis�ng literature on the normal contrac�on paterns and 

kinema�cs, as well as in a specific children and young people popula�on which has 

undergone litle research.  

Secondly, we will aim to explore a new way of assessing movements in the shoulder-

girdle area by exploring to what extent musculoskeletal modelling techniques can predict 

normal muscle paterns, as well as their ability to discriminate between experimentally 

collected muscle paterns among a healthy and pathological group.  

Overall aim: 

The overall aim of this research is to demonstrate a novel method for quan�fying muscle 

func�on and co-contrac�on in shoulder instability pa�ents, as the ground work to improve 

clinical assessment and outcome predic�on. 

Hypothesis: 

Some shoulder instability pa�ents may be kinema�cally indis�nguishable (i.e. they fall 

within the norm) from a healthy control group, but can be differen�ated on the basis of 

their muscle control. 

Objec�ves: 

Following the literature review, three objec�ves have been defined and will be covered in 

three dis�nct chapters: 
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A) Characterise movement and muscle ac�vity patern differences between young people 

with shoulder instability and an age-matched control group, based on three-dimensional 

mo�on capture and surface electromyography data. 

B) Use musculoskeletal modelling techniques and the kinema�c data alone to predict 

muscle ac�va�ons in the healthy group. This will define a baseline of a) which muscles are 

most reliably predicted using our techniques and b) reference value for each muscle. 

C) Assess the differences in muscle ac�va�on predic�on abili�es between the control and 

shoulder instability groups. This third chapter will develop a new approach for iden�fying 

pathological muscle ac�va�on paterns based on prescribed kinema�cs. 
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5. Methods 

This chapter first describes the methods of experimental data collec�on in sec�on 5.1, 

then introduces the modelling methods used to characterise the data in sec�on 5.2. 

5.1 Experimental data collec�on 

The raw experimental data of this thesis has been provided by the Ortho�c Research & 

Locomotor Assessment Unit (ORLAU) based at RJAH Orthopaedic Hospital NHS Founda�on 

Trust in Oswestry, that gained a favourable ethical opinion to collect data on young people 

with and without shoulder instability from West Midlands - South Birmingham Research 

Ethics Commitee REF:20/WM/0021. 

The study was adver�sed across regional clinical centers over a period of 24-months and 

two groups were recruited, a ground of young people with shoulder instability (SI) and an 

age- and sex-matched control group (CG). Following informed consent, each par�cipant 

atended a single measurement session. The recruitment rate was 81%, with seven out of 

thirty-seven par�cipants approached unable to par�cipate. 

The inclusion criteria for the shoulder instability group were to have subjec�ve reports of 

instability with addi�onal symptoma�c instability in at least one direc�on in the clinical 

assessment, and specific exclusion criteria were to have been surgically managed and not 

have had instability episodes since. The control group is comprised of healthy subjects 

with no current or previous instability. An exclusion criterion for both groups was to have 

co-exis�ng pathologies or deficits.  

Data were collected in 30 young adults aged between 8 and 18, 15 for the shoulder 

instability group and 15 for the age matched control group. The most common form of 
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instability reported in the shoulder instability group was subluxa�on, experienced by 

13/15 par�cipants. Only one par�cipant reported a disloca�on, and one par�cipant was 

unsure. Three par�cipants presented with a first-�me episode of instability, and twelve 

with recurrent episodes of instability. Ten par�cipants had an atrauma�c e�ology, four a 

trauma�c one, and one reported an ambiguous overlapping. The direc�on of instability 

was diverse, seven reported for anterior instability, two for posterior, two for inferior and 

two for mul�direc�onal. At data collec�on, the �me since the last episode of instability 

ranged from four hours to thirty-two weeks (mean �me 7 weeks, standard devia�on 9 

weeks), with two par�cipants unable to recall. The number of self-reported disloca�ons 

ranged from one two over ninety. 

The control group had an averages age of 13.3 (standard devia�on 3.1), height of 160.6cm 

(16.8) and weight of 52.4kg (15.1), with 8 males and 7 females. The shoulder instability 

group had an average age of 13.9 (2.9), height of 163.0cm (15.7), weight of 56.6kg (17.5), 

with 6 males and 9 females. 

The data collected (dataset) comprised 3D mo�on capture and electromyographic data in 

a series of movements of the upper limb. The movements recorded are shown in table 5.1 

below and form the basis of many ac�vi�es of daily living. Each movement was 

demonstrated before being performed, with instruc�ons regarding the start and finish 

posi�ons. The mo�on of only one arm was recorded, the affected arm for the instability 

group, and the dominant arm for the control group. For the weighted mo�ons, a self-

selected weight of 0.5kg, 1kg or 1.5kg was used and kept across all movements. The 

control group selected those weights 1, 3 and 11 �mes respec�vely, while the shoulder 

instability group selected those weights 1, 5 and 9 �mes respec�vely.  Each non loaded 
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mo�on was repeated over 2 sets of 6 repe��ons. Each loaded mo�on was repeated over 2 

sets of 3 repe��ons. 

Table 5.1 Description of the movements and tasks 

Flexion (with and without weight) 

Star�ng posi�on: Par�cipant in standing. Anatomical posi�on i.e. Lateral aspect of the 
hypothenar eminence res�ng on the lateral aspect of their thigh (in keeping with the midline 
of the body in the coronal plane).  
Movement task: Par�cipants will be instructed to li� their arm out to their side as high as 
they possibly can and then return it to the star�ng posi�on. 
Abduc�on (with and without weight) 

Star�ng posi�on: Par�cipant in standing. Anatomical posi�on i.e. Lateral aspect of the 
hypothenar eminence res�ng on the lateral aspect of their thigh (in keeping with the midline 
of the body in the coronal plane).  
Movement task: Par�cipants will be instructed to li� their arm out to their side as high as 
they possibly can and then return it to the star�ng posi�on. 
Lateral rota�on at ~45° abduc�on 

Star�ng posi�on: Par�cipant in standing. Elbow flexed to 90⁰ with hand in thumbs up 
posi�on. 
Movement task: Par�cipants will be instructed to li� their arm out to their side up to ≈45⁰ ⁰ 
at the shoulder. Maintaining the arm in this posi�on, par�cipants will then be asked to 
laterally rotate their shoulder as far as is comfortable for the required or maximally tolerable 
number of repe��ons. Following this, par�cipants will be instructed to then return it to the 
star�ng posi�on. 
Hand behind head 

Star�ng posi�on: Par�cipant in standing. Palmar surface res�ng on the lateral aspect of their 
thigh (in keeping with the midline of the body in the coronal plane). 
Movement task: Par�cipants will be instructed to place their hand on the top of their head 
and then return it to the star�ng posi�on. 
 

The 3D mo�on capture data was captured at 100Hz using a Vicon system (12 V5-Vantage 

mo�on analysis camera). It provides 3D coordinates of reflec�ve markers in space over 
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�me, and is the informa�on on which the modelling sec�on (5.2) is based in order to scale 

a model and calculate joint angles. 

The axes of the laboratory (or “world” axes) were defined with markers placed on the 

floor, and the volume of the laboratory was calibrated using an ac�ve wand from Vicon as 

shown in Fig. 5.1. 

 

Fig. 5.1) Active wand used for volume calibration of the three-dimensional motion 
capture system 

The first step in 3D mo�on capture data collec�on is the placing of clusters of reflec�ve 

markers on body segments, strapped so that to ensure that they are rigidly mounted, with 

a minimum of 3 non-collinear markers per cluster in order to define a coordinate frame, 

and with a space of two to three markers in between them. They are typically arranged in 

a non-symmetrical fashion that allows them to be uniquely iden�fied. The descrip�on of 

the marker cluster placement is adapted from Jaspers et al (2011s) and is described in the 

table below. 
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Clusters were placed on the sternum, acromion (single calibra�on), humerus, forearm and 

hand as previewed in Table 5.2 below, with the full descrip�on available in the Appendix 

Table 5.2. 

Table 5.2, placement illustration of a marker cluster during the experimental data 
collection. 

Placement illustra�on Descrip�on of cluster placement 

 

 

Sternal marker cluster, posi�oned using double sided tape on 
the anterior aspect of the thorax, approximately one finger 
width below the sternal notch. Placement was below the 
sterno-clavicular joint and in keeping with the midline of the 
body. The antero-superior border of the thorax is defined by 
the insicura jugularis (IJ) point and the antero-inferior border 
is defined Processes Xiphoideus (PX) point. 

For par�cipants with breast �ssue, a more superior placement 
of the sternal cluster may have been required, not exceeding 
the antero-superior border of the thorax. In this case, 
adequate visibility of the marker cluster was ensured prior to 
iden�fica�on of virtual markers. 

The inferior edge of the cluster was marked. 

 

Each par�cipant was then seated with their hands res�ng on their thighs while the 

assessor then pointed at bony landmarks listed in Table 5.3 (with the full illustra�on in 

Appendix Table 5.3) with a wand on which markers are mounted. This allows further 

digi�sa�on of the anatomical bony landmarks, and defini�on of joints and bone 

coordinate frames described in the modelling sec�on. 
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Table 5.3, anatomical and virtual markers 

No. Name Abbrevia�on 

1 C7 Spinous Process C7 

2 T8 Spinous Process T8 

3 Insicura Jungularis -  (Jugular notch) IJ 

4 Processus Xiphoideus -  (Xiphisternum) PX 

5 Art. Sternoclavicularis – (Sternoclavicular joint) SC 

6 Art. Acromioclavicularis - Acromioclavicular joint AC 

7 Processus Coracoideus - Coracoid process PC 

8 Trigonum Scapulae – medial border spine of scapula TS 

9 Angulus Inferior (AI) - inferior angle of the scapula AI 

10 Angulus Acromialis - Latero-inferior edge of scapula spine AA 

11 Glenohumeral rota�on center GH 

12 Lateral epicondyle LE 

13 Medial epicondyle ME 

14 Centre of the elbow (digi�zed during data processing) centelbow 

15 Radial Styloid RS 

16 Ulnar Styloid US 

17 Styloid process of 3rd Metacarpal MC3 

18 Distal head of 2nd Metacarpophalangeal joint MCP2 

19 Distal head of 3rd Metacarpophalangeal joint MCP3 

20 Distal head of 5th Metacarpophalangeal joint MCP5 

 

The electromyography data was collected in synchroniza�on with the 3D markers using a 

surface EMG  from a Delsys Trigno system sampling at 2000Hz with a built-in 20-450Hz 

band-pass filter. A�er skin prepara�on with alcohol and shaving if required, surface 
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electrodes were placed on the middle trapezius, infraspinatus, triceps, la�ssimus-dorsi, 

deltoid (posterior and anterior), pectoralis-major, biceps, wrist flexors and extensors 

muscles according to SENIAM guidelines (Merle� et al. 2000) and Criswell et al. (2011). 

Quality checks of the placement of the electrodes were performed by examining the 

baseline noise as well as the ac�vity on a biofeedback, in a series of generic isometric 

contrac�ons depending on the targeted muscle (shoulder push, pull, shrug, lateral 

rota�on, hand grip, wrist flexion and extension). 
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5.2 Data analysis using biomechanical models 

This sec�on describes how, for each par�cipant, the data provided by the mo�on capture 

system and the EMG was processed, used to create a scaled model, then run inverse 

kinema�cs and sta�c op�misa�on. The model and tools were chosen a�er mul�ple trials 

and data processing of pilots. 

The choice of a model is always a trade-off between its complexity and its simplicity, in 

order to answer specific research ques�ons. While increased complexity could represent 

more of the features of the biological system, it comes with increased computa�onal cost 

and more poten�al sources of errors, and it is generally recommended to “focus on a 

minimalis�c model that represents only the required components” (Hicks, 2015). For this 

reason, the Wu (2016) model was chosen, as other alterna�ves described in the literature 

review provided either excessive numbers of actuators for this study (such as the Del� 

model described in Nikooyan et al. 2011), or constraints in the scapular defini�on and 

mo�on (such as the the Scapulothoracic Shoulder model described by Seth. et al. 2015). 

Wu’s model is a 10-degree-of-freedom (DOF) model of the upper limb actuated by 26 

muscle-tendon units. It focuses on the shoulder girdle area, with 3 DOF ball and socket 

joints for the glenohumeral and acromioclavicular joints, while the sternoclavicular joint 

and elbow are modelled as 2-DOF universal joints (Wu, 2016). The muscle inser�ons were 

originally defined from Garner and Pandy (2001), then op�mised to match muscle 

parameters of cadaveric studies of Ackland et al. (2008. 2012) and Kuechle et al. (1997). 

Preliminary tests showed the importance of having a model allowing for pathological 

degrees of freedom, especially at the scapula level, where the range of mo�on of the 
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models was some�mes exceeded. The constraints in scapular mo�on were specifically 

important, as they impacted preliminary tests  

The preprocessing of the raw data consisted of several steps. The first step was gap filling 

of the 3D coordinates of each marker, performed using rigid body, patern and spline filling 

pipelines available within Vicon Nexus 2.12.1. The labelling of the markers and mo�on 

�mes was also performed in the Vicon Mo�ve so�ware. Then, custom Python scripts 

performed the cu�ng of each mo�on into set and repe��on, re-labelling as appropriate, 

and export in appropriate formats. 

The second step was to determine the 3D posi�on of each anatomical marker indicated 

with a wand during the subject calibra�on procedure, in the coordinate system of the 

body it belongs to. For example, every �me the wand pointed to an anatomical marker 

such as the lateral epicondyle at the elbow level, the humeral cluster markers were used 

to define a local coordinate system and describe the loca�on of the anatomical marker 

within, in other words transforming global coordinates into local coordinates. In this way, 

with all local coordinates of the anatomical markers known, the dynamic mo�on files 

(movements) were processed at each �me step in reverse, iden�fying the cluster markers, 

and transforming the local anatomical marker coordinates into global ones. 

The geometrical scaling of the model scaled the bones and muscle parameters (fiber 

length and tendon slack length) of the generic model to represent each par�cipant, 

according to the best prac�ce frameworks (Hicks et al., 2015). 

Virtual markers were added to the model in order to match those used on the par�cipant. 

One sta�c posi�on was taken from the subject calibra�on procedure, and the loca�on of 
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the markers on the par�cipant and on the model was compared to define scale factors as 

per the table 5.4 below. 

Table 5.4 Scaling of rigid bodies. A scaling ra�o for each bone was es�mated from the 
sta�c calibra�on trials, following marker pairs 

Bone X axis Y axis Z axis 

Thorax IJ-C7 PX-IJ AC-IJ 

Clavicle - - SC-AC 

Scapula AC-AA TS-AI TS-AA 

Humerus ME-LE AC-centelbow* ME-LE 

Ulna ME-centelbow ME-US ME-centelbow 

Radius LE-centelbow LE-RS LE-centelbow 

* With the GH being defined with the standard scaling method within the model, the 

scaling ra�o for the longitudinal axis of the humerus was es�mated in a si�ng posi�on 

between the elbow center and AC which is a reliably palpable landmark and allows a 

simple single pipeline to process and compare the two datasets with RMS errors within 

the standardly accepted values. 

Inverse kinema�cs (IK) was performed in the OpenSim 4.4 framework. Virtual markers 

were added to each mo�on file prior to running the analysis, and kinema�c data were 

smoothed in Python using a Savitzky-Golay filter with a window size of 99 and a 

polynomial order of two, which were selected as they perform well during high-frequency 

accelera�on-�me signals when compared to alterna�ve methods, and based on this 

dataset performed the best for removal of noise whilst preserving the underlying signal 
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(Sahrom et al. 2021). The quality of the IK was checked by ensuring the maximum error 

was less than 2cm as advised in the Opensim guidelines. 

Sta�c Op�misa�on (as described in 3.4.4) was then performed on Inverse Dynamics 

results for each repe��on of each mo�on file, taking the force-length-velocity rela�on into 

account, and with reserve actuators added on each axis. Reserve actuators were checked 

so that they would not exceed 5% of the net joint moment as recommended by Hicks 

(2015). For mo�ons that were performed with added weight, the mass of the hand of the 

model was increased accordingly. With no difference between the two tools found in the 

literature review, and following a first analysis of the dataset, SO was preferred to CMC 

due to the extensive �me of analysis as well as the increased number of errors and need 

for subject-specific and mo�on-specific modifica�ons when compared to the SO analysis. 

Surface EMG data were band-pass filtered between 20-450 Hz in hardware, then rec�fied 

and low-pass filtered at 6Hz as described in the literature review (3.3.2). EMG was 

normalised to the maximum encountered ac�va�on across any of the movement 

ac�vi�es. As a quality control check, used to ensure sufficient electrode placement, 

contact and adequate signal recording (including avoidance of unwanted noise), 

par�cipants were instructed to carry out a single resisted movement against the assessor 

at a consistent submaximal intensity. Movements included shoulder eleva�on, shoulder 

lateral rota�on, combined shoulder extension and adduc�on, shoulder push, elbow 

flexion, elbow extension, wrist flexion and wrist extension. No maximum voluntary 

contrac�on (MVC) tes�ng was carried out to minimise risk of further instability during data 

collec�on as this is known to be highly variable, par�cularly in pathological popula�ons 

(Spanhove et al., 2022). Normalising the muscles to the maximum encountered ac�va�on 



81 
 

within each mo�on would lead to unreasonably high values for muscles with litle overall 

ac�va�on such as the La�ssimus Dorsi, which could lead to problems when comparing to 

the predicted values from the model during Sta�c Op�misa�on. For these reasons, it was 

chosen to normalise each EMG of each par�cipant to its maximum value encountered 

across all mo�ons and strength tests. 

The sta�s�cal analysis, to calculate the significant differences between the model’s 

ability to predict muscle ac�va�ons in the two groups (Control Group (CG) and Shoulder 

Instability group (SI)), required addi�onal processing steps as the RMS data was not 

normally distributed. Even a�er logarithmic transforma�on (Baker et. al 2008, Speciali et. 

al 2014) most distribu�ons failed the Kolmogorov-Smirnov and Shapiro-Wilk tests for 

normality. The (non-parametric) permuta�on test approach was therefore chosen, as it 

makes no assump�on on the distribu�on of the data used. 

A permuta�on test is comprised of three steps: determine and calculate the ini�al test-

sta�s�c, approximate the test-sta�s�c distribu�on, and calculate the p-value. 

In this case, the permuta�on test allows to find if there are any sta�s�cal differences 

between the two groups (CG and SI) in the ability of the model to predict muscle 

ac�va�ons (i.e. in the difference between the predic�on and the experimental EMG). For 

each mo�on and muscle, the null hypothesis made is that being part of the SI group does 

not change (increase or decrease) the accuracy with which we can predict the muscle 

ac�va�ons (represented by the RMSE or correla�on values of the difference between the 

predic�on and the experimental EMG). The alterna�ve hypothesis is that being part of 

the SI group does change (increase or decrease) the accuracy. 
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An example of the difference between the predicted and experimental ac�va�ons is 

represented graphically in Fig. 5.2 below, for one muscle in one mo�on of one par�cipant. 

 

Fig. 5.2) Example based on one repetition of one motion of one participant: the blue 
solid line is the predicted activation from the static optimisation, the blue dotted line is 
the experimental EMG, the shaded area is the difference. 

For a given mo�on and muscle, the repe��ons of all par�cipants are sorted in one of the 

two groups (CG and SI), as seen in Fig. 5.3 below. Each repe��on has its associated RMSE 

or correla�on measure value that represents the accuracy of the predic�on of the muscle 

ac�vity. The ini�al test-sta�s�c is the difference in mean value between the two groups. 
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Fig. 5.3) For a given muscle and motion, the repetitions of the CG (blue) and SI (orange) 
groups are shown at the top. Inside the circle is the participant number as well as the set 
and repetition numbers, and each associated rectangle displays the value representing 
how well the muscle activity was predicted for this given muscle and repetition. The initial 
test-statistic is shown as the dotted red line at the bottom and is the difference in mean 
values between the two groups. 

The permuta�on, or randomisa�on, shuffles the data between the two groups. A�er one 

permuta�on, the test-sta�s�c is recalculated, and this is shown in Fig. 5.4 below. 
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Fig. 5.4) Every permutation shuffles the data points between the groups (top), and a 
record of the test-statistic (blue bar at the bottom) is kept alongside the original test-
statistic (dotted red line). 

Through the itera�ons, an approximate distribu�on of test sta�s�cs under our null 

hypothesis is obtained (Fig. 5.5). From this distribu�on, the probabili�es associated with 

the different mean-difference values can be calculated, in other words the probability that 

the SI group is predicted the same way than the SI group. The p-value is the probability 

under the assump�on of no effect or no difference (null hypothesis), of obtaining a result 

equal to or more extreme than what was actually observed. In this case, it is the 

probability of obtaining the difference in predic�on accuracy (RMSE or correla�on value) 

between the two groups (ini�al test-sta�s�c), assuming that SI does not impact it. The p-

value is the number of t-sta�s�cs (resul�ng from the permuta�ons) that are as or more 

extreme than our ini�al t-sta�s�c, divided by the total number of t-sta�s�cs that were 

calculated to approximate the distribu�on. 

The Null hypothesis used is that SI does not increase or reduce the RMSE of the Sta�c 

Op�misa�on. If it is truly the case, then obtaining the ini�al difference (our first t-sta�s�c) 

would occur with a probability of p*100%. In other words, if the p-value is above 0.05, the 

result is said sta�s�cally not significant and we cannot reject the null hypothesis that SI did 

not change the accuracy of the predic�on of the Sta�c Op�misa�on. If the p-value is 

below or equal to 0.05, we reject our Null hypothesis and accept our alterna�ve: SI 

changes the accuracy of predic�on of the Sta�c Op�misa�on (and is therefore different 

from what would be expected to happen by chance, in the Control Group). Unlike in the 

other analyses (sec�ons 8.2a,b) where the average values were considered, the 

permuta�on test is based on the individual values of each repe��on. 
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Deltoid Anterior (p < 0.05) Deltoid Posterior (p > 0.05) Infraspinatus (p < 0.05) 

   
Fig. 5.5) Each plot illustrates the testing of the null hypothesis that belonging to the SI group does 
not impact the way the model predicts muscle activations for a given motion. Each plot presents the 
distribution of the test-statistic and permutation tests for one muscle in one motion, based on the 
two groups CG and SI. Plots show the initial t-statistic (dotted red line), its opposite (dotted black 
line), the general distribution (blue lines) as well as the number of permutation tests for which the 
test-statistic is more extreme than the initial test-statistic (shaded areas) which is then translated 
into a p-value (graphically the area under the curve in the shaded area). The p-value is used to accept 
or reject the null hypothesis. 
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Chapter 6: 
Movement and muscle ac�vity 

patern differences between young 
people with shoulder instability and 

an age-matched control group 
 

 

Seyres, Martin, Neil Postans, Robert Freeman, Anand Pandyan, Edward K. Chadwick, and Fraser 
Philp. ‘Children and Adolescents with All Forms of Shoulder Instability Demonstrate Differences in 
Their Movement and Muscle Activity Patterns When Compared to Age- and Sex-Matched Controls’. 
Journal of Shoulder and Elbow Surgery, March 2024, S1058274624001617. 
https://doi.org/10.1016/j.jse.2024.01.043. 
 
This chapter is based on an article which was proof-read and edited for publication. All data 
analysis was done by the author of this thesis and the editorial work was done in collaboration 
with the whole team. 
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6.1. Introduc�on 

The sixth chapter of this PhD covers objec�ve (A) which is to characterise Shoulder 

Instability (SI) in young people and iden�fy any observable differences compared with 

typically developing children in kinema�cs and EMG paterns. The following chapters will 

be inves�ga�ng alterna�ve ways to compare the two groups, in order to further 

discriminate individuals who may be hard to differen�ate on the basis of kinema�cs and 

EMG alone. 

This chapter uses data collected on young people aged between eight and eighteen 

recruited in two groups of shoulder instability (SI) and age and sex matched controls (CG). 

All forms of SI were included and young-people with co-exis�ng neurological pathologies 

or deficits were excluded. The par�cipants atended a single session and performed four 

unweighted and three weighted tasks in which their movements and muscle ac�vity was 

measured using 3d-movement analysis and surface electromyography (EMG) as described 

in the Methods chapter sec�on 5.2. 

The collected data is first separated in mo�ons and repe��ons. Individualised 

biomechanical models are created and scaled for each par�cipant, and inverse kinema�cs 

is used to compare joint angles. The EMG data is also processed and used to compare 

muscle ac�vi�es between groups. 

The results are presented in the form of average joint angles, maximum amplitude per 

angle, and normalised muscle ac�va�ons. Sta�s�cal analyses are then used to provide 

informa�on on the �mes of the mo�ons at which joint angles and muscle ac�vi�es were 

significa�vely different between the two groups across mo�ons. 
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6.2. Results 

6.2a. Kinema�cs 

First, individual reports are prepared for each subject. Kinema�cs results for a single 

par�cipant from the control group are presented in Fig 6.1 as an example of the 

intermediary step of inverse kinema�cs across all repe��ons of all sets. It shows the 

devia�on from normal in each specific joint over �me. The repe��ons are then averaged 

per par�cipant in each group. 
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Fig. 6.1) Joint angles for all joints and all movements of one (healthy) participant in one 
motion (Flexion). Each solid trace is a repetition, dotted black lines are the normal 
average, shaded areas indicate the two standard-deviation of the norm. The rows 
Thoraco-Scapular and Thoraco-Humeral angles describe the orientation of the scapula 
with regards to the thorax, and humerus with regards to the thorax, respectively. They 
are not real anatomical joints and are used to provide an intuitive orientation of the 
shoulder and arm. 
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Once the joint angles have been processed over �me and across all mo�ons, in all 

par�cipants of the Control Group (CG), the 95% confidence interval of the Range of 

Mo�on (RoM – maximum angle reached by a joint) is calculated and presented in the 

Table 6.1 below. It provides an indica�on of where the mean value lies for each joint 

across mo�ons, and allows iden�fying the variability associated with this group following 

the protocol used. The majority of movements have a 95% confidence interval (CI) that 

does not exceed 10°, which shows an overall good repeatability across angles and mo�ons 

as within the commonly admited minimal clinically important difference (MCDI). The 

largest CI are found in the weighted abduc�on for the planes of thoracohumeral eleva�on 

and rota�on. 

Table 6.1) Mean range of motion (RoM) [95% CI] in the CG, values for all joints and 
movements (degrees). Highlighted cells indicate 95% CI ranges ≥ 10 degrees, commonly 
assumed as a magnitude likely apparent with clinical observation. TH = thoracohumeral, ST 
= scapulothoracic, GHJ = glenohumeral joint, ACJ = acromioclavicular joint, SCJ = 
sternoclavicular joint. 

Motion Flexion 
Flexion with 

weight Abduction 
Abduction with 

weight 

Abduction at 
45° with axial 

rotation 

Abduction to 
45° with axial 
rotation and 

weight 

Hand to back 
of head 

TH plane 93.8 
[90.3, 97.3] 

96.5 
[91.1, 101.8] 

97.9 
[93.0, 102.8] 

93.8 
[86.4, 101.2] 

23.4 
[21.7, 25.1] 

24.7 
[21.9, 27.4] 

92.3 
[87.1, 97.5] 

TH angle 
129.6 

[128.1, 131.1] 
134.2 

[132.3, 136.1] 
131.6 

[130.5, 132.7] 
133.0 

[131.4, 134.6] 
16.7 

[15.4, 18.0] 
18.9 

[16.8, 21.0] 
113.3 

[111.4, 115.3] 

TH rotation 
99.1 

[95.4, 102.7] 
103.1 

[97.7, 108.5] 
99.3 

[94.4, 104.1] 
97.9 

[91.2, 104.6] 
97.3 

[95.3, 99.3] 
95.6 

[92.2, 99.0] 
106.1 

[102.4, 109.9] 

ST protraction 
24.1 

[23.1, 25.1] 
26.7 

[25.4, 27.9] 
16.9 

[15.8, 18.1] 
17.5 

[16.2, 18.8] 
10.7 

[9.9, 11.5] 
14.6 

[13.4, 15.9] 
16.5 

[15.3, 17.7] 

ST rotation 
39.5 

[38.2, 40.7] 
43.4 

[41.4, 45.5] 
42.0 

[40.4, 43.6] 
46.2 

[43.9, 48.5] 
11.8 

[10.9, 12.7] 
14.8 

[13.2, 16.3] 
37.4 

[36.3, 38.6] 

ST tilt 
32.8 

[31.1, 34.5] 
36.8 

[34.1, 39.4] 
23.2 

[21.7, 24.6] 
20.3 

[18.2, 22.4] 
8.4 

[7.8, 9.0] 
12.6 

[11.4, 13.8] 
24.5 

[23.1, 25.9] 

GHJ plane 
73.7 

[70.6, 76.7] 
79.6 

[73.7, 85.5] 
58.0 

[55.4, 60.6] 
53.5 

[49.7, 57.2] 
14.2 

[13.0, 15.4] 
18.8 

[15.1, 22.4] 
54.0 

[49.6, 58.4] 

GHJ angle  
91.4 

[89.9, 93.0] 
93.5 

[91.4, 95.6] 
98.0 

[96.6, 99.5] 
96.0 

[94.2, 97.9] 
15.3 

[14.4, 16.1] 
15.7 

[14.3, 17.1] 
81.0 

[79.3, 82.7] 
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GHJ rotation 
100.1 

[97.2, 103.1] 
102.4 

[97.5, 107.2] 
70.3 

[66.8, 73.9] 
66.6 

[62.0, 71.1] 
85.9 

[83.6, 88.2] 
86.6 

[82.9, 90.3] 
98.0 

[94.7, 101.3] 

ACJ protraction 
33.9 

[32.3, 35.5] 
36.6 

[34.0, 39.2] 
34.6 

[33.3, 36.0] 
33.5 

[31.3, 35.8] 
8.8 

[8.2, 9.5] 
14.0 

[12.6, 15.3] 
33.9 

[31.7, 36.1] 

ACJ rotation 
16.7 

[15.9, 17.4] 
17.5 

[16.5, 18.6] 
15.2 

[14.5, 16.0] 
14.0 

[13.0, 15.0] 
8.6 

[8.1, 9.0] 
9.1 

[8.4, 9.8] 
14.0 

[12.9, 15.1] 

ACJ tilt 
31.6 

[30.5, 32.8] 
33.1 

[31.5, 34.7] 
28.6 

[27.1, 30.1] 
30.8 

[28.7, 32.8] 
7.4 

[6.8, 7.9] 
8.7 

[7.8, 9.5] 
25.6 

[24.6, 26.6] 

SCJ protraction 
24.1 

[23.2, 25.1] 
26.4 

[25.2, 27.6] 
25.0 

[24.1, 26.0] 
26.9 

[25.5, 28.4] 
6.4 

[5.8, 6.9] 
9.5 

[8.6, 10.5] 
22.1 

[21.1, 23.2] 

SCJ elevation 
10.7 

[10.3, 11.1] 
13.1 

[12.4, 13.7] 
12.4 

[11.8, 12.9] 
14.5 

[13.8, 15.3] 
5.8 

[5.4, 6.3] 
7.6 

[6.9, 8.3] 
10.6 

[10.2, 11.0] 

 

The comparison of the Range of Mo�on (ROM), of the SI to the CG group, is shown in Fig. 

6.2 for the mo�on Flexion and weighted Flexion as a visual illustra�on of the differences in 

amplitude between the different angles in both groups. The complete table is available in 

Appendix Fig. 6.2 and the detailed table is on the next page. 
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RoM for mo�on Flexion 

 

RoM for mo�on Flexion with weight 

 

Fig. 6.2) RoM per group: Shoulder Instability group (SI) vs Control Group (CG). 

The boxes extend from the first to third quartile, with a line at the median. The whiskers 
extend to 1.5 times the inter-quartile range. Flier points are above the whiskers. Headings: 
TH = thoracohumeral, TS = thoracoscapular, GH = glenohumeral, AC = acromioclavicular, 
SC = sternoclavicular, elev = elevation, rot = rotation, pro = protraction. 
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The detailed comparison of the mean RoM value in both groups is presented below in 

Tables 6.2 (unweighted mo�ons) and 6.3 (weighted mo�ons). The most frequently 

occurring differences of more than 10 degrees with the control group being higher are 

observed in the Glenohumeral rota�on plane for the mo�on of flexion and abduc�on 

(both weighted and unweighted). 

Table 6.2) Mean range of motion (RoM) per group in degrees and their standard 
deviation: Shoulder Instability group (SI) vs Control Group (CG) in unweighted motions. 
The cells that are highlighted represent a difference of 10 degrees or more between the 
two groups, commonly assumed as a magnitude likely apparent with clinical observation 
and larger than the error of measurement thresholds used in clinical movement analysis. 

Motion Flexion Abduction Axial rotation Hand to head 

 SI CG SI CG SI CG SI CG 

TH plane 
91.7 

(14.2) 
93.8 

(14.7) 
106.6 
(14.6) 

97.9 
(15.6) 

22.6 
(6.8) 

23.4 
(6.1) 

97.4 
(13.0) 

92.3 
(18.7) 

TH 
elevation  

133.0 
(4.1) 

129.6 
(4.5) 

136.9 
(4.0) 

131.6 
(3.8) 

16.3 
(4.6) 

16.7 
(4.2) 

116.0 
(4.5) 

113.3 
(4.7) 

TH rotation 
99.8 

(14.0) 
99.1 

(14.8) 
106.7 
(13.7) 

99.3 
(16.0) 

94.1 
(7.4) 

97.3 
(8.3) 

104.9 
(13.2) 

106.1 
(15.1) 

TS 
protraction 

24.8 
(4.1) 

24.1 
(3.6) 

17.7 
(3.2) 

16.9 
(3.6) 

10.8 
(3.2) 

10.7 
(3.0) 

16.5 
(3.2) 

16.5 
(4.0) 

TS rotation 
39.1 
(3.2) 

39.5 
(3.4) 

39.7 
(3.2) 

42.0 
(2.8) 

12.1 
(3.3) 

11.8 
(3.4) 

33.9 
(3.0) 

37.4 
(2.7) 

TS tilt 
29.3 
(4.1) 

32.8 
(4.6) 

21.7 
(3.1) 

23.2 
(4.1) 

11.0 
(2.7) 

8.4 
(2.6) 

23.4 
(2.9) 

24.5 
(3.5) 

GHJ plane 
73.9 

(10.9) 
73.7 

(11.5) 
57.5 
(8.8) 

58.0 
(11.2) 

14.9 
(5.1) 

14.2 
(5.5) 

55.6 
(9.5) 

54.0 
(17.6) 

GHJ 
elevation 

100.7 
(4.5) 

91.4 
(5.6) 

105.4 
(3.2) 

98.0 
(4.3) 

14.3 
(3.7) 

15.3 
(4.1) 

86.4 
(4.5) 

81.0 
(6.5) 

GHJ 
rotation 

88.9 
(12.0) 

100.1 
(11.5) 

59.6 
(10.3) 

70.3 
(12.5) 

93.7 
(9.8) 

85.9 
(9.0) 

93.3 
(10.6) 

98.0 
(11.4) 

ACJ 
protraction 

32.4 
(4.1) 

33.9 
(3.9) 

32.0 
(3.0) 

34.6 
(3.3) 

10.2 
(2.5) 

8.8 
(2.7) 

29.8 
(3.2) 

33.9 
(4.8) 

ACJ 
rotation 

16.2 
(1.9) 

16.7 
(2.4) 

16.8 
(2.7) 

15.2 
(2.5) 

9.0 
(2.2) 

8.6 
(2.1) 

14.3 
(2.1) 

14.0 
(3.1) 

ACJ tilt 
31.0 
(2.5) 

31.6 
(2.3) 

28.3 
(2.5) 

28.6 
(2.2) 

7.4 
(2.2) 

7.4 
(2.3) 

24.3 
(2.1) 

25.6 
(2.3) 
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TH plane 
24.9 
(2.7) 

24.1 
(2.9) 

25.3 
(3.2) 

25.0 
(3.3) 

6.6 
(1.8) 

6.4 
(1.9) 

19.9 
(2.9) 

22.1 
(3.1) 

TH angle 
11.0 
(1.9) 

10.7 
(1.8) 

11.8 
(2.0) 

12.4 
(2.0) 

5.2 
(1.5) 

5.8 
(1.4) 

10.1 
(1.6) 

10.6 
(1.7) 

 

Table 6.3) Mean range of motion (RoM) per group in degrees and their standard 
deviation: Shoulder Instability group (SI) vs Control Group (CG) in weighted motions. The 
cells that are highlighted represent a difference of 10 degrees or more between the two 
groups, commonly assumed as a minimal clinically important difference (MCID) using 
MOCAP systems. 

Motion Flexion weight Abduction weight Axial rotation weight 

 SI CG SI CG SI CG 

TH plane 
92.2 

(11.6) 
96.5 

(12.2) 
104.4 
(14.2) 

93.8 
(14.3) 

22.7 
(6.1) 

24.5 
(6.1) 

TH elevation  
136.4 
(3.6) 

134.2 
(4.1) 

138.2 
(3.7) 

133.0 
(3.7) 

20.6 
(5.6) 

18.8 
(5.2) 

TH rotation 
97.8 

(11.8) 
103.1 
(11.2) 

101.6 
(15.8) 

97.9 
(14.0) 

94.8 
(6.0) 

95.6 
(8.6) 

TS 
protraction 

27.8 
(3.1) 

26.7 
(3.2) 

19.8 
(3.6) 

17.5 
(3.0) 

14.0 
(2.7) 

14.7 
(3.2) 

TS rotation 
44.5 
(2.6) 

43.4 
(3.2) 

43.5 
(2.6) 

46.2 
(2.5) 

15.6 
(2.8) 

14.8 
(3.0) 

TS tilt 
32.4 
(4.0) 

36.8 
(4.0) 

19.4 
(3.2) 

20.3 
(3.4) 

14.5 
(2.8) 

12.6 
(2.7) 

GHJ plane 
69.5 
(7.9) 

79.6 
(11.5) 

53.6 
(6.6) 

53.5 
(8.3) 

13.6 
(4.8) 

18.7 
(4.7) 

GHJ elevation 
99.4 
(3.7) 

93.5 
(5.0) 

104.3 
(3.4) 

96.0 
(4.2) 

16.5 
(3.9) 

15.7 
(4.8) 

GHJ rotation 
87.2 
(8.5) 

102.4 
(11.2) 

56.7 
(8.9) 

66.6 
(11.0) 

91.9 
(8.4) 

86.5 
(9.4) 

ACJ 
protraction 

35.6 
(3.7) 

36.6 
(3.9) 

32.0 
(2.7) 

33.5 
(3.2) 

14.3 
(3.1) 

13.9 
(3.1) 

ACJ rotation 
17.3 
(1.9) 

17.5 
(2.2) 

17.0 
(2.5) 

14.0 
(2.1) 

10.8 
(2.4) 

9.1 
(2.3) 

ACJ tilt 
33.2 
(1.8) 

33.1 
(2.3) 

28.6 
(2.0) 

30.8 
(1.8) 

9.3 
(1.9) 

8.7 
(2.0) 

TH plane 
26.9 
(2.4) 

26.4 
(2.2) 

26.6 
(2.5) 

26.9 
(2.0) 

9.8 
(2.0) 

9.6 
(2.2) 

TH angle 
13.1 
(1.8) 

13.1 
(1.8) 

14.3 
(1.5) 

14.5 
(1.5) 

6.9 
(1.2) 

7.6 
(1.3) 
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The sta�s�cal differences, using Sta�s�cal Parametric Mapping (SPM) described in the 

literature review chapter 3.4.5, are presented below in Fig 6.3. The main interest of SPM in 

this applica�on is to highlight the differences between the SI and CG groups throughout 

the �me series of each mo�on and angle. 

The angles the most sensi�ve to Shoulder Instability pathology are the sternoclavicular 

protrac�on/retrac�on and eleva�on/depression planes that have consistent differences 

across the en�re movement cycle, in all movements. The SI group adopts a more 

protracted and elevated sternoclavicular joint, and this is accompanied in most 

movements by less internal rota�on and upward �lt at the acromioclavicular joint. 

Overall, most angles and mo�ons exhibit a degree of sta�s�cal difference at some point 

throughout the movement, apart from the glenohumeral eleva�on plane in flexion 

(weighted and unweighted) and axial rota�on with weight, and the acromioclavicular 

protrac�on/retrac�on in axial rota�on (weighted and unweighted). 
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Fig. 6.3) Comparison of joint kinematics per group (SI vs CG) showing angles for all joints 
and all movements, following inverse kinematics. Lines show mean group angles, shaded 
areas indicate the two standard deviations, and the orange bars on the horizontal axis 
highlight regions of statistically significant difference between groups using statistical 
parametric mapping (SPM). 

 

The thoracohumeral and thoracoscapular angles are also reported separately in Fig 6.4. 

They are non-ar�cula�ng joints, or rela�ve orienta�ons between segments not directly 

linked via a single anatomical joint (and therefore not part of the model’s kinema�c chain). 

They are shown to reflect the clinician’s observa�on in prac�ce with the posi�ons of the 

arm and scapula with respect to the thorax. The thoraco-humeral angles show no 

difference in flexion and weighted flexion, and litle difference in abduc�on and weighted 

abduc�on, despite differences in joint angles within the shoulder girdle. 
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Fig. 6.4) Kinematics per group (SI vs CG) showing thoracohumeral and thoracoscapular 
angles for all movements. Lines show mean group angles, shaded areas indicate the two 
standard deviations, and the orange bars on the horizontal axis highlight regions of 
statistically significant difference between group using statistical parametric mapping 
(SPM). 
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6.2b. Muscle ac�vity 

The EMG data was normalised to the maximum encountered ac�va�on across any of the 
movement ac�vi�es, weighted and unweighted tasks. The number of �mes this maximum 
value was encountered in each task is shown in Table 6.4 which is used as a manual sanity 
check in the scaling or normalisa�on procedure. 

Table 6.4) Overview of in which movement each muscle (EMG) found its reference 
normalisation value in all participants of CG and SI group. 

Mo�on 
Trap. 
middle 

Deltoid 
Ant. 

Deltoid 
Post. 

Lat. 
Dorsi 

Pect. 
Major 

Infraspin. Triceps Biceps 

Flexion 

 

1 

 

2 

 

1 

 

0 

 

1 

 

0 

 

1 

 

1 

 
Abduc�on 

 

3 

 

6 

 

0 

 

0 

 

0 

 

0 

 

1 

 

0 

 
Axial 

�  45 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 
Hand to 

h d 

 

0 

 

0 

 

1 

 

0 

 

0 

 

1 

 

0 

 

6 

 
Flexion with 

i h  

 

3 

 

6 

 

1 

 

0 

 

11 

 

3 

 

2 

 

5 

 
Abduc�on 

i h i h  

 

19 

 

15 

 

12 

 

4 

 

3 

 

3 

 

6 

 

1 

 
Axial 

�  45 

  

 

1 

 

0 

 

0 

 

1 

 

0 

 

4 

 

0 

 

0 

 
Grip 

 

0 

 

0 

 

0 

 

3 

 

1 

 

0 

 

3 

 

0 

 
Shoulder 

l l 

 

 

0 

 

0 

 

0 

 

2 

 

0 

 

14 

 

0 

 

0 

 
Shoulder 

ll 

 

0 

 

0 

 

11 

 

16 

 

1 

 

0 

 

2 

 

0 

 
Shoulder 

h 

 

0 

 

1 

 

0 

 

0 

 

11 

 

0 

 

2 

 

0 

 
Shoulder 

h  

 

3 

 

0 

 

0 

 

0 

 

1 

 

0 

 

0 

 

0 

 
Elbow 

i  

 

0 

 

0 

 

4 

 

4 

 

0 

 

1 

 

12 

 

0 

 
Elbow 

fl i  

 

0 

 

0 

 

0 

 

0 

 

1 

 

0 

 

1 

 

15 

 
Wrist 

i  

 

0 

 

0 

 

0 

 

0 

 

0 

 

4 

 

0 

 

0 

 
Wrist flexion 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

2 
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Par�al results for a single par�cipant (Fig. 6.5) are shown as an illustra�on of the 

intermediary step of EMG processing to obtain normalised RMS values for each muscle 

ac�vity and mo�on. The repe��ons are then averaged per par�cipant in each group. 

  

Fig. 6.5) Single muscle EMG for one participant (waveform), raw (left) and normalised rms 
(right), showing all repetitions of the motion Flexion. 

 

The EMG and sta�s�cal differences on EMG (Fig. 6.6) show no differences in the 
Pectoralis major muscle in any of the movements, while the La�ssimus dorsi shows 
differences across all tasks through nearly the whole �me series with decreased 
normalised ac�vity in the Shoulder Instability group. 

In general, unweighted tasks tend to have more sta�s�cal differences in muscle ac�vity 
overall compared to weighted versions. 

In general, when compared to the CG group, the SI group has: 

- increased normalised ac�vity of their middle trapezius (mainly start and end of mo�on), 

posterior deltoid (mainly in the middle of the mo�on) and biceps muscles, 

- decreased ac�vity of their la�ssimus dorsi (consistently), triceps and anterior deltoid 

(mainly in the middle of the mo�on). 

It appears that, in the Shoulder Instability group, muscles which control scapular 
movement on the posterior compartment of the body (middle trapezius, posterior deltoid) 
have a higher normalised ac�vity than in the Control Group whilst muscles that primarily 
control humeral movement (la�ssimus dorsi and triceps) have a lower normalised ac�vity. 
However, the inverse is true for muscles on the anterior por�on of the body with 
increased biceps and decreased anterior deltoid ac�vity. 
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Fig. 6.6) EMG per group (SI vs CG) for all muscles and all movements. Lines show mean group 
activity, shaded areas indicate the two standard deviations, and the orange bars on the horizontal 
axis highlight regions of statistically significant difference between group using statistical 
parametric mapping (SPM). 

Within the Shoulder Instability group is iden�fied a subgroup of par�cipants that are 

virtually indis�nguishable from the norm for a given mo�on. In other words, where the 

average across all repe��ons of all joint angles of the model falls within two standard 

devia�ons of the norm throughout the whole �meseries. The informa�on is presented in 

table 6.5 below, and 11/15 par�cipants had at least one such mo�on iden�fied. The two 

mo�ons that were iden�fied across most par�cipants were axial rota�on and weighted 

axial rota�on (8 and 10/15 respec�vely), while abduc�on and weighted abduc�on were 

only iden�fied in one specific par�cipant. For comparison purposes, the same table for the 

individuals of the Control Group is in Appendix Table 6.5. 
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Table 6.5) Identifying the participants from the SI group that have motion across all 
angles of the model indistinguishable from normal kinematics, at each time step. 

Par�cipants 
from SI group Flexion Abduc�on 

Axial 
rota�on 

45 

Hand 
Head 

Flexion 
with 

weight 

Abduc�on 
with 

weight 

Axial 
rota�on 
45 with 
weight 

0WL1RZ767E       TRUE 

7SJS0JZX3A TRUE TRUE TRUE TRUE  TRUE TRUE 

7X0AGZUZFG        

26MIB6XDC6   TRUE  TRUE  TRUE 

905G3EUHWJ   TRUE    TRUE 

B6SNJ3SBIW        

CL966HXS0C   TRUE     

FEH3JSLARJ       TRUE 

HACIMVVX5A   TRUE    TRUE 

PJ3URGRTWJ        

S6IRQQNB3G        

TKTEK8R7A0   TRUE    TRUE 

WWO521323K   TRUE    TRUE 

WX3800CYC3 TRUE    TRUE  TRUE 

YRG37Y39YS   TRUE    TRUE 

 

Within those mo�ons, the muscle ac�vi�es that are within two standard devia�ons of the 
norm are also assessed and presented Table 6.6. Each par�cipant has, in every mo�on 
iden�fied as normal, at least one muscle whose ac�vity was within the norm. Those 
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normal muscles across normal mo�ons of the par�cipants of the subgroup will be referred 
to as “subset”. 

Across all par�cipants, two mo�ons (axial rota�on unweighted and weighted) showed the 

highest number of muscles with normal ac�vity (2 to 3 instead of 1 to 2 for the other 

tasks).  

The muscles are consistently Pectoralis Major, La�ssimus Dorsi and Deltoid Posterior for 

unweighted axial rota�on, and Pectoralis Major and La�ssimus Dorsi for weighted axial 

rota�on. 
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Table 6.6) Within the kinematics that were identified as normal in the subgroup, this 
table describes the muscles for which the EMG was within two standard deviations of 
the norm. Shaded cells are normal motions, and contain the name of the muscles with 
normal activity if any. 

Participants 
from SI group 

Flexion Abduction 
Axial 

rotation 
Hand 
Head 

Weight 
Flexion 

Weight 
Abduction 

Weight 
Axial 

0WL1RZ767E       
['LatDorsi; ', 
'PecMajor; '] 

7SJS0JZX3A ['LatDorsi;] 
['InfraSpin; ', 
'PecMajor; '] 

['DeltPost; ', 
'LatDorsi; ', 

'PecMajor; '] 

['LatDorsi; ', 
'PecMajor; '] 

 
['LatDorsi; ', 
'PecMajor; '] 

['LatDorsi; ', 
'PecMajor; '] 

7X0AGZUZFG        

26MIB6XDC6   
['DeltPost; ', 
'LatDorsi; ', 

'PecMajor; '] 
 ['LatDorsi; ']  

['LatDorsi; ', 
'PecMajor; '] 

905G3EUHWJ   
['DeltPost; ', 
'LatDorsi; ', 

'PecMajor; '] 
   

['LatDorsi; ', 
'PecMajor; '] 

B6SNJ3SBIW        

CL966HXS0C   
['DeltPost; ', 
'LatDorsi; ', 

'PecMajor; '] 
    

FEH3JSLARJ       
['LatDorsi; ', 
'PecMajor; '] 

HACIMVVX5A   
['DeltPost; ', 
'LatDorsi; ', 

'PecMajor; '] 
   

['LatDorsi; ', 
'PecMajor; '] 

PJ3URGRTWJ        

S6IRQQNB3G        

TKTEK8R7A0   
['DeltPost; ', 
'LatDorsi; ', 

'PecMajor; '] 
   

['LatDorsi; ', 
'PecMajor; '] 

WWO521323K   
['DeltPost; ', 
'LatDorsi; ', 

'PecMajor; '] 
   

['LatDorsi; ', 
'PecMajor; '] 

WX3800CYC3 
['LatDorsi; 

'] 
   ['LatDorsi; ']  

['LatDorsi; ', 
'PecMajor; '] 

YRG37Y39YS   
['DeltPost; ', 
'LatDorsi; ', 

'PecMajor; '] 
   

['LatDorsi; ', 
'PecMajor; '] 
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6.3. Discussion 

The objec�ve of this chapter was to characterise Shoulder Instability (SI) in young people 

and iden�fy any observable differences compared with typically developing children in 

kinema�cs and EMG paterns. Fundamental research evalua�ng mechanisms for shoulder 

instability in young people is very limited and this cohort is one of the youngest evaluated 

(Bateman 2019, Jaspers 2011). This chapter provides evidence that differences in ranges 

of mo�on, kinema�cs and muscle ac�vity exist between the Control and Shoulder 

Instability groups. Addi�onally, a hypothesis was made that “some shoulder instability 

pa�ents may be kinema�cally indis�nguishable from a healthy control group”, which was 

found proven true as subgroup of par�cipants from the SI group exhibit normal kinema�cs 

and muscle ac�vity. Subgroup will refer to the list of par�cipants (from SI) that had at least 

one normal muscle and mo�on, and Subset will refer to the list of normal muscle mo�ons 

from all par�cipants of the Subgroup. 

In the kinema�cs results, while the overall thoracohumeral angles, and therefore arm 

posi�ons are similar between groups, the SI group demonstrates different movement 

strategies across the joints of the shoulder girdle to achieve arm posi�oning, mainly at the 

sternoclavicular and acromioclavicular joints. This led the SI group to adopt a more 

protracted and elevated sternoclavicular joint during the mo�ons, which was o�en 

accompanied by less internal rota�on and upwards �lt at the acromioclavicular joint. 

Surprisingly, the SI group exhibits higher range of mo�on in arm eleva�on (both 

glenohumeral and scapulohumeral) than the CG. While the SI group is likely to present 

with increased laxity, a protec�ve behaviour limi�ng the overall RoM could have been 

expected, as is found in Robinson et al. (2006) in a study on 252 par�cipants. The fact that 
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the tasks were constrained with the indica�on of raising the arm up towards the ceiling 

during data collec�on might however not be representa�ve of the full poten�al range of 

mo�on of both groups. Addi�onally, the mixed popula�on of trauma�c and atrauma�c 

par�cipants with different direc�ons of instability could have influenced these results and 

make comparisons to other studies difficult. 

Differences in EMG paterns do exist, and in general weighted tasks tended to have fewer 

differences in muscle ac�vity compared to unweighted versions. This result was expected, 

as higher degrees of contrac�on would be present in all par�cipants when increasing 

weights, and therefore reducing the difference between the two groups. 

When comparison to other studies is possible, the muscles posterior deltoid, infraspinatus 

and triceps muscles are found to have higher normalised muscle ac�vi�es in the SI group, 

and decreased ac�vity for the muscle deltoid anterior, in accordance with Illyes (2007, 

2009) and Spanhove (2021, 2022). The biceps however in our research shows higher 

ac�vity in SI than in CG, contrary to other published studies (Illyes 2007, 2009, Spanhove 

2021). This difference might be due to the fact that whilst movements between studies 

were broadly similar, they might not have been kinema�cally iden�cal, and contradictory 

results between studies regarding the triceps have been found (Spanhove, 2020). 

EMG SPM results showed that the La�ssimus Dorsi was consistently different across all 

tasks. It is the only muscle crea�ng a direct link between the humerus and the spine and 

pelvic area, and has therefore some degree of ac�vity in all mo�ons of the upper limb. 

This can explain the fact that it reflects any difference in muscle ac�vity of the shoulder 

girdle. Considering the kinema�c differences, it is therefore expected to have differences 

in all mo�ons. The pectoralis major muscle showed no sta�s�cal difference between the 
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two groups. It is not expected to provide significant ac�vi�es when not performing a task 

against resistance and ac�ng concentrically. It accompanies the mo�ons during the 

eleva�on, and as the arm is lowering down with gravity the agonists of the eleva�on 

provide most of the work eccentrically. Other deeper muscles, such as the subscapularis, 

might show more ac�vity and differences. 

We have also iden�fied a subgroup of SI par�cipants that have mo�ons virtually 

indis�nguishable from the norm. The mo�on that was iden�fied the most o�en was axial 

rota�on at 45° abduc�on (weighted and unweighted). Within those, some muscles had 

ac�vi�es consistently within the norm, namely Pectoralis Major, La�ssimus Dorsi and 

Deltoid Posterior. In this limited mo�on, these muscles are constrained to their specific 

role of internal and external rotator. This can explain that they only show differences in 

their ac�va�ons in mo�ons with larger amplitudes, where they will also have a stabilising 

role throughout the full range of mo�on. The high constraints on the way to perform the 

mo�on of axial rota�on offers limited possibility of kinema�c varia�on, and the results 

show that it is therefore more likely to find normal angles and ac�vi�es. 

This subgroup of shoulder instability par�cipants with normal kinema�cs and muscle 

ac�vi�es (referred to as “subset”) will be used in objec�ve C. This objec�ve will test the 

ability of a musculoskeletal model to discriminate these par�cipants from the control 

group based on predicted muscle ac�va�ons derived from the kinema�cs alone. 
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Chapter 7: 
How well does the model predict 

muscle ac�vi�es from kinema�cs in 
the control group? 
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7.1. Introduc�on 

Chapter 6 (objec�ve A) defined kinema�c and EMG differences between a normal and a 

shoulder instability group. The second objec�ve (B) of this PhD is to use musculoskeletal 

modelling techniques to predict muscle ac�va�ons in the healthy group, based on the 

kinema�c data alone. This is used to define a baseline of a) which muscles are most 

reliably predicted using our techniques and b) reference value of the theore�cally muscle 

ac�va�ons for each muscle for comparison with EMG. It is a pre-requisite for objec�ve C 

that will assess any differences between the normal and shoulder instability groups’ 

muscle ac�vity based on the sta�c op�misa�on results. 

This chapter 7 is based on the upper-limb models and on the inverse kinema�cs results of 

the Control Group (CG) dataset from chapter 6. For each repe��on of each mo�on, the 

joint moment is calculated at every �me step as detailed in the Methods sec�on (5.2). The 

load is then further distributed between the different actuators (i.e. muscles) in order to 

compute the ac�va�ons that would lead to each individual mo�on based on the chosen 

cost func�on. As there are more muscles crossing a joint than there are degrees of 

freedoms, leading to infinite possible combina�ons of muscle ac�vi�es for each mo�on. 

This muscle redundancy defines an underdetermined system, and op�misa�on following a 

specific cost func�on minimising the ac�va�ons allows to find unique solu�ons, as 

described in the Sta�c Op�misa�on parts of the literature review (3.4.4) and methodology 

(5.2). The control quality check were performed as described in the methodology. 

The results are presented in the form of average Root Mean Square Error (RMSE) values 

and output from correla�on analyses, between the predicted muscle ac�va�on and 

measured EMG. Results are provided for the muscles of the model for which reference 
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experimental EMG data are available (middle-trapezius, infraspinatus, la�ssimus dorsi, 

deltoid posterior and anterior, and pectoralis major) and provide a baseline or reference of 

how accurate our predic�ons of muscle ac�va�ons are using this pipeline for a given 

mo�on and muscle. The results are meaningful in the ability of the model to predict 

muscle ac�va�ons based on individual kinema�cs in healthy individuals, which is a 

different approach than that of Chapter 6 that defined a norma�ve muscle ac�va�on 

patern for all possible normal kinema�cal varia�ons of a given mo�on as discussed in the 

conclusion of the literature review.  
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7.2. Results 

The results for a single repe��on of a single par�cipant are shown as an illustra�on of 

the intermediary steps of the Sta�c Op�misa�on process across all repe��ons of all sets 

(Fig. 7.1). The difference between the two waveforms is highlighted with a shaded area, 

and this difference is quan�fied using RMSE and correla�on. All values are scaled to the 

maximum value encountered in the dataset. Therefore, the EMG data of the Deltoid 

Anterior (shown below) is scaled to the maximum value it had across all repe��ons and 

mo�ons, and the predicted ac�va�on is scaled to the maximum value of the predicted 

ac�va�on encountered across all repe��ons and mo�ons. 

 

Fig. 7.1) Example based on one repetition of one motion of one participant: the blue solid 
line is the predicted activation from the static optimisation, the blue dotted line is the 
experimental EMG, the shaded area is the difference (graphical representation of the 
RMSE value that is shown in the top right legend). 
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7.2a. Root Mean Square Error results 

The RMSE analysis of the Sta�c Op�misa�on process on the Control Group dataset shows 

that some mo�ons and muscles are beter predicted than others. A graphical illustra�on of 

one high and one low score is presented below in Fig. 7.2. 

 

 

Fig. 7.2) Illustration of two the RMSE values between the static optimisation result (muscle 
activation prediction) and the experimental EMG. Top is a low value, meaning the 
prediction is in reasonable agreement with the experimental EMG, and more accurate 
than the bottom picture with a high value (which shaded area is increased). 
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Considering all the muscles, Table 7.1 below shows that the predic�on of each unweighted 

mo�ons is beter (lowest average RMSE value) than its corresponding weighted mo�ons. 

The mo�ons where ac�vi�es are the most accurately predicted on average are the 

unweighted ones (the best being unweighted axial with RMS of 0.09), and the least 

accurately predicted are the weighted ones (worst being weighted abduc�on with a RMSE 

of 0.21). 

The muscles Deltoid Posterior and La�ssimus Dorsi (RMS 0.12 for both) and Pectoralis 

Major (RMS 0.13) are the most accurately predicted across all mo�on, while Infraspinatus 

(worst with RMS 0.20), Deltoid Anterior and Trapezius are the less accurately predicted. 

The overall best predic�ons are found in Deltoid Posterior for axial rota�on unweighted 

(best with RMS 0.05) and weighted, hand head and flexion, as well as pectoralis major for 

axial (unweighted) and hand head. The worse overall is Infraspinatus (worst with RMS 

0.32) for weighted axial rota�on, Trapezius and Deltoid anterior for weighted abduc�on. 
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Table 7.1) This table summarises the ability of our model to predict the experimental EMG 
in the control group. Each value corresponds to the average RMSE (of all repetitions of all 
participants) between the waveforms of the predicted muscle activations (results from the 
Static Optimisation analysis) and of the experimental surface EMG. Green cells highlight the 
best predictions, and darker shades of green indicate lower errors. 

RMSE CG 

Trapezius 

Middle 

Deltoid 

Anterior 

Deltoid 

Posterior 

Lat. 

Dorsi 

Pect. 

Major 
Infra Average 

Flexion 0.13 0.13 0.11 0.10 0.14 0.13 0.12 

Weight 

flexion 0.19 0.21 0.15 0.15 0.23 0.22 0.19 

Abduc�on 0.19 0.17 0.13 0.13 0.09 0.15 0.14 

Weight 

abduc�on 0.27 0.25 0.22 0.16 0.17 0.19 0.21 

Abd45 0.10 0.11 0.05 0.07 0.05 0.18 0.09 

Weight 

abd45 0.16 0.21 0.08 0.11 0.14 0.32 0.16 

Hand head 0.14 0.11 0.07 0.13 0.06 0.20 0.11 

Average 0.17 0.17 0.12 0.12 0.13 0.20  

 

 

The differences between muscles and mo�ons, as well as their spread, are shown 

graphically in Fig 7.3. Some mo�ons have lower average RMSE difference values than 

others, and within each mo�on the muscles have different RMSE values as well. No muscle 
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or mo�on has a systema�cally smaller spread. The plots for all mo�ons are in Appendix 

Fig. 7.3 for reference. 

  

Fig 7.3) Showing the RMSE values of the predicted muscle activation from Static Optimisation 
versus the measured EMG, in the Control Group, of selected motions. Each violin plot has a line 
for the maximum, median, and minimum value. The mean value is shown as text above and as a 
black line on the plot. The shape extends to 1.5 times the inter-quartile range, showing the outlier 
points on either side of the distribution. Headings: Delt A = Deltoid Anterior, Delt P = Deltoid 
Posterior, Infra = Infraspinatus, Lat = Latissimus, Trap = Trapezius, Pect = Pectoralis Major. 
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7.2b. Correla�on results 

As RMSE only considers the amplitude of the difference between the measured EMG and 

predicted muscle ac�va�on, and does not take the shape of the waveforms into account, a 

non-amplitude correla�on approach or correla�on analysis was performed that measures 

the similarity between two signals. The results are first presented in the form of Pearson 

correla�on coefficient values, which informs, on average, on how well each waveform of 

the experimental EMG matches that of the predicted ac�va�ons (Table 7.2). The higher 

the value, the beter the match. 

Table 7.2) Summary of the waveform agreement between the predicted waveform of 
muscle activations and the experimental EMG. Each value corresponds to the Pearson 
correlation coefficient, across all repetitions of all participants of the CG dataset. Darker 
cells highlight the best predictions (higher values). 

Correla�on 
measure CG 

Trapezius 
Middle 

Deltoid 
Anterior 

Deltoid 
Posterior 

Lat. 
Dorsi 

Pect. 
Major 

Infra Average 

Flexion 0.21 0.57 0.06 0.1 0.31 0.43 0.28 

Weight 
flexion 0.22 0.6 0.11 0.04 0.45 0.53 0.32 

Abduc�on 0.2 0.53 0.24 -0.01 0.28 0.23 0.24 

Weight abd 0.24 0.59 0.2 0.01 0.17 0.36 0.26 

Abd45 -0.02 -0.04 0.07 0.09 0 0.42 0.09 

Weight 
abd45 0.1 0.1 0.16 0.08 0.15 0.25 0.14 

Hand head 0.21 0.57 -0.11 0.08 0.09 0.46 0.22 

Average 0.17 0.42 0.1 0.06 0.21 0.38  
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The Pearson coefficient analysis shows complementary results to those of the RMSE 

analysis. The predic�ons of the weighted mo�ons have a beter waveform agreement to 

the experimental EMG than the unweighted versions do. The best mo�ons overall are the 

flexion weighted (0.32) and unweighted (0.26), and the worst mo�on is the unweighted 

axial rota�on (“Abd45”, 0.09). 

On a per-muscle basis, across all mo�ons, the best agreement is found in the Deltoid 

Anterior (0.42) and Infraspinatus (0.38) and the lowest agreement is found in the muscle 

La�ssimus Dorsi (0.06) and Deltoid Posterior (0.1). 

Overall, the best agreement is found in the Deltoid Anterior for the mo�on weighted 

abduc�on (0.59), flexion and hand-to-head (0.57). The lowest agreement is found in the 

muscle Pectoralis Major in the mo�on of unweighted axial rota�on (0). 
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The table below illustrates the different cases of high and low agreement between RMSE 

and correla�on measures. 

RMSE: good match (low value) 
CORR: good match (high value) 

Deltoid Anterior, in mo�on Flexion 

 
 

RMSE: poor match (high value) 
CORR: poor match (low value) 

Trapezius, in mo�on weighted abduc�on 

 

RMSE: good match (low value) 
CORR: poor match (high value) 

Deltoid Posterior, in mo�on Flexion 

 

RMSE: poor match (high value) 
CORR: good match (high value) 

Infraspinatus, in mo�on w. axial rota�on

 
Fig. 7.4) Illustration of four RMSE and correlation values between the static optimisation 
result (muscle activation prediction) and the experimental EMG. 
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7.3. Discussion 

The objec�ve of this chapter was to use musculoskeletal modelling techniques to predict 

muscle ac�va�ons in the healthy group, based on the kinema�c data alone, and to define 

baselines of which muscles are most reliably predicted using our techniques as well as 

reference value for each muscle. 

The results have been presented in the form of average Root Mean Square Error (RMSE) 

values and output from correla�on analyses, between the predicted muscle ac�va�on and 

measured experimental EMG. 

The results for RMSE value, in the CG dataset, show that the amplitude of muscle ac�vity 

throughout the mo�on is more accurately predicted by the model in the unweighted 

mo�ons than in weighted mo�ons, which could be explained by the underlying 

assump�on made in the cost func�on used which minimises muscle ac�va�ons. This 

assump�on might not hold true when weight is involved in prescribed mo�ons used in this 

protocol, meaning that adding weight induces more co-contrac�on than the model 

predicts. 

The most accurate predic�on, based on RMSE values, was for the mo�on unweighted axial 

rota�on which represents a very narrow range of mo�on and reduces the possible muscle 

ac�va�ons to generate the mo�on. 

The combined mo�on hand-to-head (unweighted) yielded an overall beter accuracy than 

the (unweighted) physiological mo�ons flexion and abduc�on, and the best predicted 

muscles (lowest RMSE) are also in hand-to-head mo�on. It might seem counter-intui�ve at 

first that a combined mo�on is beter predicted than simple physiological ones that 

require less joint and angle combina�ons and therefore can be expressed in simpler ways. 
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However, two elements could explain this result. A less restric�ve mo�on performed in a 

more natural way could be beter represented by our cost func�on, as the subjects might 

not have had the opportunity to op�mise their control strategies for new and unfamiliar 

tasks. This specific mo�on has less range of mo�on in humeral eleva�on than the others 

(to the excep�on of axial rota�on which yielded the best results), and might therefore be 

less impacted by the limita�ons of our model in defining scapular mo�on in high 

eleva�ons as described in the Methods chapter. Addi�onally, it is possible that par�cipants 

over-contracted as they reached full eleva�on. 

The best predicted muscles across all mo�ons are the Deltoid Posterior, as well as 

La�ssimus Dorsi and Pectoralis Major that are both expected to have less ac�va�on and 

contribu�on overall which could explain why they have such low RMSE scores. 

The less well predicted muscles overall are Deltoid Anterior and Trapezius. The 

normalisa�on has been done based on the highest value of each muscle across all mo�ons 

for reasons detailed in the literature review, which differs from a conven�onal Maximum 

Voluntary Contrac�on approach) although both the experimental EMG and the predicted 

ac�vi�es are normalised the same way so that to a) not impact the results and b) be 

repeatable. This less accurate predic�on could be explained, for the Deltoid, by the way 

the muscle fibers are modelled that might not match the anatomical placement of the 

EMG used in the experimental setup. The Deltoid is a large muscle composed of many 

fibers, and, as seen in the literature review chapter, up to 19 segments organised in seven 

groups have been detected in this muscle (Brown et al. 2007). Muscles are typically 

modelled with fewer actuators than there are physiological muscle fibers or segments in 

order to match the moment arm at the joint level as it is the case in this study. Special care 
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can be given in the construc�on of the model in order to match specific muscle segments 

as it could be the case for the Deltoid. Therefore, the amplitude might differ, and this idea 

is further reinforced by the good results of the Deltoid Posterior. 

The infraspinatus and trapezius are highly sensi�ve to the posi�on of the scapula, which is 

a known limita�on of our model and can explain the high RMSE showing a poor 

predic�on. 

Limita�ons of the RMSE analysis are illustrated in 7.3, as it only provides informa�on on 

the overall match of the two waveforms and therefore does not allow to differen�ate 

between one small area of large discrepancy and a con�nuous small difference. For this 

reason, the correla�on analysis is conducted. 

The results for the Pearson correla�on analysis cast light on a different aspect of the 

difference between the EMG and the predic�on and take the general shape of the 

waveform into account. Some of the results of the correla�on measures are different to 

those of the RMSE. Par�cipants might find it difficult to completely relax a muscle 

especially when repea�ng a mo�on despite the instruc�ons and the res�ng �me allowed 

as described in the Methodology chapter, and in addi�on a baseline noise might be 

present on the EMG. Therefore, the beginning and end of the mo�ons are likely to have a 

larger impact on the correla�on value (with the trend of the waveform being different) 

than on the RMSE value (as it is generally on small ac�va�ons). In addi�on, the predicted 

ac�va�ons can be under es�mated mid-mo�on (at the peak) as par�cipants could over 

ac�vate their muscles, which can also have a significant impact on the correla�on value. 

A direct comparison to other studies is challenging due to varia�ons in the movements 

conducted, number and selec�on of muscles measured, models and scaling methods, and 
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more importantly different popula�ons, and therefore these results provide a novel and 

significant addi�on to the literature. However, the predic�on of the correla�on analyses is 

in accordance with the original publica�on (Wu, 2016) of the model that found a generally 

good agreement in the �ming of ac�vity or no ac�vity from the result of sta�c 

op�misa�on compared to surface EMG in a series of func�onal tasks, despite a highly 

different popula�on used (six healthy adult males). 

In summary, RMSE appears to present less limita�ons than correla�on measures to assess 

the quality of predic�on using the chosen methodology. The best (RMSE) predicted 

muscles are the Deltoid Posterior, La�ssimus Dorsi and Pectoralis Major in unweighted 

mo�ons, and more specifically in unweighted axial rota�on. This chapter established a 

baseline of how accurately this specific modelling method predicts muscle ac�va�ons in a 

series of normal mo�ons, and the next chapter will inves�gate any exis�ng difference in 

the predic�on abili�es of the Shoulder Instability dataset. 
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Chapter 8: 
Differences in muscle ac�va�on 

predic�on abili�es between Control 
and Shoulder Instability groups 
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8.1. Introduc�on 

The third and final objec�ve of this PhD is to assess our ability to discriminate or classify 

two groups based on muscle control alone. Chapter 7 (objec�ve B) defined a baseline of 

the difference to be expected between the predicted ac�va�ons and the recorded EMG 

signals (for each muscle and mo�on) in a non-pathological group (control group “CG”). 

This current chapter applies the same methodology to the Shoulder Instability (SI) group, 

in other words using Sta�c Op�misa�on based on the unique kinema�cs of each mo�on. 

The descrip�on, general strengths and weaknesses of this methodology have already been 

covered in the previous chapter. 

The results of the Sta�c Op�misa�on of the SI group are presented as a direct 

comparison to those of the CG group in sec�on 1), in order to highlight any difference in 

the predic�ons across muscles and mo�ons, based on a) RMSE values, and b) correla�on 

measures. Sta�s�cal analyses are then performed in c) to calculate any significant 

differences between the model’s ability to predict muscle ac�va�ons in the two groups. 

Finally, in sec�on 2) Sta�c Op�misa�on and a sta�s�cal analysis are used on the 

subgroup of par�cipants of the SI group that exhibited normal kinema�cs and muscle 

ac�vity paterns (referred to as “subset”). In chapter 6, a subgroup of the SI group was 

iden�fied that has kinema�cs falling within the norm for specific mo�ons, and normal 

muscle ac�vity within these mo�ons. This makes them virtually indis�nguishable from a 

par�cipant of the Control Group with the standard use of a mo�on capture and surface 

EMG systems following our protocol. This subset, that comprises a list of mo�ons and 

muscles for the  par�cipant of the subgroup, is par�cularly interes�ng to analyse as it 

directly tests the main hypothesis which states that known pathological par�cipants who 
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are kinema�cally indis�nguishable from the norm can be differen�ated on the basis of 

their muscle control alone. Therefore, the purpose of this chapter is to highlight any 

observable difference in the results in order to be able to iden�fy pathological par�cipants 

that would otherwise be considered to be within kinema�cal and EMG norms. 

  



129 
 

8.2. Differences between Control and Shoulder Instability groups 

The intermediary results of the Sta�c Op�misa�on analysis on the Shoulder Instability 

group – following a similar methodology to Chapter 7 on the Control Group - are available 

in the Appendix (Tables 8.01-2. Fig. 8.01). The following sec�ons directly compare the 

results. 

8.2a. RMSE analysis  

Considering the two cohorts together the RMSE values that describe the difference 

between the predicted ac�va�on from SO and the experimental EMG are consistent with 

the previous analyses of each group individually. Table 8.1a shows where the model is best 

at predic�ng muscle ac�va�ons considering all par�cipants of the study (both groups), and 

table 8.1b shows which muscle and movement are more diagnos�c, meaning the 

difference of accuracy of predic�on between the two groups. The informa�on is also 

presented in a single summary table in Appendix Table 8.1. 
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Table 8.1a) Average of the RMSE values of the two groups, showing where the model is 
best considering all participants of the study. The lower the value, therefore the darker 
the cell, the better the prediction. Value: RMSE between predicted muscle activity (SO) 
and experimental EMG. 

 Trapezius 
Delt. 

Ant 

Delt. 

Post 

Lat. 

Dorsi 

Pect. 

Maj 
Infraspin. Total  

Flexion 0.14 0.14 0.115 0.09 0.15 0.125 0.76 

Weight 

flex. 
0.19 0.23 0.155 0.13 0.24 0.21 1.16 

Abduct 0.20 0.19 0.14 0.12 0.095 0.15 0.90 

Weight 

abd. 
0.27 0.26 0.23 0.135 0.16 0.195 1.25 

Abd45 0.11 0.115 0.055 0.06 0.065 0.17 0.58 

Weight 

abd45 
0.16 0.215 0.09 0.09 0.16 0.295 1.01 

Hand head 0.145 0.125 0.075 0.12 0.07 0.17 0.71 

Total per 

muscle 
0.1735 0.18 0.125 0.105 0.135 0.19 0.91 

Total 1.38 1.46 0.99 0.85 1.08 1.51   

 

The overall model’s ability to predict muscle ac�vi�es, considering both groups (in the 

column “Total”), is best in all unweighted tasks than in all weighted tasks, and therefore 

each ac�vity is beter predicted in its unweighted version. The best overall mo�on 

considering all muscles being unweighted axial rota�on, and the worst being weighted 
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abduc�on. The model also yields more accurate results (row “Total”) in es�ma�ng the 

ac�vi�es of the la�ssimus dorsi (best), deltoid posterior and pectoralis major, and 

oppositely it has less accurate results with the muscles infraspinatus (worst), trapezius and 

deltoid anterior. 
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Table 8.1b) Difference of the RMSE value of both groups (SI-CG), showing which muscle 
and movements are more diagnostic. In green, the prediction is better for the CG group 
than for the SI group (positive values). In blue, the prediction is better for the SI group than 
for the CG group (negative values). Values: RMSE between predicted muscle activity (SO) 
and experimental EMG. Column and row “Total” are colored with a heatmap showing the 
largest difference in dark. 

 Trapezius 
Delt. 

Ant 

Delt. 

Post 

Lat. 

Dorsi 

Pect. 

Maj 
Infraspin. Total  

Flexion 0.01 0.02 0.01 -0.02 0.02 -0.01 0.03 

Weight flex. 0.00 0.04 0.01 -0.04 0.02 -0.02 0.01 

Abduct 0.02 0.04 0.02 -0.02 0.01 0.00 0.07 

Weight abd. 0.00 0.02 0.02 -0.05 -0.02 0.01 -0.02 

Abd45 0.02 0.01 0.01 -0.02 0.03 -0.02 0.03 

Weight 

abd45 
0.00 0.01 0.02 -0.04 0.04 -0.05 -0.02 

Hand head 0.01 0.03 0.01 -0.02 0.02 -0.06 -0.01 

Total per 

muscle 
0.01 0.02 0.01 -0.03 0.01 -0.02 0.00 

Total 0.07 0.19 0.11 -0.24 0.13 -0.17   

On a per mo�on basis considering all the muscles (column “Total”) the model is 

consistently beter at predic�ng the Control Group than the Shoulder Instability group in 

all physiological unweighted mo�ons (except “hand to head”), and was beter at predic�ng 
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the Shoulder Instability group than the Control Group in all weighted mo�ons (except 

“Flexion”). The highest differences were found in mo�on unweighted flexion (CG beter 

than SI by 0.03 RMSE on average) and weighted abduc�on (SI beter than CG by 0.07 

RMSE on average). 

On a per muscle basis considering all the mo�ons, the model is beter at predic�ng in the 

Control Group all the muscles except la�ssimus dorsi and infraspinatus (which were beter 

predicted in SI group). The highest difference was found in muscles deltoid anterior and 

pectoralis major (CG beter than SI by 0.19 and 0.13 RMSE respec�vely) and la�ssimus 

dorsi (SI beter than CG by 0.24 RMSE on average) 

Overall, the highest RMSE difference between the two groups: 

- where CG predic�on was beter than SI (0.04 difference) shows Deltoid Anterior in 

weighted flexion, Pectoralis Major in weighted axial rota�on and Deltoid Anterior in 

Abduc�on. 

- where SI predic�on was beter than CG shows Infraspinatus in Hand head (0.06 

difference), La�ssimus Dorsi in weighted abduc�on (0.05 difference) and Infraspinatus in 

weighted axial rota�on (0.05 difference). 

The spread of the data presented in Fig. 8.1) indicates that no muscle or mo�on has a 

systema�cally different spread in one group or the other. It presents the data for the 

mo�ons that show the highest difference between groups. The plots for all mo�ons are in 

Appendix Fig. 8.1). 
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Fig. 8.1) plot comparison of the RMSE difference between the SI and CG groups. Each value is the 
average RMSE between predicted muscle activity (SO) and experimental EMG. Each violin plot has 
a line for the maximum, median, and minimum value. The mean value is shown as text above and 
as a black line on the plot. The shape extends to 1.5 times the inter-quartile range, showing the 
outlier points on either side of the distribution. 
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8.2b. Correla�on analysis 

The correla�on measure es�mates the degree of correla�on of the waveforms of the 

predic�on and experimental EMG for a given muscle in a specific mo�on, and is 

introduced in chapter 7. It presents a much larger spread than the RMSE analysis. 

The full table is in Appendix Table 8.2, and the spread is shown below in Fig. 8.2, with the 

full plot available in Appendix Fig. 8.2. 

  

  

Fig. 8.2) plot comparison of the Pearson correlation measure difference between the SI and CG 
groups. Each value is the average measure between predicted muscle activity (SO) and 
experimental EMG. Higher values represent a better prediction. Each violin plot has a line for the 
maximum, median, and minimum value. The mean value is shown as text below and as a black 
line on the plot. The shape extends to 1.5 times the inter-quartile range, showing the outlier points 
on either side of the distribution. 
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8.2c. Sta�s�cal differences 

i) RMSE permutation tests 

Sta�s�cal differences are found between the two groups. Table 8.2 shows the sta�s�cally 

significant differences between the predic�on of muscle ac�vity in the Control and the 

Shoulder Instability group, per mo�on and muscle, based on the RMSE value. 

Table 8.2) Result from the permutation tests with SI and CG based on the RMSE values. 
The cells in green represent the situations where the null hypothesis has been rejected and 
the alternative hypothesis has been accepted, meaning that SI changes the accuracy of 
prediction of the Static Optimisation. It emphasises the fact that there are differences 
between the two groups for a given muscle in a given motion, in the way our model 
predicts the muscle activities. 

 Mid-
Trap 

Delt-
Ant 

Delt-
Post 

Lat-
Dorsi 

Pec-
Major 

Infra-
Spin 

Total 
Row 

Flexion TRUE TRUE  TRUE  TRUE  TRUE  5 

Abduc�on TRUE  TRUE  TRUE     3 

Axial Rot. TRUE   TRUE  TRUE  TRUE  TRUE  5 

Hand head TRUE  TRUE   TRUE  TRUE  TRUE  5 

W.Abduc�on    TRUE    1 

W.Axial Rot.   TRUE  TRUE  TRUE  TRUE  4 

W.Flexion  TRUE   TRUE    2 

TotalCol 4 4 3 6 4 4  

 

In line with the previous sec�ons, there are more muscles exhibi�ng a sta�s�cal difference 

between unweighted mo�ons than their weighted version. Considering all the muscles, 

the mo�ons where the most sta�s�cally significant results are found are flexion, axial 

rota�on and hand-to-head (5 out of 6 muscles). The muscle La�ssimus dorsi was found 

sta�s�cally significant in all mo�ons except abduc�on. Weighted abduc�on and weighted 
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flexion have the smallest number of muscles with a sta�s�cally significa�ve difference with 

2 and 1 respec�vely.  
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ii) Correlation permutation tests 

Sta�s�cal differences are found based on the results from the correla�on measure, and 

are summarised in Table 8.3) below. 

Table 8.3) Result from the permutation tests with SI and CG based on the Pearson 
correlation measures. The cells in green represent the situations where the null hypothesis 
has been rejected and the alternative hypothesis has been accepted, meaning that SI 
changes the accuracy of prediction of the Static Optimisation. It emphasises the fact that 
there are differences between the two groups for a given muscle in a given motion, in the 
way our model predicts the muscle activities. 

 Mid-
Trap 

Delt-
Ant 

Delt-
Post 

Lat-
Dorsi 

Pec-
Major 

Infra-
Spin 

Total 
Row 

Flexion TRUE  TRUE TRUE TRUE TRUE 5 

Abduc�on TRUE  TRUE TRUE TRUE  4 

Axial Rot.  TRUE     1 

Hand head   TRUE TRUE TRUE TRUE 4 

W.Abduc�on     TRUE TRUE 2 

W.Axial Rot.       0 

W.Flexion   TRUE TRUE  TRUE 3 

TotalCol 2 1 4 4 4 4  

 

Similarly to the results based on the RMSE value, unweighted mo�ons present more 

muscles with sta�s�cal differences on average, apart from the mo�on hand to head. 

Pectoralis major, Deltoid Posterior, La�ssimus Dorsi and Infraspinatus are found different 

between the two groups in the most mo�ons (four out of seven). 

8.3. Sta�c Op�misa�on on SI par�cipants with normal kinema�cs 

Differences have been reported, in sec�on 2, in the way the model es�mates the muscle 

ac�va�ons between the Control and the Shoulder Instability groups. This sec�on 3 focuses 
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on the subgroup of the Shoulder Instability group displaying kinema�cs and EMG that are 

within the norm (as defined in Chapter 6) for some mo�ons and muscles (“subset”), and 

are therefore virtually indis�nguishable while being known par�cipants of the shoulder 

instability group. Three different approaches are used to atempt to discriminate between 

those two groups as summarised graphically in Fig. 8.3. The results from the Sta�c 

Op�misa�on of the subset are compared to those of the Control Group, based on a) RMSE 

values, and b) correla�on measures. Sta�s�cal analyses using permuta�on tests are then 

conducted in c) to iden�fy any difference between those two groups (control group and 

subgroup). 

 

Fig. 8.3) Summary of the pipeline, showing the subgroup of the Shoulder Instability group 
that exhibits normal kinematics and muscle activity (“subset”), as well as the static 
optimisation analyses. The control group (blue) defines the normal kinematics, emg, and 
accuracy of prediction. The shoulder instability group (orange) has a subgroup of 
participants (green) that exhibit normal kinematics and emg for specific motions and 
muscles (vertical dotted arrow, “subset”). The final step is comparing the accuracy of 
prediction of the control group to that of the subset using the results of Static Optimisation 
(SO). 
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8.3a. RMSE analysis 

Considering the baseline of abili�es of our model to predict muscle ac�vi�es in normal 

par�cipants (objec�ve B in Chapter 7 using Sta�c Op�misa�on), the following results 

assess differences between the Control Group and the Subset, based on the RMSE values.  

Table 8.4 presents the results of the RMSE tests. For each mo�on and muscle, the two-

standard devia�ons RMSE (of the difference between predicted ac�va�on and EMG) was 

calculated in the Control Group. Each mo�on and muscle of the subset was tested against 

this two-standard devia�ons of the norm of predic�on of the Control Group (RMSE). More 

than half (6/11) par�cipants of the subgroup had at least one muscle falling outside across 

the mo�ons. Differences are mainly found in muscles Pectoralis Major and La�ssimus 

Dorsi, in the mo�ons Axial rota�on weighted and unweighted. 

Table 8.4) This table shows, for each motion identified as normal of the subgroup, the 
number of times that a muscles’ RMSE value (average of all repetitions) falls outside of 
the two standard deviations of the baseline of our prediction. The individual muscles are 
also mentioned in each cell. In blue are the cells where Pectoralis Major was identified. 

RMSE outside 
of norm in 
subset 

Flexion Abduction Axial 
rotation 

Hand 
to 

head 

Flexion 
with weight 

Abduction 
with 

weight 

Axial 
rotation 

with weight 

Total 

0WL1RZ767E       0 0.0% 
(0/6) 

7SJS0JZX3A 16.667% 
(1/6) 
['DeltAnt'] 
 

33.333% 
(2/6) 
['DeltAnt', 
'DeltPost'] 
 

16.667% 
(1/6) 
['PecMajor'] 
 

0  

16.667% 
(1/6) 
['DeltAnt'] 
 

33.333% 
(2/6) 
['LatDorsi', 
'PecMajor'] 
 

19.444% 
(7/36) 

26MIB6XDC6 

  

16.667% 
(1/6) 
['PecMajor'] 
 

 0  

16.667% 
(1/6) 
['PecMajor'] 
 

11.111% 
(2/18) 

905G3EUHWJ   0    0 0.0% 
(0/12) 

CL966HXS0C   0     0.0% 
(0/6) 

FEH3JSLARJ       0 0.0% 
(0/6) 

HACIMVVX5A 

  

16.667% 
(1/6) 
['DeltAnt'] 
 

   0 8.333% 
(1/12) 

TKTEK8R7A0 

  

66.667% 
(4/6) 
['DeltAnt', 
'DeltPost', 

   

16.667% 
(1/6) 
['DeltPost'] 
 

41.667% 
(5/12) 
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'MidTrap', 
'PecMajor'] 
 

WWO521323K   0    0 0.0% 
(0/12) 

WX3800CYC3 

0    
16.667% 
(1/6) 
['InfraSpin'] 

 

33.333% 
(2/6) 
['DeltAnt', 
'DeltPost'] 
 

16.667% 
(3/18) 

YRG37Y39YS 

  0    

16.667% 
(1/6) 
['PecMajor'] 
 

8.333% 
(1/12) 

Total column 1/6 = 17% 2/6 = 33% 7/24 = 29% 0 1/6 = 17% 1/6 = 17% 7/30 = 23%  

 

Two par�cipants of the subgroup exhibit overall high scores across all tested mo�ons with 

~20% and ~42% of the muscles iden�fied as being outside of the norm when considering 

average RMSE values. Across all par�cipants of the subgroup, two mo�ons have more 

frequently iden�fied muscles, namely weighted axial rota�on (5/10 par�cipants) and 

unweighted axial rota�on (4/8 par�cipants). 

In the Shoulder Instability group, 10/15 par�cipants had normal kinema�cs in weighted 

axial rota�on, and all of those had normal EMG for Pectoralis Major and La�ssimus Dorsi 

(from Table 6.6 in Chapter 6). When compared to the two-standard devia�ons of the 

difference between predicted ac�va�on and EMG, the Pectoralis Major was found 

abnormal in 3/10 par�cipants and the La�ssimus Dorsi in 1/10. 

In the Shoulder Instability group, 8/10 par�cipants had normal kinema�cs in unweighted 

axial rota�on, and all of those had normal EMG for Pectoralis Major and La�ssimus Dorsi. 

When compared to the two-standard devia�ons of the difference between predicted 

ac�va�on and EMG, the Pectoralis Major was found abnormal in 3/10 par�cipants, and 

the La�ssimus Dorsi in 0/10. 
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Therefore, in our dataset, Pectoralis Major is differen�able 3/10 �mes in both weighted 

and unweighted axial rota�on using the two-standard devia�ons of RMSE of SO, even 

when the Kinema�cs and EMG appear normal. 

Figure 8.4 below illustrates the differen�a�on of a par�cipant of the subgroup. 

   

EMG (blue line) of a SI 
par�cipant with normal 
kinema�cs and EMG, within 
the two standard devia�ons 
of the EMG norm (shaded 
blue) 

SO (blue line) of a healthy 
par�cipant (Pectoralis 
Major in weighted Axial), 
which accuracy (shaded 
blue) is within the two 
standard devia�ons of the 
RMSE-SO norm (not 
indicated). 

SO (blue line) of the 
subset belonging to a 
par�cipant of the 
subgroup (Pectoralis 
Major in weighted Axials), 
which accuracy (shaded 
blue) is outside of the two 
standard devia�ons of the 
RMSE-SO norm (not 
indicated). 

 
Fig. 8.4) Graphical illustration of the differentiation of a participant from the subgroup 
based on the accuracy of the static optimisation when both kinematics and EMG are 
normal (i.e. belong to the subset). 
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The same test has been performed on the Control and Shoulder Instability groups, in 
order to provide the Figure 8.5 below that allows us to observe the spread of the data as 
well as to summarise the findings. The higher values mean that more muscles (across all 
mo�ons) were predicted differently than the baseline that was established in Chapter 2 
with the normal dataset. As differences have already been shown between the Control 
group and the Shoulder Instability group, higher values are expected in the SI group. The 
main takeaway is that par�cipants from the subgroup (red) also exhibit high values 
compared to the control group (blue), which indicates that they can be differen�ated on 
the basis of their muscle control, while they couldn’t be separated from the blue dots on 
the basis of their kinema�cs or EMG data alone. 

 

Fig. 8.5) Each dot represents a participant from the Control (blue), Shoulder Instability 
minus Subset (orange) or Subset (red) group. The subset is only comprised of the normal 
motions and muscles of the SI group (subgroup). For each dot representing a participant, 
a zero value on the Y axis means that across all motions, all the muscles are predicted 
within two-standard deviations of the baseline. Any increment on Y is a percentage of the 
number of muscles across motions. 19% means that out of the 6 muscles across 7 motions 
(42 combinations), a muscle was not within the two-standard deviations of the baseline 8 
times. 
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8.3b. Correla�on analysis 

The same comparison to the two standard devia�ons of the norm is done based on the 

correla�on analysis. Correla�on measures are provided in Appendix Table 8.4. It shows 

less differen�a�on in comparison to the RMSE approach. 

To compare and summarise these approaches, each test has been done also to the Control 

and Shoulder Instability group and summarised in Figure 8.6 below. The RMSE approach 

intui�vely differen�ates the Control Group from the Shoulder Instability group beter than 

the correla�on analysis. More importantly, the subgroup (in red) appears to have 

differences as well. The next sec�on covers a sta�s�cal analysis of each approach. 
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Fig. 8.6) Each dot represents a participant from the Control (blue), Shoulder Instability 
minus subset (orange) or Subset (red) group. The subset is only comprised of the normal 
motions and muscles of the SI group (subgroup). For each dot representing a participant, 
a zero value on the Y axis means that across all motions, all the muscles are predicted 
within two-standard deviations of the baseline. Top plot is based on RMSE, and bottom 
plot on correlation measure. For each point, any increment on Y is a percentage of the 
number of muscles across motions. 19% means that for this participant out of the 6 
muscles across 7 motions (42 combinations), a muscle was not within the two-standard 
deviations of the baseline 8 times. 
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8.3c. Sta�s�cal analysis 

This sec�on performs permuta�on tests as described in sec�on 2.c). For each approach 

(RMSE and correla�on measure), the permuta�on tests are performed on each muscle, 

mo�on and par�cipant of the subset. Therefore, the probability of the difference between 

predicted ac�va�on and EMG of each mo�on and muscle from the subset (that has 

normal kinema�cs and EMG) is tested to verify if it is likely to belong to the Control Group 

or not. In other words, even if the kinema�cs and EMG are normal, this analysis tests if 

there is a sta�s�cal difference in the way muscle ac�vity is predicted using sta�c 

op�misa�on. These results are complementary to those of the two-standard devia�on 

tests from the previous sec�on. 

i) RMSE permutation tests 

Table 8.4 presents the results of the permuta�on tests based on the RMSE values, in other 

words tes�ng if the RMSE value of each muscle and mo�on of the subset (that has normal 

kinema�cs and EMG) is likely to belong to the Control Group. 

All par�cipants (11/11) from the subgroup have at least one muscle in one mo�on whose 

predic�on is sta�s�cally different from that of the Control Group. Differences are mainly 

found in the mo�ons Axial rota�on unweighted (8/8, i.e. every mo�on that had normal 

kinema�cs and EMG) and weighted (9/10). 

Within those two mo�ons, the muscles in Pectoralis Major (found 6/8 and 6/10 �mes in 

axial unweighted and weighted respec�vely), La�ssimus Dorsi (5/8 and 6/10 �mes) and 

Deltoid Posterior (5/8 and 5/10 �mes) appear the most o�en. 
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Table 8.4) Each cell with data corresponds to the motion that was identified as having 
normal kinematics for a given participant of the subgroup. The value is a ratio and a 
percentage of how many times a muscle had a p-value <0.05 rejecting the null hypothesis 
(of the two-tailed test) that there was no difference between all repetitions of this 
participant and all repetitions of the normal group for this given motion and muscle, 
based on the RMSE value. 

Permutations 
on subset 

Flexion Weight 
Flexion 

Abduction Weight 
Abd. 

Axial 
rotation 

W. axial 
rotation 

Hand 
head 

Total 
Row 

0WL1RZ767E 
     PecMajor  

1 / 6 = 
16.7% 

7SJS0JZX3A 
DeltAnt 
DeltPost 
InfraSpin 

 DeltAnt 
DeltPost 

DeltAnt 
DeltPost 
MidTrap 

DeltAnt 
DeltPost 
InfraSpin 
LatDorsi 

PecMajor 

DeltPost 
InfraSpin 
LatDorsi 

PecMajor 

DeltAnt 
DeltPost 
LatDorsi 

20 / 36 = 
55.6% 

26MIB6XDC6 

 
InfraSpin 
LatDorsi 

PecMajor 
  

DeltAnt 
DeltPost 
InfraSpin 
LatDorsi 

PecMajor 

DeltAnt 
DeltPost 
InfraSpin 
LatDorsi 

PecMajor 

 13 / 18 = 
72.2% 

905G3EUHWJ 

    

DeltPost 
'LatDorsi 
MidTrap 
PecMajor 

DeltPost 
LatDorsi  6 / 12 = 

50.0% 
CL966HXS0C 

    
DeltAnt 
MidTrap 
PecMajor 

  3 / 6 = 
50.0% 

FEH3JSLARJ 
     MidTrap  

1 / 6 = 
16.7% 

HACIMVVX5A 

    

DeltAnt 
DeltPost 
LatDorsi 
MidTrap 
PecMajor 

DeltAnt 
PecMajor  7 / 12 = 

58.3% 
TKTEK8R7A0 

    

DeltAnt 
DeltPost 
InfraSpin 
MidTrap 
PecMajor 

DeltPost 
InfraSpin 
LatDorsi 
MidTrap 

 9 / 12 = 
75.0% 

WWO521323K 

    
DeltAnt 

InfraSpin 
MidTrap 

0 / 6 = 0% 
[]  3 / 12 = 

25.0% 
WX3800CYC3 DeltPost 

InfraSpin 
LatDorsi 
MidTrap 
PecMajor 

DeltPost 
InfraSpin 
MidTrap 
PecMajor 

   

DeltAnt 
DeltPost 
LatDorsi 

PecMajor 

 13 / 18 = 
72.2% 

YRG37Y39YS 
    InfraSpin 

LatDorsi 

InfraSpin 
LatDorsi 

PecMajor 
 

5 / 12 = 
41.7% 

Total 
Column 

8/16 = 
50% 

7/16 = 
43.8% 

2 / 6 = 
33.3% 

3 / 6 = 
50.0% 

31/48 = 
64.6% 

26/60 = 
43.3% 

3 / 6 = 
50.0%  
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ii) Correlation permutation tests 

Appendix Table 8.5 presents the results of the permuta�on tests based on the correla�on 

measures. The main mo�ons and muscles iden�fied are similar to the RMSE. To ease the 

comparison, the results are summarised and presented together in the table 8.5 below. 

The Pectoralis Major in the mo�on unweighted Axial rota�on is more o�en iden�fied as 

being sta�s�cally different based on RMSE or correla�on measure than the other 

muscles, mo�ons, and methods. 

Table 8.5) Results from the permutation tests, identifying muscles and motions of the 
subset (normal kinematics and EMG of the shoulder instability group) that do not 
statistically belong to the control group. First column is the value on which the statistical 
analysis is performed. Second column shows how many participants of the subgroup had 
at least one muscle in one motion with statistical differences. Third column shows how 
many motions had at least one muscle with statistical differences, among the motions 
that had normal kinematics and emg. Fourth column shows the detail of the muscles most 
often identified. Legend: Pectoralis Major (“Pec”), Latissimus Dorsi (“Lat”),  

Permuta�ons 
based on 

Number of par�cipants of 
subgroup with sta�s�cal 
changes in at least one 

mo�on / number of 
par�cipants in the 

subgroup 

Mo�ons most 
iden�fied / number 

of mo�ons with 
normal kinema�cs 

and emg 

Muscles most 
iden�fied in this 
mo�on, across 

par�cipants 

RMSE 11/11 

Axial rota�on 
(8/8) 

Pec (6/8) = 75% 

Lat (5/8) = 63% 

Weight axial 
rota�on 
(9/10) 

Pec (6/10) = 60% 

Lat (6/10) = 60% 

Correla�on 11/11 

Axial rota�on 
(8/8) 

Pec (1/8) = 13% 

Lat (2/8) = 25% 

Weight axial 
rota�on 
(9/10) 

Pec (1/10) = 10% 

Lat (3/10) = 30% 
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8.4. Discussion 

The third and final objec�ve of this PhD was to a) assess our ability to discriminate or 

classify two groups based on muscle patern alone and b) more specifically inves�gate, 

using our model, par�cipants from the SI group that had mo�on and muscle ac�vi�es 

indis�nguishable from the norm from Chapter 6. 

Considering the two cohorts together informed on the overall abili�es of the model to 

predict muscle ac�va�ons in a range of individuals belonging to both groups, as well as on 

the differences in predic�on that can exist between the two groups. With no surprise, 

behaviours that were common to each group individually (based on the RMSE value) 

remained, namely that unweighted mo�ons are beter predicted than weighted mo�ons 

in general, and that several muscles (such as the Pectoralis Major, La�ssimus Dorsi, and 

Deltoid Posterior) are beter predicted compared to others (such as the Infraspinatus, 

Trapezius and Deltoid Anterior). This could be explained by the tendency, in both groups 

when using weights, to co-contract more than an�cipated by the model that minimises 

muscle ac�va�ons.  

Comparing the RMSE values between groups shows that the Control Group is beter 

predicted than the Shoulder Instability group in all unweighted mo�ons (to the excep�on 

of hand-to-head) when considering all muscles. From a per-muscle perspec�ve, the main 

anatomical actors of the mo�ons, namely Deltoid (Anterior and Posterior) and Trapezius 

are consistently found beter predicted in the CG group in unweighted mo�ons. This may 

be as if the SI group, in general, is priori�sing stability over efficiency when using no 

weight (as covered in the sec�on 3.1.3 and 3.2.3 of the literature review and discussed in 
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Chapter 6), which is less well represented by our cost func�on and is a non-surprising 

result. 

Addi�onally, the Shoulder Instability group is beter predicted than the Control Group in 

weighted mo�ons abduc�on and axial rota�on, when considering all muscles. This could 

mean that when using weights, the SI group has a tendency not co-contract as much as 

CG, also maybe to priori�se stability, although those results largely are due to two main 

muscles only: the La�ssimus Dorsi and the Infraspinatus. 

The correla�on analyses provided addi�onal informa�on and the results differed from 

those of RMSE. They presented more limita�ons, a larger spread, and less difference than 

RMSE in during the sta�s�cal analysis. 

Combining these results, the muscles that exhibited the most difference in the predic�on 

ability of their muscle ac�vity between the Control and Shoulder Instability groups are the 

Pectoralis Major and La�ssimus Dorsi, in unweighted mo�ons. As discussed in Chapter 6 

during the comparison of the EMG of both groups, unweighted tasks might be more likely 

to exhibit differences in muscle ac�vi�es, as higher degrees of contrac�ons could show as 

weight is increased, reducing the differences. 

The tendency to priori�se stability over efficiency in unweighted mo�ons can be an 

important informa�on to consider in the assessment and diagnosis of Shoulder Instability 

pa�ents. 

The results of Sta�c Op�misa�on on the Shoulder Instability par�cipants that had 

normal kinema�cs and EMG (subgroup) showed clear paterns, however generalisa�ons 

from this subgroup have to be considered carefully as any more detailed explana�on 

should be the subject of a series of case studies which is out of the scope of this study. 



151 
 

First, the two-standard devia�ons of the baseline established in Chapter 7 on the Control 

Group was used to compare the results to the subset (list of normal mo�ons and muscles 

from the subgroup) using a) RMSE and b) correla�on measure. RMSE showed the most 

differences, and seems to be beter able to discriminate between those two groups. Based 

on the RMSE values alone, the SI group and the subset exhibit clear differences with the 

CG. Both the SI group as a whole and the subset have muscles for which the average RMSE 

(across all repe��ons) is higher than those of the CG. The mo�on showing the most 

difference is axial rota�on (weighted and unweighted) in both the subset and the SI group 

when compared to CG, and the muscle that appears the most is Pectoralis major. 

These results are further reinforced by the permuta�on tests, that show a higher average 

percentage of muscles with sta�s�cally significant results across all mo�ons for each 

par�cipant, and also highlight the mo�on of unweighted axial rota�on as being the one 

with the most significant number of muscles in the subset, and Pectoralis Major and 

La�ssimus Dorsi as being the most o�en iden�fied muscles. 

In the mo�on of axial rota�on, the posi�oning of the arm at 45° of abduc�on mostly relies 

on muscle ac�vi�es to keep the head of the humerus centred in the glenoid fossa. This is 

due to the glenohumeral ligaments providing less support anteriorly in this dis�nc�ve 

posi�on, and more specifically the superior glenohumeral and coracohumeral ligaments 

that have a lesser tension, as well as the GH joint being less congruent below the 60-90 

degrees of eleva�on threshold defining the “closed pack” posi�on (Manske, 2016), 

allowing more anterior displacement of the humeral head which has to be compensated 

by non-so� �ssues. In addi�on, while performing the rota�ons in this posi�on, the 

muscles have clearly iden�fied roles of internal or external rotators, which is not the case 
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when larger ranges of mo�on are involved and that the muscles can change their role 

during the course of mo�on as seen in the literature review. It might make the 

iden�fica�on of the muscle paterning easier. 

It is essen�al to emphasise again that these results are based on this specific dataset, 

following this specific methodology, and that it does not allow to conclude generali�es on 

which muscles are most likely to be used for discrimina�on between groups in general, 

due to the diversity of the clinical presenta�ons and the number of possible compensatory 

muscle paterns. The iden�fica�on of the mo�on unweighted axial rota�on as having the 

most significant results is however an indica�on of a non-normal paterning, regardless of 

the compensatory combina�on used. Nonetheless, it is interes�ng to note that the 

Pectoralis Major and La�ssimus Dorsi are both actors of medial rota�on which is the 

direc�on of instability defined by the superior glenohumeral and coracohumeral ligaments 

men�oned above. It is also worth no�ng that, in Chapter 1, within the unweighted axial 

rota�on mo�ons of the subgroup iden�fied as normal, the muscles that had normal EMG 

(8/11 �mes) were Pectoralis Major, La�ssimus Dorsi and Deltoid Posterior. 

In other words, high values (directly compared to the norm with RMSE, or iden�fied via 

permuta�on tests of RMSE or correla�on measure), based on the SO results, across all 

muscles in unweighted axial rota�on, appear to be able to indicate of not belonging to the 

Control Group, even when those par�cipants have perfectly normal kinema�cs, and even 

when the EMG were shown as normal. Similarly, high values across all mo�ons dis�nguish 

- in our datasets - both the SI group and subset from the CG. 
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9. General discussion 

 

The results of Chapter 6 (objec�ve A) showed differences in both kinema�cs and EMG 

paterns between the two groups. While most research characterising the mo�on of 

shoulder instability pa�ents focuses on scapular posi�on and mo�on both at rest and 

during mo�on across different clinical presenta�ons (Paleta et al. 1997, Illyes and Kiss 

2006, Ogston and Ludewig 2007, Struyf et al. 2011), an interes�ng finding of chapter 6 was 

that the overall arm posi�on of the groups (i.e. thoraco-humeral angles) appears too 

similar to be differen�ated by the naked eye (and virtually indis�nguishable or with limited 

results from normal in flexion and abduc�on) which aligns with the findings from Jaggi et. 

al (2012), while providing new evidence specific to this age group. Yet sta�s�cally 

significant differences were found in the 3D kinema�c and EMG paterns, which iden�fy 

different movement strategies in shoulder instability individuals and emphasise the 

importance of Mo�on Capture and EMG technologies in clinical assessments. The 

difference in movement strategy across the shoulder-girdle joints and associated muscles 

may be due to SI par�cipants priori�sing stability over efficiency as was found by Illyes and 

Kiss (2006) in a study on mul�direc�onal instability covering an older age group. Further 

work through a longitudinal study will be needed to iden�fy if these differences can 

predict those at risk of future instability. The Shoulder Instability group presented in this 

study can therefore be differen�ated from CG based on both 3D mo�on capture and EMG 

data. These results provide new evidence that following an episode of instability, young 

people exhibit differences that are both quan�fiable and sta�s�cally significant when 

compared to an age and sex matched control group, which aligns with the findings of 
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research based on the adult popula�on (Leroux et al. 2015). This data may help future 

research to iden�fy meaningful paterns, differences or modifica�on in kinema�cs and 

muscle ac�vity paterns. 

The kinema�cs observed provided no clear differences between the weighted and 

unweighted mo�ons in the RMSE and SPM analyses, and taking into account the risks of 

disloca�on of this specific popula�on, it is not recommended to use low or self-selected 

weights (no difference), or to increase the weight (unsafe) to emphasise kinema�c 

differences that could be expected with higher loads and discriminate the popula�ons in 

future studies using this methodology. There is no clear consensus in the literature 

regarding the kinema�cs of shoulder instability pa�ents, and most studies do not cover 

the age range of the cohort presented in this thesis or do not perform the mo�ons in a 

similar way. However, moderate evidence of a decreased upward rota�on of the scapula 

(similar to the findings of chapter 6, and to Kobayashi, 2022) and of an increased upward 

scapula rota�on (opposite to the findings of chapter 6) are described in a literature review 

by Spanhove (2021) during mo�ons of arm eleva�on in the scapular plane, which is 

different from the mo�on of frontal eleva�on in the sagital plane of the protocol of this 

current study. 

In addi�on to the mo�ons performed being different to other studies, several aspects can 

impact the kinema�c results of this study: 

- The virtual markers defined in the model, that match the anatomical ones placed on the 

par�cipants and are used for the inverse kinema�cs, are very few on the thorax in the 

form of a single cluster on the sternum. Although this does not impact the angles or 

calcula�ons of the kinema�c chain as defined in the model, this can some�mes have the 
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consequence of overes�ma�ng trunk inclina�on when only the upper torso would be 

moving, and that could impact the interpreta�on of the thoraco-humeral angles that are 

meant to represent what a clinician would be seeing, i.e. the global angle between the 

torso and the arm. A possible solu�on for this would be adding markers on the pelvis to 

have the op�on to es�mate the full posi�on of the trunk in the model, which can also help 

with visual representa�ons in the forms of biofeedback. 

- The �ming of the tasks carried out was not constrained during data collec�on. The only 

informa�on provided during the demonstra�on was an indica�on of the expected �me 

each mo�on should take. This was decided to allow some freedom in the execu�on and 

hopefully provide a more natural and representa�ve mo�on, but it inherently allows for 

more variability. 

- The chosen methodology to track the mo�on of the scapula, using an acromion cluster 

and a single calibra�on, has limita�ons that were discussed in the methodology chapter. 

While it can have an impact more specifically in higher ranges of mo�on, it is a chosen 

compromise to increase prac�cality for further clinical use. 

The EMG results showed that weighted tasks exhibited less difference between the two 

groups with the SPM analysis, and it is therefore recommended to assess this specific SI 

group in unweighted mo�ons. This is consistent with the kinema�c recommenda�ons. 

Some findings, such as increased ac�vity of the posterior deltoid, infraspinatus and triceps 

muscles, and decreased ac�vity of the deltoid anterior in the SI group are in accordance 

with previously published studies (Illyes 2007, Spanhove 2021). Some findings in chapter 6 

such as the increased ac�vity of the biceps muscle are contrary to other studies (Illyes 

2007). Special care needs to be given to standardising the protocols across studies in 
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future publica�ons to prevent the contradic�on of some results found today in the 

literature preven�ng consensus on muscle paterns (Struyf, 2014) as discussed in 3.2.2 of 

the literature review. 

Kinema�c RMSE and SPM showed similar differences in angles between the two groups. 

Therefore they both appear to be a way to discriminate, with arguments for and against 

each (ease of use with a single number for RMSE, iden�fica�on of the �me of the 

differences for SPM). However in this popula�on EMG benefits from SPM analysis that 

allows a beter differen�a�on in unweighted mo�ons, and its use is increasingly 

recommended for upper limb EMG analysis (Kobayashi, 2022). 

Whereas addi�onal informa�on on the deeper muscles of the shoulder that have an 

important role in stability could be useful in understanding the complex muscle paterns, 

the use of fine-wire EMG is highly imprac�cal in rou�ne assessment and also has its own 

limita�ons. 

The muscle paterns are complex. The results show no obvious over- or under-contrac�on 

through any of the mo�ons assessed that could be easily detectable by clinical observa�on 

alone, which is consistent with the findings of Jaggi et al. (2012) and Lewis and Bayley 

(2004), and supports the standardisa�on of the use of electromyography in clinical 

assessments. Muscle paterns appear to be grouped by posi�on and func�on. Further 

analyses of synergies and Principal Component Analysis might inform on these complex 

behaviours. 

The protocol used in this study was able to assess differences in movement and muscle 

ac�vity paterns of young people with and without instability. Using this pipeline, the SI 

group can be differen�ated through a) their kinema�cs when modelling physiological 
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joints (a kinema�c chain comprising an unrestricted scapula), and through b) their muscle 

control using surface EMG. We recommend assessing shoulder instability par�cipants 

matching our inclusion criteria in unweighted mo�ons and tasks. The fact that both 

groups can be differen�ated is consistent with what current literature suggests (Lawton, 

2022), while adding valuable informa�on with objec�ve kinema�c and electromyography 

data that focuses on this age group and that uses physiological mo�ons that would allow 

repeatability across future studies. 

In addi�on to the group comparison, a subgroup of shoulder instability par�cipants was 

iden�fied that had at least one mo�on and muscle virtually indis�nguishable from the 

norm. The most common normal mo�ons were axial rota�on at 45° abduc�on weighted 

and unweighted. Within these mo�ons, the most common normal muscles were Pectoralis 

Major, La�ssimus Dorsi and Deltoid Posterior. Subgroup refers to the list of par�cipants 

from the SI group that had normal mo�ons and muscles. Subset refers to the normal 

mo�ons and muscles themselves, independently of which par�cipant of the subgroup 

they belong to. This informa�on serves for objec�ve C. 

In Chapter 7 (objec�ve B), the upper limb rigid body model with a free moving scapula 

has predicted muscle ac�va�ons in the healthy group. The results showed that the model 

yields consistent results, in the way that unweighted mo�ons are always beter predicted 

than weighted mo�ons. It provides confidence in the reliability of the model and therefore 

in its use in our study as opposed to having varying results per par�cipant. A baseline with 

reference values for each muscle of what would be expected from a healthy par�cipant 

using the chosen methodology has also been defined and served for objec�ve C in Chapter 

8. This baseline could help follow-on research if based on a similar methodology. It is 
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difficult to compare the accuracy of predic�on of muscle ac�va�ons (using sta�c 

op�misa�on) with other studies, given the variability in model parameters and protocols. 

For example, Erademir et al. (2006) reviews studies using different models of the arm and 

shoulder and highlights differences in joint defini�ons and degrees of freedoms. The 

parameters to be op�mised also vary and can be based on muscle stresses (Karlsson and 

Peterson, 1992), muscle ac�va�ons (Delp et al. 2007, Kaufman et al. 1991), energy 

consump�on (Praagman et al. 2006) or fa�gue (Nieminen et al. 1995). Mo�ons also differ 

and can range from slight varia�ons in the plane of mo�on to different movements such as 

wheelchair-related ac�vi�es (van Drongelen et al. 2005). However, the accuracy of 

predic�on found in this thesis is in accordance with the agreement in the �ming of 

ac�va�ons between sta�c op�misa�on and surface EMG found by Wu (2016) in an adult 

popula�on. Among the exis�ng differences in protocols, the scaling of the surface EMG 

data is o�en performed using a maximum voluntary contrac�on which differs from what 

was done in this study for safety reasons as discussed in the methods chapter (5.1). 

Consequently, the results add novel informa�on on the expected ra�o of ac�vity between 

muscles and muscle groups in healthy young people. 

While the goal was to define a baseline using this specific setup, the difference in the 

accuracy of the model to predict some muscles hold our aten�on, which does not impact 

the next objec�ve and is therefore not part of the limita�ons. The model was chosen in 

part for the simplicity of the way the muscles were defined, with fewer lines of ac�on (or 

muscle fibres) in large muscles compared to other models. However, muscles are usually 

defined with priority given to matching experimental moment arms, and not to matching 

the anatomical line of ac�on that best represents a single surface EMG. Each muscle fibre 

being independent, it is possible that some model fibre(s) or segments of a same muscle 
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could be more representa�ve of the anatomical experimental muscle than others. This 

could be the basis for either a) op�mising the selec�on of one or several muscle fibres to 

find beter matches between the predicted and experimental ac�va�ons, or b) defining 

new model with this in mind. 

The correla�on results would provide useful informa�on on a case-by-case basis, and 

would allow to show a difference in �ming that might highlight compensatory behaviours 

for a given par�cipant in a given mo�on. However, this study of group comparison showed 

to be of limited value in the overall quan�fica�on of the model’s abili�es to predict muscle 

ac�va�ons in order to establish a baseline. 

Lastly, Chapter 8 (objec�ve C) had several parts. The first part of this objec�ve was to 

compare the results between the two groups to highlight the differences in our model’s 

predic�on abili�es, which could then be used as discriminators. The use of average RMSE 

values as well as non-parametric sta�s�cal analyses showed high probability of differences 

in the ability of the model to predict the muscle ac�va�ons between the two groups, in 

specific muscles and mo�ons. 

Today our understanding of the control of the shoulder girdle in shoulder instability is 

based on the general paradigm that co-contrac�ons constrain mo�on as a func�on of the 

degree of instability (Seyres et al. 2024, Shumway-Cook and Woollacot, 2007). In other 

words, in posi�ons where the shoulder is most unstable and the ra�o of shear over 

compressive forces increases, co-contrac�on is likely to increase as an atempted 

compensatory mechanism. The glenohumeral stability has been inves�gated in single 

planes of mo�on (Ameln et al. 2018) and across func�onal tasks in adults (Marchi et al. 

2014). This behaviour and associated specific co-contrac�on paterns may change over 
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�me as the ability to maintain stability is improved and the kinema�cs and ranges of 

mo�on consequently increase. This has implica�ons in rehabilita�on in general and more 

specifically of shoulder instability, as it demonstrates that there is no universally ideal or 

norma�ve movement patern (Mulla 2023, Bateman et al. 2015, Liaghat et al. 2022), and 

that muscle ac�vity paterns can be assessed taking the unique kinema�cs and 

anatomical features of each subject into account, which is the objec�ve of Chapter 8. 

The results of this chapter add value to the general understanding of control and co-

contrac�on issues in the way that the predic�on of the model, based on a cost func�on 

that minimises muscle forces, explains the following points: 

- CG is beter predicted than SI in unweighted mo�ons (as SI tends to contract more 

than CG for stability purposes). 

- CG and SI are beter predicted in unweighted mo�ons (tendency for both groups, 

in weighted mo�ons, to co-contract more than represented by the cost func�on). 

- SI is beter predicted than CG in weighted mo�ons (with a load, SI appears to 

contract less than CG for stability. This is in line with the results of Illyes 2007 and 

Illyes 2009 that found a reduced EMG ac�vity during rapid throwing mo�ons which 

also increase mechanical stress). 

Therefore, SI appears to have a narrower range of co-contrac�on than CG, as represented 

below in Fig. 9.1, and this new finding could help further research and help guide 

subsequent rehabilita�on protocols. 
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Fig. 9.1) Cone figure representing the estimated potential range of co-activations of the SI 
and CG groups. The cone illustrates the co-contraction of the muscles of the shoulder 
girdle, from no muscle activated (base) to all muscle fully activated (top). The illustrated 
range of co-activations of SI is the shaded area, while the full cone represents the range 
of CG. SI tends to co-contract more than CG in unweighted motions (line A), and to co-
contract less than CG in weighted motions (line B). Line W separates the case where 
weight is used during motion (above) to the case where no weight is used (below). The 
model’s prediction of muscle forces is based on an assumption of minimisation of 
activation, therefore in each category (Weight/No weight) the lower activations are better 
predicted: CG in unweighted motions, and SI in weighted motions. 
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The second part of objec�ve C (chapter 8) answers the following hypothesis: “some 

shoulder instability pa�ents may be kinema�cally indis�nguishable (i.e., they fall within 

the norm) from a healthy control group, but can be differen�ated on the basis of their 

muscle control”.  

Objec�ve A iden�fied a subgroup of SI par�cipants that are virtually indis�nguishable from 

normal Kinema�cs and EMG in some mo�ons (subset). Objec�ve B defined a baseline of 

reference values of the ability of our model to predict muscle ac�va�ons. 

RMSE, correla�on values and non-parametric sta�s�cal analyses were used to answer the 

hypothesis. Those analyses provided informa�on sugges�ng strongly that some 

par�cipants of the subset did not belong to the normal group. Specifically, the muscles 

Pectoralis Major and La�ssimus Dorsi in the mo�ons of axial rota�on weighted and 

unweighted were found different between these groups. In other words, the results 

indicated that, even given normal kinema�cs and EMG data, their muscle control does 

not fall within the expected values of predic�ons that assume a strategy of minimisa�on 

of effort. This could serve as important informa�on in the classifica�on of Shoulder 

Instability in the future. 

Some limita�ons have become apparent in this study, some of which are already 

men�oned or discussed in the previous chapters, and some of which were deliberately 

chosen in order to keep the pipeline simple, common to all par�cipants, and with 

poten�al clinical applica�ons in mind. While they do not undermine or contradict the 

results of this work that presented a way to discriminate two groups, it should be 

acknowledged that the small sample size in the Shoulder Instability group (5 Trauma�c 

and 10 Atrauma�c) might not be representa�ve of the large diversity of clinical 
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presenta�ons that exist. It therefore does not allow defini�ve sta�s�cal conclusions on 

this pathology, which means that the results should not be generalised and need to be 

taken as an indica�on and guide for future studies described in the next sec�on. Other 

limita�ons are included in the discussion below. 
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10. General conclusion and further study 

The purpose of this general conclusion is to bring together parts of the discussions from 

the previous chapters in order to summarise and recommend further work based on this 

PhD. 

Current evidence available on shoulder instability makes general assump�ons about the 

basic components of motor control (Shumway et al. 2012; Philp et al. 2022). This has led 

to numerous atempts to provide classifica�on systems that fail to cover the large variety 

of clinical presenta�ons that can exist across different age groups. 

Most of the available informa�on that can be used from a clinical point of view is based on 

clinical scales or func�on (Bateman et al. 2018, Rouleaux et al. 2010). In addi�on, only 

limited high quality norma�ve data derived from technologies such as electromyography 

or mo�on capture is available that could be used as objec�ve reference values across the 

spectrum of presenta�ons and ages. As a consequence our general understanding of 

fundamental control is lacking in this pathology, and current knowledge is focused on the 

observable fundamental deficits (Spanhove 2021, Struyf 2014, Jaggi 2012). Possible 

interven�ons are therefore rather specula�ve as they address the symptoms and not 

necessarily the cause which is reflected in the lack of consensus on the true clinical 

outcome of shoulder instability (Barlow et al. 2018, Warby et al. 2013, Harris et al. 2013, 

Coughlin et al. 2018). 

The mo�va�on behind this study was to use objec�ve data and modelling techniques to 

explore ways to inves�gate the underlying motor control in a personalised way, and 

therefore present new op�ons and tools to approach and understand this complex 
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pathology. In other words, to look more broadly at our current understanding of shoulder 

girdle muscle control and co-contrac�on. 

The technologies used, mo�on capture and EMG, started having regular uses in lower limb  

for the care of complex pa�ents around 20 years ago. Their use in upper limb remains 

limited mainly due to the complexity of the kinema�cs of the shoulder girdle and of its 

underlying muscle control. In shoulder instability, the muscles likely to present impaired 

paterning might already be known based on the clinical presenta�on. The literature 

review could have helped make specific hypothesis (such as, for example, the suspicion of 

involvement of the Deltoid Anterior in physiological mo�ons (Hundza, 2006), or a recent 

systema�c review providing moderate evidence for prolonged or higher rotator muscle 

ac�vity (Spanhove, 2021)), and consequently a limited number of par�cipants would have 

allowed to perform powered sta�s�cal analyses to test these hypotheses. 

However, in this work, it was chosen not to use too many prior assump�ons about the 

findings or results (i.e. about the impaired muscles), but instead it was chosen to explore 

the whole dataset providing equal importance to all mo�ons, muscles, and par�cipants. 

Such exploratory approach was preferred so as to establish a methodology from which 

further work could benefit. Follow-up studies might therefore be more hypothesis driven 

on the basis of this work. The aim of this work was to demonstrate a novel method for 

quan�fying muscle func�on in young people presen�ng with shoulder instability using 

musculoskeletal modeling techniques. The first step in this method was to understand this 

pathology beter, and then the next was to lay the ground work to poten�ally improve 

individual clinical assessment and outcome predic�on in the future. 
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The literature review showed that there was litle to no reference data for young people 

presen�ng with Shoulder Instability, which defined objec�ve A. Upon comple�on of 

chapter 6, norma�ve data were presented that were clearly dis�nguishable from the 

pathological popula�on and that can serve for further studies. 

The literature review also showed the important role of compensatory mechanisms, from 

a kinema�c and muscle ac�vity point of view, as well as the possible limita�ons that can 

represent normal reference data when assessing those pa�ents. This defined objec�ves B 

and C, covered in chapter 7 and 8 respec�vely, and the hypothesis was made that some 

shoulder instability pa�ents might be kinema�cally indis�nguishable from a healthy 

control group, but can be differen�ated on the basis of their muscle control. 

 

Given the complexity and the variability in shoulder instability presenta�ons, this work did 

not aim to iden�fy individual muscles (which would have required a specific study on each 

individual case). Instead, this work aimed to provide informa�on on the overall likeliness 

of impairment of the muscle ac�vity profiles. A subset of par�cipants was iden�fied that 

had both kinema�cs and EMG falling within the norm in some tasks. The model provided 

for some par�cipants a strong indica�on of impaired muscle control behaviours. In 

essence, this approach removes a limita�on of the variability of the kinema�cs which exist 

in the upper limb and consequently it broadens the experimental EMG accepted norm. It 

does so by comparing the ensemble of the experimental muscle ac�vi�es to the predicted 

ones assuming a strategy of minimisa�on of efforts based on the unique kinema�cs of a 

given par�cipant. 
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The chapters of this PhD demonstrate an accessible and personalised pipeline that 

inves�gates muscle control in shoulder instability par�cipants in a way that is 

complementary to the conven�onal approach of reference data, and provides a new 

insight on muscle paterns. The results of both studies (objec�ve A and objec�ves B and C) 

also advocate for the streamlining of the use of modelling based on individual kinema�cs 

in clinical se�ngs, to assess both joint angles and muscle control in this popula�on. 

  



170 
 

Further study 

This research is an ini�al step towards improving the clinical outcome of shoulder 

instability pa�ents. It is also a groundwork for longer term goals in upper limb 

biomechanics in general, such as streamlining technology into clinical prac�ce. 

Recommenda�ons for further research is presented in this sec�on, some of which are 

already in progress. 

Further research in adult popula�on would allow covering a less specific pathological 

popula�on and exploring any poten�al differences between children and adults using the 

same methodology. This could therefore provide an accurate comparison with exis�ng 

literature whose variability has been discussed in the literature review. Valida�on through 

longitudinal study may iden�fy paterns that could be predictors of poor or good long 

term clinical outcomes. In addi�on, a very broad range of upper limb pathologies could 

poten�ally benefit from the approach of either of the two studies presented in this thesis, 

and therefore different clinical popula�ons could be tested. 

The accuracy of predic�on of muscle ac�va�ons of the model could be improved. Whilst 

the model used in this study showed a consistent behaviour with similarly consistent 

results that allowed us to discriminate two groups, fundamental changes in the model or 

in a different one would allow different informa�on to be gained that could be beneficial 

in single par�cipant evalua�ons. 

As an example of a follow-on study, the aim could be to test for biomarkers of disease 

mechanisms or predictors of clinical recovery by characterising the role of the deep 

shoulder muscles in the stability of the GH joint in shoulder instability pa�ents. This 

informa�on could be gained by incorpora�ng more realis�c movements into the models 
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such as the sliding of the humeral head in the glenoid and using joint reac�on analyses 

and muscle ac�va�on data from sta�c op�misa�on. Pa�ents could be characterised based 

on this stability in a longitudinal study and an automated pipeline could be used as a 

clinical assessment tool. 

Addi�onally, using different algorithms to es�mate muscle forces (op�misers and cost 

func�ons) could allow to beter match the experimental EMG. In other words, it could 

beter es�mate muscle paterning leading to specific mo�ons, and this in turn could be 

used to differen�ate and improve shoulder instability classifica�on systems. Extensive 

work has been done in the recent years on Principal Component Analysis and synergies, 

which could be complementary informa�on and clues on the way the neuromuscular 

system work. 

Clinical use has always been kept in mind throughout this work. One of the important points 

is information dissemination. It would be useful to initially evaluate through a survey the 

best way to translate the information to clinicians with different experience who deal in 

different settings with relevant upper limb patients. It would define standardised clinical 

reports the same way it is done for the lower-limb. This work demonstrated that mechanical 

models add clinical value by helping characterise and interpret kinematics and muscle 

control. This work provided novel information on the control strategies adopted for 

particular movements that an individual might demonstrate, which could be used to inform 

both patients and clinicians by providing quantitative information. With a real-time 

compatible approach to evaluate muscle patterns, there is also great potential in the use of 

biofeedback technologies in both clinical assessment and rehabilitation. Following up with 

the discussion on the challenges that clinicians and patients face quantifying muscle control 

and when objectifying proprioception in general (3.2.3), a complementary study could have 

the aim of investigating the effect of biofeedback on muscle control in shoulder instability 

patients. A clinical trial with a control group would allow assessing their ability to modify 

(re-train) their acquired activation patterns and therefore the way they perform motions. It 
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could be done by using automated models to provide simplified overview of either the 

cocontraction pattern or the joint reaction forces in real time. This would enable clinicians 

to guide the retraining towards a clinical goal that is patient specific, and as such serve as a 

clinical tool. 

In general, the consistent use of biomechanical models and standardised protocols in order 

to provide feedback on a fundamental and yet subconscious aspect of the motor function 

could not only empower patients and clinicians but could also be opening the way to a wider 

application in different patient populations. 
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12. Appendix 

Appendix Chapter 5 Methods 

Appendix Table 5.2, clusters of the experimental marker set 

Placement illustra�on Descrip�on of cluster placement 

 

 

 

Sternal marker cluster 

 

Posi�oned using double sided tape on the anterior aspect of 
the thorax, approximately one finger width below the sternal 
notch. Placement was below the sterno-clavicular joint and in 
keeping with the midline of the body. The antero-superior 
border of the thorax is defined by the insicura jugularis (IJ) 
point and the antero-inferior border is defined Processes 
Xiphoideus (PX) point. 

 

For par�cipants with breast �ssue, a more superior placement 
of the sternal cluster may have been required, not exceeding 
the antero-superior border of the thorax. In this case, 
adequate visibility of the marker cluster was ensured prior to 
iden�fica�on of virtual markers. 

 

The inferior edge of the cluster was marked. 

 

 

 

Acromion marker cluster 

 

Posi�oned using double sided tape on the flat surface of the 
acromion. Secure to the acromion with extra tape.  

 

Following iden�fica�on of the acromioclavicular joint, 
posterior palpa�on iden�fied the flatest area of the acromion. 

 

The base of the cluster was marked. 
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Appendix Table 5.3, illustration of the anatomical and virtual markers 

Landmarks illustra�on Descrip�on of landmarks 

 
 

 
 

THORAX SEGMENT 
 

 

C7 Spinous Process (C7) 
C7 can be seen with flexion of the head and protrudes 
more dorsally than C6 and T1. With extension of the head 
C6 disappears first and C7 remains palpable for longer. 
 

T8 Spinous Process (T8) 
From either the proximal or distal reference points (below) 
Alternate with two palpa�ng fingers and count from cranial 
to caudal to the 8th thoracic vertebrae 
 

Reference points: 
T3 / T4 spinous process in line with spina scapulae 
T7 spinous process in line with angulus inferior scapula 
 

Insicura Jungularis (IJ) 
Manubrium sterni is proximally bounded by the incisura 
jungularis. Cranial bowl-shaped limita�on of the 
manubrium sterni (deepest point). Palpa�on/ iden�fica�on 
of the point should be done from superior to inferior. 
 

Processus Xiphoideus (PX) 
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Most caudal point of the sternum in keeping with the 
midline. 

 
 

CLAVICLE SEGMENT 
 

Art. Sternoclavicularis (SC) 
Located bilaterally from the IJ, course from cranio-medial 
to caudo-lateral. (protrac�on and retrac�on of the 
shoulder facilitate palpa�on) 
 

Art. Acromioclavicularis (AC) 
Front: follow the front of the acromion to medial un�l a 
discrete notch is felt (V-shaped to open anterior). 
Back: follow the top of the spina scapula and the back of 
the clavicle laterally to where the two bone pieces meet. A 
litle further to the lateral side is the dorsal boundary of 
the AC joint. 
 

 

Scapula segment 
 

Processus Coracoideus (PC) 
In the fossa infraclavicularis (ventral) from medial to lateral 
palpa�on un�l one feels a medial, bony structure (only the 
top and medial side can be palpated). See CLAVICLE 
SEGMENT 
Palpa�on of the PC may be facilitated by protrac�ng the 
shoulder girdle 
 

Trigonum Scapulae (TS) 
Origin of the spina scapulae in line with the spinous 
process of T3 on the medial scapula edge. (spina goes to 
the latero-cranial). Palpate the midpoint of the triangular 
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surface on the medial border of the scapula in line with the 
scapular spine 
 

Angulus Inferior (AI) 
Follow the medial edge of the scapula caudally (most 
caudal point of the scapula, loca�on at the level of the 
spinous process of T7) 
 

Angulus Acromialis (AA) 
Follow the spina scapulae, from mid-caudal to latero-
cranial un�l kink is felt in the dorso-lateral edge of the 
acromion (this rear corner is rectangular). Most 
laterodorsal point of the scapula 
 

 

HUMERUS SEGMENT 
 

Glenohumeral rota�on centre (GH) 
Calculated via regression – with the par�cipant’s arm in 
abduc�on ask them to rotate their arm in a circular 
mo�on. 
 

Forearm in supinated posi�on 
 

Lateral Epicondyle (LE) 
Palpable on the distal lateral side of the humerus (slight 
passive flexion of the elbow facilitates palpa�on). 
 

Medial Epicondyle (ME) 
Palpable on the distal medial side of the humerus (slight 
passive flexion elbow). 

 FOREARM SEGMENT 
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Forearm in prone posi�on – palpa�on should be done 
from distal to proximal 
 

Radial Styloid (RS) 
Most caudal-antero point on the radial styloid 
Lateral edge of the radius leads distally into a depression. 
Palpate slightly proximal to the depression and the radial 
styloid is the palpable protrusion. Palpa�on easiest with 
radial devia�on. 
 

Ulnar Styloid (US) 
Most caudal-postero point on the ulnar styloid. Medial 
edge of the ulna leads distally into a depression. Palpate 
slightly proximal to the depression and the ulna styloid is 
the palpable protrusion. Palpa�on easiest with ulna 
devia�on. 
 

 

HAND SEGMENT 
 

Styloid process of 3rd Metacarpal (MC3) 
Follow the third metacarpal on its dorsal side from distal to 
proximal. The small bone eleva�on on the base is the 
styloid process. Palpa�on easiest with maximum palmar 
flexion. (os capitatum lies in depression just proximal to 
styloid process of the 3rd Metacarpal) 
 

Distal head of 2nd Metacarpophalangeal joint (MCP2) 
Palpate just distal to the 2nd metacarpophalangeal joint 
(these joints are easy to palpate on the dorso-lateral side in 
light flexion posi�on or with longitudinal trac�on). 
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Distal head of 3rd Metacarpophalangeal joint (MCP3) 
Palpate just distal to the 3rd metacarpophalangeal joint 
(these joints are easy to palpate on the dorso-lateral side in 
light flexion posi�on or with longitudinal trac�on). 
 

Distal head of 5th Metacarpophalangeal joint (MCP5) 
Palpate just distal to the 5th metacarpophalangeal joint 
(these joints are easy to palpate on the dorso-lateral side in 
light flexion posi�on or with longitudinal trac�on). 
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Appendix Chapter 6 (Objec�ve A) 

  

  

  

 

 

Appendix Fig. 6.2) RoM per group: Shoulder Instability group (SI) vs Control Group (CG). 
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The boxes extend from the first to third quartile, with a line at the median. The whiskers extend to 
1.5 times the inter-quartile range. Flier points are above the whiskers. Headings: TH = 
thoracohumeral, TS = thoracoscapular, GH = glenohumeral, AC = acromioclavicular, SC = 
sternoclavicular, elev = elevation, rot = rotation, pro = protraction. 
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Appendix Chapter 7 (Objec�ve B) 
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Appendix Fig 7.3) Showing the RMSE values of the predicted muscle activation from Static Optimisation 
versus the measured EMG, in the Control Group. Each violin plot has a line for the maximum, median, and 
minimum value. The mean value is shown as text above and as a black line on the plot. The shape extends 
to 1.5 times the inter-quartile range, showing the outlier points on either side of the distribution. 
Headings: Delt A = Deltoid Anterior, Delt P = Deltoid Posterior, Infra = Infraspinatus, Lat = Latissimus, Trap 
= Trapezius, Pect = Pectoralis Major. 
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Appendix Table 6.5) Identifying the participants from the CGI group that have motion 
across all angles of the model indistinguishable from normal kinematics, at each time 
step. 

Par�cipants 
from SI group 

Flexion Abduc�on 
Axial 

rota�on 
45 

Hand 
Head 

Flexion 
with 

weight 

Abduc�on 
with 

weight 

Axial 
rota�on 
45 with 
weight 

0WL1RZ767E TRUE TRUE TRUE TRUE TRUE TRUE TRUE 

7SJS0JZX3A   TRUE  TRUE TRUE  

7X0AGZUZFG  TRUE TRUE TRUE   TRUE 

26MIB6XDC6  TRUE TRUE TRUE TRUE TRUE TRUE 

905G3EUHWJ        

B6SNJ3SBIW TRUE TRUE TRUE  TRUE   

CL966HXS0C TRUE TRUE TRUE  TRUE TRUE TRUE 

FEH3JSLARJ  TRUE TRUE    TRUE 

HACIMVVX5A TRUE  TRUE  TRUE  TRUE 

PJ3URGRTWJ  TRUE TRUE TRUE   TRUE 

S6IRQQNB3G   TRUE    TRUE 

TKTEK8R7A0       TRUE 

WWO521323K   TRUE  TRUE  TRUE 

WX3800CYC3  TRUE TRUE TRUE    

YRG37Y39YS TRUE TRUE TRUE  TRUE TRUE  
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Appendix Chapter 8 (Objec�ve C) 

Sta�c Op�misa�on on SI – standalone (RMSE and Pearson correla�on coefficient) 

Appendix table 8.01) This table summarises the ability of our model to predict the 
experimental EMG in the Shoulder Instability group. Each value corresponds to the 
average RMSE (of all repe��ons of all par�cipants) between the waveforms of the 
predicted muscle ac�va�ons (results from the Sta�c Op�misa�on analysis) and of the 
experimental surface EMG. Green cells highlight the best predic�ons, and grey cells 
highlight best predic�ons overall. 

RMSE SI 

Trapezius 
Middle 

Deltoid 
Anterio

r 

Deltoid 
Posterior 

Lat. 
Dorsi 

Pect. 
Major 

Infra Average 

Flexion 0.14 0.15 0.12 0.08 0.16 0.123 0.13 

Weight 
flexion 0.19 0.25 0.16 0.11 0.25 0.20 0.19 

Abduc�on 0.21 0.21 0.15 0.11 0.10 0.15 0.16 

Weight 
abduc�on 0.27 0.27 0.24 0.11 0.15 0.20 0.21 

Abd45 0.12 0.12 0.06 0.05 0.08 0.16 0.1 

Weight 
abd45 0.16 0.22 0.10 0.07 0.18 0.27 0.17 

Hand 
head 0.15 0.14 0.08 0.11 0.08 0.14 0.12 

Average 0.18 0.20 0.13 0.09 0.14 0.18  
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Appendix Fig. 8.01) Showing the RMSE values of the predicted muscle activation from Static Optimisation 
versus the measured EMG, in the Shoulder Instability group. Each violin plot has a line for the maximum, 
median, and minimum value. The mean value is shown as text above and as a black line on the plot. The 
shape extends to 1.5 times the inter-quartile range, showing the outlier points on either side of the 
distribution. Headings: Delt A = Deltoid Anterior, Delt P = Deltoid Posterior, Infra = Infraspinatus, Lat = 
Latissimus, Trap = Trapezius, Pect = Pectoralis Major. 
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Appendix Table 8.02) Summary of the waveform agreement between the predicted waveform of 
muscle activations and the experimental EMG, in the Shoulder Instability group. Each value 
corresponds to the Pearson correlation coefficient, across all repetitions of all participants of the 
SI dataset. Darker cells highlight the best predictions. 

Correla�on 
measure CG 

Trapezius 
Middle 

Deltoid 
Anterior 

Deltoid 
Posterior 

Lat. 
Dorsi 

Pect. 
Major 

Infra Average 

Flexion 0.11 0.6 0.27 -0.09 0.39 0.52 0.3 

Weight flexion 0.27 0.55 0.23 -0.19 0.51 0.64 0.34 

Abduc�on 0.08 0.57 0.36 -0.06 0.12 0.24 0.22 

Weight 
abduc�on 0.31 0.56 0.24 0 0 0.47 0.26 

Abd45 0.02 0.1 0.07 0.08 0.02 0.43 0.12 

Weight abd45 0.11 0.03 0.18 0.05 0.09 0.22 0.11 

Hand head 0.16 0.55 0.02 -0.03 0.04 0.54 0.21 

Average 0.15 0.42 0.2 -0.03 0.17 0.44  
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Appendix Table 8.1) highlighting RMSE difference between the SI and CG groups. 
Value: average RMSE between predicted muscle activity (SO) and experimental EMG. In 
green, the prediction is better for the CG group than for the SI group. In blue, the 
prediction is better for the SI group than for the CG group. The totals (column and row) 
with shades of grey represent the combination of both groups, and the darker the cell, the 
better the prediction overall. The totals (column and row) with shades of grey 

 

Trapeziu
s 

Deltoid 
Anterio

r 

Deltoid 
Posterio

r 

Lat. 
Dorsi 

Pect. 
Major 

Infraspin
. 

Total  
group 

To
ta

l 
 

 CG SI CG SI CG SI CG SI CG SI CG SI CG SI 

Flexion 0.1
3 

0.14 
0.1
3 

0.1
5 

0.11 0.12 
0.1
0 

0.0
8 

0.1
4 

0.1
6 

0.13 0.12 
0.7
5 

0.7
7 

1.51 

Weight flex. 0.1
9 

0.19 
0.2
1 

0.2
5 

0.15 0.16 
0.1
5 

0.1
1 

0.2
3 

0.2
5 

0.22 0.20 
1.1
6 

1.1
5 

2.31 

Abduct 0.1
9 

0.21 
0.1
7 

0.2
1 

0.13 0.15 
0.1
3 

0.1
1 

0.0
9 

0.1
0 

0.15 0.15 
0.8
5 

0.9
3 

1.78 

Weightabd. 0.2
7 

0.27 
0.2
5 

0.2
7 

0.22 0.24 
0.1
6 

0.1
1 

0.1
7 

0.1
5 

0.19 0.20 
1.2
7 

1.2
4 

2.51 

Abd45 0.1
0 

0.12 
0.1
1 

0.1
2 

0.05 0.06 
0.0
7 

0.0
5 

0.0
5 

0.0
8 

0.18 0.16 
0.5
5 

0.6
0 

1.15 

Weightabd4
5 

0.1
6 

0.16 
0.2
1 

0.2
2 

0.08 0.10 
0.1
1 

0.0
7 

0.1
4 

0.1
8 

0.32 0.27 
1.0
6 

1.0
1 

2.03 

Hand head 0.1
4 

0.15 
0.1
1 

0.1
4 

0.07 0.08 
0.1
3 

0.1
1 

0.0
6 

0.0
8 

0.20 0.14 
0.7
0 

0.6
9 

1.40 

Avg. group 0.1
7 

0.17
7 

0.1
7 

0.1
9 

0.12 0.13 
0.1
2 

0.0
9 

0.1
3 

0.1
4 

0.20 0.18 
0.9
0 

0.9
1 

 

Avg. global 0.35 0.36 0.25 0.21 0.27 0.378    
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CG and SI - RMSE 
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Appendix Fig. 8.1) plot comparison of the RMSE 
difference between the SI and CG groups. Each 
value is the average RMSE between predicted 
muscle activity (SO) and experimental EMG 
 
Each violin plot has a line for the maximum, 
median, and minimum value. The mean value is 
shown as text above and as a black line on the plot. 
The shape extends to 1.5 times the inter-quartile 
range, showing the outlier points on either side of 
the distribution. 
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CG and SI - Pearson correla�on coefficient 

Appendix Table 8.2) highlighting Pearson correlation coefficient difference between the SI and 
CG groups. Value: measure between predicted muscle activity (SO) and experimental EMG. In 
green, the prediction is better (higher value) for the CG group than for the SI group. In blue, the 
prediction is better for the SI group than for the CG group. The totals (column and row) with 
shades of grey represent the combination of both groups, and the darker the cell, the better the 
prediction overall. 

 
Trapezius 

Deltoid 
Anterior 

Deltoid 
Posterior 

Lat. Dorsi 
Pect. 
Major 

Infraspin 
Average 

per 
group 

Av
er

ag
e 

 

 CG SI CG SI CG SI CG SI CG SI CG SI CG SI 
Flexion 0.21 0.11 0.57 0.6 0.06 0.27 0.1 -0.09 0.31 0.39 0.43 0.52 0.28 0.3 0.29 

Weight Flex. 0.22 0.27 0.6 0.55 0.11 0.23 0.04 -0.19 0.45 0.51 0.53 0.64 0.33 0.33 0.33 

Abduction 0.2 0.08 0.53 0.57 0.24 0.36 
-

0.01 -0.06 0.28 0.12 0.23 0.24 0.25 0.22 0.23 

Weight Abd. 0.24 0.31 0.59 0.56 0.2 0.24 0.01 0 0.17 0 0.36 0.47 0.26 0.26 0.26 

Axial -0.02 0.02 -0.04 0.1 0.07 0.07 0.09 0.08 0 0.02 0.42 0.43 0.09 0.12 0.1 

Weight Axial 0.1 0.11 0.1 0.03 0.16 0.18 0.08 0.05 0.15 0.09 0.25 0.22 0.14 0.11 0.13 

Hand head 0.21 0.16 0.57 0.55 -0.11 0.02 0.08 -0.03 0.09 0.04 0.46 0.54 0.21 0.21 0.21 

Avg. group 0.17 0.15 0.42 0.42 0.1 0.2 0.06 -0.03 0.21 0.17 0.38 0.44 0.22 0.22  

Avg. global 0.32 0.84 0.3 0.03 0.38 0.82    
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Appendix Fig. 8.2) plot comparison of the Pearson 
correlation measure difference between the SI and 
CG groups. Each value is the Pearson correlation 
measure between predicted muscle activity (SO) 
and experimental EMG. Higher values represent a 
better prediction. 
 
Each violin plot has a line for the maximum, 
median, and minimum value. The mean value is 
shown as text below and as a black line on the plot. 
The shape extends to 1.5 times the inter-quartile 
range, showing the outlier points on either side of 
the distribution. 
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CG and Subset - correla�on two standard devia�ons 

Appendix Table 8.4) This table shows, for each motion identified as normal of the subset, 
the number of times that a muscles’ Pearson correlation measure (average of all 
repetitions) falls outside of the two standard deviations of the baseline of our prediction. 
The individual muscles are also mentioned in each cell. In blue are the cells where 
Pectoralis Major was identified. 

RMSE outside 
of norm in 
subset 

Flexion Abduct
ion 

Axial 
rotation 

Hand to 
head 

Flexion 
with 

weight 

Abduction 
with 

weight 

Axial 
rotation 

with 
weight 

Total 

0WL1RZ767E  
 

     
16.7% (1/6) 
['DeltAnt'] 16.7% (1/6) 

7SJS0JZX3A 50.0% 
(3/6) 

['DeltAnt', 
'DeltPost', 
'MidTrap'] 

 

0 16.7% (1/6) 
['InfraSpin'] 

33.3% (2/6) 
['DeltAnt', 
'MidTrap'] 

 

 

16.7% (1/6) 
['PecMajor'

] 

16.7% (1/6) 
['DeltAnt'] 

22.2% 
(8/36) 

7X0AGZUZFG         
26MIB6XDC6 

  0  

16.667% 
(1/6) 

['LatDorsi'] 

 

 

33.3% (2/6) 
['DeltAnt', 
'LatDorsi'] 

 

16.7% 
(3/18) 

905G3EUHWJ 

  

16.7% (1/6) 
['DeltAnt'] 

 

   

50.0% (3/6) 
['DeltAnt', 
'DeltPost', 
'InfraSpin'] 

 

33.3% 
(4/12) 

B6SNJ3SBIW         
CL966HXS0C   0     0.0% (0/6) 

FEH3JSLARJ 

      

33.3% (2/6) 
['DeltAnt', 
'DeltPost'] 

 

33.3% (2/6) 

HACIMVVX5A 

  

16.7% (1/6) 
['MidTrap'] 

 

   0 8.3% (1/12) 

PJ3URGRTWJ         
S6IRQQNB3G         
TKTEK8R7A0 

  

50.0% (3/6) 
['DeltAnt', 
'LatDorsi', 
'MidTrap'] 

 

   

16.7% (1/6) 
['LatDorsi'] 

 

33.3% 
(4/12) 

WWO521323K   0    0 0.0% (0/12) 

WX3800CYC3 0    0  0 0.0% (0/18) 

YRG37Y39YS 

  

50.0% (3/6) 
['DeltAnt', 
'InfraSpin', 
'PecMajor'] 

 

   

83.3% (5/6) 
['DeltAnt', 
'DeltPost', 
'InfraSpin', 
'LatDorsi', 

'PecMajor'] 

 

66.7% 
(8/12) 
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CG and Subset - correla�on permuta�ons 

Appendix Table 8.5) Each cell with data corresponds to the motion that was identified as 
having normal kinematics for a given participant of the subgroup. The value is a ratio 
and a percentage of how many times a muscle had a p-value <0.05 rejecting the null 
hypothesis (of the two-tailed test) that there was no difference between all repetitions of 
this participant and all repetitions of the normal group for this given motion and muscle, 
based on the correlation measure. The higher the values, the more statistically 
significant differences there are across all muscle patterns. 

Permutations 
on subset 

Flexion Weight 
Flexion 

Abd Weight 
abd 

Axial 
rotation 

W. axial 
rotation 

Hand 
head 

Total 
Row 

0WL1RZ767E 

     

2 / 6 = 
33.3% 

['DeltAnt', 
'DeltPost'] 

 
2 / 6 = 
33.3% 

7SJS0JZX3A 5 / 6 = 
83.3% 

['DeltAnt', 
'DeltPost', 
'InfraSpin', 
'MidTrap', 

'PecMajor'] 

 

5 / 6 = 
83.3% 

['DeltPost', 
'InfraSpin', 
'LatDorsi', 
'MidTrap', 

'PecMajor'] 

4 / 6 = 
66.7% 

['DeltAnt', 
'InfraSpin', 
'LatDorsi', 

'PecMajor'] 

2 / 6 = 33.3% 
['DeltAnt', 
'InfraSpin'] 

1 / 6 = 
16.7% 

['DeltAnt'] 

4 / 6 = 
66.7% 

['DeltAnt', 
'InfraSpin', 
'MidTrap', 

'PecMajor'] 

21 / 36 
= 

58.3% 

26MIB6XDC6 

 

1 / 6 = 
16.7% 

['LatDorsi'] 
  

1 / 6 = 16.7% 
['DeltPost'] 

1 / 6 = 
16.7% 

['PecMajor'] 
 

3 / 18 
= 

16.7% 

905G3EUHWJ 

    
1 / 6 = 16.7% 

['DeltAnt'] 

3 / 6 = 
50.0% 

['DeltAnt', 
'DeltPost', 
'InfraSpin'] 

 

4 / 12 
= 

33.3% 

CL966HXS0C 

    

2 / 6 = 33.3% 
['InfraSpin', 
'MidTrap'] 

  
2 / 6 = 
33.3% 

FEH3JSLARJ 

     

2 / 6 = 
33.3% 

['DeltAnt', 
'DeltPost'] 

 
2 / 6 = 
33.3% 

HACIMVVX5A 

    

4 / 6 = 66.7% 
['DeltAnt', 
'InfraSpin', 
'LatDorsi', 
'MidTrap'] 

2 / 6 = 
33.3% 

['DeltPost', 
'LatDorsi'] 

 

6 / 12 
= 

50.0% 

TKTEK8R7A0 

    

2 / 6 = 33.3% 
['LatDorsi', 
'MidTrap'] 

0  

2 / 12 
= 

16.7% 

WWO521323K 

    

3/6 = 50.0% 
[‘DeltAnt’, 
‘InfraSpin’, 
‘MidTrap’] 

1/6 = 16.7% 
[‘DeltAnt’]  

4 / 12 
= 

33.3% 

WX3800CYC3 4 / 6 = 
66.7% 

['DeltPost', 
'InfraSpin', 

2 / 6 = 
33.3% 

['MidTrap', 
'PecMajor'] 

   
1 / 6 = 
16.7% 

['LatDorsi'] 
 

7 / 18 
= 

38.9% 
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'MidTrap', 
'PecMajor'] 

YRG37Y39YS 

    

2 / 6 = 33.3% 
['InfraSpin', 
'PecMajor'] 

4 / 6 = 
66.7% 

['DeltPost', 
'InfraSpin', 
'LatDorsi', 

'PecMajor'] 

 

6 / 12 
= 

50.0% 

Total 
Column         
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