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Abstract 

The present dissertation studies the use of four muscle models for the study of the musculoskeletal 

dynamics of the upper limbs. All models are based on Hill’s muscle model but their level of complexity 

differs in the representation of the muscle activation and contraction dynamics. Considering the tendon 

element inelastic or elastic, muscle models with no activation dynamics and with activation dynamics 

are considered. The aim of this study is to understand which model is more relevant to predict muscles 

forces regarding not only accuracy but also the computational effort. 

The biomechanical quantities are obtained through a multibody model of the upper limb which includes seven 

rigid bodies actuated by 22 muscles and constrained by six anatomical joints. Inverse dynamic analyses are 

performed considering as input kinematic data collected in the Lisbon Biomechanics Laboratory. 

The muscle force sharing problem is solved using the Window Moving Inverse Dynamics Optimization 

method. In this form, the complete range of motion can be analyzed with all muscle models, and with 

any type of objective function, as the size of the biomechanics problem is not a limitation. 

Cross correlations between EMG and muscular activations for the four models were computed. The results 

were, on average, around 0.8 for each model, suggesting good predictions by the musculoskeletal model. 

However, because only one movement of the same type was analyzed and because the differences 

between cross correlations were not relevant, no definitive conclusions could be made regarding the 

superiority of any muscle model with respect to another. 

 

KEY-WORDS: Contraction Dynamics; Activation Dynamics; Rigid Model; Contraction and Activation 

Dynamics; Shoulder Musculoskeletal Dynamics; WMIDO 
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Resumo 

A presente dissertação estuda o uso de quatro modelos musculares no estudo da dinâmica músculo-

esquelética do membro superior. Todos os modelos baseiam-se no modelo de Hill diferindo uns dos outros 

na representação das dinâmicas de ativação e contração. Considerando o tendão como um elemento 

inelástico ou elástico, modelos musculares sem dinâmica de ativação e com dinâmica de ativação são 

considerados. O objetivo deste trabalho é compreender qual o modelo mais relevante para o cálculo das 

forças musculares tendo em conta não só a precisão mas também o custo computacional. 

As quantidades biomecânicas são obtidas através de um modelo biomecânico do membro superior que 

inclui sete corpos rígidos atuados por 22 músculos e constrangidos por seis juntas anatómicas. É 

realizada uma análise de dinâmica inversa com dados cinemáticos recolhidos no Laboratório de 

Biomecânica de Lisboa. 

O problema da partilha de forças musculares é resolvido utilizando o método Window Moving Inverse 

Dynamics Optimization. Deste modo, todo o movimento pode ser analisado com qualquer um dos 

modelos musculares, e com qualquer tipo de função objetivo, pois o tamanho do problema biomecânico 

não é uma limitação. 

Foram calculadas correlações cruzadas entre o EMG e ativações musculares para os quatro modelos. 

Os resultados estão em média perto dos 0.8 para cada modelo, sugerindo boas predições pelo modelo 

musculosquelético. Porém, porque apenas um movimento de cada tipo foi analisado e porque as 

diferenças entre correlações cruzadas para cada modelo muscular não são consideráveis, não foi 

possível identificar um modelo superior aos outros. 

 

PALAVRAS-CHAVE: Dinâmica de contração; Dinâmica de ativação; Tendão rígido; Dinâmica de 

contração e ativação; Dinâmica músculo-esquelética do ombro; WMIDO 
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1 Introduction 

1.1 Motivation and objectives 

The upper limbs play an important role in the performance of several every-day tasks, including eating, 

writing or even taking a shower. Thus, the privation of this capacity of maneuvering objects is extremely 

limitative to any person, making it clear that having a tool to understand the shoulder biomechanics, or 

to be even capable of assisting in preoperative planning (Bolsterlee et al., 2013), without the 

disadvantage of being an invasive method, is of great importance. The biomechanical models are being 

continuously improved in order to address this necessity. These models present the advantage of being 

capable of computing muscular forces, which cannot be directly measured in vivo without interference 

in the actual motion (Bolsterlee et al., 2013). However, computing muscular forces is not trivial since 

there is a larger number of unknown forces than the number of equilibrium equations to calculate them, 

i.e., the problem is undetermined, or redundant. Physically, this means that there is more than one 

combination of active muscles to perform a certain movement. One way to solve this indeterminacy is 

to formulate an optimization problem. A large number of objective functions has been proposed to select 

the most representative physiological solution to the problem of muscular sharing forces. Generally, they 

are based on the muscles' anatomy and physiology. Common examples include the minimization of 

energy consumption or the minimization of muscles stresses. 

One of the most critical aspects in the computation of muscle forces is the mechanical description of the 

muscle behavior. The most used models are all based on the Hill’s muscle model, being variations of 

the original model. The models might account, or not, for contraction and activations dynamics, resulting 

in more or less complex models. Understanding the influence that each of these models has on the 

results computation of the biomechanical quantities, i.e., muscle forces and activations and 

intersegmental forces, is of great interest to this area of study. 

The objective of the present dissertation is to evaluate the performance of the four aforementioned models 

regarding the computation of biomechanical quantities of interest and the computational efficiency of the 

approaches taken. To the author’s best knowledge, such study is not found in the literature at least for a 

general three-dimensional biomechanical model, being a contribution to the state-of-art. 

 

1.2 Literature review 

The intention of studying and understanding the animals' movement via biomechanical models exists for 

a long time. Almost 2400 years ago, Aristotle (384-322 B.C.) wrote a book, De Motu Animalium, on the 

animals' movement in which they were described as mechanical systems. He attempted not only to 

understand their anatomy, but also to explain some physiological phenomena like the difference between 

imagining performing an action and actually doing it. After, in the renaissance period, Leonardo Da Vinci 

studied anatomy applied to mechanics. Even though not published for centuries, he studied muscle forces 
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and joint function. Later, Borelli also left his contribution when he published a book analyzing motion, also 

called De Motu Animalium (Martin, 1999). More recently, further investigation concerned with the various 

parts of the human body was performed, being a good part of it performed in cadavers. These studies 

together with the advances in computer technology set the framework for the development of 

computational biomechanical models that intend to simulate the human body movement. 

1.2.1 Mechanical modelling of the upper limbs 

Dempster was the first author to represent bones as links of a mechanism (Dempster, 1965; Ingram, 

2015). Even though this model was presented as a representation of connections, it was only a 

descriptive model (Ingram, 2015). In 1978, Dvir presented a kinematic qualitative model for the shoulder 

complex in elevation. In this study, (Dvir, 1978) the shoulder complex was modeled as two individual, 

but paired, mechanical systems, so that stability and mobility were considered. One of those systems 

consisted of the skeleton, clavicle and scapula; and the other one consisted of the scapula and clavicle 

represented together as one link and the humerus as another link. 

Engin and Chen considered that the shoulder complex had not yet been modeled in a successfully manner, 

not only due to its complexity, but also due to the nonexistence of an appropriate biomechanical geometric 

and material database for that region. On those grounds, in 1986, they established a statistical database 

for the shoulder complex sinus (Engin & Chen, 1986a) and determined three-dimensional passive resistive 

joint properties beyond the maximal voluntary shoulder complex sinus (Engin & Chen, 1986b). Engin and 

Tumer also introduced the idea of modeling the physical articulations as ideal mechanical joints. This 

concept was proposed together with a three dimensional kinematic model where each joint was attributed 

a sinus cone that limited its motion (Engin & Tumer, 1989; Tumer & Engin, 1989). 

Further investigations were pursued, being the model now known as the Swedish shoulder model 

developed. The earlier version of the model (Högfors et al., 1987) represented the shoulder complex as 

a system constituted of three rigid bodies and with twelve degrees of freedom. It was initially a simple 

model, since it predicted forces in the shoulder muscles as functions of arm position and external load 

in static or quasi-static situations without considering the effects of inertia and its redistribution during 

the movement. The actions of the muscles were modeled as a system of forces acting along ideal string 

lines being their points of application in the bones determined in a dissection study. The Swedish model 

was later updated to include a more accurate representation of muscles geometry and dynamics. In 

1992, Karlsson and Peterson, presented a new version of the model (Karlsson & Peterson, 1992) which 

allowed to analyze static load sharing between muscles, bones and ligaments. The analysis could be 

done for different positions and different load situations. In their study the force predictions were 

restricted to the shoulder structures that attach to the humerus by means of an optimization technique 

in which the sum of squared muscle stresses was used as the objective function. 

In 1994, Van der Helm (1994b) presented a biomechanical model of the shoulder, which was then 

developed to include the elbow. Today known as Delft Elbow and Shoulder model (DSEM), it was 

presented as the first high fidelity model of the upper limbs. It still is, nowadays, one of the most 
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comprehensive models. This is a finite element model of the shoulder (bones and muscles) mechanism 

that includes dynamics, in the sense of classical mechanics (Van der Helm, 1994a; Ingram, 2015). 

Other models that were since developed include the model in the AnyBody software (Lindsay, 2001), 

the models in the Simtk OpenSim, the Newcastle shoulder model (Charlton & Johnson, 2006) and the 

Lisbon Biomechanics Laboratory Shoulder Model (LSM) developed by Quental (2012). The LSM is the 

model applied in this study not only because its biofidelity and computational efficiency have been 

thoroughly demonstrated but also because all the data acquisition and treatment is under control at the 

LBL. It was mainly built upon the data set published by Garner and Pandy (Garner & Pandy, 1999, 2001) 

complemented by data obtained from the DSEM. 

1.2.1.1 Muscle modelling 

The simplest approach to model a muscle is to consider it a straight line connecting its origin and 

insertion sites, as demonstrated in (Högfors et al., 1987). This approach naturally presents its 

drawbacks. New methods have been developed to overcome the identified difficulties, such as the 

centroid-line approach or a more complex method proposed by Van der Helm (Van der Helm & 

Veenbaas, 1991) in which the complete attachment size of the muscle is described mathematically in 

order to define a number of force vectors to define the mechanical action of the muscle (Maurel, 1998). 

Also Garner and Pandy proposed the obstacle set method (Garner & Pandy, 2000) to model the paths 

of the muscles in the human body. This method models the path of a muscle using simple obstacle sets, 

like a sphere, which intend to represent bones or other structures that may constrain its movement. 

More recently, Scholz et al. (2016) proposed a geodesic based method to describe muscle wrapping, 

which is a more general approach for general geometries. 

From a physiological point of view, mathematical models have been proposed to simulate the muscle 

behavior as a mechanical system. Hill-type muscle models, based on Hill’s muscle model, are the most 

commonly applied models even though other formulations, such as the Huxley’s model, have also been 

proposed. Differences among Hill-type muscle model include the simulation, or not, of the muscle-

tendon contraction dynamics and the activation dynamics. 

1.2.1.2 Assessment of muscle forces 

When trying to estimate the muscle forces in a biomechanical model a problem is encountered: there 

are more variables (unknown forces) than equations (force and movement equilibrium equations). That 

means the problem is undetermined. One solution to overcome this indeterminacy is to develop 

optimization formulations where a cost function must be minimized (or maximized). The methods applied 

to calculate muscular forces usually differ from each other on the type of optimization method, the 

objective function and the type of muscle model considered. 

Problems of this nature can be solved using static optimization or dynamic-like optimization methods. 

The first considers only instantaneous objective functions, and thus the force-sharing problem is solved 

independently for each other time instant, not allowing the simulation of time dependent physiological 

criteria or constraints, such as those given by the muscle contraction and activation dynamics. On the 
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other hand, dynamic optimization allows the possibility of using time-integral cost functions. It uses a 

forward dynamics approach to determine a set of muscle forces that produce a selected movement. 

However, since it requires multiple integrations of the equations of motion, it is computationally 

expensive (Anderson & Pandy, 1999; Orden et al., 2007; Quental et al., 2016a). 

Two methods based on inverse dynamic formulations have been proposed with the intention of 

overcoming some of the limitations of the static optimization, but also requiring less computational effort 

than dynamic optimization. The Extended Inverse Dynamics, or global optimization, solves all time 

instants of the muscle sharing problem simultaneously, allowing the usage of time dependent 

physiological criteria and constraints, but also carrying the disadvantage of having a computational cost 

growing with the number of project variables and time instants in the analysis (Ackerman, 2007; Rodrigo 

et al., 2008). The other method, the Modified Static Optimization, allows the usage of muscle contraction 

and activation dynamics but does not allow time dependent physiological criteria. With the intention of 

creating an equilibrium between advantages and disadvantages of the two aforementioned methods, 

Quental et al. (2016a) proposed a new method called Window Moving Inverse Dynamics Optimization 

(WMIDO). The WMIDO considers a window with a predefined size k, i.e., with number of frames equal 

to k, that moves iteratively in time. For each window position, the muscular force sharing problem is 

solved simultaneously for the k instants of time. 

One of the most common cost functions, when solving a problem with static optimization, is that 

proposed by Crowninshield and Brand (Crowninshield & Brand, 1981), in which a quantitative method 

to predict muscle activity that was based on the inversely nonlinear relationship of muscle force and 

contraction endurance was presented. They found that this method had better agreement with EMG 

signals than most linear optimization techniques that were published until then. 

Karlsson and Peterson also presented an article where they used optimization to obtain muscular forces. 

In the study dating from 1992, force predictions were obtained through the minimization of the sum of the 

squared muscles stresses. Even though accurate results were obtained, the authors considered important 

that future studies constrained the contact force of the glenohumeral joint (Karlsson & Peterson, 1992). 

In 1994, Happee suggested a method to estimate muscle force and activation that combined 

conventional inverse dynamics with optimization utilizing a dynamic muscle model. The solution of the 

muscle force sharing problem was obtained by minimizing the weighted sum of squared muscle forces 

while satisfying a dynamic physiological constraint on muscular properties that took into account the 

nonlinearity of the contractile element, the series elasticity, active state dynamics and neural excitation 

dynamics (Happee, 1994). 

In the same year, Van der Helm tested four optimization criteria (Van der Helm, 1994b). In the 

optimization procedure the stability of the GH joint was one of the constraints. The different optimization 

criteria evaluated were the minimization of: (a) the sum of quadratic muscle forces, (b) the sum of 

quadratic muscle stresses, (c) the quadratic muscle forces normalized to the maximal muscle force and 

(d) the maximal muscle stress in the entire mechanism. It was found that the criterion (a) gave incorrect 

results since it does not account for the stresses in the muscle and that the criterion (d) appeared to be 
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numerically unstable. The methods (b) and (c) provided similar results but since the (b) was the most 

efficient, it gained the authors preference. 

In 1995, Happee and Van der Helm (Happee & Van der Helm, 1995) proposed a method that consisted 

in calculating the forces/torques by an inverse dynamics program and then solving the load sharing 

problem by optimization using a criterion dependent on the weighting volume (Vj) of each muscle j and 

on a value that represented the active state (F/Fmax): 

𝐽 = 𝑉
𝐹

𝐹
 

(1.1) 

Praagman et al. (2006) found that clear relationships between the cost functions presented so far and 

physiological costs like energy consumption or fatigue did not exist. So, in 2006, they published a study to 

propose a cost function that, validly, represented muscle energy consumption. To validate the cost 

function, an indication of muscle energy consumption in vivo was acquired by near infrared spectroscopy. 

This technique allows monitoring tissue oxygenation, which is related to EMG by a linear regression. With 

this study, the authors concluded that the energy-related cost function proposed appeared to be a better 

measure for muscle energy consumption than the stress cost function (Praagman et al., 2006). 

1.2.2 Biomechanical Applications 

According to Bolsterlee et al. (2013) biomechanical models have been used for a variety of purposes. 

They are not only used to understand the basic principles of shoulder function but also to predict the 

effect of the task performed or even the effect of structural alterations in the upper limb on its behavior. 

For instance, applications of the DSEM include analyzing the capacity of muscles to produce torque 

around the shoulder joints (Veeger & Van der Helm, 2007) and analyzing wheelchair propulsion 

(Bregman et al., 2009; Bolsterlee et al., 2013), just to name a few. This is also the line of work in the 

studies by Martins et al. (2015) and Quental et al. (2016b) in which the musculoskeletal shoulder model 

is adapted for the study of reverse shoulder prosthesis and to explore the effect of the glenohumeral 

joint modelling by considering it to be a ball and socket with clearance. 

Some of the most common studies in the bibliography include those that intend to understand the 

influence of a structural alteration in the shoulder, suggesting the constant endeavor to approach clinical 

practices. These include concluding on the effect of tendon transfer (Magermans et al., 2004), cuff tears 

(Lemieux et al., 2012), shoulder implants (Van der Helm & Pronk, 1994) and tetraplegia (Van Drongelen 

et al., 2006) on the biomechanics of the upper limb, to name a few (Bolsterlee et al., 2013). 

 

1.3 Dissertation’s outline 

The present document is divided into seven chapters, being the first, the current introduction. The two 

following chapters expose important fundamentals on the physiology, task description and methods to 

the perception of the work done. Chapter 2 introduces anatomical concepts and nomenclature pertinent 
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to any person who does not have deep knowledge in the field. This chapter also includes a reference to 

the biomechanical model used and to the muscle’s physiology. The third chapter focuses in concepts 

and computational formulations of the dynamics of mechanical systems, which are critical to the 

accomplishment of this dissertation. The fourth chapter concerns a more practical component of the 

performed work. The methods applied to the acquisition and processing of data are explained at this 

point. The methods applied for movement reconstruction are also presented here. 

The results of the application of the methods described to the dynamic analysis of the upper limb are 

described in chapters 5 and 6. In the fifth chapter, the computation of the joint torques in the main 

articulations of the shoulder are described and the corresponding results are presented. The sixth 

chapter presents the results obtained for different models using the LSM. The estimated muscle 

activations are compared with the EMG signals measured to evaluate the influence of each muscle 

model on the musculoskeletal dynamics of the upper limb. Finally, the dissertation closes with a chapter 

gathering the conclusions of this study and the suggestions for future work. 

 

1.4 Novel aspects of the work 

The biomechanical quantities were computed by using the model proposed by Quental (2012), but with 

new kinematic data collected at the Lisbon Biomechanics Laboratory. The processing of data was 

implemented in MatLab, allowing the reconstruction of kinematic consistent data from the positions of 

the anatomical markers considered.  

In the LBL, a technique never used before by the research group was applied to track the scapular 

movement. The technique uses an acromion marker cluster (AMC), which was designed in SolidWorks 

and printed in a 3D printer in Instituto Superior Técnico (IST). Considering the biomechanical model 

without muscle actuation, joint torques, which are hardly ever presented in literature, were also 

computed through inverse dynamics. 

The objective of the present work is the evaluation of the different muscular models for which no similar 

study was found in the literature. This is thought to be a valuable addition to the studies already 

performed. The optimization method utilized in this study, the WMIDO, is a new technique and as such 

it needs to be applied and tested under different conditions to be further improved. This work contributes 

to that necessity by applying the method to different movements at different velocities. 

  



7 
 

2 Introductory Concepts 

The purpose of this chapter is to introduce useful concepts that help understanding the problem under 

study. These concepts include not only terms used in the field of biomechanics and biomedical 

engineering, to define positions and movements of body parts, but also a brief introduction on the 

anatomy of the upper limbs. Because the present dissertation focuses on the use of optimization to 

obtain the muscular forces, the chapter closes with a brief explanation of the muscle's physiology. 

 

2.1 Reference planes and directional terms 

In order to further understand the human body movements in space, planes and axes are identified and 

the directional terms generally used to refer to particular locations in the body are introduced. The human 

body can be divided by three planes in which most of the joint movements take place. These are the 

sagittal (or medial), the frontal (or coronal) and the horizontal (or transverse) planes (Bartlett, 2007). The 

sagittal and the frontal planes are vertical as depicted in Figure 1. The first one divides the body into left 

and right halves, whilst the second divides it into posterior and anterior halves. The horizontal plane (not 

represented) is the plane perpendicular to both previously named planes. It divides the body into 

superior and inferior halves (Bartlett, 2007). 

 

 

The three axes associated with the movements in each plane, which are also represented in Figure 1, 

are: the medio-lateral, the longitudinal and the antero-posterior axes (Knudson, 2007). Additionally, in 

order to avoid ambiguity, directional terms are also used to describe the relative position of human body 

parts. Superior (or cephalic) refers to a body part which is above another, while inferior (or caudal) refers 

Figure 1- Representation of (a) anatomical axes and two reference planes and (b) directional terms. 

(a)     (b) 
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to a body part below another. A body part which is towards the front of the body is called anterior (or 

ventral) whereas one that is towards the back of the body is called posterior (or dorsal). The term medial 

has to do with a position towards the midline or sagittal plane, whilst lateral has to do with a position 

away from the midline. When referring to locations in the extremities of the body the terms distal and 

proximal are usually adopted. Distal refers to something away from the trunk, while proximal refers to 

something towards the trunk (Knudson, 2007; Lippert, 2011). 

The movements of the body segments are usually defined with respect to the anatomical or fundamental 

reference posture. These positions differ in how the hands are laying: in the first the hands are facing forward 

whilst in the second the hands are leaning on the body. In both the body stands on the upright position, with 

the eyes facing forward, the legs closed together and the feet parallel to each other (Bartlett, 2007). 

 

2.2 Movements 

There are six basic movements that can occur in the body: flexion/extension, abduction/adduction and 

medial/lateral rotation (Hamill & Knutzen, 2006) all of which are illustrated in Figure 2. Flexion can be defined 

as a bending movement in which the relative angle of the joint between two adjacent segments decreases, 

while extension is a straightening movement in which the same angle increases as the joint returns to the 

reference position (Hamill & Knutzen, 2006). Shoulder flexion/extension is equivalent to lifting/descending 

the arm in the sagittal plane. In situations in which these movements go beyond the normal range of motion 

they gain specific names- hyperflexion and hyperextension (Hamill & Knutzen, 2006). 

 

 

Abduction is a movement that takes a body part away from the midline of the body, whilst adduction is 

the returning movement toward the midline. Similarly to the previous movements, the terms 

hyperabduction and hyperadduction refer to when the movement goes beyond the normal range. (Hamill 

& Knutzen, 2006). Shoulder abduction/adduction consists in the ascending/descending movement of 

the arm in the frontal plane. 

The last two movements are rotations, which can be medial or lateral. When in the fundamental position, 

medial rotation refers to the movement of a segment around a vertical axis running through the segment 

so that the anterior surface of the segment moves toward the midline of the body while the posterior surface 

moves away from the midline. The lateral rotation is the opposite movement (Hamill & Knutzen, 2006). 

Figure 2- Six basic movements of the shoulder. 
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Finally, there are the so called specialized movements. These include movements such as: elevation, 

depression, protraction, retraction, supination and pronation (Hamill & Knutzen, 2006). Because the 

present dissertation focuses on the upper limbs, only specialized movements from this part of the body 

are described. The scapula, a very important bone for the shoulder and arm mobility, has four 

characteristic movements: protraction/retraction (abduction/adduction), elevation/retraction, 

upward/downward rotation and scapular tilt. In both elevation/depression and protraction/retraction the 

motion of the scapula is linear. In the first, the bone moves up and down along the thorax, whilst in the 

second, it moves toward and away from the vertebral column in parallel lines. In the upward/downward 

rotation the scapula also moves toward and away from the vertebral column, but now the inferior and 

posterior points of the scapula move in different directions. Lastly, scapular tilt happens when the 

shoulder joint goes into hyperextension. Here the superior end of the scapula tilts anteriorly and the 

inferior end tilts posteriorly. (Lippert, 2011)  

 

 

The shoulder is also subjected to horizontal abduction/adduction and circumduction, both depicted in 

Figure 3. The first movement is similar to the abduction/adduction movement already described but it 

occurs in the transverse plane. The last describes the motion of an arc of circle that the shoulder is 

capable of performing. Additionally, the forearm can have a movement of pronation/supination, in which 

the radius moves around the ulna. (Lippert, 2011)  

 

2.3 The Upper Limb 

The human body is a complex machine that can be divided into various groups and systems. This work 

addresses the study of the upper limbs and, in order to understand it, basic knowledge of the 

musculoskeletal system, which includes the muscular, the articular and the skeletal system, is necessary. 

2.3.1 Articulations and bones 

The upper limb includes not only the shoulder complex (scapula, clavicle and humerus), but also the 

elbow joint, the wrist joint and the hand, as seen in Figure 4. The thorax is a cage that protects the 

principal vital organs of respiration and circulation. It is constituted by twelve thoracic vertebrae, the 

sternum, the costal cartilages and the ribs (Gray, 1918). 

Figure 3- Specialized shoulder movements. 

(a)                                           (b) 
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The clavicle is a long bone placed almost horizontally at the upper and anterior part of the thorax, 

immediately above the first rib. It articulates medially with the manubrium from the sternum originating the 

sternoclavicular (SC) articulation. The clavicle also articulates laterally with the acromion of the scapula 

originating yet another articulation: the acromioclavicular (AC) joint (Gray, 1918; Hamill & Knutzen, 2006). 

The scapula is a triangular shaped bone located superficially on the posterior side of the thorax. As already 

mentioned, it forms the AC joint by articulating with the clavicle, but it also takes part in two other important 

articulations: the ST and the GH joints. The first is not an articulation made bone to bone, instead it contains 

neurovascular, muscular, and bursal structures that allow for motion of the scapula on the thorax. The 

latter, also known as shoulder joint, results from the articulation of the scapula and the humerus, and it is 

considered the joint with the greatest movement potential in the whole body (Hamill & Knutzen, 2006). 

The humerus is a long bone that articulates with the scapula, forming the GH joint, and with the ulna, 

constituting the HU articulation. In turn, the ulna is a bone in the forearm which is placed next to the 

radius. The contact between these two bones originates the RU joint. Even though, the ulna and radius 

articulate at both ends, the distal and proximal RU joints are considered together as one. 

Human body articulations can be divided into three groups according to their structure; there are the 

synovial, the cartilaginous and the fibrous joints. The synovial joints allow a larger range of movement and 

it is in this group that most of the upper limbs articulations are included. Typically, this type of joints have 

a joint cavity and the bones do not articulate directly but by means of hyaline cartilage surfaces. The 

cartilaginous joints, in which the bones are connected by hyaline cartilage or by fibrocartilage, allow very 

limited or no motion at all. The fibrous joints do not present high mobility either. They have no joint cavity 

and result from the connection of bones made by a connective tissue rich in collagen (Quental, 2013). 

According to Hamill & Knutzen (2006), the synovial joints can be further divided into groups according 

to the differences in articulating surfaces, directions of motion allowed by the joint and the type of 

movement occurring between the segments. Here six types of synovial joints are highlighted: 

Figure 4- The upper limb. 
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Plane or gliding joint: The movement is nonaxial because it consists of two flat (or almost flat) surfaces 

sliding over each other rather than one moving around the other (Hamill & Knutzen, 2006). 

Hinge joint: The movement consists of angular motion occurring in one plane around only one axis 

(Lippert, 2011). 

Pivot joint: It is a uniaxial joint in which a bone rotates around a fibrous ring and around its own 

longitudinal axis (Quental, 2013; Lippert, 2011). 

Condyloid joint: It is a biaxial joint and therefore allows movement in two planes (flexion and extension; 

abduction and adduction) (Lippert, 2011). 

Saddle joint: Biaxial joint that is found at the carpometacarpal articulation. In this joint the articular 

surface of each bone is concave in one direction and convex in the other so that the 

bones fit together (Lippert, 2011). 

Ball-and-socket joint: Allows movement in the three planes. The hip and shoulder allow flexion and 

extension in the frontal axis, abduction and adduction in the sagittal axis and rotation in 

the vertical axis (Lippert, 2011). 

2.3.2 Muscles 

Muscles are structures included in the muscular system that convert chemical energy into mechanical 

energy and heat. There are three types of muscles in the human body: skeletal, cardiac and smooth 

muscles. The last two, which belong to the heart's walls and to the interior of hallow structures, such 

has blood vessels, are not controlled consciously as opposed to the skeletal muscles, which are 

responsible for the movement of the bones to which they connect. Because of these features, the 

skeletal muscles are of the most interest to this study (Freivalds, 2011). 

The upper limbs are composed of many muscles but, for the sake of simplicity, the most important of 

them to the shoulder movements are presented here. Table 1 lists the insertions, origins and main 

function of these muscles (Lippert, 2011). Note that origin is the name given to the most proximal 

attachment of the muscle, whilst the insertion refers to the most distal attachment (Freivalds, 2011). 

2.3.2.1 Muscle structure and force generation 

Muscles are connected with bones, cartilages, ligaments, and skin, either directly or by fibrous structures 

called tendons (Gray, 1918). They consist of connective tissue, muscle fibers and nerves (Quental, 

2013). In terms of anatomical architecture of the muscle, it is briefly described here. The epimysium, 

which is the fibrous tissue that covers the muscle, transfers the muscular tension to the tendon so that 

the force is smoothly applied to the bone. Inside it there are partitions, called fascicles, which are 

separated by a dense connective tissue, which provides a pathway for the nerves and blood vessels, 

called the perimysium. The fascicles run parallel to each other and contain the muscle fibers which are 

covered by the endomysium, a membrane that besides other characteristics includes the nerves that 

innervate the muscle fibers (Hamill & Knutzen, 2006). 
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Table 1-Origin, insertion and main function of the muscles studied. The figures are obtained from 
Anatronica 3D Interactive Anatomy (2010-2011) and reproduced with permission. 

Muscle: Trapezius (Upper, Middle and Lower)  

 Origin: Occipital bone, nuchal ligament on cervical spinous processes 
(Upper); 

Spinous processes of C7 through T3 (Middle); 

Spinous processes of middle and lower thoracic vertebrae 
(Lower). 

Insertion: Outer third of clavicle, acromion process (Upper); 

Scapular spine (Middle); 

Base of the scapular spine (Lower). 

Main function: Scapular elevation and upward rotation (Upper); 

Scapular retraction (Middle); 

Depression and upward rotation of the scapula (Lower). 

Muscle: Deltoid (Anterior, Middle and Posterior) 

 Origin: Lateral third of the clavicle (Anterior); 

Acromion process (Middle); 

Spine of scapula (Posterior). 

Insertion: Deltoid tuberosity (Anterior); 

Deltoid tuberosity (Middle); 

Deltoid tuberosity (Posterior). 

Main function: Shoulder abduction, flexion, medial rotation and horizontal 
adduction (Anterior); 

Shoulder abduction (Middle);  

Shoulder abduction, extension, hyperextension, lateral rotation 
and horizontal abduction (Posterior). 

Muscle: Biceps Brachii (Long head and Short head) 

Origin: Supraglenoid tubercle of the scapula (Long head); 

Coracoid process of the scapula (Short head). 

Insertion: Radial tuberosity of radius. 

Main function: Elbow flexion and forearm supination. 

Muscle: Triceps (long head, lateral head and medial head) 

Origin: Infraglenoid tubercle of the scapula (Long head); 

Inferior to greater tubercle on posterior humerus (Lateral head); 

Posterior surface of humerus (Medial head). 

Insertion: Olecranon process of the ulna. 

Main function: Elbow extension. 
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Table 1- Continued. 

Muscle: Serratus Anterior 

Origin: Lateral surface of the upper eight ribs. 

Insertion: Vertebral border of the scapula, anterior surface. 

Main function: Scapular protraction and upward rotation; 

Maintains the vertebral border of the scapula against the rib 
cage. 

Muscle: Infraspinatus 

Origin: Infraspinous fossa of the scapula. 

Insertion: Greater tubercle of humerus. 

Main function: 
Shoulder lateral rotation and horizontal abduction. 

Muscle: Supraspinatus 

Origin: Supraspinous fossa of the scapula. 

Insertion: Greater tubercle of the humerus. 

Main function: Shoulder abduction. 

Muscle: Subscapularis 

Origin: Subscapular fossa of the scapula. 

Insertion: Lesser tubercle of the humerus. 

Main function: 
Shoulder medial rotation. 

Muscle: Teres minor 

Origin: Axillary border of the scapula. 

Insertion: Greater tubercle of the humerus. 

Main function: Shoulder lateral rotation and horizontal abduction. 

Muscle: Pectoralis major (clavicular and sternal portions) 

 

Origin: Medial third of the clavicle (clavicular); 

Sternum, costal cartilage of first six ribs (sternal). 

Insertion: Lateral lip of bicipital groove of humerus. 

Main function: First 60º of shoulder flexion, shoulder adduction, medial rotation 
and horizontal adduction (clavicular); 

First 60º of shoulder extension, shoulder adduction, medial 
rotation and horizontal adduction (sternal). 
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The muscle fibers are long cylindrical cells which are divided into myofibrils (Hamill & Knutzen, 2006). 

The myofibrils contain the actual contractile mechanism of the muscle which has the form of protein 

filaments divided in two types: the myosin and the actin. The filaments are interlaced and overlapped 

originating the striated muscle (Freivalds, 2011). Each unit of these bands is called sarcomere (Hamill 

& Knutzen, 2006). These bands are divided in A-bands (of both myosin and actin) and I-bands (of actin) 

which are held together by Z-disks. The Z-disks define repeating units of sarcomeres (Freivalds, 2011). 

Within the A-band, the area where no overlapping occurs is called H-band, which is bisected by a 

membrane (M-lines) that tends to hold the myosin together (Quental, 2013). 

One of the most notable characteristics of the muscle is its capacity to produce force. The transmission 

of information for the muscle activation comes from the central nervous system (CNS) and is under 

voluntary control. This signal, called action potential, is produced in and transmitted through a particular 

type of cells, the motor neurons. Together with the muscle fibers that it innervates, the motor neuron 

forms the motor units (Barlett, 2007; Freivalds, 2011). The action potential is generated at a cellular 

level, in the motor cortex of the brain, resulting from the exchange of a concentration and electric 

gradients of calcium, sodium and potassium ions in cells (Freivalds, 2011). 

There is a group of events that allows contraction and relaxation of the muscles producing force. It 

includes the Excitation, Excitation-Contracting Coupling, Contraction and Relaxation (Saladin, 2007). 

Excitation: After generated, the action potential travels along the axon (long part of the neuron) to the 

neuromuscular junction. When it reaches the junction a series of chemical reactions take place 

and acetylcholine (ACh) diffuses across the synapse from the synaptic vesicles (in the neuron) 

to the ACh receptors in the sarcolemma (in the muscle fiber) (Freivalds, 2011).The receptors 

react to ACh by initiating electrical events and a wave of electrical excitation spreads into the 

sarcoplasma through T tubules (Saladin, 2007). 

Excitation-Contracting Coupling: The excitation of T tubule leads to the release of calcium ions from the 

sarcoplasmic reticulum into the filaments. The ions clear the way for the myosin to bind to the actin 

(Saladin, 2007). In this phase a hydrolysis reaction in which the ATP molecule in the flexed myosin's 

head breaks into an adenosine diphosphate (ADP) molecule and an inorganic phosphate group 

(Pi) also occurs. This reaction releases energy that straightens the myosin head (Saladin, 2007). 

Contraction: The myosin forms cross-bridges with the actin, releasing ADP and Pi. The myosin heads 

attach to the actin and pull on them, causing the actin to slide across the myosin and shorten the 

cell. While the muscle is contracting, the actin is never completely released because myosin 

heads take turns in pulling and letting go the actin (Saladin, 2007). This theory of explaining 

muscle contraction not as a contraction movement but as a sliding movement was proposed by 

Huxley, in 1974. According to this explanation, the I-bands and H-bands narrow during 

contraction, but the A-band remains with the same width during the process (Freivalds, 2011). 
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Relaxation: The motor neuron stops releasing ACh and, so the fiber is no longer electrically excited. In 

addition, the sarcoplasmic reticulum reabsorbs the calcium ions and stores them, preventing 

the myosin-actin cross bridges from forming (Saladin, 2007). 

2.3.2.2 Force length property 

One of the properties of muscles states that they can only produce tensile forces. The total tension a 

muscle produces is a combination of passive and active tension (Lippert, 2011). The active tension 

results from the muscle's contractile mechanism, whilst the passive tension results from its elasticity 

(Quental, 2013). Figure 5 illustrates the force-length property of a muscle. The representation (and the 

property) is meant for constant activation level, being in the present case represented for a scenario 

with maximum activation (𝐚 = 1). If this level is reduced, the magnitude of the force is also reduced, 

even though its behavior does not change. 

 

 

When a muscle is at its resting length, the actin and myosin protein filaments are maximally overlapped 

originating the maximum number of cross-bridges and, consequently, the maximum force (Quental, 

2013). When contracting from its resting length, the force produced by a muscle decreases until it 

reaches half of its resting length. When this happens, the muscle is not able to further contract and, 

therefore, it is not able to produce force, the muscle is said to have reached active insufficiency 

(Yamaguchi, 2005; Lippert, 2011). Considering only the active force component, the same behavior can 

be observed when the muscle lengthens from its resting length. However, due to muscle’s elasticity, it 

develops passive force (Quental, 2013). This is known as passive insufficiency. 

2.3.2.3 Force velocity property 

This property, represented in Figure 6, concerns with how the rate at which the fiber's length varies 

affects the active force developed by the muscle (Yamaguchi, 2005). The influence of this quantity 

depends on the type of contraction. 

Total

Active

Passive

F
or

ce

Length

Figure 5- Representation of the force-length property of a muscle. In the figure, 𝐿  is the 
optimum fiber length and 𝐹  is the maximum isometric muscle force. 
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During concentric contraction (muscle shortens) the amount of force developed decreases with the 

increase in velocity. This is so because there is less efficient bonding in the cross-bridges as the 

filaments slide more rapidly and because there is a damping effect of the fluid-filled muscle tissue 

(Freivalds, 2011; Quental, 2013). 

In cases where the contraction is eccentric (muscle lengthens), the tension developed by the muscle 

can be larger than that in an isometric contraction. One of the possible justifications for this behavior is 

that breaking the cross-bridges requires more force than holding them at their isometric limit. Another 

possible reason is that the external force must overcome latent viscous friction still present from the 

shortening stage (Freivalds, 2011). Lastly, if the contraction is isometric (no change in muscle length) 

there is no variation in force with the velocity (Quental, 2013). 

  

Force

VelocityEccentric

Maximum isometric 
contraction

lengthening
velocity

shortening
velocity

Figure 6- Representation of the force-velocity property of a muscle. In 
the figure, 𝐹  is the maximum isometric muscle force. 
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3 Multibody formulation overview 

In this chapter the methods based on multi-body dynamics used to compute the positions, velocities and 

accelerations of the bodies in the system are briefly introduced. The equations necessary to compute 

joint torques are also presented. In order to apply these methodologies there is the need to introduce 

the mechanical constraints and the driving constraints utilized, which are also presented in this chapter. 

Most formulations can be used to perform both inverse dynamics and forward dynamics analysis. The 

present study focuses on inverse dynamics since this consists on calculating the forces and torques 

applied on a system for which its movement is known. Forward dynamics, which are not addressed in 

this work, consists in obtaining the movement of a structure knowing the loads it is subjected to. The 

chapter is finalized with a brief reference to the musculoskeletal model used and on how muscles are 

usually modeled. In the present text, the notation utilized for matrices and vectors is the following: 

vectors are denoted by bold characters, while matrices are denoted by bold capital letters. 

 

3.1 Reference frame and coordinates 

Different types of coordinates exist to describe a mechanical system. They can either describe positions 

in relation to each other or in relation to a reference frame. Generalized coordinates, relative coordinates 

and Cartesian coordinates are some examples of types of coordinates available to describe multibody 

systems (Nikravesh, 1988). Because the present study is performed using the LSM, which is developed 

using Cartesian coordinates, these are the type of coordinates adopted in this work. The Cartesian 

coordinates are very useful because they make it easy to develop a general-purpose program, even 

though it may eventually not be as efficient as one in which the other types of coordinates are applied 

(Nikravesh, 1988). The ability to make a general-purpose program is a great advantage of the Cartesian 

coordinate system, but the low order of nonlinearity and the simplicity in deriving the equations of motion 

also make the use of this type of coordinates very attractive (Nikravesh, 1988). 

A body that is not subjected to any constraint can be defined, in space, by three translational coordinates 

(𝒓 = [𝑥, 𝑦, 𝑧] ) and three or four rotational coordinates. Three coordinates if they are defined by angles 

and four if they are defined by Euler parameters (𝒑 = [𝑒 , 𝑒 , 𝑒 , 𝑒 ] ). These coordinates define the 

position and orientation of a body-fixed reference frame, represented in Figure 7 by ξη𝛇 , with respect to 

the global referential, represented in the same figure by xyz. The origin of the local referential is defined 

by the translational coordinates and the orientation of the axes is defined by the rotational coordinates. 

The position of point P of body i in the global coordinate frame is obtained using its position in the body-

fixed frame and the position and orientation of the body-fixed frame in the global coordinate system as: 

𝐫 = 𝐫𝐢 + 𝐀𝐢𝐬′  (3.1) 
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where, 𝒓  are the global coordinates of point P, 𝒓𝒊 are the translational coordinates of the body i in the 

global referential, 𝑨  is the matrix of direction cosines (or rotation matrix) of body i in the global referential 

and 𝒔 = [𝜉 , 𝜂 , 𝜁 ]  are the local coordinates of point P in body i. (Nikravesh, 1988). 

 

 

In order to describe rotations in space there is the need to use orientation coordinates, which, in this 

dissertation are the Euler parameters since they overcome some problems, such as singularities, that 

other types of coordinates face (Nikravesh, 1988). Because the orientation of the bodies is defined by 

Euler parameters instead of angles, the number of coordinates to describe a body is seven instead of 

six. The four Euler parameters are not independent, accordingly, similar to the angular coordinates, they 

only describe three degrees of freedom (d.o.f.). The Euler parameters are related by: 

e + e + e + e = 1 (3.2) 

With this information, it is possible to define the vector of coordinates, 𝒒, of a system with n bodies, 

which includes the vector of coordinates of each body i, 𝒒 : 

𝐪 = [𝐪 , … , 𝐪 ] , where 𝐪 = [x, y, z, e , e , e , e ]  (3.3) 

The bodies that include the system are connected to each other by joints. Each joint introduces 

relationships between the coordinates of the bodies, resulting in the vector of kinematic constraint 

equations. Every constraint equation must be fulfilled for each time instant (Oliveira, 2016): 

𝚽(𝐪, t) = [𝚽𝟏(𝐪), … , 𝚽𝐧𝐬(𝐪), … , 𝚽𝟏(𝐪, t), … , 𝚽𝐧𝐫(𝐪, t)] = 𝟎 (3.4) 

where ns makes reference to the total number of scleronomic constraints and nr to the total number of 

rheonomic constraints. The scleronomic constraints do not depend on time, while the rheonomic 

constraints do. The first are usually associated to kinematic pairs whilst the latter is usually associated 

to the driver actuators. 

3.1.1 Kinematic analysis 

The kinematic analysis consists in defining a mechanical system through multibody formulation without 

considering the masses of the bodies that compose it or the external forces that it might be subjected 

y

x

z

i

 i

iP

Figure 7- Global and local reference frames. 
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to (Oliveira, 2016). In order to obtain the positions of the bodies included in the system, Equation (3.4) 

must be solved in order to 𝒒. Various methods can be used to compute the vector of positions out of 

which, in the present work, the Newton-Raphson method is applied. This method consists on a 

linearization of Equation (3.4) resulting in: 

𝚽(𝐪, t) ≅ 𝚽(𝐪 , t) + 𝚽𝐪(𝐪 )(𝐪 − 𝐪 ) = 𝟎 (3.5) 

In Equation (3.5), 𝚽𝐪 is the Jacobian matrix of the system, which consists on the partial derivatives of 

each kinematic constraint with respect to the vector of coordinates expressed in full by: 

𝚽𝐪(𝐪) =

⎣
⎢
⎢
⎢
⎡

∂𝚽

∂𝐪
⋯

∂𝚽

∂𝐪  
⋮ ⋱ ⋮

∂𝚽

∂𝐪
⋯

∂𝚽

∂𝐪 ⎦
⎥
⎥
⎥
⎤

 

(3.6) 

In Equation (3.6), nh refers to the number of constraints and nc to the number of rigid bodies. 

By deriving Equation (3.4) with respect to time it is possible to obtain the velocities of the bodies in the 

system as: 

�̇�(𝐪, �̇�, t) =
∂𝚽(𝐪, t)

∂t
+

∂𝚽(𝐪, t)

∂𝐪
�̇� = 𝟎 

(3.7) 

The term 
𝚽(𝐪, )

𝐪
 is the Jacobian matrix already defined in Equation (3.6), �̇� is the vector of velocities and 

𝚽(𝐪, )
 is defined as the right hand side of the velocity equations (𝛖). Equation (3.7) is written in a compact 

form as: 

𝚽𝐪�̇� = 𝛖 (3.8) 

By double differentiation of Equation (3.4) the acceleration constraint equations are obtained as: 

�̈�(𝐪, �̇�, �̈�, t) = 𝚽𝐪�̈� + 𝚽𝐪�̇�
𝐪

�̇� − �̇�(t) = 𝟎 (3.9) 

Defining the vector of right hand side vector of the acceleration equations 𝛄 = �̇�(t) − 𝚽𝐪�̇�
𝐪

�̇�, it is 

possible to obtain the accelerations of the system by solving the acceleration equations as: 

𝚽𝐪�̈� = 𝛄 (3.10) 

For the inverse dynamic analysis of the biomechanical system, used in this work, both velocities and 

accelerations are required and need to be fulfilled together with the position constraint equations to 

guarantee that kinematic consistency is achieved. 
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3.2 Kinematic Constraints 

According to the type of joint that is required in a multibody biomechanical model there are various 

kinematic constraints that can be used to define the connection between two adjacent bodies. These 

include spherical, universal, revolute, cylindrical, translational, screw and composite joints, among 

others more or less specialized. The kinematic joints can be combined in order to build composite joints, 

such as spherical-spherical, spherical-revolute, revolute-revolute and revolute-cylindrical joints. The 

present text will focus only on revolute, spherical and point to ellipsoid joints since these are the ones 

used in the LSM to describe the upper limb. 

3.2.1 Spherical Joint 

The spherical joint is defined by three algebraic equations which guarantee that the center of the joint, 

point P in Figure 8, is always in the same spatial position either in body i or in body j: 

𝚽( , ) = 𝐫 + 𝐀 𝐬 − 𝐀 𝐬 − 𝐫 = 𝟎 (3.11) 

where the position of point P in bodies i and j are individually described by Equation (3.1). 

 

 

The velocity and acceleration equations and the Jacobian matrix are defined as function of the local 

angular velocities, 𝝎’, and local angular accelerations, 𝝎′̇ . Note that these two quantities relate to the 

Euler parameters by: 

𝛚 = 2𝐋�̇� 

 �̇� = 2𝐋�̈� 

(3.12) 

where, 𝐋 is the matrix defined as: 

𝐋 =

−e e e −e

−e −e e e

−e e −e e
 

(3.13) 
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Figure 8- Schematic representation of the spherical joint. 
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To obtain the Jacobian matrix and the velocity vector, the derivative of expression (3.11) with respect to 

time must be computed. Rearranging the equations in matrix form as a function of �̇� leads to: 

𝐈 −𝐬 𝐀 −𝐈 𝐬 𝐀
�̇�
�̇� = 𝟎 

(3.14) 

The right-hand side vector of the velocity equations, 𝛖, is identified from Equation (3.14) as: 

𝛖( , ) = 𝟎 (3.15) 

and the Jacobian matrix, 𝚽𝐪, is identified from Equation (3.14) as: 

𝚽𝐪
( , )

= 𝐈 −𝐬 𝐀 −𝐈 𝐬 𝐀  (3.16) 

In turn, by deriving the equation of velocities with respect to time, the equation of accelerations is 

obtained as: 

𝐈 −𝐬 𝐀 −𝐈 𝐬 𝐀
q̈
q̈ = −𝛚𝐢�̇�𝐢

𝐏 + 𝛚𝐣�̇�𝐣
𝐏  

(3.17) 

From Equation (3.17) it is possible to extract the right-hand side of the acceleration equations, 𝜸, 

represented by: 

𝛄( , ) = −𝛚𝐢�̇�𝐢
𝐏 + 𝛚𝐣�̇�𝐣

𝐏, where 𝐬�̇� = 𝛚𝐬𝐏 (3.18) 

The tilde over a variable indicates that the skew-symmetric matrix of that variable is to be used. The 

following equation represents the skew matrix of the angular velocity: 

 

More details on the formulation of spherical joints can be obtained in the work by Nikravesh (1988), 

which for the sake of conciseness are not pursued here. 

3.2.2 Revolute Joint 

In order to define a revolute joint, illustrated in Figure 9, five algebraic constraints must be used. This 

joint is defined by a spherical constraint located at point P and by two more equations. The joint axis of 

rotation is defined by vectors 𝒔  and 𝒔  (of bodies i and j). The rotational constraint equations must 

guarantee that these two vectors remain parallel, what would lead to three constraint equations. 

However, since one of the equations is linearly dependent of the others, instead of using a cross-product, 

to represent vector parallelism the constraint is unfolded into two dot-products. Two additional vectors 

(𝒔  and 𝒔 ) which are perpendicular to 𝒔  and to each other are generated and expressed in body fixed 

coordinates in which they remain constant, as can be observed in Figure 9. 

𝛚 =

0 −ω ω

ω 0 −ω
−ω ω 0

 
(3.19) 
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The revolute joint position constraints are, therefore, defined as: 

𝚽( , ) =

𝚽( , )

𝐬 𝐬

𝐬 𝐬

 

(3.20) 

The Jacobian matrix for this type of joint is represented as: 

𝚽𝐪
( , )

=

𝚽𝐪
( , )

0 −𝐬 𝐬 𝐀 0 −𝐬 𝐬 𝐀

0 −𝐬 𝐬 𝐀 0 −𝐬 𝐬 𝐀

 

(3.21) 

The right-hand side velocity equations vector is given by: 

𝛖( , ) = 𝟎 (3.22) 

And the vector of right-hand side of the acceleration equations is given by: 

𝛄( , ) =

𝛄( , )

−2�̇� �̇� + �̇� 𝛚 𝐬 + �̇� 𝛚 𝐬

−2�̇� �̇� + �̇� 𝛚 𝐬 + �̇� 𝛚 𝐬

 

(3.23) 

3.2.3 Point to Ellipsoid Joint 

The point to ellipsoid joint is not a regularly used mechanical joint, but it satisfies the need to formulate 

the particular topology of the upper limb in which points in the scapula have to slide on the surface of 

the thorax, represented by an ellipsoid. It imposes that the movement of a point P on a body i occurs on 

the surface of a body j, defined as an ellipsoid (Quental, 2013). Here it is assumed that the ellipsoid is 

a body fixed surface. 
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Figure 9- Schematic representation of the revolute joint. 
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The positions of points P in bodies I and j are written as: 

𝐫 = 𝐫 + 𝐀 𝐬  (3.24) 

𝐫 = 𝐫 + 𝐀 (𝐬 + 𝐀 𝐬 ) (3.25) 

in which 𝐬  locates the center of the ellipsoid in body j, 𝐬 are the coordinates of vector 𝑠  in the referential 

of the ellipsoid and 𝐀  is the transformation matrix from the ellipsoid to body j coordinate systems. 

 

 

The first part of the point to ellipsoid constraint forces points P in body i and body j to be coincident: 

𝐫 + 𝐀 𝐬 − 𝐫 − 𝐀 𝐬 + 𝐀 𝐬 = 0 (3.26) 

which is further rearranged as: 

𝐬 + 𝐀 𝐬 = 𝐀 (𝐫 + 𝐀 𝐬 − 𝐫 )  

𝐬 = 𝐀 [𝐀 𝐫 + 𝐀 𝐬 − 𝐫 − 𝐬 ] (3.27) 

in which, for short, 

𝐬 = 𝐬   𝐬   𝐬  (3.28) 

The point to ellipsoidal constraint enforces that point P is always in the surface of the ellipsoidal, i.e., 

𝚽( , ) = 𝐝 𝐝 − 1 = 0 (3.29) 

in which: 

𝐝 =
𝐬

𝑅
  

𝐬

𝑅
  

𝐬

𝑅
  

(3.30) 

being 𝑅 , 𝑅  and 𝑅  the radii of the ellipsoid about ξ , η  and ζ  respectively. 

The Jacobian matrix is defined as: 
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Figure 10- Point to ellipsoid joint. 
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𝚽𝐪
( , )

= 𝐀 𝐝 𝐋 𝐬 𝐆 𝐀 𝐝 − 𝐀 𝐝 𝐋 𝐀 𝐬 𝐋 𝐝  
(3.31) 

The right-hand side vector of the velocity equations is given by: 

𝛖( , ) = 𝟎 (3.32) 

And the right-hand side of the acceleration equations is given by: 

𝛄( , ) = 𝐝 𝐀 𝐆 𝐬 ω ω 𝐩 + 𝐝 𝐋 𝐀 𝐬 ω ω 𝐩 − 2𝐝 𝐀 �̇� 𝐬 𝐋 ω

− 2𝐝  (�̇� 𝐀 𝐬 𝐋 ω ) − 2𝐝 𝐝  

(3.33) 

In these equations, 𝒔  are the coordinates of point P in the referential of the ellipsoid and the 

quantities 𝒅 , 𝐚 , 𝐬′ and G are defined as: 

d =  𝐀
𝐬

𝑅
 
𝐬

𝑅
 
𝐬

𝑅
 

(3.34) 

𝐚 =

0
𝑎
𝑎
𝑎

−𝑎
0
𝑎

−𝑎

−𝑎
−𝑎

0
𝑎

−𝑎
𝑎

−𝑎
0

 

(3.35) 

𝐬′ =

⎣
⎢
⎢
⎡

0
s

s

s

−s
0

−s

s

−s

s
0

−s

−s

−s

s
0 ⎦

⎥
⎥
⎤
 

(3.36) 

𝐆 =

−e e −e e

−e e e −e

−e −e e e
 

(3.37) 

 

3.3 Driving Constraints 

Driving constraints are required to guide the degrees of freedom of a system in a kinematic analysis. 

The driving constraint equations enable the computation of the bodies' positions by providing the extra 

set of conditions necessary to drive all degrees-of-freedom, thus allowing to solve Equation (3.4). 

Besides presenting the constraint equations for each driver, the Jacobian matrix and the 𝝊 and 𝜸 vectors 

for the driver are also presented. 

3.3.1 Prescribed Motion Constraint 

The so-called prescribed motion constraints are used to control the position and orientation of a body. 

The equation that describes these constraints is quite simple and relates the coordinates of body i 

measured in the laboratory, 𝒒 , to those used in the computational model, 𝒒 , resulting in: 
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𝚽( , ) = 𝐪 − 𝐪  (3.38) 

The Jacobian matrix, the 𝛖 and the 𝛄 vectors for the prescribed motion constraint are represented by: 

The Jacobian matrix is defined as in Equation (3.39), the right-hand side vector of the velocity equations 

as in Equation (3.40) and the right-hand side of the acceleration equations as in Equation (3.41) for each 

prescribed constraint. 

3.3.2 Rotational Drivers 

The rotational drivers are applied with objective of guiding the relative d.o.f. of two bodies connected by a 

kinematic pair. They are used to guide angle variations in revolute joints. The guided angle, in between 

vectors u and v defined in bodies i and j respectively, is that oriented in the direction of the rotation axis, which 

is represented as a dashed line in Figure 11. 

 

 

The constraint equation for the rotational driver is defined as: 

𝚽( , ) = [𝐮 𝐯 − cos(θ)] = 𝟎 (3.42) 

where angle 𝜃 is a prescribed function of time, obtained, in the case of biomechanics applications via 

data acquisition in the biomechanics laboratory. In the case of the applications of this work u and v have 

the same directions of 𝛈  and 𝛈 .  

The Jacobian matrix and the 𝛖 and 𝛄 vectors for the rotational drivers are written as: 

𝚽𝐪
( , )

=
𝐈 0

0
1

2
𝐋

 
(3.39) 

𝛖( , ) = �̇�  (3.40) 

𝛄( , ) =

�̈�

�̈� +
1

4
𝛚 𝛚 𝐩

 
(3.41) 

(i)

(j)

Figure 11-Schematic representation of a rotational driver between bodies i and j. 
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𝚽𝐪
( , )

= 𝟎 −𝐯 𝐮𝐀 𝟎 −𝐮 𝐯𝐀  (3.43) 

𝛖( , ) = −sin (θ)θ̇ (3.44) 

𝛄( , ) = −2�̇� �̇� + �̇� 𝐰 𝐯 + �̇� 𝐰 𝐮 − cos(θ) θ̇ − sin (θ)θ̈ (3.45) 

The Jacobian matrix is defined as in Equation (3.43), the right-hand side vector of the velocity equations 

as in Equation (3.44) and the right-hand side of the acceleration equations as in Equation (3.45). 

3.3.3 Spherical Drivers 

The spherical drivers are used to guide the d.o.f. of the articulations defined by spherical joints. Figure 

12 illustrates a spherical joint with a rotational driver that guides the three independent angles (which 

represent three d.o.f.) about their instantaneous rotation axis. 

 

 

Vectors a, c and u, in Figure 12, are parallel to the unit vectors along the body fixed frame, unit vectors 

𝐮 , 𝐮  and 𝐮 , respectively. In the same manner vectors b, d and v are defined as parallel to the unit 

vectors of the body fixed of body j. Similarly to the rotational drivers, the angles 𝛼, 𝛽 and 𝜃 are associated 

to the arccos of the internal product of the vectors 𝐮 , 𝐮  and 𝐮  of the two bodies acquired 

experimentally or predefined. 

The constraint equation for the spherical driver is given as: 

𝚽( , ) =

𝐮 𝐮 − cos (α)

𝐮 𝐮 − cos (β)

𝐮 𝐮 − cos (θ)

= 𝟎 

(3.46) 

It can be observed that Equations (3.46) and (3.42) are very similar. Therefore, the expressions for the 

Jacobian matrix, 𝝊 and 𝜸 of the spherical drivers have also similarities to those for the rotational drivers as: 

𝚽𝐪
( , )

=
0
0
0

−𝐮 𝐮 𝐀

−𝐮 𝐮 𝐀

−𝐮 𝐮 𝐀

0
0
0

−𝐮 𝐮 𝐀

−𝐮 𝐮 𝐀

−𝐮 𝐮 𝐀

 

(3.47) 
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Figure 12- Schematic representation of the spherical driver. 
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𝛖( , ) =

−sin (α)α̇

−sin (β)β̇

−sin (θ)θ̇

 

(3.48) 

𝜸( , ) = −

2�̇� �̇� + �̇� 𝛚 u + �̇� 𝛚 𝐮 − cos(α) α̇ − sin (α)α̈

2�̇� �̇� + �̇� 𝛚 u + �̇� 𝛚 𝐮 − cos(β) β̇ − sin (β)β̈

2�̇� �̇� + �̇� 𝛚 u + �̇� 𝛚 𝐮 − cos(θ) θ̇ − sin (θ)θ̈

 

(3.49) 

Equation (3.47) defines the Jacobian matrix of the spherical driver, Equation (3.48) defines its right-hand 

side vector of the velocity equations and Equation (3.49) defines the right-hand side of the acceleration 

equations. For further details on the formulation of the spherical drivers the interested reader is referred 

to the work of Oliveira (2016). 

 

3.4 Equations of motion 
In the present study the equations of motion are obtained by applying the principle of virtual power which 

states that the sum of the virtual power of inertial and external forces acting on a system, in each time 

instant, must be zero. This statement is mathematically formulated as: 

𝐖∗ = �̇� ∗ (𝐌�̈� − 𝐠) = 0 (3.50) 

In Equation (3.50), 𝐌 is the matrix of the masses of the bodies in the system, �̈� is the vector of 

accelerations of the system, 𝐠 is the vector of forces of the system and �̇� ∗  is the virtual velocity vector. 

This vector contains a set of frictional velocities that verify the velocity constraint equations considering 

the right-hand side vectors of the velocities zero. 

Because the internal forces of the system do not produce virtual power they do not appear in Equation 

(3.50). However, they can be obtained through the Lagrange multipliers method, resulting in: 

𝐠( ) = −𝚽𝐪
𝑻𝛌 (3.51) 

In Equation (3.51) 𝐠( ) is the vector containing the internal constraint forces and 𝛌 is the vector of 

lagrangean multipliers. 

Since the internal forces do not produce virtual power they can be added to Equation (3.50) without 

violating the principal of virtual power. By doing this it is possible to obtain the equations of motion of a 

constrained multibody system: 

 𝐌�̈� + 𝚽𝐪
𝐓𝛌 = 𝐠 (3.52) 

As Equations (3.52) have more unknowns than the number of equations another set of equations, 

involving the same unknowns, is required. The set of acceleration constraint equations (3.10), which 

involves the accelerations of the rigid bodies only, is the extra set that needs to be solved together with 

the equations of motion. 
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3.5 The LBL Shoulder Model (LSM) 
The musculoskeletal model used in this study is that proposed by Quental, and depicted in Figure 13, 

referred to as the LBL Shoulder Model (LSM) (Quental et al., 2012). In this model, the upper limb is 

represented by seven rigid bodies: thorax; ribcage; clavicle; scapula; humerus; ulna and radius. These 

bodies are constrained by six joints: the sternoclavicular (SC), the acromioclavicular (AC), the 

glenohumeral (GH), the scapulothoracic (ST), the humeroulnar (HU) and the radioulnar (RU) 

articulations. The first three articulations are modeled as three degrees of freedom (d.o.f.) spherical 

joints; the ST joint is modeled by two point to ellipsoid constraints that allow the scapula to glide over 

the thoracic cage; and the RU and HU joints are represented as one d.o.f. hinge joints. In the LSM, the 

muscle system includes 22 muscles described by 73 muscle bundles utilizing the obstacle-set method. 

 

 

3.5.1 Muscle model in the LSM 

There are several mathematical models that intend to represent the muscle mechanical behavior. Hill’s 

Muscle Model, and variations of it, are the ones largely used in, virtually all biomechanical models. The 

muscle model must fulfill the essential mechanical properties of the muscle, such as elasticity in the 

contractile and passive portions, force-length property and force-velocity property (Yamaguchi, 2005). A 

complete representation of the muscle should also include activation dynamics, which is related to the 

signal that it receives from the brain, and tendon dynamics, since the muscle is not directly attached to 

the bone but, instead, it is attached via the tendons. 

In the LSM the Hill type muscle model is similar to that presented by Zajac (1989). It is one of the models 

most commonly applied and, as represented in Figure 14, it contains a contractile element (CE) in 

parallel with a parallel elastic element (PE) and a tendon in series. As the name suggests the contractile 

element represents the overlapping of the contractile proteins (actin and myosin) that are responsible 

for force production, whilst the parallel elasticity intends to represent the elasticity of the fibers that 

constitute the muscle. 

Figure 13- The LBL Shoulder Model. 
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The activation dynamics concerns with the signal sent from the brain to the muscle and the time that the 

muscle takes to contract and to come back to its relaxed position. In other words, the muscle cannot generate 

force nor relax instantaneously. The generation of force starts with the firing of motor units and ends with the 

formation of actin-myosin cross bridges. The relaxation of the muscle depends on the re-uptake of calcium 

ions into the sarcoplasmic reticulum. Since the re-uptake of calcium is slower than its release, the time 

required to generate force is smaller than that required for it to fall (Jacobs & Uchida, 2015). 

 

 

In this study four different models will be applied to solve the force sharing problem. All the formulations 

are set to minimize the oxygen consumption (Quental, 2013), differing from each other by considering 

or not the existence of activation and/or contraction dynamics. Figure 15 illustrates the four models and 

their dynamics. The activation dynamics is represented in the model as a delay in time between the 

signal sent from the brain and the signal received by the muscle, while the integration of the contraction 

dynamics is concerned with the flexibility or rigidity of the tendon. 

 

 

 

 

Figure 14- Hill-type muscle model included in the LSM (𝛼 is the pinnation angle). 

Delay
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Figure 15- The four type of dynamics for muscle modelling. 
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4 Data acquisition and processing 

The LSM is applied to compute the muscle activations and forces of the upper limbs through inverse 

dynamics. Inverse dynamics requires that the kinematics of the bodies of a system are known, i.e., that 

positions, velocities and accelerations are acquired beforehand. This chapter starts with a brief 

explanation on how the positional data of the bodies of the upper limb is collected. Afterwards, the 

procedures to build the body-fixed reference frames and to guarantee consistency between the LSM 

and the data collected in the laboratory are described. 

 

4.1 Kinematic data acquisition 

The acquisition of data concerning the movement is performed in the LBL. The data collected consists 

in the positions of anatomical landmarks of a 20 year-old male, with a height of 1.82 m and weighting 

80 kg. The subject does not exhibit any shoulder pathology. 

The anatomical landmarks used are based on the recommendations of the International Society of 

Biomechanics (ISB) (Wu et al., 2005), with the addition of: a humeral cluster with four markers, an acromion 

marker cluster (AMC) with three markers and a marker in the sternum, referred to as NP. The NP point 

served as a reference point for the computation, by a coordinate transformation, of the positions of points 

SC and incisura jugularis (IJ), when one of them is not present. This procedure guarantees that no 

interference in the data collection of these two points is to be expected due to their proximity to each other. 

Overall, 21 markers are used to track the motions of the upper limb. Figure 16 depicts the anatomical 

landmarks considered for the shoulder complex. The coordinates x, y and z of each point are collected 

using the Qualysis software, which is able to determine where each sensor is at any time instant utilizing 

14 infra-red cameras. All motions were acquired with a frequency of 100 Hz. 

 

 

Figure 16- Location and reference of some anatomical landmarks. 
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4.1.1 Scapular movement 

The scapula is a body that presents a significant movement in relation to the thorax during shoulder 

elevation (Ludewig, et al., 2009; Lempereur, et al., 2014). Being very important to correctly evaluate its 

trajectory, this is not an easy task. The scapula is superposed by a large amount of soft tissue artifacts, 

which presents the main disadvantage for the placement of skin markers. If skin markers are directly 

placed on the skin, the error in the assessment of the scapula's anatomical landmarks positions may be 

very high. This situation can be observed in Figure 17, in which the positions where the markers end up 

when the arm is lifted are marked in dark red, and the positions where they should be (found by palpation 

at the current position) are marked in light red. With this said, the need of a method to correctly obtain 

the scapular anatomical landmarks is clear. 

 

 

The method that would allow, if feasible, the most accurate collection of data would be to apply pins 

directly placed on the bone (Van Andel, et al., 2009). However, since this is an invasive method it is not 

a possible approach for the present work. There are also methods, including the scapular locater and 

palpation, which present the disadvantage of not allowing the registration of dynamic movements easily. 

Recently, a new method was proposed consisting in describing the scapular motion by evaluating the 

deformation in the soft tissue (Brackbill, 2008). The method utilized in the present dissertation to support 

the scapular motion acquisition is the use of an AMC. According to a study published by Lempereur et 

al. (2014) in which a number of methods to follow scapular motion (eg. (Lovern, 2009; Shaheen et al., 

2011; Bourne et al., 2009; Mattson et al., 2012)) have been analyzed, among the different methods, the 

AMC is the most applied for the estimation of the ST movement. It is a reliable tool to quantify scapular 

rotations and, with a calibration at rest, it provides an accurate estimation of ST below 90º. 

A cluster is a structure with at least three markers which is placed on a body so that the group cluster 

plus body itself has a rigid body movement. The cluster used is inspired by that proposed by Shaheen 

et al. (2011), being designed in SolidWorks and printed in a 3D printer. The position used to place the 

Figure 17-Soft tissue artefact influence in the scapular movement. 
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AMC is also based on the study of Shaheen et al. (2011), which was shown to lead to the best tracking 

of the scapula. Note that according to different investigators this position is determinant in the collection 

of accurate data. These authors also indicate that the cluster should not be repositioned during the data 

collection (Van Andel, et al., 2009). 

4.1.2 Observed movements 

The movements collected consist on a static analysis, a functional analysis and on dynamic analyses. 

The dynamic analyses (Figure 18) consists in the performance of two shoulder flexion and shoulder 

abduction movements, one at slow pace and another at a faster pace. The static analysis is of great 

importance to calibrate the clusters. The functional analysis is important to collect data necessary to 

compute the glenohumeral center through functional methods. The trial to collect these data consists in 

performing a variety of random movements with the arm at low elevation angles. 

The dynamic analysis lasts 2.12s during the slow pace shoulder flexion, 2.29s during the slow pace shoulder 

abduction, 1.16s during the fast pace shoulder flexion and 1.15s during fast pace shoulder abduction. 

 

4.2 Filtering of the kinematic data 

The coordinates of the anatomical landmarks obtained in the laboratory inevitably contain noise, not only 

due to errors associated to the measurement equipment, but also, among other causes, because the 

sensors might suffer small oscillations due to the skin during the movement. Accordingly, the data must be 

treated to reduce the noise without affecting the correct description of the movement performed. This is 

accomplished by applying filtering techniques. In the present work two different filtering methods were 

applied: a Butterworth filter with the cutoff frequencies determined by the residual method (proposed by 

Winter (Winter, 1990; Silva, 2003)) and the Singular Spectrum Analysis (SSA) (Alonso, et al., 2005). 

The first method, Butterworth filter with the cutoff frequencies determined by the residual method, has 

the advantage of being simple to tune and being rather straightforward the understanding of what are 

the consequences of varying the correlation coefficient (R ) in the cutoff frequencies, and from there the 

consequences to the filtered signal. The SSA method, on the other hand, depends on a variable L that 

is not so easy to comprehend. Nonetheless, according to Alonso et al., the SSA is superior to the residual 

method, especially when computing accelerations. For this reason, the residual method is only applied 

to filter data that is used to compute positions exclusively, that is, the static and the functional trials, and 

the SSA is used to filter data of the movements analyzed for which velocities and accelerations have to 

be computed. 

4.2.1 Application of Butterworth filter with the residual method 

The application of the residual method to compute the cutoff frequencies to be applied in a low pass 

second order Butterworth filter is a commonly utilized technique to eliminate noise. This type of filter 

allows the attenuation of the signal above a certain cutoff frequency (f ). After applying this filter, a 
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phase-lag correction must also be applied to eliminate the lag introduced by the Butterworth filter. With 

both filters implemented, the method ends up being a 4th order digital Butterworth filter of phase zero. 

 

                                                                                (c) 

Figure 18- Sequence of images with the flexion and abduction movements performed in the LBL (a) 
and (c), respectively, and simulated in SAGA (b) and (d), respectively. 

 

This process is implemented in MATLAB with the functions butter, to create the Butterworth filter, and 

filtfilt, to create the phase lag filter. The first function depends on the normalized cutoff frequency 

W , which is related to the cutoff frequency and to the sampling frequency f  by: 

W =
f [Hz] ∗ 2

f [Hz]
   

(4.1) 

(a) 

(b) 

(d) 
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The cutoff frequency is influenced by many factors, including the velocity of the movement. Because 

this frequency affects the amount of signal that is cut, its choice must be carefully made. Based on the 

residual method, the cutoff frequency is defined by the following procedure: 

1. Definition of a range of possible cutoff frequencies: In the present applications, the cutoff 

frequencies are set to a range between 0.5Hz and 10Hz. 

2. Computation of the filtered signal, x , resorting to the already mentioned MATLAB functions, 

for each possible cutoff frequency. 

3. Computation of the root-mean square error 𝑅 for each cut off frequency. For N number of 

frames, 𝑅(f ) is computed as: 

𝑅(f ) =
∑ x − x

N
 

(4.2) 

4.  After computing the quantity 𝑅 for all possible cutoff frequencies, 𝑅 is plotted against the cutoff 

frequencies as exemplified in Figure 19. The raw signal curve contains a portion with a linear 

behavior and another one with a nonlinear behavior. The curved portion of the signal represents 

the noise while the linear part is associated to the clean signal. 

5. The linear regression that describes the linear portion of the curve is computed. An example of 

the linear regression is also represented in Figure 19. The correlation coefficient 𝑅  used to 

describe the fitness between a line and the linear portion of the signal is a very important 

measure to the filtering process. If the 𝑅  is very high it means that the approach taken is very 

conservative and the cutoff frequencies obtained will also be higher leading to the existence of 

residual noise in the ‘clean’ signal, whereas if R  is very low the cutoff frequency is smaller 

meaning that an important part of the signal might be cut. For the regression obtained the value 

for the cutoff frequency corresponds to that of the intersection of the linear regression with the 

yy axis, as represented by a circle in Figure 19. 

 

 

Figure 19- Explanation of the residual method. 
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6. From the point marked with the circle in Figure 19, obtained in the previous step a straight line 

parallel to the xx axis is traced. The coordinate x of the point intersecting the original curve 

defines the cutoff frequency to be used. 

According to Silva (2003), acceptable results can be expected when using correlation coefficients 

superior to 0.90. The value for R  used to filter the static and the functional data in this work is 0.95.  

4.2.2 Application of the Singular Spectrum Analysis 

The SSA method allows the time series analysis through the incorporation of principals of multivariate 

statistics (Alonso et al., 2005). This method is already available as a MATLAB code ready to be used 

(Alonso et al., 2005). A brief description of the steps applied in this method are presented being the 

interested reader directed to the bibliography for further details (Alonso et al., 2005; Golyandina et al., 

2001). The method includes four steps: embedding, singular value decomposition of the trajectory matrix, 

grouping and reconstruction. The embedding consists on the construction of a Hankel matrix from the time 

series by sliding a window, which is smaller in length than the original series. In the singular value 

decomposition of the trajectory matrix, the aforementioned matrix, whose columns correspond to the terms 

inside the window for every position, is decomposed into a number of elementary matrices of decreasing 

norm. During grouping the summation of the elementary matrix is truncated yielding an approximation of 

the original matrix. Lastly, the reconstruction consists on taking the average of the diagonals of the current 

matrix, which leads to a smooth approximation of the original signal (Alonso et al., 2005). 

 

4.3 Motion reconstruction 

The first step in motion reconstruction is the definition of the body-fixed reference frames. Since the GH 

joint center is not a palpable bony landmark its position must be estimated for the construction of the 

humeral reference frame. Additionally, the axial rotation of the clavicle has also to be estimated due to 

the limited number of palpable anatomical landmarks of the clavicle. 

The data acquired in the laboratory is measured for a subject with 80kg and 1.82m without any shoulder 

pathology. The LSM is constructed with anatomical information of another subject of similar physical 

characteristics. However, consistency between both laboratorial data and model data must be 

guaranteed by using a kinematic analysis. Because the thorax, clavicle and scapula form a closed chain, 

consistency of this system must be ensured first to be able to guide the degrees of freedom (d.o.f.) of 

the system in the kinematic analysis of the entire system. Afterwards, the kinematic consistency of the 

remaining upper limb model is also ensured. 

4.3.1 Estimation of the glenohumeral joint rotation center 

The reference frame of the humerus requires the position of the GH joint center, which is not a palpable 

anatomical landmark, and thus needs to be estimated. The most used methods to estimate the GH joint 

center are either based on linear regressions or on functional analysis. In the present work, calculations 
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are performed using both methods. The linear regression utilized was proposed by Meskers (Meskers 

et al., 1997) and the functional analysis was proposed by Gamage (Gamage & Lasenby, 2002), being 

one of the most highly regarded functional methods according to (Lempereur et al., 2010). The functional 

method is selected for use in this study because the estimation of the upper extremity joint centers and 

axes based on these kind of methods does not require any anthropometric assumptions, meaning these 

methods are more tolerant of the individual anatomy than predictive methods, which are sensitive to 

markers placed on anatomical landmarks (Rettig et al., 2009). 

4.3.2 Construction of the body-fixed referentials 

The body fixed referentials are defined according to the ISB recommendations (Wu et al., 2005), with 

the exception of the referential of the scapula, which is defined according to (Van der Helm, 1997). In 

order to use the LSM it is necessary to define the vector of body positions, which is written in full as: 

𝐪 =

⎣
⎢
⎢
⎢
⎢
⎢
⎡

𝐪
𝐪
𝐪
𝐪
𝐪

𝐪
𝐪 ⎦

⎥
⎥
⎥
⎥
⎥
⎤

 

(4.3) 

The scapula's referential is defined through the AMC referential and the humerus referential is defined 

through the humerus cluster. The humerus cluster is used in order to avoid numerical problems that may 

arise from the possibility of the cross product defined in the construction of the body-fixed reference 

frame of the humerus being null. 

With the static analysis a calibration is performed to define the referential of the body in the referential 

of the cluster. Then, in the dynamical analysis, that calibration is used to define the referential of the 

body based on the referential of the cluster. 

4.3.3 Kinematic consistency for the thorax, clavicle and scapula closed chain 

The positions of the clavicle and scapula obtained experimentally cannot be directly used to build the 

biomechanical model. This is so because these two bones, together with the thorax, form a closed chain. 

The AC and SC joints constrain the medial border of the scapula to remain in contact with the thoracic 

wall, which means that the SC and AC joints' rotations are dependent on the shape of the thorax, clavicle 

and scapula. Therefore, differences between the subject and the model kinematics must be considered 

and resolved to allow to proceed with the study.  

To overcome the inconsistency between the experimental data and the biomechanical model, an 

optimization procedure is adopted for the kinematics of the closed chain. In this procedure, the difference 

between the angles measured in the laboratory (𝜃 ) and the computer model angles (𝜃 ) is minimized 

(Bolsterlee et al., 2014). To fulfill the scapulothoracic joint constraint equations, described in section 3.2.3 

considering points P1 and P2, the points of the scapula that must slide on the thorax geometric surface, 

being the optimization problem formulated as: 
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minimize   𝜃 (𝑖) − 𝜃 (𝑖)  

𝑠. 𝑡.   
(𝑥 − 𝑥 )

𝑎
+

(𝑦 − 𝑦 )

𝑏
+

(𝑧 − 𝑧 )

𝑐
= 1 

(𝑥 − 𝑥 )

𝑎
+

(𝑦 − 𝑦 )

𝑏
+

(𝑧 − 𝑧 )

𝑐
= 1 

(4.4) 

where 𝑎, 𝑏 and 𝑐 are the radii of the ellipsoid and 𝑥 , 𝑦  and 𝑧  are the coordinates of its center. The 

variables 𝑥 , 𝑦 and 𝑧  are described in the referential of the ellipsoid. 

4.3.4 Estimation of the clavicle’s axial rotation 

Because the clavicle presents only two palpable bony landmarks its axial rotation cannot be measured, 

thus it has to be estimated. The estimation method used in this study was proposed by Van der Helm 

and Pronk (Van der Helm & Pronk, 1995). It consists in finding the axial rotation that minimizes the 

rotations at the AC joint. 

The optimization problem proposed by Van der Helm, for which the design variable is the clavicle's axial 

rotation angle, is unconstrained and consists in minimizing the squared trace of an error matrix E defined as: 

𝐄 = 𝐀 𝐀 𝐀 𝐀 − 𝐈 (4.5) 

In this equation 𝐀  and 𝐀  are the rotation matrices of the clavicle and scapula, respectively; 

𝐀  and 𝐀  are the rotation matrices of the clavicle and scapula at the first time instant; 

and 𝐈 is the identity matrix.  

The resulting evolution in the axial rotation angle is presented in Figure 20 for the slow pace movements. 

Figure 20- Axial rotation of the clavicle during slow flexion (a) and abduction (b). 

 

(a) (b) 
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4.3.5 Kinematic Consistency for the complete biomechanical model 

The kinematic consistency between the model and the subject, for the bodies integrating the closed 

chain is already guaranteed. It is now necessary to guarantee the consistency for the entire system, i.e., 

the closed chain plus the open chain made of the scapula, humerus, ulna and radius, so that the LSM 

can be used. Kinematic consistency is obtained by solving Equation (3.4) for the anatomical segments 

positions and orientations given the guidance of the driver constraints. These equations, considering 

the biomechanical model used, take the form: 

𝚽 =
𝚽
𝚽

= 𝟎 (4.6) 

where 

𝚽 = 𝚽( , ) ; 𝚽( , ) ; 𝚽( , ) ; 𝚽( , )𝐓
; 𝚽( , )𝐓

; 𝚽( , ) ; 𝚽( , )  
(4.7) 

𝚽

= 𝚽( , ) ; 𝚽( , ) ; 𝚽( , ) ; 𝚽( , ) ; 𝚽( , ) ; 𝚽( , ) ; 𝚽( , )  

(4.8) 

The generalized vector of constraints ф is constituted by the constraints of the model, which include the 

joints and the mathematical constraints associated with the Euler parameters, and by a vector of driving 

constraints, described in section 3.3. 

Apart from the ST joint, all other anatomical joints are guided. The ST joint is not guided because its equations 

just increase the number of redundant constraints. The vector of driving constraints of the system is that 

displayed in Equation (4.8). Joints RU and HU are guided by rotational drivers, joints SC, AC and GH are 

guided by spherical drivers and the thorax and the ribcage are guided by prescribed motion constraints. 

The solution of Equation (4.6), returning the positions of the bodies of the system, can be obtained 

through various methods. The method used in this study is the Newton-Raphson method. It requires not 

only information related to the constraint vector, but also the Jacobian matrix. Since the Newton-

Raphson method already requires and uses the Jacobian matrix, described in chapter 3, it is not 

necessary to calculate derivative information, making it a fast-computational method. The 

implementation of the Newton-Raphson method is done following the algorithm depicted in Figure 21. 

The Newton-Raphson method is run with a maximum number of k = 150 iterations and with a tolerance 

𝜀 = 10 . The initial guess for the positions vector is the vector of positions found with the laboratory data 

updated with the data obtained by enforcing the kinematic consistency of the closed chain. 

With the vector of positions found, the kinematic analysis continues to the computation of the velocities 

and accelerations of the bodies. By solving Equations (3.8) and (3.10), respectively. It is important to 

mention that all the calculations referred are developed not only for the frames that include the 

movement under analysis but also for additional frames, taken before and after the range of interest of 

the analyzed movement. This procedure is followed to avoid possible errors in the computation of the 

accelerations at the beginning and ending of the movement under analysis (Vint & Hinrichs, 1996). 
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The results obtained for the positions, velocities and accelerations of each body are presented in 

Appendix A. For the sake of conciseness, the representations are only made for the slow flexion and 

abduction movements. Note that the representations of positions, velocities and accelerations presented 

reflect only the analyzed movements, i.e., the additional frames considered before and after the motion 

are not presented. These quantities are provided as input to the LSM and, when doing so, they also 

account for the time instants that make the analyzed movement only. 

 

4.4 EMG data acquisition and filtering 

The EMG signal measures the electric signal that goes through the muscle, making it an appealing 

quantity for qualitative verification of musculoskeletal models. Even though the EMG relates qualitatively 

to some biomechanical variables, a quantitative relationship is very difficult to achieve because the EMG 

signal depends not only on the instrumentation used, but also on the anatomy and physiology of the 

muscles. In order to use this quantity it is important to understand its potential sources of error. 

begin algorithm

initialize variables: k=0, 
t=0, tend, qk and ε

end algorithm

compute the Jacobian 
matrix: q

compute the constraint 
vector: 

compute the variation in 
Δq: = -

compute the vector of 
positions qk: 

Positions found 
for time t

Unable to find 
positions for time t

Figure 21- Flowchart for the computer implementation of the Newton-Raphson method.
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De Luca divided and indicated a large series of errors that might arise in the EMG signal (De Luca, 

1997) but, for the sake of briefness, only a few are addressed here. The instrumentation, the area and 

positioning of the electrodes are examples of quantities that influence the signal. The area that the 

electrodes occupy influence the number of active motor units being measured, whilst the distance at 

which they are from the lateral edge of the muscle has an impact on the possibility of cross talk. 

Furthermore, the electrode's orientation relatively to the fibers and the depth between it and the muscle 

affects the amplitude and frequency of the signal (De Luca, 1997). The fiber's composition and their 

diameter, which is proportional to the conduction velocity of the fiber, also have repercussions on the 

signal's amplitude and frequency (De Luca, 1997). Clearly, when using EMG signal it is important to 

keep in mind that it is easily contaminated and for that reason it is not advisable trying to relate its 

magnitude to the quantities obtained in the model. 

4.4.1 Treatment of the EMG signal 

Superficial electrodes are used to collect the EMG signal of muscles at a sampling frequency of 1000 

Hz using a Delsys System in the Lisbon Biomechanics Laboratory (LBL). The signal is collected 

synchronously with the motion for the following muscles: Upper Trapezius, Middle Trapezius, Lower 

Trapezius, Deltoid Anterior, Deltoid Medius, Deltoid Posterior, Biceps Brachii, Triceps Brachii (long 

head), Triceps Brachii (lateral head), Serratus Anterior and Infraspinatus. The placement of the 

electrodes follows the recommendations of SENIAM.org. 

The raw signal is first filtered with a high pass filter to eliminate possible baseline shifts. A 4th order 

Butterworth filter with a cutoff frequency of 25Hz is used for the purpose. Then, to convert negative 

amplitudes to positive a rectification procedure is applied. Finally, a low pass 4th order Butterworth filter 

with a cutoff frequency of 2Hz is applied to get a linear envelop of the signal (Nikooyan et al., 2012; 

Konrad, 2005). This is seen in Figure 22. 

  

  
Figure 22- Treatment of the raw EMG signal (a), involving high-pass filtering (b), rectification (c) and 
low-pass filtering (d). Example for the Deltoid Medius muscle. 

(a) (b) 

(c) (d) 
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4.4.2 Activation of the EMG signal 

Considering that the magnitudes of the EMG signals of different muscles cannot be directly compared, 

because they are subjected to many outside factors, a suitable method to check whether the muscle is active 

is necessary. This procedure is also referred to as detection of the on-off timing of the muscle. 

The criteria used to consider if the muscle is active, according to the EMG, is based on the procedure 

presented in (Konrad, 2005), which consists in checking whether the signal is above two times the standard 

deviation of the base line signal for a minimum amount of time. The steps are the following: 

1. First, it is important to make sure that the raw EMG signal has a zero mean value. If it does not 

have a null mean value an offset correction methodology must be used. Then a rectification 

procedure is implemented. 

2. The user must identify an interval of the baseline signal and another where the movement, or 

portion of movement to analyze, takes place. 

3. The standard deviation for the first interval is multiplied by a constant ((Konrad, 2005) suggests 2 

or 3) and the result obtained is the threshold. In this work the multiplication factor used is 2. 

4. If any frame of the analyzed signal has a higher magnitude than the threshold value, the 

corresponding muscle is said to be possibly active in that time instant. 

5. The frames considered to be possibly active are subjected to an analysis that determines if 

during the next 50ms (50 frames) more than 60% of the frames are beyond the threshold. If the 

outcome is positive the first frame of that group is considered to be a possible onset. After finding 

a possible onset, the procedure looks for a possible offset, and then again for another possible 

onset, until reaching the end of the range. 

This method is not robust and it is highly dependent on the baseline noise. For that reason, every 

estimation is visually checked and only then the decision on whether the muscle is active or not is made, 

to avoid dubious results. 
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5 Inverse Dynamic Analysis of the 

biomechanical model: Joint Torques 

In the present chapter, the joint torques for the principal articulations in the shoulder are presented along 

with the methodology applied to obtain them. Using equation (3.52) it is possible to obtain the vector of 

Lagrangian multipliers, 𝛌 , which are a measure of the inter-segmental forces on the kinematic 

constraints. This vector is then used to obtain the joint torques in each articulation, which are computed 

by equation (3.51) considering the equations associated with the driver constraints. 

In this application, the degrees of freedom of the system are actuated by joint actuators instead of 

muscles. Therefore, the results obtained are not characteristic of a biomechanical arm but are closer to 

those of an equivalent robotic arm. In any case, the joint torques represent the lumped action of the 

muscles about the joints, thus providing information of interest for the analysis of the biomechanical 

model, the shoulder in this case. 

5.1 Results 

The AC, SC and GH joints are the only articulations for which the joint torques are represented because 

they are the most relevant in the studied movements of shoulder flexion and abduction. The results 

obtained for the slow flexion and abduction are presented in Figure 23, for the GH joint, Figure 24, for the 

SC joint, and in Figure 25, for the AC joint, respectively. The evolution of the joint torque is represented as 

a function of a representative angle, the humeral elevation. Since the joint torques are presented in the 

global reference frame, the x axis is equivalent to the anterioposterior axis, the z axis to the mediolateral 

(in the opposite way) and the y axis to the longitudinal axis, represented in Figure 1.  

 

 
Figure 23- Joint torques in the humerus for the GH joint during: (a) shoulder flexion; (b) shoulder 
abduction (the torques on the scapula are symmetric to those showed). 

(a)                                                                            (b) 
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The GH joint torques are expected to be higher about the axis around which the arm is rotating. When 

performing shoulder flexion, the arm rotates predominantly around the z axis and when performing 

shoulder abduction, it rotates mostly around the x axis. Accordingly, as can be seen in Figure 23, the 

torque magnitude is higher in z for shoulder flexion and is higher in x for shoulder abduction. In both 

cases the component of the torque is residual about the y axis.  

 

 
Figure 24- Joint torques on the thorax for the SC joint during: (a) shoulder flexion; (b) shoulder abduction 
(the joint torques on the clavicle are symmetric to those for the thorax). 

 

 
Figure 25- Joint torques on the scapula for the AC joint during: (a) shoulder flexion; (b) shoulder 
abduction (the joint torques on the clavicle are symmetric to those of the scapula). 

 

(a)                                                                              (b) 

(a)                                                                              (b) 
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Since the clavicle makes a lifting movement, during both movements, in which it rotates mostly about 

the x axis, the torque in the SC joint is expected to be higher in this direction, which is consistent with 

Figure 24. In the same figure, it is possible to notice that, during slow shoulder flexion, the component 

of the joint torque about z becomes more significant with the growth in humeral elevation, while the 

component about y is practically constant. During slow shoulder abduction, the component about y of 

the joint torque becomes more significant with the growth in humeral elevation, while the component 

about z is practically constant. 

The AC joint constrains the movement of the scapula relatively to the clavicle. In this joint, shown in 

Figure 25, for lower humeral elevations the torque is mostly about the x axis, for both motions. Until 80 

degrees of the humeral elevation it is observed the increase of the y and z components of the torque 

and the decrease of the x component. For the movement of slow abduction the y component of the joint 

torque increases more significantly above 40 degrees of humeral elevation. 

 

5.2 Discussion 

In the literature it is not possible to find results related to joint torques calculated by joint actuators for 

biomechanical models. This is a surprising finding as for the lower limbs not only the literature presents 

very comprehensive sets of reports of joint torques but also these are commonly used by medical 

doctors and sports scientists for diagnostics (Winter, 2009). It is, however, possible to find some 

representations of evolution of joint torques in exoskeletons, which are robotic structures placed in the 

arm that intend to help people with mobility problems. Nevertheless, these type of models (Perry & 

Rosen, 2006; Wu & Chen, 2013) present, in general, less degrees of freedom (d.o.f.) than those present 

in the human shoulder making any comparison of these joint torques very difficult. It is, therefore, 

suggested that not only the joint reaction torques on the shoulder can be also used for clinical or 

performance evaluation but also that there must be the same standardization on the way they must be 

presented that suits a community of users. 

  



46 
 

  



47 
 

6 Inverse dynamic analysis of the 

biomechanical model: Muscle Forces 

The present chapter includes the formulation of the redundant force problem and a brief explanation of 

the optimization method utilized to solve it, i.e., the Window Moving Inverse Dynamics Optimization 

(WMIDO). The chapter closes with the presentation of the results obtained, for the dynamic analysis of 

the shoulder abduction and flexion with muscle models that include contraction and/or activation 

dynamics, by solving the aforementioned problem followed by a discussion of the results obtained. 

 

6.1 Formulation of the redundant muscle force problem 

The computation of the muscle force is an undetermined problem, meaning that a method such as an 

optimization procedure has to be applied in order to find a suitable solution from a set of admissible 

solutions. The equilibrium equations with which the muscle forces are obtained are similar to that with 

which the joint torques were obtained, i.e., Equation (3.52) must be solved. However, whereas for joint 

torques the system is controlled by joint actuators that have a time behavior obtained experimentally, 

for the muscle force sharing problem muscles activate the system. Accordingly, the vector of constraints 

include equations for the muscles path and the Lagrange multipliers associated with these directly 

related to muscle forces. The constraint equation describing a muscle, m, modelled by a straight line, 

with origin, 𝒔𝒊
𝑶

, in body i and insertion, 𝒔𝒋
𝑰, in body j constrains the distance between its insertion and 

origin. Mathematically, it is expressed as: 

𝚽(𝐦,𝟏) = (𝐝𝐓𝐝) − L (t) = 𝟎 (6.1.) 

where, 

𝐝 = 𝐫𝐣 + 𝐀𝐣𝐬𝐣
𝐈

− 𝐫𝐢 − 𝐀𝐢𝐬𝐢
𝐎

  (6.2.) 

and L  represents the total muscle length. 

The Jacobian matrix, 𝛖 and 𝛄 vectors associated to the muscle length constraint are represented as a 

function of the translational velocities, �̇�, and local angular velocities, 𝛚′, as: 

𝚽𝐪
(𝐦,𝟏)

=
1

(𝐝 𝐝)
−𝐝 − 𝐆𝐢𝐬 𝐋𝐢  𝐝 𝐝     − 𝐆𝐣𝐬 𝐋𝐣  𝐝  = 𝟎 

(6.3.) 

𝛖( , ) = L̇ (t) (6.4.) 
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𝜸( , ) =
1

(𝐝 𝐝)

1

2
𝐆𝐣𝐬 𝛚𝐣

𝐓
𝛚𝐣 𝐩𝐣 −

1

2
𝐆𝐢𝐬 𝛚𝐢

𝐓
𝛚𝐢 𝐩𝐢 + 2�̇�𝐢𝐬 �̇�𝐢 − 2�̇�𝐣𝐬 �̇�𝐣

𝐓

𝐝 

−
1

(𝐝 𝐝)
�̇� �̇� +

1

(𝐝 𝐝)
�̇�𝐓𝐝

𝟐
+ �̈� (t) 

(6.5.) 

where L̇ (t) and �̈� (t) are the first and second time derivatives of the muscle length curve. 

6.1.1 Muscle redundant problem formulation 

An optimization problem is usually presented as containing the objective function to minimize, or 

maximize, the design variables and the constraints it is subjected to. The LSM is used to support the 

solution of the muscle force sharing problem using the formulation proposed by (Praagman et al., 2006), 

in which the muscle energy consumption is minimized while satisfying the equations of motion, the 

muscle activations side constraints, the muscle excitation side constraints, and the stability of the GH 

and ST joints. Mathematically this optimization problem is expressed as (Quental et al., 2016a): 

minimize
𝛌

   
c V F  

PCSA
+ c V a + c V a  

(6.6.) 

s. t.        𝐟 (𝐚) = 𝐌�̈� + 𝚽𝐪 𝛌 − 𝐠 = 0, t = 1, … , n (6.6.a) 

                                                     𝟎 ≤ 𝐚 ≤ 𝟏 (6.6.b) 

                                                     𝟎 ≤ 𝐮 ≤ 𝟏 (6.6.c) 

                     
𝐟 𝛕

𝐟 𝐧
≤ th  d = 1, 2, 3, 4 and t = 1, … . , n 

(6.6.d) 

       𝐟 𝐧 > 0, p = 1, 2 and t = 1, … , n (6.6.e) 

where V  is the volume, F  is the contractile force, PCSA  is the physiological cross-sectional area, a  is 

the activation at time t for muscle i, and c , c  and c  are weighting factors defined by Praagman. The 

equations of motion for each time instant t are represented by 𝐟 (𝐚), the GH joint reaction force by 𝐟 , 

the normal to the plane of the glenoid by 𝐧  and the unitary vector in the plane of the glenoid describing 

the direction d with threshold th  is represented by 𝛕 . Lastly, the ST joint reaction force is represented 

by 𝐟  and the directional vector of compression between the scapula and the thorax by 𝐧 . For further 

details, see Quental et al. (2012, 2016a). 

Considering the design variables associated with the muscle as the total muscle forces, the formulation 

of the problem has differences according to the muscle model considered. If the tendon is considered 

rigid, its length and velocity do not vary, being obtained directly by the kinematic analysis. In this case 

the tendon’s length, l , is considered as the slack length for every time instant. Knowing that: 
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l = l cos(α) + l  (6.7.) 

where l  is the total length of the muscle-tendon complex, obtained from the positions of the bodies in 

the upper limb, and α is the pennation angle, the muscle length l  can be obtained by: 

l =
l − l

cos(α)
 

(6.8.) 

The contraction velocity l ̇  is obtained by derivation of equation (6.8.). With the knowledge of l   and 

l ̇ , the muscular activation is computed by: 

F =
F F ̇

F
a + F cos α 

(6.9.) 

where F  represents the muscle force-length relationship, F ̇  represents the force-velocity relationship 

and F  represents the force in the passive element. If the tendon is considered flexible, its length is no 

longer constant and thus the muscle length and contraction velocity must be computed. Firstly, it is 

necessary to consider the equilibrium between the force in the tendon, F , and the muscle force, F , 

i.e., F = 𝐹 . Considering F  described as: 

F =
k (l − l ) , if l ≥ l

0, if l < l
 

(6.10.) 

where k  is the rigidity of the tendon, defined according to Winters (1990), the length l  can be computed by: 

l = 𝐹 /𝑘 + l  (6.11.) 

The shortening velocity of the tendon is related to the time derivative of the tendon force by: 

F ̇ = 2k (l − l )l ̇  (6.12.) 

Computing F ̇  by finite differences, l ̇  can be calculated. With knowledge of the l  and l ̇ , the length and 

velocity of contraction of the muscle can be obtained from Equation (6.8.) and its derivative. Finally, the 

activation is calculated from Equation (6.9.). 

The muscle excitation side constraints, described by Equation (6.6.c) are only considered in the formulation 

when the muscle activation dynamics is considered, i.e., in models ADm and ACDm. The activation dynamics 

is described by a first order differential equation which relates the muscular activation with the muscular 

excitation. By inversion of the activation dynamic, the excitation is given by (Quental et al., 2016a): 

u =

⎩
⎪
⎨

⎪
⎧aT − T ± (aT + T ) + 4ȧT

2T
,  ȧ ≥ 0

(ȧ + T a)

T
,       a < 0

 

(6.13.) 

where ȧ is the activation rate calculated by finite differences, and 𝑇  and 𝑇  are given as follows: 

𝑇 =
1

𝜏
− 𝑇  𝑎𝑛𝑑 𝑇 =

1

𝜏
 

(6.14.) 



50 
 

The variables 𝜏  and 𝜏  represent the activation and deactivation time constants, respectively. 

6.1.2 Window Moving Inverse Dynamics Optimization (WMIDO)  

The optimization problem described is solved by the interior point algorithm of the fmincon function of 

MATLAB. The procedure applied is the already mentioned WMIDO method developed by Quental et al. 

(2016a). The choice of this method is justified by the necessity of having a procedure capable of using 

both time-dependent physiological criteria and constraints without any limitations on the size of the 

redundant muscle forces. Other conventional inverse dynamic approaches have limitations that prevent 

the solution of the complex models either because they cannot deal with time dependent objective 

functions, flexible tendons or activation dynamics, such as with static optimization, or because they cannot 

handle very large optimization problems, such as with global optimization or Extended Inverse Dynamics 

approaches. The WMIDO is a recent method that considers a window of size k frames that moves 

iteratively in time along the time frames of the complete motion. For each window position, the muscular 

force sharing problem is solved simultaneously for every k instants of time. Once the solution is found for 

the current window position, the window is moved forward and the procedure is repeated until all instants 

of time have been solved (Quental et al., 2016a). If k=1 the WMIDO reduces to the Static Optimization 

with all its limitations. If k=n, all time frames are included and the method is equal to the global optimization 

or Extended Inverse Dynamics, and all of its limitations are also inherited. 

 

6.2 Solution of the different upper limb motion cases  

Various authors, including (Van der Helm, 1994a), (Karlsson & Peterson, 1992), (Nikooyan at al., 2010) 

and (Blana et al., 2008), compare the EMG signals to the muscular forces or activations computed through 

the biomechanical models to qualitatively validate them. In some studies the comparison is made by visual 

inspection (Van der Helm, 1994a; Karlsson & Peterson, 1992; Hutchins et al., 1996). Others, establish 

correlations, or other methods of similarity, to access the quality of the models. In the present work, a more 

quantitative evaluation of the results is sought. A search of the bibliography allows to identify four different 

methods: the root mean square error (RMSE), the mean absolute error (MAE) (Morrow et al., 2010), the 

Pearson's correlation (Nikooyan, et al., 2011) and the cross-correlation (Blana, et al., 2008). 

Since the computed quantities, i.e., muscle forces or activations, are to be compared to the EMG signal, an 

amplitude dependent method is not desirable, as the EMG's amplitude is affected by various factors (Van 

der Helm, 1994a). The RMSE and MAE are amplitude dependent methods and are therefore discarded. 

Another important property for the selection of the chosen method is its suitability to deal with time series. The 

EMG and the computed quantities have a delay caused by the physiological aspects of the muscle’s force 

production and by some error aspects associated with the usage of EMG. The method to be used must be able 

to access the similarity between the two data sets characterized by this time delay. The Pearson's method does 

not account for the aforementioned particularity of the analyzed data set, but the cross correlation does being, 

therefore, the method selected for application in the present work. (Gaspar et al., 2017) 
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6.2.1 Cross correlation 

The cross correlation relates two signals allowing the evaluation of their similarity as a function of the 

spacing between them. To obtain the aforementioned correlation a MATLAB’s function called xcorr is 

used. The function is limited to a maximum lag of 70ms, since this is an acceptable maximum delay 

between the time the signal is sent from the brain until it reaches the muscle (Smeets et al., 1995; 

Soechting & Roberts, 1975). Only results for which the lag is not negative are considered, since the 

EMG signal may appear before the activation but never after. From the vector of results obtained, the 

maximum values were chosen as the measure of similarity between the two quantities. 

Although some authors compare force and EMG, in this study EMG and activation are compared instead 

because the relationship between force and EMG is likely to hold only under isometric contractions. In 

a study in which a subject did both positive and negative works, Komi (1973) showed that the EMG 

amplitude was practically constant in spite of the decreased tension during shortening and increased 

tension during eccentric contractions. As suggested by Winter (2009), these results support the theory 

that an EMG amplitude indicates the state of activation of the contractile element, which is different from 

the force recorded in the tendon. For the sake of comparison with the literature, the correlations between 

EMG and the contractile muscles forces are presented in Appendix B, although they suffer from the 

shortcomings identified in the literature. 

6.2.2  Results 

The LSM model is used, together with the different muscle contraction and activation dynamics to obtain 

the results presented here, i.e., the contractile muscle forces and the muscle activations. The contractile 

muscle forces are the forces of most interest in this study because they are the ones effectively 

controlled. The muscle activation is the quantity that is cross correlated with the EMG signal in order to 

quantitatively compare the models and eventually validate them. 

The EMG signal is measured for a total of 11 muscles and the LSM is constituted by a total of 73 muscle 

fibers, meaning there is the need to associate a muscle fiber to each particular signal measured by each 

EMG electrode. This choice is made by comparing the placement of the electrodes on the skin to the sites 

where the muscle fibers are in the LSM, observed through the graphical visualization software SAGA, and 

by taking into account anatomical aspects like insertions and origins of the fibers and muscles. 

Even though the cross correlations were not calculated with normalized EMG, the representations of 

the EMG signals in the following sections are normalized to the maximum observed in each muscle 

during the movements analyzed. 

A muscle is considered inactive, according to the model, if the force produced is lower than 0.3N. If there 

is a high spike but the force is always bellow 0.3, excluding the spike, the muscle is also considered 

inactive. The criteria utilized to consider if the muscle is active or not according to the EMG is described 

in section 4.4.2. 
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The results presented next were run considering a window size of 10 and a marching step of 4 instants of 

time in WMIDO. Regarding fmincon options of MatLab, only the maximum number of iterations and 

maximum number of function evaluations were changed from the default, to 12000 and 24000, respectively. 

Whenever a window position did not converge, 5 tries were attempted starting from randomly generated 

solutions. If none of the additional attempts is successful, the analysis is considered not to converge. 

Whenever the WMIDO does not converge, i.e., no feasible solution can be found for a window position, 

the cross correlation is not computed. If the muscle is predicted as inactive by the model or by the EMG 

signal, the cross correlation is not computed either. These situations are indicated as NC, i.e. did not 

converge, or NA, i.e., not active. 

6.2.2.1 Slow shoulder flexion 

Table 2 presents the cross correlations between the muscle activations and the EMGs for all muscles 

measured during the slow shoulder flexion movement. Because the model predicts no activity of the 

Triceps muscles during this movement, the correlations associated to them are not calculated. However, 

the Triceps presented some activity in the EMG signal, meaning these might be false negatives. The 

ACDm does not converge for 20 instants of time out of 212. This lack of convergence is most probably 

due to the limitation of the optimization procedure used due to the fact that the variables have completely 

different scales. It is expected that by scaling variables during the optimization process the convergence 

problem can be controlled. 

Figure 26 presents the predictions for the contractile muscle forces and muscle activations, and Figure 

27 presents the surface EMG signals for the same muscles. Note that the extremely large forces and 

activations observed for the Deltoid Medius are due to the non-converged instants of time of the ACDm. 

To avoid overloading the graphs, the scales in Figure 26 are limited to 1 for the muscle activations and 

to 80N for the muscle forces. 

 

Table 2-Cross correlation between EMG and muscular activations during slow shoulder flexion. 

Muscle Cross correlation between EMG and muscular activations 

RTm ADm CDm ACDm 

Serratus Anterior 0.9408 0.9390 0.9405 NC 

Upper Trapezius 0.7824 0.7874 0.7782 NC 

Middle Trapezius 0.8247 0.8299 0.8514 NC 

Lower Trapezius 0.7560 0.7576 0.7631 NC 

Infraspinatus 0.8917 0.8922 0.8929 NC 

Deltoid Anterior 0.6589 0.6629 0.6427 NC 

Deltoid Medius 0.8297 0.8284 0.7984 NC 

Deltoid Posterior 0.9213 0.9215 0.9164 NC 

Biceps Brachii 0.5525 0.5521 0.5354 NC 

Triceps Brachii (long head) NA NA NA NC 

Triceps Brachii (lateral head) NA NA NA NC 

Average 0.7953 0.7968 0.7910 NC 
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Figure 26-Muscular contractile forces and activation during slow shoulder flexion for the muscles 
studied. RTm- model with a rigid tendon and without activation dynamics; ADm- model with activation 
dynamics and a rigid tendon; CDm- model with a flexible tendon and without activation dynamics; 
ACDm-model with flexible tendon and activation dynamics. The ACDm did not converge from 53º to 55º, 
from 58º to 64º and from 115.5º to 115.9º. 
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Figure 26- Continued. 
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Figure 26- Continued. 
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Figure 26- Continued. 

 

  
 

Figure 27- Normalized surface EMG signals during slow shoulder flexion for the studied muscles. 
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Figure 27- Continued. 

6.2.2.2 Slow shoulder abduction 

Table 3 presents the cross correlations between the muscle activations and the EMGs for all muscles 

measured during the slow shoulder abduction movement. Because the model predicts no activity for the 

Triceps muscles and the Deltoid Anterior the correlations for these muscles are not calculated. For these 

muscles, the EMG shows some activity of the Triceps Brachii lateral head, considerable activity of the 

Deltoid Anterior and no activity of the Triceps Brachii long head. The contractile muscle forces and 

muscle activations estimated are shown in Figure 28 for the muscles for which the EMG signals are 

measured. The EMG signals are displayed in Figure 29. 
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Table 3-Cross correlation between EMG and muscular activations during slow shoulder abduction. 

Muscle Cross correlation between EMG and muscular activations 

RTm ADm CDm ACDm 

Serratus Anterior 0.9093 0.9087 0.9091 0.9085 

Upper Trapezius 0.9330 0.9330 0.9333 0.9332 

Middle Trapezius 0.9464 0.9463 0.9465 0.9462 

Lower Trapezius 0.9785 0.9787 0.9787 0.9788 

Infraspinatus 0.9633 0.9630 0.9522 0.9516 

Deltoid Anterior NA NA NA NA 

Deltoid Medius 0.9498 0.9499 0.9422 0.9425 

Deltoid Posterior 0.9481 0.9479 0.9490 0.9492 

Biceps Brachii 0.6005 0.5998 0.6449 0.6790 

Triceps Brachii (long head) NA NA NA NA 

Triceps Brachii (lateral head) NA NA NA NA 

Average 0.9036 0.9034 0.9070 0.9111 

 

Figure 28- Muscular contractile forces and activation during slow shoulder abduction for the muscles 
studied. RTm- model with a rigid tendon and without activation dynamics; ADm- model with activation 
dynamics and a rigid tendon; CDm- model with a flexible tendon and without activation dynamics; 
ACDm- model with a flexible tendon and activation dynamics. 
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Figure 28- Continued. 
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Figure 28- Continued. 
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Figure 28- Continued. 
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Figure 29-Normalized surface EMG signals during slow shoulder abduction for the studied muscles. 

6.2.2.3 Fast shoulder flexion 

Table 4 shows the cross correlations between the muscle activations and the EMGs for all muscles 

measured during the fast shoulder flexion movement. Because the model predicts that the Triceps 

muscles are not active the correlations for these muscles are not calculated. However, the EMG signal 

indicates that the Triceps muscles present some activity. The ACDm does not converge for 48 time 

instants of time out of 116. The problem appears to be the same discussed in section 6.2.2.1 with the 

optimization. 
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The contractile muscle forces and muscle activations computed are shown in Figure 30 for the muscles 

for which the EMG signals are measured. Figure 31 presents the measured EMGs. 

Table 4-Cross correlation between EMG and muscular activations during fast shoulder flexion. 

Muscle Cross correlation between EMG and muscular activations 

RTm ADm CDm ACDm 

Serratus Anterior 0.9411 0.9374 0.9384 NC 

Upper Trapezius 0.9174 0.9200 0.9087 NC 

Middle Trapezius 0.9019 0.9117 0.9469 NC 

Lower Trapezius 0.7830 0.7896 0.7593 NC 

Infraspinatus 0.9069 0.9079 0.8864 NC 

Deltoid Anterior 0.7225 0.7248 0.7106 NC 

Deltoid Medius 0.7612 0.7595 0.7413 NC 

Deltoid Posterior 0.8649 0.8620 0.8668 NC 

Biceps Brachii 0.5922 0.5927 0.5738 NC 

Triceps Brachii (long head) NA NA NA NC 

Triceps Brachii (lateral head) NA NA NA NC 

Average 0.8212 0.8228 0.8147 NC 

 

Figure 30- Muscular contractile forces and activation during fast shoulder flexion for the muscles studied. 
RTm- model with a rigid tendon and without activation dynamics; ADm- model with activation dynamics 
and a rigid tendon; CDm- model with a flexible tendon and without activation dynamics; ACDm- model 
with a flexible tendon and activation dynamics. The ACDm did not converge from 29º to 94º and from 
104º to 106º. 
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Figure 30- Continued. 
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Figure 30- Continued. 
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Figure 30- Continued. 
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Figure 30- Continued. 

 

   

   

   Figure 31- Normalized surface EMG signals during fast shoulder flexion for the studied muscles. 
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Figure 31- Continued. 

6.2.2.4 Fast shoulder abduction 

Table 5 depicts the cross correlations between the muscle activations and the EMGs for all muscles 

measured during the fast shoulder flexion movement. Because the model predicts that the Triceps 

Brachii long head is not active during this movement, the cross correlations are not calculated for this 

muscle. The EMG signal indicates some activity though. The ACDm does not converge for 32 instants 

of time out of 115. The problem appears to be the same discussed in the previous section with the 

optimization. Figure 32 presents the contractile muscle forces and muscle activations for selected 

muscles, and Figure 33 presents the surface EMG signals for the same muscles. 

Table 5-Cross correlations between EMG and muscular activations during fast shoulder abduction. 

Muscle Cross correlation between EMG and muscle activations 

RTm ADm CDm ACDm 

Serratus Anterior 0.9123 0.9059 0.9129 NC 

Upper Trapezius 0.9687 0.9659 0.9695 NC 

Middle Trapezius 0.9354 0.9378 0.9433 NC 

Lower Trapezius 0.9504 0.9501 0.9555 NC 

Infraspinatus 0.7774 0.7758 0.7350 NC 

Deltoid Anterior 0.7125 0.7275 0.8214 NC 

Deltoid Medius 0.7483 0.7451 0.7374 NC 

Deltoid Posterior 0.8921 0.8874 0.9094 NC 

Biceps Brachii 0.7575 0.7586 0.7857 NC 

Triceps Brachii (long head) NA NA NA NC 

Triceps Brachii (lateral head) 0.4819 0.5730 0.5725 NC 

Average 0.8137 0.8227 0.8343 NC 
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Figure 32- Muscular contractile forces and activation during fast shoulder abduction for the muscles 
studied. RTm- model with a rigid tendon and without activation dynamics; ADm- model with activation 
dynamics and a rigid tendon; CDm- model with a flexible tendon and without activation dynamics; 
ACDm- model with a flexible tendon and activation dynamics. The ACDm did not converge from 47º to 
51º, from 58º to 73º, from 79º to 88º and from 97º to 101º. 
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Figure 32- Continued. 
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Figure 32- Continued. 
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Figure 32- Continued. 

 

   Figure 33- Normalized surface EMG signals during fast shoulder abduction for the studied muscles. 
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Figure 33- Continued. 

6.2.3 Computational time to run the models 

One of the most important characteristics of a computational program is its computational efficiency, 

normally associated to the time it takes to run. It is not desirable to have a program that takes a long 

time to make calculations, especially if the long term goal for its use is to be able to apply the 

biomechanical models in the clinical environment. The program must be fast in calculating the muscular 

forces or any other quantity analyzed. 

The time taken for a program to run also depends on the processor of the computer, therefore in order to 

take conclusions related to the effectiveness of the models, all simulations were run in the same computer, 

under the same conditions. In this study, a desktop with an Intel(R) Core(TM) i7-4790S CPU @ 3.20GHz 

and with 8GB of RAM is used. The time taken to run the LSM for each of the four different models and 

different movements is presented in Table 6. As expected, the RTm is the fastest and the ACDm, the most 

detailed model regarding the muscle physiology, is the slowest. These results are all obtained with a 

window size of 10 and a step between windows of 4. The number of trials indicated refer to the maximum 
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number of times that the optimization procedure is allowed to attempt to find a solution whenever it fails to 

converge for a given window position. In each attempt, the initial solution is set randomly. 

Table 6-Computational cost for each muscle model. 

 Computational Time (minutes) 

RTm ADm CDm ACDm 

-Slow flexion (5 tries) 23 122 388 1228 

-Slow abduction (5 tries) 13 67 428 622 

-Fast flexion (5 tries) 14 56 316 1423 

-Fast abduction (5 tries) 6 45 254 1360 

6.2.4 Discussion 

According to the predictions of the biomechanical model, the Triceps Brachii (long head) was inactive for 

all movements, while the Triceps Brachii (lateral head) was inactive for all movements but the fast pace 

shoulder abduction. Using the technique presented in the beginning of section 4.4.2 for the detection of 

muscle activity in the EMG signal, the two muscles were considered active in all movements except for 

the abduction at slow pace, for which the Triceps Brachii long head was considered inactive. These two 

muscles had a high baseline making it difficult for the method from section 4.4.2 to access if they were on 

or off. The possible reason for the Triceps Brachii (lateral head) having been recruited during fast shoulder 

abduction was that the other muscles were already at the maximum force that they could make, meaning 

more muscles would have to be recruited to perform the movement. The fact that the muscle presents 

small values of muscle activations is probably the reason why the correlation for this muscle in fast pace 

shoulder abduction is less positive than the other correlations for the same movement. 

The correlations obtained between the EMG signals and the results predicted by the biomechanical 

model for the Biceps Brachii are only moderate. Even though the contractile forces obtained for the slow 

shoulder abduction and flexion are qualitatively similar to those presented in (Quental, 2013), clear 

differences are observed between the contractile forces and muscles activations and the EMG signal. 

According to (Lippert, 2011) the Biceps Brachii plays an assistive role in shoulder flexion because 

tendons of both heads of the muscle cross the shoulder joint anteriorly. Accordingly, the Biceps Brachii 

forces are higher during the shoulder flexion movements than in the shoulder abduction movements.  

Apart from the ACDm, which presented convergence problems, the correlations obtained for the slow 

shoulder flexion are overall quite high. The average value obtained for the cross correlations of each 

model is close to 0.8. The only muscles for which the correlations presented were less positive were the 

Biceps Brachii and the Deltoid Anterior. 

Even though good correlations were obtained for the slow pace shoulder flexion movement, no relevant 

differences were observed between the different muscle models. The highest difference between the 

average values of the models is only of 0.0058 and occurs between the CDm and ADm. Figure 26 shows 

that the results are generally very similar. In particular, the RTm and ADm are almost overlapping and 

the CDm presents only small differences from them. 
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During slow pace shoulder abduction, with exception of the Biceps Brachii, all muscles present good 

agreement with the EMG. All cross correlations are over 0.9 and so is the average for all models. The 

less positive correlations obtained for the Biceps might have to do with the fact that the activations for 

this muscle are very low. This movement was the only for which the ACDm converged for all instants of 

time. However, the correlations obtained for all the models are so close, i.e., the largest difference 

between the average correlations of the models is 0.0077 and occurs between the ACDm and the ADm, 

that no muscle model stood out. The results obtained for the correlations are supported by Figure 28, in 

which the four models are very close together. Note that besides predicting inactivity of the Triceps 

muscles, the model also predicted inactivity of the Deltoid Anterior during slow pace shoulder abduction. 

The fast pace shoulder flexion also exhibits good cross correlations between the EMGs and muscle 

activations. On average, all models present correlations above 0.8. Similarly to the slow pace movements, 

the maximum difference between the average correlations was negligible, being only of 0.0081. During 

fast pace shoulder abduction, the Deltoid Anterior and the Triceps Brachii (lateral head), which were 

inactive in the slow movement, are now active. Because a faster movement is expected to be more 

demanding, more muscles are likely to be recruited in order to perform the movement. The cross 

correlations for this movement also present good results. Although small differences are still observed 

between models, these are more relevant for this movement. In particular, the CDm appears to be 

superior than the ADm and RTm. The correlations between the CDm and ADm differ by 0.0116 and 

between the CDm and RTm differ by 0.0206. The results of this movement are very interesting because 

the characteristics of each model are quite noticeable. The contractile muscle forces obtained, for 

instance, for the Triceps Brachii (lateral head) shows clearly the effect of the simulation of the activation 

dynamics: around 60º of humeral elevation, the muscle is becoming inactive but, in the RTm, the 

inactivation is almost instantaneous, whereas in the ADm, the inactivation happens gradually. The CDm 

does not become instantaneously inactive either, probably due to the elastic tendon, which has to get 

back to its rest position. 

Overall, no relevant differences were obtained between the different models. Considering that the RTm is 

the simplest model to implement, these results show why it is the most often applied model as it produces 

reasonable results while requiring less computational effort. It must be noted, nonetheless, that only two 

motions at slow and fast pace were studied here, which constitutes a limitation to the study. The ACDm model 

was expected to present better results than the remaining muscle models as it considers more physiological 

aspects of muscles, however convergence problems limited the analysis of the results for this method. 

It is also possible to notice that the highest average cross correlations for all models studied were 

obtained for the slow shoulder abduction movement, which suggests that the biomechanical model is 

particularly suited for this movement. The study performed here presented, in general, better 

correlations than those obtained by Blana et al. (2008), however the manner in which the results were 

presented in that work does not allow deeper conclusions. 

Even though the results obtained were good. The correlation results are prone to error sources arriving from 

both quantities correlated, i.e., the quantities computed by the LSM and the EMG signal. The EMG signal is 

prone to the errors, such as, for instance, the placement of the electrode and aspects more related to the 
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anatomy and physiology, like the deepness of the muscle and its length. The quantities computed by the 

LSM are prone to errors coming from its input data, which is the kinematic data. There are numerous sources 

of error that affect the results of biomechanical analysis, an example in this work is the effective attachment 

of the positional sensors during data collection or even the procedure used to track the scapular movement, 

i.e., the use of the AMC is known for presenting increased error above a certain elevation of the arm (90º), 

or the estimations made to obtain the GH rotation center and the axial rotation of the clavicle. Another source 

of variety are the filtering techniques utilized to treat the experimentally acquired data. 

6.2.4.1 Considerations about the WMIDO 

The WMIDO showed two main problems, of convergence, mostly in the ACDm, and instability, depicted 

by the oscillations in the Triceps Brachii muscle (lateral head) force for the CDm during fast pace 

shoulder abduction. In order to gain insight into the WMIDO, the influence of some numerical parameters 

on the solution was evaluated. 

The first set of runs of the program was made with a constant step between windows. Using the ADm 

during slow shoulder flexion, for which some instability is present, the window size was varied, while the 

remaining parameters were kept constant, the step between windows was set to 4, the number of trials 

for convergence was set to 3, the maximum number of iterations to 12000 and maximum number of 

function evaluations to 24000. Window sizes of 5, 8, 10, 15 and 30 were tested. All simulations presented 

instabilities. For window sizes of 8, 10 and 15 no relevant differences were seen between them, but 

window size of 5 and 30 increased the frequency of instabilities. However, it was not possible to conclude 

on a linear relation between the size of the window and the instabilities in the contractile forces.  

The second set of runs of the program was made with a constant window size. Considering the 

conditions described before, the window size was maintained constant at 10 and the window step was 

varied between 3, 4, 6 and 8. The step between windows for which there were less instabilities was 8; 

the window step 6 also reduced the instabilities slightly. 

However, running the CDm with a window step of 8 lead to convergence problems, i.e., 4 instants of 

time did not converge. As suggested by Quental et al. (2016a), a large window step means that the 

method finds the solution for a window position without knowing if it will compromise the solution for the 

next window, which might have happened here. The problems associated with the WMIDO have, most 

probably, a numerical nature. One source of instability might be due to the computation of time derivatives 

by finite differences, which can lead to inaccuracies if the time steps are not sufficiently small. Collecting 

the kinematic data at a higher frequency may help the procedure. The optimization algorithm may also 

have contributed to the instability by converging to local minima instead of global minima. The application 

of other algorithms, as well as the choice of better initial solutions, may benefit the WMIDO, being these 

issues still open topics. 
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7 Conclusions 

The biomechanical model developed at the Lisbon Biomechanical Laboratory was used in this work not 

only with muscle activation but also with the actuation by joint actuators. The results obtained from the 

inverse dynamical analysis were the joint torques responsible for the movement, which were analyzed for 

three main articulations of the shoulder, i.e., glenohumeral (GH), sternoclavicular (SC) and 

acromioclavicular (AC). Since these quantities are not generally described in the bibliography it was not 

possible to compare the obtained results with those of other authors. However, the results show the 

feasibility in their calculation and support that they can be used in clinical and in sports analysis much in 

the same way that the joint torques of the lower limbs are. 

Kinematic and electromyographic data of the upper limbs were acquired at the Lisbon Biomechanics 

Laboratory. The positions, velocities and accelerations computed were used to run the LBL Shoulder 

Model with different musculoskeletal models in order to study their influence on the solution of the 

muscle force sharing problem. 

The LSM was run with the WMIDO method using a window size of 10 and a step between windows of 4 

for two movements of shoulder flexion, one slow and another fast, and two movements of shoulder 

abduction, also at slow and fast paces. The muscle models studied differ from each other by including a 

rigid tendon and excluding activation dynamics (RTm), including a rigid tendon and activation dynamics 

(ADm), including a flexible tendon and excluding activation dynamics (CDm) and including both a flexible 

tendon and activation dynamics (ACDm). Under the conditions described, the ACDm did not converge for 

the two shoulder flexion movements and for the fast pace shoulder abduction. The results obtained 

suggest that there is not a great influence of the muscle model used in the computed muscular forces and 

activations during slow movements. Considering the computational efficiency, these results support the 

application of the RTm. For the fast pace movements, only the shoulder abduction showed more 

pronounced differences between models. The CDm showed the highest correlations with EMG signals, 

even though the muscle forces present some instabilities, especially the Triceps Brachii lateral head. 

The numerical instabilities presented by the WMIDO may be addressed by providing a smoother input 

data to the biomechanical model, i.e., other filtering techniques may provide better results. Considering 

that the WMIDO computes time derivatives by finite differences, higher sampling frequency of the 

kinematic data could reduce possible inaccuracies. The definition of better initial solutions could also be 

relevant to the robustness of the procedure. Another possible source for the lack of convergence may 

have to do with the use of the optimization method. Among other possible fixes the use of more sets of 

initial conditions or the scaling of the variables used in the optimization must be researched to ensure a 

more reliable use of the numerical procedures proposed. It is, nonetheless, important to notice that 

without the WMIDO, the present study would have been limited to the RTm since only this model can 

be run with classic optimization methods.  
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7.1 Future Work 
The application of needle EMGs instead of surface EMGs would be interesting. With this method the 

EMG signals would be more reliable and more muscles could be measured. However, this would be not 

only a medical procedure but could also interfere with the acquired motion. Recording of the kinematic 

data of the upper limb is very challenging, especially because of the limited accuracy in tracking of the 

scapula due to soft tissue artifacts. In this study, the acromion marker cluster method was applied to 

track the scapula dynamically. Even though this method has been shown to reduce the tracking error of 

the scapula further research is necessary to improve the measurement of the scapula movements. 

Notice, for instance, that the AMC is not recommended for humeral elevations larger than 90º (Shaheen 

et al., 2011). However, if multiple calibrations are used the errors at high elevation angles may be 

reduced. In future studies, more samples of the same type of movement (10-15) must be obtained and 

analyzed in order to assure that the results obtained were not one time events. This study would naturally 

require a statistical analysis of the results. The influence of the optimization algorithm on the solution 

found needs also to be studied. Notice that the method considered does not guarantee that global 

minima were found and the problem of scaling, or not, variables is still open. 
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Appendix A- Positions, velocities and 

accelerations 

The graphical representation for positions, velocities and accelerations of the bodies during shoulder 

flexion and shoulder abduction at slow pace are presented in this appendix. In Figure A. 1 through Figure 

A. 3 the case of the slow shoulder flexion is presented. 

 

  Figure A. 1-Positions and Euler parameters during shoulder flexion at slow pace for all the bodies in the 
system. 
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Figure A. 1- Continued. 
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Figure A. 1- Continued. 

 

  Figure A. 2-Velocities during shoulder flexion at slow pace for all the bodies in the system. 
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Figure A. 2- Continued. 
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Figure A. 2- Continued. 

 

 

 

 



88 
 

  

  

  Figure A. 3- Accelerations during shoulder flexion at slow pace for all the bodies in the system. 
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Figure A. 3- Continued. 
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Figure A. 3- Continued. 

 

The graphical representation for positions, velocities and accelerations of the bodies during shoulder 

abduction at slow pace is presented in Figure A. 4 through Figure A. 6. 

 

  Figure A. 4- Positions and euler parameters during shoulder abduction at slow pace for all the bodies in 
the system. 
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Figure A. 4- Continued. 
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Figure A.4- Continued. 
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  Figure A. 5- Velocities during shoulder abduction at slow pace for all the bodies in the system. 
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Figure A. 5- Continued. 
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Figure A. 5- Continued. 

 

  

  Figure A. 6- Accelerations during shoulder abduction at slow pace for all the bodies in the system. 
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Figure A.6- Continued. 
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Figure A.6- Continued. 
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Appendix B- Cross Correlations between 

EMG and contractile muscle 

forces 
Table B. 1- Cross correlation between EMG and muscular contractile forces during slow shoulder flexion. 

Muscle Cross correlation between EMG and muscular contractile forces 

RTm ADm CDm ACDm 

Serratus Anterior 0.9634 0.9628 0.9626 NC 

Upper Trapezius 0.7412 0.7483 0.7370 NC 

Middle Trapezius 0.8076 0.8082 0.8464 NC 

Lower Trapezius 0.8279 0.8323 0.8426 NC 

Infraspinatus 0.9409 0.9418 0.9520 NC 

Deltoid Anterior 0.5621 0.5642 0.5578 NC 

Deltoid Medius 0.8557 0.8546 0.8208 NC 

Deltoid Posterior 0.9498 0.9501 0.9487 NC 

Biceps Brachii 0.5583 0.5580 0.5554 NC 

Triceps Brachii (long head) NA NA NA NC 

Triceps Brachii (lateral head) NA NA NA NC 

Average 0.8008 0.8023 0.8026 NC 

 

Table B. 2- Cross correlation between EMG and muscular contractile forces during slow shoulder abduction. 

Muscle Cross correlation between EMG and muscular contractile forces 

RTm ADm CDm ACDm 

Serratus Anterior 0.9336 0.9336 0.9336 0.9336 

Upper Trapezius 0.9195 0.9200 0.9199 0.9202 

Middle Trapezius 0.9548 0.9555 0.9551 0.9557 

Lower Trapezius 0.9866 0.9869 0.9866 0.9869 

Infraspinatus 0.9885 0.9884 0.9792 0.9789 

Deltoid Anterior NA NA NA NA 

Deltoid Medius 0.9590 0.9592 0.9490 0.9499 

Deltoid Posterior 0.9671 0.9672 0.9690 0.9694 

Biceps Brachii 0.6034 0.6028 0.6442 0.6785 

Triceps Brachii (long head) NA NA NA NA 

Triceps Brachii (lateral head) NA NA NA NA 

Average 0.9141 0.9142 0.9171 0.9216 
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Table B. 3- Cross correlation between EMG and muscular contractile forces during fast shoulder flexion. 

Muscle Cross correlation between EMG and muscular contractile forces 

RTm ADm CDm ACDm 

Serratus Anterior 0.8748 0.8702 0.8675 NC 

Upper Trapezius 0.8955 0.8988 0.8905 NC 

Middle Trapezius 0.8007 0.8053 0.9122 NC 

Lower Trapezius 0.8814 0.8883 0.8774 NC 

Infraspinatus 0.9797 0.9800 0.9826 NC 

Deltoid Anterior 0.6921 0.6945 0.6929 NC 

Deltoid Medius 0.8722 0.8714 0.8465 NC 

Deltoid Posterior 0.9202 0.9204 0.9175 NC 

Biceps Brachii 0.6090 0.6100 0.6081 NC 

Triceps Brachii (long head) NA NA NA NC 

Triceps Brachii (lateral head) NA NA NA NC 

Average 0.8362 0.8377 0.8439 NC 

 

Table B. 4-Cross correlation between EMG and muscular contractile forces during fast shoulder abduction. 

Muscle Cross correlation between EMG and muscular contractile forces 

RTm ADm CDm ACDm 

Serratus Anterior 0.9331 0.9313 0.9336 NC 

Upper Trapezius 0.9755 0.9733 0.9758 NC 

Middle Trapezius 0.8575 0.8590 0.9062 NC 

Lower Trapezius 0.8956 0.9107 0.8747 NC 

Infraspinatus 0.8763 0.8750 0.8216 NC 

Deltoid Anterior 0.6190 0.6297 0.7457 NC 

Deltoid Medius 0.6985 0.6946 0.6508 NC 

Deltoid Posterior 0.9462 0.9499 0.9635 NC 

Biceps Brachii 0.8002 0.7991 0.8331 NC  

Triceps Brachii (long head) NA NA NA NC 

Triceps Brachii (lateral head) 0.4841 0.5827 0.5692 NC 

Average 0.8086 0.8205 0.8274 NC 

 


