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Abstract 

Abrupt deceleration is a common practice in several sports, where sudden changes of direction are 

needed to perform at the highest level. The aim of this work is to estimate muscle forces, joint reaction 

forces and muscle contributions to the acceleration of the center of mass during a rapid anterior/posterior 

deceleration task. Six elite male injury free athletes participated in this work. Scaled generic 

musculoskeletal models, consisting of 10 segments, 23 degrees of freedom and 92 musculotendon 

actuators were used in OpenSim. Data processing and IK steps were performed in Visual3D. For both 

SO and CMC, the same adjusted kinematics from RRA were used as inputs to estimate muscle forces. 

Joint reaction forces were calculated based on the estimated muscle forces from SO. Comparing both 

methods regarding resultant muscle forces, higher Pearson correlation coefficients (PCC) were shown 

for uniarticular muscles (PCC = 0.900 ± 0.068), when compared to biarticular muscles (PCC = 0.725 ± 

0.174). Regarding joint reaction forces, peak magnitudes observed along the fore – aft direction at the 

right knee joint (11.961 ± 2.646 BW) and right hip joint (10.260 ± 3.634 BW). The insertion of muscles 

in the model resulted in force values approximately 10 times higher than if only a multi linked rigid – 

body model was used. The quadriceps were the main contributors to the mass centre’s acceleration 

profile along the A/P direction, aided by the soleus, counteracted most of the effects applied by gravity 

along the vertical direction, and finally, along the mediolateral direction, opposed the contribution of the 

gluteus maximus to maintain the body stable.  

Keywords — Abrupt A/P deceleration, Musculoskeletal Modelling, Static Optimization, Computed 

Muscle Control, Joint Reaction forces, Induced Accelerations Analysis 
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Resumo 

Os objectivos deste trabalho passam por estimar forças musculares e de reação articular, assim como 

a obtenção das contribuições musculares para as acelerações do centro de massa durante uma tarefa 

de desaceleração horizontal súbita. Seis atletas profissionais, do género masculino, foram analisados 

neste estudo. Modelos musculoesqueléticos escalados, compostos por 10 segmentos, 23 graus de 

liberdade e 92 atuadores, foram utilizados. O processamento dos dados e análises de cinemática 

inversa foram realizados no software Visual3D. A estimação de forças musculares, através de 

optimização estática (SO) e controlo muscular computorizado (CMC), teve como dados cinemáticos os 

dados previamente ajustados através do algoritmo de redução de resíduos (RRA). As forças de reacção 

articular foram calculadas a partir dos resultados de SO. Comparando os dois métodos, verificaram-se 

coeficientes de correlação de Pearson mais elevados para músculos uniarticulares (PCC = 0.900 ± 

0.068) do que para músculos biarticulares (PCC = 0.725 ± 0.174). Obtiveram-se forças de reacção 

articular mais elevadas na anca (10.260 ± 3.634 BW) e joelho (11.961 ± 2.646 BW) direitos, orientadas 

no plano sagital. A utilização de um modelo musculoesquelético em detrimento de um modelo de corpos 

rígidos resulta em forças de reacção articular aproximadamente 10 vezes superiores. Relativamente às 

contribuições musculares, o quadricípete é o protagonista na aceleração do centro de massa sobre o 

plano sagital, assim como tem igualmente uma grande contribuição, em conjunto com o soleus para 

contrariar o efeito da gravidade na aceleração do centro de massa no eixo vertical. Sobre o eixo 

mediolateral, o quadricípete contraria o efeito do gluteus maximus para manter o sujeito equilibrado. 

Palavras-chave – Desaceleração horizontal súbita, Modelação Musculoesquelética, Optimização 

estática, Optimização dinâmica, Forças de compressão articular, Análise de acelerações induzidas 
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1.  Introduction 

1.1. Motivation 

“Citius, Altius, Fortius” 

Faster. Higher. Stronger. Three words that take part in the motto of the epitome of excellence in elite 

sports, the Olympic Games. They also represent the evolution of sports throughout the years, with 

athletes being able to run faster, jump higher and higher and get stronger, always reaching new heights 

with their performances. 

Nowadays, in elite sports, the smallest of details, like a hundredth of a second in timed events, a 

centimetre in either long or high jump, or even in team sports, such as football, basketball or volleyball, 

decide each victory. Because of that, the margin of error is decreasing drastically, compelling the 

athletes to push beyond the limits of their performances, so much so that a myriad of factors besides 

the physical attributes come into play to gain the upper hand on the competition. 

Consequently, it is expected on the athlete’s fitness levels to be extremely high, in order to endure the 

training loads to which they are subjected, as an injury can have severe effects on the aspirations of the 

individual or, in case of team sports, the aspirations of the team. On the other hand, the higher the 

training loads, the higher the risk of contracting an injury. 

On a different note, not only team sports, such as basketball, volleyball and soccer, but also individual 

sports, like squash, tennis or badminton, require several changes of directions, with constant 

accelerations and decelerations. With respect to the decelerations, they may occur because of the 

boundary lines that keep players in the game, or as a reaction to other players actions. Hence, 

decelerations tasks are key to the performance of the athlete in any sport. 

Bearing all of this in mind, there is a growing need to analyse certain movements of the athletes and 

understand the mechanisms involved in each movement, for performance enhancing or injury 

prevention, and the key for this lies in the joining of two major fields: Biomechanics and Musculoskeletal 

Modelling. 

Mechanics is that area of science that focuses on the behaviour of physical bodies when subjected to 

forces or displacements, and the subsequent effects of the bodies on their environment. Biomechanics 

studies the behaviour of biological systems by using the concepts and laws of mechanics, whilst 

including different areas. One is the area of kinematics, which deals with the movement without taking 

into account the forces that produce the motion. The other is the area of kinetics, determines the 

relationships between the applied external forces and the changes they produce in the motion. 

On that note, one is able to determine the external forces, which explain a certain motion. However, the 

type of forces that show the major relevance in the case of sports biomechanics are the internal forces 
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(e.g. muscle forces and joint reaction forces), which are forces that act within the system whose motion 

is studied. Unfortunately, direct methods for measuring this type of forces are extremely invasive and 

non-viable for the athlete, so the normal line of action turns to indirect, non-invasive methods, such as 

musculoskeletal modelling.  

These models, whose elements are constructed according to sets of differential equations, which 

describe muscle contraction dynamics, muscle geometry and dynamics of body segments, allow the 

study of neuromuscular coordination, the analysis of athletic performance and estimation of 

musculoskeletal loads. Hence, using such models is a very appealing and reliable way of estimating the 

muscle forces, joint reaction forces and the muscles’ contributions that are so useful for achieving a 

deeper understanding on injury prevention and performance analysis.  

 

1.2. Literature Review 

Through the lens of biomechanics, the human body is portrayed as an arrangement of anatomical 

segments bound together by joints and affected by muscles and ligaments. The complex interactions 

that take place between this system, the neuromuscular system, and the environment around it are the 

building blocks involved in the genesis of human movement (Watkins, 2007; Robertson et al., 2014).  

Understanding these synergies is crucial to estimate or measure the internal forces produced by muscle 

and ligaments and to study their contributions to the accelerations and external forces intrinsic to the 

motion.  

For the attainment of these forces, there are two types of methods: direct and indirect methods. 

Direct methods are the strategy used to try to obtain muscle forces in real time and in a continuous 

manner (Komi, 1990). They are also drastically more invasive, usually requiring the insertion of 

instrumented devices through a surgical procedure. These implants, normally transducers, have to 

adapt to the motion of the subject in order to measure the muscle and tendon forces without 

interferences (Fleming and Beynnon, 2004). These transducers come in various types and can be 

divided into different categories, according to the physical principles upon which they are based upon 

(Ravary et al., 2004). Hence, one can place transducers with variation of electrical resistance, such as 

a buckle transducer (Gregor et al., 1991; Fukashiro et al., 1995) or an implantable force transducer 

(Zhao and Banks, 2006), transducers that operate with the variation of the magnetic field, like a Hall 

effect transducer (Renström et al., 1986; Howe et al., 1990), or even transducers which work with the 

variation of light flow, for instance optic fibre (Finni, Komi and Lepola, 2000) . 

The realm of possibilities with both of these methods goes beyond the possibility of estimating muscle 

and tendon forces. It is also possible to study injury mechanisms, and muscle contributions to certain 

motions and influences on the other components of the human body, such as bones (Lu et al., 1997) in 

order to obtain a deeper understanding on the performance and rehabilitation level.  
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In 1986, Renström and colleagues performed a study inserted in the area of rehabilitation after surgery, 

in which they examined the measured anterior cruciate ligament (ACL) strain, using a Hall effect 

transducer, during three different combinations of simulated hamstring and quadriceps activity. The 

subjects of study were the knees of seven cadavers. From this, they were able to infer that, when acting 

alone, the isometric and isotonic quadriceps activity resulted in a sharp increase in ACL strain from 0 to 

45 degrees of knee flexion, whereas a simulated isometric hamstring contraction reduced strains within 

the ACL, all relative to the strains resultant from the passive motion of the knee. In addition to this, the 

simultaneous activation of both hamstrings and quadriceps muscles produced much higher ACL strains 

than those occurring during passive motion at knee angles that range from full extension to 30 degrees 

of knee flexion. This means the hamstrings are not able to supress the ACL strain resulting from 

simultaneous quadriceps stimulation for the range of knee angles presented above (Renström et al., 

1986).   

However, these methods carry many limitations, which make them unsuitable tools for certain types of 

analysis. Firstly, there can be limitations created by the insertion of the transducers in ligaments or 

tendons, as their implantation in ligaments and tendons induce different degrees of tissue damage that 

might alter the resulting measurements, and, in certain cases, may leave the subject expressing pain 

while moving.  

On another note, a calibration step is necessary in order to transform the output signal into a variable of 

interest, such as a force or a strain. Albeit, in humans, only indirect methods can be used to perform the 

calibration step, and the conditions used for calibration do not replicate exactly the ones chosen for in 

vivo studies, making it necessary to use verification steps to validate the calibration (Glos et al., 1993).  

Moreover, except for the buckle transducer, only local measurements of strains and loads can be 

performed, as most transducers do not reach the size of the tendon or ligament itself. Besides this, there 

are also other obstacles that one must face in order to perform an in vivo measurement of loads or 

strains, as the fact of being impossible to obtain the resting length of the ligament while it is attached in 

the joint, or even the structure of the ligament itself (Cerulli et al., 2003). Hence, the direct measurement 

of the absolute values for the loads and strains are very dependent on a myriad of factors, depending 

on the type of technique (e.g. skin movement when performing measurements using fiberoptics (Erdemir 

et al., 2003), making it very difficult to obtain these values in a correct and trustworthy manner (Fleming 

and Beynnon, 2004) . 

On top of all these drawbacks related to the transducers and measurement techniques, there are also 

ethical considerations intrinsic to this type of methods. The controversy of performing unnecessary 

surgical procedures on healthy individuals for research purposes can be a steep obstacle to overcome. 

All in all, although these more direct methods for obtaining muscle and ligament forces and strains show 

a great deal of potential, its limitations across all parts of the measurement process make them 

unfeasible in the clinical setting, as well as in the sports performance analysis field.  
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Bearing this in mind, an alternative to the methods presented above resides in the usage of less invasive 

methods to record these individual muscles’ forces and their contributions to the accelerations of the 

body segments and joints. 

In the category of non-invasive, indirect methods, there are several techniques such as inverse 

dynamics or electromyography (EMG). However, neither of these techniques are able to provide useful 

information regarding more specific variables muscle force magnitudes or their contributions to certain 

accelerations of interest alone. In the case of inverse dynamics, it can only be used to calculate joint 

torques, as muscles are not depicted in this analysis (Zajac, Neptune and Kautz, 2002). As for EMG, 

although it is a very useful tool for obtaining muscle activity, it cannot provide estimates of individual 

muscles forces (Zajac, Neptune and Kautz, 2003; Henriksen et al., 2009). A solution for this comes 

through the field of musculoskeletal modelling, as it can be the missing piece which links the internal 

forces to the data obtained externally (e.g. ground- reaction forces, EMG data, kinematic data) 

(Schellenberg et al., 2015).  

Musculoskeletal modelling provides insights on muscle function and internal loads through 

computational simulations using a musculoskeletal model, associated with invaluable information 

provided by multibody dynamics, muscle-tendon dynamics and musculoskeletal geometry. 

To begin with, in a musculoskeletal model, an actuator replaces each muscle, which is able to simulate 

the mechanical behaviour of the muscle. Muscle actuators are constraints equations used to describe 

the kinematics of musculoskeletal muscle. The most common representation of a musculotendon unit 

is the 3-element Hill-type model , composed by a Hill-type contractile element, a series-elastic element 

and a parallel-elastic element, linked to a tendon, characterized by an elastic element (Hill, 1949). This 

model is parametrized by a number of variables, each of which describing different muscle properties, 

and they are maximum isometric force, optimal fibre length, pennation angle, the muscle’s maximum 

shortening velocity and the tendon resting length, or slack length.  

For a musculoskeletal model to be as reliable as possible, one must learn a great deal on how each 

muscle property may affect the model, how they are related, or how the model is constructed for better 

results. Following this line of thought, several works were performed which laid the foundations for this 

field. A sample of these works dates back to 1938 (Hill, 1938), when Archibald V. Hill studied the 

relations between muscle length changes and the work done by the muscle itself, and was able to take 

important conclusions on how the load applied on the muscle affects its shortening speed and how 

tendon compliance affects muscle force (Hill, 1949). On a different note, Felix Zajac (Zajac, 1989) 

performed a highly regarded review article, in 1989, which dove into a variety of themes regarding 

musculoskeletal modelling, specifically the connection between tendon and muscle organization, the 

muscle’s excitation-contraction properties, the link between the characteristic properties of the muscle, 

i.e. force-length curve, force-velocity curve and stiffness, and a Hill-type model, as well as the elastic 

properties of the tendon and finally the issues regarding the scaling of a  muscle-tendon unit. 

In order to simplify such an intricate structure that is the musculoskeletal system of the human body to 

this level, a myriad of geometric simplification steps and assumptions are placed, (Zajac, 1989; Millard 



 

   5 
 

et al., 2013). Firstly, it is postulated that muscle forces are obtained on proportion to the force created 

by a single fibre. Moreover, the force created by a fibre only depends on its activation, velocity and fibre 

length, independently.  

By using these assumptions and relations between muscle-tendon force, length, shortening velocity and 

tendon slack length, one is able to estimate musculotendon dynamics. Initially, there is the activation 

dynamics, during which it is generated a muscle state where the nervous signal is converted into an 

activation of the musculotendon unit (Winters, 1995; Cheng, Brown and Loeb, 2000). Following this, 

contraction dynamics is reached, where muscle activation is transformed into muscle forces (Pandy, 

2001).  

On a different note, multibody dynamics of a biomechanical system consists of the study of a certain 

motion of interest, taking into account the external forces applied on the system and the inertial 

characteristics of its elements. From this study, one is able to obtain the internal forces developed by 

the anatomical segments and joint torques that generate the motion, along with data obtained from 

kinematics. From the standpoint of a musculoskeletal modelling, it adds the physical foundations with 

which it is possible to transform internal forces to movement and vice-versa, taking into account 

Newton’s laws of motion (Ajay et al., 2011). In a vacuum, the area of multibody dynamics can be divided 

into two main subcategories: forward and inverse dynamics. The former focuses on the calculation of 

movements and external reaction forces and comprehension of muscle control in the movement, using 

a set of known internal forces and joint torques, whereas the latter proceeds in the opposite direction, 

by calculating the set of internal forces which induce a dynamic response, i.e. observed movement and 

measured external forces, in the biomechanical system  (Zajac, 1993). 

Nonetheless, in most of the biological systems, especially the musculoskeletal system, joints are 

spanned by a large number of muscles, which actually surpasses the amount of degrees of freedom 

present in the human body, as it is estimated that, on average, 2,6 muscles control one degree of 

freedom in the human body (Zatsiorsky and Prilutsky, 2012). This characteristic is known as muscle 

redundancy. In addition to this, a muscle is even able to accelerate joints and segments it is not attached 

to, which exponentially complicates the objective of muscle force estimation (Zajac, 1993). Muscle 

redundancy allows, in the case of injury occurrence, a different muscle to be able to perform the task in 

hand, although with a lower efficiency.  

Mathematically speaking, muscle redundancy means that the number of unknown variables exceeds 

the number of equations, leaving the system undetermined with an infinite number of possible solutions 

for the same problem. In the case of athletes, who perform in the brink of excellence during every 

competition, they tend to perform each movement in a way that minimizes secondary undesired 

moments, and increases the efficiency of such movement, thus gaining the upper hand on the rest of 

the athletes. Most times, these changes are due to the athlete’s innate capacity to evaluate what is 

better for them. 

The way to replicate this issue and to overcome muscle redundancy in the musculoskeletal modelling 

universe is by utilizing optimization techniques. These methods calculate the solution, from the whole 
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set of possible solutions in an undetermined system, which minimizes a given cost function related to a 

physiological criterion while depicting the equations of motion for a selection of kinematic and kinetic 

data. This cost function is used to simulate physiological criteria adopted by the central nervous system 

at the instant of muscle recruitment and at a certain level of muscle activation, in order to reach a certain 

movement (Crowninshield and Brand, 1981). 

These optimization techniques are divided into static and dynamic techniques (Anderson and Pandy, 

2001b; Erdemir et al., 2007). 

The first operates via solving the inverse dynamics problem, followed by attempting to sort out the joint 

moments into muscle forces at each instant, individual forces, which are obtained through the 

minimization of a cost function, normally the sum of the squared muscle activations, as stated above. 

Several works performed simulations using this type of optimization method (Crowninshield et al., 1978; 

Crowninshield and Brand, 1981; Glitsch and Baumann, 1997; Anderson and Pandy, 2001b; Edwards et 

al., 2008; Lin et al., 2010; Schache et al., 2010; Alvim, Lucareli and Menegaldo, 2018). However, it 

carries some important drawbacks, mainly related not only to the dependency between the results 

legitimacy and the certainty of the motion data measured, but also to the difficulty of inserting muscle 

physiology in the management of the optimization problem (Davy and Audu, 1987). 

On the other hand, in dynamic optimization techniques, output variables such as muscle forces are 

explained by a set of differential equations, which correlate to the physiological properties of the system 

(Hatze, 1976), and the solution is achieved by solving the optimization problem per unit of distance for 

a full cycle of the motion. In a study performed by Pandy, Zajac and colleagues, in 1990 (Pandy et al., 

1990), this strategy was put into practice when they developed, with success, an optimal control model 

to understand how muscle-tendon dynamics and other variables of interest coordinate an elaborate 

motion that is maximum-height jumping. Years past, in a different study by Anderson and Pandy, in 

2001 (Anderson and Pandy, 2001a), a method for solving the dynamic optimization problem for walking 

with the intent to understand motor patterns was developed and the hypothesis that minimization of 

metabolic energy per unit of distance travelled could be a standard for performance criterion was 

validated. Besides these, a myriad of works related to solving the dynamic optimization problem have 

also been performed (Zajac and Gordon, 1989; Yamaguchi and Zajac, 1990; Anderson and Pandy, 

1999; Kaplan and H. Heegaard, 2001).  

Inserted in the ambit of dynamic optimization techniques, two different methods need to be mentioned, 

which are Computed Muscle Control (CMC) and Neuromusculoskeletal Tracking (NMT), as they show 

great improvement when compared to previous methods published (Yamaguchi, Moran and Sit, 1995; 

Seth, McPhee and Pandy, 2003). The improvement resides mainly in the computation time, a clear flaw 

in other methods (Anderson et al., 1995; Anderson and Pandy, 2001a). 

Computed Muscle Control (Thelen, Anderson and Delp, 2003; Thelen and Anderson, 2006) uses a static 

optimization (SO) step added to feedforward and feedback controls to move the model into the wanted 

motion. Due to the employment of static optimization and feedback procedures, this algorithm is able to 

resolve the dynamics optimization problem much more efficiently. As shown by Thelen and colleagues 
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(Thelen, Anderson and Delp, 2003), they were able to corroborate the previous statement, as computed 

muscle control was able to present solutions in approximately 10 minutes, a drastic improvement when 

compared to other algorithms (Neptune, 1999). Moreover, Neuromusculoskeletal Tracking (Seth and 

Pandy, 2007), is a relatively more recent algorithm developed by Seth and Pandy. The intrynsic 

algorithm is conceptually similar to Computed Muscle Control, however the muscle redundancy problem 

is resolved by minimizing a time-dependent performance criterion throughout the time length of the task, 

instead of performing a static optimization step.  In addition to this, Neuromusculoskeletal Tracking also 

incorporates a skeletal motion tracker, which corrects joint torques over the entire task. 

According to a study performed by Lin and colleagues, in 2012 (Y.-C. Lin et al., 2012), which compared 

estimates of muscle forces using three different methods: Static Optimization, Computed Muscle Control 

and Neuromusculoskeletal Tracking, and concluded that the three methods provided similar results, 

showing that muscle activation dynamics and time-dependent performance criterion do not have a deep 

effect on muscle force estimation during human walking. This inference was also available in a study 

presented by Anderson and Pandy (Anderson and Pandy, 2001b). However, for more explosive tasks 

that is the case of this dissertation, these properties may be useful to obtain realistic estimates of muscle 

forces (Soest and F.Bobert, 1993; Y.-C. Lin et al., 2012). 

In addition to this, availability of these methods in a musculoskeletal modelling software is also a point 

that must be considered when choosing a method for muscle estimation. Bearing this in mind, it is 

important to state that Static Optimization and Computed Muscle Control are both available in OpenSim 

(Delp et al., 2007; Ajay et al., 2011), the software used in this dissertation, whilst Neuromusculoskeletal 

Tracking can only be performed in Matlab
®

. Consequently, only Static Optimization and Computed 

Muscle Control will be implemented for this work. 

The ability of estimating joint reaction forces (JRF) with simulations using musculoskeletal models is 

also a game changer, in the sense that this type of forces are closely related to injury mechanisms and 

their acknowledgment is key to better understand these injuries. Studies performed, which focused on 

the estimation of said forces, fall into the scope of normal gait (Shelburne, Torry and Pandy, 2005) , 

pathological gait (Steele et al., 2012), and other tasks (Bergmann, Graichen and Rohlmann, 2004; 

D’Lima et al., 2012). Unfortunately, the ammount of works performed on this matter regarding elite 

athletes using musculoskeletal modelling is scarce, if not inexistent. From the literature, the only work 

focusing on this particular task implements a multi linked rigid body model, with no muscles, to perform 

an induced accelerations analysis and compute the shear forces at the knee (João, Ferrer and Veloso, 

2018) Regarding this matter, this dissertation follows a trailblazing path towards a better understanding 

of this matter in elite athletes.   

As previously stated, musculoskeletal modelling is also helpful to study muscle contributions to the 

accelerations related to the task in hand. Therefore, studies implementing this analysis in various 

contexts were performed through time, focusing especially on normal gait (Anderson and Pandy, 2003; 

Liu et al., 2006; Goldberg and Kepple, 2009; Correa et al., 2010; Dorn, Lin and Pandy, 2012; Correa 

and Pandy, 2013), pathological gait (Arnold et al., 2005; Siegel, Kepple and Stanhope, 2006; Hicks et 
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al., 2008; Steele et al., 2013), running (Hamner, Seth and Delp, 2010) and other tasks, such as sprinting 

(Veloso et al., 2015) or hopping (João and Veloso, 2013). Induced acceleration analysis (IAA) is the 

cornerstone for quantification of muscle contributions (Zajac and Gordon, 1989), and such contributions 

are obtained through listing the accelerations produced at joints and/or body segments by the application 

of muscle forces or torques.  

This analysis is also available in OpenSim software (Delp et al., 2007; Ajay et al., 2011), and it is the 

tool used in this dissertation to perform an Induced Acceleration Analysis for this task. 

With attention to every aspect covered in this literature review on the topic of musculoskeletal modelling 

as well as estimation of muscle forces and contributions, it is of paramount importance to present the 

work relating these topics in athletes.  

In 2013, Kar and Kesada (Kar and Quesada, 2013) estimated internal forces, ACL strains, knee valgus 

and internal-external moment loads as well as anterior-posterior forces shear forces in eleven 

recreational female athletes during a stop-jump motion using a musculoskeletal modelling approach. 

From this study, they reported an asymmetry between knees for muscles activations, valgus angles and 

moments, an unfavorable remark when knee stability is concerned. Also in 2013, Weinhandl and 

colleagues (Weinhandl et al., 2013) analyzed the influence of anticipatory action on ACL loading during 

an unanticipated side-step cutting task in twenty recreational athletes, using a musculoskeletal 

modelling approach, and observed that there is a multitude of factors responsible for the registered 

increase in ACL loading during this task, particularly loadings and moments relative to the sagittal plane. 

Following this study, the same team also studied the role of the hamstring muscle group on ACL loading 

during a side-step cutting motion (Weinhandl et al., 2014). This study, performed on seventeen 

recreational female athletes, via a musculoskeletal modelling approach, used a hamstring strength 

reduction protocol in order to corroborate, successfully, the assumption that reduced hamstring strength 

increased ACL loading, producing interesting results for the implementation of pre-season training, 

performance enhancing and injury reduction protocols. Moreover, a study performed by Samaan and 

colleagues (Samaan et al., 2016) also studied the unanticipated side-step cutting, this time done 

bilaterally, in one female collegiate athlete, with the intent of exploring whether how ACL loading, muscle 

force and joint moments change following ACL reconstruction. They were able to conclude that ACL 

loading and muscle forces remained unchanged, nonetheless the joint moments shown differences in 

the contralateral limb. On the other hand, alterations in ACL loading, joint moments and muscle forces 

were present in the ipsilateral limb. These observations are important to deepen the insight on recurring 

injuries after ACL reconstruction and to outline the recovery plan following ACL injury more efficiently. 

On a different note, Veloso and colleagues presented a study (Veloso et al., 2015) that recorded the 

contributions of the lower limb muscles forces and joint moments to the acceleration of body’s centre of 

gravity during a block start movement, in an elite sprinter. They also performed a comparison step 

between performing the induced accelerations analysis using a model with only linked rigid bodies and 

a musculoskeletal model. 

From the presented works, two clear limitations can be seen. Firstly, there is a clear lack of studies 

performing these analyses using elite athletes, as their performance level may not be compared to those 
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of recreational athletes. In addition to this, the size of the population of study in such studies in rather 

small, so the results cannot be generalised with confidence (Veloso et al., 2015; Samaan et al., 2016).  

 

1.3. Scopes and Objectives 

The main objective of this dissertation was to evaluate the ability of a musculoskeletal mode to analyze 

different types of internal loads across different elite athletes.   

To this end, several goals were set: 

 To estimate muscle forces using two optimization methods: Static Optimization and Computed 

Muscle Control. 

 To compare both optimization methods in terms of magnitudes and force profiles. 

 To estimate joint reaction forces. 

 To compare the resultant joint reaction forces with the results obtained using a linked rigid – 

body model (João, Ferrer and Veloso, 2018). 

 To identify muscle contributions to the accelerations of the center of mass. 

 To compare the resultant muscle contributions with the results obtained using a linked rigid – 

body model (João, Ferrer and Veloso, 2018). 

1.4. Contributions 

The main contributions of this work includes the use of a musculoskeletal model to analyze an abrupt 

A/P deceleration task, which was not yet analyzed to this extent, with this study being the first one. Even 

though the majority of the studies analyze tasks such as gait, running, squatting, side – step cutting or 

a hop landing, this task reveals to give a great insight on how the body adapts to a deceleration along 

the sagittal plane. 

In addition to this, performing this analysis on elite athletes is a great contribution by itself, since most 

of the studies are performed on regular subjects, clinical patients, or, at most, recreational athletes. By 

studying athletes, estimating muscle forces, joint reaction forces and to identify the muscle contributions 

to the center of mass are beneficial to draw injury prevention protocols and training strategies. 

1.5. Thesis Organization 

This dissertation is divided into 7 main chapters: 

Chapter 1 comprises the motivation, the scopes and objectives of the dissertation and its major 

contributions. Contextualization of this work within the scope of muscle forces estimations, joint reaction 

forces computation and attainment of muscle contributions is also given. 
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Chapter 2 contains an overview of the skeletal muscle’s anatomy and physiology. In addition to this, 

musculotendon dynamics used in this dissertation is also presented.  

Chapter 3 provides an explanation of both the activation and contraction dynamics of the 

musculoskeletal system is delivered, followed by the detailed presentation of the muscle model 

incorporated in this dissertation, the Hill muscle model. 

Chapter 4 introduces the workflow for this dissertation. In this chapter, the subjects, as well as the task 

performed are describe. The details on how data acquisition was performed are also inserted in this 

chapter. Moreover, both Visual 3D and OpenSim implementation steps are detailed in this chapter. 

Chapter 5 presents a detailed description of the results. This chapter is divided into five subsections 

(Joint Kinematics and Joint Moments, Residual Reduction Algorithm, Muscle forces, Joint Reaction 

Forces and Muscle Contributions) 

Chapter 6 contains a discussion on the findings presented in the previous chapter. 

Chapter 7 summarizes the main conclusions of this dissertation, existent limitations, future 

developments that should be included on further studies and follow – up works that might present an 

advance in these analysis.    
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2.  Muscle - Tendon System  

The journey to articulate body segments in order to obtain movement starts out in the central nervous 

system, where neural commands are sent in to generate such motion. The interface, which connects 

these two points of the journey inside the human body, is the musculoskeletal system. 

The musculoskeletal system represents a lever system in which muscles, as contractile levers, generate 

tensile forces. These forces travel through tendons until they reach the bones, the system’s rigid levers. 

The bones are linked through joints and ligaments. Thus, these forces reach the bones, producing 

torques at the joints. This system provides body stability and limb control for achieving articulated 

movement.  

Skeletal muscle is an organ composed by excitable tissue, with the ability of actively generating muscle 

tension. It also has several characteristics, which allow the muscle to produce movement, namely 

extensibility – property that gives the muscle the ability to increase in length –, elasticity – which enables 

the muscle to return to its original length after extension or contraction –, irritability – relates to the 

capacity of actively responding to either a mechanical or electrochemical stimulus –, and contractility – 

muscle attribute of producing muscle tension as a consequence of muscle shortening, albeit the same 

muscle tension may be achieved without muscle shortening.    

In consonance with Zajac (Zajac, 1993), classification of muscle into uniarticular or biarticular is 

performed according to the number of joints they span – e.g. rectus femoris is classified as a biarticular 

muscle since it participates actively as a hip flexor and knee extensor, whereas soleus is classified as 

an uniarticular muscle since it only participates in ankle extension –, so the same muscle may accelerate 

more than one joint. In addition to this, due to occurrence of inertial coupling, torques which are applied 

at a specific joint may depend on muscles which do not span that specific joint.   

Modelling such complicated system comes across as a daunting task, since so many details must be 

taken into account in order to produce reliable results. Models are employed to produce the 

musculoskeletal structure, muscle-tendon dynamics and multibody dynamics transformations, which 

generate a simulated movement.  

This chapter will contain an overview of the skeletal muscle’s structure and physiology. Moreover, 

musculotendon dynamics used in this dissertation are presented. This chapter is key to understand the 

basis of musculoskeletal modelling. 

 

2.1.  Muscle – Tendon System Structure 

Even though different muscles may vary in shape and size, their structures are transversal to every 

skeletal muscle in the human body. 
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2.1.1. Muscle – Tendon System Anatomy 

Skeletal muscle is composed of a great deal of muscle fibers running parallel to each other, to form 

bundles. Each of the muscle fibers are placed within a cellular membrane, called sarcolemma, and 

wrapped by a sheath of connective tissue, endomysium. These two structures are linked through the 

basal lamina, which coats the muscle fibers and provide a form of communication with the endomysium. 

As stated above in this paragraph, individual muscle fibers are bound together to form bundles, called 

fascicles, which are confined within another sheath of connective tissue, perimysium, which connects 

the fascicles. A layer of connective tissue called epimysium encloses this entire muscular structure. 

Moreover, a thick outer layer of connective tissue called fascia, which also binds muscles together, 

wraps each individual muscle. The three coatings presented (endomysium, perimysium and epimysium) 

are fused at each extremity of the muscle to form the tendons, whose function is to attach muscles to 

bones. This complex is called a muscle-tendon unit. This structure is illustrated in figure 2-1.  

 

Figure 2-1. Organization of Skeletal Muscle Tissue. Adapted from Introduction to the Human Body: the essentials of anatomy 
and physiology (p.190) by G. J. Tortora and B. Derrickson, 2009, New York, NY:  John Wiley & Sons, Inc. Copyright © 2010 by 
Biological Sciences Textbooks, Inc. and Bryan Derrickson (Tortora and Derrickson, 2009). 

 

In the case of flat muscles (e.g. Rectus Abdominus, Sartorius), a strong flat sheet of fibrous membrane 

equivalent to a flattened wide tendon, named aponeurosis, operates to provide the connection not only 

between muscle and bone, but also between muscles.  

Tendons contain elastin, proteoglycans, mainly type I collagen, water and fibroblasts and are structured 

in sets of bundles. To start, the whole tendon is composed by bundles of fascicles, which are organized 
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in bundles of fibrils. Each of these fibrils is an aggregate of bundles of microfibrils bound by cross – links 

(Pandy and Barr, 2004).  

A muscle may have different architectures, which controls their mechanical role. In summary, muscle 

may be divided into two types: parallel and pennate. This division is made according to the angle 

between the orientation of the muscle fibers and the axis along which force is achieved – pennation 

angle. This relation in the case of a pennate muscle is shown in the figure below. In the situation of 

parallel muscles, the pennation angle is equal to zero. 

 

 

Figure 2-2. Relation among muscle fibres and tendon in a pennate muscle. Adapted from “Muscle and tendon: properties, models, 
scaling, and application to biomechanics and motor control” by F. Zajac, 1989, Critical reviews in biomedical engineering, 17(4), 
361. Adapted with permission (Zajac, 1989). 

 

On a microscopic scale, each muscle fibre comprises several cylindrical, thread-like organelles, known 

as myofibrils. They run parallel to each other to build a muscle fibre. Myofibrils are composed of thick 

filaments and thin filaments. The former’s main component is myosin, whereas the latter is made of 

actin entwined with a regulatory protein, normally troponin or tropomyosin. These myofilaments overlap 

to construct the smallest contractile unit of the skeletal muscle’s structure: the sarcomere, represented 

in figure 2-3. The muscle’s functional unit takes a stripped shape due to the overlapping of filaments, 

and Z – membranes, delimits its subunits. Attached to this membrane are the thin filaments, while the 

thick filaments are connected to the Z – membrane through a protein named titin.  

 

Figure 2-3. Simplified structure of a sarcomere. Adapted from Biomechanics of Skeletal Muscles (p. 6) by V. M. Zatsiorsky and 
B. I. Prilutsky, 2012, United States of America, USA: Human Kinetics, Copyright © 2012 by Vladimir. M. Zatsiorsky and Boris. I. 
Prilutsky. Adapted with permission (Zatsiorsky and Prilutsky, 2012).  
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Along the sarcomere, several zones and bands are identified according to the type of myofilaments 

present in such sites. The A band contains both thick and thin filaments, with the thick filaments traveling 

through the entire band, and at its centre is the H – zone, consisting entirely of thick filaments, and the 

M – line, which has a role in energy metabolism. The I bands only have thin myofilaments and the 

previously stated Z – membrane is located at its centre. 

2.1.2. Motor Unit 

As reported in the beginning of the present chapter, there is a close yet intricate connection between 

the central nervous system and the musculoskeletal system. Motor neurons inserted in the spinal cord 

innervate a set of muscle fibres. This lot of skeletal muscle fibres and the respective motor neuron 

constitute a motor unit (MU), as illustrated in figure 2-4 The joint effort of several motor units result in 

the voluntary contraction of the respective skeletal muscle. The dimension and role of the muscle 

determines the number of skeletal muscle fibres in a motor unit.  

 

Figure 2-4. Representation of a motor unit. Adapted from Exercise Physiology for health, fitness and performance (p. 586) by S. 
A. Plowman and D. L. Smith, 2011, Philadelphia, PA: Lippincott Williams & Wilkins, Copyright © 2011 Lippincott Williams & 
Wilkins, a Wolters Kluwer business. Adapted with permission (Plowman and Smith, 2011).  

 

It is also important to retrieve from figure 2-4 that one motor neuron may innervate several different 

muscle fibres, nonetheless a muscle fibre can only be connected to one motor neuron, so the event of 

several motor units being related to the same muscle is possible. In figure 2-5, a schematic 

representation of a muscle as a collection of motor units, as depicted above, is given. 

 

Figure 2-5. Representation of a muscle as a set of motor units. 𝑢𝑖(𝑡) refers to the action-potential discharge for the 

axon terminal, i, which excites the respective motor unit, i. 𝐹𝑖
𝑀 relates to the force output of each motor unit, i. 
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Adapted from “Muscle and tendon: properties, models, scaling, and application to biomechanics and motor control” 
by F. Zajac, 1989, Critical reviews in biomedical engineering, 17(4), 361. Adapted with permission (Zajac, 1989). 

 

There are different types of motor units, differing in several physical or electrical properties of both motor 

neurons and muscle fibres. Thereupon, motor units can be divided into fast and slow, or fast – twitch 

and slow – twitch. Firstly, fast motor units, used for situations where large force generation and high 

velocity is required during short time frames, are characterized by large, hyperactive motor neurons with 

high threshold potential, containing axons with high conduction velocities, as well as muscle fibres 

suitable for explosive activities. Inside the range of this muscle fibre type, one is able to identify two 

different types – IIA and IIX – with decreasing level of resistance to fatigue. On the other hand, slow 

motor units are called upon for extended, slow tasks, comprising small motor neurons characterized by 

low threshold potentials, discharge frequencies and respective axon’s conduction velocities, and muscle 

fibres prepared for long activities. Each of these motor units are summoned by central nervous system 

in an ordered manner, according to the size principle, i.e. slow motor units are recruited prior to fast 

motor units, under load (Zatsiorsky and Prilutsky, 2012). 

The transmission of the electrical signal, coming from the motor neuron inserted in the spinal cord 

reaches the neuromuscular junction (NMJ) – the synapse between the motor neuron’s axon terminal 

and the muscle fibre’s end plate –, where the signal transmission occurs, and consequent muscle 

contraction happens.  At the end of the axon terminal, there occurs an expansion in size to form the 

synaptic end bulb, filled with synaptic vesicles. The space between the motor end plate and the synaptic 

end bulb is named synaptic cleft. The layout of this structure is shown thoroughly in figure 2-6. The 

mechanism of muscle contraction is explained further in this chapter. 
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Figure 2-6. Neuromuscular Junction. Adapted from Introduction to the Human Body: the essentials of anatomy and physiology 
(p.190) by G. J. Tortora and B. Derrickson, 2009, New York, NY:  John Wiley & Sons, Inc. Copyright © 2010 by Biological Sciences 
Textbooks, Inc. and Bryan Derrickson. Adapted with permission (Tortora and Derrickson, 2009).  

 

2.2.  Muscle – Tendon System Physiology 

The skeletal muscle is the only type of muscle tissue that does not have inherent spontaneous 

contractions. As a result, skeletal muscle activity is always preceded by a nervous stimulus. As 

previously referred, muscle contraction is an intricate chain of phenomena, which begins in the central 

nervous system and end in the contraction of muscle fibres.  

To begin with, electrical impulses, created by the central nervous system travel through the axon of the 

motor neuron, by generating action potentials. Once the action potential approaches the skeletal muscle, 

the axon divides into several axon terminal, which are the nervous terminations that communicate with 

sarcolemma nearest region, called motor end plate. 

This communication between these two cells occurs through chemical synapses called neuromuscular 

junctions. However, the axon terminal of the motor neuron is not in direct contact with the motor end 

plate of the innervated muscle fibres, leaving a space between them, called the synaptic cleft.  

At the neuromuscular junction, as the neuronal impulse reaches the end of the axon terminal, the 

neurotransmitter, acetylcholine, kept within vesicles located in the synaptic end bulb, is released, due 

to an increase of Ca2+ ions, and diffuses along the synaptic cleft. These neurotransmitters carry the 

electrical impulse from the neuron to the muscle, by attaching to the acetylcholine receptors present in 

the motor end plate (Tortora and Derrickson, 2009).  
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This binding to the motor end plate will increase the potential in the membrane of the motor end plate 

over the threshold responsible for the opening of Na+ ion channels, release these ions to flow across 

the membrane. This event will set off a muscle action potential. This chain of events is illustrated in 

figure 2-6. 

After entering the motor end plate, the action potential will travel across the sarcolemma and into the 

muscle fibres to conduct motion of the filaments in order to promote muscle contraction. For this 

purpose, two theories are used to explain these events: the excitation – contraction coupling, presenting 

the procedures through which the electrical excitation of the sarcolemma relate to the initiation of force 

generation, and the sliding – filament theory of muscle contraction, which proposes a mechanism for 

muscle contraction. Both methods are presented in the subchapters below. 

2.2.1. Excitation – Contraction Coupling 

The underlying mechanisms that link the propagation of an action potential through the muscle fibres to 

the mechanical actions resulting in muscle contraction are explained by the excitation – contraction 

coupling (ECC), firstly defined in 1952 (Sandow, 1952). This coupling mechanism is represented in 

figure 2-8. 

First and foremost, it is important to highlight the main structure for this coupling to take shape, as 

optimal muscle contraction can only be achieved if the action potentials reach the proximities of the 

myofibrils.  This structure – transverse tubules –, take the role of coalescing the two independent 

occurrences stated above to induce muscle contraction (Guyton and Hall, 2006). The transverse tubules 

are tubular invaginations of the sarcolemma that penetrate through the entirety of the muscle fibres, 

reaching the myofibrils, while communicating with the extracellular environment, as illustrated below, in 

figure 2-7. 

 

 

Figure 2-7. Transverse (T) tubule - sarcoplasmic reticulum system. Adapted from Textbook of Medical Physiology (p. 90) by A. 
C. Guyton and J. E. Hall, 2006, Philadelphia, Pa: Elsevier Saunders Copyright © 2006 by Elsevier Inc. Adapted with permission. 
(Guyton and Hall, 2006).  

 



 

  18 
 

Returning to the main idea of this chapter, as the action potential originated at the central nervous 

system travels along the sarcolemma of the muscle and through the transverse tubular system, it 

induces a release of Ca2+ ions from the sarcoplasmic reticulum, at the lateral sacs – swellings of the 

sarcoplasmic reticulum located on both sides of the transverse tubules – increasing the intracellular 

concentration of Ca2+ at the sarcoplasm, as show in figure 2-8. 

 

Figure 2-8. Representation of the excitation – contraction coupling. Adapted from Textbook of Medical Physiology (p. 91) by A. 
C. Guyton and J. E. Hall, 2006, Philadelphia, Pa: Elsevier Saunders Copyright © 2006 by Elsevier Inc. Adapted with permission. 
(Guyton and Hall, 2006). 

 

Actin and myosin filaments are located at the sarcoplasm, and with the entrance of calcium in the 

equation, it attaches to troponin. Consequently, tropomyosin changes its configuration and distances 

itself from the myosin binding sites, leaving them exposed, as illustrated in figure 2-9. Both troponin and 

tropomyosin are regulatory proteins attached to the actin filaments, with different functions, as troponin 

provides binding sites for tropomyosin and calcium to promote contraction, while tropomyosin prevents 

contraction by blocking binding sites for myosin.  

 

Figure 2-9. Regulatory function of troponin and tropomyosin. A: troponin. B: Resting state. C: Contraction state. Adapted from 
Exercise Physiology for health, fitness and performance (p. 521) by S. A. Plowman and D. L. Smith, 2011, Philadelphia, PA: 
Lippincott Williams & Wilkins, Copyright © 2011 Lippincott Williams & Wilkins, a Wolters Kluwer business. Adapted with permission 
(Plowman and Smith, 2011). 
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2.2.1.1. Cross – Bridge Cycle 

The next step in the excitation – contraction coupling is the cross – bridge cycle, a cycle of events which 

result in muscle contraction (Donatelli, 2007), originally constructed in 1978 (Eisenberg and Hill, 1978). 

An illustration of this cycle is presented below, in figure 2-10. 

 

Figure 2-10. Cross – Bridge cycle. Adapted from Exercise Physiology for health, fitness and performance (p. 524) by S. A. 
Plowman and D. L. Smith, 2011, Philadelphia, PA: Lippincott Williams & Wilkins, Copyright © 2011 Lippincott Williams & Wilkins, 
a Wolters Kluwer business. Adapted with permission (Plowman and Smith, 2011). 

This cycle is composed of four stages (Plowman and Smith, 2011): 

 Cross – Bridge formation: The energized myosin heads connect to the exposed myosin binding 

sites present on the actin filaments, forming what is called cross bridges. 

 Power Stroke: In this stage, the cross bridges swivel, causing the pulling of filaments across 

each other in the direction of the central part of the sarcomere. After this stage, myosin is only 

attached to actin, as during the power stroke, both ADP and the phosphate group are released, 

leaving the myosin heads in a low energy configuration. 

 Binding ATP and Detaching: Following the power stroke, an ATP molecule is bound to the 

myosin heads, resulting in the disengagement of the myosin head from actin. 

 Splitting ATP and Activation of the myosin heads: In the final stage of this cycle, the myosin 

heads hydrolyse the ATP molecules into ADP and a phosphate group, with the aid of an enzyme 

called ATPase, causing a shape change in the myosin head. This breakdown releases energy 

to the myosin heads, leaving them activated, albeit both the ADP and the phosphate group stay 

attached the myosin heads. 

The cross – bridge cycle terminates when ATP is not accessible and Ca2+ is not attached to troponin. 

Once the neural stimulus dwindles, so does the concentration of calcium in the sarcoplasm, imposing 

the myosin to detach from actin, thus ending the muscle contraction. 
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2.2.2. Sliding – Filament Theory of Muscle Contraction 

The mechanism which explains muscle contraction is called the sliding – filament theory, originally 

defined in 1953, by Hanson and Huxley (Hanson and Huxley, 1953). 

This theory is based on the concepts that the force generated stems from the sliding of the actin 

myofilaments over the myosin filaments, the length of the myofilaments remains unchanged throughout 

the whole contraction process and the length of the sarcomere decreases, due to the convergence of 

the Z – discs during the power stroke phase of the excitation – contraction coupling (Plowman and 

Smith, 2011).  
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3.  Muscle – Tendon System Modelling  

The task of creating a musculoskeletal model must check several key points so that a realistic 

reproduction of muscle action is achieved through the outputs of the muscle model. The idyllic situation 

is that the muscle model considers the details of muscle all the way to the molecular level, yet the 

computational load that comes with this is the main downside to this “greedy” approach. 

Therefore, a trade – off between model’s complexity and biological realism of the results must be 

performed in order to choose the best model for a specific task. In addition to this, one must take into 

account what is the purpose of the study. 

Typically, there are two muscle models which are widely used for modelling purposes: the Hill model 

(Hill, 1938, 1949) and the Huxley model (Huxley and Simmons, 1971). The scope of the former is purely 

mechanical, as it describes the performance of the entire muscle under specific contractile speeds and 

lengths, whereas the latter incorporates myofilament’s dynamics and the likelihood of the attachment or 

detachment of a cross – bridge. Contrarily to the Hill model, the framework of the Huxley model is not 

only mechanical but also metabolic, and attempts to estimate tension by simulating the forces generated 

by the attachment of cross – bridges. 

Even though the Huxley model may present more details on how muscles operate internally and give a 

much more realistic representation of the biological processes, it is not feasible for simulations of multi 

– joint systems, so much so that the Hill model is still the odds – on favourite for implementation in such 

biomechanical studies  (Winters and Stark, 1987). 

The muscle model is used to represent the dynamics of the musculoskeletal system, presented in the 

chapter 2. This dynamics can be divided into activation dynamics and contraction dynamics (Zajac, 

1989). 

 

Figure 3-1. Muscle Tissue Dynamics. Adapted from “Muscle and tendon: properties, models, scaling, and application to 
biomechanics and motor control” by F. Zajac, 1989, Critical reviews in biomedical engineering, 17(4), 361. Adapted with 
permission (Zajac, 1989). 

In this chapter, an explanation of both the activation and contraction dynamics of the musculoskeletal 

system is delivered, followed by the detailed presentation of the muscle model incorporated in this 

dissertation, the Hill muscle model. This chapter provides the backbone of the musculoskeletal system 

modelling. Hence, the underlying mechanisms behind the analysis employed in this work are explained 

in this chapter. 
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3.1.  Activation Dynamics 

As referred in chapter 2, muscle forces originate from a chain of phenomena starting in the central 

nervous system in the form of electrical stimulation of motor units and ending in muscle contraction, 

through the formation of cross – bridges.  

However, force generation through muscle contraction and following relaxation are not instantaneous 

processes. More specifically, not only is there a delay between neural excitation reaching the muscle 

and the generation of force but also between the dissolution of muscle force and the termination of 

neural excitation. These time lags are a feature of the excitation – contraction coupling, which is 

controlled by calcium dynamics (Zajac, 1989). Additionally, muscle relaxation is controlled by the inflow 

of calcium into the sarcoplasmic reticulum, a much slower event than the release of calcium related to 

force generation. Consequently, the relaxation time lag is larger than the activation delay. 

Activation dynamics represents the connection between neural excitation of motor units and muscle 

activation. In the majority of studies, activation dynamics is modelled as a first – order differential 

equation, which operates as low – pass filter bringing the delays explained above into the picture 

(Neptune and Kautz, 2001). The main features of activation dynamics is that the activation rate is higher 

than the relaxation rate and that activation has the ability to saturate (Zajac, 1989). 

The approach used in this dissertation is described in (3.1), where neural excitation relates to muscle 

activation through a non – linear first order differential equation (Thelen, 2003): 

 
da

dt
=  

u − â

τa(a, u)
 (3.1) 

where â represents muscle activation, a unit – less value, which varies continuously from 0 to 1, 

expressed in (3.2) u represents the muscle excitation, another dimensionless value between 0 and 1, 

and 𝜏𝑎(𝑎, 𝑢) consists of a variable time constant, expressed in (3.3):  

  â =  
𝑎 − 𝑎𝑚𝑖𝑛
1 − 𝑎𝑚𝑖𝑛

 (3.1) 

 

 

 𝜏𝑎(𝑎, 𝑢) = {
𝜏𝑎𝑐𝑡(0.5 + 1.5�̂�)      ∶ 𝑢 > 𝑎

𝜏𝑑𝑒𝑎𝑐𝑡 (0.5 + 1.5�̂�)⁄     ∶ 𝑢 ≤ 𝑎     
 (3.2) 

where 𝜏𝑑𝑒𝑎𝑐𝑡 represents the deactivation time constant and 𝜏𝑎𝑐𝑡 represents the activation time constant. 

This expression explains how muscle activation dwindles with increasing activation levels since the bulk 

of calcium has already been released, and, accordingly, muscle relaxation weakens, at a slower rate, 
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with decreasing activation levels, because of the lack of calcium availability for uptake. This relation is 

illustrated in figure 3-2. 

 

 

Figure 3-2. Muscle response to a neural signal. Adapted from “Counteractive relationship between the interaction torque and 
muscle torque at the wrist is predestined in ball-throwing” by M. Hirashima, K. Ohgane, K. Kudo, K. Hase and T. Ohtsuki, 2003, 
Journal of neurophysiology, 90(3), 1449-1463. Adapted with permission (Hirashima et al., 2003). 

 

3.2.  Contraction Dynamics 

Once the neural excitation is transformed into muscle activation, muscle contraction is achieved by the 

formation of cross – bridges, lasting until the storage of ATP and calcium is no longer enough. The step 

in muscle dynamics representing this conversion of muscle activations into muscle forces is named 

contraction dynamics.  

Thus a model, which represents the musculotendon unit, is necessary to be implemented in the model 

so that an accurate representation of this chain of events is observed. The model used to represent the 

musculotendon unit in this dissertation is the Hill – type muscle model (Hill, 1938, 1949), which 

incorporates the force – length and force – velocity properties of muscle, as well as the elastic properties 

of the tendon, all of which are explained afterwards in this chapter (Zajac, 1989; Thelen, 2003). 

This model, portrayed below, in figure 3-3, consists of a contractile element, a parallel elastic element 

and a series elastic element. The first component renders the contractile properties of the muscle and 

is the principal component, which converts nervous excitations into muscle forces. The contractile 

element operates according to the force – length – velocity mechanical characteristics of the muscle. 

Moreover, the parallel elastic element accounts for the elastic response in the form of a passive 

resistance against stretching due to an external force being applied to an inactive muscle. It represents 

the elasticity of the fascia and other surrounding tissues (e.g. epimysium) and may be modeled as a non 

– linear spring. Lastly, the series elastic element correlates to the elasticity of connective elements within 

the musculotendon unit, such as the tendon, aponeurosis, and other structures, like the Z – lines. This 

element can also be modeled as a non – linear spring, due to the nonlinearity of its elastic behaviour. 

The set encasing the contractile element and the parallel elastic element may or may not be aligned 

𝜏𝑎𝑐𝑡 𝜏𝑑𝑒𝑎𝑐𝑡 
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with the series elastic element, forming an angle between each other called the pennation angle, which 

impacts the force – length and force – velocity relationships (Pandy and Barr, 2004; Heinen et al., 2016).  

 

Figure 3-3. Hill – type model used in this work to represent contraction dynamics. Adapted from “Adjustment of Muscle Mechanics 
Model Parameters to Simulate Dynamic Contractions in Older Adults” by D. G. Thelen, 2003, Journal of Biomechanical 
Engineering, 125(1), 70 – 76. Adapted with permission (Thelen, 2003). 

 

As observed, the length of the musculotendon unit,𝑙𝑀𝑇, is dependent on muscle length, 𝑙𝑀,  tendon 

length, 𝑙𝑇, and pennation angle, 𝛼𝑀,  according to (3.4):   

 𝑙𝑀𝑇 = 𝑙𝑀 cos(𝛼𝑀) + 𝑙𝑇 (3.3) 

In this context, the Hill – type muscle model represents a simple approach with a direct relationship with 

macroscopic muscle properties, so much so that it is widely used in macroscopic muscle experiments. 

Not only that, but it is also a highly regarded muscle model to be implemented in simulations, as it 

provides a mathematical and phenomenological representation of musculotendon dynamics. 

Nonetheless, this model comes with some limitations. Firstly, this model is adapted from the Kelvin – 

Voigt viscoelastic model, however this has little connection with the muscle’s physiological mechanisms. 

Moreover, the construction of this model is performed using elements with almost no physical meaning, 

even though the contractile element bases its functioning on the force – length and force – velocity 

relationships of the muscle. To sum it all up, bearing in mind the purpose of this work, the pros far 

outweigh the cons in term of inserting this model into the musculoskeletal model. 

 

3.2.1.  Force – Length  

This relationship translates the ability of force generation throughout a range of lengths. The isometric 

force – length curve, obtained at constant fibre length and muscle activation, defines the static properties 

of muscle (Zajac, 1989; Pandy and Barr, 2004). From this property, one can derive two different types 

of forces – active and passive forces –, with the summation of both resulting in the total muscle force. 

In this scope, active muscle force relates to the generation of force due to muscle activation and 

subsequent contraction, according to the mechanisms presented in chapter 2. As for the passive muscle 
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force, it comprehends the resistive forces put forth by the connective tissues of the muscle, including 

the tendon connecting the muscle to the bone, in order to offset the stretching of the passive muscle 

(Zatsiorsky and Prilutsky, 2012). Studies also state that passive muscle force may derive from 

myofibrillar elasticity (Zajac, 1989). 

As one can perceive from figure 3-4,, for values of fibre length below the resting length, or optimal fibre 

length, – i.e. the sarcomere length for which the optimal amount of cross – bridges occur – of the 

sarcomere, active muscle force is entirely responsible for the generation of force, according to the 

mechanisms explained in chapter 2. During this period, the passive muscles remain flaccid, thus 

creating no resistance force. A keen observation in this graphic is the range of values of fibre length 

during which active muscle force is exerted. This region is 0.5𝑙𝑜
𝑀 < 𝐿𝑀 < 1.5𝑙𝑜

𝑀 (Zajac, 1989). At optimal 

fibre length, the active muscle generates the maximum isometric force, or 𝐹𝑂
𝑀, since this state, as 

previously referred in this paragraph, encases the maximum number of cross – bridges in the 

sarcomere, thus creating the optimal ammount of force in the respective muscle. In the case of the 

muscle stretching beyond its optimal fibre length, active force generation starts to weaken at the same 

time that tendon attached to it and the passive muscle start to provide resistance. As fibre length 

increases, so does the predominance of passive muscle force in the exertion of force in the muscle 

(Zatsiorsky and Prilutsky, 2012). 

 

Figure 3-4. Force - Length relationship of a muscle. Adapted from “Muscle and tendon: properties, models, scaling, and 
application to biomechanics and motor control” by F. Zajac, 1989, Critical reviews in biomedical engineering, 17(4), 361. Adapted 
with permission (Zajac, 1989). 

 

As observed, the curve of the active muscle force takes a smooth, inverted – U shape. However, within 

the sphere of the sarcomere (Gordon, Huxley and Julian, 1966), where only the interaction between 

myofilaments through cross – bridges is important (Brughelli and Cronin, 2007), this active muscle force 

– length plot is composed of four straight – line portions, as shown in figure 3-5. 
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Figure 3-5. Force – Length property on a sarcomere (on the left) and representation of a sarcomere in each of the points 1 to 5 
(on the right). Adapted from Biomechanics of Skeletal Muscles (p. 6) by V. M. Zatsiorsky and B. I. Prilutsky, 2012, United States 
of America, USA: Human Kinetics, Copyright © 2012 by Vladimir. M. Zatsiorsky and Boris. I. Prilutsky. Adapted with permission 
(Zatsiorsky and Prilutsky, 2012).  

 

During the ascending limb phase, the sarcomeres are overly shortened. The myofilament are so 

overlapped that they hamper with sarcomeres in their vicinity. The overlapping occurs between actin 

and myosin filaments, as well as actin filaments from the opposite sides of the sarcomere, which hinders 

the formation of cross – bridges. Muscle contraction is brought to an end by the appending of 

myofilaments to the Z – discs, thus decreasing muscle tension. The ammount of cross – bridges formed 

increases with the sarcomeres length until it reaches its optimal resting length, with maximal force being 

exerted. This plateau phase – which translates the optimal operation region of the sarcomere’s length – 

tends to occur between 80% and 120% of the optimal resting length of the muscle. Once the muscle 

fibre length surpasses the plateau phase, the myofilaments pull away from each, weakening the 

interaction between myofilaments and diminishing the ammount of cross – bridges formed, which results 

in less muscle force. This phase is called the descending limb phase and ends when the filaments 

separate so far from each other that there is no interaction between them, translating in an inability to 

produce force. 

3.2.2.  Force – Velocity  

Another important relationship to be defined in this dissertation is the force – velocity relationship of a 

fully activated muscle. This curve represents the relation between muscle force and shortening speed. 

The efforts to understand such relationship date back to 1930’s, when keen experiments were performed 

(Fenn and Marsh, 1935), until the official definition was performed by Archibal Hill, in 1938 (Hill, 1938). 

From these works, one can state that the generation of muscle force and shortening speed are inversely 

related, as illustrated in figure 3-6, which means that low values of muscle force are associated with 

high shortening velocities, whereas high values of muscle force are associated with low levels of 

shortening speeds. 
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Figure 3-6. Force – Velocity relationship for a fully activated muscle. Adapted from “Muscle and tendon: properties, models, 
scaling, and application to biomechanics and motor control” by F. Zajac, 1989, Critical reviews in biomedical engineering, 17(4), 
361. Adapted with permission (Zajac, 1989).  

The force – velocity curve takes a hyperbolic shape, as one can see in figure 3-6 above, meaning that 

for large values of shortening speeds, either positive or negative, the change in force generated is 

narrow, whilst as the values for shortening speeds near zero, one can observe a steep change in force 

exerted by the muscle per unit of shortening speed. Isometric force is achieved once the shortening 

speed reaches zero. For negative values of shortening velocities of muscle fibres and force values 

higher than the maximum isometric force value, eccentric contractions are described, whereas 

concentric contractions fill in the right side of the curve, corresponding to positive shortening speed 

values and values of force lower than that of the maximum isometric force value. 

The relationship between muscle force and fibre’s shortening described above also agree with the 

underlying molecular mechanism happening inside the muscle fibres. 

3.2.3.  Tendon’s Force – Strain relationship 

In a musculotendon unit, the tendon is assumed to be purely elastic in a myriad of studies, as it is much 

simpler to model such structure.  

According to Zajac (Zajac, 1989), a generic force – strain curve can be designed using two parameters: 

maximum isometric force, 𝐹𝑂
𝑀, and tendon slack length, 𝑙𝑆

𝑇. The latter refers to the length of the tendon 

at which it begins to exert force. From this curve, represented below in figure 3-7, three different regions 

can be construed: toe region, linear region and fatigue region. Tendon strain is obtained through the 

equation presented below. 

 𝜀𝑇 = 
𝑙𝑇 − 𝑙𝑆

𝑇

𝑙𝑆
𝑇  (3.4) 

where, 𝑙𝑇 represents the length of the tendon and 𝑙𝑆
𝑇 the tendon’s slack length. 𝑙𝑇 can be obtained using 

(3.4). 

The toe region takes place in the initial, nonlinear, portion of the force – strain curve and represents the 

phenomenon where the tendon fibrils stretch out from their original crimped setting as a response to the 

mechanical loading. The next portion, the linear region, characterizes the elastic behaviour of the 
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tendon, where the orientation of the fibrils align with the direction of the mechanical loading. The final 

region – i.e. failure region – represents the stage where the tendon stretches beyond its limit, which 

forces the tendon to undergo plastic deformation (Pandy and Barr, 2004). 

  

 

Figure 3-7. Generic tendon Force - Strain curve. Adapted from “Muscle and tendon: properties, models, scaling, and application 
to biomechanics and motor control” by F. Zajac, 1989, Critical reviews in biomedical engineering, 17(4), 361. Adapted with 
permission (Zajac, 1989).   

 

For this, a slight variation of curve shown above will be implemented, where the failure region is not 

present, so that the tendon stays in the linear region (Thelen, 2003), as presented below, in figure 3-8. 

 

Figure 3-8. Force - Strain used in this work. Adapted from “Adjustment of Muscle Mechanics Model Parameters to Simulate 
Dynamic Contractions in Older Adults” by D. G. Thelen, 2003, Journal of Biomechanical Engineering, 125(1), 70 – 76. Adapted 
with permission (Thelen, 2003). 

 

In the muscle model used in this work, which is described in the next section, is compliant and in 

equilibrium with the muscle fibres.  

3.3. Muscle – Tendon Unit 

In order to perform simulations using a musculoskeletal model, the modelling of a musculotendon unit 

is required. As previously stated, the muscle – tendon model is the interface, which converts muscle 

activations into muscle forces.  

Toe region Linear region Failure region 
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Such model should convey both activation and contraction dynamics, which contains the relationships 

described above in the present chapter – i.e. force – length, force – velocity and force – strain –, so that 

a trustworthy and realistic representation of a muscle – tendon structure is provided. 

In this dissertation, the muscle – tendon model used will be the one presented by Darryl G. Thelen, in 

2003 (Thelen, 2003). This model is a generic Hill – type muscle model that is calibrated to each muscle 

present in the musculoskeletal model (Zajac, 1989). The musculotendon unit is composed of a Hill – 

type muscle model – comprising a contractile element and an elastic parallel component – in series with 

a tendon. A more detailed description of this structure is presented above in section 3.2. Activation and 

contraction dynamics are also considered in this model. First – order nonlinear equations are used to 

describe each component of muscle dynamics.   

Activation dynamics modelling was performed via a nonlinear first – order differential equation, which 

corresponds to equation 1 in this work. Details on this modelling strategy are presented in subsection 

3.1. It is also important to state that the activation time constant,𝜏𝑎𝑐𝑡, is smaller than the deactivation 

time constant,𝜏𝑑𝑒𝑎𝑐𝑡, and their values are 10 ms and 40 ms, respectively (John, 2003).  

The muscle – tendon model contains a variety of parameters that take part in the force – length – velocity 

relationships and characterize each muscle. These individual parameters, which may vary from muscle 

to muscle, are the maximum isometric force (𝐹𝑂
𝑀), optimal muscle fibre length (𝑙𝑂

𝑀), pennation angle at 

optimum fibre length (𝛼𝑂) and tendon slack length (𝑙𝑆
𝑇). Maximum isometric force is normally obtained 

by multiplying the muscle’s specific tension, 𝜎𝑂
𝑀,  by its physiological cross – sectional area, as shown 

in (3.6), below. 

 𝐹𝑂
𝑀 =  𝜎𝑂

𝑀 ∗  𝑃𝐶𝑆𝐴 (3.5) 

The rightmost parcel of this equation represents the physiological cross – sectional area of the muscle. 

Such values are obtained using imaging techniques, such as MRI and ultrasound (Maganaris, 2001, 

2003; Erskine et al., 2009; Handsfield et al., 2014). In this model, PCSA values were taken from 

Wickiewicz (Wickiewicz et al., 1983) and Friederich (Friederich, 1990), and maximum isometric force 

values were depicted from Anderson and Pandy ((Anderson and Pandy, 1999). 

Secondly, optimal fibre length takes into account the assumption that the ratio between sarcomere 

length, 𝑙𝑆, and optimal sarcomere length, 𝑙𝑂
𝑆  – which can be estimated from experiments –, is equivalent 

to the ratio between the muscle’s fibre length, 𝑙𝑀, and its optimal fibre length (Friederich, 1990; Ward et 

al., 2009). Thus, optimal fibre length can be estimated using (3.7), below. 

 𝑙𝑂
𝑀 = 

𝑙𝑂
𝑆

𝑙𝑆
∗ 𝑙𝑀 (3.6) 

As for the pennation angle, 𝛼𝑂, it can be obtained using ultrasound – based measurements (Maganaris, 

2001, 2003; Erskine et al., 2009) or based upon studies performed on cadavers. In this model, pennation 

angle can be estimated using (3.8) below. This estimation is based on the assumption that pennation 
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angle varies with the muscle’s fibre length and that the muscle’s volume remains constant (Lloyd and 

Besier, 2003). 

 𝛼 = sin−1 (
𝑙𝑂
𝑀

𝑙𝑀
sin 𝛼𝑂) , 0 < 

𝑙𝑂
𝑀

𝑙𝑀
sin 𝛼𝑂 < 1 (3.7) 

The values for the optimal fibre length and pennation angle were taken from Wickiewicz   (Wickiewicz 

et al., 1983) and scaled by a factor of 2.8 2.2⁄ . For values not available in the previous study, they were 

taken from Friederich (Friederich, 1990) in the anatomical position. 

Finally, the values for the tendon slack length are very difficult to measure directly, so various 

approaches have been made to obtain these values, mainly based on numerical methods (Delp et al., 

1990; Manal and Buchanan, 2004; Lee, Uhm and Nam, 2008; Nam, Lee and Yoon, 2008). In this model, 

tendon slack length – corresponding to the tendon length below which the musculotendon unit produces 

zero force – not only comprises the length of the free tendon, but also the length of the aponeurotic 

tendon, and these values were specified according to two assumptions. The first assumption states that 

passive muscle force is only exerted for muscle fibers larger than the muscle’s optimal fiber length. 

Secondly, tendon slack length values were altered with the intent of making the joint angles at which 

maximum active joint moments occur as close as possible to measurements of joint moments performed 

in vivo (Delp et al., 1990) . 

Besides these four parameters, others are used to characterize the muscle – tendon unit constructed in 

this work. These parameters are set constant for all actuators in the musculoskeletal model and they 

are used to designate the force – length and force – velocity of the muscles, and they are present in 

table 1, below. 

Table 1. Muscle - tendon model constant parameters 

Parameter Value 

𝜺𝑶
𝑴 - Passive muscle strain during maximum isometric force 0.6 

𝒌𝒕𝒐𝒆 - Exponential shape factor present in the force – strain relation of the tendon 3 

𝜺𝑶
𝑻  - Tendon strain at maximum isometric force  0.033 

𝒌𝒍𝒊𝒏 - Linear shape factor for the force – strain property of the tendon 1.712
𝜀𝑂
𝑇⁄  

𝜺𝒕𝒐𝒆
𝑻  - Tendon strain above which tendon force behaves linearly with tendon strain 0.609𝜀𝑂

𝑇 

�̅�𝒕𝒐𝒆
𝑻  - Normalized tendon force at tendon strain 𝜺𝒕𝒐𝒆

𝑻  0.333 

𝒌𝑷𝑬 - Exponential shape factor in the passive force–length property of the muscle 4 

𝜸 - Shape factor for the active force – length Gaussian curve of the muscle 0.5 

𝑨𝒇 - Shape factor related to the force – velocity property of the muscle 0.3 

�̅�𝒍𝒆𝒏
𝑴  - Maximum normalized lengthening force 1.8 

𝑽𝒎𝒂𝒙
𝑴  - Maximum contraction velocity in the fibers, in optimal fiber lengths/second 10 

As stated previously, the rate of musculotendon force generation (�̇�𝑀𝑇) is described as a nonlinear first 

– order differential equation which includes as inputs the muscle – tendon force (𝐹𝑀𝑇), muscle – tendon 
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length (𝑙𝑀𝑇), muscle – tendon velocity (𝑣𝑀𝑇) and muscle activation (𝑎) (Anderson and Pandy, 1999), 

presented below. 

 �̇�𝑀𝑇 = 𝑓(𝐹𝑀𝑇 , 𝑙𝑀𝑇 , 𝑣𝑀𝑇 , 𝑎) (3.8) 

This equation is integrated at each time – step with the equations of motion in order to obtain the force 

exerted by the muscle – tendon actuator at the next time – step. 

To begin with, tendon length is estimated, through (3.10): 

 𝑙𝑇 = 𝑙𝑀𝑇 − 𝑙𝑀 cos(𝛼𝑀) (3.9) 

  

Following this step, tendon strain is obtained using (4), which is used, along with other parameters 

present in table 1, to describe the force – strain relationship of the tendon. Tendon force,𝐹𝑇, is calculated 

through (3.11), below. 

 𝐹𝑇 = 𝐹𝑂
𝑀 ∗  𝑓̅𝑇(𝑙𝑇)  (3.10) 

 where 𝑓̅𝑇(𝑙𝑇) refers to the normalized force – strain property of the tendon, detailed in (3.12), below: 

 𝑓̅𝑇(𝑙𝑇) =

{
 

 
0 ;                                          𝜀𝑇 ≤ 0

�̅�𝑡𝑜𝑒
𝑇

𝑒𝑘𝑡𝑜𝑒 − 1
(𝑒𝑘𝑡𝑜𝑒𝜀

𝑇 𝜀𝑡𝑜𝑒
𝑇⁄ − 1) ;        0 < 𝜀𝑇 ≤ 𝜀𝑡𝑜𝑒

𝑇

𝑘𝑙𝑖𝑛(𝜀
𝑇 − 𝜀𝑡𝑜𝑒

𝑇 ) + �̅�𝑡𝑜𝑒
𝑇  ;          𝜀𝑇  >  𝜀𝑡𝑜𝑒

𝑇

 (3.11) 

The expressions shown in table 1 for 𝜀𝑡𝑜𝑒
𝑇  and 𝑘𝑙𝑖𝑛 take this shape in order to guarantee slope continuity 

in the transition phase of this function from the toe region to the linear region (Thelen, 2003).  

Regarding the force – length property of the muscle, two expressions must be written to fully explain 

such relationship: the passive force – length expression and the active force – length expression.  

With respect to the passive force of the muscle, it can be quantified using (3.13), showing dependence 

of this output to the muscle’s maximum isometric force, 𝐹𝑂
𝑀 and its normalized passive force – length 

curve, �̅�𝑃𝐸
𝑀 (𝑙�̅�). 

 𝐹𝑃𝐸
𝑀 = 𝐹𝑂

𝑀 ∗  𝑓�̅�𝐿
𝑀(𝑙�̅�) (3.12) 

Equation (3.14), below, details the function �̅�𝑃𝐿
𝑀 (𝑙�̅�). 

  𝑓�̅�𝐿
𝑀(𝑙�̅�) = {

𝑒
𝑘𝑃𝐸(�̅�𝑀−1) 𝜀𝑂

𝑀⁄

𝑒𝑘
𝑃𝐸  ;                         𝑙�̅�  ≤ 1 + 𝜀𝑂

𝑀

1 + 
𝑘𝑃𝐸

𝜀𝑂
𝑀 (𝑙

�̅� − (1 + 𝜀𝑂
𝑀)) ;  𝑙�̅�  > 1 + 𝜀𝑂

𝑀 

   (3.13) 
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The first parcel of this expression shows an exponential behaviour for values of  𝑙�̅� lower or equal than 

1 + 𝜀𝑂
𝑀, whereas for larger forces, the passive force – length property takes an affine behaviour.  

On the other hand, when active force of the muscle is concerned, it varies with muscle activation, 𝑎, 

muscle’s maximum isometric force, 𝐹𝑂
𝑀, and the active force – length property of the muscle, 𝑓�̅�𝐿

𝑀(𝑙�̅�) as 

shown in (3.15). 

 𝐹𝑎
𝑀 = 𝑎(𝑡) ∗  𝐹𝑂

𝑀 ∗  𝑓�̅�𝐿
𝑀(𝑙�̅�)  (3.14) 

 

The active force – length curve of the muscle follows the behaviour of a Gaussian and is expressed in 

(3.16), below. 

 𝑓�̅�𝐿
𝑀(𝑙�̅�) =  𝑒  −(𝑙

�̅�−1)2 𝛾⁄   (3.15) 

All the muscles present in this model comprise both the passive and active force – length properties 

presented above. 

Furthermore, concerning the structural components of the generic Hill – type model used in this work, 

up until this point the constitutive expressions that describe the behaviour of the parallel elastic element 

and the series elastic element have been provided.  

Thus, regarding the force production in the missing piece – the contractile element –, it operates similarly 

to the active force production, with an additional dependence on the force – velocity relationship of the 

muscle,𝑓�̅�
𝑀(𝑖̅𝑀), as seen in (3.17): 

 𝐹𝐶𝐸
𝑀 = 𝑎(𝑡) ∗  𝐹𝑂

𝑀 ∗  𝑓�̅�𝐿
𝑀(𝑙�̅�) ∗  𝑓�̅�

𝑀(𝑖̅𝑀)  (3.16) 

Newton’s third law states that every external force acting upon a body meets its antithesis of equal 

magnitude but opposite direction that is applied on the body which generated such external force. 

Assuming the tendon shows elastic behaviour and the mass of the muscle can be neglected, the same 

line of thought applies in this situation, as it can be perceived in (3.18) (Millard et al., 2013). 

 𝐹𝑂
𝑀 (𝑎(𝑡) ∗  𝑓�̅�𝐿

𝑀(𝑙�̅�) ∗  𝑓�̅�
𝑀(𝑖̅𝑀) +  𝑓�̅�𝐿

𝑀(𝑙�̅�)) cos 𝛼 − 𝐹𝑂
𝑀 ∗  𝑓̅𝑇(𝑙𝑇) = 0  (3.17) 

From this point, we are able to provide an equivalent expression for 𝐹𝐶𝐸
𝑀  by manipulating (3.18), using 

the information from (3.11) to (3.17). 

 𝐹𝐶𝐸
𝑀 = 

𝐹𝑇

cos 𝛼
− 𝐹𝑃𝐸

𝑀   (3.18) 

In addition to this, one can take a different route and rearrange (3.18) so that an expression for 𝑓�̅�
𝑀(𝑖̅𝑀) 

is attained, as it is shown below. 
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 𝑓�̅�
𝑀(𝑖̅𝑀) =  

𝑓̅𝑇(𝑙𝑇)
cos 𝛼

− 𝑓�̅�𝐿
𝑀(𝑙�̅�)

𝑎(𝑡) ∗  𝑓�̅�𝐿
𝑀(𝑙�̅�)

 (3.19) 

 

Nonetheless, the variable of interest in this situation is the fibre velocity, 𝑖𝑀, so the expression above is 

normally inverted as to isolate and obtain the fibre velocity value. This is observed in (3.21).  

 𝑖𝑀 = 𝑓�̅�
𝑀−1 { 

𝑓̅𝑇(𝑙𝑇)
cos 𝛼

− 𝑓�̅�𝐿
𝑀(𝑙�̅�)

𝑎(𝑡) ∗  𝑓�̅�𝐿
𝑀(𝑙�̅�)

} (3.20) 

The equation above carries four singularities (Millard et al., 2013): 

1. 𝑎(𝑡)  → 0 

2. 𝛼(𝑡)  → 90° 

3. 𝑓�̅�𝐿
𝑀(𝑙�̅�)  → 0 

4. 𝑓�̅�
𝑀(𝑖̅𝑀) ≤ 0 𝑜𝑟 𝑓�̅�

𝑀(𝑖̅𝑀) ≥  �̅�𝑙𝑒𝑛
𝑀  

 

These singularities not only relate to mathematical conditions, where the function cannot be defined, but 

also to physiological conditions where the behaviour of the muscle – tendon unit stops being true to the 

muscle’s contraction mechanisms.  

Nevertheless, alterations are implemented so that these singularity conditions are averted (Millard et al., 

2013). In order to avoid the first singularity, the activation dynamics equation is modified so that it 

reaches a minimum value larger than zero in a smooth manner 𝑎 ≥ 0.01. Regarding the second 

singularity, it is not possible to be taken out since it would change (18). The third singularity is warded 

off as the active force – length follows a Gaussian distribution, meaning it always takes positive values, 

hence larger than zero. Nonetheless, a lower bound is imposed (𝑓�̅�𝐿
𝑀(𝑙�̅�) > 0.1). The final singularity is 

evaded by linearly extrapolating 𝑓�̅�
𝑀(𝑖̅𝑀) for values of muscle force lower than zero – i.e. for the 

concentric portion of the force – velocity curve – and larger than 0.95�̅�𝑙𝑒𝑛
𝑀  – i.e. during eccentric 

contraction – in order to make the function 𝑓�̅�
𝑀(𝑖̅𝑀) invertible. In addition to this, a unilateral constraint is 

carried out in order to bar the fibre from reaching values smaller than a tenth of the optimal fibre length, 

or a fibre length, which leaves the musculotendon unit with a pennation angle value exceeding the 

maximum pennation angle allowed by the model. The expression representing this unilateral constraint 

is expressed in (3.22), below.  

 𝑓�̅�
𝑀(𝑖̅𝑀) = {

0        𝑖𝑓 𝑖̅𝑀 ≤ 𝑖̅𝑀𝑚𝑖𝑛 𝑎𝑛𝑑 𝑓�̅�
𝑀∗(𝑖̅𝑀) < 0 

𝑓�̅�
𝑀∗(𝑖̅𝑀)                                     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (3.21) 

where 𝑓�̅�
𝑀∗(𝑖̅𝑀) portrays a viable candidate for 𝑓�̅�

𝑀(𝑖̅𝑀). 
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It is important to state that the restraint put on the minimum fibre length allows the muscle’s fibre length 

to reach values lower than half the optimal fibre length, the realistic minimum (Millard et al., 2013). 

Since this is a generic model, its material properties – i.e. muscle’s active force – length curve, passive 

force – length curve and force – velocity curve and tendon’s force – strain curve – are all dimensionless. 

Hence, a scaling step must be performed in order to provide the specific properties of each muscle 

(Zajac, 1989). 

This is done by using each muscle’s specific parameters, and they are maximum isometric force,𝐹𝑂
𝑀, 

optimal fibre length, 𝑙𝑂
𝑀, maximum shortening velocity, 𝑉𝑚𝑎𝑥

𝑀 , and tendon slack length, 𝑙𝑆
𝑇. The force – 

length curves are both scaled in the vertical axis by 𝐹𝑂
𝑀  and in the horizontal axis by 𝑙𝑂

𝑀. As for the force 

– strain curve, it is also scaled vertically by 𝐹𝑂
𝑀, but it is horizontally scaled by translating it along the 

respective axis by 𝑙𝑆
𝑇. When the force – velocity curve is concerned, it is scaled vertically by 𝐹𝑂

𝑀 and 

horizontally by 𝑉𝑚𝑎𝑥
𝑀 . It is important to state that shortening velocity is normalized by optimal fibre length, 

as demonstrated in (3.23): 

 𝑖̅𝑀 = 
𝑑

𝑑𝑡
(𝑙�̅�) =

𝑑

𝑑𝑡
(
𝑙𝑀

𝑙𝑂
𝑀) =

𝑖𝑀

𝑙𝑂
𝑀 (3.22) 

Stemming from the complexity and nonlinearity inherent to the underlying mechanisms related to the 

actuation of the musculoskeletal system, simplifications are required to model such mechanisms. 

Therefore, a lumped – parameter Hill muscle model is used for this work with the purpose of transforming 

the behaviour of the systems presented up until this point into a simpler, discrete framework, which, with 

the help of certain assumptions, attempts to recreate these same mechanical behaviours. In order to be 

able to use (18), one assume that the muscle – tendon unit is massless.  

Moreover, all musculotendon actuators in this model have their specific tendon slack length – to – 

optimal fibre length ratio, which establishes the compliance of the respective actuator. Lower ratios (e.g. 

(𝑙𝑆
𝑇 𝑙𝑂

𝑀⁄ )  ≅ 1) may refer to a highly stiff actuator, whereas higher ratios (e.g. (𝑙𝑆
𝑇 𝑙𝑂

𝑀⁄ )  ≅ 10) relate to a 

more compliant actuator. The higher the ratio is, the more affected the force – length curve will be. This 

is because, in muscle – tendon actuators with a high tendon slack length – to – optimal fibre length ratio, 

the muscle fibres lengths when passive and active forces are measured do not match, albeit the 

musculotendon length does, as stated in Zajac 1989 (Zajac, 1989). This requires small adjustments 

during simulations in order to overcome such distortion. 

As for the pennation angle, it increases the range of motion for which a muscle can produce active force, 

however it reduces its maximum exerted force (Delp, 1990). In other words, pennation angle turns the 

muscle ability to generate force less sensitive to tendon length changes. 
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4.  Methodology 

The process of estimation of muscle and joint reaction forces through musculoskeletal modelling goes 

over several stages. In this chapter, the pipeline employed in this work is dissected. For clarity purposes, 

it is divided into four main subsections: Subjects and task – where the subjects and the task analyzed 

in this work are described.  Data acquisition – where it will be explained how the acquisition of kinematic 

and kinetic data was performed –, Visual3D (C-Motion, Inc.) implementation – in this subsection will 

described, in detail, the analysis performed in the Visual3D software (C-Motion, Inc.) –, and finally, 

OpenSim implementation, where the bulk of this work resides. For this final subsection, all the steps 

done are elucidated and a theoretical background on particular techniques, such as Static Optimization 

and Computed Muscle Control, is given. 

4.1. Subjects and Task 

Six elite male team sports injury free athletes consented to participated in this study (22 ± 4 years, 183 

± 8 cm, 79 ± 14 kg). Subjects performed 5 abrupt Anterior/Posterior deceleration tasks, from which the 

best trial was used. In the figure below a representative subject performing the task is given. 

 

4.2. Data Acquisition 

Kinematic data was collected at 300 Hz using 8 infrared cameras (Oqus 300, Qualisys AB, Sweden) 

synchronized in time and space with two force plates (Kistler, Switzerland). 28 reflective markers and 

semi-rigid marker clusters were used to guide an 8 rigid multibody biomechanical model developed 

using the Visual 3D platform (C-Motion, Inc.). 

Anthropometric measures (body mass, stature) and motion capture tests were performed. The passive 

markers and four marker clusters were placed based on the calibrated anatomical system technique 

(Cappozzo et al., 1995) by the same researcher. Specifically, six markers were placed on the trunk, one 

Figure 4-1. Poses representing the subject AMG attained from OpenSim. The green arrow represents the ground reaction forces. 



 

  36 
 

on top of each acromion, one on the C7 spinous process, two on the sternum area and one on the 

spinous apophysis that was aligned with the lower sternum marker (placed so that soft tissue artefact 

and collinearity was avoided). At the pelvis, two markers were placed on each posterior superior iliac 

spines and two along each iliac crest. 8 Markers were also placed on the great trochanters head, the 

lateral and medial femur epicondyles, the lateral and medial ankle malleoli and on the top of the first 

and fifth metatarsal heads. Each foot had also one marker on the heel. Finally, the mentioned marker 

clusters were attached to both thighs and shanks. 

4.3. Visual 3D Implementation 

4.3.1.  Data Processing and Inverse Kinematics 

Kinematic and kinetic variables were low pass filtered using a 4th order Butterworth filter at 8Hz. The 

biomechanical model built for each participant had 8 segments (feet, shanks, thighs, pelvis and a trunk 

segment). The local coordinate systems of each segment were defined in accordance with Robertson 

et al (Robertson et al., 2014). The hip joint center was computed using the pelvis markers, through a 

regression equation proposed by Bell  et al  (Bell, Pedersen and Brand, 1990), the knee joint center was 

the mid-point of the epicondyles and ankle joint center the mid-point of the malleoli (Robertson et al., 

2014). The Inverse kinematics (IK) problem was solved as a global optimization problem. This Global 

Optimization approach (Lu and O’Connor, 1999) was used to estimate the position and orientation of 

the segments in which three rotations were allowed at the hip (flexion/extension, abduction/adduction 

and internal/external rotation), one at the knee (flexion/extension) and two at the ankle (dorsi/plantar 

flexion, and external/internal rotation), while also restraining all joints’ translations. Segment masses 

were determined according to Dempster (Dempster, 1955), whereas the remaining inertial parameters 

were computed based on Hanavan (Hanavan, 1964).  

 

4.4. OpenSim Implementation 

The next stage in this work enters the realm of musculoskeletal modelling, as the outputs resulting from 

inverse kinematics performed in Visual3D, along with the ground reaction force data, to calculate joint 

reaction and muscle forces. The pipeline used for this subsection is presented in figure 4-2. Firstly, a 

description of the musculoskeletal model used in this work is given, followed by the breakdown of the 

several steps performed in this stage. As stated previously, the software utilized in this stage of the 

dissertation is OpenSim, an open – source software for musculoskeletal modelling (Delp et al., 2007; 

Ajay et al., 2011). 
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Figure 4-2. Pipeline of the work in OpenSim. RRA refers to the implementation of the Residual Reduction Algorithm, SO to the 
Static Optimization analysis, CMC to the Computed Muscle Control tool, Joint Reaction to the computation of the Joint Reaction 
Forces using the JointReaction analysis and IAA to the induced accelerations analysis, available in OpenSim 3.3. 

 

4.4.1.   Musculoskeletal Model 

The musculoskeletal model used in this work is called Gait2392 model. It is a 23 degrees – of – freedom 

model, which comprises 92 musculotendon actuators, whose structure is detailed in subsection 3.3, 

representing 76 lower extremities and torso muscles. It is illustrated in the figure below.  

 

Figure 4-3. Gait2392 musculoskeletal model. From left to right: -Z view, X view, Z view, -X view. The axis are organized so that 
the x - axis represents the anterior/posterior axis, the y - axis the axial axis and z - axis the medial - lateral axis. Retrieved from 
OpenSim 3.3. 

 

4.4.1.1. Bone Geometry 

Concerning the shank and the foot, their descriptive data was acquired from the work of Stredney 

(Stredney, 1982). Regarding the pelvis and the thigh, surface data was obtained through a three – 

dimensional digitizer, which depicted the spatial location of the vertices present in the bone surface that 

had previously been marked with a mesh of polygons.   

4.4.1.2. Joint Geometry 

The lower limb part of this model is composed of six rigid bodies, and they are the pelvis, femur, tibia, 

talus, foot – which comprises the calcaneus, navicular, cuboid, cuneiforms and metatarsals – and toes. 

The pelvis, femur, tibia, talus, calcaneus and toes carry a fixed reference frame. The location of these 

reference frames are represented in figure 4-4, and described in table 2. Models of the hip, knee, ankle, 

Scaling Joint Reaction  

SO 

CMC 

RRA IAA 
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subtalar, and metatarsophalangeal joints are used so that the relative motion of such segments are 

described (Delp, 1990). 

 

 

Figure 4-4. Graphic representation of the locations of the rigid bodies segments fixed reference frames. This representation was 
later changed by Ajay Seth by removing the patella so that kinematic constrains were avoided. Adapted from “Surgery simulation: 
a computer graphics system to analyze and design musculoskeletal reconstructions of the lower limb” by S. L. Delp, 1990, Stanford 
University, 31. Copyright © 1990 by Delp, Scott Lee. Adapted with permission (Delp, 1990). 

 

Table 2. Descriptive representation of the locations of the rigid bodies segments fixed reference frames. Retrieved from (Delp, 
1990). 

Rigid Body Segment Reference Frame Location 

Pelvis 
Midpoint of the line connecting the two anterior 

superior iliac spines 

Femur Centre of the femoral head 

Tibia 
Midpoint of the line between the medial and 

lateral femoral epicondyles 

Talus 
Midpoint of the line between the apices of the 

medical and lateral malleoli 

Calcaneus 
Most interior, lateral point on the posterior 

surface of the calcaneus 

Toes Base of the second metatarsal 

 

Regarding the hip, it was modelled as a ball – and – socket joint, which only allows rotations, thus taking 

out all translations in this joint. In simpler terms, it restricts three degrees – of – freedom. Bearing this in 

mind, only the rotations about the three axis of the reference frame of the femur are taken into account 

for the transformation between the pelvic and femoral reference frames.  
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Furthermore, the ankle, subtalar, and metatarsophalangeal joints were modelled as frictionless revolute 

joints, which restricts five degrees – of – freedom, allowing only rotation about one axis. This model 

relies on the work of Inman (Inman, 1976) to model the location and orientation of each joint’s axis, 

which can be observed in the figure below. Albeit, using this configuration, unrealistic movement at the 

metatarsophalangeal joint can be depicted, so, in to overcome this problem, separation of the joint was 

avoided with the – 8° on a right-handed vertical axis rotation of the metatarsophalangeal joint, as stated 

in Delp 1990 (Delp, 1990). 

 

Figure 4-5. Graphic representation of the locations of the ankle (ANK), subtalar (ST) and metatarsophalangeal (MTP) joint’s axis. 
Retrieved from “Surgery simulation: a computer graphics system to analyze and design musculoskeletal reconstructions of the 
lower limb” by S. L. Delp, 1990, Stanford University, 31. Copyright © 1990 by Delp, Scott Lee. Retrieved with permission (Delp, 
1990). 

 

 

Finally, the modelling of the knee joint is a complicated task due to its intricate architecture, making it a 

daunting task to estimate the joint’s moment arms. This particular model has three main contributors. 

Firstly, Gary T. Yamaguchi and Felix E. Zajac developed a planar knee model capable of calculating 

moment arms regarding the quadriceps muscle in a computationally feasible manner (Yamaguchi and 

Zajac, 1989). This model, with only one degree – of – freedom, constituted both the kinematics of the 

tibiofemoral joint and the patellofemoral joint in the sagittal plane, along with the patellar levering 

mechanism, as stated in Delp 1990 (Delp, 1990). Following that, Scott L. Delp (Delp, 1990) took on the 

previous model and tweaked it by describing the femoral condyles as ellipses and the tibial plateau as 

a line, as well as specifying not only the transformations between the femoral, tibial, and patellar 

reference frames but also the tibiofemoral contact point as functions of the knee angle. The tibiofemoral 

contact point is based on the work of Nisell et al (Nisell, Nemeth and Ohlsen, 1986). Another condition 

taken into consideration for the transformation between the femoral and tibial reference frames specifies 

that the tibial plateau and femoral condyles stay in contact for the whole range of knee motion. The third 

contributor was Ajay Seth, whose contribution was removing the patella so that kinematic constrains 

would be avoided.  
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4.4.1.3. Muscle geometry 

The paths of the muscle – tendon units representing the muscles of the lower limb in the model are 

established using anatomical features related to the surface mesh created previously. For certain 

muscles, a straight – line with the origin and insertion as ends of the line of action is and adequate 

approach to represent their respective path. However, the existence of muscles that wrap around 

another muscles or bones, turns this technique meagre and one is left in need to insert intermediate via 

points, or wrapping points at specific places along the muscle’s path so that it is described with precision. 

The number of line of actions differs with body position, as each wrapping point has a specific joint angle 

range over which it is able to constrain the muscle path as stated in Delp, 1990 (Delp, 1990). 

4.4.1.4. Inertial Properties 

Concerning the inertial properties of this model, they were based on the model developed by Anderson 

and Pandy (Anderson and Pandy, 1999). Besides hindfeet and toes, mass and inertial properties for the 

other segments were depicted from data attained from five subjects (age 26 ± 3 years, height 177 ± 3 

cm, and weight 70.1 ± 7.8 kg). The Delp model(Delp, 1990) provides the lengths of the segments. 

Regarding the toes and hindfoot, the inertial properties are obtained by setting the volumes of the 

segments as a set of connected vertices. All inertial parameters for this model are scaled by a factor of 

1.05626. The inertial properties are detailed in table 3. 
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Table 3. Inertial parameters for the body segments included in the model 

 

4.4.2.   Scaling 

The first step in this stage of the work is the scaling of the model. This is necessary since the starting 

point is a generic musculoskeletal model (unscaled version of the Gait2392 models refers to a subject 

whose height is around 1.8 m tall and has a mass of 75.16 kg). in which the anthropometrical data, 

inertial properties and length – dependent features of the model may not match the characteristics of 

each subject. The scaling tool available in Opensim (Delp et al., 2007; Ajay et al., 2011) allows for the 

adjustment of the dimensions of the body segments, the mass and inertial properties and the length – 

dependent properties of the actuators. The algorithm used in this tool for this work goes as follows: 

1. Attainment of the scale factors: These quantities were obtained using manual scaling. This 

scaling method contrasts with the measurement – based method and the segments are scaled 

according to the manually provided scale factors. It was necessary as fitting marker data was not 

available. 

 

2. Scaling of the model’s geometry: Muscle attachment sites, points of force application, as well as 

mass centre and joint frame locations are scaled according to the scale factors provided previously. 

Since each body segment has its own fixed reference frame, features, such as the muscle 

 

 

Body Segment Mass 

(Kg) 

Moments of inertia Centre of Mass 

xx yy zz x y z 

Torso  34.2366 1.4745 0.7555 1.4314 -0.03 0.32 0 

Pelvis 11.777 0.1028 0.0871 0.0579 -0.0707 0 0 

Right femur 9.3014 0.1339 0.0351 0.1412 0 -0.17 0 

Right tibia 3.7075 0.0504 0.0051 0.0511 0 -0.1867 0 

Right talus 0.1000 0.0010 0.0010 0.0010 0 0 0 

Right calcaneus 1.250 0.0014 0.0039 0.0041 0.1 0.03 0 

Right toe 0.2166 0.0001 0.0002 0.0010 0.0346 0.006 -0.0175 

Left femur 9.3014 0.1339 0.0351 0.1412 0 -0.17 0 

Left tibia 3.7075 0.0504 0.0051 0.0511 0 -0.1867 0 

Left talus 0.1000 0.0010 0.0010 0.0010 0 0 0 

Left calcaneus 1.250 0.0014 0.0039 0.0041 0.1 0.03 0 

Left toe 0.2166 0.0001 0.0002 0.0010 0.0346 0.006 0.0175 
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attachment sites and wrapping objects are scaled based on the scale factors of the rigid body to 

which they are attached.  

 

3. Scaling the mass and inertial properties:  To this end, mass and inertial properties are scaled 

using the scaled factors and the input target mas of the subject in a manner that mass distribution 

is preserved and that the scaled model mass will be the same as the input target mass. The 

governing equation for this stage is presented below, for a single body segment i: 

 𝑚𝑖𝑠𝑐𝑎𝑙𝑒𝑑 = (𝑠𝑐𝑎𝑙𝑒𝑓𝑎𝑐𝑡𝑜𝑟𝑖 ∗ 𝑚𝑖)
𝐼𝑛𝑝𝑢𝑡 𝑇𝑎𝑟𝑔𝑒𝑡 𝑀𝑎𝑠𝑠

∑ 𝑠𝑐𝑎𝑙𝑒𝑓𝑎𝑐𝑡𝑜𝑟𝑖 ∗ 𝑚𝑖
𝑛
𝑖=1

 (4.1) 

 

4. Scaling muscles and length – dependent elements: Finally, the ligaments and muscle actuators 

are scaled. Length – dependent parameters, such as optimal fibre length and tendon slack length 

are calculated during this stage, and scaled by a scale factor defined as the ratio of the fibre or 

tendon length before scaling to the length after scaling. Since these values depend on actuator 

configuration, the scaling step ensures that they stay with the same respective proportion of the 

actuator length throughout the whole process (Delp et al., 2007).   

 

4.4.3.   Residual Reduction Algorithm 

The usage of in vivo kinematic data in the analyses performed with a musculoskeletal model can carry 

some unwanted experimental errors, normally related to inaccuracies in mass distribution, modelling 

assumptions and inconsistencies between kinematic data and ground reaction forces. All these 

inconsistencies are accounted for in non – physical compensatory forces called residuals, thus creating 

the need to reformulate Newton’s second law: 

 𝐹𝑒𝑥𝑝 + 𝐹𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = ∑ 𝑚𝑖(

𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑠

𝑖=1

𝑎𝑖 − 𝑔) (4.2) 

where 𝑚𝑖 denotes the mass of the body segment, 𝑎𝑖 its acceleration and g the acceleration of gravity. 

Equivalent expressions are obtained for the residual moments 𝑀𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙. These forces and moments 

relate to the three translational and three rotational degrees of freedom between the pelvis and the 

ground (𝐹𝑥, 𝐹𝑦, 𝐹𝑧 for the translational degrees of freedom and 𝑀𝑥, 𝑀𝑦, 𝑀𝑧 representing the rotational 

degrees of freedom).  The residual reduction algorithm, or RRA, is performed to reduce such unwanted 

forces and torques. As stated previously, the x – axis represents the anterior/posterior direction, y – axis 

the axial direction and z – axis the medial – lateral direction, so 𝑀𝑥 describes the pelvis list motion, 𝑀𝑦 

the pelvis rotation and 𝑀𝑧 the pelvis tilt. The algorithm’s modus operandi is shown in figure 4-6, below: 
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Figure 4-6. Schematic representation of the Residual Reduction Algorithm. Adapted from “SimTrack: Software for Rapidly 
Generating Muscle-Actuated Simulations of Long-Duration Movement” by F. C. Anderson et al, 2006, International Symposium 
on Biomedical Engineering, 3-6. Adapted with permission (Anderson et al., 2006).  

 

RRA starts with the model in the starting point of the task, adjusting the position of the model to meet 

the starting configuration. Following that, RRA steps forward in time, in small time – steps, until the end 

of the task length. During this period, RRA computes actuator forces, 𝑓𝑎𝑐𝑡, which take the model from 

the current profile to the one coveted in the next instant in time, by minimizing an objective function, 

presented in (4.3). 

 J =  ∑(
𝑓𝑎𝑐𝑡,𝑖

𝑓𝑎𝑐𝑡,𝑖
𝑜𝑝𝑡)

2

+∑𝜔𝑖

𝑛𝑞

𝑖=1

𝑛𝑥

𝑖=1

(�̈�𝑑𝑒𝑠,𝑖(𝑡 + 𝑇) − �̈�𝑟𝑟𝑎,𝑖(𝑡))
2  (4.3) 

where 𝑓𝑎𝑐𝑡,𝑖 and 𝑓𝑎𝑐𝑡,𝑖
𝑜𝑝𝑡

 represent the force and the optimal force of the actuator i, 𝜔𝑖 the weight of the 

acceleration errors. The actuator set present in this expression comprises the residual actuators and 

joint moments. The first parcel of right side of (4.3) minimizes forces across actuators and the second 

minimizes the error between the model accelerations and the desired accelerations, �̈�𝑑𝑒𝑠,𝑖(𝑡 + 𝑇), which 

is obtained through (4.4): 

 �̈�𝑑𝑒𝑠,𝑖(𝑡 + 𝑇) =  �̈�𝑖𝑘,𝑖(𝑡 + 𝑇) + 𝑘𝑣 (�̇�𝑖𝑘,𝑖(𝑡)  − �̇�𝑟𝑟𝑎,𝑖(𝑡)) + 𝑘𝑝 (𝑞𝑖𝑘,𝑖(𝑡)  −  𝑞𝑟𝑟𝑎,𝑖(𝑡)) (4.4) 

where 𝑘𝑣 and 𝑘𝑝 are gains related to the velocities and positions errors, respectively. So that the system 

becomes critically – damped, the desired behaviour for it, the expressions for 𝑘𝑣 and 𝑘𝑝 are as follows: 

 𝑘𝑣 = −2λ and 𝑘𝑝 =  𝜆
2  (4.5) 

The main goals of this algorithm is to reduce the residuals and to try that the adjusted accelerations are 

as similar as possible to the original accelerations. However, there has to occur a trade – off between 

these two goals, since by drastically reducing the residuals, adjusted kinematic data may differ from the 

original data.  

The next stage of this algorithm computes the residuals and its average values over the length of the 

task.  
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Following that, the mass centre of a chosen segment is adjusted. In the majority of cases, due to its 

dimensions and tendency to sustain estimation errors, the torso is the body segment of choice. The 

average residual moments, 𝑀𝑥 representing the left – right residual moment, and 𝑀𝑧 referring to the 

anterior – posterior residual moment, are called upon for the calculation of the adjustments. Such 

adjustments are presented below: 

 𝑡𝑥 =
𝑑𝑀𝑧

𝑚𝑔
 𝑎𝑛𝑑 𝑡𝑧 = −

𝑑𝑀𝑥

𝑚𝑔
  (4.6) 

The algorithm reaches its final stage when mass adjustments are calculated and recommended, so that 

residual forces are even more reduced. To this end, the vertical residual force, 𝐹𝑦, is used to compute 

these adjustments. Equation (4.7) gives the expression that translates the mass change in the model, 

which is posteriorly adjusted for each body segment accordingly: 

 𝑑𝑚 =  
𝐹𝑦

𝑔
 (4.7) 

After the mass adjustments are manually performed on the model, RRA is performed again until the 

average residuals no longer show significant changes. The input kinematics are filtered at 6 Hz. 

Optimizer derivative step size and convergence tolerance were set to 10−4 and 10−5, respectively. The 

subtalar and metatarsophalangeal joints were locked in a neutral position. 

4.4.4.   Static Optimization 

After the stage of “cleaning” the data that is the residual reduction algorithm, the present step, called 

static optimization, calculates the net joint moments and further decomposes them into individual muscle 

forces, by optimizing an objective function, or cost function, – in this particular techniques, it is the sum 

of the squared muscle activations. It is characterized as a static analysis since the estimation of muscle 

forces is performed at each instant.  

 

As described before, static optimization resolves the inverse dynamics problem into individual muscle 

forces taking into account the force – length – velocity properties of the muscles, expressed in (4.8). 

Figure 4-7. Schematic representation of Static Optimization. 
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 ∑[𝑎𝑚𝑓(𝐹𝑚
𝑂 , 𝑙𝑚 , 𝑣𝑚)]𝑟𝑚,𝑗 = 𝜏𝑗

𝑛

𝑚=1

 (4.8) 

where 𝑛 represents the number of muscles, 𝑎𝑚 refers to the activation of the muscle m at each instant 

in time, 𝑓(𝐹𝑚
𝑂, 𝑙𝑚  , 𝑣𝑚) comprises the force – length – velocity relationships of the muscle, 𝑟𝑚,𝑗 is the 

moment arm about the jth joint axis. 

The expression for the objective function to be minimized is given in (4.9), below. 

 𝐽 =  ∑(𝑎𝑚)
2

𝑛

𝑚=1

 (4.9) 

It is important to state that, in static optimization, 𝑓(𝐹𝑚
𝑂, 𝑙𝑚  , 𝑣𝑚) determines the active force exerted along 

a stiff tendon and does not include the contributions from the passive element of the muscle model. This 

tool is also used in this work to alter the muscle’s maximum isometric force, so that all muscles are able 

to produce sufficient to handle the task in hand. The adjusted kinematic data from RRA are the inputs 

for this analysis  

 

4.4.5.   Computed Muscle Control 

Following the static optimization stage, the modified musculoskeletal model is used to perform a different 

manner of achieving the set of individual muscle excitations, called computed muscle control (Thelen, 

Anderson and Delp, 2003; Thelen and Anderson, 2006). This tool not only uses a static optimization 

step but combines this with a proportional – derivative control to create a forward dynamic analysis, with 

the intent of tracking the kinematic data obtained from RRA (Anderson et al., 2006). This tool lies in the 

dynamic optimization spectrum, which means it resolves the optimization problem for the entire range 

of the task. The pipeline for this tool is drawn up in the figure below. 

 

 

Figure 4-8. Schematic representation of the Computed Muscle Control. Adapted from “Generating dynamic simulations of 
movement using computed muscle control” by D.G.Thelen et al, 2003, Journal of Biomechanics, 36(3), 321-328. Adapted with 
permission (Thelen and Anderson, 2006). 
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This algorithm is preceded by the computation of the initial states. Then, in the beginning of the 

computed muscle control algorithm, the desired accelerations, �̈⃑�𝑑𝑒𝑠, are computed. These accelerations 

will propel the model’s coordinates and speeds towards the experimental kinematic data, and can be 

obtained through a proportional – derivative control law, presented in (4.10) below. 

 �̈⃑�𝑑𝑒𝑠(𝑡 + 𝑇) =  �̈⃑�𝑒𝑥𝑝(𝑡 + 𝑇) + 𝑘𝑣⃑⃑⃑⃑⃑[�̇⃑�𝑒𝑥𝑝(𝑡) − �⃑�(𝑡)
̇ ] +  𝑘𝑝⃑⃑⃑⃑⃑[�⃑�𝑒𝑥𝑝(𝑡) − �⃑�(𝑡)]   (4.10) 

where 𝑘𝑣⃑⃑⃑⃑⃑ = 20 and 𝑘𝑝⃑⃑⃑⃑⃑ = 100 represent feedback gains related to the velocity and position errors. Since 

a time lag is required so that the applied forces on the body change, the accelerations are computed at 

each time step T. So that the feedback gains related to the errors reach zero, the relation between them 

goes as presented in (4.11). 

 𝑘𝑣⃑⃑⃑⃑⃑ = 2√𝑘𝑝⃑⃑⃑⃑⃑ (4.11) 

After this stage, the set of actuator controls, which produce the desired accelerations and other 

kinematic data, are computed whilst minimizing a cost function in order to overcome the muscle 

redundancy issue, using static optimization. The analysis used in this dissertation is constructed as the 

sum of squared controls extended by a set of constraints, 𝐶𝑗 = 0, which is a layout that obliges the 

desired accelerations to fall within a set tolerance value, as expressed in (4.12) and (4.13). This 

formulation goes by the name of fast target. 

 J =∑𝑥𝑖
2

𝑛𝑥

𝑖=1

 (4.12) 

 𝐶𝑗 = �̈�𝑗
∗ − �̈�𝑗 (4.13) 

The addition of reserve actuators is done in order to counter any lack of strength in the musculoskeletal 

model, and their excitation values are a good indicator on how accurate the adjustments were performed 

in the previous step, presented in subchapter 4.4.4. Posteriorly, muscle excitations �⃑⃑� are estimated by 

inverting the dynamics of the muscle, as stated in Thelen 2006 (Thelen and Anderson, 2006). After this 

step, the algorithm reaches its final stage, in which the muscle excitations, always having the same 

value throughout, are inserted in the forward dynamic analysis that is performed between 𝑡 and 𝑡 + 𝑇. 

This algorithm is performed at every time step until it reaches the end of the task simulation. The input 

kinematic data for this analysis are the adjusted kinematics from RRA. 

4.4.6.   Joint Reaction Forces Estimation 

The next step in this work is the computation of the joint reaction forces. As stated before, these forces 

are exerted between adjacent bones at a certain joint, corresponding to internal loads carried by the 

joint. With this in mind, the JointReaction analysis available in OpenSim 3.3 will be used to estimate 

these forces. The way this analysis is recursively performed is equivalent to creating a free body diagram 
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for every single rigid body in the model and estimating the point load to be exerted at the joint to reach 

an equilibrium state of the body. This analysis uses the Newton – Euler equation, presented below in 

(4.14), to compute the joint reaction forces. 

 �⃑⃑�0 = [
𝜏0

�⃑�0
] = [𝑀𝑖(�⃑�)]𝑎𝑖⃑⃑⃑⃑ +  �⃑�𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡 − (∑�⃑�𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 +∑�⃑�𝑚𝑢𝑠𝑐𝑙𝑒𝑠 + �⃑⃑�𝑖+1) (4.14) 

where �⃑⃑�0 comprises the joint forces and moments described at the body origin,  [𝑀𝑖(�⃑�)] represents the 

mass matrix of the body segment i, 𝑎𝑖⃑⃑⃑⃑  refers to the vector of linear and angular accelerations of the 

body segment i, �⃑�𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡 perceives the constraints forces in the model, if present, �⃑�𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  the forces 

and moments applied by external loads and �⃑�𝑚𝑢𝑠𝑐𝑙𝑒𝑠 the forces and moments applied by the muscles. 

�⃑⃑�𝑖+1 refers to the joint reaction force applies at the distal joint. �⃑⃑�𝑖, which is a the variable of interest, is 

related to �⃑⃑�0 through the expression below: 

 �⃑⃑�𝑖 = [
𝜏𝑖

�⃑�𝑖
] = [

𝜏0

�⃑�0
] − [

𝑟 × �⃑�0

0⃑⃑
] (4.15) 

where 𝑟 refers to the vector going from the body origin to the joint site. The static optimization results 

were used to perform this analysis. 

 

4.4.7.   Induced Accelerations Analysis 

 

The estimation of muscle contributions to the joint accelerations is very important to further understand 

which muscles enables each portion of this specific task, especially regarding the propulsion and weight 

– bearing stages. Bearing this in mind, an Induced Accelerations Analysis, available in OpenSim, is 

performed.  

To understand how this analysis works, the equations of motion, presented in (4.16), must be regarded. 

 [𝑀]�̈� = 𝐺(𝑞) + 𝑉(𝑞, �̇�) + 𝑆(𝑞, �̇�) + [𝑅]𝑓 (4.16) 

 

where [𝑀] corresponds to the mass matrix, 𝐺(𝑞) comprises the generalized forces resulting from the 

effects of gravity, 𝑉(𝑞, �̇�) represents the forces due to both the Coriolis effect and the centrifugal effect, 

𝑆(𝑞, �̇�) translates to the forces stemming from contact elements and [𝑅] is a force transmission matrix 

containing the muscles moment arms, which has to purpose of transforming an applied force, 𝑓, into a 

generalized force. 

Thus, from manipulating (4.16), one can depict the contribution of any element to the total acceleration: 



 

  48 
 

 �̈�𝑖 = [𝑀]−1{𝐹𝑖} (4.17) 

However, because muscle forces do not have a straightforward effect on the acceleration of the centre 

of mass, one must separate the external force into valuable components, as it can be observed in (4.18), 

below. 

 �̈�𝑖 = [𝑀]−1{𝐹𝑖 + 𝑆𝑖} (4.18) 

where, in this case, 𝐹𝑖 represents the force features of interest to this analysis, such as muscle forces, 

and 𝑆𝑖 contains the contributors related to the interaction of the musculoskeletal model with the 

surrounding environment, which, in his case, are the platforms. Both of these variables are unknown. 

The Opensim software uses kinematic constraints to substitute the force contributions inserted in 𝑆𝑖, in 

order to resolve the previous problem (Hamner, Seth and Delp, 2010). Consequently, (4.16) is modified: 

 [𝑀]�̈� + [𝐶]𝑇𝜆 = 𝐺(𝑞) + 𝑉(𝑞, �̇�) + [𝑅]𝑓 (4.19) 

where [𝐶] and 𝜆 are the constraint matrix and forces, respectively. In order to also resolve this problem 

in terms of the acceleration constraints, (4.20) arises: 

 [𝐶]�̈� = 𝐵(𝑡, 𝑞, �̇�) (4.20) 

 where 𝐵(𝑡, 𝑞, �̇�) describes the position and velocities of the constraint equations. The constraint type 

employed in this model is named “RollingOnSurface”, and its characteristic constraint equations are 

presented below, from (4.21) to (4.24): 

 𝜌𝑦(𝑞) = 0 (4.21) 

 �̇�𝑥(𝑞, �̇�) = 0 (4.22) 

 �̇�𝑧(𝑞, �̇�) = 0 (4.23) 

 ω𝑦(𝑞, �̇�) = 0 (4.24) 

Equation (4.21) represents a non – penetrating constraint, (4.22) an anterior/posterior no – slip 

constraint, (4.23) a mediolateral no – slip constraint and (4.24) a no – twist constraint as described in 

Hamner 2010 (Hamner, Seth and Delp, 2010). These constraints are differentiated so that 𝐵(𝑡, 𝑞, �̇�) and  

[𝐶] are obtained (Hamner, Seth and Delp, 2010). The states and controls obtained from CMC were used 

as inputs for IAA. 
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5.  Results 

Following the kinematic data acquisition of the subjects, the workflow described in the subchapters 4.3 

and 4.4 was implemented, and the results obtained are presented in the present chapter.  

To facilitate the analysis of the results, each subject is represented with a line colour and and dash type, 

as it is shown in table 4. In some of the graphics, the results are represented in terms of the respective 

subject’s body weight, which will also be duly noted in the table below. All the subjects that volunteered 

for this work used the right leg as the dominant leg to perform this task. 

Table 4. Subjects height, mass, graphic features and the task percentage at which the subject change the direction of the 
movement.  

Subject Height 

(cm) 

Mass (Kg) Task Percentage at 

direction change (%) 

Line Colour and Dash 

type 

AMG 180.0 94.7 49.03  

IMG 180.0 77.0 53.70  

MEB 180.0 63.0 52.18  

MVM 186.7 65.7 79.05  

ND 186.7 92.7 48.05  

OMM 186.7 80.9 53.85  

 

5.1. Joint Kinematics and Joint Moments 

The inverse kinematics problem was solved using a global optimization approach, and the results are 

presented below. They provide information on the joint angles for this specific task, allowing one to 

better understand the behaviour of each joint throughout the movement in question and to point out the 

differences between subjects. The net joint moments were also computed through an additional step of 

Inverse Dynamics (ID). This step is not inserted in the pipeline of this work as it is only used to validate 

the resultant joint moments obtained from the residual reduction algorithm. Only the results for the 

supporting leg are presented, with the ones corresponding to the contralateral leg being presented in 

appendix 8.B. 
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Figure 5-1. Joint kinematics and moments related to the dominant leg. Joint kinematics are presented on the left side of the image, in degrees, and joint moments are placed on the right side of the figure, in 
Nm. Hip flexion/extension (+ flexion); Hip adduction/abduction (+ adduction); Hip internal/external rotation (+internal rotation); Knee flexion/extension (+extension); Ankle Dorsiflexion/Plantarflexion (+ 
plantarflexion); Lumbar flexion/extension (+ flexion); Lumbar ipsilateral/contralateral bending (+ ipsilateral); Lumbar ipsilateral/contralateral rotation (+ ipsilateral). All the plots are given in terms of task 
percentage. 
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Regarding the hip joint, the plots portraying how the hip conducts regarding the flexion/extension degree 

of freedom follow the lines of what was expected, as both hips remain in a constant state of hip flexion 

throughout the entire task. One is able to find several similarities in the curves for the all the participants, 

especially when the right hip is concerned. They all take an inverted – U shape, with the maximum right 

hip flexion angle taking place at the instant of direction change for each subject, and their respective 

values ranging from approximately 77 degrees (AMG) to 107 degrees (ND). The hip side of the 

supporting leg remains in a state of abduction for all subjects except IMG, which starts in abduction but 

moves towards a neutral position. Regarding hip rotation, all subjects follow the same behaviour by 

eventually ending in an externally rotated state, however, half of the subjects ( MEB, ND, AMG) starts 

off in a slightly internal rotation state and the other half (IMG, MVM, OMM), starts with their right hip 

slightly externally rotated. With respect to the left hip flexion plot, only the subject MVM falls from the 

norm, presenting two clear peaks during the task. For the hip side contralateral to the supporting leg, 

three occurrences can be perceived regarding the coronal plane. Firstly, there is the subject AMG, who 

keeps the left hip in a state of adduction during the whole task. Secondly, the subjects MVM and MEB, 

whose left hips stand in a slight adducted position until moving towards an abducted state. The rest of 

the subjects (ND, IMG, OMM), perform the entire task with the left hip in a constant state of abduction.  

For the motion of the left hip along the transverse plane, all but the subjects IMG and AMG present 

similar behaviours, by keeping their left hip internally rotated for the majority of the task. Also it is 

important to note that the behaviour of the left and right hips along the transverse plane are anatomically 

and biomechanically consistent. 

The motions of the hip presented and detailed above are accompanied by a posterior tilt along the 

sagittal plane (with varying angles between subjects) and a posterior pelvis rotation to the contralateral 

side along the transverse plane, portrayed in the kinematics plots of the pelvis presented in appendix 

8.B. A small detail to point out in the pelvis tilt kinematics is that, for the first 15% of the task, the subjects 

MVM and IMG have their pelvis positioned in a slight state of anterior pelvis tilt, situation that is repeated 

in the last 10% of the task, for the subjects IMG, OMM and MEB. As for the pelvis kinematics along the 

coronal plane, all subjects move towards a downwards pelvic rotation, with varying angles. Nonetheless, 

up until the final 10% of the task, the subject AMG has its pelvis slightly rotated upwards. The same 

situation occurs for the subject IMG, however this transition from upwards to downwards pelvic rotation 

happens around the 50% mark. The rest of the subjects, remain in a state of downwards pelvis rotation 

along the coronal plane. 

From the kinematics of the knees and ankles, one can observe a clear trend, as expected, with both 

knees remaining in constant flexion for the entire task, with a particularity in the knee of supporting leg 

in the MVM subject, where a significant fluctuation can be depicted between the 10%-80% marks. For 

the supporting leg’s ankle, similar behaviours between subjects can be depicted, although, regarding 

the subjects MEB and AMG, from around a tenth of the task to 80% for MEB and 90% for AMG, the 

right ankle is placed in plantarflexion, which does not happen to the rest of the athletes. During the 30%-
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65% period, OMM places the ankle in neutral position and MVM, ND and IMG maintain the ankle in 

plantarflexion during the whole task.  

The final joint to be characterized is the lumbar joint. With respect to the motion of this joint along the 

sagittal plane, most of the athletes (IMG,OMM,AMG,ND) keep it in constant extension, varying the angle 

of lumbar extension as the task goes on. On the other hand, the athletes MVM and MEB, start in a state 

of slight lumbar flexion, up until 15% of the task for the subject MEB and 50% for the participant MVM, 

maintaining lumbar extension in the rest of the task. Furthermore, along the coronal plane, every athletes 

besides MEB keep their lumbar joint tilted to the side of the supporting leg. MEB performs the entire 

movement in a state of slight lumbar bending to the left side. Finally, the lumbar joint movement along 

the transverse plane show rather similar behaviours between athletes, although the lumbar rotation 

angles may slightly differ. It is important to notice that the subjects AMG, ND and IMG show periods of 

ipsilateral lumbar rotation, albeit the bulk of task is performed in contralateral lumbar rotation, a feature 

present in all the participants. 

On a different note, the net internal joint moments obtained from inverse dynamics are caused by the 

action of internal forces, which results in moments across a joint axis, and balance out the moments 

created by forces acting externally to the rigid body, creating moments across the same joint axis. 

Hence, it is expected that the curves of the joint moments along each of the available anatomical planes 

at a particular joint contradict the general behaviour of the correspondent kinematic data. For example, 

regarding the right hip flexion, through the kinematic data one can see that the right hip remains flexed 

through the entire duration of the task, which translates in an internal extensor moment so that 

equilibrium is maintained in the joint. The degrees of freedom with larger values, thus representing the 

predominant degrees of freedom in this task are related to the right hip flexion/extension, right knee 

flexion/extension, all three moments at the pelvis and lumbar flexion/extension, thus the majority of them 

being applied along the sagittal plane, as expected.   
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5.2. Residual Reduction Algorithm 

After scaling the generic musculoskeletal model, a residual reduction algorithm was implemented in 

order to reduce forces and moments related to kinematic inconsistencies and model assumptions, such 

as not including the arms in the model. Several passages were done until the average residuals 

ultimately reached a steady value and the mass center adjustments were small enough to show no 

significant differences. With the intent of evaluating the efficacy of the implementation of this algorithm 

into this work’s pipeline, the minimum and maximum values of the residuals forces and torques are 

compared to the ones obtained from inverse dynamics, as well as the root mean square for each 

residual. In addition to this, the positional errors of all degrees of freedom were also computed.  

From  table 5, one can infer that the peak residual forces were effectively reduced by a large amount. 

The peak residual forces along the fore – aft direction suffered reductions ranging from 81% in the 

subject IMG to 92% in MVM (AMG - 91%, IMG - 81%, MEB - 82%, MVM - 92%, ND - 84%, OMM - 88%). 

Secondly, the peak residual forces along the vertical direction suffered reductions ranging from 47% in 

the participant IMG to 93% in AMG (AMG - 93%, IMG - 47%, MEB - 80%, MVM - 83%, ND - 57%, OMM 

- 66%). Thirdly, the peak residual forces along the mediolateral direction suffered reductions ranging 

from 68% in the athlete MEB to 89% in AMG (AMG - 86%, IMG - 89%, MEB - 68%, MVM - 78%, ND - 

86%, OMM - 71%). The residual moments were more difficult to reduce as the modelling assumptions 

allied with the explosiveness of the task and experimental noise present in the original data in hand 

make this mission quite strenuous, and, in certain cases, not feasible, as it is shown in MEB. For the 

subject AMG, a 64% reduction in peak residual moment along the fore – aft direction, a 38% reduction 

in peak residual moment along the vertical direction and no reduction was observed along the 

mediolateral axis. Regarding the subject IMG, a 35% reduction in peak residual moment along the fore 

– aft direction, only a 2% reduction in peak residual moment along the vertical direction and no reduction 

was observed along the mediolateral axis. For the athlete MEB, no reduction was seen along the 

anterior/posterior and the vertical directions, and a 12% reduction occurred along the mediolateral axis. 

Concerning the subject MVM, a 27% reduction in peak residual moment along the fore – aft direction, a 

59% reduction in peak residual moment along the vertical direction and a 19% reduction was observed 

along the mediolateral axis. The participant ND values showed a 47% reduction in peak residual moment 

along the fore – aft direction, a 66% reduction in peak residual moment along the vertical direction and 

a 29% reduction was observed along the mediolateral axis. Finally, for the athlete OMM a 67% reduction 

in peak residual moment along the fore – aft direction, an 18% reduction in peak residual moment along 

the vertical direction and no reduction was observed along the mediolateral axis. 

Furthermore, the root mean square values are a reflection of the explosiveness of the task, with some 

of them being much higher than the recommended values in OpenSim (less than 30 Nm), particularly 

concerning the pelvis tilt (MZ) moments . 

The position errors are given in tables 6 and 7. 
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Table 5. Minimum and maximum values observed in residuals forces and moments obtained from RRA (Range) and Inverse Dynamics (RangeID). Root mean square values are also provided. Values 
for residual forces are given in N and residual moments are given in Nm.  

Residuals AMG IMG MEB MVM ND OMM 

FX 
Range 

RangeID 
RMS 

11.03/60.65 
-128.58/695.04 

35.11 

-207.88/296.26 
-301.17/1573.63 

119.95 

-29.99/142.28 
-128.13/782.52 

45.98 

16.65/88.79 
-153.66/1052.55 

40.38 

6.76/249.27 
-279.55/1548.47 

94.95 

-18.36/102.11 
-231.86/828.79 

67.64 

FY 
Range 

RangeID 
RMS 

-61.95/74.44 
-56.54/1025.34 

43.34 

-285.94/395.59 
-684.73/735.13 

128.84 

-99.08/125.45 
-286.79/615.31 

58.89 

-69.66/114.04 
-503.76/651.72 

29.59 

-448.89/417.02 
-884.81/949.84 

165.08 

-174.21/233.48 
-290.92/694.85 

96.83 

FZ 
Range 

RangeID 
RMS 

-33.78/7.39 
-240.43/126.23 

13.92 

-9.09/13.37 
-119.96/97.46 

9.33 

-40.16/25.75 
-126.03/116.20 

22.12 

-12.69/25.62 
-66.34/116.62 

9.15 

-36.69/45.95 
-139.72/320.09 

20.93 

-41.54/25.03 
-132.54/141.16 

14.56 

MX 
Range 

RangeID 
RMS 

-12.47/52.58 
-144.88/39.77 

29.84 

-82.38/96.98 
-53.62/149,94 

28.06 

-91.29/70.16 
-59.72/31.79 

45.95 

-39.81/30.74 
-47.31/54.51 

17.69 

-61.91/103.56 
-151.39/195.667 

53.17 

-39.99/81.12 
-249.11/184.72 

26.67 

MY 
Range 

RangeID 
RMS 

-33.08/54.19 
-62.34/88.35 

31.59 

-72.86/59.26 
-41.54/74.14 

22.96 

-71.57/38.08 
-51.86/32.05 

28.71 

-21.53/35.71 
-39.73/86.74 

15.98 

-26.59/67.57 
-47.86/198.97 

27.65 

-61.06/49.01 
-61.84/74.51 

30.81 

MZ 
Range 

RangeID 
RMS 

-117.38/160.48 
-74.73/159.43 

68.57 

-341.86/229.25 
-274.62/216.93 

169.28 

-162.21/97.31 
-183.87/167.38 

67.19 

-160.47/76.68 
-198.51/115.75 

57.83 

-330.29/241.32 
-467.39/326.29 

159.52 

-282.34/107.97 
-249.11/184.72 

91.80 



 

  55 
 

Table 6. Position errors for the pelvis. Translational errors (Pelvis_tx, Pelvis_ty, Pelvis_tz) are given in cm and rotational errors 
(Pelvis tilt, Pelvis list, Pelvis rotation) are given in degrees. 

Residuals AMG IMG MEB MVM ND OMM 

Pelvis tilt 
MAX 
RMS 

0.017 
0.0046 

0.052 
0.029 

0.0046 
0.0017 

0.0115 
0.0046 

0.0172 
0.0115 

0.0286 
0.0172 

Pelvis list 
MAX 
RMS 

0.172 
0.115 

0.006 
0.004 

0.023 
0.017 

0.0516 
0.0229 

0.229 
0.115 

0.0688 
0.0344 

Pelvis 
rotation 

MAX 
RMS 

0.516 
0.344 

0.057 
0.034 

0.115 
0.057 

0.0917 
0.0458 

0.802 
0.516 

0.3209 
0.1547 

Pelvis_tx 
MAX 
RMS 

15.9 
7.5 

8.9 
4.1 

3.3 
2.0 

15.5 
10.3 

8.1 
4.1 

5.2 
3.4 

Pelvis_ty 
MAX 
RMS 

4.8 
2.9 

1.1 
0.7 

3.7 
1.8 

2.6 
1.5 

1.1 
0.5 

0.6 
0.4 

Pelvis_tz 
MAX 
RMS 

3.4 
1.3 

2.9 
2.0 

8.2 
5.3 

4.8 
1.7 

7.2 
2.9 

6.5 
3.6 

 

Table 7. Position errors in the joint degrees of freedom. The maximum absolute value for the errors (MAX) and the root mean 
square (RMS) is given in degrees.  

Degrees of Freedom AMG IMG MEB MVM ND OMM 

Right hip flexion 
MAX 
RMS 

0.4985 
0.1662 

0.2119 
0.1203 

0.0458 
0.0286 

0.2521 
0.1261 

0.3782 
0.2177 

0.5157 
0.2865 

Right hip adduction 
MAX 
RMS 

1.1402 
0.7162 

0.0286 
0.0172 

0.1776 
0.1031 

0.1261 
0.0688 

1.4209 
0.8766 

0.6991 
0.3495 

Right hip rotation 
MAX 
RMS 

0.4412 
0.2807 

0.0057 
0.0046 

0.0745 
0.0458 

0.0630 
0.0287 

0.5615 
0.3495 

0.3094 
0.1547 

Right knee 
MAX 
RMS 

0.1662 
0.0115 

0.0745 
0.0458 

0.0343 
0.0172 

0.0859 
0.0458 

0.2235 
0.1432 

0.2235 
0.1318 

Right ankle 
MAX 
RMS 

0.0573 
0.0229 

0.1318 
0.0859 

0.0344 
0.0172 

0.0630 
0.0458 

0.0688 
0.0401 

0.2808 
0.1662 

Left hip flexion 
MAX 
RMS 

0.2636 
0.1489 

0.1088 
0.0630 

0.0573 
0.0344 

0.2979 
0.1547 

0.5787 
0.3151 

0.3094 
0.1662 

Left hip adduction 
MAX 
RMS 

0.7792 
0.4870 

0.0172 
0.0115 

0.1261 
0.0745 

0.0630 
0.0401 

0.8479 
0.5099 

0.2636 
0.1318 

Left hip rotation 
MAX 
RMS 

0.2979 
0.1662 

0.0286 
0.0172 

0.0401 
0.0286 

0.0573 
0.0287 

0.3667 
0.2119 

0.0859 
0.0458 

Left knee flexion 
MAX 
RMS 

0.1089 
0.0688 

0.0286 
0.0172 

0.0229 
0.0115 

0.0344 
0.0171 

0.0631 
0.0287 

0.0859 
0.0458 

Left ankle  
MAX 
RMS 

0.0172 
0.0115 

0.0029 
0.0017 

0.0017 
0.0012 

0.0115 
0.0057 

0.0287 
0.0172 

0.0063 
0.0034 

Lumbar extension 
MAX 
RMS 

0.3151 
0.1891 

0.4239 
0.2063 

0.1203 
0.0802 

0.1891 
0.0974 

0.3209 
0.1375 

0.5500 
0.3266 

Lumbar bending 
MAX 
RMS 

0.9282 
0.4985 

0.0458 
0.0229 

0.1318 
0.0802 

0.2807 
0.1375 

1.3293 
0.8078 

0.2693 
0.1203 

Lumbar rotation 
MAX 
RMS 

1.9022 
1.1803 

0.1088 
0.0573 

0.5902 
0.3552 

0.6016 
0.2979 

1.3293 
0.8079 

1.7417 
0.8365 

 

By exploring the values presented in the tables 6 and 7, one can see that both the residual and the joint 

angles rotational errors are within the acceptable values (0° – 2°), which may validate the setup put forth 

for this work. Regarding the translational position differences in the residual forces, significant values 

beyond the acceptable range (0 cm – 5 cm) were expected, as a trade – off between the optimal force 

of these residuals and the kinematic accuracy of the task had to be done,  since the task is performed 

abruptly by the athletes as they reach the force plate. Regarding the translational errors along the 

anterior/posterior direction, they show the highest differences, since the task is almost entirely done 

along this plane. Furthermore, satisfactory values for the position error along the vertical direction were 
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obtained. Some of the athletes, such as MEB and ND, executed the task with a greater contribution 

along the mediolateral direction, translating in higher translational errors. 

 

5.3. Muscle Forces 

Muscle forces were estimated using two distinct optimization methods: static optimization. which uses 

an inverse dynamics approach, and computed muscle control, a forward – dynamics optimization 

method.  

For both analysis, actuators are appended to the model to handle any possible muscle deficiency during 

the simulation. These actuators are characterized by a low optimal force and high maximum and 

minimum excitation, so that if they are called upon during the analysis, they penalized through the 

objective function. The optimal forces for the residual actuators in the static optimization methods are 

the same for every actuator, with an intensity of 20N and 20Nm, for force and torque actuators, 

respectively. In the case of the computed muscle control method, their optimal forces are the same as 

the ones employed in the residual reduction algorithm. Finally, all reserve actuators applied at the rest 

of the model degrees of freedom have an optimal force of 1Nm.  

All in all, the simulations ran successfully. Concerning the static optimization, various simulations were 

performed until the reserve actuators did not play a significant role in the optimal set of muscle 

activations to perform the task. In addition, it was also considered the fact that certain muscles 

“saturated” during the simulation, as they reached maximum activation at durations of the task, which is 

an unwanted outcome. Thus, the maximum isometric force of the muscles inserted in this scope was 

increased until the muscle was able to handle an abrupt deceleration task.  

For the computed muscle control method, the tracking task implemented was the same as the ones 

inserted for running RRA. Once again, the reserves actuators role in the results was attentively 

evaluated. In situations where the reduction of these reserves was needed, strategies such as altering 

the kinematic tracking weights, reducing the passive muscle stiffness property of muscles regarded in 

the problematic degree of freedom, and changing the tendon slack length so that the muscle operated 

in the optimal range of normalized fibre lengths were employed. After achieving the wanted conditions 

to ensure the validity of the results, a RRA passage was performed before repeating the computed 

muscle control analysis. 

Like in RRA, CMC also returns the values for the position errors for the joint degrees of freedom. These 

values are presented in table 8. From examining such values, one can see that they are within the 

acceptable limit presented by OpenSim (0° – 5°), which can be regarded as an additional indicator that 

the CMC ran successfully, giving confidence to the results obtained.   
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Table 8. Position errors in the joint degrees of freedom resultant from CMC. The maximum absolute value for the errors (MAX) 
and the root mean square (RMS) are given in degrees. 

 

The maximum, minimum, mean and standard deviation values for each joint moment exerted by the 

reserve actuators are given for SO and CMC in the tables 9 and 10, below. By observing the values in 

such tables one can conclude that the reserve actuators have little to no effect on the estimation of the 

muscle forces using SO, since their intensity is too small to be accounted as significant. Regarding 

CMC, from the values obtained for the reserve actuators, one can see that higher values of reserves 

were obtained for the degrees of freedom related to the right hip, however they land between the 

acceptable values given by OpenSim (Maximum value for a reserve: 0-25Nm), suggesting that the 

simulation was successful. 

 

Degrees of Freedom AMG IMG MEB MVM ND OMM 

Right hip flexion 
MAX 
RMS 

0.179 
0.122 

0.706 
0.545 

1.143 
0.834 

0.684 
0.453 

0.987 
0.831 

1.378 
1.125 

Right hip adduction 
MAX 
RMS 

0.114 
0.051 

0.340 
0.258 

0.442 
0.160 

0.345 
0.145 

0.295 
0.198 

0.334 
0.219 

Right hip rotation 
MAX 
RMS 

0.321 
0.168 

0.933 
0.713 

1.383 
0.612 

1.437 
0.907 

1.052 
0.738 

1.679 
1.267 

Right knee 
MAX 
RMS 

0.266 
0.207 

0.670 
0.539 

2.492 
1.923 

0.533 
0.318 

1.656 
1.230 

1.820 
1.535 

Right ankle 
MAX 
RMS 

0.539 
0.389 

1.042 
0.829 

0.758 
0.539 

0.414 
0.208 

0.259 
0.123 

0.874 
0.410 

Left hip flexion 
MAX 
RMS 

0.168 
0.124 

0.273 
0.198 

0.328 
0.226 

1.505 
0.742 

0.666 
0.545 

0.527 
0.411 

Left hip adduction 
MAX 
RMS 

0.102 
0.066 

0.087 
0.035 

0.185 
0.107 

0.805 
0.397 

0.306 
0.190 

0.321 
0.208 

Left hip rotation 
MAX 
RMS 

0.160 
0.085 

0.245 
0.160 

0.196 
0.095 

3.542 
1.710 

0.637 
0.466 

0.364 
0.210 

Left knee flexion 
MAX 
RMS 

0.027 
0.014 

0.061 
0.029 

0.138 
0.094 

0.304 
0.141 

0.112 
0.060 

0.082 
0.052 

Left ankle  
MAX 
RMS 

0.036 
0.021 

0.306 
0.089 

0.040 
0.011 

0.083 
0.029 

0.331 
0.097 

0.147 
0.063 

Lumbar extension 
MAX 
RMS 

0.110 
0.071 

0.392 
0.230 

0.149 
0.091 

0.652 
0.308 

0.520 
0.367 

0.487 
0.334 

Lumbar bending 
MAX 
RMS 

0.047 
0.021 

0.192 
0.136 

0.071 
0.056 

0.454 
0.271 

0.162 
0.072 

0.369 
0.246 

Lumbar rotation 
MAX 
RMS 

0.059 
0.031 

0.270 
0.157 

0.162 
0.053 

0.635 
0.298 

0.324 
0.160 

0.125 
0.049 
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Table 9. Maximum, minimum, mean values and standard deviation for each joint degree of freedom obtained from Static Optimization, given in Nm.   

Reserve Actuators AMG IMG MEB MVM ND OMM 

Right hip flexion 
Range 

Mean(Std) 
-0.004/0.006 

-0.002 (0.002) 
 

-0.013/0.006 
-0.008 (0.005) 

 

-0.013/0.012 
-0.004 (0.006) 

-0.014/0.001 
-0.004 (0.005) 

 

-0.012/0.003 
-0.007 (0.003) 

 

-0.014/0.001 
-0.004 (0.005) 

 

Right hip adduction 
Range 

Mean(Std) 
-0.016/0.0001 

-0.0017 (0.0024) 
-0.024/0.006 
0.001 (0.007) 

 

-0.058/0.001 
-0.007 (0.010) 

 

-0.017/0.006 
-0.003 (0.005) 

 

-0.006/0.004 
0.001 (0.002) 

 

-0.017/0.006 
-0.003 (0.005) 

 

Right hip rotation 
Range 

Mean(Std) 
-0.008/0.007 

-0.00009 (0.004) 
 

-0.009/0.006 
0.0004 (0.005) 

 

-0.143/0.002 
-0.018 (0.030) 

 

-0.011/0.015 
0.003 (0.005) 

 

-0.003/0.004 
0.002 (0.002) 

 

-0.011/0.015 
0.003 (0.005) 

 

Right knee 
Range 

Mean(Std) 
 

0.0003/0.0047 
0.002 (0.001) 

 

-0.009/0.005 
0.003 (0.002) 

 

-0.018/0.008 
0.001 (0.004) 

 

-0.003/0.009 
0.002 (0.002) 

 

-0.006/0.006 
0.004 (0.002) 

 

-0.003/0.009 
0.002 (0.002) 

 

Right ankle 
Range 

Mean(Std) 
 

-0.009/-0.0002 
-0.003 (0.002) 

 

-0.015/0.003 
-0.003 (0.004) 

 

-0.018/0.007 
-0.003 (0.005) 

 

-0.014/-0.0004 
-0.003 (0.003) 

 

-0.009/-0.0001 
-0.003 (0.002) 

 

-0.014/-0.0004 
-0.003 (0.003) 

 

Left hip flexion 
Range 

Mean(Std) 
 

-0.013/0.007 
0.0003 (0.007) 

 

-0.015/0.004 
-0.003 (0.005) 

 

-0.017/0.016 
0.0003 (0.008) 

 

-0.008/0.006 
0.001 (0.004) 

 

-0.003/0.007 
0.003 (0.002) 

 

-0.008/0.006 
0.001 (0.004) 

 

Left hip adduction 
Range 

Mean(Std) 
 

-0.023/0.008 
-0.004 (0.011) 

 

-0.022/0.002 
-0.006 (0.008) 

 

-0.040/0.008 
-0.012 (0.014) 

 

-0.016/0.002 
-0.006 (0.005) 

 

-0.005/0.007 
-0.001 (0.003) 

 

-0.016/0.002 
-0.006 (0.005) 

 

Left hip rotation 
Range 

Mean(Std) 
 

-0.015/0.010 
-0.0009 (0.007) 

 

-0.027/0.004 
-0.008 (0.011) 

 

-0.031/0.003 
-0.006 (0.011) 

 

-0.008/0.004 
-0.00002 (0.002) 

 

-0.016/0.003 
-0.0002 (0.005) 

 

-0.008/0.004 
-0.00002 (0.002) 

 

Left knee flexion 
Range 

Mean(Std) 
-0.016/0.002 

-0.006 (0.006) 
 

-0.045/-0.005 
-0.022 (0.010) 

 

-0.046/-0.002 
-0.021 (0.012) 

 

-0.034/-0.003 
-0.011 (0.006) 

 

-0.013/-0.001 
-0.007 (0.003) 

 

-0.034/-0.003 
-0.011 (0.006) 

 

Left ankle  
Range 

Mean(Std) 
 

0.0005/0.0018 
0.001 (0.0004) 

 

0.001/0.004 
0.003 (0.001) 

 

0.004/0.013 
0.008 (0.003) 

 

-0.0002/0.005 
0.001 (0.001) 

 

0.0004/0.002 
0.001 (0.001) 

 

-0.0002/0.005 
0.001 (0.001) 

 

Lumbar extension 
Range 

Mean(Std) 
 

-0.001/0.004 
0.002 (0.001) 

 

-0.005/0.004 
0.002 (0.003) 

 

-0.008/0.005 
0.0002 (0.004) 

 

-0.003/0.007 
0.001 (0.003) 

 

-0.005/0.004 
0.001 (0.003) 

 

-0.003/0.007 
0.001 (0.003) 

 

Lumbar bending 
Range 

Mean(Std) 
 

-0.003/0.005 
0.00001 (0.002) 

 

-0.001/0.001 
0.0004 (0.001) 

 

-0.003/0.002 
-0.001 (0.001) 

 

-0.001/0.004 
0.001 (0.002) 

 

-0.002/0.003 
0.001 (0.001) 

 

-0.001/0.004 
0.001 (0.002) 

 

Lumbar rotation 
Range 

Mean(Std) 
 

-0.019/0.014 
0.003 (0.010) 

 

-0.010/-0.0004 
-0.003 (0.002) 

 

-0.017/0.006 
-0.001 (0.006) 

 

-0.020/0.004 
-0.005 (0.007) 

 

-0.013/0.010 
-0.003 (0.005) 

 

-0.020/0.004 
-0.005 (0.007) 
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Table 10. Maximum, minimum, mean values and standard deviation for each joint degree of freedom obtained from Computed Muscle Control, given in Nm. 

Reserve Actuators AMG IMG MEB MVM ND OMM 

Right hip flexion Range 
Mean(Std) 

 

-0.004/0.901 
0.085 (0.271)  

 

-0.01/0.013 
-0.003 (0.007)  

 

-0.051/0.512 
0.067 (0.159) 

 

-0.013/0.007 
-0.004 (0.005) 

 

-0.011/0.002 
-0.006 (0.004) 

 

-0.008/0.009 
-0.003 (0.005) 

 

Right hip 
adduction 

Range 
Mean(Std) 

 

-1.541/-0.0003 
-0.145 (0.463)  

 

-0.033/0.013 
-0.004 (0.012)  

 

-1.611/0.002 
-0.242 (0.469) 

 

-0.057/0.007 
-0.006 (0.011) 

 

-0.003/0.004 
0.001 (0.002)  

 

-0.012/0.008 
0.001 (0.005) 

 

Right hip rotation Range 
Mean(Std) 

 

-1.639/0.007 
-0.149 (0.494) 

 

-0.063/0.013 
-0.005 (0.019) 

 

-2.542/0.003 
-0.565 (0.872) 

 

-0.041/0.017 
0.0003 (0.011) 

 

-0.001/0.008 
0.003 (0.002) 

 

-0.037/0.026 
0.005 (0.015) 

 

Right knee Range 
Mean(Std) 

 

-0.011/0.005 
0.001(0.004) 

 

-0.031/0.005 
0.0006 (0.008) 

 

-1.112/0.009 
-0.118 (0.32) 

 

-0.01/0.009 
0.001 (0.003) 

 

0.001/0.006 
0.005 (0.002) 

 

0.0004/0.007 
0.002 (0.002) 

 

Right ankle Range 
Mean(Std) 

 

-0.015/0.003 
-0.004 (0.005) 

 

-0.102/0.006 
-0.005 (0.017) 

 

-0.018/0.555 
0.048 (0.161) 

 

-0.014/0.006 
-0.002 (0.004) 

 

-0.355/0.004 
-0.024 (0.083) 

 

-0.011/0.003 
-0.001 (0.003) 

 

Left hip flexion Range 
Mean(Std) 

 

-0.006/0.009 
0.003 (0.005) 

 

-0.018/0.029 
-0.002 (0.009) 

 

-0.006/0.029 
0.009 (0.012) 

 

-0.007/0.009 
0.003 (0.004) 

 

-0.003/0.017 
0.009 (0.005) 

 

-0.00003/0.03 
0.006 (0.005) 

 

Left hip adduction Range 
Mean(Std) 

 

-0.015/0.014 
0.003 (0.01) 

 

-0.031/0.004 
-0.007 (0.009) 

 

-0.044/0.011 
-0.009 (0.017) 

 

-0.016/0.005 
-0.005 (0.005) 

 

-0.005/0.011 
0.003 (0.004) 

 

-0.027/0.005 
-0.002 (0.007) 

 

Left hip rotation Range 
Mean(Std) 

 

-0.051/0.008 
-0.008 (0.018) 

 

-0.063/0.009 
-0.021 (0.022) 

 

-0.108/0.011 
-0.010 (0.028) 

 

-0.029/0.015 
0.0002 (0.01) 

 

-0.036/0.020 
0.003 (0.016) 

 

-0.017/0.043  
0.014 (0.016) 

 

Left knee flexion Range 
Mean(Std) 

 

-0.032/0.004 
-0.013 (0.011) 

 

-0.543/0.001 
-0.047 (0.088) 

 

-0.15/-0.004 
-0.048 (0.037) 

 

-0.058/-0.0003 
-0.02 (0.009) 

 

-0.045/0.004 
-0.017 (0.013) 

 

-0.055/0.001 
-0.033 (0.017) 

 

Left ankle  Range 
Mean(Std) 

 

0.001/0.004 
0.002 (0.001) 

 

-0.0004/0.007 
0.003 (0.002) 

 

0.018/0.049 
0.025 (0.008) 

 

-0.002/0.005 
0.002 (0.001) 

 

-0.001/0.398 
0.026 (0.093) 

 

-0.001/0.011 
0.005 (0.003) 

 

Lumbar extension Range 
Mean(Std) 

 

-0.00008/0.004 
0.002 (0.001) 

 

-0.006/0.005 
0.002 (0.003) 

 

-0.008/0.005 
-0.002 (0.004) 

 

-0.004/0.008 
0.003 (0.004) 

 

-0.007/0.004 
0.0001 (0.003) 

 

-0.004/0.006 
0.002 (0.003) 

 

Lumbar bending Range 
Mean(Std) 

 

-0.003/0.017 
0.003 (0.006) 

 

-0.003/0.002 
-0.0001(0.001) 

 

-0.003/0.004 
-0.0004(0.002) 

 

-0.005/0.006 
0.003 (0.003) 

 

-0.007/0.002 
0.0003 (0.002) 

 

-0.002/0.004 
-0.001 (0.002) 

 

Lumbar rotation Range 
Mean(Std) 

 

-0.039/0.013 
-0.003 (0.016) 

 

-0.011/0.003 
-0.002 (0.003) 

 

-0.017/0.006 
-0.003 (0.007) 

 

-0.026/0.020 
-0.009 (0.012) 

 

-0.024/0.008 
-0.004 (0.006) 

 

-0.017/0.010 
0.003 (0.007) 
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After ensuring that the results are verified, resulting forces obtained by Static Optimization and 

Computed Muscle Control are given in figure 5-2, below. Results are shown for the main muscles in this 

task, such as the gastrocnemius (both lateral and medial portions), vasti (comprised by the vastus 

internus, vastus medium and vastus lateralis), gluteus maximus, erector spinae, soleus, rectus femoris, 

tibialis anterior and hamstrings (composed by the semimembranous, semitendinous, biceps femoris 

long head and biceps femoris short head). Presented lower limb muscle forces are only with respect to 

the dominant leg, the right leg in the case of the participants in this work.  

To begin with, the results obtained for the set of muscle forces using both SO and CMC are in 

accordance with the joint moments resulting from Inverse Dynamics. It can also be noted that the 

muscles with the highest values of force exerted are the gluteus maximus, vasti, hamstrings and erector 

spinae. This goes along with the fact the these mucles are related to the joint moments with the highest 

magnitude presented in this work: Hip, Knee and Lumbar extensor moments. 

The gluteus maximus is the main contributor to the extensor moment at the hip joint and peak forces 

ranging between 3 (AMG) and 9 (IMG) times the body weight of the athlete, using SO. Similar shapes 

and magnitudes were reported for CMC. The main difference, besides the peak magnitude for the 

forces, are the time at which they occur, falling between 30% and 80% of the task. These time delays 

may be justified by the inter – variability regarding the strategies employed by each athlete to perform 

this motion. 

The vasti, protagonist in the entensor moment observed at the knee joint, showed the highest 

magnitudes in all the muscles, varying between 7 (ND) and 10 (OMM) times the body weight of each 

athlete. CMC also reported similar, albeit slightly lowere by 1 unit of body weight,  magnitudes and 

shapes of the curves. Nonetheless, some differences between athletes may be depicted. In the athletes 

OMM and ND, instead of a distinct peak, one can see that they take a plateau – like behaviour at 

maximum force. On the other hand, in the rest of the athletes, two peaks are observed, with the first 

occuring in the initial stages of the task and the second in the later part of the movment, showing a 

correlation with the time instant at which the athlete changes direction durign the task.  

Regarding the hamstrings, one of the main contributors to knee flexion and is also involved in hip 

extension, is composed by the semimembranous, semitendinous and both heads of the biceps femoris. 

In this case, one can depict slight differences in shape and magnitudes when comparing SO and CMC, 

especially in the subjects MEB, OMM and IMG. These differences are clearer in MEB, where the 

magnitudes are significantly higher in CMC during the first 35% and from the 70% mark of the duration 

of the task. Between these two periods, a peak is observed in both methods, with SO estimating higher 

magnitudes than CMC for this maximum. Regarding SO, peak magnitudes range from 1.5 (AMG) to 

7(ND) times the body weight of each participant, whilst CMC reports peak values aproximatelly between 

1.5 (AMG) and 6 (ND) times the body weight of each athlete. Furthermore, the soleus muscle, the main 

contributor in ankle plantarflexion, also shows similar results between SO and CMC in terms of shape 

and magnitude, with only slight differences observed, mainly in the subjects IMG and OMM. In IMG, the 
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difference lies in the occurrence of a small peak at 65% of the task, which is not present in SO, creating 

a small magnitude difference between the two curves. For OMM, the differences occurs in the final stage 

of the task, where, with SO, the muscle becomes almost inactive, whereas, for CMC, it shows a steep 

increase in the final 10 % of the task.  

The tibialis anterior muscle, muscle responsible for ankle dorsiflexion, comprises many differences in 

shape and magnitude when comparing SO with CMC, as the results from SO show almost no force 

exerted by this muscle from 20% of the task to the 80% mark, which does not happen in CMC. In terms 

of magnitude in a whole, CMC reports higher values of force. The final two muscles shown, 

gastrocnemius and rectus femoris, both span two joints – gastrocnemius plays a role in knee flexion and 

ankle plantarflexion, rectus femoris participates in knee extension and hip flexion – and show 

respectable differences in shape and magnitude between the results from SO and CMC. Once again, 

CMC presents higher magnitudes when compared with the results from SO. 

Quantification of the observations done above was performed by computing a  Pearson correlation 

coefficient (PCC) between the two estimations for each muscle. To compare both methods for muscle 

force estimation, a Shapiro–Wilk test and a Kolmogorov–Smirnov test were employed to test both 

curves for normality, which it was. The results are presented in table 11, along with the RMS magnitude 

differences.  

Table 11. Pearson correlation coefficient between SO and CMC estimation of muscle forces and RMS magnitude differences in 
terms of bodyweight (BW). 

Correlation Coefficient 

Muscles AMG IMG MEB MVM ND OMM 

Gluteus Maximus 0.962 0.984 0.989 0.968 0.997 0.982 

Vasti 0.990 0.994 0.997 0.998 0.986 0.992 

Hamstrings 0.821 0.922 0.740 0.951 0.972 0.882 

Right Erector Spinae 0.978 0.991 0.987 0.932 0.988 0.992 

Left Erector Spinae 0.984 0.995 0.992 0.993 0.985 0.990 

Soleus 0.990 0.936 0.992 0.923 0.996 0.906 

Rectus Femoris 0.404 0.729 0.551 0.962 0.147 0.480 

Gastrocnemius 0.892 0.875 0.634 0.752 0.497 0.830 

Tibialis Anterior 0.578 0.045 0.876 0.198 0.552 0.772 

RMS Magnitude Differences in x BW  

Gluteus Maximus 0.154  0.892 0.361 0.254 0.188 0.415 

Vasti 0.476 0.818 0.693 0.209 0.440 0.680 

Hamstrings 0.347 1.017 1.953 0.487 0.519 0.799 

Right Erector Spinae 0.271 0.313 0.374 0.303 0.236 0.246 

Left Erector Spinae 0.304 0.448 0.296 0.471 0.474 0.378 

Soleus 0.097 0.229 0.139 0.271 0.093 0.485 

Rectus Femoris 0.558 0.277 1.701 0.399 0.362 0.286 

Gastrocnemius 0.152 0.099 0.393 0.072 0.275 0.189 

Tibialis Anterior 0.182 0.264 0.428 0.388 0.231 0.608 
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Figure 5-2. Resulting muscle forces obtained for all the subjects in this work from SO and CMC. The layout for this set of plots goes as follows: First row – SO results for the Gluteus Maximus, Vasti and Hamstrings; 
Second row - CMC results for the Gluteus Maximus, Vasti and Hamstrings; Third row – SO results for the Soleus, Right and Left Erector Spinae: Fourth row –  CMC results for the Soleus, Right and Left Erector 
Spinae; Fifth row – SO results for the Gastrocnemius, Rectus Femoris and Tibialis Anterior; Bottom row - CMC results for the Gastrocnemius, Rectus Femoris and Tibialis Anterior. 
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5.4. Joint Reaction Forces 

Joint Reaction forces were computed using the results from SO. In order to validate the resutls obtained, 

two criteria were applied. Firstly, the pelvis joint present in the model is a free joint, which means it can 

move anywhere in space, thus this joint should not apply any loads between the ground and the pelvis. 

Secondly, the hip joint is described as a ball – and – socket joint, which lets the femur to rotate freely in 

all three directions, which means that the joint can not apply any loads to resist the rotation and instead 

the rotations will be caused by muscle forces. Thus the second criterion is to analyze the moment 

components of the joint reactions loads at the hip and see if they are zero. 

Table 12. Joint reaction forces acting at the pelvis and moments at both hips for all subjects 

JointReaction Analysis Results AMG IMG MEB MVM ND OMM 

Pelvis Force along x (N) MAX 
RMS 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

Pelvis Force along y (N) MAX 
RMS 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

Pelvis Force along z (N) MAX 
RMS 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

Right Hip Moment along x 
(Nm) 

MAX 
RMS 

0.007 
0.004 

0.007 
0.004 

0.066 
0.017 

0.015 
0.007 

0.006 
0.003 

0.010 
0.006 

Right Hip Moment along y 
(Nm) 

MAX 
RMS 

0.015 
0.003 

0.023 
0.006 

0.140 
0.033 

0.022 
0.006 

0.005 
0.002 

0.013 
0.004 

Right Hip Moment along z 
(Nm) 

MAX 
RMS 

0.009 
0.004 

0.014 
0.009 

0.034 
0.012 

0.013 
0.007 

0.012 
0.007 

0.008 
0.006 

Left Hip Moment along x (Nm) MAX 
RMS 

0.007 
0.004 

0.007 
0.004 

0.066 
0.017 

0.015 
0.007 

0.006 
0.003 

0.010 
0.006 

Left Hip Moment along y (Nm) MAX 
RMS 

0.015 
0.003 

0.023 
0.006 

0.140 
0.033 

0.022 
0.006 

0.005 
0.002 

0.013 
0.004 

Left Hip Moment along z (Nm) MAX 
RMS 

0.009 
0.004 

0.014 
0.009 

0.034 
0.012 

0.013 
0.007 

0.012 
0.007 

0.008 
0.006 

 

After observing table 12, one can state that the results are valid, suggesting a successful simulation of 

the model. Regarding the first criterion, one can see that no loads are applied between the ground and 

the pelvis. With respect to the second one, they moment components are not zero, however they are 

approximately 3 to 4 orders of magnitude smaller than the other moment components along the other 

joints, thus they may be looked over. 

Henceforth, the results for the joint reaction forces at the right hip, knee and ankle, as well the joint 

reaction forces at the lumbar joint, are presented below.  Starting with the hip joint, one can see that 

shear forces along the anterior direction are applied on the femur head to nullify the forces created by 

the lower limb muscles that act upon this joint, which, in this situation, one of the main muscles 

responsible is the gluteus maximus. These joint reaction forces prevent the femur head to penetrate the 

acetabulum. Large magnitudes for these forces are observed, with peak values ranging from around 6 

(AMG) to 14 (IMG and ND) times the body weight of each athlete, located at the time points of the task 

corresponding to the braking phase of the motion and the direction change point, when the athlete 
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leaves the force platform. Regarding the vertical direction, compressive forces applied downwards on 

the femur are depicted during the entirety of the task. Magnitudes are slightly lower than the forces 

observed along the A/P direction, with peaks varying from approximately 3 (AMG) to 9 (MEB) times the 

body weight of the athlete. Regarding the mediolateral direction, maximum values for this forces, range 

between 1.5 (MEB) and 1 (OMM) times the body weight of the athlete, however, in this case, the 

direction of these forces changes along the task, depending on the strategy used to perform the task. 

Going over to the knee joint, joint reaction forces along this joint represent the forces applied on the tibia 

that counteract the effects of the ground reaction forces and the muscle forces,– mainly the vasti – on 

the knee joint, so that structural features are maintained throughout the task. Along the A/P direction, 

shear forces along the anterior direction are plotted, with the highest magnitude observed at any of the 

joints, with peak forces reaching 15 times the body weight of the athlete (OMM and IMG). Compressive 

downwards forces along the vertical direction are also observed by the signal and magnitudes of these 

forces along the vertical axis, with peak values falling between 5 (IMG) and 8 (MEB) times the body 

weight of the athlete. Peak mediolateral joint reaction forces observed at the knee joint vary between 3 

(OMM) and approximately 6 (ND) times the body weight, directed to the right side of the respective 

subject. 

Going further down the lower limb, the ankle joint forces represented above comprise the forces applied 

on the right talus to sustain the application of muscle forces and ground reaction forces on such joint. 

Forces along the A/P reveal a shape that is concordant with the task in hand, showing peak forces along 

anteriorly directed during the initial phase of the braking stage and during the propulsion phase regarding 

the change of direction. A similar behaviour is shown along the vertical direction, albeit with larger 

magnitudes, with compressive forces reaching almost five times the body weight of the subject (MEB). 

Along the mediolateral direction, a slight inter – subject variability is observed, as IMG, contrarily to the 

rest of the subjects, exerts forces directed to the contralateral side (left side). 

Finally, lumbar joint reaction forces are also presented, and show shear forces applied on the torso 

along the anterior direction, showing a peak magnitude of 6 times the body weight of the participant 

(IMG), traction forces along the vertical direction ( overall peak magnitudes observed in ND, OMM and 

IMG of 8-9 x BW) and mediolateral forces directed along the contralateral side of the dominant for the 

subjects MEB, OMM, ND and MVM, and directed to the ipsilateral side (right side) on the subjects IMG 

and AMG. Overall, magnitudes along this axis are much smaller than the previous two components of 

the lumbar joint reaction forces. 
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Figure 5-3. Joint reaction forces acting upon the right hip, knee, ankle and sacroiliac joints. The left column refers to the forces acting along the 
A/P direction, the middle column to the vertical direction and the rightmost column to the mediolateral direction. Values for force are given in terms 
of body weight (BW) of the respective athlete. 



 

  66 
 

To study what is the effect of adding muscles to a model, shear joint reaction forces acting at the right 

knee along the fore – aft direction when using a musculoskeletal model and a linked rigid – body model 

(João, Ferrer and Veloso, 2018) were put against each other and both are shown in figure 5-4 , below. 

 

 

 

 

 

 

 

 

From observing the figure above, one can depict that, when inserting muscles into the equation, the 

resulting joint reaction forces are around ten times higher that if only net joint moments and ground 

reaction forces are taken into account. The force profiles are similar for the both cases.  
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Figure 5-4. Shear joint reaction forces acting at the right knee along the fore – aft direction when using a musculoskeletal model 
and a linked rigid – body model put against each other. The representative subject was AMG. The left axis corresponds to the 
forces depicted by a musculoskeletal model, whereas the right vertical axis corresponds to the forces calculated using a linked 
rigid – body model. The force magnitude are given in terms of body weight (xBW). 
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5.5. Muscle contributions 

In order to analyze how well the results recreate the contributions of the muscles and gravity to the 

acceleration of body’s center of mass, comparisons between the total acceleration of the body’s center 

of mass along all three directions and the combined contributions of gravity and the muscles are present 

in the model. From the figure below, one can observe that they match up very well, with slight differences 

being more visible along the mediolateral direction regarding the shape and magnitude, however this 

specific contributions are quite smaller when compared to the other contributions along the A/P direction 

and along the vertical direction. 
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Along the fore – aft direction, gravity shows a very small contribution when compared to the net 

contribution of all the muscles, opposing progression along with the contribution from the muscles 

throughout the entire task. Regarding the vertical direction, gravity propels the body towards the ground, 

with intensities slightly lower than the normal value for the acceleration of gravity (9.861 m/s2), which 

may be representative of the passive resistance created by the rigid bodies in the model. In this direction, 

muscles contribute to counteract the effect of gravity along this direction so that the model does not 

subside. Concerning the mediolateral direction, gravity acts to oppose the progression of the center of 

mass to the right side of the model during the first 30% of the task and between 50% and 65%, however 

the net contribution of the muscles far outweigh the contribution of gravity. 

The quadriceps (vasti + rectus femoris) are the protagonist regarding the acceleration of the body’s 

mass center along the anterior/posterior direction. This muscle group is key during both the braking and 

the direction change periods.  
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Concerning the vertical direction, three muscles groups can be depicted as the main participants in 

counteracting the effects of gravity on the mass center. They are, once again, the quadriceps, however 

the soleus also plays a major role, and, in a lower extent, the gluteus maximus. 

Along the mediolateral direction, for the first 30% of the movement, the quadriceps and gluteus maximus 

have approximately equal contributions in magnitude, but opposite in the direction, with the quadriceps 

propelling the center of mass towards the right side and the gluteus maximus annulling this contribution 

by pushing the center of mass towards the side of the contralateral leg, stabilizing the body to perform 

this unilateral task. Throughout the task, the hip abductors, such as the gluteus medius, also play a role 

in maintaining the hip in an abduction state. The gluteus maximus is the main contributor to the final 

peak occurring during the last 20% of the task, as the body propels backwards and slightly towards the 

left side, in order to maintain balance. 
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6.  Discussion 

The novelties and aims inserted in this dissertation were the estimation of muscles activations and forces 

during an abrupt A/P deceleration task in a healthy group of elite athletes, the estimation of joint reaction 

forces, and the main contributions for the acceleration of the center of mass. Muscle forces were 

estimated using two optimization methods (SO and CMC), joint reaction forces were computed using 

the results from SO and an induced accelerations analysis was performed using the results from CMC. 

Besides this, additional comparisons between SO and CMC regarding the muscle prediction ability and 

between the estimation of joint reaction forces using a musculoskeletal model and a rigid – body model. 

Previous studies also estimated muscle forces using both of these methods for gait and running (Y.-C. 

Lin et al., 2012), single – leg triple hop test (Alvim, Lucareli and Menegaldo, 2018) and single – leg hop 

landing (Mokhtarzadeh et al., 2014). This dissertation builds upon these previous works by widening the 

scope of analyzed movements.  

The task studied is an explosive task, with large forces required to perform it. Consequently, it is due to 

the existence of errors related to kinematics and modelling assumptions. Thus, a residual reduction step 

was implemented. The characteristics of this movement impelled a trade – off between the kinematic 

tracking accuracy and average residuals magnitude. As one of the main goals was to keep the 

kinematics as close to the original data as possible, the magnitudes of the residuals slightly exceeded 

the limits deemed acceptable by OpenSim, This was not a concerning factor as the range of values 

proposed are regarded for non – ballistic tasks, such as gait.  

The results obtained for both SO and CMC showed similar profiles and magnitudes regarding muscles, 

such as the gluteus maximus, vasti, erector spinae and soleus, whilst for the rest of the muscles 

presented, which are the gastrocnemius, rectus femoris, hamstrings and tibialis anterior, several 

differences are depicted, which can be explained by two different reasons. Firstly, regarding biarticular 

muscles, like the gastrocnemius, rectus femoris and hamstrings, CMC estimates higher forces than SO, 

possibly due to the planar knee model implemented in these simulations, which only requires the 

attainment of muscle forces along the sagittal plane. In addition to this, the fact that SO does not consider 

muscle activation dynamics may be a significant drawback for explosive tasks such as the one being 

studied in this work. Secondly, SO only needs to provide a set of muscle forces that will satisfy the net 

joint moments, kinematic properties and ground reaction forces of the task, so it will tilt towards the 

muscles with higher maximum isometric force to perform to get the end results. Hence, muscles such 

as the tibialis anterior may suffer from this and result in higher muscle force estimate using CMC, as it 

was observed. The large values for the force estimates taken for the muscles is representative of the 

explosiveness inherent to the task being analyzed. For both SO and CMC, force – length and force – 

velocity relationships of the muscles were taken into account. 

Gluteus maximus, in this task, works as a stabilizer by supporting both the HAT segment and pelvis 

upon the femur head during the entirety of the task and by eccentrically controlling the forward bending 

motion of the HAT segment. Through a joint effort by the gluteus maximus and the hamstrings, it also 
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aids in the extension of the HAT segment during the final portion of the task. It supports the lateral knee 

during the braking phase and assists in hip rotation. Co – contraction is observed around the knee joint, 

as both the vasti and hamstrings work together to stabilize the knee joint. Vasti also provides support 

by absorbing the impact of the braking portion of the task, by offsetting the action of the knee flexion 

activity from the hamstrings and by aiding in the final stage of the movement. Validating these 

inferences, studies showed similar findings for single – leg triple hop test (Alvim, Lucareli and 

Menegaldo, 2018), jumping (Pandy and Zajac, 1991) and running (Hamner and Delp, 2013). Rectus 

femoris operates largely as a hip flexor during this task, leaving the vasti to be the main knee extensor 

during this task.  

Concerning the soleus, one of the main plantarflexors of the foot, works, along with the vasti, to absorb 

the impact of the braking phase, mainly by preventing the anterior translation of the tibia. The disparity 

in magnitude between the plantarflexor muscles can be explained by the fact that the gastrocnemius 

not only affects the ankle joint, but also the knee joint, and since this task is performed mostly in a 

constant state of knee flexion, gastrocnemius length decreases, and, consequently, its ability to exert 

force. These results are in agreement with a study that explored the contributions of soleus and 

gastrocnemius to the loading of the ACL during a single – leg landing task from various heights 

(Mokhtarzadeh et al., 2013). Co - contraction around the ankle joint is more prominent with CMC than 

with SO, with the tibialis anterior contracting concentrically during the majority of the task. Using SO, the 

profile for such muscle is only relevant during the beginning and end of the task. 

With respect to the erector spinae, they play a major role in lumbar rotation, aided by the internal and 

external obliques. Consequently, they also participated in hip rotation as well as hip flexion. They also 

provided support in keeping the back of the athletes straight throughout the whole task. All athletes 

showed an ipsilateral side lumbar bending during the movement, largely performed by the left internal 

obliques. 

According to Lin et al (Y. C. Lin et al., 2012), SO is the more robust and efficient of the two methods for 

muscle force estimation, however using SO  for high-velocity tasks that require large amounts of force 

might not be the best of choices. After comparing the two, and since there is still no general agreement 

on which the ideal optimization method is to be used, SO results were used to compute the joint reaction 

forces occurring in the musculoskeletal model. 

Bearing this in mind, large values for the joint reaction forces were computed, with higher magnitudes 

observed for these forces along the A/P and vertical direction.  

Peak magnitudes for the hip joint reaction forces along the fore – aft direction of 14 BW (OMM) are 

obtained, 9.3 BW (MEB) along the vertical direction and 1.5 BW (MEB) along the mediolateral direction. 

From the literature, hip contact forces for walking up and downstairs (Bergmann et al., 2001) reach 

average peak magnitudes of 2.51 BW and 2.6 BW, respectively, far below from the values obtained in 

this work. These values were obtained using an instrumented implant.  Moreover, for walking at different 

speeds, peak values varied between 4.37 BW at 3 km/h and 5.74 at 6 km/h, and for running at different 

speeds, peak values ranged from 7.49 at 6 km/h to 10.01 BW at 12 km/h (Giarmatzis et al., 2015). 
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These results were obtained for subjects with an average mass of 65.7 Kg, much lower than the average 

mass of all the participants in this work. These values were attained using the same 23 degrees of 

freedom, 92 musculotendon actuators musculoskeletal model. In addition to this, hip contact forces were 

also measured for a stumbling motion using instrumented implants and recorded forces with peak 

magnitudes that may reach values higher than 8 BW (Bergmann, Graichen and Rohlmann, 2004).  

Regarding knee joint reaction forces, peak magnitudes over the A/P direction of 14.7 BW (OMM), 8.2 

BW (MEB) along the vertical direction and 5.8 BW (ND) along the mediolateral direction. Several studies 

computed these forces at the knee joint. Compressive joint reaction forces reached peak magnitudes of 

6.7 BW during squatting or 6.3 BW while performing a leg press exercise, whilst shear forces peaked at 

2.1 BW and 2 BW, respectively. This study was performed on 10 healthy male subjects with an average 

weight of 93 Kg (Wilk et al., 1996). A different study, performed in 1995, also estimated joint reaction 

forces during loaded and unloaded gait, reporting average peak forces of 5.61 BW and 4.55 BW, 

respectively (Simonsen et al., 1995).   

Concerning the ankle joint reaction forces, peak forces along the fore – aft direction of 1.7 BW (OMM), 

4.6 BW (MEB) along the vertical direction and 0.6 BW (MEB) along the mediolateral direction are 

obtained. The previously stated study that estimated these forces for loaded and unloaded gait, also 

calculated the ankle joint reaction forces, with average peak values of 5.4 BW during 20 Kg loading 

conditions and 4.18 BW for unloaded conditions. 

The lower back joint reaction forces were also presented in this work, reaching peak magnitudes of 6 

BW (IMG) along the A/P direction, 8.5 BW (OMM) along the vertical and 1.65 BW (AMG) along the 

mediolateral direction.  

From comparing the results with the literature, one can see that the estimation of these forces using 

musculoskeletal modelling is still not a common approach, much less analysing them in elite athletes 

and along all the axis. As expected from this task, the joint reaction forces at the knee and hip are the 

highest along the A/P direction, with all being applied anteriorly on the tibia and femur, respectively, as 

they are the main contributors to both the braking and the change of direction stages of the task. Leaning 

on the fact that these exerted forces have the task of counteracting the effect of the muscle forces and 

external forces acting on the joint, such values of force have to come through taking into account the 

magnitude of the estimated muscle forces. The largest forces along the fore – aft direction were recorded 

at the knee, which may be related to the fact that the muscles that exerted the most force in this task, 

vasti, are inserted in this joint. In addition to this, the large hip joint reaction forces would result in the 

bending of the distal portion of the femur (Bergmann, Graichen and Rohlmann, 2004), applying even 

more force on the knee joint, in order to maintain structural integrity of the rigid bodies in the model. 

Compressive forces along the vertical directions are applied downwards at hip, knee and ankle joints. 

Traction forces along the vertical directions applied at the sacroiliac joint (lower back) arise from the 

extension of the back while performing this, as the erector spinae and the other lumbar muscles 

generate forces to resist this extension tendency, thus maintaining balance. These forces may occur as 

a way for the body to not overload the ankle joint during this task. Following the same line of thought, 

shear forces along the anterior direction are also observed at the sacroiliac joint. Along the mediolateral 
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direction, where the lowest magnitudes for the hip, ankle and sacroiliac joints were observed, there is 

much more variability in the directions along which these forces are being generated, which might be a 

by-product of the difference in strategies employed by each athlete in performing the task. At the knee 

joint, the joint reaction forces along the mediolateral direction are also key to the realization of the task, 

as they help maintaining the knee in a neutral position. 

An additional comparison was also performed to analyse the differences in knee shear joint reaction 

forces profiles and magnitudes whilst using of a musculoskeletal model and a linked rigid – body model, 

without accounting for muscle forces. From the results, one was able to depict very similar force profiles, 

although the differences between force magnitudes are quite large. By using a musculoskeletal model, 

shear joint forces applied at the knee were 10 times larger than by using a linked rigid – body model, 

showing that muscle forces are the main contributors for the joint reaction forces obtained in this 

dissertation. Moreover, it is important to refer that the movement of the dominant leg can be described 

as a closed kinetic chain, influencing the discrepancies in force magnitudes, likely due to the lack of 

energy dissipation during the task. A study, performed in 2013 on 1 elite baseball athlete, corroborated 

these findings (Chen et al., 2013).  

In order to better understand muscle function during this task, an induced accelerations analysis was 

also performed, and the contributions to the acceleration of mass of each subject were computed. In the 

results, by option, only the results from the subject AMG were presented. From them, one can see that 

the combined contributions from gravity and muscles accounted for almost the totality of the model’s 

centre of mass acceleration, which is a good indicator that the results of the analysis are valid. Although 

small, the contribution of residuals to acceleration of the centre of mass might be closely related to the 

modelling assumptions inserted in this musculoskeletal model – i.e. not incorporating the arms in the 

model. 

Thereupon, regarding the contributions of gravity along the three directions, as expected, it had a much 

larger contribution along the vertical direction. Concerning the muscles, the quadriceps contribute the 

most out of every muscle to the acceleration of the body’s mass centre along the fore – aft  direction. 

Along the vertical direction, the main knee extensors muscles (quadriceps), the main plantarflexor 

(soleus) and the gluteus maximus contribute the most to counteract the effect of gravity on the 

acceleration of the center of mass. Along the mediolateral direction, the contributions of the quadriceps 

and gluteus maximus balance each each other out through the first part of the task. The gluteus maximus 

is the main contributor to the final peak occurring during the last 20% of the task, as the body propels 

backwards and slightly towards the contralateral side, in order to maintain balance. Also, larger 

accelerations values were obtained along the fore – aft direction, which was expected by the larger 

values of the joint reaction forces along such direction.  

The findings reported in this part of the dissertation are in agreement with the results obtained from 

using a linked rigid – body model without muscles, with the knee joint moments being responsible for 

the majority of the A/P deceleration experienced in this task and the knee and ankle joint moments 

working together to contribute the most to the vertical acceleration of the body’s center of mass. This 

comparison was also performed in a different study using one male elite sprinter (Veloso et al., 2015). 
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Although a different representative subject was used, the same conclusions can be depicted, showing 

similarities between subjects.  
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7.  Conclusion 

The main goals of this dissertation were to estimate the muscle forces, joint reaction forces and to 

identify the muscle contributions to the center of mass on elite athletes while performing an abrupt A/P 

deceleration task. Adding to this, two optimization methods were employed and compared in order to 

estimate muscle forces. Moreover, joint reaction forces calculated using a musculoskeletal model and 

a linked rigid – body model were also compared. Methods for estimating muscle contributions were also 

qualitatively compared in this work. 

To begin with, the musculoskeletal model used in this work is a valid option to portray reliable results in 

this work. Also, performing multiple passages of RRA prior to the other steps in this work revealed to be 

key to minimize the effect of kinematic inconsistencies and modelling assumptions.  

Furthermore, muscles synergies are in agreement with the joint moments and measured kinematic data. 

Both SO and CMC predicted similar results in terms of force profile and magnitudes during an abrupt 

A/P deceleration task, albeit caution must be taken when biarticular muscles, such as the hamstrings or 

gastrocnemius, are concerned.  

Moreover, joint reaction forces suggest that the muscles are the main contributors to these types of 

loads applied at the joints. Comparisons between using a linked rigid – body model and using a 

musculoskeletal model to compute such forces corroborate the previous statement. The effect of taking 

into account muscle forces in the computation of such forces is visible not only along the vertical 

direction, but also along the fore – aft direction and mediolateral direction. Largest values for joint 

reaction forces along the anterior direction are observed at the knee. 

Finally, the results obtained from the induced accelerations analysis step revealed that the combined 

contributions from gravity and muscles accounted for almost the totality of the model’s centre of mass 

acceleration. The accelerations along the fore – aft are almost entirely induced by the quadriceps. 

Regarding the vertical direction, a joint effort mainly between the quadriceps and soleus, with the gluteus 

maximus contributing in a lesser extent is also depicted. Equivalent findings, where a linked rigid – body 

model with no muscles was used, corroborate these results, which translates in the fact that the pipeline 

used in this work provided reliable and insightful results on the individual muscle contributions to the 

accelerations of the body’s centre of mass. 
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7.1. Limitations 

This work may carry several limitations, which could reduce the viability of the results obtained. 

To begin with, even though the model implemented in this work is a valid choice to perform all of these 

analyses, it is still a simplified representation of a real body. The planar knee model inserted only allows 

for one degree of freedom (flexion/extension), and, during the simulations, the subtalar and MTP joints 

were locked, keeping the foot at a neutral position and taking out another two degrees of freedom (foot 

adduction/abduction and inversion/eversion). Not only that, but also muscle parametres, such as optimal 

fibre length, tendon slack length or even maximum isometric force might not entirely correspond to their 

true values, as they were obtained from experiments with different setups and on subjects with different 

body types than the ones this study analysis.  

Although, for this work, 6 elite athletes took part in it, which is a considerably larger sample than other 

studies performed on this type of subjects, it is still not enough to generalize the findings of these 

analysis. 

Moreover, there is no way to validate the results, due to the lack of EMG data. An ideal situation to 

corroborate the finding on this work would be to measure the muscle forces, as well as joint reaction 

forces in vivo, however it carries several ethical implications regarding the invasive nature of this 

technique. Lacking this validation method, although small, there is a possibility that the muscle forces 

profiles and magnitudes are incorrect or do not correspond entirely to reality. 

7.2. Future work 

Firstly, the loadings on the knee ligaments and their contributions are interesting unknowns that may be 

extremely important, due to their implications on injury prevention and performance enhancing 

programs. 

Secondly, this work only contained healthy athletes, with no history of injury. In order to verify how the 

body adjusts to injury when performing an abrupt A/P deceleration task, studying muscle contributions, 

muscle forces and joint reaction forces on athletes that suffered ligament injury or muscle strains would 

be beneficial to injury prevention programs. 

Thirdly, implementing a finite – element model to study bone reabsorption and changes in bone density 

through time, would give an even greater insight on the effect of such a repetitive task in an athlete 

throughout its career.  

Finally, implementing machine learning and other innovative methods with the intent of obtaining the 

exact values of muscle parametres to provide even more confidence on the results attained. 

 



 

  77 
 

8.  References 

Ajay, S. et al. (2011) ‘OpenSim: a musculoskeletal modeling and simulation framework for in silico 

investigations and exchange’, Procedia Iutam, 2, pp. 212–232. doi: 10.1177/0003122413519445.Are. 

Alvim, F. C., Lucareli, P. R. G. and Menegaldo, L. L. (2018) ‘Predicting muscle forces during the 

propulsion phase of single leg triple hop test’, Gait and Posture. Elsevier, 59(July 2017), pp. 298–303. 

doi: 10.1016/j.gaitpost.2017.07.038. 

Anderson, F. C. et al. (1995) ‘Application of high-performance computing to numerical simulation of 

human movement’, J Biomech Eng, 117(1), pp. 155–157. 

Anderson, F. C. et al. (2006) ‘SimTrack: Software for Rapidly Generating Muscle-Actuated Simulations 

of Long-Duration Movement’, International Symposium on Biomedical Engineering, pp. 3–6. 

Anderson, F. C. and Pandy, M. G. (1999) ‘A dynamic optimization solution for vertical jumping in three 

dimensions’, Computer Methods in Biomechanics and Biomedical Engineering, 2(3), pp. 201–231. doi: 

10.1080/10255849908907988. 

Anderson, F. C. and Pandy, M. G. (2001a) ‘Dynamic Optimization of Human Walking’, Journal of 

Biomechanical Engineering, 123(5), p. 381. doi: 10.1115/1.1392310. 

Anderson, F. C. and Pandy, M. G. (2001b) ‘Static and dynamic optimization solutions for gait are 

practically equivalent’, Journal of Biomechanics, 34(2), pp. 153–161. doi: 10.1016/S0021-

9290(00)00155-X. 

Anderson, F. C. and Pandy, M. G. (2003) ‘Individual muscle contributions to support in normal walking’, 

Gait and Posture, 17(2), pp. 159–169. doi: 10.1016/S0966-6362(02)00073-5. 

Arnold, A. S. et al. (2005) ‘Muscular contributions to hip and knee extension during the single limb stance 

phase of normal gait: a framework for investigating the causes of crouch gait’, J Biomech. 2005/09/13, 

38(11), pp. 2181–2189. doi: S0021-9290(04)00490-7 [pii] 10.1016/j.jbiomech.2004.09.036. 

Bell, A. L., Pedersen, D. R. and Brand, R. A. (1990) ‘A comparison of the accuracy of several hip center 

location prediction methods’, Journal of Biomechanics, 23(6), pp. 617–621. doi: 10.1016/0021-

9290(90)90054-7. 

Bergmann, G. et al. (2001) ‘Hip contact and gait patterns from routine activities’, 34, pp. 859–871. doi: 

10.1016/S0021-9290(01)00040-9. 

Bergmann, G., Graichen, F. and Rohlmann, A. (2004) ‘Hip joint contact forces during stumbling’, 

Langenbeck’s Archives of Surgery, 389(1), pp. 53–59. doi: 10.1007/s00423-003-0434-y. 

Brughelli, M. and Cronin, J. (2007) ‘Altering the length-tension relationship with eccentric exercise: 

Implications for performance and injury’, Sports Medicine, 37(9), pp. 807–826. doi: 10.2165/00007256-

200737090-00004. 



 

  78 
 

Cappozzo, A. et al. (1995) ‘Position and orientation in space of bones during movement’, Clin. Biomech., 

10(4), pp. 171–178. doi: 10.1016/0268-0033(95)91394-T. 

Cerulli, G. et al. (2003) ‘In vivo anterior cruciate ligament strain behaviour during a rapid deceleration 

movement: Case report’, Knee Surgery, Sports Traumatology, Arthroscopy, 11(5), pp. 307–311. doi: 

10.1007/s00167-003-0403-6. 

Chen, S. et al. (2013) ‘The effect of muscle setting on kinetics of upper extremity in a baseball pitching 

modeling: A case study’, ISBS-Conference Proceedings Archive, 1(1). 

Cheng, E. J., Brown, I. E. and Loeb, G. E. (2000) ‘Virtual muscle: A computational approach to 

understanding the effects of muscle properties on motor control’, Journal of Neuroscience Methods, 

101(2), pp. 117–130. doi: 10.1016/S0165-0270(00)00258-2. 

Correa, T. A. et al. (2010) ‘Contributions of individual muscles to hip joint contact force in normal 

walking’, Journal of Biomechanics. Elsevier, 43(8), pp. 1618–1622. doi: 

10.1016/j.jbiomech.2010.02.008. 

Correa, T. A. and Pandy, M. G. (2013) ‘On the potential of lower limb muscles to accelerate the body’s 

centre of mass during walking’, Computer Methods in Biomechanics and Biomedical Engineering, 16(9), 

pp. 1013–1021. doi: 10.1080/10255842.2011.650634. 

Crowninshield, R. D. et al. (1978) ‘A biomechanical investigation of the human hip’, Journal of 

Biomechanics, 11, pp. 75–85. doi: 10.1016/0021-9290(78)90045-3. 

Crowninshield, R. D. and Brand, R. A. (1981) ‘A physiologically based criterion of muscle force prediction 

in locomotion’, Journal of Biomechanics, 14(11), pp. 793–801. doi: 10.1016/0021-9290(81)90035-X. 

D’Lima, D. D. et al. (2012) ‘Knee joint forces: Prediction, measurement, and significance’, Proceedings 

of the Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine, 226(2), pp. 95–

102. doi: 10.1177/0954411911433372. 

Davy, D. T. and Audu, M. L. (1987) ‘A dynamic optimization technique for predicting muscle forces in 

the swing phase of gait’, Journal of Biomechanics, 20(2), pp. 187–201. doi: 10.1016/0021-

9290(87)90310-1. 

Delp, S. L. (1990) Surgery simulation: a computer graphics system to analyze and design 

musculoskeletal reconstructions of the lower limb. Stanford University. doi: 10.16953/deusbed.74839. 

Delp, S. L. et al. (2007) ‘OpenSim: Open-source software to create and analyze dynamic simulations of 

movement’, IEEE Transactions on Biomedical Engineering, 54(11), pp. 1940–1950. doi: 

10.1109/TBME.2007.901024. 

Delp, S. L. L. et al. (1990) An interactive graphics-based model of the lower extremity to study orthopedic 

surgical procedures, IEEE transactions on Biomedical Engineering. Stanford University. doi: 

10.1109/10.102791. 



 

  79 
 

Dempster, W. T. (1955) Space requirements of the seated operator : geometrical, kinematic, and 

mechanical aspects of the body, with special reference to the limbs. University of Michigan, East 

Lansing. 

Donatelli, R. (2007) Sports-Specific Rehabilitation. Edited by E. H. Sciences. Elsevier Health Sciences. 

Dorn, T. W., Lin, Y. C. and Pandy, M. G. (2012) ‘Estimates of muscle function in human gait depend on 

how foot-ground contact is modelled’, Computer Methods in Biomechanics and Biomedical Engineering, 

15(6), pp. 657–668. doi: 10.1080/10255842.2011.554413. 

Edwards, W. B. et al. (2008) ‘Internal femoral forces and moments during running: Implications for stress 

fracture development’, Clinical Biomechanics. Elsevier Ltd, 23(10), pp. 1269–1278. doi: 

10.1016/j.clinbiomech.2008.06.011. 

Eisenberg, E. and Hill, T. L. (1978) ‘A cross-bridge model of muscle contraction.’, Progress in biophysics 

and molecular biology, 33(1), pp. 55–82. doi: 10.1016/0079-6107(79)90025-7. 

Erdemir, A. et al. (2003) ‘Fiberoptic measurement of tendon forces is influenced by skin movement 

artifact’, Journal of Biomechanics, 36(3), pp. 449–455. doi: 10.1016/S0021-9290(02)00414-1. 

Erdemir, A. et al. (2007) ‘Model-based estimation of muscle forces exerted during movements’, Clinical 

Biomechanics, 22(2), pp. 131–154. doi: 10.1016/j.clinbiomech.2006.09.005. 

Erskine, R. M. et al. (2009) ‘In vivo specific tension of the human quadriceps femoris muscle’, European 

Journal of Applied Physiology, 106(6), pp. 827–838. doi: 10.1007/s00421-009-1085-7. 

Fenn, W. O. and Marsh, B. S. (1935) ‘Muscular force at different speeds of shortening’, The Journal of 

Physiology, 85(3), pp. 277–297. doi: 10.1113/jphysiol.1935.sp003318. 

Finni, T., Komi, P. V and Lepola, V. (2000) ‘In vivo human triceps surae and quadriceps femoris muscle 

function in a squat jump and counter …’, Eur J Appl Physiol, (October 2015), pp. 416–426. doi: 

10.1007/s004210000289. 

Fleming, B. C. and Beynnon, B. D. (2004) ‘In vivo measurement of ligament/tendon strains and forces: 

A review’, Annals of Biomedical Engineering, 32(3), pp. 318–328. doi: 

10.1023/B:ABME.0000017542.75080.86. 

Friederich, J. A. J. (1990) ‘Muscle fiber architecture in the human lower limb.’, Journal of biomechanics, 

23(1), pp. 91–95. doi: 10.1227/01.NEU.0000297048.04906.5B0. 

Fukashiro, S. et al. (1995) ‘In vivo achilles tendon loading’ during jumping in humans’, European Journal 

of Applied Physiology and Occupational Physiology, 71(5), pp. 453–458. doi: 10.1007/BF00635880. 

Giarmatzis, G. et al. (2015) ‘Loading of Hip Measured by Hip Contact Forces at Different Speeds of 

Walking and Running’, Journal of Bone and Mineral Research, 30(8), pp. 1431–1440. doi: 

10.1002/jbmr.2483. 

Glitsch, U. and Baumann, W. (1997) ‘The three-dimensional determination of internal loads in the lower 



 

  80 
 

extremity’, Journal of Biomechanics, 30(11–12), pp. 1123–1131. doi: 10.1016/S0021-9290(97)00089-4. 

Glos, D. L. et al. (1993) ‘In vitro evaluation of an implantable force transducer (IFT) in a patellar tendon 

model.’, Journal of biomechanical engineering, 115(4A), pp. 335–43. doi: 10.1115/1.2895495. 

Goldberg, S. R. and Kepple, T. M. (2009) ‘Muscle-induced accelerations at maximum activation to 

assess individual muscle capacity during movement’, Journal of Biomechanics, 42(7), pp. 952–955. doi: 

10.1016/j.jbiomech.2009.01.007. 

Gordon, A. M., Huxley, A. F. and Julian, F. J. (1966) ‘The variation in isometric tension with sarcomere 

length in vertebrate muscle fibres’, Journal of Physiology, 184, pp. 170–192. 

Gregor, R. J. et al. (1991) ‘A comparison of the triceps surae and residual muscle moments at the ankle 

during cycling’, Journal of Biomechanics, 24(5). doi: 10.1016/0021-9290(91)90347-P. 

Guyton, A. C. and Hall, J. E. (2006) Textbook of Medical Physiology. 11th edn. Edited by J. E. Hall. 

Elsevier Saunders. doi: 10.1136/pgmj.51.599.683-c. 

Hamner, S. R. and Delp, S. L. (2013) ‘Muscle contributions to fore-aft and vertical body mass center 

accelerations over a range of running speeds’, Journal of Biomechanics. Elsevier, 46(4), pp. 780–787. 

doi: 10.1016/j.jbiomech.2012.11.024. 

Hamner, S. R., Seth, A. and Delp, S. L. (2010) ‘Muscle contributions to propulsion and support during 

running’, Journal of Biomechanics, 43(14), pp. 2709–2716. doi: 10.1016/j.jbiomech.2010.06.025. 

Hanavan, E. P. (1964) ‘A Mathematical Model of the human body’, Aerospace Medical Rsearch 

Laboratories, pp. 1–149. Available at: 

http://oai.dtic.mil/oai/oai?verb=getRecord&metadataPrefix=html&identifier=AD0608463. 

Handsfield, G. G. et al. (2014) ‘Relationships of 35 lower limb muscles to height and body mass 

quantified using MRI’, Journal of Biomechanics, 47(3), pp. 631–638. doi: 

10.1016/j.jbiomech.2013.12.002. 

Hanson, J. and Huxley, H. E. (1953) ‘Structural basis of the cross-striations in muscle’, Nature, 

172(4377), p. 530. 

Hatze, H. (1976) ‘The complete optimization of a human motion’, Mathematical Biosciences, 28(1–2), 

pp. 99–135. doi: 10.1016/0025-5564(76)90098-5. 

Heinen, F. et al. (2016) ‘Muscle-tendon unit scaling methods of Hill-type musculoskeletal models: An 

overview’, Proceedings of the Institution of Mechanical Engineers, Part H: Journal of Engineering in 

Medicine, 230(10), pp. 976–984. doi: 10.1177/0954411916659894. 

Henriksen, M. et al. (2009) ‘Biomechanical characteristics of the eccentric Achilles tendon exercise’, 

Journal of Biomechanics. Elsevier, 42(16), pp. 2702–2707. doi: 10.1016/j.jbiomech.2009.08.009. 

Hicks, J. L. et al. (2008) ‘Crouched postures reduce the capacity of muscles to extend the hip and knee 

during the single-limb stance phase of gait’, Journal of Biomechanics, 41(5), pp. 960–967. doi: 



 

  81 
 

10.1016/j.jbiomech.2008.01.002. 

Hill, A. V. (1938) ‘The Heat of Shortening and the Dynamic Constants of Muscle’, Proceedings of the 

Royal Society B: Biological Sciences, 126(843), pp. 136–195. doi: 10.1098/rspb.1938.0050. 

Hill, A. V. (1949) ‘The abrupt transition from rest to activity in muscle’, Proceedings of the Royal Society 

B: Biological Sciences, 136(884), pp. 399–420. doi: 10.1098/rspb.1949.0033. 

Hirashima, M. et al. (2003) ‘Counteractive relationship between the interaction torque and muscle torque 

at the wrist is predestined in ball-throwing.’, Journal of neurophysiology, 90(3), pp. 1449–1463. doi: 

10.1152/jn.00220.2003. 

Howe, J. G. et al. (1990) ‘Arthroscopic strain gauge measurement of the normal anterior cruciate 

ligament’, Arthroscopy: The Journal of Arthroscopic and Related Surgery, 6(3), pp. 198–204. doi: 

10.1016/0749-8063(90)90075-O. 

Huxley, A. F. and Simmons, R. M. (1971) ‘Proposed mechanism of force generation in striated muscle’, 

Nature, 233(5321), pp. 533–538. doi: 10.1038/233533a0. 

Inman, V. T. (1976) ‘The Joints of the Ankle’, in Wilkins, B. W. & (ed.). Baltimore: Williams & Wilkins. 

João, F., Ferrer, V. and Veloso, A. (2018) ‘Why abrupt horizontal decelerations can be related to ACL 

injury? A biomechanical modelling approach based on induced acceleration analysis’, XXVII Isokinetic 

Medical Group Conference Football, (June), pp. 3–5. 

João, F. and Veloso, A. (2013) ‘Quantifying the Effect of Plyometric Hopping Exercises on the 

Musculoskeletal System: Contributions of the Lower Limb Joint Moments of Force To Ground Reaction 

Forces in Hopping Exercise’, Journal of Mechanics in Medicine and Biology, 13(01), p. 1350027. doi: 

10.1142/S0219519413500279. 

John, C. T. (2003) Complete Description of the Thelen2003Muscle Model. 

Kaplan, M. L. and H. Heegaard, J. (2001) ‘Predictive algorithms for neuromuscular control of human 

locomotion’, Journal of Biomechanics, 34(8), pp. 1077–1083. doi: 10.1016/S0021-9290(01)00057-4. 

Kar, J. and Quesada, P. M. (2013) ‘A musculoskeletal modeling approach for estimating anterior cruciate 

ligament strains and knee anterior-posterior shear forces in stop-jumps performed by young recreational 

female athletes’, Annals of Biomedical Engineering, 41(2), pp. 338–348. doi: 10.1007/s10439-012-0644-

y. 

Komi, P. V. (1990) ‘Relevance of in vivo force measurements to human biomechanics’, Journal of 

Biomechanics, 23(SUPPL. 1). doi: 10.1016/0021-9290(90)90038-5. 

Lee, W. E., Uhm, H. W. and Nam, Y. S. (2008) ‘Estimation of tendon slack length of knee 

extension/flexion muscle’, 2008 International Conference on Control, Automation and Systems, ICCAS 

2008, pp. 925–928. doi: 10.1109/ICCAS.2008.4694625. 

Lin, Y.-C. et al. (2012) ‘Comparison of different methods for estimating muscle forces in human 



 

  82 
 

movement’, Proceedings of the Institution of Mechanical Engineers, Part H: Journal of Engineering in 

Medicine, 226(2), pp. 103–112. doi: 10.1177/0954411911429401. 

Lin, Y. C. et al. (2010) ‘Simultaneous prediction of muscle and contact forces in the knee during gait’, 

Journal of Biomechanics. Elsevier, 43(5), pp. 945–952. doi: 10.1016/j.jbiomech.2009.10.048. 

Lin, Y. C. et al. (2012) ‘Comparison of different methods for estimating muscle forces in human 

movement’, Proceedings of the Institution of Mechanical Engineers, Part H: Journal of Engineering in 

Medicine, 226(2), pp. 103–112. doi: 10.1177/0954411911429401. 

Liu, M. Q. et al. (2006) ‘Muscles that support the body also modulate forward progression during 

walking’, J Biomech. 2005/10/12, 39(14), pp. 2623–2630. doi: S0021-9290(05)00397-0 [pii] 

10.1016/j.jbiomech.2005.08.017. 

Lloyd, D. G. and Besier, T. F. (2003) ‘An EMG-driven musculoskeletal model to estimate muscle forces 

and knee joint moments in vivo’, Journal of Biomechanics, 36(6), pp. 765–776. doi: 10.1016/S0021-

9290(03)00010-1. 

Lu, T. W. et al. (1997) ‘Influence of muscle activity on the forces in the femur: An in vivo study’, Journal 

of Biomechanics, 30(11–12), pp. 1101–1106. doi: 10.1016/S0021-9290(97)00090-0. 

Lu, T. W. and O’Connor, J. J. (1999) ‘Bone position estimation from skin marker co-ordinates using 

global optimisation with joint constraints’, Journal of Biomechanics, 32(2), pp. 129–134. doi: 

10.1016/S0021-9290(98)00158-4. 

Maganaris, C. N. (2001) ‘Force-length characteristics of in vivo human skeletal muscle’, Acta 

Physiologica Scandinavica, 172(4), pp. 279–285. doi: 10.1046/j.1365-201X.2001.00799.x. 

Maganaris, C. N. (2003) ‘Force-length characteristics of the in vivo human gastrocnemius muscle’, 

Clinical Anatomy, 16(3), pp. 215–223. doi: 10.1002/ca.10064. 

Manal, K. and Buchanan, T. S. (2004) ‘Subject-specific estimates of tendon slack length: A numerical 

method’, Journal of Applied Biomechanics, 20(2), pp. 195–203. doi: 10.1123/jab.20.2.195. 

Millard, M. et al. (2013) ‘Flexing Computational Muscle: Modeling and Simulation of Musculotendon 

Dynamics’, Journal of Biomechanical Engineering, 135(2), p. 021005. doi: 10.1115/1.4023390. 

Mokhtarzadeh, H. et al. (2013) ‘Contributions of the Soleus and Gastrocnemius muscles to the anterior 

cruciate ligament loading during single-leg landing’, Journal of Biomechanics. Elsevier, 46(11), pp. 

1913–1920. doi: 10.1016/j.jbiomech.2013.04.010. 

Mokhtarzadeh, H. et al. (2014) ‘A comparison of optimisation methods and knee joint degrees of 

freedom on muscle force predictions during single-leg hop landings’, Journal of Biomechanics. Elsevier, 

47(12), pp. 2863–2868. doi: 10.1016/j.jbiomech.2014.07.027. 

Nam, Y., Lee, W. E. and Yoon, T. J. (2008) ‘Estimation of tendon slack lengths of quadriceps based on 

a least squares optimization’, 2008 30th Annual International Conference of the IEEE Engineering in 



 

  83 
 

Medicine and Biology Society, pp. 5065–5068. doi: 10.1109/IEMBS.2008.4650352. 

Neptune, R. R. (1999) ‘Optimization algorithm performance in determining optimal controls in human 

movement analyses.’, Journal of Biomechanical Engineering, 121(2), pp. 249–252. doi: 

10.1115/1.2835111. 

Neptune, R. R. and Kautz, S. A. (2001) ‘Muscle Activation and Deactivation Dynamics: The Governing 

Properties in Fast Cyclical Human Movement Performance?’, Exercise and Sport Sciences Reviews, 

29(2), pp. 76–81. doi: 10.1097/00003677-200104000-00007. 

Nisell, R., Nemeth, G. and Ohlsen, H. (1986) ‘Joint forces in exension of the knee - analysis of a 

mechanical model’, Acta Orthopaedica Scandinavica, 57(1), pp. 41–46. 

Pandy, M. G. et al. (1990) ‘An optimal control model for maximum-height human jumping’, Journal of 

Biomechanics, 23(12), pp. 1185–1198. doi: 10.1016/0021-9290(90)90376-E. 

Pandy, M. G. (2001) ‘Computer Modelling and Simulation of Human Movement’, Annual review of 

biomedical engineering, 3(1), pp. 245–273. doi: 10.1146/annurev.bioeng.3.1.245. 

Pandy, M. G. and Barr, R. E. (2004) ‘Biomechanics of the Musculoskeletal System’, in McGraw-Hill (ed.) 

Standard Handbook of Biomedical Engineering and Design. McGraw-Hill, pp. 1–34. doi: 10.1. 

Pandy, M. G. and Zajac, F. E. (1991) ‘Optimal muscular coordination strategies for jumping’, Journal of 

Biomechanics, 24(1), pp. 1–10. doi: 10.1016/0021-9290(91)90321-D. 

Plowman, S. A. and Smith, D. L. (2011) Exercise Physiology for health, fitness and performance. 3rd 

edn. Edited by L. W. & Wilkins. Lippincott Williams & Wilkins. 

Ravary, B. et al. (2004) ‘Strain and force transducers used in human and veterinary tendon and ligament 

biomechanical studies’, Clinical Biomechanics, 19(5), pp. 433–447. doi: 

10.1016/j.clinbiomech.2004.01.008. 

Renström, P. et al. (1986) ‘Strain within the anterior cruciate ligament during hamstring and quadriceps 

activity’, The American Journal of Sports Medicine, 14(1), pp. 83–87. doi: 

10.1177/036354658601400114. 

Robertson, D. G. E. et al. (2014) Research Methods in Biomechanics. 2nd edn. Human Kinetics. 

Samaan, M. A. et al. (2016) ‘Anterior cruciate ligament (ACL) loading in a collegiate athlete during 

sidestep cutting after ACL reconstruction: A case study’, Knee. Elsevier B.V., 23(4), pp. 744–752. doi: 

10.1016/j.knee.2016.03.007. 

Sandow, A. (1952) ‘Excitation-contraction coupling in muscular response.’, The Yale journal of biology 

and medicine, 25(3), pp. 176–201. 

Schache, A. G. et al. (2010) ‘Hamstring muscle forces prior to and immediately following an acute 

sprinting-related muscle strain injury’, Gait and Posture. Elsevier B.V., 32(1), pp. 136–140. doi: 

10.1016/j.gaitpost.2010.03.006. 



 

  84 
 

Schellenberg, F. et al. (2015) ‘Review of modelling techniques for in vivo muscle force estimation in the 

lower extremities during strength training’, Computational and Mathematical Methods in Medicine. 

Hindawi Publishing Corporation, 2015. doi: 10.1155/2015/483921. 

Seth, A., McPhee, J. and Pandy, M. (2003) ‘Multi-joint coordination of vertical arm movement’, Applied 

Bionics and Biomechanics, 1(1), pp. 45–56. doi: 10.1533/abib.2003.1.1.45. 

Seth, A. and Pandy, M. G. (2007) ‘A neuromusculoskeletal tracking method for estimating individual 

muscle forces in human movement’, Journal of Biomechanics, 40(2), pp. 356–366. doi: 

10.1016/j.jbiomech.2005.12.017. 

Shelburne, K. B., Torry, M. R. and Pandy, M. G. (2005) ‘Muscle, ligament, and joint-contact forces at 

the knee during walking’, Medicine and Science in Sports and Exercise, 37(11), pp. 1948–1956. doi: 

10.1249/01.mss.0000180404.86078.ff. 

Siegel, K. L., Kepple, T. M. and Stanhope, S. J. (2006) ‘Using induced accelerations to understand knee 

stability during gait of individuals with muscle weakness’, Gait and Posture, 23(4), pp. 435–440. doi: 

10.1016/j.gaitpost.2005.05.007. 

Simonsen, E. et al. (1995) ‘Bone-on-bone forces during loaded and unloaded walking’, Cells Tissues 

Organs, 152(2), pp. 133–142. 

Soest, J. va. and F.Bobert, M. (1993) ‘The contribution of muscle properties in the control of exprosive 

movements’, Biological Cybernetics, 69, pp. 195–204. 

Steele, K. M. et al. (2012) ‘Compressive tibiofemoral force during crouch gait’, Gait and Posture. Elsevier 

B.V., 35(4), pp. 556–560. doi: 10.1016/j.gaitpost.2011.11.023. 

Steele, K. M. et al. (2013) ‘Muscle contributions to vertical and fore-aft accelerations are altered in 

subjects with crouch gait’, Gait and Posture. Elsevier B.V., 38(1), pp. 86–91. doi: 

10.1016/j.gaitpost.2012.10.019. 

Stredney, D. L. (1982) The Representation of Anatomical Structures through Computer Animation for 

Scientific, Educational and Artistic Applications. The Ohio State University. 

Thelen, D. G. (2003) ‘Adjustment of Muscle Mechanics Model Parameters to Simulate Dynamic 

Contractions in Older Adults’, Journal of Biomechanical Engineering, 125(1), p. 70. doi: 

10.1115/1.1531112. 

Thelen, D. G. and Anderson, F. C. (2006) ‘Using computed muscle control to generate forward dynamic 

simulations of human walking from experimental data’, J Biomech. 2005/07/19, 39(6), pp. 1107–1115. 

doi: S0021-9290(05)00099-0 [pii] 10.1016/j.jbiomech.2005.02.010. 

Thelen, D. G., Anderson, F. C. and Delp, S. L. (2003) ‘Generating dynamic simulations of movement 

using computed muscle control’, Journal of Biomechanics, 36(3), pp. 321–328. doi: 10.1016/S0021-

9290(02)00432-3. 



 

  85 
 

Tortora, G. J. and Derrickson, B. (2009) Introduction to the Human Body : the essentials of anatomy and 

physiology. 8th edn. Edited by Wiley. New York, NY: John Wiley & Sons, Inc. 

Veloso, A. et al. (2015) ‘Subject-specific musculoskeletal model to identify muscle contribution to the 

acceleration phase in elite sprinting’, 33rd Conference of the International Society of Biomechanics in 

Sports,Pitiers, France, 33(1). 

Ward, S. R. et al. (2009) ‘Are current measurements of lower extremity muscle architecture accurate?’, 

Clinical Orthopaedics and Related Research, 467(4), pp. 1074–1082. doi: 10.1007/s11999-008-0594-

8. 

Watkins, J. (2007) An Introduction to Biomechanics of Sport and Exercise. Edited by Churchill 

Livingstone Elsevier. 

Weinhandl, J. T. et al. (2013) ‘Anticipatory effects on anterior cruciate ligament loading during sidestep 

cutting’, Clinical Biomechanics. Elsevier Ltd, 28(6), pp. 655–663. doi: 

10.1016/j.clinbiomech.2013.06.001. 

Weinhandl, J. T. et al. (2014) ‘Reduced hamstring strength increases anterior cruciate ligament loading 

during anticipated sidestep cutting’, Clinical Biomechanics. Elsevier Ltd, 29(7), pp. 752–759. doi: 

10.1016/j.clinbiomech.2014.05.013. 

Wickiewicz, T. L. et al. (1983) ‘Muscle architecture of the human lower limb.’, Clinical Orthopaedics and 

Related Research, pp. 275–83. doi: 009-921X/83/1000/275. 

Wilk, K. E. et al. (1996) ‘A comparison of tibiofemoral joint forces and electromyographic activity during 

open and closed kinetic chain exercises’, American Journal of Sports Medicine, 24(4), pp. 518–527. doi: 

10.1177/036354659602400418. 

Winters, J. M. (1995) ‘An improved muscle-reflex actuator for use in large-scale neuromusculoskeletal 

models’, Annals of Biomedical Engineering, 23(4), pp. 359–374. doi: 10.1007/BF02584437. 

Winters, J. M. and Stark, L. (1987) ‘Muscle models: What is gained and what is lost by varying model 

complexity’, Biological Cybernetics, 55(6), pp. 403–420. doi: 10.1007/BF00318375. 

Yamaguchi, G. T., Moran, D. W. and Sit, J. (1995) ‘A Computationally Efficient Method for Solving the 

Redundant Problems in Biomechanics’, Journal of Biomechanics, 28(8), pp. 999–1005. doi: 

10.1016/0021-9290(94)00145-T. 

Yamaguchi, G. T. and Zajac, F. E. (1989) ‘A planar model of the knee joint to characterize the knee 

extensor mechanism’, Journal of Biomechanics, 22(1), pp. 1–10. doi: 10.1016/0021-9290(89)90179-6. 

Yamaguchi, G. T. and Zajac, F. E. (1990) ‘Restoring Unassisted Natural Gait to Paraplegics Via 

Functional Neuromuscular Stimulation: A Computer Simulation Study’, IEEE Transactions on 

Biomedical Engineering, 37(9), pp. 886–902. doi: 10.1109/10.58599. 

Zajac, F. E. (1989) ‘Muscle and tendon: properties, models, scaling, and application to biomechanics 



 

  86 
 

and motor control.’, Critical reviews in biomedical engineering, 17(4), pp. 359–411. doi: 

10.1016/j.pcad.2015.11.006. 

Zajac, F. E. (1993) ‘Muscle coordination of movement: A perspective’, Journal of Biomechanics, 

26(SUPPL. 1), pp. 109–124. doi: 10.1016/0021-9290(93)90083-Q. 

Zajac, F. E. and Gordon, M. E. (1989) ‘Determining muscle’s force and action in multi-articular 

movement.’, Exercise and sport sciences reviews, pp. 187–230. doi: 10.1556/AAlim.2015.0002. 

Zajac, F. E., Neptune, R. R. and Kautz, S. A. (2002) ‘Biomechanics and muscle coordination of human 

walking: Part I: Introduction to concepts, power transfer, dynamics and simulations’, Gait and Posture, 

16(3), pp. 215–232. doi: 10.1016/S0966-6362(02)00068-1. 

Zajac, F. E., Neptune, R. R. and Kautz, S. A. (2003) ‘Biomechanics and muscle coordination of human 

walking: Part II: Lessons from dynamical simulations and clinical implications’, Gait and Posture, 17(1), 

pp. 1–17. doi: 10.1016/S0966-6362(02)00069-3. 

Zatsiorsky, V. and Prilutsky, B. (2012) Biomechanics of Skeletal Muscles. Edited by H. Kinetics. Human 

Kinetics. doi: 10.1249/01.mss.0000429529.58175.6d. 

Zhao, D. and Banks, S. (2006) ‘In vivo medial and lateral tibial loads during dynamic and high flexion 

tasks’, Anticancer Research. doi: 10.1002/jor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  87 
 

 

 

 



 

  88 
 

 

Appendix 

 

A. Subjects and Model properties 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A-1. Poses representing the subject AMG attained from OpenSim. The green arrow represents the ground 

reaction forces. 

Figure A-2. Poses representing the subject IMG attained from OpenSim. The green arrow represents the ground 

reaction forces. 
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Figure A-3. Poses representing the subject MEB attained from OpenSim. The green arrow represents the ground 
reaction forces. 

Figure A-4. Poses representing the subject MVM attained from OpenSim. The green arrow represents the ground 
reaction forces.  

Figure A-5. Poses representing the subject ND attained from OpenSim. The green arrow represents the ground 

reaction forces. 
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Figure A-6. Poses representing the subject OMM attained from OpenSim. The green arrow represents the 
ground reaction forces. 
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B. Joint kinematics and Joint moments 

 

 

Figure B-2. Kinematics of the pelvis. Pelvis tilt angles (+anterior tilt), Pelvis list angles (+superior pelvis tilt to 

the right side) and Pelvis rotation angles (+posterior pelvis rotation to the contralateral side).  
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Figure B-3. Kinematics of the left knee and ankle. Left knee flexion/extension angles (+extension); Left ankle 

dorsiflexion/plantarflexion (+ dorsiflexion).  
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Figure B-1. Kinematics of the left hip. Hip flexion/extension (+ flexion); Hip adduction/abduction (+ adduction); 
Hip internal/external rotation (+ internal).  
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Figure B-4. Joint Moments at the left hip. Hip flexion/extension (+ flexion); Hip adduction/abduction (+ 
adduction); Hip internal/external rotation (+ internal). 
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Figure B-6. Joint moments at the left knee and ankle. Left knee flexion/extension angles (+extension); Left ankle 

dorsiflexion/plantarflexion (+ dorsiflexion). 
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Figure B-5. Joint moments at the pelvis. Pelvis tilt (+anterior tilt), Pelvis list (+superior pelvis tilt to the right 
side) and Pelvis rotation (+posterior pelvis rotation to the contralateral side). 
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C. Residual Reduction Algorithm 
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Figure C-1. Residual forces and torques before RRA and after RRA. The vertical axis represents the magnitudes, 
in N for the forces and in Nm for the moments. The horizontal axis represents the task percentage.  



 

  94 
 

 

-250

-200

-150

-100

-50

0

50

100

0 10 20 30 40 50 60 70 80 90 100

Right Hip Joint Moments

hip_flexion_r_RRA hip_adduction_r_RRA

hip_rotation_r_RRA hip_flexion_r_moment

hip_adduction_r_moment hip_rotation_r_moment

-100

-50

0

50

100

150

0 10 20 30 40 50 60 70 80 90 100

Left Hip Joint Moments

hip_flexion_l_RRA hip_adduction_l_RRA

hip_rotation_l_RRA hip_flexion_l_moment

hip_adduction_l_moment hip_rotation_l_moment

-300

-200

-100

0

100

200

300

0 10 20 30 40 50 60 70 80 90 100

Lumbar Joint Moments

lumbar_extension_RRA lumbar_bending_RRA

lumbar_rotation_RRA lumbar_extension_moment

lumbar_bending_moment lumbar_rotation_moment

Figure C-2. Joint hip and lumbar moments before RRA and after RRA. The vertical axis represents the 

magnitudes, in Nm. The horizontal axis represents the task percentage.   
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Figure C-3. Joint knee and ankle moments before RRA and after RRA. The vertical axis represents the 
magnitudes, in Nm. The horizontal axis represents the task percentage. 
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D Induced Accelerations Analysis  
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Figure D-1. Accelerations for the centre of mass, given in m/s2. The red curve corresponds to the total acceleration and the blue 

striped curve corresponds to the accelerations induced by the muscles and gravity. The horizontal axis corresponds to the task 
percentage. The first row corresponds to the athlete IMG, the second one to MEB and the third to MVM. The first column corresponds 
to the fore – aft direction, the second one to the vertical direction and the third to the mediolateral direction. 
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Figure D-2. Accelerations for the centre of mass, given in m/s2. The red curve corresponds to the total acceleration and the blue 

striped curve corresponds to the accelerations induced by the muscles and gravity. The horizontal axis corresponds to the task 
percentage. The first row corresponds to the athlete ND and the second one to OMM. The first column corresponds to the fore 
– aft direction, the second one to the vertical direction and the third to the mediolateral direction. 
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