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Abstract 

 Rigid-body-musculoskeletal models are becoming commonly used to study 

human motion, particularly of people with some form of neuromusculoskeletal 

condition. However, these musculoskeletal models are typically generic, having 

simplified anatomical and kinematic representations, with coarse-meshed bone 

geometries, and body-segment inertial parameters (BSIP) obtained from a limited 

number of adult-male cadavers. Furthermore, these models have hip joints that 

articulate around an estimated hip-joint centre (HJC), two-dimensional-sagittal-plane 

tibiofemoral (TFJ) and patellofemoral joints (PFJ) models at the knee, and hinges for 

the talocrural (TCJ) and subtalar (STJ) joints in the ankle and foot. Each person’s model 

has bone dimensions, BSIPs and joint kinematics that are linearly scaled from the 

generic models using scale-factors obtained from three-dimensional (3D) positions of 

motion capture (3DMOCAP) markers or from magnetic resonance images (MRI). 

However, bone dimensions might not be properly adjusted with linear scaling, which 

will affect the position and orientation of joint centres and axis, the location of the 

segments’ centre of mass and moments of inertia, the position of musculotendon length, 

origins and insertions as well as bone geometry e.g. femur neck-length. Finally, muscle 

forces, joint angles, moments and internal joint loads of gait estimated using these 

scaled-generic models have been shown to be inaccurate, probably due to the 

aforementioned imprecise bone geometries and simplified joint models. 

 Alternatively, subject-specific models have been created from medical images. 

These models encompassed each participant’s anatomy, BSIPs, HJC, STJ hinge axis 

and joint kinematic mechanism-based models. The participants’ anatomy and BSIPs 

were derived from the segmented MRI bones-cartilage and soft tissue 3D surfaces. The 

HJC and STJ hinge axes orientation were estimated from spheres fitted to the femur and 

talus surfaces. The TFJ, PFJ and TCJ joint kinematics of cadavers are also well-

predicted using mechanism-based models that are constrained using articulations of 

geometric objects fitted to the cadavers’ digitised articular surfaces and ligaments 

attachments, but tuned to track the measured-cadaveric kinematics. However, no 

method has been reported to create these joint mechanisms for healthy individuals using 
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MRIs, nor have these been assembled with the individuals’ anatomy, BSIPs, HJC and 

STJ hinge axis to create a complete lower-limb subject-specific skeletal and segmental 

model. 

 In the studies of this thesis, fourteen complete lower-limb subject-specific rigid-

body models were created using MRIs from fourteen participants and implemented into 

the musculoskeletal software OpenSim. These models encompassed each participant’s 

anatomy, BSIPs, HJC, STJ hinge axis and joint kinematic mechanism-based models. 

The participants’ anatomy and BSIPs were derived from the segmented MRI bones-

cartilage and soft tissue 3D surfaces. The HJC and STJ hinge axes orientation were 

estimated from spheres fitted to the femur and talus surfaces. Furthermore, all the 

mechanisms’ parameters were initially measured off MRI (MRI-measured) by fitting 

spheres to segmented bone-cartilage surfaces, while the ligaments’ attachment points 

were located within their bony attachment regions. Each participant’s joint kinematics 

were estimated by solving the mechanisms’ equations which ensured isometric 

ligaments and constant distances between spheres’ centres. These mechanisms’ were 

optimized, by adjusting their MRI-measured parameters, using two methods: Optim1; to 

avoid kinematic singularities i.e. discontinuities, and Optim2; to avoid singularities and 

best match the kinematic patterns of previously published experimental studies. The 

mechanisms kinematics were compared with those from published experimental studies 

and sensitivity analysis performed to determine the most important parameters.  

For all participants, two OpenSim generic models (with different generic TFJ 

models) were created and their bone dimensions and joint kinematics were linearly 

scaled using landmarks off MRIs or 3DMOCAP markers. The bone dimensions and 

joint kinematics of all models were compared. The bone dimensions were used as a 

metric to compare models’ anatomy and bone geometry. Finally, the 3DMOCAP-

scaled-generic and the subject-specific models were compared in terms of BSIPs, joint 

angles and moments and markers’ errors i.e. difference between experimental and 

virtual markers, estimated during walking and running. 

 The TFJ and TCJ mechanisms exhibited discontinuities when using MRI-

measured parameters. Both optimized-mechanisms’ estimated kinematics without 

singularities, but the Optim2 results correlated better with the published experimental 
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kinematics. Across participants, the models had large parameter variation, with 

kinematic ranges of motion (ROM) different between estimated and published studies. 

However, within-subject variations were small between MRI-measured and optimized 

parameters, and in the estimated-rotations and translations’ means and ROM. PFJ model 

results were more sensitive to changes in the patella spheres’ centres. 

 The subject-specific had different bone dimensions and BSIPs compared with 

the 3DMOCAP-scaled-generic, but similar bone dimensions with the MRI-scaled-

generic. Furthermore, the TFJ kinematics were similar between all models, most with 

high correlations; however the PFJ kinematics exhibited low to moderate correlations 

between all models. Also, the normalized root-mean-square errors between all models’ 

kinematics were high, exceeding 35%. Finally, the STJ axis orientation was different 

between models.  

 During gait, the subject-specific and the 3DMOCAP-scaled-generic models 

exhibited similar joint angles in the sagittal plane, but differences in the other planes of 

motion. When compared with the scaled-generic models, the joint angles from the 

subject-specific models better matched in vivo measurements obtained in previous 

published studies. The joint moments were mainly similar except for the ankle in the 

frontal plane. Finally, the markers’ errors were smaller for the subject-specific during 

walking but higher during running.  

 This project presents a new and readily available method to create a complete 

subject-specific model including lower-limb anatomy, BSIPs and joint kinematics, 

which can be applied to a large number of participants. Results indicate that an effort 

should be made to use subject-specific models for gait analyses and for future 

estimations of joint loads, since important anatomical and joint kinematic differences 

between subject-specific and commonly used scaled-generic models were found. 
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Chapter 1 Introduction 

 Neuromusculoskeletal (NMS) rigid-body computational models are important 

tools to understand normal and pathological human gait. These models can integrate the 

anatomical and physiological e.g. bone geometry and musculotendon maximal isometric 

force respectively, as well as joint kinematic and neural factors of each person. These 

factors vary in healthy populations and change considerably due to injuries and 

pathologies such as anterior cruciate ligament (ACL) rupture, osteoarthritis (OA) or 

cerebral palsy. In fact, joint OA and ACL rupture mainly affect anatomical e.g. bone-

cartilage shape and properties, and joint kinematic (Bennell et al., 2010) factors, while 

cerebral palsy is associated with neural (Filloux, 1996), anatomical (Laplaza et al., 

1992) and physiological changes (Lieber et al., 2004). Changes in these factors lead to 

variations in motion that can be measured by joint kinematics, kinetics and articular 

loading. NMS models have the potential to well estimate joint angles and moments, and 

measured articular loads when compared with in vivo measurements (Gerus et al., 2013; 

Lerner et al., 2015) e.g. from instrumented knee implants (Zhao et al., 2007a). 

Furthermore, computational models have a great advantage over other measurement 

techniques of being non-invasive, e.g. compared to in vivo bone-pin estimates (Benoit et 

al., 2007), hence are more readily available to study larger populations. In fact, NMS 

models are integrated into software such as OpenSim (Delp et al., 2007) or Anybody 

(Damsgaard et al., 2006) and have been used for multiple research and clinical purposes 

e.g. estimate muscle function and inform cerebral palsy surgery (Arnold and Delp, 

2005; Oberhofer K., 2010; Õunpuu et al., 1996), estimate joint contact forces to inform 

prosthetic implant design and testing (Argenson et al., 2005; Paul, 1976), or 

understanding the aetiology of musculoskeletal condition such as ACL rupture and joint 

osteoarthritis (Buchanan et al., 2005; Winby et al., 2009). 

 However, in NMS models, scaled generic anatomy and joint kinematics are 

typically used for all people (Delp et al., 1990; Hamner et al., 2010; Modenese et al., 

2011), which have important limitations even after scaling. Furthermore, modelling 

features such as bone geometries (Delp et al., 1990), body segment inertial parameters 

(BSIPs) (de Leva, 1996; McConville et al., 1980) and joint kinematic models (Isman 
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and Inman, 1968; Walker et al., 1988; Yamaguchi and Zajac, 1989), which were derived 

from a limited number of average-sized adult male cadavers. The generic bones surfaces 

are coarse (low-resolution) meshes (Delp et al., 1990; Stredney, 1982), that may lead to: 

1) misrepresentation of the joint centre and axes, which are known to affect ID results 

(Reinbolt et al., 2007), 2) inaccurate bone geometry of particular individuals e.g. bone 

neck-length or neck-shaft length, that cannot be adjusted even after the scaling of the 

generic bones and 3) inaccurate location of the origin and insertion of musculotendon 

attachment points, which will affect musculotendon lengths, lines of action and moment 

arms and subsequently musculotendon physiological properties (Zajac, 1989). 

Furthermore, BSIPs i.e. mass, mass centre and moments of inertia, are defined using 

linear regression equations (de Leva, 1996; McConville et al., 1980) and the location of 

the centre of mass is at the longitudinal axis of the segment’s CF. Subsequently, BSIPs 

might be inaccurate, since they were not measured for each person, and thus may affect 

the joint moments’ estimations (Mungiole and Martin, 1990; Rao et al., 2006). 

 Furthermore, body segments articulate through simplified or idealized rigid-

body joint kinematic models. The hip is a ball-and-socket joint with three degrees-of-

freedom (DoFs) of rotation around the hip joint centre (HJC) located in the centre of the 

coarse femoral head surface. The tibiofemoral joint (TFJ) and patellofemoral joint (PFJ) 

are 2D sagittal plane models (Yamaguchi and Zajac, 1989). These use the TFJ flexion-

extension (FE) rotation as independent DoF to estimate both TFJ and PFJ anterior-

posterior (AP) and proximal-distal (PD) translations as well the PFJ FE rotations and 

media-lateral (ML) translation. However, these models do not estimate the internal-

external (IE) and abduction-adduction (AA) rotations which have been measured in vivo 

for the TFJ (Benoit et al., 2007) and the PFJ (Belvedere et al., 2007). Alternatively, the 

Walker et al. (1988) TFJ kinematic equations  have been used in musculoskeletal 

models (Arnold et al., 2010) to estimate all TFJ translations and rotations, as a function 

of the TFJ FE rotation. Finally, the talocrural (TCJ), subtalar (STJ) and 

metatarsophalangeal joints (MTPJ) only rotate around each joint’s hinge axis (Isman 

and Inman, 1968). Subsequently, the TCJ spherical motion may be misrepresented 

(Sancisi et al., 2014). These generic joint models may answer certain research questions, 

but they might affect the outputs of gait analyses due to inaccurate scaling and not 

including all known joint kinematics. 
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  The generic model’s body dimensions, BSIPs, and TFJ and PFJ models’ 

translations are usually only linearly scaled to each individual. This scaling is based on 

each individual’s anthropometric measurements typically determined using the 3D 

position of motion capture (3DMOCAP) markers placed over the skin of prominent 

anatomical landmarks (Hicks et al., 2015). However, markers’ placement relies upon 

the examiner’s skill of palpating the landmarks with overlying soft tissue, which is 

prone to error (Della Croce et al., 1999). Alternatively, segments might be better scaled 

if scale-factors were determined using magnetic resonance imaging (MRI) (Arnold et 

al., 2001), where the examiner locates the anatomical landmarks directly from the 

imaged bone surfaces. Nevertheless, both scaling methods do not adjust the TFJ and 

PFJ rotations as well as the TCJ, STJ and MTPJ axes’ locations and orientations. (Note 

that no method has been previously reported for the MTPJ.) Importantly, both 

3DMOCAP and MRI based scaling methods may be limited since these adjustments are 

only linear. Subsequently, the simple linear scaling of bones (Blemker et al., 2007; 

Duda et al., 1996) cannot, for example, account for (i) bone torsions of children with 

cerebral palsy, (ii) non-spherical femoral head and variations in femoral neck length that 

lead to hip OA (Doherty et al., 2008), or (iii) joint misalignment which is related to knee 

OA progression (Sharma et al., 2001).   

 The aforementioned limitations suggest that a scaled-generic model may not 

represent the individual’s anatomical geometry, segmental inertial properties, and joint 

kinematics. In fact, it is believed that these simplifications and scaling used in these 

NMS models causes overestimation of the TFJ contact forces during gait, (Fregly et al., 

2012). When compared with subject-specific musculoskeletal models derived from 

imaging devices, the scaled-generic models have worse predictions of measured joint 

contact forces (Gerus et al., 2013; Marra et al., 2015), and predict less reliable moments 

(Tsai et al., 2012a) and angles (Scheys et al., 2011a). Therefore, an effort should be 

made to create such subject-specific models. 

  Subject-specific anatomy and BSIPs can be created using imaging devices. The 

bone surface meshes have been generated from computed tomography (CT) (Shim et 

al., 2007) or MRI (Scheys et al., 2008). MRI is considered the “gold standard” due to a 

higher image quality and the possibility to visualize bones and soft tissue e.g. cartilage 
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and ligaments, while avoiding exposing the person to ionizing radiation. In fact, 

previous studies (Modenese et al., 2015) have determined BSIPs for lower-limb body 

segments measured of MRIs and using appropriate densities for soft tissue and bones 

(Dumas et al., 2005). 

Subject-specific joint kinematics can be measured in vivo through fluoroscopy 

(Lu et al., 2008), bi-planar radiography (Clément et al., 2015) or open bore MRIs (Johal 

et al., 2005). However, their availability, radiation exposure, procedural length and high 

costs generally limit their general applicability. Alternatively, the hip, TFJ, PFJ, TCJ 

and STJ subject-specific kinematics could potentially be estimated using rigid-body 

joint models. The HJC is approximated as the centre of a sphere fitted to the femoral 

head surface (Arnold et al., 2000), while STJ hinge axis can be estimated as a vector 

connecting the centre of two spheres fitted to the talus surface (Parr et al., 2012). 

However, the TFJ, PFJ and TCJ are more complex joints and therefore require more 

detailed models. 

TFJ, PFJ and TCJ mechanism-based models (Franci et al., 2009; Sancisi and 

Parenti-Castelli, 2011a) can potentially be used to estimate subject-specific kinematics. 

These models have been used to successfully predict measured passive TFJ, PFJ and 

TCJ kinematics (Franci et al., 2009; Ottoboni et al., 2010; Parenti-Castelli et al., 2004; 

Sancisi and Parenti-Castelli, 2011a) in cadavers. These mechanisms estimate TFJ, PFJ 

and TCJ IE and AA rotations, AP, PD and ML translations as well as PFJ FE rotation as 

a function of a single independent kinematic degree of freedom (DoF), i.e. TFJ flexion 

angle in TFJ and PFJ models and TCJ dorsiflexion angle in TCJ model. The 

mechanisms represent bone-cartilage surfaces and ligaments fitted with geometric 

objects. That is, spheres are fitted to the articular bone-cartilage surfaces and rigid links 

represent the ligaments, which have measured attachment points in the bones. The 

mechanisms require the distances between the centres of articulating spheres and 

ligaments lengths to remain constant. Subsequently, mechanisms may estimate 

physiological motion more accurately, when compared with TFJ and PFJ generic 

models (Yamaguchi and Zajac, 1989) or compared with TCJ hinge joint model (Isman 

and Inman, 1968), which are typically used in scaled-generic models, although this is 

still to be tested.  
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Equivalent TFJ, PFJ and TCJ mechanisms have been integrated into complete 

lower-limb models used to analyze gait (Duprey et al., 2010; Gasparutto et al., 2015; 

Moissenet et al., 2014). However, the mechanisms’ parameters were not measured for 

each individual, but were obtained from mean cadaveric data (Ottoboni et al., 2010) and 

the skeletal models were still just linearly scaled-generic models derived from cadavers 

(Delp et al., 1990). Nevertheless, the TFJ mechanism with non-measured parameters 

(Gasparutto et al., 2015) predicted in vivo experimental running motion, from bone-pins 

(Reinschmidt et al., 1997c), more accurately when compared with scaled-generic 

Walker et al. (1988) model. Furthermore, Gasparutto et al. (2015) showed that also 

including a lateral collateral ligament (LCL) to the TFJ mechanism (6-link TFJ 

mechanism), but allowing minimally deformable ligaments (Bergamini et al., 2011) 

tracked the in vivo running motion better when compared with the TFJ mechanisms with 

rigid ligaments. However, this model is very recent and has not been validated with 

parameters measured from the same specimen or cadavers. 

 Subject-specific joint models can potentially be created using MRI-derived 

anatomical surfaces. The surfaces of the femur and talus can be used to respectively 

define the HJC and the location and orientation of the STJ axis. Furthermore, with 

parameters derived from each individual’s MRIs, mechanism-based joint models could 

estimate in vivo joint kinematics, which has not been shown previously. However, it is 

known that these mechanisms are highly sensitive to the parameters’ variations (Sancisi 

et al., 2011), so MRI-derived parameters will need to be adjusted to avoid kinematic 

singularities and non-physiological motion (Sancisi et al., 2011). The aforementioned 

models developed for cadavers, optimized the model parameters by matching the 

estimated kinematics with those measured from the same cadaver. However, in vivo 

measured kinematics are generally not available. Alternatively, mechanisms may be 

optimized, using published experimental kinematics as reference kinematics. These 

experimental kinematics are generally expressed in multiple different coordinate 

systems and, therefore, they need to be transformed. Furthermore, MRI-derived 

mechanisms optimized without reference kinematics, may still be able to estimate 

accurate passive motion, which was not analyzed in cadaveric-based mechanisms. So a 

robust method to create MRI-derived subject-specific mechanisms-based models and 

test different optimization methods is required.  
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 The goal of this thesis was to create a MRI-derived rigid-body subject-specific 

model of the lower-limbs of healthy individuals. The models included BSIPs, and TFJ, 

PFJ, TCJ and STJ mechanisms and was assembled into OpenSim and used to estimate 

joint angles and moments during walking and running. The subject-specific estimated 

joint kinematics were compared with published experimental kinematics and with those 

estimated with two different scaled-generic models. Additionally, the subject-specific 

bone dimensions where compared with two different scaled-generic models: one scaled 

using 3DMOCAP data, and the other using MRI-derived scale factors. The BSIPs, and 

joint angles, joint moments, and markers’ errors were also compared between 

3DMOCAP scaled-generic and subject-specific models during walking and running. 

Finally, the scaled-generic and subject-specific estimated knee and ankle angles were 

compared with those from in vivo experimental measurements previously reported 

(Benoit et al., 2007; Lafortune et al., 1992; Reinschmidt et al., 1997a; Reinschmidt et 

al., 1997b).  

1.1 Research questions to be addressed 

- Do the TFJ, PFJ and TCJ mechanisms optimized with and without reference 

kinematics estimate similar kinematics? 

- Do the TFJ, PFJ and TCJ optimized mechanisms estimate similar kinematics 

compared with published experimental kinematics? 

- Do the TFJ, PFJ and TCJ mechanisms have, across participants, different MRI-

derived and optimized parameters i.e. spatial location of the centre of the fitted 

spheres and spheres’ radius, spatial location of the ligaments’ attachment points 

in the bone surfaces and links’ lengths? 

- Do the TFJ, PFJ and TCJ mechanisms have different estimated kinematics 

across participants? 

- Do the different mechanisms’ parameters across participants lead to different 

mechanism-estimated kinematics? 

- What mechanisms’ parameters are the optimized mechanisms more sensitive 

too? 

- Are the scale-factors obtained off 3DMOCAP markers and MRI different? 
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- Are the bone dimensions, STJ axis orientation, TFJ and PFJ kinematics different 

between a generic model scaled with 3DMOCAP markers, a generic model 

scaled with MRIs, and an MRI-derived subject-specific model? 

- Are BSIPs, joint angles, joint moments, and markers’ errors estimated during 

walking and running different between a 3DMOCAP scaled-generic model and 

MRI-derived subject-specific model? 

- Does the subject-specific model predict knee and ankle joint in vivo 

experimental measured angles more accurately than the scaled-generic model? 

1.2 Thesis overview 

 This thesis consists of seven chapters including this introduction. The second 

chapter reviews previous research, which is relevant to this thesis. Chapter 3 details the 

methods required to create a complete lower-limb rigid-body subject-specific model 

which included MRI-derived TFJ, PFJ and TCJ mechanisms’ models, HJC location, 

STJ hinge axis orientation and BSIPs. The methods chapter also describes the methods 

to create two generic models, scaled with 3DMOCAP markers and MRI. Chapters 4, 5, 

6 are in manuscript format. Chapter 4 examines the development of the MRI-derived 

subject-specific TFJ, PFJ and TCJ mechanisms, which briefly included: 1) measuring 

the mechanisms’ parameters’ off MRI, 2) optimization of the mechanisms’ parameters 

and 3) mechanisms’ sensitivity to the optimized parameters. This paper has been re-

submitted to the Journal of Biomechanics and it is currently under second review after 

major revisions were addressed. Chapter 5 explores the assembly of the TFJ, PFJ and 

TCJ mechanisms, HJC location and STJ hinge axis orientation into a complete lower-

limb rigid-body subject-specific model in OpenSim. Furthermore, in this chapter, this 

model’s anatomy and joint kinematics are compared with two different scaled-generic 

models. Chapter 6 describes how to estimate subject-specific BSIPs and compares these 

with the scaled-generic model’s BSIPs. This chapter also analyses the differences 

between the subject-specific and the scaled-generic models’ joint angles, moments and 

markers’ errors during walking and running as well as how these models predict in vivo 

experimental motion. Both Chapters 5 and 6 are being prepared for submission to 

different journals. Chapter 7 summarises the results of this research and makes 

recommendations for future work, including how to address the limitations encountered 
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e.g. create subject-specific joint mechanisms’ models without individual MRI 

acquisition.
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Chapter 2 Literature review 

2.1 Why use computer simulation models? 

Computer simulation models are potentially powerful tools to study normal and 

pathological human or animal movement activities (Lloyd et al., 2008). These computer 

models often characterize the human anatomy with varying levels of detail. Typically, 

the models incorporate multiple human body segments that are composed of rigid bones 

and soft tissue, which can include musculotendon units, and other tissues such as fat or 

skin. These segments have anatomical properties including geometry, or shape, as well 

as inertial properties such as mass, mass centres and moments of inertia (Delp et al., 

1990).  

Musculotendon units can be modelled with varying levels of complexity. 

Typically, each musculotendon unit, or actuator, is modelled as a contractile component 

in parallel with a passive elastic component, and in series with a passive elastic or 

viscoelastic tendon (Zajac, 1989). The musculotendon length is estimated from the 

musculoskeletal model, defined as the linear distance between at least two points i.e. 

origin and insertion attachments in the bones. Using changes in musculotendon length 

and velocities, the force generated by the individual musculotendon unit is estimated by 

a Hill-type model, with force-velocity and force-length relationships, as well as a range 

of physiological parameters i.e. maximal isometric force, optimal fibre length, tendon 

slack length, pennation angle, and those included in the muscle activation dynamics 

(Zajac, 1989). 

One particular focus of interest in modelling is the human articular joint (Delp et 

al., 1990). Joints are a complex structures allowing two or more segments, and their 

bones, to rotate and/or translate relative to each other through assorted ranges of motion 

(Spence and Mason, 1992). Joint kinematics, often just referred to as “kinematics”, are 

governed by the anatomy of the articulating bones-cartilage surfaces i.e. their geometry 

or shape, as well as the action of multiple tissues such as cartilage, ligaments, muscles 

and tendons, with interconnected functions between tissues (Blankevoort et al., 1988; 

Hashemi et al., 2008; Wilson et al., 1998). The biomechanics of joint articulation in 

different movement tasks is quantified in terms of its kinematics (Winter, 2009). 
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Furthermore, joint function in these tasks is quantified in terms or joint kinetics, i.e. the 

external joint moments and powers (Winter, 2009), for which there are known 

differences between individuals (Decker et al., 2003) or even within the same individual 

when performing different tasks (Kadaba et al., 1989). 

The dissimilarities between people can be explained by anatomical, kinematic 

and physiological differences, and by the distinct neural control strategies employed by 

individuals. These differences are interconnected and can have different origins: 

person’s genetics and gender (Csintalan et al., 2002), or be the result of an injury and/or 

disease, e.g. meniscal damage, anterior cruciate ligament (ACL) rupture and 

reconstruction (ACLR), cerebral palsy, and knee osteoarthritis (Graham and Selber, 

2003; Hall et al., 2013; Hall et al., 2015a; Hall et al., 2015b; Heiden et al., 2009; 

Hubley-Kozey et al., 2008; Hubley-Kozey et al., 2006; Saxby et al., 2015; Saxby et al., 

2016a, b; Saxby et al., 2016c; Sturnieks et al., 2008; Sturnieks et al., 2011; Wellsandt et 

al., 2016). In addition, neural adaptions that alter muscle activation patterns (Lloyd and 

Buchanan, 2001), are also induced by experience, injury, disease and/or training 

(Chimera et al., 2004; Heiden et al., 2009; Hortobágyi et al., 2005; Hubley-Kozey et al., 

2008; Hubley-Kozey et al., 2006).  

Anatomical, joint kinematic and physiological differences relate to variations in 

bone, cartilage, ligament and muscle geometry and properties, which may modify joint 

function and motion (Fernandez et al., 2005; Hashemi et al., 2008; Hortobágyi et al., 

2005). Alterations in bone morphology or muscle length are examples of anatomical 

variations that will modify the mechanical interaction between structures (Arnold et al., 

2001; Graham and Selber, 2003; Hashemi et al., 2008; Heller et al., 2001). 

Physiological modifications are related to changes in tissue properties and 

characteristics e.g. degeneration can lead to softening of the cartilage and cerebral palsy 

can cause changes to musculotendon properties (Lieber et al., 2004; Oberhofer K., 

2010). As previously mentioned, both anatomical and physiological changes will 

influence the neural control and vice-versa.  

Cerebral Palsy is an example of a neural disorder caused by an injury to the 

motor control centre of the brain, in utero or during birth, which results in neurological 

abnormalities. These neurological problems result in physiological alterations such as 
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muscle stiffness or fibre distribution (Lieber et al., 2004; Oberhofer K., 2010) leading to 

painful and debilitating anatomical bony deformations, e.g. bone torsion (Laplaza et al., 

1992), joint instability (Brown and Minns, 1989a; Rang and Silver, 1986) and altered 

spine curvature (Gage et al., 2009; Graham and Selber, 2003). 

Musculoskeletal injuries causes major anatomical, kinematic, physiological and 

neural changes in people, which in the long-term lead to chronic musculoskeletal 

conditions. An example is rupture of the ACL in the knee, which is a common example 

of how an injury alters joint mobility and function by loss of the ACL’s role in 

controlling knee articulation, as well as providing sensory information (Freeman and 

Wyke, 1966; Kennedy et al., 1982). ACL ruptures are common in an active young 

population especially due to the elevated risk of rupture in certain sport activities e.g. 

basketball, soccer or Australian football. Even when surgically reconstructed, the 

ligamentous tissue may never recover its initial sensory and mechanical characteristics, 

possibly because the ligament is substituted by a non-innervated graft (Bryant et al., 

2008) leading to alterations in the muscle contraction patterns (Tsai et al., 2012b) and 

joint mobility. 

The knee’s ACL is responsible for limiting the anterior translation and internal 

rotation of the tibia (Andersen and Dyhre-Poulsen, 1997). Thus, following an ACL 

rupture the tibias’ rotation and translation may suffer significant modifications 

(Andriacchi et al., 2009). These alterations may cause specific regions of the cartilage to 

be loaded that were not loaded prior to rupture (Brandsson et al., 2001). It has been 

proposed that these cartilage and bony regions may not well adapt to the altered loading 

conditions and be at risk of a fast degeneration (Andriacchi et al., 2009). Indeed, there is 

reported evidence that in the long term, ACL damage is associated with the 

development of knee osteoarthritis (OA) (Allen et al., 1999). If there is an additional 

lesions e.g. meniscal injury, this risk of knee OA increases (Hanypsiak et al., 2008). It 

has also been reported that an ACLR as a single corrective intervention may not prevent 

the development of knee OA (Fink et al., 2001; Lohmander et al., 2004; Øiestad et al., 

2009). 

 The hip and knee joints, the major weight-bearing joints, are most commonly 

affected by OA. This condition can alter an individual’s anatomy, joint kinematics, 
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physiological characteristics and neural activation patterns. OA is the most common 

joint disease in the world affecting nearly 27 million people in the USA (Lawrence et 

al., 2008), and ~8% (ABS) of Australians with costs up to $1.6 billion dollars in 2008-

2009 just in Australia (Economics, 2007). OA features loss of articular cartilage 

associated with varying degrees of osteophyte formation, changes in the subchondral 

bone, and synovitis (Bennell et al., 2010; Felson et al., 2004; Lohmander et al., 2009). 

Individuals usually experience pain, functional impairment and musculotendon 

weakness (Lohmander et al., 2009; Lohmander et al., 2004; Slemenda et al., 1997; 

Sturnieks et al., 2008). Consequently, later in life a joint replacement is often necessary, 

with an estimated 673% rise in knee replacements predicted by 2030 (Kurtz et al., 

2007), while about 40% of those with painful hip OA will undergo total hip replacement 

surgery within 2 years (Gossec et al., 2005). 

 Anatomical properties such as mass or bone geometry can contribute to hip OA 

progression. For example, obesity has been reported as an independent risk factor for 

hip OA among men and women (Cooper et al., 1998). Furthermore, femoral geometric 

deformities can contribute to an increased risk of developing hip OA e.g. non-spherical 

shaped femoral heads or lower femoral head-to-neck ratio (Doherty et al., 2008). 

 Knee joint OA onset and progression is also believed to be caused by 

mechanical and biological factors (Lohmander et al., 2009). These will contribute to 

either an alteration of the knee articular loading or will reduce the capacity of the knee 

tissues to withstand loading (Andriacchi, 2013). It is important to note that some of 

these factors are intrinsically related. The biological factors are associated with 

physiologic changes particularly in the load supporting tissues such as the meniscus or 

cartilage. An injured meniscus may present an increased catabolic activity, contributing 

to the progress of the cartilage damage, particularly in the medial side (Crema et al., 

2010), elevating the risk of OA progression (Brophy et al., 2012). It is also established 

that the cartilage degeneration process can even be accelerated if there is an increased 

mechanical stress (Andriacchi, 2013). However, the process by which an increase 

mechanical loading can lead to cartilage deterioration is unclear, possibly involving 

chondrocyte death, disruption of the extracellular matrix, or microfractures within the 

subchondral cortical plate (Aigner and McKenna, 2002; Burr and Radin, 2003). 
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The mechanical factors that lead to knee OA onset or progression are not totally 

understood, since several factors are interconnected and can compensate for each other. 

The prevailing opinion is that OA in the knee is due to overloading of the joint’s bone 

and cartilage that are unable to sustain and/or remodel appropriately (Felson, 2004). The 

most commonly reported mechanical risk factors include obesity (Lohmander et al., 

2009), which may also has systemic role in  OA, joint misalignment (Tanamas et al., 

2009), intensity and location of dynamic loading, muscle weakness (Slemenda et al., 

1997; Wang et al., 2012), and joint injury, as mentioned above.  

Knee OA is more frequently present in the medial compartment of the knee 

(Ledingham et al., 1993), which is the compartment subjected to the greatest loading in 

gait, i.e. medial compartment loading is greater than that for the lateral (Fregly et al., 

2012; Kumar et al., 2013; Winby et al., 2009). Only a few studies have direct measured 

in vivo of medial and lateral compartment TFJ, and only in a limited set of people who 

have instrumented total knee replacements (Kutzner et al., 2011; Zhao et al., 2007a), or 

from musculoskeletal models (Kumar et al., 2013; Kumar et al., 2012; Shelburne et al., 

2006; Winby et al., 2009). These methods to-date have been restricted to specialised 

research groups who have either or both technologies. More routinely researchers have 

used the knee adduction moment (KAM) in gait as surrogate of the medial TFJ loading 

(Andriacchi, 2013; Bennell et al., 2011; Bennell et al., 2010; Miyazaki et al., 2002).   

The KAM has been employed in many different studies to infer the medial and 

lateral compartment loading in gait and how it relates to knee OA. It has been reported 

(Miyazaki et al., 2002) that there is 6.5 times increased risk of medial knee OA 

progression with every 1% increase in the KAM. Also an increase in the KAM impulse, 

i.e. taking into consideration the magnitude of the load and its duration, was a very good 

predictor of an annual loss of medial tibial cartilage volume (Bennell et al., 2011). 

Andriacchi et al. (2009) also reported that knee OA patients with a higher KAM 

presented  a lower medial-to-lateral cartilage thickness ratio, and Bennell et al. (2010) 

showed that a large KAM was related to the greater presence of bone marrow lesions in 

the medial OA. This negative affect is not always the case, as a greater KAM acting on 

a healthy joint is associated with thicker cartilage (Andriacchi et al., 2009), where the 

cartilage seems to adapt to the cyclic KAM over time, resulting in this cartilage 
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thickness variations across the population  (Koo and Andriacchi, 2007). In addition, 

under-loading of the articular surfaces may be important for OA progression as recently 

shown in ACLR patients (Saxby et al., 2016a; Saxby et al., 2016c; Wellsandt et al., 

2016) and revealed in animal models of muscle weakness (Egloff et al., 2014; Herzog 

and Longino, 2007; Youssef et al., 2009). Why do these different relationships between 

KAM and cartilage health exist? 

The KAM has a poor to moderate relationship with the medial contact forces 

during gait (Walter et al., 2010). A study using medial contact load measurements from 

an instrumented tibial implanted reported a high correlation between the medial loads 

and medial to total force ratio and the KAM (Zhao et al., 2007b). However, if two 

subjects walk with a similar peak KAM, they can have distinctly different loads in the 

medial and lateral compartments (Andriacchi, 2013). This can be explained by the fact 

that KAM is just one of six external loads applied to the knee, and provides no 

information on the individual muscle forces involved to generating or supporting the 

externally loads. The action of the individual muscles is important as muscles produce 

the major portion of the force experienced by the knee articular surfaces (Winby et al., 

2009). Moreover, knee OA patients have muscle weakness due to altered muscle 

activation patterns and/or atrophy (Heiden et al., 2009; Holzbaur et al., 2007; Hubley-

Kozey et al., 2008; Hubley-Kozey et al., 2006). Atrophy is reflected in the muscle’s 

cross-sectional area (CSA) and has been an alternative measure of muscle force 

generating capabilities (Bamman et al., 2000; Maughan et al., 1983). CSA can be 

measured non-invasively e.g. MRI. Indeed, in an knee OA population, Wang et al. 

(2012) reported, using MRIs, that a greater vastus medialis CSA leads to a decreased 

knee pain, reduced medial tibial cartilage loss and a lower risk of knee replacement over 

4 years.  

Muscle activation and co-contraction patterns are altered in knee OA patients 

(Heiden et al., 2009; Hubley-Kozey et al., 2006; Schmitt and Rudolph, 2007). The 

muscle activation can be measured and estimated using electromyography (EMG) 

(Buchanan et al., 2004; Lloyd and Besier, 2003; Lloyd and Buchanan, 2001). These 

measurements are valuable since people can generate the same joint moment, with 

similar posture and movements but utilizing completely different muscle activation 
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patterns (Buchanan et al., 1996). Furthermore, numerous studies have reported higher-

than-normal muscle co-contraction during walking in an OA population (Heiden et al., 

2009; Hubley-Kozey et al., 2006; Schmitt and Rudolph, 2007), possibly compensating 

for the loss of joint stability, knee misalignment (Andriacchi, 2013), and to reduce joint 

pain (Heiden et al., 2009). Furthermore, OA patients exhibit greater lateral-versus-

medial muscle activation during gait that was clearly different to the predominantly 

medial muscle activation present in the healthy control group (Heiden et al., 2009). 

However, measuring the muscular activation via EMG is insufficient if one wishes to 

estimate and understand the muscle contributions to the KAM, other external joint 

loads, and knee articular loading. This also requires an understanding of the anatomical 

and physiological factors mentioned above.  

Summarizing, there are many important factors that should be considered to 

understand joint mechanics how it relates to movement disorders, joint injury, and OA 

onset and progression. The difficulty is not just in measuring the risk factors but to 

integrate these to understand how they contribute to loading inside the joint (Fregly et 

al., 2012; Gerus et al., 2013; Lloyd and Buchanan, 2001; Winby et al., 2009). To-this-

end, one can use total knee replacement (TKR) instrumented with load cells that enable 

accurate measurement of the medial and lateral compartmental articular loads during 

multiple activities (Zhao et al., 2007a). However, this only provides measurements from 

the individuals with the TKR, and applying and generalising the findings to native 

knees may not be valid (Wu et al., 1998). Another solution is to employ computer 

simulation models, specifically neuromusculoskeletal (NMS) models, where it is 

possible to account for the multiple characteristics of an individual, not just in terms of 

the physiological and anatomical features of their skeletal and musculotendon tissues 

when producing specific forces, but also taking into consideration neural characteristics 

e.g. muscle activation (Buchanan et al., 2004; Lloyd and Besier, 2003).  The advantage 

of these models is that the effect of the different factors can be non-invasively studied in 

an integrated fashion (Lloyd et al., 2008). If the model incorporates personalised 

anatomical, joint kinematic, physiological and neural characteristics, it can be employed 

to help identify the effect of the combined pathological factors on the individual’s 

movement and tissue loading.  
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All NMS model typically estimate external joint moments uses using inverse 

dynamics (ID) (Buchanan et al., 2005). In this, the joint reaction forces and moments 

are calculated from the body segments’ positions and orientations, and their derivatives, 

as well as the external forces applied to the body (Bresler and Frankel, 1950). Each 

segmental-joint position and orientation, i.e. posture, can be estimated using a 

3DMOCAP system by placing retro-reflective markers over the skin of various body 

segments, while measuring the external ground reaction forces (GRF) using force 

plates. Theoretically the muscle forces that produced these net joint moments could be 

determined. However, these moments and reaction forces are net values that can result 

from a variety of possible combinations of muscle forces. This muscle redundancy 

problem results when there are a higher number of muscles than joint DoFs, making the 

joint an indeterminate system. Subsequently, in NMS models one needs to estimate the 

neural solution used by an individual to generate movement.   

Although this is outside the scope of this thesis, a good NMS model simulation 

accounts for an individual’s neural activation. Muscle activation patterns can be 

estimated using static- or dynamic-optimization methods (Anderson and Pandy, 2001; 

Crowninshield and Brand, 1981). However, these will estimate the exact same 

activation patterns for the same joint angles and moments. However, muscle activation 

patterns vary between individuals (Lloyd and Buchanan, 2001) and tasks (Buchanan 

and Lloyd, 1995), even with the same joint angles and moments. Furthermore, 

optimization methods have difficulty replicating actual activations patterns used by 

people with various pathologies (Buchanan et al., 2004; Lloyd and Besier, 2003; Lloyd 

and Buchanan, 2001). 

Incorporation of personalised muscle activation patterns is enabled in EMG-

driven NMS models (Buchanan et al., 2004, 2005; Gerus et al., 2013; Lloyd and Besier, 

2003; Pizzolato et al., 2015; Sartori, 2011). These models have the potential to 

accurately estimate muscle forces, joint kinematics, kinetics and contact forces using 

experimental 3DMOCAP, external forces and EMG data acquired from different 

movement and gait activities. These models feature bone, joint and musculotendon 

anatomy, kinematics and physiology that are scaled to each modelled individual. These 

have also been used to investigate gait of normal (Lloyd and Besier, 2003; Sartori, 
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2011; Winby et al., 2009) and pathological (Kumar et al., 2013; Kumar et al., 2012; 

Winby et al., 2013) populations. However, EMG-driven models are affected by EMG 

measurement errors due to EMG cross-talk between muscles, EMGs missing from 

muscles due to limited numbers of recording channels and difficulties in measuring 

EMG from deep or small muscles. 

 Individual muscle forces and moments can be computed using a forward 

dynamics approach, using as inputs each muscle’s kinematics and excitation patterns, 

the latter derived from either optimization and/or EMG. In these models of muscle 

activation dynamics (Buchanan et al., 2005; Zajac, 1989) and musculotendon 

contraction dynamics are used to estimate individual muscle forces (Gordon et al., 

1966; Hill, 1938; Zajac, 1989) and moments, which can then be summed to produce net 

joint moments and segmental-joint movement (Delp et al., 2007; Delp et al., 1990). 

Applying these individual muscle force contributions to the musculoskeletal geometry, 

the joint angles and moments can be determined. Once joints moments are known, these 

are applied to the segmental-joint model from which next time-point’s segmental-joint 

posture and movement are determined by forward numerical integration of the 

multibody segmental-joint system’s equations of motion (Delp et al., 2007; Delp et al., 

1990). However, this is computationally time consuming and subject to errors 

(Buchanan et al., 2005). Furthermore, excitations estimated via optimization and/or 

EMG still have their previously discussed problems. All these can result in poor 

estimation of the multibody segmental-joint motion (Buchanan et al., 2005). 

These issues can be solved by using a combination of both inverse and forward 

dynamics approaches in a method called Calibrated EMG-driven NMS modelling 

(CEINMS), which includes EMG-driven, optimization or hybrids of these. (Buchanan et 

al., 2004; Gerus et al., 2013; Lloyd and Besier, 2003; Sartori et al., 2014; Sartori et al., 

2012). In CEINMS the joint moments are estimated using inverse and forward 

dynamics approaches on the same dynamic trial, and then the RMS difference between 

their joint moments is calculated. In calibration, the RMS difference is minimized by 

optimizing some of the model parameters e.g. maximal isometric force, optimal fibre 

length, tendon slack length, pennation angle and the muscle activation dynamics’ 

parameters, which are initially obtained from the literature and are not feasibly 
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measured for each modelled individual. Once the parameters are optimized to the 

individual, the model can be employed to estimate consistent muscle forces, joint 

moments and contact forces for the remaining trials. In fact, the calibrated EMG-driven 

NMS model have been shown to well predict joint contact forces, matching in vivo 

measurements from an instrumented prostheses (Gerus et al., 2013), while calibrated 

hybrids of  optimization and EMG-driven methods can account for the aforementioned 

limitations of optimization methods and errors associated with EMG measurements 

(Sartori et al., 2014). Furthermore, this set of modelling methods are combined in a 

software package, called CEINMS, and is now freely available for the biomechanics 

research community and integrated with OpenSim (Pizzolato et al., 2015). 

In any form of NMS models, be they optimization, EMG-driven or hybrids, the 

musculotendon unit length and moment arms have a major influence on the force and 

moment generation capability of a muscle (Zajac, 1989). The musculotendon unit length 

is divided between the muscle fibre and tendon lengths, and is defined as the linear 

distance between muscle’s origin and insertion points on the bones (Zajac, 1989). In 

OpenSim, these points are identified and located on musculoskeletal model’s bone 

geometry, using an atlas as a guide (Delp et al., 1990). However, using only the origin 

and insertion points is not enough to estimate the musculotendon path and length, as for 

certain joint angles, some modelled muscles may incorrectly pass throughout a 

modelled bone or other muscle. Thus, to avoid this scenario, the musculotendon paths 

are constrained to wrap around “via” points. The musculotendon unit length is then the 

sum of the linear distances between all the mentioned points. Importantly, all these 

points depend on the bone length, the coordinates of the origin and insertion points on 

the bone, and the segment and joint angles. Therefore, the body segment’s geometry 

and joint kinematics needs to be well defined, since inappropriate positioning of 

musculotendon attachment points will alter the musculotendon length, force and 

moment arms and the joint moments (Delp and Maloney, 1993; Gerus et al., 2013). 

Furthermore, musculotendon physiological parameters are defined relative to the muscle 

and tendon lengths in the model (Zajac, 1989). If the musculotendon lengths are 

incorrect, the musculotendon parameters will consequently be inaccurate, even after 

calibration, and which will subsequently affect musculotendon force estimates (Gerus et 

al., 2013). It is therefore crucial that in the NMS model, the musculotendons’ anatomy 
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and physiological properties well reflect those of the individual being studied. 

Furthermore, it is also important to include the individuals’ anatomy, BSIPs and joint 

kinematics, which is expanded upon in the next section. 

2.2 Generic bone anatomy and joint kinematics  

Typically, when using NMS models, the investigators opt for generic rigid-body 

musculoskeletal models, which have generic features such as bone surface meshes, 

BSIPs, and joint kinematic models. These are measured and/or created from multiple 

studies using cadavers and are linearly scaled to each individual. These features are 

implemented in OpenSim (Delp et al., 2007), which is an open source software and 

includes tools to perform IK and ID (Seth et al., 2010). 

The rigid-body segments and their underlying bones, include the pelvis, femur, 

patella, tibia/fibula, talus and the foot, which encompasses the calcaneus, navicular, 

cuboid, cuneiforms and metatarsals (Delp et al., 1990). The bones’ surfaces were 3D 

polygonal meshes, which were created from manually digitized or scanned cadaveric 

bones of average adult-male specimens (Delp et al., 1990; Stredney, 1982). Each body 

segment has a fixed reference anatomical coordinate frame (anatomical-CF) with 

defined orientation and origin (Delp et al., 1990).  

The BSIP of each segment i.e. mass, centre of mass and moments of inertia, 

were estimated from predictive equations reported in the literature (de Leva, 1996; 

Dempster, 1955; McConville et al., 1980; Young et al., 1983). These equations use 

linear regressions, which are based on the total body mass and segment length (de Leva, 

1996). The linear regression methods assume that: (i) the body centre of mass and the 

proximal and distal segment’s endpoints lay on the same vector, (ii) the three principal 

inertia tensors corresponds to the body segment CF axes, and (iii) tissue densities are 

uniform along the segment. The linear segment lengths required by the equations are 

obtained after full-body scaling, which is then used to adjust the segments’ mass based 

on the total body mass.  

 The joint kinematic models define the relative motion of the multiple rigid-body 

segments. For the lower-limb, these joints include the hip, TFJ, PFJ, the ankle TCJ, STJ 

and the foot MTPJ (Delp et al., 1990). The hip is characterized as a ball-and-socket joint 
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with 3 DoFs (i.e. FE, IE and AA), which defines the successive rotations of the femur 

relative to the pelvis, around the HJC fixed in the femoral head. The TFJ and PFJ are 

most commonly modelled as 1-DoF mechanisms, although some studies use 6-DoF 

models (Fregly et al., 2013; Serrancolí et al., 2013) and these are discussed further in 

Section 2.5.2. 1-DoF mechanisms respectively describe the sagittal motion of the tibia 

relative to the femur and the patella relative to the tibia, both as a function of the TFJ FE 

angle (Figure 2-1). These mechanisms were modified from a planar model (Yamaguchi 

and Zajac, 1989) and characterized both knee extensor mechanism and the patella 

levering mechanism. To determine the TFJ kinematics, the femoral condyles and tibia 

plateaus were digitized from one cadaver and then respectively represented as ellipses 

and line segments. During full range of motion, the tibia and femur had to remain in 

contact, which, were dependent on the TFJ FE rotation angles estimated based on Nisell 

et al. (1986). The TFJ contact points, at each degree of TFJ FE rotation, were 

interpolated using a piecewise cubic spline to fit these points along the articulating 

surface. The TFJ FE rotation was defined around the FE axis, which goes through the 

knee joint centre i.e. the midpoint of the medial and lateral femoral epicondyles when 

the knee was in the fully extended position. The PFJ mechanism constrained the PT to 

be a rigid link without length change, and determined the PFJ FE rotation from 

experimental measurements (Van Eijden et al., 1985). The moments arms calculated 

from these joint kinematics well matched the measured experimental moments arms 

(Delp, 1990). 

 

Figure 2-1 Representation of generic TFJ and PFJ 

kinematic models used with the calibrated EMG-driven 

NMS. Tibia and patella kinematics are in the sagittal 

plane as a function of the TFJ FE rotation angle (Delp et 

al., 1990; Yamaguchi and Zajac, 1989) 
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Some musculoskeletal studies that employed this TFJ model, allowed both the 

IE and the AA rotations as DoFs (Donnelly et al., 2012; Gerus et al., 2013) or only IE 

rotation (Winby et al., 2009). By “unlocking” these rotations, the respective joint angles 

could be estimated during gait and compared with other models’ results. Nevertheless, 

the ROM of these rotations was still constrained to ensure physiological motion. These 

boundaries were set using cadaveric data (Kanamori et al., 2000) or from in vivo 

measurements using bone pins (Benoit et al., 2007). Typically, the TFJ allows between 

15° of external rotation and 20° of internal rotation (Kanamori et al., 2000), although 

the values might be more representative of cadaveric motion, and their reduction was 

recommended to match in vivo measurements (Benoit et al., 2007; Saxby, 2015). 

Finally, the rationale to “lock” the TFJ AA rotation was to prevent the femoral condyles 

to interpenetrating or lifting-off the tibial plateaus, which does not occur during gait 

(Fregly et al., 2012). 

Alternatively, some musculoskeletal models (Arnold et al., 2001; Arnold et al., 

2000; Arnold et al., 2010) defined the TFJ kinematics, using the equations reported by 

Walker et al. (1988). This study used cadaveric specimens to determine the TFJ AP, PD 

and ML translations as well as the IE and AA rotations as a function of the TFJ FE 

rotation. These translations and rotations for 23 specimens were averaged and scaled to 

a “normal-sized” adult. This model has also been validated by comparing the knee 

muscles’ moment arms to those measured in cadaveric specimens (Arnold et al., 2000; 

Buford Jr et al., 1997). 

 

 

Figure 2-2 Representation of TCJ, STJ and 

MTPJ hinge axes’ location and orientation. 
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The TCJ, STJ and MTPJ are modelled as hinges, each with a single rotation 

around their respective FE axis (Delp et al., 1990). These axes’ location and orientation 

were derived from experimental studies using cadavers (Isman and Inman, 1968). 

Furthermore, the original MTPJ produced unrealistic motion, thus the axis was rotated 

to ensure the bones did not interpenetrate or disarticulate (Delp et al., 1990).  

2.3 Linear scaling of the generic anatomy and joint kinematics  

Prior to any use of NMS models, the generic anatomy and kinematics are 

linearly scaled to approximate the anthropometric characteristics of each individual. 

This scaling adjusts the bone dimensions, BSIPs as well as the TFJ and PFJ translations 

using scale-factors. The scale-factors are estimated as the ratios between the generic 

bones’ dimensions and their respective dimensions estimated for each individual. 

Several methods can be used to obtain personalised bone dimensions. Typically, these 

are determined from the locations of anatomical landmarks and joint centres, which are 

estimated from the locations of 3DMOCAP skin markers placed over bony 

prominences, e.g. anterior superior iliac spines (ASIS) or the ankle malleoli. The hip 

and knee joint centres have been estimated from 3DMOCAP functional joint trials 

(Besier et al., 2003; Cappozzo, 1984; Ehrig et al., 2007; MacWilliams, 2008), i.e. the 

estimated-HJC is the centre of the best-fit sphere described by the trajectories of 

markers placed on the thigh (Cappozzo, 1984), while the knee joint centre is determined 

using the mean finite helical axes (Besier et al., 2003). Furthermore, the estimated-HJC 

can also been determined from regression methods (Harrington et al., 2007), which have 

been shown to be equal, and sometimes more accurate, compared with those from 

functional methods (Harrington et al., 2007; Kainz et al., 2015). 

Alternatively, the bone dimensions measured directly of the bones’ 3D surfaces 

obtained from medical imaging devices have been used to calculate the scale-factors. 

These imaging methods include computer tomography (CT) (Gerus et al., 2013) or 

MRIs (Arnold et al., 2001). From the segmented bone surfaces, anatomical landmarks 

including the hip and knee joint centre can be located. The estimated-HJC is 

approximated by the centre of a sphere fitted to the femoral head (Arnold et al., 2000; 

Arnold et al., 2010) while the knee joint centre is the midpoint between femur 

epicondyles (Gerus et al., 2013), or the midpoint between the centre of spheres fitted to 
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the femoral medial and lateral condyles (Arnold et al., 2001). Nevertheless, using these 

imaging methods to determine scaling-factors are less common, compared with the use 

of external measurements from 3DMOCAP markers, probably due to budget constraints 

and lengthy time commitments required to create 3D bone surfaces.  

The bone dimensions are linearly scaled in each dimension, which alters the 

generic bone surface meshes. Subsequently, the muscle origins, insertion and via points 

are adjusted, which modifies the musculotendon length and physiological properties 

(Winby et al., 2009). However, after scaling, the musculotendon origin and insertion 

points may not lie on the bone surfaces, in which case the user has to move these points 

to the bone surfaces using an algorithm that finds the closest surface polygon (Gerus et 

al., 2013; Zajac, 1989).   

The generic BSIPs and TFJ and PFJ model translations are also linearly scaled to 

the individual (Hicks et al., 2015), since these are also dependent upon the segments’ 

dimensions (McConville et al., 1980). Hence, each body segment’s mass is adjusted 

from the redistribution of the total body mass according to the scaling of the bodies 

dimensions (de Leva, 1996). Furthermore, the centre of mass and the moments of inertia 

are modified, accommodating the changes in the body segment dimension. Finally, 

since the bone dimensions are scaled, the TFJ and PFJ AP and PD translations have to 

be adjusted to preserve the linear distance between the body segments, avoiding bone 

interpenetration or joint disarticulation. Therefore, the aforementioned joint translations 

are linearly scaled using the femur and tibia scale-factors in the respective dimensions.  

The NMS models, with scaled-generic anatomical, physiological and kinematic 

features, have been cross-validated across a broad number of tasks. These include 

predicting knee moments during running and cutting manoeuvres (Lloyd and Besier, 

2003) or from separate measures of medial and lateral knee contact loads during healthy 

gait (Winby et al., 2009). This model also only includes few parameters that can be 

scaled for each individual using the position of 3DMOCAP markers from static postures 

or functional trails, which are a very common procedures.  
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2.4 Limitations of scaled-generic anatomy and kinematics 

Important limitations have been reported when using NMS models with scaled-

generic anatomy and joint kinematics. In fact, scaled-generic NMS models overestimate 

the TFJ contact forces (Fregly et al., 2012) measured in vivo using the instrumented 

TKRs (Zhao et al., 2007a). Additionally, when compared with subject-specific NMS 

models derived from imaging devices, scaled-generic NMS models have worse 

predictions of measured joint contact forces (Gerus et al., 2013), and reliable knee joint 

moments (Tsai et al., 2012a). Gerus et al. (2013) showed that, when using subject-

specific anatomy and TFJ kinematics, the EMG-driven NMS model improved the 

estimation of the medial TFJ contact forces by 47% and lateral contact forces by 7%, 

when compared with scaled-generic anatomy and TFJ kinematics. Furthermore, subject-

specific musculoskeletal models, which do not include neural measures, also estimated 

more accurate TFJ contact forces (Marra et al., 2015) and more reliable hip contact 

forces (Lenaerts et al., 2009), hip and knee joint moments (Scheys et al., 2011a), and 

musculotendon length and moment arms (Arnold et al., 2000) during gait, when 

compared with scaled-generic musculoskeletal models. 

 A scaled-generic model’s bone geometry, BSIPs and joint kinematics and 

scaling errors potentially contributed to the aforementioned inaccuracies. Model output 

errors may be due to misrepresented bone dimensions or other bone geometric 

characteristics for the individual. The generic bones are represented by coarse, low-

resolution surface meshes, which are linearly scaled to the individual typically using the 

position of 3DMOCAP markers placed over anatomical landmarks. However, the 

placement of markers’ relies upon the examiner’s skill in palpating the bony landmarks 

over soft tissue (Della Croce et al., 1999). Hence, this may lead to erroneous location of 

anatomical landmarks and inaccurate bone dimensions, consequently resulting in 

misplaced joint centres, axes and bone CF definitions, which affect the joint kinematics 

and kinetics (Della Croce et al., 1999; Reinbolt et al., 2007; Stagni et al., 2000). In fact, 

Della Croce et al. (1997) showed, using a stereo-photogrammetric system, that the 

erroneous location of the anatomical landmarks is the greatest source error in 

3DMOCAP. Furthermore, bone surface meshes’ poor resolution and inaccurate 

dimensions also lead to misplaced musculotendon origins and insertions. Subsequently, 

this will affect the musculotendon’s length, lines of action and moment arms and 
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consequently the model’s estimates of muscle forces and moments (Delp and Maloney, 

1993; Gerus et al., 2013). 

Alternatively, bone dimensions can be linearly scaled using 3D dimensions 

derived from MRI images (Arnold et al., 2001). However, because it is still a linear 

scaling method, certain characteristics of bone shape or geometry e.g. bone neck-length, 

neck-shaft length, femoral anteversion and HJC, are potentially inaccurate since these 

are determined directly from the generic femoral mesh. Furthermore, previous studies 

have reported how these geometric parameters affect the estimates of moment 

generating capacity of the hip muscles (Delp et al., 1996b), hip contact force (Lenaerts 

et al., 2009) or hip angles and moments (Stagni et al., 2000). Additionally, increased hip 

contact forces are due to increased femoral anteversion (Heller et al., 2001) or femoral 

neck-length (Lenaerts et al., 2008), which may be important when studying hip implants 

(Bergmann et al., 1993). Implant failure, which leads to pain and greater likelihood of 

implant replacement after a short period of time, is related to the implant geometry not 

matching the individual’s joint geometry and contact loads (Kilgus et al., 1991). 

Importantly, the generic anatomy was obtained from limited set of adult-size 

cadavers with no musculoskeletal deformities. Therefore, scaling the model to children 

might require further adjustments to the NMS model since children’s musculoskeletal 

characteristics are distinctly different from an adult. Blemker et al. (2007) suggested 

that these differences may not be accommodated even after scaling since the generic 

model does not account for bone deformities (Blemker et al., 2007), which should 

exclude the models’ use in pathological populations. For example, cerebral palsy 

patients exhibit significant musculoskeletal alterations (Graham and Selber, 2003) e.g. 

bone deformities including torsion of long bones (Brown and Minns, 1989b) and limb 

misalignment (Cornell, 1995), which are typically not incorporated in a scaled-generic 

musculoskeletal model. However, these models are often used to investigate the effect 

of musculoskeletal disorders, for children with cerebral palsy, during gait (Delp et al., 

1996a; Gage et al., 2009; Schutte et al., 1997). Although, it has been shown that scaled-

generic models can well-predict the length of the medial hamstrings and psoas of 

children with cerebral palsy during gait, the models were customised by deforming the 

femur geometry and including other personalised parameters measured using imaging 
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devices (Arnold et al., 2001; Arnold et al., 2000; Correa et al., 2012; Fernandez and 

Pandy, 2006; Mansouri et al., 2016). 

The scaled-generic model’s BSIPs are not measured for each individual, but are 

scaled from values obtained from predictive equations reported in the literature (de 

Leva, 1996; McConville et al., 1980). Although the BSIPs are linearly scaled, these 

values may be inaccurate because anthropometry has large variations with age, gender, 

pathology and natural variation (Jensen, 1989; McConville et al., 1980; Pavol et al., 

2002; Zatsiorsky and Seluyanov, 1983), which is not taken into account during scaling. 

In fact, previous studies (Mungiole and Martin, 1990) showed that, for healthy 

individuals, linearly scaled BSIPs differed from BSIPs obtained using MRI images, 

particularly the mass and moments of inertia. Moreover, the scaling of BSIPs might be 

inaccurate since it is dependent upon position of 3DMOCAP markers, which may be 

misplaced as above mentioned.  

Previous literature is unclear about the effect of BSIPs on gait-output measures. 

Some studies (Challis and Kerwin, 1996; Ganley and Powers, 2004; Pearsall and 

Costigan, 1999; Reinbolt et al., 2007; Wesseling et al., 2014) reported that BSIPs’ 

variations only have a small effect on gait measures e.g. joint moments, particularly 

when individually perturbed. Conversely, others showed that BSIPs can affect estimated 

joint moments, muscle forces and contact loads during gait. (Andrews and Mish, 1996; 

Davis, 1994; Kingma et al., 1996; Rao et al., 2006; Silva and Ambrósio, 2004). 

Wesseling et al. (2014) showed differences in muscle forces estimates when BSIPs are 

perturbed. Additionally, Ganley and Powers (2004) suggested that joint moments during 

activities with high accelerations and no ground reaction forces (e.g. kicking) would be 

influenced by differences in anthropometric values. Similarly, (Pearsall and Costigan, 

1999) reported that the importance of BSIPs increases with larger limb accelerating 

activities such as running compared with walking. Moreover, they reported that BSIPs 

variations statistically affected hip moments and contact forces, although the differences 

in the magnitudes was generally less than 1% of body weight. Rao et al. (2006) 

suggested that this influence of BSIP variations should not be neglected especially when 

simultaneously varying the components of BSIPs, which is the case when these values 

are scaled.  
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Joint moments’ errors can occur due to variations in segment axes and CFs 

definitions when estimating BSIPs using predictive equations (Doriot and Chèze, 2004; 

Dumas et al., 2004). In predictive equations, the BSIPs were estimated with respect to 

anatomical axes (de Leva, 1996; McConville et al., 1980), instead of conventional 

segment CFs (Cappozzo et al., 1995; Wu et al., 2002). Subsequently, the BSIPs might 

be inaccurate, since the CF orientations were defined using the position of anatomical 

landmarks that might not coincide with anatomical axes. Additionally, the predictive 

equations assume that the segment’s centre of mass lays on the same vector joining the 

proximal and distal extremes of the segment, and the principal moments of inertia are 

aligned with the segment’s axes, for which both assumptions might be erroneous. 

Therefore, Dumas et al. (2007) suggested adjustments to BSIPs (McConville et al., 

1980; Young et al., 1983), by transforming these values to be expressed in the segment 

CFs created with joint centres. However, to our knowledge the adjustments have not 

been implemented in scaled-generic models. 

The scaled-generic joint kinematic models are “simplified” representations of 

the TFJ, PFJ (Walker et al., 1988; Yamaguchi and Zajac, 1989), TCJ and STJ (Isman 

and Inman, 1968). There are important advantages in using these scaled-generic joint 

models, i.e. they are: (i) readily available, (ii) easily scaled for each individual, and (iii) 

have been used to answer certain research questions (Hicks et al., 2015). Nevertheless, 

previous studies highlighted some issues when using such models. It is very important 

to estimate accurate joint kinematics for the individual, since these have a large effect 

on estimated joint loads (Li et al., 2004). Gasparutto et al. (2015) also compared the 

Walker et al. (1988) scaled TFJ kinematics with those from in vivo bone-pins 

measurements and reported large differences for the TFJ AA and IE angles, i.e. root 

mean square errors around 3.0° and 5.5° respectively.  

To our knowledge, no study has compared Yamaguchi and Zajac (1989) TFJ 

translations, scaled to the modelled individual, with in vivo measured kinematics. 

However, the Yamaguchi and Zajac (1989) TFJ and PFJ kinematics do not include IE 

and AA rotations, which have been measured for the TFJ (Benoit et al., 2007; 

Blankevoort et al., 1988; Lafortune et al., 1992) and the PFJ (Anglin et al., 2008; 

Belvedere et al., 2007; Hsieh et al., 1998)  during gait. Subsequently, musculoskeletal 
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models (Donnelly et al., 2012; Gerus et al., 2013; Manal and Buchanan, 2013) that 

implemented the Yamaguchi and Zajac (1989) models, typically define the IE and AA 

rotations as DoFs, with their respective rotations estimated using the position of 

3DMOCAP markers recorded during different locomotor activities. However, these 

rotations might be inaccurate because the markers placed over the skin, are prone to 

soft-tissue artefact (Szczerbik and Kalinowska, 2011). Furthermore, these rotations are 

typically small (Kadaba et al., 1990a; Lund et al., 2015) and may be the result of 

kinematic cross-talk (Piazza and Cavanagh, 2000) due to misalignment between the 

actual joint flexion-extension axis with the anatomical CFs, which has been shown in 

scaled-generic models (Lund et al., 2015). This misalignment could be due to errors 

when creating the model’s anatomical CFs or when determining the CFs during gait 

analysis.  In fact, different methods have been proposed to better determine these CFs 

during gait analysis, in particular the knee flexion-extension axis, e.g. knee alignment 

device (Davis and DeLuca, 1996), transepicondylar axis based methods (Cappozzo et 

al., 1995), optimization and anatomical landmark based methods (Charlton et al., 2004; 

Schwartz and Rozumalski, 2005), principal components analysis (Baudet et al., 2014) or 

functional methods (Besier et al., 2003). However, these methods do not address how to 

better define the scaled-generic model’s anatomical CFs. One possible solution is to use 

imaging methods e.g. 3D ultrasound (Passmore and Sangeux, 2016) or MRI (Scheys et 

al., 2011a), to locate the anatomical landmarks required to determine the anatomical 

CFs.  

The TCJ and STJ are both modelled as hinge joints with a single rotation. The 

location and orientation of their respective hinge axes were measured on cadaveric 

specimens (Isman and Inman, 1968), but to the authors knowledge, no method has been 

reported to scale these axes for each individual. Furthermore, modelling the TCJ as a 

hinge does not allow “non-sagittal plane” kinematics, which have been measured 

experimentally (Franci et al., 2009; Sancisi et al., 2014). Subsequently, it has been 

suggested that the TCJ better approximates a spherical joint with 3D motion than a 

hinge (Sancisi et al., 2014). 

 Importantly, these generic joint models are only linearly scaled and subsequently 

do not take into account essential subject-specific characteristics e.g. joint geometry and 
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ligamentous properties, which govern the joint motion. In fact, previous studies have 

highlighted the influence of the articular surfaces and primary ligaments on the 

biomechanics of the joints (Amiri et al., 2006, 2007; Beynnon et al., 1996; Dejour and 

Bonnin, 1994) (see section 2.6 for more details on the role of joint geometry and 

ligaments). Furthermore, these joint features have inter-subject variability due to gender 

(Hashemi et al., 2008), age (Kurz and Stergiou, 2003), or pathology (Gao and Zheng, 

2010), which should be considered when using models to assess individual risk of joint 

injury.  

 

2.5 Subject-specific rigid-body modelling 

 The aforementioned studies highlighted critical limitations of using scaled-

generic anatomy, BSIPs and joint kinematics in NMS or musculoskeletal models. 

Importantly, scaled-generic models estimate different joint angles and contact forces 

compared with those from experimental measurements. However, these differences are 

smaller when using subject-specific models of the same individuals (Gasparutto et al., 

2015; Gerus et al., 2013; Marra et al., 2015; Tsai et al., 2012a). Therefore, subject-

specific NMS modelling features including bone geometry, BSIPs and joint kinematics 

are preferred.  

Previous studies have measured or estimated subject-specific characteristics 

using imaging devices such as MRI (Mungiole and Martin, 1990; Scheys et al., 2006), 

CT (Gerus et al., 2013; Marra et al., 2015), bi-planar radiography (Clément et al., 2015) 

or fluoroscopy (Gerus et al., 2013; Lu et al., 2008). Furthermore, including other 

subject-specific modelling features e.g. musculotendon lengths (Blemker and Delp, 

2006), PCSA (de Oliveira and Luporini Menegaldo, 2010) or neural activation patterns 

(Lloyd and Besier, 2003), can potentially further increase the accuracy of models to 

predict in vivo measurements. These musculotendon properties can be measured from 

3D ultrasonography (Barber et al., 2009; Delcker et al., 1999; Esformes et al., 2002) and 

estimated from EMG-informed models (Lloyd and Besier, 2003; Pizzolato et al., 2015; 

Sartori, 2011; Sartori et al., 2014; Wesseling et al., 2016; Winby et al., 2013; Winby et 

al., 2009). However, including all of these subject-specific features would be unrealistic 

due to high costs, availability of imaging devices and computational complexity. 
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Nevertheless, subject-specific rigid-body models, which include personalised anatomy, 

BSIPs and joint kinematics can potentially be used for gait analysis, i.e. to estimate joint 

angles, moments and contact forces, which have high research and clinical relevance as 

previously discussed.  

 However, to the authors’ knowledge, no study has reported robust methods to 

create complete lower-limb rigid-body subject-specific models including personalised 

anatomy, BSIPs and joint kinematic models which account for the individual’s 

segments’ and joints’ geometries. Different studies have created subject-specific rigid-

body models, for gait analysis, which included some of these features e.g. skeletal 

anatomy (Arnold et al., 2000; Gerus et al., 2013; Lenhart et al., 2015; Martelli et al., 

2015; Scheys et al., 2011a; Scheys et al., 2006; Valente et al., 2014). However, their 

methods used simplified joint kinematic models e.g. knee and ankle are modelled as 1-

DoF hinge joints (Martelli et al., 2015; Valente et al., 2014), or joint kinematics that 

were scaled from simplified cadaveric-based models (Arnold et al., 2000; Gerus et al., 

2013; Scheys et al., 2011a). 

There are other subject-specific models reported in the literature, which include 

personalised musculotendon geometry and properties (Blemker and Delp, 2006; Correa 

et al., 2011; Fernandez et al., 2005; Oberhofer et al., 2009) and have been used for gait 

analysis. However, defining personalised musculotendon geometry and properties was 

outside the scope of this thesis. Nevertheless, these can be added, in the future, to the 

skeletal-joint model we propose. The remaining sections of this chapter will review 

different methods presented in the literature to create subject-specific models as well as 

their potential limitations. 

2.5.1 Subject-specific lower-limb anatomy and inertial parameters 

A range of diverse subject-specific models, used for gait simulation, have been 

previously reported in the literature, although the level of subject-specific detail differs 

across models. In fact, including personalised modelling features requires lengthy 

experimental data collection, high costs and complex computational operations. 

Therefore, the level of subject-specificity is often depending on the question being 

addressed. Typically, subject-specific models are implemented into software OpenSim 

(Delp et al., 2007) or Anybody (Damsgaard et al., 2006). The pipeline to create these 
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models usually includes image acquisition with MRI or CT, although other imaging 

modalities have been used to acquire different personalised modelling features (Tab. 2-

1). After imaging acquisition, the pipeline includes: individual tissue segmentation, i.e. 

selecting the boundaries of each tissue on the 2D slices, creating 3D anatomical meshes, 

creating anatomical CFs from anatomical landmarks located on the meshes, 

development of joint kinematic models, and implementation into the aforementioned 

software. Technological advances have contributed to these steps, e.g. imaging scanners 

produce very high image quality in short scan times, and also image processing 

software allow easier 2D segmentation process in a manual, semi-automatic or 

automatic processes.  

MRI and CT scanners image multiple tissue types based on their different tissue 

properties. Selecting the appropriate imaging acquisition is often related to the tissues 

that need to be imaged, radiation exposition, cost and population e.g. children, 

pacemaker patients, etc. CT’s have been used for imaging bone (Lenaerts et al., 2009; 

Marra et al., 2015), but are less common to visualize muscle, ligament and cartilage 

because these are less dense tissues and therefore do not attenuate radiation as much 

appearing with lower signal intensity i.e. darker. Subsequently, adjacent muscles 

present low contrasts in between them, making it is difficult to discriminate their 

boundaries (Smith and Carrino, 2008). Furthermore, CT scans expose the patients to 

ionizing radiation (McNitt-Gray, 2002). Although there is no conclusive evidence that 

radiation will cause cancer, some studies have reported an increased risk of developing 

cancer (Brenner and Hall, 2007; de González et al., 2009). Therefore, CT is less 

common in musculoskeletal research (Smith and Carrino, 2008).  Comparatively, MRI 

images have higher quality and detail, leading to high contrast between all required 

tissues, which also facilitates the segmentation process, while avoiding exposing the 

person to ionizing radiation (Kaminsky et al., 2016). Furthermore, MRI has the 

potential to measure all features of musculoskeletal subject-specific models (Tab. 2-1). 

In this regard, following is a brief discussion of advantages and disadvantages of MRI.  

 MRI scanners are built with particular magnetic power, which will influence the 

image contrast and quality (Pavlicek, 1987). A 3Tesla (3T) scanner is magnetically 

more powerful and presents some advantages, when imaging the musculoskeletal 
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system, over a 1.5Tesla (1.5T) machine (Rathnayaka et al., 2010; Tanenbaum, 2006; 

Wong et al., 2009), although 1.5T scanners have been previously used to construct 

subject-specific musculoskeletal models (Arnold et al., 2000; Scheys et al., 2011a). The 

3T’s higher contrast-to-noise ratio, signal-to-noise-ratio (SNR), and consequently 

increased spatial resolution, result in a finer contrast between tissues facilitating the 

identification of each tissue boundaries (Schmitt et al., 2004). Also for the same number 

of slices the scan time is reduced allowing scanning a higher number of thinner slices in 

the same amount of time (Schmitt et al., 2004).  

Table 2-1 Example of different imaging modalities and their previous use to measure 

diverse features of musculoskeletal subject-specific model 

 
Bone 

geometry 

Musculotendon 

geometry 

Musculotendon 

architecture 
BSIP 

Cartilage/ 

ligament 

geometry 

Joint 

motion 

DEXA 
(Goulding et 

al., 1996) 
  

(Ganley 

and 

Powers, 

2004) 

  

MRI 
(Scheys et al., 

2008) 

(Bosmans et al., 

2015) 

(Hainisch et al., 

2012) 

(Cheng 

et al., 

2000) 

(Fernandez 

and Pandy, 

2006) 

(Sheehan et 

al., 2007) 

CT 
(Gerus et al., 

2013) 
(Daniel et al., 2005) 

(Charles et al., 

2016) 

(Pearsall 

et al., 

1996) 

 
(Leng et al., 

2011) 

3D 

Ultrasound 

(Barratt et al., 

2006) 
(Barber et al., 2009) (Sartori et al., 2017)   

(Masum et 

al., 2014) 

Radiography 

(bi-planar)  

(Lenaerts et 

al., 2008) 
  

(Dumas 

et al., 

2005) 

(Daisuke et 

al., 2003) 

(Clément et 

al., 2015) 

Fluoroscopy 
(Fregly et al., 

2005) 
    (Li, 2004) 

Video scan    

(Norton 

et al., 

2002) 
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Different MRI sequences can be used to observe tissue types, i.e. by bones, 

cartilages, ligaments and various types of soft tissue. MRI has been employed to 

measure: a) muscle morphology: volume (Albracht et al., 2008; Eng et al., 2007; 

Holzbaur et al., 2007; Oberhofer K., 2010), PCSA (Mitsiopoulos et al., 1998), moment 

arm (Arnold et al., 2000; Rugg et al., 1990; Spoor and van Leeuwen, 1992), b) adipose 

tissue (Mitsiopoulos et al., 1998), c) cartilage thickness (Mechlenburg et al., 2007; 

Tamez-Pena et al., 2004), knee OA diagnosis (Hunter et al., 2011), or even assessing 

the cancellous bone mechanical properties (Rietbergen et al., 1998). Continuous 

improvements in the sequences and coils have extended the possibility of using this 

technique to also measure in vivo musculotendon properties e.g. 3D fiber orientation 

using the diffusion tensor imaging (DTI) (Blemker et al., 2007; Froeling et al., 2012) or 

muscle mechanics using dynamic MRI (Pappas et al., 2002; Silder et al., 2008). 

Nevertheless, MRI has some disadvantages. First, these typically have long scan 

times that can cause claustrophobia and might limit the scanning of children (Tyc et al., 

1995). Second, MRI cannot be used in scanning patients with pacemakers (Inbar et al., 

1993). Third, MRI can contain image artifacts caused by metallic implants in people 

(Hargreaves et al., 2011) e.g. prosthetic, bone-pins or stents. Finally, MRI’s have high 

financial costs that are dependent on the scan time. 

After the image acquisition, the multiple tissues included in the 2D images have 

to be segmented in a manual, automatic or semi-automatic processes, which can be very 

time consuming process (Schenk et al., 2000). Although improvements in the image 

quality have facilitated this operation, some errors can still occur due to the fact that 

each tissue boundary is formed by multiple pixels with distinct grey-scale intensities 

(Ashton et al., 1995). However, because the tissue boundaries contain multiple pixels, 

high between-testers variability has been reported when segmenting the same tissue 

(Clarke et al., 1995). To decrease these inaccuracies and reduce the time required for 

this operation, previous studies have reported an automatic or semi-automatic 

segmentation method for CT images (Ribeiro et al., 2009; Zoroofi et al., 2003) or MRI 

(Gilles et al., 2006; Schmid et al., 2009; Zoroofi et al., 2001). Although with bone, good 

results have been reported (Hoad and Martel, 2002; Zoroofi et al., 2003) due to the 

higher pixel contrast between bone and other tissues; a robust automatic technique has 
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not been reported for muscle segmentation due to noise, low-resolution or organ 

imbrication (Gilles et al., 2006). Alternatively, medical image processing software, e.g. 

Mimics (Materialise, Leuven, Belgium), can facilitate the manual segmentation process 

by including an interpolation function which avoids the necessity of segmenting all 

slices, by interpolating the region of interest in the non-segmented slices (Mimics, 

2014) 

From the segmented tissues in each slice, a 3D polygonal surface or volumetric 

mesh can be created for each tissue. However, some studies did not actually use the 

person’s segmented anatomy, but rather merged generic bone meshes with full image-

derived bone meshes (Marra et al., 2015) or just the bone meshes adjacent to joints 

(Lenhart et al., 2015). Other studies used subject-specific 3D bone meshes to obtain the 

position of certain anatomical landmarks, which were then used to scale generic meshes 

(Arnold et al., 2001; Gerus et al., 2013). As discussed, scaling generic meshes based on 

MRI, potentially adjusts the bone dimensions more accurately compared with traditional 

scaling with 3DMOCAP markers. Furthermore, these scaled-generic bone meshes might 

have embedded joint kinematics, BSIPs and musculotendon insertion and origins (Gerus 

et al., 2013; Marra et al., 2015), which can be adjusted following the linear scaling of 

the bones, instead of measured through arduous methods.  

Different imaging methods have been used to accurately estimate individual 

BSIPs. These methods include: dual energy X-ray absorptiometry (DEXA) (Ganley and 

Powers, 2004), video scan (Norton et al., 2002), CT (Pearsall et al., 1996), MRI (Cheng 

et al., 2000; Modenese et al., 2015; Mungiole and Martin, 1990) or bi-planar 

radiography (Dumas et al., 2005). However, there are some limitations when using 

these methods: (i) DEXA, CT and bi-planar radiography methods exposes the 

individual to radiation, (ii) DEXA only provides 2D measurements, while the video 

scan only measures the external boundaries, (iii) video scan and bi-planar radiography 

are not as commonly available, and (iv) MRI involves lengthy procedures that cannot be 

performed for all individuals e.g. pacemakers. However, imaging methods have not 

been used when creating rigid-body subject-specific models (Gerus et al., 2013; Valente 

et al., 2014), possibly due to high costs and required processing time. Alternatively, 

BSIPs were obtained from predictive equations using linear regressions based on each 
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body scaled mass and length (de Leva, 1996; McConville et al., 1980). However, there 

are important limitations when using these predictive methods as aforementioned, 

which may potentially lead to inaccurate joint moments and muscle forces (Ganley and 

Powers, 2004; Kingma et al., 1996; Rao et al., 2006; Wesseling et al., 2014).  

Considering the above mentioned methods to determine BSIPs and their 

limitations, MRI is preferred since it can be applied to larger number of individuals 

without the risk of radiation (Mungiole and Martin, 1990). In fact, BSIPs for use in 

subject-specific rigid-body models, can be estimated of MRIs’ 3D volumetric surfaces 

of bones and soft tissues (Modenese et al., 2015), although this method has not yet been 

validated. This multi-step method was used in this current thesis research and is 

described in detail in Chapter 3.  

2.5.2 Subject-specific joint kinematics 

Various subject-specific joint models that estimate joint kinematics have been 

reported in the literature (Arnold et al., 2000; Martelli et al., 2015; Scheys et al., 2011a; 

Valente et al., 2014). Joint kinematics describes the articulation between segments, and 

it is dependent upon the geometry and properties of the articular bones and cartilages, as 

well as ligaments, menisci and musculotendon units. The joint kinematic models define 

the joints’ DoFs, joint centres, joint axes location and orientation as well as the joints’ 

3D rotations and translations through mathematical formulations. Subsequently, the 

joint angles’ estimated, using IK, during gait activities are largely dependent upon the 

underlying definitions within the joint kinematic models. In fact, poorly defined joint 

kinematics models may lead to errors in estimated joint angles (Besier et al., 2003), 

moments and contact forces (Lenaerts et al., 2009; Wesseling et al., 2016). Furthermore, 

subject-specific joint models vary largely in terms of complexity and level of 

personalised detail e.g. rigid-body models are usually less complex while contact 

models are more detailed. 

Rigid-body models may be able to answer certain research questions and be 

applied to larger number of participants. However, these models may not include crucial 

representations of some joint features, which may lead to joint kinematic inaccuracies 

that do not allow personalised and detailed analysis of contact forces (Hicks et al., 2015; 

Yamaguchi and Zajac, 1989). As stated, previous joint models used in subject-specific 
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modelling were based on generic translations and/or rotations determined from 

cadaveric studies (Walker et al., 1988; Yamaguchi and Zajac, 1989), which were scaled 

to each person using medical imaging, such as CT (Martelli et al., 2015), MRI (Scheys 

et al., 2011a) or fluoroscopy (Gerus et al., 2013). Other models represented joints as 1-

DoF hinges with a single sagittal rotation (Martelli et al., 2015; Valente et al., 2014). 

Detailed anatomical and physiological joint contact models have been recently 

developed, which allow full 6-DoF of motion for each joint. For example, Marra et al. 

(2015) developed complex TFJ and PFJ models with 11 DoFs; TFJ FE rotation was 

determined during gait and the remaining TFJ kinematics determined based a quasi-

static equilibrium between muscle, ligaments and joint contact forces as well as external 

loads. However, the TFJ PD translations estimated with this model were poorly 

predicted compared to those measured with fluoroscopic data, potentially because 

ligaments parameters were not adequately optimized (Marra et al., 2015). Furthermore, 

this model did not output the TFJ frontal and transverse plane kinematics. Other joint 

models used finite element formulations, which estimate internal tissue stresses and 

strains (Dhaher et al., 2000; Fernandez et al., 2005; Sandholm et al., 2011). However, 

the computational burden of these models might limit their application to solve full 

rigid-body simulations of gait (Halloran et al., 2010). Alternatively, knee joint models 

using elastic ligament bundles (Lenhart et al., 2015) or elastic foundation models 

(Fregly et al., 2003) can be used for multibody gait simulation, which have been shown 

to predict similar cartilage contact pressure when compared with finite element models 

(Halloran et al., 2005). Although these complex joint models are very powerful tools to 

estimate accurate gait outputs, they are computationally expensive, which may limit 

their application for large numbers of participants.  

Several studies have used rigid-body joint models that included detailed subject-

specific features. These can be applied to large populations and, most importantly, have 

been validated in vivo using healthy participants or in vitro using cadaveric specimens 

(Arnold et al., 2001; Franci et al., 2009; Parr et al., 2012; Sancisi and Parenti-Castelli, 

2011a). The hip joint, TFJ, PFJ, TCJ, STJ and MTPJ are the main lower-limb joints that 

need to be included in subject-specific models and have been the focus of previous 

research (Arnold et al., 2001; Franci et al., 2009; Parr et al., 2012; Sancisi and Parenti-
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Castelli, 2011a). Finally, there are other joints in the lower-limb that usually not 

included in full rigid-body models e.g. foot’s calcaneocuboid joint between the 

calcaneus and the cuboid, potentially because of their restricted ROM and the fact that 

the motion of the individual bone structures cannot be measured using a marker based 

approach. Furthermore, the above mentioned main lower-limb joints are the most 

prominent since they have larger articular surface regions and articulate the larger 

lower-limb bones, and will now be discussed. 

2.5.2.1 Hip joint  

The hip joint is a ball-and-socket synovial joint formed between the pelvis and 

the femur. The pelvis acetabulum is a round and cup-shaped structure or socket, which 

articulates with the head of the femur. The femoral head is covered with hyaline 

cartilage and has an approximate spherical shape in healthy individuals (Hammond and 

Charnley, 1967). Furthermore, the hip joint has many ligaments that allow very high 

range of motion but prevent the joint’s dislocation. Subsequently, the hip is often 

modelled in subject-specific models as a 3-DoF rotational joint, which articulates 

around the HJC. The HJC has been accurately determined by best-fitting a sphere, using 

a least-squares or iterative closest point algorithms (Besl and McKay, 1992), to the 

femoral head’s 3D surface or volumetric mesh segmented from CTs (Lenaerts et al., 

2009; Marra et al., 2015; Martelli et al., 2015), or MRIs (Arnold et al., 2000; Scheys et 

al., 2011a). The geometric fitting method has been widely used and shows more 

accurate results (Kainz et al., 2015) when compared with other methods typically used 

in gait research e.g. functional methods (Leardini et al., 1999a) or regression equations 

(Harrington et al., 2007). 

2.5.2.2 Tibiofemoral and patellofemoral joints  

The knee is a complex structure that includes two joints i.e. TFJ and PFJ, 

encompassing the femur, tibia, and the patella bones and also diverse soft tissues such 

as ligaments, cartilage, meniscus and musculotendon units with different properties and 

functions. Furthermore, the knee joint is subjected to heavy loads during daily activities.   

In the TFJ, the femoral medial and lateral condyles articulate with the tibia 

plateaus. The femoral condyles’ articulating regions, from the sagittal point-of-view, 

approximate to a circle or an ellipse, while the tibia plateaus are flat or slightly concave 
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(Iwaki et al., 2000; Pinskerova et al., 2000). The articulating surface of both bones is 

covered by cartilage, which reduces the friction between bones. Furthermore, medial 

and lateral crescent-shaped cartilage, or menisci, distribute and attenuate the 

transmission of loading and stabilise the joint. Importantly, the geometry of the 

articulating surfaces has a direct influence on the TFJ motion (Amiri et al., 2006; 

Blacharski et al., 1975; Goodfellow and O'Connor, 1978; Hashemi et al., 2008), e.g. a 

deeper medial plateau may constrain the displacement of the tibia (Hashemi et al., 

2008). 

The ligaments that cross the femur, tibia and fibula are the ACL, posterior 

cruciate ligament (PCL), medial collateral ligament (MCL), and lateral collateral 

ligament (LCL). These ligaments have crucial roles in restricting and controlling the 

TFJ motion (Amiri et al., 2007; Morrison, 1970). The ligaments are composed of fibre 

bundles of connective tissue that insert in the femur and tibia bones through attachment 

sites or regions (etheses). During loaded motion, these ligaments’ change length 

(Bergamini et al., 2011; Rovick et al., 1991; Sidles et al., 1988), but in passive motion 

(i.e. without applied external load) some bundles of the ACL, PCL and MCL remain 

nearly isometric (Fuss, 1989; Rovick et al., 1991). These ligaments’ spatial positions as 

well as their mechanical properties constrain joint motion: 1) anterior translation of the 

tibia principally by the ACL (Zantop et al., 2007), 2) posterior translation of the tibia by 

the PCL (Butler et al., 1986; Fox et al., 1998) and 3) medial and lateral translation and 

the amount of IE rotation mainly the MCL and LCL (Meister et al., 2000; Sakane et al., 

1999). 

During passive and loaded motion, the TFJ has three measured rotations (i.e. FE, 

IE and AA) and translations (AP, PD and ML) (Blankevoort et al., 1988; Lu et al., 

2008; Walker et al., 1988). Furthermore, during unloaded conditions, the TFJ exhibits 

repeatable rotations and translations in all directions that are coupled to a unique and 

repeatable FE motion (Parenti-Castelli et al., 2004). This knowledge led to the 

identification of a single DoF, i.e. TFJ FE rotation, with coupled rotation and translation 

in the other planes (Wilson et al., 1998; Wilson et al., 2000), which was validated by 

experimental cadaveric tests (Wilson et al., 1998).  
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The TFJ kinematic models used in subject-specific rigid-body models vary in 

terms of the number of DoFs and level of personalised details. For example, the TFJ FE 

rotation is predominant during motion with high ROM, and some subject-specific 

models (Martelli et al., 2015; Valente et al., 2014) represented the TFJ as a 1-DoF hinge 

joint with only FE rotation. Other subject-specific models which analysed gait angles 

and/or contact forces (Gerus et al., 2013; Scheys et al., 2011a), used a 1-DoF cadaveric-

based generic model (Yamaguchi and Zajac, 1989) that describes the TFJ AP and PD 

translations as a function of the TFJ FE rotation. These translations were linearly 

adjusted according to the size of the persons’ femur and tibia measured from CT 

(Scheys et al., 2011a), or direct kinematic measurements using fluoroscopy (Gerus et 

al., 2013). Furthermore, the subject-specific model of Arnold et al. (2000) also used a 

cadaveric-based TFJ model (Walker et al., 1988), which determines all TFJ kinematics 

as a function of the TFJ FE rotation. This model’s TFJ translations were linearly scaled 

for each individual based on the bone dimensions measured from MRIs. Additionally, 

an iterative procedure adjusted the TFJ contact points to match closely with those 

reported by Nisell et al. (1986), as well as to avoid bone interpenetration or lift-off. 

These TFJ kinematic models were similar to those implemented in scaled-generic 

musculoskeletal models and the limitations associated with using these joint models 

have been mentioned above. Furthermore, gait simulation studies validated with bone-

pin data, showed that spherical (i.e. 3 rotational DoF) or hinge TFJ models produce poor 

estimations of motion relative to bone-pin data (Andersen et al., 2010), and more 

advanced TFJ models exhibited better results (Gasparutto et al., 2015).   

TFJ mechanism-based rigid-body models have been developed, which well-

predict measured cadaveric passive motion, although they have not yet been assembled 

into complete lower-limb subject-specific models (Di Gregorio and Parenti-Castelli, 

2003; Feikes et al., 2003; Ottoboni et al., 2010; Parenti-Castelli and Di Gregorio, 2000; 

Parenti-Castelli et al., 2004; Sancisi and Parenti-Castelli, 2010, 2011a). Furthermore, 

these mechanisms estimate all joint kinematics as a function of the TFJ FE rotation and 

account for the geometry of the articulating surfaces as well as the location and length 

of the ACL, PCL and MCL. As stated, many studies have observed that the TFJ has 

passive complex spatial motion with 1-DoF, defined by the femoral condyles 

articulating with the tibial plateaus, and controlled by the aforementioned ligaments 
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(Wilson et al., 1998; Wilson et al., 2000). Various TFJ mechanisms models have been 

proposed, which represented the articular surfaces of the femur condyles and tibia 

plateaus with different geometric objects: spheres-on-planes (Di Gregorio and Parenti-

Castelli, 2003; Parenti-Castelli and Di Gregorio, 2000; Wilson et al., 1998), spheres-on-

spheres (Di Gregorio and Parenti-Castelli, 2003; Parenti-Castelli and Di Gregorio, 

2000; Sancisi and Parenti-Castelli, 2011a), ellipsoid-on-spheres (Di Gregorio and 

Parenti-Castelli, 2003; Ottoboni et al., 2010). Additionally, a simpler TFJ mechanism 

uses instead a parallel spherical wrist as well as the ACL and PCL to constrain the 

motion of the TFJ (Sancisi and Parenti-Castelli, 2010). 

When compared with the kinematics measured from cadavers, the TFJ 

mechanism model with sphere-on-sphere configuration has produced the most accurate 

results, with low computational burden (Di Gregorio and Parenti-Castelli, 2003; 

Ottoboni et al., 2010; Parenti-Castelli and Di Gregorio, 2000). This TFJ mechanism 

model’s geometrical parameters, described in more detail in Chapter 3, include the 

coordinates of the centre of the fitted spheres, these spheres’ radius, the spatial location 

of the ligaments’ attachment point in the femur and tibia surfaces, and the links’ 

lengths. These links are the vectors connecting the centres of articulating spheres as well 

as the vectors connecting the origins and insertions of the ACL, PCL and MCL. During 

full range of TFJ motion, all the links remain isometric, without length change. 

Therefore, the articulating spheres “roll and slide” in constant contact, while the 

ligaments remain isometric, which mentioned above, has been shown to occur for the 

bundles of ligaments’ fibres during passive motion (Fuss, 1989; Rovick et al., 1991). 

Furthermore, these TFJ mechanism models have been constructed by determining the 

geometrical parameters of cadavers. Furthermore, the TFJ passive motion was 

experimentally measured on the same cadaveric specimens and was used to tune, or 

optimize, the models’ parameters, and validate the estimated kinematics. This 

optimization step was required due to the TFJ mechanism model’s sensitivity to the 

parameters’ change (Ottoboni et al., 2010; Sancisi et al., 2011), resulting in mechanism 

singularities or discontinuities if not optimized. The mechanism model’s parameters 

were optimized by matching the estimated kinematics with those measured from the 

same cadaver in a least-square sense. 
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The above mentioned TFJ mechanism model has important advantages when 

compared with the above mentioned simple planar TFJ kinematic models used in 

subject-specific models. The TFJ mechanism’s mathematical formulation is simple, 

which is more computationally attractive. Although, the TFJ mechanism estimates the 

passive motion of the TFJ, these kinematics might change during loading. However, it 

has been suggested that the passive motion may provide good estimates of in vivo joint 

motion (Sancisi and Parenti-Castelli, 2011a), considering the reported kinematic 

similarities between unloaded and physiologically loaded joints (Lu et al., 2008; Myers 

et al., 2012). Furthermore, the model is constrained by geometrical objects, which can 

be easily fitted to each individual. However, the mechanisms’ parameters have only 

been measured from cadaveric specimens and an optimization algorithm is required 

tune the mechanism to track the measured kinematics on the same cadaveric specimen 

(Ottoboni et al., 2010; Sancisi and Parenti-Castelli, 2011a). 

Recently, TFJ mechanisms models have been assembled into full lower-limb 

scaled-generic models (Clément et al., 2015; Duprey et al., 2010; Gasparutto et al., 

2015; Moissenet et al., 2014), with bones represented by generic meshes linearly scaled 

to each individual using the position of 3DMOCAP markers (Delp et al., 1990). 

Subsequently, the mechanism parameters were not measured on the individual but were 

only optimized from cadaveric data. Nevertheless, these models showed promising 

results from during gait when compared with bone-pin measurements (Gasparutto et al., 

2015) or bi-planar radiography (Clément et al., 2015). Interestingly, both studies 

suggested that their results could be improved if mechanisms used geometrical 

parameters measured for the individual. Finally, Gasparutto et al. (2015) also showed 

that using a TFJ mechanism models with a sphere-on-plane articulation, and adding the 

LCL (6-links) with minimally deforming ligaments (Bergamini et al., 2011; Gasparutto 

et al., 2012), produced more accurate bone-pin measurements when compared with a 

sphere-on-plane rigid link TFJ mechanism (Sancisi and Parenti-Castelli, 2011a). 

However, this model is very recent and has not been validated with cadaveric 

specimens. 

To the authors’ knowledge, no method has been reported to estimate subject-

specific in vivo kinematics using TFJ mechanism-based rigid-body model with 
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parameters measured of medical imaging devices. Furthermore, this method would still 

require measured in vivo kinematics on the same person, which is costly and not readily 

available. Alternatively, ensemble-average published experimental data could be used to 

track the TFJ mechanism kinematics and subsequently ensure the mechanism is 

successfully solved. Because these experimental data are obtained from different 

sources, they potentially need to be transformed to the same coordinate system before 

the ensemble-average is calculated. 

The PFJ defines the articulation between the patella and the anterior portion of 

the femoral. The patella bone is roughly triangular in shape, with the patella apex facing 

distally. The patella tendon (PT), a strong and approximately flat ligament, attaches the 

patella apex to the tibial tuberosity (Insall and Salvati, 1971). The posterior aspect of the 

patella is covered by thick cartilage and articulates with the femoral trochlea groove, 

which is shaped as a sort of rail constraining the patellar motion. The patella has an 

important stabilizing effect on the knee (Gill and O'Connor, 1996; Hefzy and Yang, 

1993; Sakai et al., 1996) by transmitting the quadriceps tensile forces to the patella 

ligament and tibia (Hehne, 1990) and contributes to the knee extension moment arm 

through the full knee ROM (Kaufer, 1971). However, in passive conditions, the PFJ has 

no apparent influence on the motion of the TFJ. Nevertheless, during the knee passive 

motion, the patella rotates and translates relative to the femur in all directions (Anglin et 

al., 2008; Belvedere et al., 2007; Hsieh et al., 1998). Furthermore, Belvedere et al. 

(2007) showed that during the knee passive motion, all the PFJ kinematics are coupled 

with the TFJ FE rotation. This study also showed that, during passive motion, bundles 

of fibres of the PT remain nearly isometric. However, the patella kinematics change 

(Besier et al., 2005; Shellock et al., 1993) in weight-bearing conditions, although the 

femur, tibia and patella have coupled kinematics (Li et al., 2007).  

The subject-specific rigid-body models reported in the literature often do not 

include the PFJ, potentially because the patella motion does not influence the femur or 

the tibia motion (Sancisi and Parenti-Castelli, 2011a). Martelli et al. (2015), for 

instance, defined the PFJ as a 1-DoF hinge joint with FE rotation coupled to the TFJ FE 

rotation Therefore, a more robust method is still required to create subject-specific PFJ 
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kinematics driven by the person’s joint geometry and properties, and implement the PFJ 

anatomy and estimated kinematics into a complete lower-limb subject-specific model.  

A mechanism-based model has also been proposed to model the PFJ kinematics 

during passive motion, which was successfully validated in cadavers (Sancisi and 

Parenti-Castelli, 2011a, b). Since the patella has coupled motion relative to the femur 

during passive motion, this PFJ mechanism model estimates all rotations and 

translations as a function of the TFJ FE rotation in a sequential order, i.e. the PFJ 

mechanism equations are solved after the TFJ motion has been estimated.  

Similar to the aforementioned TFJ mechanism, the PFJ mechanism models’ 

parameters have only been determined from cadaveric specimens (Sancisi and Parenti-

Castelli, 2011a). The PFJ mechanism models’ parameters are described in detail in 

Chapter 3. Experimental kinematics were measured on the same specimens and was 

used to optimize the mechanism’s parameters and validate the estimated motion. 

Furthermore, the PFJ mechanism has been applied to scaled-generic bone meshes with 

parameters determined from average cadaveric data (Moissenet et al., 2014). Therefore, 

a method to construct subject-specific PFJ mechanism with personalized parameters 

measured of imaging devices is required.  

2.5.2.3 Talocrural and subtalar joints  

The ankle joint in the foot is mainly composed by two joints i.e. TCJ and STJ, 

which respectively define the articulation of the distal ends of the tibia, fibula and talus 

and that between the talus and the calcaneus (Kapandji, 1987). In the TCJ, the distal-

medial aspect of the fibula and the tibial mortise articulate respectively with the lateral 

aspect of the talus and the trochlea tali (Kapandji, 1987). The STJ defines the 

articulation between the talus’ calcaneal and sustentaculum facets with the proximal 

surfaces of the calcaneus (Viladot et al., 1984). The ankle joints’ surfaces are covered 

with articular cartilage, while an intricate set of ligaments stabilizes the joint 

(Rasmussen, 1985; Wang et al., 1996; Watanabe et al., 2012). 

Previous studies showed that during unloaded conditions, most of the ankle 

motion occurs at the TCJ, while the STJ experiences small motion (Leardini et al., 

1999c; Leardini et al., 2001). Furthermore, during the passive motion, it has been 



 78 

suggested that, instead of exclusive TCJ sagittal rotation (Isman and Inman, 1968), the 

TCJ has 1-DoF i.e. TCJ dorsi-plantarflexion, coupled with the remaining rotations (i.e. 

inversion-eversion and abduction-adduction) and translations (i.e. anterior-posterior, 

proximal-distal and medial-lateral) (Franci et al., 2009; Sancisi et al., 2014). 

Additionally, the TCJ passive motion is guided by the shape of the articulating surfaces 

and ligaments, with some bundles of the calcaneofibular (CaFi) and tibiocalcaneal 

(TiCa) ligaments displaying isometric behaviour (Leardini et al., 1999c; Stagni et al., 

2004).   

Nevertheless, the motion of the STJ should not be ignored (Burg et al., 2013; 

Jonkers et al.), particularly during loaded conditions (Arndt et al., 2004). In fact, during 

the early part of the gait stance phase, the STJ is responsible for transmitting rotations 

from the foot to the leg (Isman and Inman, 1968). The STJ motion has been described 

as a pure hinge, with a single rotation around a fixed skewed axis running 

approximately from antero-medio-superior to postero-latero-inferior direction relative to 

the talus (Close et al., 1967; Isman and Inman, 1968). However, other studies showed 

experimentally that the position and orientation of the STJ hinge axis changes during 

motion (Leardini et al., 2001), although the mean STJ axis orientation was found to be 

equivalent to the orientation of the aforementioned fixed STJ axis (Lundberg and 

Svensson, 1993; van Langelaan, 1982).    

In subject-specific rigid-body models, the TCJ joint is typically modelled as a  

1-DoF hinge joint with sagittal rotation around the hinge axis (Gerus et al., 2013; Marra 

et al., 2015; Martelli et al., 2015; Valente et al., 2014). However, these studies did not 

measure or scale the location and orientation of the TCJ hinge axis for each participant. 

Additionally, the STJ motion is often “locked” during motion, due to the difficulty of 

tracking this rotation using a limited number of 3DMOCAP markers placed on the foot. 

Therefore, the ankle motion estimated with these subject-specific models is potentially 

inaccurate during gait, since the TCJ hinge motion may not represent the complete and 

complex motion of the ankle. 

 Alternatively, TCJ mechanism-based models have also been developed, which 

have well-predicted cadaveric experimental passive motion (Franci and Parenti-Castelli, 

2012; Franci et al., 2009; Sancisi et al., 2014). These mechanisms estimated all TCJ 
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rotations and translations as a function of the TCJ dorsi-plantarflexion rotation. Two 

TCJ mechanisms models have been proposed in previous studies; both mechanisms 

accurately predicted experimental cadaveric motion, with the mechanism parameters 

determined off the same cadavers (Franci and Parenti-Castelli, 2012; Franci et al., 

2009). A more complex TCJ mechanism model (Franci et al., 2009), constrains the 

motion of the TCJ, using a system of five rigid links, which represent (i) the vectors 

connecting articulating spheres fitted to the fibula and talus at the lateral talofibular 

articulation and to the medial and lateral tibial mortise and trochlea tali, and (ii) 

isometric fibre bundles of the CaFi and TiCa ligaments. This model’s parameters 

include the coordinates of the centre of the aforementioned fitted spheres, these spheres’ 

radius, the spatial location of the CaFi and TiCa attachment points in the bone surfaces 

and the links’ lengths. A simpler TCJ mechanism (Di Gregorio et al., 2007; Franci and 

Parenti-Castelli, 2012; Sancisi et al., 2014), which also encompasses the role of the 

isometric CaFi and TiCa ligaments, features a single spherical pair around a pivot-point 

representing the contact between the tibia-fibula and talus-calcaneus. Although 

computational inexpensive, the TCJ spherical mechanism does not approximate 

experimental cadaveric motion as accurately as the TCJ five-rigid-link mechanism 

(Franci and Parenti-Castelli, 2012).  

Similar to the TFJ and PFJ mechanisms, the TCJ five-rigid-link mechanism has 

been integrated into a full lower-limb scaled-generic model (Duprey et al., 2010; 

Moissenet et al., 2014), which was used to estimate joint angles and contact forces 

during gait. Nevertheless, the mechanisms’ parameters were not measured for the 

individual but were obtained from average cadaveric data. Therefore, this TCJ 

mechanism can be implemented in subject-specific rigid-body models, using imaging 

devices to acquired personalized mechanisms’ parameters. 

Finally, a few methods (Beimers et al., 2008; Parr et al., 2012) have been 

previously developed to estimate the subject-specific location and orientation of the STJ 

axis using imaging devices. Beimers et al. (2008) suggested that the STJ axis is 

approximated by the first principal axis calculated from a singular value decomposition 

of the 3D talus’ surface obtained from CT. Although, this method produced accurate 

results, it exposes the person to CT radiation and may estimate imprecise results for 
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patients with reduced foot mobility. Alternatively, Parr et al. (2012) showed that the 

STJ hinge axis can be estimated from the 3D surface of the talus, i.e. STJ axis is defined 

as a vector that connects the centre of spheres fitted to the calcaneal and sustentaculum 

facets of the talus. Subsequently, this method can be employed to estimate the STJ axis 

orientation for use in subject-specific rigid-body models, since it is relatively simple and 

can be applied to large number of participants while using personalized bone 

morphology to constrain the STJ axis orientation.  

2.6 Summary 

Rigid-body scaled-generic skeletal-joint models have been developed in the 

literature largely for use in gait analyses. However, these models have important 

limitations, which may lead to inaccurate gait-output metrics. Therefore, it is proposed 

that subject-specific rigid-body skeletal-joint models, including personalised joint 

mechanisms and BSIPs determined of each person’s MRI, are a viable alternative to 

more complex multibody models and can be robustly implemented for multiple 

individuals to perform gait simulations. These subject-specific skeletal-joint models can 

potentially be assimilated in the pipeline of different NMS models.   

The first main aim of this thesis, presented in Chapter 4, was to present new 

methods to create subject-specific TFJ, PFJ and TCJ rigid-body mechanism-based 

models from in vivo MRIs. Two optimization algorithms were developed: Optim1) 

avoids singularities, and Optim2) avoids singularities and best matches the kinematic 

patterns from published experimental studies. Further, a method was developed to 

transform the ensemble-average published experimental kinematics. We hypothesized 

that: (i) both optimized models’ kinematics will have no singularities but different curve 

patterns, with Optim2 having the better similarity with the experimental kinematics, (ii) 

estimated and experimental kinematics will have different ROMs, while measured- and 

optimized-parameters will be similar, (iii) measured- and optimized-parameters will 

vary across participants, (iv) means and ranges of motion (ROM) of the estimated 

kinematics’ will be different across participants, and (v) differences in joint geometry 

between two participants will lead to kinematic differences. Finally we established how 

sensitive the models were to the optimized-parameters. 
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The second main aim, presented in Chapter 5, was to detail methods to create a 

complete subject-specific lower-limb skeletal-joint models including the hip joint, TFJ, 

PFJ, TCJ and STJ, using MRI data. Subject-specific and two different scaled-generic 

models were created for fourteen participants and integrated into OpenSim. All models 

were compared in terms of scale-factors, bone dimensions, TFJ and PFJ joint 

kinematics and the STJ axis orientation. We hypothesized that (i) the scale-factors will 

be different between 3DMOCAP and MRI methods, (ii) for the same 14 participants, 

their three models’ bone dimensions, STJ axis and joint kinematics will be significantly 

different, but the subject-specific will be more similar to the MRI scaled-generic model. 

 The third main aim, presented in Chapter 6, was to analyse lower-limb walking 

and running gait, using a subject-specific and a scaled-generic rigid-body models 

created for thirteen participants. It was hypothesized that across participants, these 

models will exhibit: (i) different BSIPs for the pelvic girdle, thigh, patella, shank and 

talus segments, (ii) different joint angles in the internal-external (IE) and adduction-

abduction (AA) direction, but similar flexion-extension (FE) angles, while knee and 

ankle angles estimated with the subject-specific model will better approximate the 

curves’ patterns of in vivo bone-pin measurements from literature, (iii) similar hip, knee 

and ankle joint moments. Finally, markers’ tracking errors will be higher for the scaled-

generic model compared with the subject-specific. 
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Chapter 3 Methods 

 This chapter details the general methodologies that were used to create lower-

limb rigid-body subject-specific models and estimate joint kinematics and kinetics 

during gait. Fourteen subject-specific models were created for fourteen individuals. The 

key element of this process was to create subject-specific MRI-derived joint mechanism 

models. These mechanism models were initially developed by Sancisi and Parenti-

Castelli (2011a) and Franci et al. (2009); they used the respectively models to estimate 

the passive TFJ, PFJ and TCJ kinematics from cadavers. In section 3.1, these 

mechanisms’ equations and parameters are explained, based on the aforementioned 

articles. The sections onward cover the innovations introduced by this work. In section 

3.2, it was described how to create subject-specific joint models off MRIs. Briefly, this 

required MRI and 3DMOCAP acquisition, modifications to the original mechanisms’ 

mathematical formulations, obtaining the mechanisms’ parameters off the 3D MRI 

volumetric surfaces, parameters’ optimization without measured kinematics on the same 

individual and parameter sensitivity analysis. Furthermore, the methods used to estimate 

subject-specific HJC locations, STJ hinge axis locations and orientations are described 

in section 3.3. Assembling all these subject-specific model components to implement a 

complete lower-limb subject-specific model in OpenSim, including the determination of 

body segment inertial parameters (BSIP), are detailed in sections 3.4 and 3.5. Finally, 

for the same individuals, two scaled-generic OpenSim models were also created using 

MRIs and 3DMOCAP, which are reviewed in section 3.6. The complete methodology 

to create subject-specific models is presented in this chapter, but these procedures are 

also more succinctly included in Chapters 4, 5 and 6. These chapters also include a full 

description of the statistical analyses specific to each chapter, and are therefore not 

included in this chapter. 

 

3.1 Cadaveric TFJ, PFJ and TCJ mechanism-based models 

 As stated above, in this thesis, the TFJ, PFJ and TCJ models were based on those 

developed by Sancisi and Parenti-Castelli (2011a) and Franci et al. (2009), which will 
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be described first. In their models the passive motion was modelled using rigid-body 

mechanisms, incorporating articulating 3D geometric objects constrained by rigid links 

(Franci et al., 2009; Sancisi and Parenti-Castelli, 2011a). These links represented the 

isometric fibres of main ligaments spanning the joints and the distance between the 

centres of spheres fitted to the articular cartilage surfaces. These ligaments included the 

anterior cruciate (ACL), posterior cruciate (PCL), medial collateral (MCL) for the TFJ, 

patella tendon (PT) for the PFJ, and calcaneofibular (CaFi) and tibiocalcaneal (TiCa) on 

the TCJ. Each ligament’s origin and insertion were attached to each bone at a single 

attachment point (Figures 3-1, 3-2, 3-3). Spheres were fitted to the surfaces of the: (i) 

medial and lateral femoral condyles and tibial plateau for TFJ, and (ii) distal-medial 

fibula and lateral talus on the talofibular articulation, and medial and lateral aspects of 

the tibial mortise and trochlea tali for TCJ (Figures 3-1, 3-2, 3-3). A cylinder was fitted 

to the femoral patellar cartilage surface to define the orientation of the “rail” that 

constrains the motion of the patella relative to the femur (Sancisi and Parenti-Castelli, 

2011a). 

Figure 3-1 TFJ mechanism-based model 

representation Sancisi and Parenti-

Castelli (2011a). Lines (black) 

represent ACL, PCL and MCL 

ligaments with single attachments in 

the tibia and femur. Attachment 

points are: 𝐴𝑇𝐼𝐵
𝑖 (𝑖 = 1,2,3); ACL, 

PCL and MCL in the tibia and 

𝐵𝐹𝐸𝑀
𝑖 (𝑖 = 1,2,3); ACL, PCL and 

MCL in the femur. Circles represent 

fitted spheres to the bone-cartilage 

surfaces of the femoral condyles (red 

line) and tibial plateau (blue dash 

line) with centres: 𝐴𝑇𝐼𝐵
𝑖 (𝑖 = 4,5); 

tibial medial and lateral plateau, 𝐵𝐹𝐸𝑀
𝑖 (𝑖 =

4,5); femoral medial and lateral condyles. 
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 The coordinates of the ligaments’ attachment points and centres of spheres were 

defined relative to their associated bone’s coordinate frames (CFs), which we refer to as 

mechanical-CF. The femur’s and patella’s mechanical CFs and origins were defined as 

per Belvedere et al. (2007) (Table 3-1). Two tibial mechanical CFs and origins were 

defined; one proximal for the TFJ and PFJ(Belvedere et al., 2007), and one distal for the 

TCJ model (Sancisi et al., 2014). The talus mechanical CF was also defined as per 

(Sancisi et al., 2014) (Table 3-1). 

    

Figure 3-2 PFJ mechanism-based 

model representation of Sancisi 

and Parenti-Castelli (2011a). 

Black line represents the PT with 

attachments in the patella ( 𝐷𝑃𝐴𝑇 ) 

and tibia ( 𝐶𝑇𝐼𝐵 ). Cylinder was 

best fitted to the femoral patellar 

surfaces with hinge axis 

represented as dashed line. This 

axis is described both in the 

patellar ( 𝑛𝑃𝐴𝑇 ) and femoral 

( 𝑛𝐹𝐸𝑀 ) coordinate frames (CFs). 

𝑄𝐹𝐸𝑀  and 𝑄𝑃𝐴𝑇 , are the 

intersection points of the hinge 

axes 𝑛𝐹𝐸𝑀  and 𝑛𝑃𝐴𝑇   with the x-y reference planes of the femoral and patella 

mechanical-CF respectively. λ is the fixed distance between these two points. 

  

 Throughout the full range of joint motion, mechanisms’ links were required to be 

constant lengths. Thus, the TFJ and TCJ fitted spheres “rolled and slid” without 

penetration or lift-off (Figures 3-1 and 3-3). For the PFJ, the patella body moved around 

a skewed hinge axis, defined by the axis of a cylinder fitted to femoral condyles in the 

region of femoral groove, while maintaining constant PT length (Figure 3-2). 

𝑛⬚
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𝐹𝐸𝑀
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𝐹𝐸𝑀

 𝑄⬚
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Subsequently, the length of all mechanism links i.e. 𝐿𝑇𝐹𝐽
𝑖 from 𝐴𝑇𝐼𝐵

𝑖 to 𝐵𝐹𝐸𝑀
𝑖, 𝐿𝑃𝐹𝐽

 

from 𝐶𝑇𝐼𝐵  to 𝐷𝑃𝐴𝑇  and 𝐿𝑇𝐶𝐽
𝑖 from 𝐸𝑇𝐴𝐿

𝑖 to 𝐹𝑇𝐼𝐵
𝑖, were constant when solving joint 

model equations.  

 

Figure 3-3 TCJ mechanism-based 

model representation of Franci et 

al. (2009). Black lines represent 

CaFi and TiCa ligaments with 

single attachments in the 

calcaneus, tibia and fibula. 

Attachment points are: 𝐸𝑇𝐴𝐿
𝑖   (𝑖 =

1,2); CaFi and TiCa in the 

calcaneus, and 𝐹𝑇𝐼𝐵
𝑖 (𝑖 = 1,2); 

CaFi and TiCa in the fibula and 

tibia. Circles represent fitted 

spheres to the bone-cartilage 

surfaces of the tibia and fibula 

(blue line) and talus (red dash line) 

with centres: ETAL
3; lateral talus at 

the talofibular articulation, ETAL
i (i = 4,5); medial and lateral trochlea tali, FTIB

3; distal-

medial fibula at the lateral talofibular articulation and FTIB
i  (i = 4,5); medial and lateral 

tibial mortise. 

As mentioned, the PFJ motion was constrained by the orientation of the hinge 

axis (Figure 3-2). Furthermore, the PFJ hinge axis vector was defined relative to the 

patellar ( 𝑛𝑃𝐴𝑇 ) and femoral ( 𝑛𝐹𝐸𝑀 ) mechanical-CFs. These vectors intersected x-y 

reference planes of the femoral and patella mechanical-CFs in the 𝑄𝐹𝐸𝑀  and 𝑄𝑃𝐴𝑇  

respectively. λ was the fixed distance between these two points. 
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Table 3-1 Bone coordinate frames (mechanical-CFs) used to develop subject-specific 

mechanisms (see Chapter 4) and also used in previous cadaveric-based joint mechanism 

†studies.  

Pelvis 

Origin Centre of femoral head (HC) 

Xp 

The line parallel to a line lying in the plane defined by the two ASISs and 

the mid-point of the two PSISs, orthogonal to the Z-axis, and pointing 

anteriorly 

Yp Orthogonal to Xp and Zp 

Zp Axis connecting the medial and lateral ASIS, pointing laterally 

†Femur 

Origin Mid-point between the lateral epicondyles and medial epicondyles (KC) 

Xf 
Orthogonal to the plane through centre of femoral head (HC), lateral 

epicondyles and medial epicondyles, pointing anteriorly 

Yf Projection of KC to HC vector on this frontal plane, pointing proximally 

Zf Orthogonal to Xf and Yf, pointing laterally 

†Patella 

Origin Mid-point between the medial (MP) and lateral (LP) patellar prominences 

Xp 
Orthogonal to the plane defined by MP, LP and distal apex of patella (AP), 

pointing anteriorly 

Yp Axis between AP and patellar origin, pointing proximally 

Zp Orthogonal to Xp and Yp, pointing laterally. 

†Proximal tibia 

Origin Centre of tibial plateau (CT) 

Xt 
Orthogonal to the plane defined by CT, lateral malleoli and medial 

malleoli pointing anteriorly 

Yt 
Projection of mid-point between medial and lateral malleoli to CT vector 

on this frontal plane, pointing proximally 

Zt Orthogonal to Xt and Yt, pointing laterally 
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Table 3-1 (continued). Bone coordinate frames (mechanical-CFs) used to develop 

subject-specific mechanisms (see Chapter 4) and also used in previous cadaveric-based 

joint mechanism †studies. 

†Distal tibia 

Origin Mid-point between lateral (LM) and medial (MM) malleoli 

Xdt 
Orthogonal to the quasi-frontal plane defined by LM, MM and head of 

fibula, pointing anteriorly 

Ydt 

Axis that intersects the quasi-frontal plane and the quasi-sagittal plane 

(orthogonal to the quasi-frontal plane and passing through origin of distal 

tibial CF and tibial tuberosity), pointing proximally 

Zdt Orthogonal to Xdt and Ydt, pointing laterally 

†Talus 

Origin 
Centre of the antero-lateral, antero-medial, postero-lateral and postero-

medial tips of the trochlea tali 

Xta 
Axis connecting the midpoint between the talus posterior tips and the 

midpoint between the talus anterior tips, pointing anteriorly 

Yta 

Axis perpendicular to the quasi-transverse plane defined by the talus 

anterior tips and the midpoint between the talus posterior tips, pointing 

proximally 

Zta Orthogonal to Xta and Yta, pointing laterally. 

Calcaneus 

Origin Mid-point between the medial and lateral ankle malleoli apices 

Xca 

Orthogonal to the plane defined by the most medial and lateral point on the 

border of the tibial condyle and the midpoint between medial and lateral 

ankle malleoli apices, pointing anteriorly 

Yca Coincident with proximal tibia Yt, pointing proximally 

Zca Orthogonal to Xca and Yca, pointing laterally 
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Each mechanism estimated the corresponding joint’s rotations and translations 

as a function of a single independent degree of freedom (DoF). TFJ flexion angle was 

the DoF for the TFJ and PFJ, while the TCJ dorsiflexion angle was used for the TCJ. 

The TFJ mechanism estimated abduction-adduction (AA) and internal-external (IE) 

rotations and the anterior-posterior (AP), proximal-distal (PD) and medial-lateral (ML) 

translations. PFJ model also estimated the PFJ flexion-extension (FE) rotation. The TCJ 

mechanism estimated abduction-adduction (AA) and inversion-eversion (IE) rotations 

and the anterior-posterior (AP), proximal-distal (PD) and medial-lateral (ML) 

translations. 

In the TFJ model the femur motion was expressed relative to the tibia, while the 

PFJ estimated the patella motion relative to the femur. The TCJ model expressed the 

talus motion relative to the tibia. The pose of “child” bones relative to their “parent” 

bones were expressed by means of the 3 x 3 rotation matrixes and 3D position vectors 

which represented the translational. Matrixes (Equation 3-1) were expressed as a 

function of three angles α, β and γ and used YXZ order of rotation as per Grood and 

Suntay (1983) joint CF: 

𝑅 =  

cos α ∗ cos γ + sin α ∗ sin β ∗ sin γ − sin α ∗ cos γ + cos α ∗ sin β ∗ sin γ − cos β ∗ sin γ
sin α ∗ cos β cos α ∗ cos β sin β

cos α ∗ sin γ − sin α ∗ sin β ∗ cos γ − sin α ∗ sin γ − cos α ∗ sin β ∗ cos γ cos β ∗ cos γ
 

 3-1 

 Equation 3-1 was defined for right legs, with left legs rotations appropriately 

inverted. FE (α) was the first rotation about fixed Z-axis of the “parent” frame, the 

second, AA (β) about floating X-axis and the third, IE (γ) about fixed Y-axis of the 

“child” frame, with flexion, adduction and internal (inversion) rotations being positive. 

Anterior, proximal and lateral translations, or x, y and z respectively, were considered 

positive. All three models used these conventions. 
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 At each assigned FE angle, the closure equations of each model estimated the 

remaining rotations and translations respectively incorporated into 𝑅𝐹𝐸𝑀
𝑇𝐼𝐵 , 𝑅 𝑃𝐴𝑇

𝐹𝐸𝑀 , 𝑅𝑇𝐴𝐿
𝑇𝐼𝐵  

and 𝑃𝑇𝐼𝐵
𝐹𝐸𝑀, 𝑃𝐹𝐸𝑀

𝑃𝐴𝑇, 𝑃𝑇𝐴𝐿
𝑇𝐼𝐵 . The TFJ motion was estimated by solving a system of 

five equations (Equation 3-2) with five unknowns: 

The TFJ mechanisms’ parameters were: 

𝐴𝑇𝐼𝐵
𝑖   (𝑖 = 1,2,3) – attachment of the ACL, PCL and MCL in the tibia, expressed in 

the proximal tibial mechanical-CF 

𝐵𝐹𝐸𝑀
𝑖 (𝑖 = 1,2,3) – attachment of the ACL, PCL and MCL in the femur, expressed 

in the femoral mechanical-CF 

𝐴𝑇𝐼𝐵
𝑖    (𝑖 = 4,5) – coordinates of the spheres’ centres fitted to the tibial medial and 

lateral plateau, expressed in the proximal tibial mechanical-CF 

𝐵𝐹𝐸𝑀
𝑖  (𝑖 = 4,5) – coordinates of the spheres’ centres fitted to the femoral medial 

and lateral condyles, expressed in the femoral mechanical-CF 

The derived constant lengths for 𝐿𝑇𝐹𝐽
𝑖 were: 

 𝐿𝑇𝐹𝐽
𝑖(𝑖 = 1,2,3) – the respective lengths of the  ACL, PCL and MCL from the 

MRI-reference pose 

𝐿𝑇𝐹𝐽
4 = ‖ 𝑟𝐹𝐸𝑀

1 + 𝑟𝑇𝐼𝐵
1‖ – constant distance between the spheres fitted to the 

medial femoral condyles and tibial plateau,  

𝐿𝑇𝐹𝐽
5 = ‖ 𝑟𝐹𝐸𝑀

2 + 𝑟𝑇𝐼𝐵
2‖ – constant distance between the spheres fitted to the 

lateral femoral condyles and tibial plateau,  

𝑟𝐹𝐸𝑀
𝑖 (i = 1,2) – radii of the spheres fitted to the 1) medial and 2) lateral femoral 

condyles 

𝑟𝑇𝐼𝐵
𝑖 (i = 1,2) – radii of the spheres fitted to the 1) medial and 2) lateral tibial 

plateaus

𝐿𝑇𝐹𝐽
𝑖 = ∥  𝐴𝑇𝐼𝐵

𝑖 − 𝑅𝐹𝐸𝑀
𝑇𝐼𝐵  𝐵𝐹𝐸𝑀

𝑖  −  𝑃𝑇𝐼𝐵
𝐹𝐸𝑀 ∥ for (𝑖 = 1, … ,5)  

 

3-2 
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  The PFJ equations (Equation 3-3) were solved sequentially, after estimating the 

TFJ motion. Hence, the rotations of the patella relative to the femur were obtained with 

a system of seven equations and six unknowns:  

𝑅 𝑃𝐴𝑇
𝐹𝐸𝑀 𝑛𝑃𝐴𝑇 =  𝑛𝐹𝐸𝑀   

𝑅𝑃𝐴𝑇
𝐹𝐸𝑀 𝑄𝑃𝐴𝑇 +  𝑃𝐹𝐸𝑀

𝑃𝐴𝑇 = 𝜆 𝑛𝐹𝐸𝑀 + 𝑄𝐹𝐸𝑀  

𝐿𝑃𝐹𝐽 = ∥  𝑅 𝐹𝐸𝑀
𝑇𝐼𝐵  ( 𝑅𝑃𝐴𝑇

𝐹𝐸𝑀 𝐷𝑃𝐴𝑇 + 𝑃 𝑃𝐴𝑇
𝐹𝐸𝑀 ) +  𝑃𝑇𝐼𝐵

𝐹𝐸𝑀 −  𝐶𝑇𝐼𝐵 ∥ 

 

3-3 

Note that, in the first vectorial expression of Equation 3-3, only two out of three 

equations are independent, since 𝑛𝑃𝐴𝑇  and 𝑛𝐹𝐸𝑀  both have unitary norms.  

The PFJ mechanisms’ parameters were: 

𝐶𝑇𝐼𝐵  , 𝐷𝑃𝐴𝑇   – patella tendon attachment in the tibia and patella, expressed in the 

proximal tibial and patellar mechanical-CF 

𝐿𝑃𝐹𝐽
 – length of the patella tendon link going from the 𝐶𝑇𝐼𝐵  to the 𝐷𝑃𝐴𝑇  

𝑛𝐹𝐸𝑀  , 𝑛𝑃𝐴𝑇  - unit vectors of the PFJ cylinder axis, expressed in the femoral and 

patellar mechanical-CFs respectively 

𝑄𝐹𝐸𝑀 , 𝑄𝑃𝐴𝑇 , - intersection points of the axis 𝑛𝐹𝐸𝑀  and 𝑛𝑃𝐴𝑇  with the x-y planes of 

the femoral and patella mechanical-CF respectively 

𝜆 - fixed distance between 𝑄𝐹𝐸𝑀  and 𝑄𝑃𝐴𝑇   
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Finally, similar to the TFJ, TCJ motion was estimated with a system of five 

equations (Equation 3-4) and five unknowns: 

𝐿𝑇𝐶𝐽
𝑖 = ∥  𝐹𝑇𝐼𝐵

𝑖 − 𝑅𝑇𝐴𝐿
𝑇𝐼𝐵  𝐸𝑇𝐴𝐿

𝑖   −  𝑃𝑇𝐴𝐿
𝑇𝐼𝐵 ∥  for (𝑖 = 1, … ,5) 3-4 

 

The TCJ mechanisms’ parameters were: 

𝐸𝑇𝐴𝐿
𝑖   (𝑖 = 1,2) - attachment of the calcaneofibular and tibiocalcaneal ligaments in 

the calcaneus, expressed in the talus mechanical-CF 

𝐸𝑇𝐴𝐿
3 - coordinates of the sphere centre fitted to the lateral talus at the lateral 

talofibular articulation, expressed in the talus mechanical-CF 

𝐸𝑇𝐴𝐿
𝑖 (𝑖 = 4,5) - coordinates of the spheres’ centres fitted to the medial and lateral 

trochlea tali, expressed in the talus mechanical-CF 

 𝐹𝑇𝐼𝐵
𝑖 (𝑖 = 1,2) - attachment of the calcaneofibular and tibiocalcaneal ligaments in 

the fibula and tibia, expressed in the distal tibial mechanical-CF 

𝐹𝑇𝐼𝐵
3  - coordinates of the sphere centre fitted to the distal-medial fibula at the lateral 

talofibular articulation, expressed in the distal tibial mechanical-CF 

𝐹𝑇𝐼𝐵
𝑖  (𝑖 = 4,5) – coordinates of the spheres’ centres fitted to the medial and lateral 

tibial mortise, expressed in the distal tibial mechanical-CF 

The constant lengths for 𝐿𝑇𝐶𝐽
𝑖 were: 

𝐿𝑇𝐶𝐽
𝑖(𝑖 = 1,2) –  the respective lengths calcaneofibular and tibiocalcaneal ligaments 

from the MRIs in the reference pose 

𝐿𝑇𝐶𝐽
3 = ‖ 𝑟𝑇𝐴𝐿

1 + 𝑟𝐹𝐼𝐵
1‖ – constant distance between the centres of the spheres fitted 

to the lateral talus and distal-medial fibula at the lateral talofibular articulation 

𝐿𝑇𝐶𝐽
4 = ‖ 𝑟𝑇𝐴𝐿

2 + 𝑟𝑇𝐼𝐵
3‖ – constant distance between the centres of the spheres fitted 

to the medial trochlea tali and medial tibial mortise. 

𝐿𝑇𝐶𝐽
5 = ‖ 𝑟𝑇𝐴𝐿

3 + 𝑟𝑇𝐼𝐵
4‖ – constant distance between the centres of the spheres fitted 

to the lateral trochlea tali and lateral tibial mortise. 
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 𝑟𝑇𝐴𝐿
𝑖 (𝑖 = 1,2,3) – radii of the spheres fitted to 1) lateral talus, 2) medial and 3) 

lateral trochlea tali respectively 

𝑟𝐹𝐼𝐵
1– radius of the sphere fitted to the distal-medial fibula at the lateral  talofibular 

articulation 

𝑟𝑇𝐼𝐵
𝑖 (𝑖 = 3,4) – radii of the spheres fitted to medial and lateral tibial mortise 

respectively 

 

In the original research, the optimization and validation of the aforementioned 

models was carried out using experimental data collected from cadavers (Ottoboni et al., 

2010; Parenti-Castelli and Di Gregorio, 2000; Sancisi et al., 2011). These data were 

used to determine the mechanisms’ geometrical parameters and to measure the passive 

kinematics of the femur, patella and talus. To this end, they used an opto-electronic 

system to generate point clouds representing the articular surfaces, ligaments’ 

attachment areas and anatomical landmarks required to create the bones’ mechanical-

CFs. Spheres and cylinders were then fitted to the articular surfaces, using a least 

squares method (Ottoboni et al., 2010), from which the respective sphere centres and 

cylinder hinge axes were determined, which constituted the initial estimates of the 

geometrical parameters. The same opto-electronic system was used to obtain the relative 

poses between bones in various passive flexion positions (Franci et al., 2009; Sancisi 

and Parenti-Castelli, 2011a). During flexion, the point within the ligaments’ attachment 

areas that exhibited the lowest change in distance during motion was assumed as 

preliminary ligament’s attachment point. However, as their initial research identified 

that the mechanisms were very sensitive to parameter variations, and using the initial 

parameters the mechanisms predicted non-physiological motion with singularities 

(Ottoboni et al., 2010; Parenti-Castelli and Di Gregorio, 2000; Sancisi et al., 2011). 

Therefore, an optimization technique was necessary to adjust the initial geometrical 

parameters to find appropriate solutions to best fit the experimentally measured 

kinematics (Ottoboni et al., 2010; Parenti-Castelli and Di Gregorio, 2000; Sancisi et al., 

2011). 

 In the original development of the mechanisms, all the parameters (Equations 3- 

2, 3, 4) were optimized, including all ligaments’ attachment points, spheres’ centres, 
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links lengths and the aforementioned PFJ parameters (Franci et al., 2009; Ottoboni et 

al., 2010; Parenti-Castelli and Di Gregorio, 2000; Sancisi et al., 2011). The optimization 

algorithm was similar for the TFJ, PFJ and TCJ models, with PFJ optimized 

sequentially using the adjusted parameters and kinematics obtained after TFJ 

optimization. During this process, the sum of the weighted and squared errors between 

the cadaveric experimental and mechanism estimated kinematics was the objective 

function that was minimized. The objective function was calculated at equally-spaced 

flexion angles, which spanned the complete motion of the joints; if the models’ 

equations were not solved at these flexion angles an arbitrary high value was assigned 

to the objective function. The optimization was a two-step process, which was initially 

solved using a genetic algorithm and then refined using Matlab’s fminbnd (Franci et al., 

2009; Ottoboni et al., 2010; Parenti-Castelli and Di Gregorio, 2000; Sancisi et al., 

2011). Therefore, the relative minimum of the objective function was estimated while 

bounding the parameters to be sufficiently close to the anatomical measurements. Once 

optimized, the mechanisms’ kinematics well approximated the experimental motion 

measured on the same cadavers (Franci et al., 2009; Ottoboni et al., 2010; Parenti-

Castelli and Di Gregorio, 2000; Sancisi et al., 2011). 

 

3.2 MRI-derived subject-specific lower-limb models and joint 

mechanisms 

 The goal of the current thesis was to develop subject-specific lower-limb models 

and joint mechanisms by fusing medical imaging with 3DMOCAP. In order for the 

aforementioned joint mechanisms to be developed and estimate in vivo subject-specific 

kinematics from MRIs several modifications had to be made in the current thesis. As 

discussed, the mechanisms estimated the passive motion of cadavers with parameters 

and experimental motion measured on the same specimens. Importantly, the cadavers’ 

experimental motion was fundamental to optimize the models’ parameters, but in vivo 

joint kinematics is not frequently available. In fact, it was not possible to measure our 

participants’ in vivo kinematics, during the course of this thesis, due to the high costs 

and long-time commitments involved. Therefore, a method was required to obtain the 
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mechanisms’ parameters from in vivo healthy participants while optimizing these 

parameters without having measured kinematics on the same individuals. Alternatively, 

published experimental kinematics were used as a reference (Anglin et al., 2008; Franci 

et al., 2009; Lu et al., 2008; Ottoboni et al., 2010; Sancisi et al., 2014; Sancisi and 

Parenti-Castelli, 2011a), although these were expressed in disparate CFs. Other 

differences to the cadaver-based mechanisms included: (i) the TFJ model estimated the 

tibia motion relative to the femur, since this is more common in literature (ii) rotation 

matrix order was modified to use the conventions proposed by the International Society 

of Biomechanics (ISB), (iii) two spheres were fitted to the femoral patellar surface 

instead of a cylinder, and (iv) a reduced number of optimized parameters. The reasons 

for modifying (iii) and (iv) were explained in detail later on.   

 The aim of this chapter’s following sections is to outline how lower-limb bone 

and joint models were created. Furthermore, the sections will detail the modifications to 

the cadaveric-based joint mechanisms and the steps used to estimate subject-specific in 

vivo kinematics. For ease of reference, these steps are outlined under the following 

categories: 

1) Data acquisition  

2) Lower-limb bone and joint segmentation 

3) Identifying joint mechanisms’ geometries and parameters  

4) Optimization of joint mechanisms’ parameters  

5) Modifications to mechanisms’ mathematical formulation 

6) Sensitivity analysis 

3.2.1 Data acquisition  

 3DMOCAP and MRI were acquired to create the subject-specific models. 

Participants involved in this thesis had been previously recruited for another Griffith 

University PhD project (Saxby, 2015) and included fourteen healthy individuals (twelve 

males and two females) with no reported history of musculoskeletal abnormalities. The 

mean±standard deviations for their ages, heights, masses and body mass indexes were 

30±5.7 years, 1.78±0.08 m, 77±13kg, and 24±3.06 kg/m2. All participants provided 
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their informed, written consent and all procedures were approved by Griffith University 

Human Research Ethics Committee (PES/37/11/HREC).  

 For each participant, testing was completed on the same day and included 

3DMOCAP, ground reaction force (GRF) and MRI acquisition. 3DMOCAP and GRF, 

collected at Griffith University, comprised of static postures, squat trials and 2 to 3 

walking and running trials at self-selected pace and at 

4-5 m/s respectively; respectively acquired using a 10 

camera motion capture system (Vicon, UK) at 200Hz 

and two force plates (Kistler Instrument, Switzerland) 

at 1000Hz. Furthermore, participants wore and a full-

body marker set (Dempsey et al., 2007a) with 10-

marker clusters, similar to Andriacchi et al., 1998 setup 

(Andriacchi et al., 1998), on the lateral and inferior 

portion of the thighs and over the anterior surface of the 

shanks, to minimize soft tissue artifact (Cappozzo et al., 

1997; Saxby, 2015; Stagni et al., 2005). As is standard 

procedure for gait analysis around the world, 

participants wore shoes to walk and run in laboratory to 

best represent their gait in the real-world. Only, three 

markers were used in the foot (see Fig. 3-4), and were 

placed on the shoes. 3DMOCAP and GRF data were 

digitally filtered using a low-pass 4th zero-lag 

Butterworth Filter (Smith, 2003) at 10 and 15 Hz for 

walking and running respectively. The nominal cut-off 

frequencies were then adjusted (Robertson and 

Dowling, 2003) to account for phase shift induced by cascading of the digital filter.  

 

 

Figure 3-4 10-markers clusters placed on the thighs and shanks 
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 In order to generate the subject-specific joints mechanisms’ and lower-limb 

models, two imaging modalities, MRI and pQCT, were initially tested. MRI scans were 

performed at Qscan Radiology Clinic (Southport, Gold Coast) using a Philips Ingenia 

3T MRI machine (Netherlands). pQCT was acquired at the Griffith University Bone 

Densiometry Research Laboratory using a XAT-3000 Stratec (Germany). Reflective 

markers were initially placed on the skin and kept during all data collection, with the 

intention of referencing the two image modalities and the 3DMOCAP. However, these 

markers were not used for registration since explained below, pQCT was not used and it 

was therefore unnecessary to register the two imaging modalities. Furthermore, the 

registration of the MRI images with 3DMOCAP did not change when using markers, 

compared with registration without markers. Nevertheless, we have summarized the 

methods used to visualize these markers with MRI and 3DMOCAP, which may be 

useful for other researchers.  

To be visible on the MRI scanner these markers were constructed with oil based 

paintballs covered with a retro-reflective tape (Campbell et al., 2009). Because a 

minimum of three markers per segment are required to create a local CFs, a group of 

four markers (one extra marker to prevent missing one marker in a scan) were placed 

identifying the pelvis, thigh, leg and foot. The triads were placed on the body lateral 

side over the iliac crest, hip, knee and ankle joint (Figure 3-4). These locations were 

selected to avoid interference between markers and the MRI coils, as well as to ensure 

total visibility on the scans.  

 

Figure 3-5 

Four groups of four 

MRI markers placed 

in the lower-limb 

lateral side with 

participant lying in 

the lateral decubitus 

position 
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The pQCT acquisition was planned with the help of Dr. Johannes Willnecker, 

Stratec Engineer, and Prof. Belinda Beck. The machine “Research” protocol was 

selected to allow manual control and select a balance between image quality and scan 

time. Eleven axial slices (200x200x2.3mm with 0.5mm voxel size) were acquired, 

imaging the markers and specific regions that have morphological variation between 

subjects: the knee joint line, the tibia upper extremity, soleus-tibial insertion and medial 

and lateral aspects of the ankle joint (Figure 3-5).  

 

 

  

 

 

 

Figure 3-6 (Left) Participant with scanned leg positioned in the pQCT gantry (Right) 

pQCT slice including the femur and patella bones 

 However, after testing one participant, the pQCT was no longer considered an 

option to obtain images. Although the pQCT had the advantage of being cost free, it 

required approximately two hours to obtain the eleven slices and it was only possible to 

scan from the foot to about 15cm of the superior part of the knee hence not all lower 

lower-limb bone and joint geometries, and mechanisms’ parameters could be measured. 

Subsequently, MRI was the imaging modality used to create the subject-specific 

models. Sequences were planned with Mr. Ben Kennedy, Qscan senior radiographer, in 

order to optimize the visibility of bones, cartilages and ligaments, with short scan times. 

Scans were divided into bone and joint scans. Bone scans used axial slices to visualize 

the complete lower-limb bones. Axial slices were acquired using a body coil from 

superior to the top of the iliac crest to the plantar foot surfaces, using: 2D T1W, TSE 

(turbo spin echo) with MSE (multiple spin echo), 720x720 matrix, water selected 

excitation, 1mm gap between slices, TR/TE 790/6 (ms) and 0.59x0.59x5mm 
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reconstructed voxels (Figure 3-6). Due to the large number of slices, the axial slices 

were acquired in groups of 40 slices, with a total of 4-5 groups depending on each 

participant’s stature.  

 

 

Figure 3-7 (Left) Participant and body coil position during axial slice acquisition. 

(Right) MRI axial slice with the bone border clearly differentiated from soft tissue. 

During the MRI scan, participants laid in the lateral decubitus position with the 

body coil placed over the limb of interest (Figure 3-6), which is now called the “MRI 

reference pose”. In this position, the shape of the lower limb soft tissues was affected by 

gravity; however, the compression of all gluteal or thigh muscles was prevented, which 

would potentially modify the soft tissues’ shape more severely. Several cushions were 

used to: prevent the body coils interfering with markers and to ensure the participants 

were as comfortable as possible, avoiding any possible movements due to 

uncontrollable muscular twitches. Close to the participants’ ankle and hip joint, card 

boxes where placed to support the body coil. Breathing artifact or image edge 

deformations were also corrected as these are image artifacts and can contribute to 

measurement errors. 

 Specialized 3D sagittal plane hip, knee and ankle joint scans were used to 

discriminate between the different joint tissues. Between 100 and 120 slices were 

acquired at each joint, to ensure all structures were in the field-of-view, as participants 

vary in stature. Three coils were utilized, to guarantee high image quality i.e. body coil 
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for the hip, and knee and ankle coil for their respective scans. Furthermore, to better 

visualize joint ligaments and cartilage, the joint scans were acquired with no gaps and 

small slice thicknesses, using the following sequences: 1) hip; T1W fat-sat 3D FFE (fast 

field echo) Dixon, 512x512 matrix, 0.29x0.29x1.5mm voxel reconstruction, TR/TE 

6.4/3.1ms (Figure 3-7), 2) knee; T1W 3D FFE, 512x512 matrix, 0.29x0.29x1mm voxel 

reconstruction, TR/TE 8.0/4.1ms (Figure 3-8) and 3) ankle; T1W 3D FFE, 250x250 

matrix, 0.29x0.29x2mm voxel reconstruction, TR/TE 8.0/4.1ms (Figure 3-8). For each 

participant, the knee and ankle joint scans were acquired in the “MRI reference pose”, 

which had 14.0±5.6° of knee flexion and 4.7±3.3° of ankle flexion across participants. 

 

Figure 3-8 (Left) Body coil placed over subject for hip sagittal scan. (Right) MRI hip 

sagittal slice with bright white femoral head cartilage. 
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Figure 3-9 (Left) Knee coil placed over participant’s knee for knee sagittal scan. (Right) 

MRI knee sagittal slice, with bright white femur, tibia and patella cartilages and PT 

visible in black. 

 

Figure 3-10 (Left) Ankle coil placed over participant’s ankle for ankle sagittal scan. 

(Right) MRI ankle sagittal slice, with bright white tibia and talus cartilages. 

3.2.2 Lower-limb bone and joint segmentation  

 The mechanisms’ parameters were obtained of participants’ MRIs. These 

parameters were obtained from 3D geometric objects fitted to 3D volumetric surfaces 

meshes created in Mimics (Materialise, Leuven), using a semi-automatic segmentation 

process. Segmented bone-cartilages included the pelvis, femur, patella, tibia, fibula, 

talus and calcaneus while ligaments included the ACL, PCL, MCL, PT, CaFi and TiCa. 

Bones were segmented in both bone and joint scans, while the cartilages and ligaments 

were only segmented in the joint scans, since they were only clearly visible in these 

scans. Additionally, the complete lower-limb external skin was segmented to create 3D 
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soft tissue body segments, which were used to determine their body segment inertial 

parameters (BSIPs).  

 During segmentation, the borders of each tissue were delineated manually or 

were obtained automatically using a “threshold” method. Hence, if the imaged pixels of 

a certain tissue have a very distinct gray value, when compared with the surrounding 

tissues’ pixels, these were selected automatically. This method speeded up the 

segmentation process since it was used for the diaphysis of the femur, tibia and fibula. 

The remaining tissues were segmented manually to ensure accurate delineation of their 

borders. Each participant’s lower-limb was segmented in ~9 hours. Although the 

borders are delineated, Mimics automatically “fills in” the space between the segmented 

borders, which allows for volume calculation. 

 From the segmented 2D images, 3D surface meshes were automatically created 

with Mimics (Figure 3-10). The 3D surfaces were then smoothed with 3d-matic 

software (Materialise, Leuven). This method used a sequential process of wrapping, 

smoothing (with a 1st order Laplacian method), auto-remesh and triangle reduction 

(Figure 3-11). After this process, the meshes’ increased in volume was measured for 

one participant; bones had a maximum increase of 5% while ligaments and cartilages by 

13%.  
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Figure 3-11 Segmentation (left side and top right) and 3D volume meshes (bottom right) 

created using Mimics. Segmented tissues in the knee joint included: femur (red), tibia 

(purple), patella (turquoise), femur cartilage (green), tibia cartilage (light yellow), 

patella cartilage (navy blue), ACL (blue), PCL (pink), PT (dark yellow) and markers 

(blue). 

 

Figure 3-12 3D segmented femur before (left) and after smoothing process (right). 

 The bone and joint scans were obtained in different image CFs and their 

correspondent 3D meshes had to be aligned. The Mimics iterative closest point 

alignment algorithm was used in a three-step method (Figure 3-12). First, the complete 

bone meshes from the bone scans were registered to the equivalent bone meshes on the 

joint scans. Second, the femoral head and cartilage from the hip scan was registered to 

the complete femur mesh. Third, the distal tibia and fibula meshes from the ankle scans 

were registered, together with the ankle cartilages and ligaments, to the complete tibia 

and fibula meshes. For each registration step, a distance threshold of 5mm, between 

equivalent meshes, was initially selected. This distance threshold value was then 

progressively lowered once the average distance error after 10 iterations did not change. 

After each registration step, the average distance error between equivalent meshes was 

below 10-1. Finally, after registration, the complete lower-limb knee and ankle joints 

still preserved the MRI reference pose.  
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 For each bone, anatomical CFs were created which included origins and 

orientations (Table 3-1). These frames were equivalent to those derived for the 

cadaveric-based mechanisms (Table 3-1) and were created from manually selected 

anatomical landmarks’ located on each participants’ bones. 

 Figure 3-13 Registration method to align the bone-cartilages and ligaments’ surfaces 

from bone and joint MRI scans. 

 

3.2.3 Identifying joint mechanisms’ geometries and parameters  

 The mechanisms’ subject-specific parameters were obtained by fitting spheres 

and rigid links to the joints’ surfaces, in the MRI reference pose, using Matlab (R2012a, 

MathWorks). This process took ~2 hours for each participant. Spheres were fitted, using 

a single value decomposition method, to the articulating regions of the bone-cartilage 

surfaces, and also to the medial and lateral femoral patellar surfaces. All regions were 

manually delineated on the bone-cartilage surfaces (Figure 3-13). The spheres’ 

parameters included the 3D coordinates sphere centres and sphere radii and the 

2nd step 

step 

1st step 

step 

3rd step 

step 
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Euclidean distance between articulating sphere centres, i.e. summation of the radii of 

two articulating spheres.  

        

 

 

 

 

 

Figure 3-14 Manually delineated cartilage articulating surfaces (in color) of the: a) 

Proximal femur head (red), (b) Medial and lateral distal femoral condyles (pink), (c) 

Medial and lateral proximal tibia plateau (blue), d) Medial and lateral femoral patellar 

(red), e) Distal-medial fibula on talofibular articulation (red) and medial and lateral 

aspects of the tibial mortise (blue) and f) Lateral talus on the talofibular articulation 

(blue) and medial and lateral aspects of the trochlea tali (green). 

 The subject-specific PFJ mechanism was different to the proposed by (Sancisi 

and Parenti-Castelli, 2011a). Instead of fitting a cylinder to the femoral patellar surface, 

two spheres were fitted to the medial and lateral femoral patellar surfaces. Two spheres 

were fitted since they have the potential to better represent the shape of the femoral 

patellar surface when compared with a cylinder, although this was not tested. These 

spheres can fit not just the anterior femoral surface, but also the curvature of the inward 

surface of the femoral ridge, which cannot be fitted with a cylinder. Furthermore, the 

vector between the centre of the medial and lateral femoral patellar spheres defined the 

a) 

d) e) f) 

c) b) 
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PFJ hinge axis, with the remaining aforementioned PFJ parameters appropriately 

determined (Figure 3-14).  

 

Figure 3-15 Representation of the PFJ 

subject-specific mechanism-based model. 

Red line represents the PT with attachments 

in the patella ( 𝐷𝑃𝐴𝑇 ) and tibia ( 𝐶𝑇𝐼𝐵 ). Two 

spheres were best fitted to the medial and 

lateral femoral patellar surfaces, with vector 

between their centres representing the hinge 

axis (black line). This axis is described both 

in the patellar ( 𝑛𝑃𝐴𝑇 ) and femoral ( 𝑛𝐹𝐸𝑀 ) 

CFs. 𝑄𝐹𝐸𝑀  and 𝑄𝑃𝐴𝑇 , are the intersection 

points of the hinge axes 𝑛𝐹𝐸𝑀  and 𝑛𝑃𝐴𝑇   with 

the x-y reference planes of the femoral and 

patella frames respectively. λ is the fixed 

distance between these two points. 

 

 In the joint mechanisms, the joint ligaments were defined as rigid links with 

attachment points on the bone-cartilage surfaces. However, the intersection of the 

segmented ligaments with the bones’ surfaces defined the ligament attachment region. 

Therefore, these regions’ centroids were determined using Matlab and represented the 

ligament attachment point (Figure 3-15). Finally, the ligaments’ lengths were the 

Euclidean distances between the centroids on each bone. All ligaments included in these 

mechanisms were visible in the MRI joint scans, except the MCL possibly due to its 

thinness. Therefore, the MCL attachment regions were manually delineated, in 3-matic, 

in the femur and tibia (Figure 3-16) i.e. medial femoral condyle prominence and below 

the medial tibial plateau, just anterior to the posteromedial crest of the tibia (LaPrade et 

al., 2007).  
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Figure 3-16 3D volumetric meshes of the tibia and ACL 

(green), with ACL attachment region in the femur in red. 

The region’s centroid and the ACL rigid link are also 

represented. 

  

 

 

Figure 3-17 MCL femoral (red) and tibial (blue) attachments 

regions manually delineated. 

 

 

  

 The subject-specific joint mechanisms’ parameters had the same nomenclature 

used of the cadaveric-based mechanisms’ parameters (see section 3.1). However, the 

PFJ mechanisms used fitted spheres to generate the PFJ hinge axis, instead of a cylinder 

used for the cadaveric-based models. Furthermore, the centres of these spheres were 

respectively 𝑝𝐹𝐸𝑀
1 and 𝑝𝐹𝐸𝑀

2,: coordinates of the spheres’ centres fitted to the medial 

and lateral femoral patellar surfaces, expressed in the femoral mechanical-CF. 

3.2.4 Optimization of Joint Mechanisms’ Parameters  

Each participant’s measured parameters were optimized to ensure their 

corresponding joint mechanisms could be solved, while maintaining the underlying rigid 

link assumptions. This optimization was necessary because the mechanisms were highly 

sensitive to parameter variations (Ottoboni et al., 2010; Sancisi et al., 2011). In 

particular, the TFJ and TCJ mechanisms’ equations could not be successfully solved 

using the measured parameters, resulting in mechanisms’ singularities or discontinuities 

and non-physiological motion (Figure 3-17). 
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Figure 3-18 TFJ and TCJ mechanisms’ estimated kinematics (n=1) without 

optimization. A mechanisms singularity can be observed for the TFJ at 21° of TFJ 

flexion and for the TCJ and 8° of TCJ dorsiflexion. 

 

Therefore, two similar optimizations’ algorithms (Optim1 and Optim2) were 

developed to estimate the participant’s joint motion without mechanisms’ singularities. 

Both optimizations forced the model to respect the participants’ anatomical constraints. 
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Furthermore, Optim1 was created to assess if the model could estimate physiological 

motion without tracking experimental kinematics, while Optim2 matched published 

experimental kinematics’ curve patterns. Both algorithms optimized selected parameters 

i.e. all ligaments’ attachments points and all spheres’ centres, except the femoral 

condyles since these were well fitted with small residuals values (0.8±0.19mm), 

although these were optimized for the cadaveric-based model. All link lengths and 

sphere radii, as well as the PFJ model parameters 𝑛𝐹𝐸𝑀 ,  𝑛𝑃𝐴𝑇 , 𝑄𝐹𝐸𝑀 , 𝑄𝑃𝐴𝑇  and 𝜆 were 

not optimized (although these were optimized for the cadaveric-based models) since 

these were directly determined from the optimised sphere centres and ligament 

attachment points at the MRI pose. Therefore, we reduced the number of optimized 

parameters, compared with the cadaveric-based models, in order to avoid redundancy 

and shorten optimization time. 

Both optimizations had an inner and an outer loop. The inner loop used Matlab’s 

“fsolve” function to solve each mechanism’s system of equations for 1° increments of 

the independent DoF: (i) TFJ and PFJ; between -5° and 100° of TFJ extension/flexion 

rotation and (ii) TCJ; between -25° and 15° of TCJ dorsiflexion rotation. The options 

selected for this solver included: maximum of 1000 function evaluations allowed, 

maximum of 2000 iterations allowed, 10-6 step tolerance and 10-4 function tolerance. 

The outer loop used two Matlab solvers to find the best set of bounded parameters that 

minimized a nonlinear objective functions i.e. 𝐹1 for Optim1 and 𝐹2 for Optim2 

(Equation 3-5). The two solvers were: (i) simulated annealing function, 

“simulannealbnd”, with 20000 maximum iterations allowed, ten hours of maximum 

time allowed and 10-4 function tolerance and, (ii) a local constrained solver “fmincon” 

to refine the annealing solutions with 1000 maximum iterations allowed and 10-6 

function tolerance. These functions were defined after experimenting with multiple 

solvers including Matlab’s genetic algorithm. For each joint, optimizations required ~10 

hours using a 3.4GHz-Intel i7-2600 with 16GB-RAM. 
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The objective functions for Optim1 and Optim2 were (Equation3-5):  

𝐹1 = 𝑤1𝑓1 + 𝑤2𝑓2 for Optim1, or 

 𝐹2 = 𝑤1𝑓1 + 𝑤2𝑓2 + 𝑤3𝑓3 for Optim2,  

 

3-5 

 

where 𝑓1 ,  𝑓2 , and 𝑓3 are three optimization criteria and  𝑤1 , 𝑤2 , and 𝑤3  are their 

respective weightings. 

𝑓1  included two processes to avoid mechanism singularities and to ensure 

continuous kinematics. Singularities occurred when the mechanisms equations could not 

be solved at all flexion angles. If this occurred, the inner loop terminated and 𝑓1  value 

was set to 1000. Without singularities, the second process ensured continuous 

kinematics across the DoF’s full ROM. After experimenting with different methods, a 

3rd order polynomial was fitted to each kinematic curve. A 3rd order polynomial was 

selected because published experimental kinematics’ curves often present a maximum 

of one inflection point (Sancisi et al., 2014; Sancisi and Parenti-Castelli, 2011a). Then a 

RMS difference (RMSD) was calculated between the kinematics and respective 

polynomial.  𝑓1  was the largest RMSD from each joint. 

 𝑓2  ensured that the optimized-parameters were close to the measured values, 

thereby well representing the modelled anatomical elements. Thus, 𝑓2  was the RMSD 

between the measured- and optimized-parameters. Parameters were optimized within 

certain boundaries i.e. (i) optimized ligament attachment points had to be within their 

bone attachment regions and (ii) the modified spheres’ centres were constrained by 

ensuring the sphere’s least squares residuals were within 5% of the adjusted radius. For 

each updated sphere, its radius was optimized by minimizing the summed least squares 

residuals between the spheres’ and bone-cartilage surface. This optimization used 

“fsolve” with maximum of 500 function evaluations allowed, maximum of 1000 

iterations allowed, 10-6 step tolerance and 10-4 function tolerance 

 In Optim2, 𝑓3  matched the patterns of the published estimated kinematics. 

These passive kinematics were measured in vitro using cadavers or in vivo from healthy 
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participants. The cadaveric studies included: TFJ; Ottoboni et al., (2010) and Sancisi 

and Parenti-Castelli, (2011), PFJ; Hsieh et al. (1998) and Sancisi and Parenti-Castelli, 

(2011) and TCJ; Franci et al., (2009) and Sancisi et al., (2014). In vivo studies included: 

TFJ; Lu et al. (2008), and PFJ; Anglin et al. (2008).  

 Published TFJ and PFJ experimental kinematics were expressed in a range of 

disparate experimental-CFs, meaning the ensemble-averaged kinematics could not be 

created, nor could they be expressed in the study’s mechanism-CFs. Therefore the TFJ 

and PFJ experimental kinematics were transformed to each participant. The published 

TFJ and PFJ studies only named the anatomical landmarks, used to create their 

experimental-CFs, without providing their actual numerical 3D locations. Subsequently, 

we located the corresponding anatomical landmarks’ on each participant’s bone meshes 

from which participant-equivalent experimental-CFs were created. Transformation 

matrices from the participant-equivalent experimental-CFs to mechanism-CFs were then 

determined, e.g. for the TFJ, 𝑇1 represents the transformation of the femur’s participant-

equivalent experimental-CFs to the mechanism-CFs and 𝑇3 is the transformation of the 

tibia’s mechanism-CFs to the participant-equivalent experimental-CFs. For each study’s 

experimental kinematics, 𝑇2 was defined as the transformation between the two 

articulating bones, e.g. tibia relative to the femur, from which we determined the 

transformed experimental kinematics, 𝑇𝑓, for each participant, i.e.: 

𝑇𝑓  =  𝑇1 ∗  𝑇2  ∗  𝑇3 3-6 

 

 Since some studies offset the kinematics to vary around zero, the mean of each 

experimental kinematic curve was subtracted to create “zeroed” curves. Finally, the 

ensemble-averages of all the participants’ zeroed TFJ, PFJ and TCJ experimental 

kinematics were created (Figure 3-18). After the kinematic transformation, each joints’ 

in vivo and in vitro experimental kinematics had similar curves’ patterns, suggested by 

high Pearson’s correlation coefficients: 1) TFJ; 0.70 ±0.32, 0.90 ±0.11, 0.78 ±0.15, 0.99 

±0.00, 0.72 ±0.01 for the AA, IE, AP, PD and ML respectively and all with p<0.001, 

and 2) PFJ; 1.00 ±0.00, 0.85 ±0.15, 0.04 ±0.71, 1.00 ±0.00, 1.00±0.00,-0.10±0.86 for 

the FE, AA, IE, AP, PD and ML all with p<0.05 except ML with p=0.12±0.31. 
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Figure 3-19 Representation of TFJ and PFJ rotations and translation obtained from 

experimental in vivo (average±STD in blue) and in vitro (average±STD in green) 

studies, and their combination (average±STD in red). These studies’ kinematics were 

transformed to match the CFs from the current study.  
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The in vivo and in vitro published kinematics have similar curve patterns which 

suggest that they can be combined, without substantial variation to the ensemble-

average curve patterns. Furthermore, it is important to include the in vivo kinematics in 

the ensemble-averages since no measured kinematics could be acquired on each 

participant to validate the mechanisms’ results. Therefore, if the mechanisms’ estimated 

kinematics have similar patterns with the ensemble-averages, it can be argued that the 

estimated kinematics would match the participants measured kinematics’ patterns. 

Finally, the ensemble-averages will be available for the biomechanics community once 

the first paper is published. 

The 𝑓3  criteria was defined to maximize the curves’ patterns similarity between 

estimated- and published experimental kinematics using the Pearson’s correlation, 𝜌𝑖 , 

calculated between these (Equation 3-7): 

𝑓3 =  𝑚𝑖𝑛𝑚𝑎𝑥(1 − 𝜌𝑖 )2  (𝑖 = 1, … ,5) for the TFJ and TCJ models  

                                             (𝑖 = 1, … ,6) for PFJ model 

 

3-7 

 

This minmax maximized the lowest 𝜌𝑖  and ensured high correlations for each joint’s 

kinematics.  

Different weightings were used for 𝑓1 , 𝑓2 , and 𝑓3 . The weights 𝑤1and 𝑤2 

(Equation 3-5) so that 𝑓1  and 𝑓2  values had orders of magnitude of 100. However, in 

Optim2 𝑤3 was set so 𝑓3  had an order of magnitude 101. By increasing this weight, 

Optim2 curves’ patterns were ensured to match those from published experimental 

kinematics, to contrast with the Optim1 method.   

3.2.5 Modifications to mechanisms’ mathematical formulation 

 The subject-specific mechanisms’ equations were similar to those from the 

cadaveric-based mechanisms. However, two modifications were implemented, i.e. (i) 

TFJ model estimated the motion of the tibia relative to the femur, and (ii) order of 

rotation was altered from YXZ to ZXY. These were used in order to respectively 
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facilitate the joint kinematics’ comparison between different studies and to use ISB 

standard order of rotation (Grood and Suntay, 1983; Wu et al., 2002). Therefore, the 

subject-specific TFJ closure equation was represented as (Equation 38): 

 

𝐿𝑇𝐹𝐽
𝑖 = ∥  𝐵𝐹𝐸𝑀

𝑖 − 𝑅𝑇𝐼𝐵
𝐹𝐸𝑀  𝐴𝑇𝐼𝐵

𝑖  −  𝑃𝐹𝐸𝑀
𝑇𝐼𝐵 ∥ for (𝑖 = 1, … ,5) 3-8 

 

The vector 𝑃𝐹𝐸𝑀
𝑇𝐼𝐵 represented the position of the tibia mechanical-CF origin relative 

to the femur mechanical-CF origin, while the matrix 𝑅𝑇𝐼𝐵
𝐹𝐸𝑀  described the rotation of the 

tibia relative to the femur. Furthermore, because the order of rotation was ZXY, 𝑅𝑇𝐼𝐵
𝐹𝐸𝑀  

was determined  using the Grood and Suntay convention (Grood and Suntay, 1983) 

(Equation3-9): 

𝑅𝑇𝐼𝐵
𝐹𝐸𝑀 =  

cos α ∗ cos γ +  sin α ∗ sin β ∗ sin γ sin α ∗ cos β cos α ∗ sin γ − sin α ∗ sin β ∗ cos γ
− sin α ∗ sin γ + cos α ∗ sin β ∗ cos γ cos α ∗ cos β − sin α ∗ sin γ − cos α ∗ sin β ∗ cos γ

− cos β ∗ sin γ sin β cos β ∗ cos γ
 

3-9 

Finally, the PFJ model matrix 𝑅 𝐹𝐸𝑀
𝑇𝐼𝐵 and vector 𝑃𝑇𝐼𝐵

𝐹𝐸𝑀 (Equation 3-3) were determined 

using (Equation 3-10): 

𝑅 𝐹𝐸𝑀
𝑇𝐼𝐵 =  𝑅𝑇𝐼𝐵

𝐹𝐸𝑀 ′ 

𝑃𝑇𝐼𝐵
𝐹𝐸𝑀 =  − 𝑅𝑇𝐼𝐵

𝐹𝐸𝑀 ′ ∗  𝑃𝐹𝐸𝑀
𝑇𝐼𝐵 

 

3-10 

 

3.2.6 Sensitivity analysis 

 A sensitivity analysis was performed to assess which Optim2 optimized-

parameters were more important. For the sensitivity analysis each optimized-

parameter’s x, y, z coordinates were varied one at a time and 𝐹2 recalculated. 

Coordinates were incremented by δ until µ deviation from the optimized-parameter 

value was reached. δ and µ were respectively ±0.1mm and ±10mm for the TFJ and PFJ 

models’ sphere centres, and ±0.05mm and ±5mm for all ligament attachments and TCJ 

spheres’ centres. These values were smaller for the ligaments’ attachments and TCJ 

spheres’ centres because the TFJ and PFJ spheres were generally larger, suggesting that 
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their respective centres could have higher variations without affecting the mechanisms 

results. Finally, a quadratic polynomial (Figure 3-19) was fitted to each parameter 

incremented coordinates and corresponding 𝐹2 ′s, with the quadratic coefficient used to 

quantify the model’s sensitivity to each parameter, i.e. models were more sensitive to 

the parameters with higher quadratic coefficients. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-20 Example of sensitivity results for two TFJ and PFJ parameters respectively: 

x coordinate of the ACL attachment in the femur, and z coordinate of centre of sphere 

fitted to the lateral femoral patellar surface. Quadratic polynomials were fitted to the 

increments of both parameters and quadratic coefficient was used to assess the 

importance of each parameter. Between these two parameters, mechanisms were more 

sensitive to the TFJ parameter compared with the PFJ, since quadratic coefficients were 

respectively 0.20±0.38 and 0.01±0.08. 
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3.3 Subject-specific HJC and STJ hinge axis 

 The location of the HJC and the STJ hinge axis location and orientation were 

also defined using the 3D bone-cartilage surfaces. The subject-specific hip joint was 

modelled as a ball-and-socket with 3 rotational DoFs, which articulated around the HJC 

estimated as the centre of a sphere fitted to the femoral head cartilage surface (Figure 3-

20) (Arnold et al., 2000). 

 

Figure 3-21 Sphere fitted to the femoral head 

with respective centre representing the HJC 

  

 The ankle STJ, which defines the articulation between the calcaneus and the 

talus was modelled as a hinge with a single rotation around its axis as per Parr et al. 

(2012). For each participant, two spheres were fitted, using Matlab, to the talus 

sustentaculum and calcaneal facets manually delineated surfaces. Subsequently, the unit 

vector that passed through the centre of these spheres defined the STJ axis’ location and 

orientation (Parr et al., 2012) (Figure 3-21). Finally, the STJ axis was defined relative to 

the calcaneus CF (Table 3-1) (Wu et al., 2002), which was constructed by selecting the 

required anatomical landmarks on the MRI-derived bone surfaces i.e. medial and lateral 

ankle malleoli apices and most medial and lateral points on the border of the tibial 

condyle.  

  

 

 

 

 

Figure 3-22 Method to calculate the STJ axis location and orientation. (Left) Calcaneal 

(red) and sustentaculum facets (green) manually delineated in the MRI-derived talus’ 
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surface. (Right) Two spheres were fitted to these surfaces and the unit vector that passed 

through the centre of these spheres defining the STJ axis (thick blue line) 

3.4 Subject-specific model implementation into OpenSim 

 The subject-specific model featuring anatomic 3D body surfaces, BSIPs, bone 

and joint models were assembled into OpenSim. Hence, the subject-specific model’s 

bone anatomical-CFs (orientation and origin) matched the OpenSim standard 

anatomical-CFs (Delp et al., 1990) (Figure 3-22). In the anatomical pose (i.e. 0° FE, AA 

and IE angles), the OpenSim body segments were aligned, with origins at fixed 

anatomical points (Table 3-2). These anatomical-CFs used ISB convention (Wu et al., 

2002). The patella and talus CFs were aligned to the shank 

CF, with origins at the most distal patellar point and between 

the medial and lateral ankle malleoli apices respectively. The 

subject-specific body segments’ anatomical-CFs were 

constructed by locating the OpenSim anatomical landmarks 

on the segmented bone surfaces from MRIs. Furthermore, the 

subject-specific TFJ, PFJ and TCJ kinematics, from the 

respective mechanisms models, were initially estimated, and 

mechanisms’ optimized parameters calculated, using the 

mechanical-CFs, which were different than the anatomical-

CFs (Table 3-1) used in OpenSim. Therefore, the TFJ, PFJ 

and TCJ joint kinematics had to be recalculated in order 

describe the motion of bones defined with the OpenSim CF 

convention. Hence, the aforementioned mechanisms’ 

optimized parameters were determined relative to bones with 

assigned OpenSim CF convention. Then, the mechanisms’ 

kinematics were determined, in Matlab, without the need of 

the optimization step. These kinematics were used for 

comparison with the scaled-generic model and were 

implemented in each participant’s OpenSim subject-specific model.   

Figure 3-23 Complete lower-body subject-specific model in OpenSim. Upper- body 

equivalent to scaled-generic Hamner et al., 2010. 
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Table 3-2 Body coordinate frames defined in OpenSim 

Pelvic girdle 

Origin Mid-point between the medial and lateral ASIS 

X Orthogonal to Yf and Z, pointing anteriorly 

Y 
Orthogonal to the plane through the medial and lateral ASIS and PSIS, 

pointing proximally 

Z Connects the medial and lateral ASIS, pointing laterally 

Thigh 

Origin Centre of femoral head (HC) 

X 
Orthogonal to the plane through centre of femoral head (HC), lateral 

epicondyles and medial epicondyles, pointing anteriorly 

Y 
Connects the medial and lateral epicondyles epicondyles and the HC, 

pointing proximally 

Z Orthogonal to X and Y, pointing laterally 

Shank 

Origin Mid-point between the lateral epicondyles and medial epicondyles (KC) 

X 
Orthogonal to the plane through KC and the medial and lateral ankle 

malleoli apices, pointing anteriorly 

Y 
Connects the KC and the medial and lateral ankle malleoli apices, pointing 

proximally 

Z Orthogonal to X and Y, pointing laterally. 

 

 As mentioned above, the MRI images only included one limb. Subsequently, 

each participant’s upper-body and forefoot were not visualised. Therefore, in order to 

have a complete rigid-body model, the non-scanned lower-limb segments, bones and 

joint models were determined by “mirroring” the ones from the scanned lower-limb. 

Thus, the non-scanned lower-limb’s models may be inaccurate, but no alternative was 

feasible due to segmentation time and budget constraints. Additionally, the subject-

specific model’s body segments representing the upper-body and forefoot with 
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respective joint models, were equivalent to their respective scaled-generic model (see 

description of scaled-generic model below) (Hamner et al., 2010) (Figure 3-23). Finally, 

the STJ and MTPJ rotations were “locked” during gait analyses since it is difficult to 

measure these rotations during gait, with 3DMOCAP markers and with participants 

wearing shoes.  

 In order to perform gait analyses with the subject-specific model, virtual 

OpenSim markers were placed on the anatomical landmarks used to define the 

OpenSim anatomical-CFs. These virtual markers were externally tracked with the 

experimental 3DMOCAP markers. Furthermore, the position of the 10 marker-clusters 

was optimized to each participant’s experimental marker configuration obtained from 

the 3DMOCAP static pose trials (Dunne et al., 2013; Saxby et al., 2013). This process 

computed the direct kinematics (DK) angles from the markers for each participant in the 

static pose (Dempsey et al., 2007a). However, the knee and ankle IE and AA angles 

were not determined from DK since they are coupled with their respective joint FE 

rotation and were obtained from the mechanism.  

3.5 Subject-specific body segment inertial parameters 

 For each participant, the subject-specific model’s BSIPs were determined, in 

order to estimate subject-specific joint moments during gait via ID. Subject-specific 

BSIPs were estimated for the pelvis, thigh, patella, shank and talus segments. The 

upper-body and foot BSIPs were equivalent to each participant’s scaled-generic model.  

We have developed two different methods to determine subject-specific BSIPs. 

With the first method, we calculate the subject-specific pelvis, thigh and shank BSIPs 

using CFs equivalent to those previously used to create the OpenSim model’s BSIPs 

(McConville et al., 1980), in order to compare the subject-specific with the scaled-

generic model. This was a four-step method. First, the full segmented volume of the 

lower-body soft tissues was separated into the pelvis, thigh and shank volumetric 

segments, using the anatomical landmarks described by Dumas et al. (2007) (Figure 3-

23). Second, CFs (origin and orientation) were derived for these segments and 

underlying bones, using the anatomical landmarks located on the MRI-derived bones’ 

surfaces according to McConville et al. (1980). Third, density values were assigned to 
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all soft tissues and bones i.e. 1.42 kg/m2 for bones, 1.03 kg/m2 and 1.02 kg/m2 for male 

and female soft tissues respectively (Dumas et al., 2005; White et al., 1987). BSIPs 

were then determined using NMSBuilder software (Valente et al., 2014). Fourth, 

because these segments’ CFs were different than the ones used in OpenSim (Delp et al., 

1990), the mass centres and moments of inertias’ values had to be transformed. 

Therefore, we defined the rigid transformations i.e. rotation and translation, for the 

pelvis, thigh and shank segments, between McConville et al. (1980) CFs and the 

respective OpenSim CFs. Subsequently, these transformations are applied to the mass 

centres and moments of inertia determined with the CFs as per McConville et al. 

(1980).  

 However, no method has been previously reported to create the patella and talus 

body segments nor define their BSIPs. Subsequently, we used a different method to 

estimate these segments’ 

BSIPs. Therefore, using 

Mimics, these segments’ 

volumes were segmented using 

the inside- edges of their bone 

surfaces out to their overlying 

skin surfaces (Figure 3-24). 

Then, their CFs’ origins and 

orientations were determined, 

which matched those from 

OpenSim. Then, 

aforementioned third and 

fourth steps were used to 

determine their BSIPs values.  

 

 

Figure 3-24 Complete lower-limb 3D volumetric soft tissue segmented from MRIs (left) 

separated into five segments (right): pelvis (dark green), thigh (red), patella (green), 

Pelvis 

Thigh 

Shank 

Patella 

Talus 
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shank (orange) and talus (blue). Pelvis, thigh and shanks segments were separated 

according to Dumas et al., 2007.  

 

 

Figure 3-25 MRI slices with segmented patella (left) and talus (right) bone and soft 

tissue used to determine body segment inertial parameters.  

3.6 Scaled-generic OpenSim models 

 Generic rigid-body models are typically used for gait analysis and to estimate 

joint angles, moments and contact forces (Delp et al., 1990). These models are scaled to 

each individual using linear bone dimensions, which can be obtained with different 

methods. Therefore, we create two scaled-generic models and, in Chapter 5, we 

compared both models with the subject-specific model in terms of bone dimensions, 

TFJ and PFJ kinematics and STJ hinge axis orientation. In Chapter 6, we compared 

BSIPs, as well as joint angles, moments and markers’ tracking errors between one of the 

scaled-generic models and the subject-specific model. 

 Two full-rigid-body scaled-generic OpenSim models (Arnold et al., 2010; 

Hamner et al., 2010) were also created for each participant, in OpenSim v3.1 (Delp et 

al., 2007). These models were generally equivalent, and included 14 bodies representing 

head/trunk, pelvis and lower-limbs (including patella and feet), with inbuilt BSIPs 

derived from cadaveric studies (McConville et al., 1980), and 27 DoFs.  
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The two scaled-generic models used different 1 DoF TFJ models that were 

scaled with different methods. (i) 3DMOCAP-scaled-generic model was scaled using 

the position of 3DMOCAP markers (Hicks et al., 2015) and employed Yamaguchi and 

Zajac (1989) TFJ and PFJ models, and (ii) MRI-scaled-generic  was scaled using the 

position of anatomical landmarks located in the MRI-derived bone surfaces (Arnold et 

al., 2001) and used the Walker et al. (1988) TFJ model. Furthermore, both scaled-

generic models also included a hip joint defined as a ball-and-socket with 3 rotational 

DoFs i.e. FE, IE and AA, and articulated around the HJC located in the centre of the 

femoral head. Finally, the TCJ, STJ and MTPJ were hinge joints with a single FE 

rotation around their respective hinge FE axes (Isman and Inman, 1968). All joints used 

the ISB recommended ZXY order of rotations (Grood and Suntay, 1983; Wu et al., 

2002), i.e. the first FE rotation around Z-axis of the “parent” frame, the second AA 

about floating X-axis and then IE about the “Y-axis” of “child” frame.  

 Both generic models’ body dimensions, BSIPs and the TFJ and PFJ translations 

were linearly registered and scaled to each participant’s anthropometry (Dunne et al., 

2013; Saxby et al., 2013). For each participant, the OpenSim bodies’ CFs were 

determined, from the 3DMOCAP markers placed in the anatomical landmarks and 

computed DK angles (Dempsey et al., 2007a). Furthermore, two corrections were made 

due to the poor quality of the OpenSim bones and possibly misrepresentation of the 

bony anatomical landmarks with the 3DMOCAP markers. In the standing posture, the 

pelvic PSIS and ASIS are approximately in the same horizontal plane; however, the 

OpenSim pelvis has excessive anterior pelvic tilt. Therefore, the pelvis tilt angle was 

adjusted by subtracting the pelvis tilt angle (i.e. 8.9°), which was measured on the 

generic OpenSim pelvis geometry, from the experimental tilt value measured for each 

participant. Additionally, the tilt was also adjusted from hip and lumbar angles.  

 To scale the aforementioned model features, body scale-factors were determined 

using two different methods. For the 3DMOCAP-scaled-generic, scale-factors were 

calculated using anatomical landmarks located with 3DMOCAP markers (Hicks et al., 

2015) obtained from the experimental static pose and squats. For the MRI-scaled-

generic model, scale-factors were the bone dimensions’ ratios between the MRI bone 

surface meshes and generic bones (Arnold et al., 2001).  
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 Certain virtual landmarks were also created from the 3DMOCAP marker 

positions, and were used to calculate scale-factors. The HJC was estimated using 

regression equations (estimated-HJC) (Harrington et al., 2007), while the mean knee 

helical axes and the knee joint centres were determined from using a functional method 

from a series of 3DMOCAP squat trials (Besier et al., 2003). Finally, because the ankle 

malleoli markers did not overlay the apices, 30mm were added to the PD coordinate of 

these markers’ midpoint to estimate the mid apices position, 30mm being the measured 

distance between the mid malleoli to the mid apices in the generic model.  

  The 3DMOCAP-scaled-generic model’s scale-factors adjusted the head/trunk, 

pelvis, femur, patella, shank and feet (which included all feet bones) dimensions. 

Subsequently, these factors scaled the respective BSIPs and joint translations. The 

head/trunk width was scaled by the two acromion markers, the length by the mid-point 

between the medial and lateral ASIS markers to the mid-point between the medial and 

lateral acromion markers and the depth by the 10th thoracic vertebrae to Xiphoid process 

markers. The pelvis width (ML) was scaled using the distance between left and right 

ASIS markers, depth (AP) used the mid-point between the ASISs to the mid-point 

between the left and right posterior superior iliac spine (PSIS) markers, and height (PD) 

as a mean of the first two measures. The femur’s width was scaled by the medial and 

lateral femoral condyle markers, the length was the scaled by the estimated-HJC to the 

knee joint centre, and the depth was the average of the first two measures. The width of 

the shank was scaled by the distance between the medial and lateral malleoli markers, 

the length by the knee joint centre to the mid apices and the depth as a mean of the first 

two measures. Furthermore, the patella was scaled with the same shanks’ 

measurements, since no 3DMOCAP markers were placed on the patella. Finally, the 

width of the feet was scaled by the distance between the markers on top of the 1st and 5th 

MTPJ, the length by the distance between the calcaneus markers to the marker on top of 

the 2nd MTPJ and the height scaled by the mean of the first two measures. 

The MRI-scaled-generic model used scale-factors the same as the 3DMOCAP-

scaled-generic model, except those for the pelvis and femur/tibia bones. For these, the 

equivalent anatomical landmarks were located on the bone meshes of the generic model 

and on the MRIs of each participant. These were then used to determine the bone 
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dimensions in the AP, PD and ML respectively: 1) pelvis; ASIS to centre of sphere 

fitted to the femoral head, ASIS to ischial tuberosity and from right ASIS to left ASIS 

and 2) femur/tibia; most posterior to the most anterior points in the tibial plateau in the 

sagittal plane, centre of sphere fitted to the femoral head to the midpoint between the 

centres of spheres fitted to the medial lateral posterior femoral condyles and most 

medial to most lateral femoral epicondyles. 

 The 3DMOCAP-scaled-generic TFJ and PFJ models translations were linearly 

scaled using the femur and tibia scale-factors respectively. Likewise, the MRI-scaled-

generic TFJ model translations were scaled using the femur scale-factors from MRIs. 

However, for both scaled-generic models the TFJ and PFJ rotations, as well as the 

orientation of the TCJ, STJ and MTP axes, were not scaled for each participant. 

 Only the 3DMOCAP-scaled-generic model was used for gait analyses since this 

model is more commonly used (Modenese et al., 2011; Scheys et al., 2011a) and does 

not require other imaging acquisition, which is often not available and increases costs. 

In Chapter 6 we compared gait outputs i.e. joint angle, moments and markers’ tracking 

errors between the subject-specific and the 3DMOCAP-scaled-generic models. 

Furthermore, the 3DMOCAP-scaled-generic standard TFJ model was modified in order 

to compare the joint angles, estimated during gait, with the ones from the subject-

specific model. The original 1 DoF TFJ (Yamaguchi and Zajac, 1989) joint, only 

allowed FE rotation, but estimated the AP and PD translations of the tibia relative to the 

knee coupled to the TFJ FE angle. However, since the subject-specific TFJ mechanism 

estimated all kinematics, the generic TFJ model was modified to permit both IE 

between -5° and 15° (external/internal) and AA rotations between -3° and 3° 

abduction/adduction during gait. These rotations’ boundaries were set according to in 

vivo bone-pin estimates (Benoit et al., 2007) to only permit physiological joint motion. 

However, previous musculoskeletal models (Manal et al., 2015; Winby et al., 2009) 

used to investigate TFJ moment and loads have not allowed AA rotation as a 

conservative modelling decision to avoid condyle lift-off or penetration into tibial 

plateaus. Nevertheless, we included this rotation since we were interested in comparing 

the AA angles, during gait, between subject-specific and scaled-generic models. 

Additionally, we expected the scaled-generic AA rotations during gait to be within the 
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physiological excursion (Benoit et al., 2007), which has been reported by similar scaled-

generic models (Lund et al., 2015). Finally, the STJ and MTPJ were “locked” during 

gait analyses for the same reasons aforementioned for the subject-specific model. 

 Finally, using the subject-specific and the 3DMOCAP-scaled-generic model, the 

joint angles and moments for walking and running were determined for each participant 

using the OpenSim IK and ID tools, respectively. The walking gait was analysed 

throughout the complete gait cycle, while the running during the stance phase i.e. leg of 

interest contacts the force plate, because full swing recordings were not possible in the 

3DMOCAP volume. At each time frame, the IK tool determined the models pose (in 

degrees) by minimizing the sum of weighted square errors between the 3DMOCAP 

experimental and the models’ virtual markers (Lu and O’connor, 1999). Then, from the 

estimated joint angles and the GRFs, the hip, knee and ankle joint moments (in Nm) 

were computed via ID. Finally, the lower-body markers’ errors were estimated, during 

gait, to assess the validity of both scaled-generic and subject-specific models to simulate 

motion. The lower-body markers’ error for each gait trial was the root-mean-square 

error between the 3DMOCAP experimental and the virtual markers. 
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Chapter 4  Subject-specific joint kinematics using parallel 

mechanism models created from MRIs 

 

 

 

 

 

 

 

 

Acknowledgement of co-authorship: 

I have made substantial contributions to the design, modelling, analysis and interpretation of 

the results for this study. I have drafted and critically edited the final manuscript. 

The following made important contributions to this study: Dr. Luca Modenese, Dr. Nicola 

Sancisi, Dr. Peter Mills, Ben Kennedy, Assoc. Prof. Belinda Beck, and Prof. David Lloyd 

This Chapter, in manuscript format, was re-submitted to Journal of Biomechanics after 

corrections to first submission were completed. 

  



 128 

4.1 Introduction 

Musculoskeletal models are important tools to understand human motion. However 

most models in software such as Anybody (Damsgaard et al., 2006) or OpenSim (Delp et al., 

2007) are generic (Arnold et al., 2010; Delp et al., 1990; Modenese et al., 2011). These 

models’ bone sizes and joint kinematics were derived from a limited number of cadavers, 

which are then scaled to each subject using motion capture markers placed on the skin. 

However, scaling is error-prone since it relies on the examiners’ skill to palpate bony 

landmarks (Della Croce et al., 1999). Furthermore, these models represent the tibiofemoral 

(TFJ) and patellofemoral (PFJ) joints using simple two-dimensional (2D) planar mechanisms 

(Walker et al., 1988; Yamaguchi and Zajac, 1989) or the talocrural joint (TCJ) as a hinge 

(Isman and Inman, 1968). These generic models may be adequate for certain research 

questions (Hicks et al., 2015), but may not estimate the known three-dimensional (3D) joint 

kinematics. Importantly, compared to subject-specific musculoskeletal models derived from 

medical imaging, scaled-generic models have worse predictions of measured joint contact 

forces (Gerus et al., 2013; Lerner et al., 2015), moments (Tsai et al., 2012a) and angles 

(Scheys et al., 2011b). Therefore, models that incorporate subject-specific skeletal-joint 

anatomy are needed. 

Subject-specific joint kinematics can be measured in vivo using fluoroscopy (Lu et al., 

2008), bi-planar radiography (Clément et al., 2015) or open bore MRIs (Johal et al., 2005). 

However their availability, radiation exposure, lengthy imaging procedures and/or high costs 

limit their application Alternatively, rigid-body-mechanism-based models with geometric 

objects representing joint tissues can be employed, and these have successfully predicted 

measured passive TFJ, PFJ, and TCJ kinematics in cadavers (Franci et al., 2009; Sancisi and 

Parenti-Castelli, 2011a). These models estimate all rotations and translations, but to-date have 

only been included in generic models (Duprey et al., 2010).  

Mechanism-based joint models with rigid links could potentially estimate in vivo 3D 

joint kinematics, with parameters derived from each individual’s MRIs, but this is yet to be 

done. However, since these mechanisms produce motion with three translations and three 

rotations while maintaining five-to-six rigid linkages, they are highly sensitive to parameter 

variations (Sancisi et al., 2011). Subsequently, the MRI-derived parameters have to be 

adjusted to obtain mechanisms solutions, avoid kinematic singularities and non-physiological 
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motion. The aforementioned cadaveric models were optimized by matching the estimated 

kinematics with those measured from the same cadaver, but in vivo measured kinematics are 

generally not available due to high costs, while using available methods such as 3DMOCAP 

have associated problems which may limit this method to estimate accurate kinematic e.g. 

small variations in the markers’ placement can lead to large variations in cross-talk between 

joint angles (Piazza and Cavanagh, 2000) and soft-tissue artefact (Li et al., 2012; Tsai et al., 

2011). However, published experimental kinematics in vitro or in vivo measured with 

imaging methods could be used as a reference, although these are often expressed in disparate 

coordinate frames. So a robust method to create MRI-derived subject-specific optimized 

mechanisms is required. 

 This study presents new methods to create subject-specific TFJ, PFJ and TCJ rigid-

body mechanism-based models from in vivo MRIs. Two optimization algorithms were 

developed: Optim1) avoids singularities, and Optim2) avoids singularities and best matches 

the kinematic patterns from published experimental studies. Further, a method was developed 

to transform and ensemble-average published experimental kinematics. We hypothesized 

that: (i) both optimized models’ kinematics will have no singularities but different curve 

patterns, with Optim2 having the better similarity with the experimental kinematics, (ii) 

estimated and experimental kinematics will have different ROMs, while measured- and 

optimized-parameters will be similar, (iii) measured- and optimized-parameters will vary 

across participants, (iv) means and ranges of motion (ROM) of the estimated kinematics’ will 

be different across participants, and (v) differences in joint geometry between two 

participants will lead to kinematic differences. Finally we established how sensitive the 

models were to the optimized-parameters. 

4.2 Methods 

MRI acquisition and processing 

 Griffith University Human Research Ethics Committee (PES/37/11/HREC) approved 

all procedures. Fourteen healthy participants provided their informed, written consent and 

had no history of relevant musculoskeletal abnormalities. There were 12 male and two female 

participants who were 30±5.7 years old, 1.8±0.08m (1.62m-1.91m) tall, 77±13kg (53kg-

93kg) mass, with 23.8±3.06 kg/m2 BMIs. Bone and joint scans were acquired from nine left 
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and five right limbs using a Philips Ingenia 3T MRI machine (Netherlands). MRI sequences 

were set to optimize the visibility of bone-cartilages and ligaments, with short scan times. All 

lower-limb bones were imaged, superior to the iliac crest to the plantar foot surfaces, using 

axial 2D T1W with 1mm gap between slices, and 0.59x0.59x5mm reconstructed voxels. 3D 

sagittal plane hip, knee and ankle joint scans had no gap and small slice thicknesses to 

discriminate the different joint tissues, with the following sequence, reconstructed voxel size: 

(i) hip: T1W fat-sat 3D FFE Dixon, 0.29x0.29x1.5mm reconstruction, (ii) knee and ankle: 

T1W 3D FFE, 0.29x0.29x1mm reconstruction. The knee and ankle joint scans were acquired 

in the MRI reference pose, which across participants was 14.0±5.6° of knee flexion and 

4.7±3.3° of ankle flexion. 

The 3D anatomical surfaces were created by segmenting the bones, cartilage and 

ligaments in each MRI slice (Fig.1a) using Mimics (Materialise, Leuven). The bone and 

cartilage surfaces included the pelvis, femur, tibia, fibula, patella, talus and calcaneus. 

Ligaments included the anterior cruciate (ACL), posterior cruciate (PCL), medial collateral 

(MCL) for the TFJ, patella tendon (PT) for the PFJ and calcaneofibular (CaFi) and 

tibiocalcaneal (TiCa) for the TCJ, the main ligaments guiding each of these joints’ motion 

(Leardini et al., 1999b; Wilson et al., 1998). The Mimics iterative closest point alignment 

algorithm was used to assemble complete bones, with their associated cartilage and 

ligaments, by registering the bone surfaces to the equivalent bone surfaces on the joint scans 

(Fig.1b). For each participant, MRI segmentation and 3D surfaces’ construction were 

completed in ~11 hours.  

Joint mechanism formulations  

All joints were modelled as mechanisms incorporating articulating spheres 

constrained by rigid ligaments (Franci et al., 2009; Sancisi and Parenti-Castelli, 2011a) 

(Appendices 4-A). For the TFJ and TCJ the ligament fibres were assumed to be isometric 

(Fuss, 1989; Leardini et al., 1999b; Rovick et al., 1991), while constant distances were 

maintained between the centres of spheres fitted to the articular cartilage surfaces, i.e. these 

fitted spheres “rolled and slide” without penetration or lift-off. For the PFJ, the patella body 

moved at a fixed distance around a skewed hinge axis, defined by the centres of spheres fitted 

to medial and lateral femoral patellar surfaces, while maintaining constant PT length. All 
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mechanism links lengths were constant when solving each joint-model’s equations (Appendix 

4-A). 

Bone coordinate frames (CFs) used in the joint mechanisms, now called mechanism-

CFs, followed previous definitions (Table 3-1): the femur and patella CFs as per Belvedere et 

al. (2007) and talus as in Sancisi et al. (2014). Two tibial CFs were defined; one proximal for 

the TFJ and PFJ (Belvedere et al., 2007), and one distal for the TCJ model (Sancisi et al., 

2014). For the TFJ and PFJ the tibia and patella motion was expressed relative to the femur, 

while the talus motion was relative to the tibia in the TCJ. 

Each joint’s modelled kinematics were estimated as a function of a single independent 

degree of freedom (DoF). TFJ flexion angle (between 0° and 90°) was the DoF for the TFJ 

and PFJ, while the TCJ used TCJ dorsiflexion angle (between -25° and 15°). The estimated 

joint kinematics entailed abduction-adduction (AA) and internal-external (or inversion-

eversion for the TCJ) (IE) rotations and the anterior-posterior (AP), proximal-distal (PD) and 

medial-lateral (ML) translations. PFJ model also estimated the PFJ flexion-extension (FE) 

rotation. All rotations and translations were consistent with the ISB recommended orders of 

rotation, i.e. ZXY (Grood and Suntay, 1983; Wu et al., 2002). FE was the first rotation about 

fixed Z-axis of the “parent” frame, the second, AA about floating X-axis and the third, IE 

about fixed Y-axis of the “child” frame, with flexion, adduction and internal rotation being 

positive. For the TCJ, the IE was about the X-axis and the AA about the Y-axis. Anterior, 

proximal and lateral translations, or x, y and z respectively, were considered positive.  

Geometrical parameters 

The models’ parameters were obtained by fitting spheres and rigid links to the joints’ 

surfaces in the MRI-reference pose, and expressed in their respective bone mechanical-CFs 

(Appendix 4-A, Table 3-1). Spheres were fitted to the bone and cartilage surfaces using 

Matlab (R2012a, MathWorks) (Fig.4-1c). The fitted surfaces comprised the: (i) medial and 

lateral femoral condyles and tibial plateau for TFJ, (ii) distal-medial fibula and lateral talus on 

the talofibular articulation, and medial and lateral aspects of the tibial mortise and trochlea 

tali for TCJ, (3) medial and lateral femoral patellar for PFJ. The spheres’ parameters included 

the center coordinates and distances between articulating sphere centres. 
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Figure 4-1 Procedure to generate subject-specific joint model parameters from MRI: a) Bone   

segmentation from MRIs, b) alignment (registration) of 3D femoral surfaces from bone and 

joint scans, c) example of sphere fitting to articular surfaces, in this case the femoral 

condyles, and d) example of 3D ligament surface, in this case the ACL, with femoral 

attachment surface (in red), surface centroid (point) and ligament link (line) are shown. 

The intersection of each segmented ligament with the bones’ surfaces defined the 

ligament-attachment regions. These regions’ centroids represented the ligament attachment 

points (Fig.4-1d), and the Euclidean distances between centroids defined each ligament’s 

linkage length. Specific PFJ models parameters were also defined (Appendix 4-A). 

Parameter optimization 

Each participant’s measured parameters were optimized to ensure that their 

corresponding joint mechanisms could be solved. Two optimizations’ algorithms (Optim1 

and Optim2) were developed: both avoided mechanism singularities while Optim2 also 

ensured the estimated kinematic patterns were similar to published experimental kinematics. 

Both optimizations had inner and outer loops. The inner used Matlab’s “fsolve” function to 

solve each mechanism’s system of equations for 1° increments of the independent DoF. 

c) a) d) b) 
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Using Matlab’s simulated annealing function combined with a local solver “fmincon” 

function, the outer loop optimized model parameters to minimize one of two objective 

functions: 

𝐹1 = 𝑤1𝑓1 + 𝑤2𝑓2 for Optim1, or  

𝐹2 = 𝑤1𝑓1 + 𝑤2𝑓2 + 𝑤3𝑓3 for Optim2,  

 

4-1 

 

where 𝑓1, 𝑓2, and  𝑓3 are different optimization criteria and 𝑤1, 𝑤2, and 𝑤3 are the respective 

weightings. The outer loop was executed once the maximum iterations, tolerances or time 

bounds was reached, which were described in more detail on Chapter 3.  

Criteria 𝑓1  included two processes to avoid mechanism singularities and ensure 

continuous kinematics. Singularities occurred when the mechanisms equations could not be 

solved at any flexion angle. If this occurred, the inner loop terminated and 𝑓1  value was set 

to 1000. Without singularities, the second process ensured continuous kinematics across the 

DoF’s full ROM. After experimenting with different methods, a 3rd order polynomial was 

fitted to each kinematic curve, and a RMS difference (RMSD) was calculated between the 

kinematics and respective polynomial. 𝑓1  had the largest RMSD from each joint. 

Criteria 𝑓2  ensured the optimized-parameters were close to the measured values, 

thereby well representing the modelled anatomical elements. Thus, 𝑓2  was the RMSD 

between the measured- and optimized-parameters. 

 Criteria 𝑓3  maximized the Pearson’s correlation, 𝜌𝑖 , between the estimated and 

ensemble-averaged experimental kinematics (Figure 3-19), i.e. 

𝑓3 =  𝑚𝑖𝑛𝑚𝑎𝑥(1 − 𝜌𝑖 )2 (𝑖 = 1, … ,5) for TFJ, TCJ models                              

                                     (𝑖 = 1, … ,6) for PFJ model 

 

4-2 

 

Minmax was used to maximize the lowest 𝜌𝑖  and ensured high correlations for all joint’s 

kinematics. The experimental data comprised of 7 sets of published passive kinematics 
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measured in vitro from cadavers or in vivo from healthy participants. The cadaveric studies 

included: TFJ; Ottoboni et al., (2010) and Sancisi and Parenti-Castelli, (2011), PFJ; Hsieh et 

al. (1998) and Sancisi and Parenti-Castelli, (2011) and TCJ; Franci et al., (2009) and Sancisi 

et al., (2014). In vivo studies comprised of TFJ; Lu et al. (2008), and PFJ; Anglin et al. 

(2008). 

 Published TFJ and PFJ experimental kinematics were expressed in a range of 

disparate experimental-CFs, meaning the ensemble-averaged kinematics could not be created, 

nor could they be expressed in study’s mechanism-CFs. Therefore the TFJ and PFJ 

experimental kinematics were transformed to each participant. The published TFJ and PFJ 

studies only named the anatomical landmarks used to create their experimental-CFs without 

providing their actual numerical 3D locations. Subsequently, we located the corresponding 

anatomical landmarks’ on each participant’s bone meshes from which participant-equivalent 

experimental-CFs were created. Transformation matrices from the participant-equivalent 

experimental-CFs to mechanism-CFs were then determined, e.g. for the TFJ, 𝑇1 represents 

the transformation of the femur’s participant-equivalent experimental-CFs to the mechanism-

CFs and similarly 𝑇3 is the transformation for the tibial CFs. For each study’s experimental 

kinematics, 𝑇2 was defined as the transformation between the two articulating bones, e.g. 

tibia relative to the femur, from which we determined the transformed experimental 

kinematics, 𝑇𝑓, for each participant, i.e.: 

𝑇𝑓  =  𝑇1 ∗  𝑇2  ∗  𝑇3 4-3 

 

henceforth just called TFJ’s and PFJ’s experimental kinematics. The TCJ experimental 

kinematics were already defined in the mechanism-CFs and did not need transforming. Since 

some studies offset the kinematics to vary around zero, the mean of each experimental 

kinematic curve was subtracted to create “zeroed” curves. Finally, the ensemble averages of 

all the participants’ zeroed TFJ, PFJ and TCJ experimental kinematics were created. 

The weights 𝑤1and 𝑤2 (Equation 4-1) were selected so that 𝑓1  and 𝑓2  values had 

orders of magnitude of 100. However, in Optim2 𝑤3 was set so 𝑓3  had an order of magnitude 

101, which ensured Optim2’s kinematics well matched the experimental kinematics, to 

contrast with Optim1 method. 
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𝐹1 and 𝐹2 were minimised by optimizing various model parameters. These comprised 

of the ligaments’ attachments and spheres’ centres locations, except for the femoral condyles 

since these were well fitted with small residuals values (0.8±0.19mm). The optimized 

ligament attachment points were kept within their bone attachment regions. All constant 

ligament lengths, sphere radii, and PFJ model parameters were updated for the MRI-reference 

pose using the adjusted ligament attachment points and sphere centres. The radius of each 

adjusted sphere was updated by minimizing the summed least squares residuals between each 

sphere and MRI cartilage 3D surface. However, the modified spheres’ centres were 

constrained to ensure the sphere’s least squares residuals were less than 5% of the adjusted 

radius. Both optimizations required maximum time of 10 hours using a 3.4GHz-Intel i7-2600 

with 16GB-RAM, although the simulated annealing tolerance was not reached. 

Analyses 

Five analyses, corresponding to hypotheses, and a sensitivity analysis were undertaken 

with associated statistical tests using a p<0.05 and Benjamini and Hochberg (1995) p-value 

corrections for multiple comparisons. Analysis-1 examined the similarity of Optim1 and 

Optim2 kinematic curves’ patterns with those from experimental kinematics using Pearson’s 

correlations (ρ). The difference between the Optim1 and Optim2 ρ’s was tested using a 

Wilcoxon rank test.  

Preempting the results, compared to Optim1, Optim2’s estimated kinematics were more 

similar to the experimental kinematics. Therefore all remaining five analyses used Optim2. 

Analysis-2 used paired t-tests to compare estimated and experimental kinematics’ ROMs over 

the small FE excursions used in the published studies, i.e. PFJ between 15° to 90° and TCJ 

dorsiflexion between -15° to -2°. This analysis also assessed the differences between 

measured- and optimized-parameter and spheres’ residuals using paired t-tests and RMSD. 

Analysis-3 examined participant differences in the measured- and optimized-parameters using 

their STDs’ values relative to their average. Analysis-4 examined the differences in the 

estimated kinematics’ means and ROMs across participants, using their standard deviations 

(STD) relative to their averages as percentages. The estimated TFJ and PFJ means and ROMs 

were calculated for larger FE excursions for TFJ from 0° to 90°, and TCJ dorsiflexion from -

25° to 15°, since the estimated kinematics were estimated within the same FE or dorsiflexion 
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excursions for all participants. Analysis-5 compared the effects of joint geometry on the TFJ 

model kinematics from two participants with very different tibial plateau’ sphere sizes.  

In the sensitivity analysis each optimized-parameter’s x, y, z coordinates were varied 

individually and 𝐹2 recalculated. Coordinates were incremented by δ until µ deviation from 

the optimized-parameter value was reached. δ and µ were respectively ±0.1mm and ±10mm 

for the TFJ and PFJ sphere centres, and ±0.05mm and ±5mm for all ligament attachments and 

TCJ spheres’ centres. A quadratic polynomial was fitted to each incremented-parameter 

coordinate and corresponding 𝐹2 ′s; subsequently higher quadratic coefficients indicated the 

models were more sensitive to a particular coordinate. 

 

4.3 Results 

Geometric objects were fitted to the MRIs to create personalised joints (e.g. Fig.4-2). 

However, before parameter optimization, all participants’ TFJ and TCJ models had 

singularities (e.g. Fig.4-3), while after Optim1 and Optim2, all kinematics were continuous 

and without singularities. Ensemble average experimental TFJ and PFJ kinematics were 

created (Appendix. 4-C), which enabled Optim2 optimization and the analysis of the models 

estimated kinematics. 
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Figure 4-2 Visualization of one participant’s subject-specific 3D surfaces from the MRIs 

articulating with kinematic results from the joint models: a) TFJ and PFJ model results for 

TFJ flexion angle between 0° and 90°, and b) TCJ model results for TCJ dorsiflexion angle 

between -25° and 15°. 

In Analysis-1 Optim2 kinematics had significantly higher correlations with the 

experimental kinematics compared to Optim1 (Fig.4-3, Tab.4-1). This was for all the joints’ 

AA and ML, TFJ AP and TCJ IE (p≤0.03), except for the TFJ AP and PD. Optim1 

kinematics had high correlations (ρ≥0.85, p<0.05) for all joints’ AP and PD translations and 

TCJ IE, and low correlations (ρ≤0.3, p<0.03) for the other motions, except TFJ ML and TCJ 

ML, which had non-significant correlations. Optim2 kinematics exhibited high correlations 

(ρ≥0.8, p<0.05) for all joints’ AA, AP and PD, while all others had moderate correlations 

(ρ≥0.6, p<0.05), except PFJ’s IE and ML, which had non-significant correlations.  

In Analysis-2 estimated and experimental kinematics’ ROMs were generally different 

for the TFJ and TCJ, but mostly similar for the PFJ (Tab.4-2). The TFJ and TCJ ROMs were 

different for AA, AP and PD as well as TFJ ML and TCJ IE (p<0.007). PFJ only exhibited 

different ROMs for the FE and PD (p<0.001).  

Analysis-2 also revealed that measured- and optimized-parameters were generally 

similar, although some parameters had significant but small differences (Tab.4-3). 

Optimized-fitted-sphere residuals (0.88±0.33mm) were significantly higher than the initial 

residuals (0.46±0.14mm) (p<0.008), except the TCJ 𝐹𝑇𝐼𝐵
3. Additionally, the RMSD between 

a) 

b) 
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the measured- and optimized-parameters for all models (Tab.4-3-5) varied between 

0.39±0.44mm and 15±4.6mm. Furthermore, the RMSD for the TFJ ligaments’ insertions and 

sphere centres were between 0.99mm and 14.6mm, with an average value of 4.1mm.  

In Analysis-3 the coordinates of the spheres’ centres had generally larger variations 

across participants, with higher STDs, when compared with the ligaments’ attachment points 

(Tab. 4-3-5). The higher STDs were found for the TFJ spheres’ centres ( 𝐴𝑇𝐼𝐵
4, 𝐴𝑇𝐼𝐵

5) and 

those for the TCJ ( 𝐹𝑇𝐼𝐵
3, 𝐸𝑇𝐴𝐿

3) (≥230%). However, the PFJ spheres ( 𝑝𝐹𝐸𝑀
1, 𝑝𝐹𝐸𝑀

2) x and y 

coordinates had relatively small STDs (<42%).  
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Figure 4-3 Subject-specific TFJ (left), PFJ (middle) and TCJ (right) model kinematic outputs 

from non-optimized model (n=1), Optim1 (average±std in red), Optim2 (average±std in 

green) and from published experimental studies (average±std in blue). Experimental studies 

included: (1) for the TFJ model; Lu et al. (2008), Ottoboni et al., (2010) and Sancisi and 

Parenti-Castelli, (2011), (2) PFJ model; Anglin et al. (2008), Hsieh et al. (1998) and Sancisi 

and Parenti-Castelli, (2011) and (3) TCJ model; Franci et al., (2009) and Sancisi et al., 

(2014). FE (flexion-extension), AA (abduction-adduction), IE (internal-external or inversion-

eversion for TCJ) rotations and AP (anterior-posterior), MD (medial-lateral), PD (proximal-

distal) translations are plotted versus the flexion angle of the tibia (TFJ and PFJ models) and 

dorsiflexionof the talus (TCJ model). The mean of each kinematic curve was subtracted from 

the curve to facilitate visual inspection and because some experimental-kinematics only 

reported offset kinematics. In the non-optimized curves, singularities can be observed for the 

TFJ (at 21° of TFJ flexion) and TCJ (at 7° of TCJ dorsiflexion). 
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Table 4-1 Pearson’s correlation coefficients across participants (average±std) between TFJ, PFJ and TCJ published experimental and 

Optim1 and Optim2 estimated kinematics. 

  Rotations Translations 

Joint Optimization 
FE AA IE AP PD ML 

TFJ 
Optim1 - §0.29 ±0.74 0.29 ±0.75 §0.85 ±0.07 0.86 ±0.24 §-0.27 ±0.78 

Optim2 - 0.74 ±0.35 0.68 ±0.50 0.76 ±0.11 0.81 ±0.38 0.65 ±0.44 

PFJ 
Optim1 1.00 ±0.00 §0.04 ±0.96 0.33 ±0.69 0.99 ±0.01 1.00 ±0.00 §-0.50 ±0.64 

Optim2 1.00 ±0.00 0.89 ±0.33 0.50 ±0.34 0.99 ±0.01 1.00 ±0.00 0.59 ±0.32 

TCJ 
Optim1 - §-0.48 ±0.85 §0.91 ±0.03 0.99 ±0.00 0.93 ±0.04 §0.08 ±0.30 

Optim2 - 0.77 ±0.53 0.92 ±0.03 0.99 ±0.00 0.93 ±0.03 0.81 ±0.21 

§.   Differences between Pearsons’ correlation coefficients from Optim1 and Optim2 using a Wilcoxon rank test 

(p<0.05) 
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Table 4-2 Subject-specific kinematic curves’ means and ROMs (average±std) and published experimental curves’ ROMs (average±std). 

Shown are FE (flexion-extension or dorsiflexion for TCJ), AA (abduction-adduction), IE (internal-external or inversion-eversion for TCJ) 

rotations and AP (anterior-posterior), PD (proximal-distal), ML (medial-lateral) translations 

PFJ ROM of subject-specific model was calculated between 15° and 90° of the TFJ FE ROM to match the experimental studies’ data. 

TCJ ROM of subject-specific model was calculated between -15° and -2° of the TCJ dorsiflexion ROM to match the experimental studies’ 

data. 

§.  Difference between Optim2 subject-specific and experimental ROMs (paired t-tests, p<0.05) 

   Rotations Translations 

Kinematic 

metric 

Model/ 

measured Joint 

FE 

(°) 

AA 

(°) 

IE 

(°) 

AP 

(mm) 

PD 

(mm) 

ML 

(mm) 

Mean Optim2 

TFJ - -0.19 ±3.27 -26.00 ±12.00 -11.38 ±3.17 -24.58 ±3.71 3.22 ±1.90 

PFJ -27.55 ±8.19 10.55 ±11.85 -4.83 ±5.10 40.08 ±4.73 -14.41 ±2.26 2.14 ±4.76 

TCJ - 15.00 ±3.58 4.42 ±4.88 1.20 ±1.31 8.69 ±1.76 -5.65 ±1.62 

ROM 

Optim2 TFJ - §5.08 ±5.44 19.84 ±18.99 §20.12 ±4.86 §5.78 ±3.15 §3.38 ±1.69 

Experimental 

studies 
TFJ - 6.24 ±2.40 12.67 ±2.17 11.88 ±1.53 24.83 ±1.20 6.13 ±1.23 

Optim2 

PFJ 89.27 ±10.65 11.39 ±7.83 5.44 ±3.85 31.99 ±5.18 43.80 ±5.89 2.81 ±2.31 

PFJa §75.53 ±9.34 9.88 ±6.74 4.35 ±3.99 30.21 ±5.92 §35.01 ±5.00 2.61 ±2.69 

Experimental 

studies 
PFJ 49.73 ±1.44 8.73 ±2.19 2.48 ±1.20 31.46 ±2.27 29.01 ±2.87 2.92 ±1.36 

Optim2 

TCJ - 11.18 ±6.13 3.39 ±3.56 7.05 ±2.24 2.47 ±1.08 1.40 ±1.43 

TCJb - §0.94 ±1.17 §3.91 ±1.99 §2.27 ±0.80 §0.91 ±0.40 0.23 ±0.52 

Experimental 

studies 
TCJ - 2.98 ±0.10 0.60 ±0.06 1.35 ±0.06 0.35 ±0.07 0.34 ±0.01 
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In Analysis-4 we observed large variations, with high STDs, in the means and 

ROMs of the estimated rotations’ across participants (Tab.4-2). Higher STDs were 

found for the TFJ AA’s mean and ROM (1650% and 105%), PFJ AA’s and IE means 

(112% and 106%), and TCJ IE’s mean and ROM (111% and 106%). The estimated 

translations’ means and ROMs exhibited low variations (≤59%), except the PFJ ML’s 

mean and ROM (229% and 82%) and the TCJ AP means and ML ROMs (108% and 

100%).  

Analysis-5’s selected participants had large differences in the TFJ lateral tibial 

spheres’ centres, but smaller differences for medial tibial spheres’ centres (Fig.4-4). 

Furthermore, their TFJ kinematics presented similar curves’ patterns, but different 

ROMs: (i) all kinematics were highly correlated (ρ≥0.8, p≤0.05) except AA (ρ≤0, 

p≤0.05) and (ii) participants’ 1 AP ROM was 5mm lower, PD ROM was 6mm higher 

and IE ROM was 12° lower than participants’ 2 (Fig.4-4).  

The sensitivity analysis showed the models were sensitive (Tab.4-6, Appendix 4-

B) to the TCJ 𝐹𝑇𝐼𝐵
5 and 𝐸𝑇𝐴𝐿

5 and the x, y coordinates of the PFJ sphere centres 

( 𝑝𝐹𝐸𝑀
1, 𝑝𝐹𝐸𝑀

2) had the highest quadratic coefficients (≥0.5) while the PFJ PT 

( 𝐶𝑇𝐼𝐵 , 𝐷𝑇𝐼𝐵 ) y and z coordinates had the smallest coefficients (≤0.01), with the rest 

between these extremes.  
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Table 4-3 The TFJ models’ locations of the ligaments’ attachments, spheres’ centres, links’ lengths and spheres’ radii (average±std), measured 

directly from the MRIs and adjusted by optimization. 

 

  

 

Locations in the proximal tibia (mm) 

 

Direction 

Model/ 

measured 
ACL ( 𝐴𝑇𝐼𝐵

1) RMSD PCL ( 𝐴𝑇𝐼𝐵
2) RMSD MCL ( 𝐴𝑇𝐼𝐵

3 ) RMSD 
Medial 

plateau ( 𝐴𝑇𝐼𝐵
4 ) 

RMSD 
Lateral 

plateau ( 𝐴𝑇𝐼𝐵
5 ) 

RMSD 

X 
Measured 11.94 ±2.51 3.31 

±2.40 

-14.85 ±3.15 2.07 

±2.02 

-2.20 ±6.50 4.17 

±2.83 

-107.26 ±197.04 12.61 

±7.42 

14.39 ±19.94 13.52 

±6.74 Optim2 10.32 ±5.30 -16.45 ±4.20 -3.68 ±9.03 -102.70 ±197.73 19.64 ±20.60 

Y 
Measured -2.30 ±1.17 0.99 

±0.60 

-9.87 ±2.38 1.64 

±1.91 

-37.88 ±8.08 4.65 

±3.60 

411.55 ±796.67 9.68 

±7.46 

-39.56 ±203.66 14.55 

±4.38 Optim2 -1.98 ±1.27 -10.37 ±3.18 -40.50 ±8.08 412.46 ±795.21 -40.68 ±202.39 

Z 
Measured -7.79 ±2.34 2.00 

±2.28 

7.54 ±3.54 2.24 

±1.72 

§-23.19 ±5.26 2.42 

±2.09 

-84.93 ±130.22 9.92 

±7.64 

11.17 ±29.76 8.59 

±5.29 Optim2 -6.44 ±3.06 8.03 ±3.70 -21.09 ±4.62 -83.62 ±133.84 9.32 ±33.11 

  

 

Locations in the femur (mm) 

 

  
ACL ( 𝐵𝐹𝐸𝑀

1 ) RMSD PCL ( 𝐵𝐹𝐸𝑀
2 ) RMSD MCL ( 𝐵𝐹𝐸𝑀

3 ) RMSD 
Medial 

condyle ( 𝐵𝐹𝐸𝑀
4 ) 

RMSD 
Lateral 

condyle ( 𝐵𝐹𝐸𝑀
5 ) 

RMSD 

X 
Measured §-14.41 ±2.87 3.80 

±2.57 

§-6.20 ±5.32 4.11 

±2.84 

§5.50 ±3.30 7.84 

±3.13 

-3.22 ±2.09 
- 

-2.40 ±1.78 
- 

Optim2 -10.71 ±3.19 -2.15 ±4.56 -2.34 ±2.65 - - 

Y 
Measured -1.94 ±3.40 3.66 

±2.96 

-10.67 ±2.44 1.95 

±1.50 

-2.35 ±2.43 3.84 

±2.26 

-6.39 ±2.13 
- 

-3.21 ±3.42 
- 

Optim2 -3.25 ±5.78 -9.52 ±2.36 -0.37 ±4.72 - - 

Z 
Measured §12.49 ±2.46 1.95 

±1.36 

§-10.36 ±2.55 4.11 

±2.56 

-41.91 ±4.74 0.49 

±0.45 

-25.38 ±2.67 
- 

27.80 ±2.88 
- 

Optim2 10.63 ±1.69 -6.25 ±4.02 -41.98 ±4.55 - - 

  Linkage lengths (mm) 

  
ACL ( 𝐿𝑇𝐹𝐽

1) RMSD PCL ( 𝐿𝑇𝐹𝐽
2) RMSD MCL ( 𝐿𝑇𝐹𝐽

3) RMSD 
Medial 

Spheres ( 𝐿𝑇𝐹𝐽
4) 

RMSD 
Lateral 

Spheres ( 𝐿𝑇𝐹𝐽
5) 

RMSD 

Lengths 
Measured §39.38 ±5.74 6.05 

±3.35 

§30.50 ±4.21 3.63 

±2.56 

67.54 ±8.57 5.86 

±3.33 

431.99 ±817.43 9.21 

±5.75 

153.22 ±146.85 14.78 

±4.29 Optim2 34.29 ±8.01 33.76 ±4.60 71.91 ±10.93 431.51 ±816.46 153.80 ±144.29 
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Table 4-3 (continued): The TFJ models’ locations of the ligaments’ attachments, spheres’ centres, links’ lengths and spheres’ radii (average±std), 

measured directly from the MRIs and adjusted by optimization  

 

 

 

 

 

 

  

 

Radii (mm) 

 

  
Medial femoral 

condyle ( 𝑟𝐹𝐸𝑀
1) 

RMSD 
Lateral femoral 

condyle ( 𝑟𝐹𝐸𝑀
2) 

RMSD 
Medial tibial  

plateau ( 𝑟𝑇𝐼𝐵
1) 

RMSD 
Lateral tibial 

plateau ( 𝑟𝑇𝐼𝐵
2) 

RMSD 

Radii 

Measured 26.08 ±2.38 

- 

25.04 ±2.96 

- 

453.99 ±819.10 

8.98 ±5.62 

136.70 ±155.77 

14.89 ±4.55 
Optim2 - - 453.15 ±818.35 137.95 ±153.26 

 

   §.   Difference (with paired t-tests) between measured and optimized (from Optim2) values (p<0.03) 
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Table 4-4 The PFJ model’s locations of spheres’ centres, patella tendon (PT) 

attachments, PT and λ lengths and spheres’ radii (average±std), measured directly from 

the MRI and adjusted by optimization 

 
 Location of femoral patellar sphere centres (mm) 

Direction 
Model/ 

measured 

Medial patellar 

( 𝑝𝐹𝐸𝑀
1) 

RMSD 
Lateral patellar 

( 𝑝𝐹𝐸𝑀
2) 

RMSD 

X 
Measured §11.79 ±4.99 

2.42 ±1.65 
§13.85 ±2.79 

3.74 ±0.93 
Optim2 14.04 ±4.05 10.11 ±3.05 

Y 
Measured 0.62 ±3.49 

2.68 ±1.46 
§3.83 ±3.30 

2.37 ±1.78 
Optim2 2.30 ±4.18 5.77 ±3.93 

Z 
Measured -17.17 ±3.51 

2.26 ±1.65 
21.99 ±2.81 

1.98 ±1.31 
Optim2 -18.17 ±4.07 21.78 ±3.76 

  Location of PT in tibia and patella (mm) 

  PT( 𝐶𝑇𝐼𝐵  ) RMSD PT( 𝐷𝑃𝐴𝑇 ) RMSD 

X 
Measured 36.58 ±4.71 

1.96 ±1.68 
2.74 ±4.47 

1.67 ±1.47 
Optim2 36.03 ±4.39 2.85 ±3.49 

Y 
Measured -30.61 ±5.32 

2.69 ±2.65 
§-18.56 ±3.73 

2.25 ±2.05 
Optim2 -30.69 ±5.84 -16.39 ±4.92 

Z 
Measured -10.80 ±6.27 

3.31 ±2.42 
4.79 ±4.61 

4.74 ±3.88 
Optim2 -10.39 ±5.40 6.72 ±7.00 

  Links lengths (mm) 

 
 PT( 𝐿 𝑃𝐹𝐽

) RMSD λ RMSD 

 

Length 

 

Measured 58.08 ±9.81 
3.80 ±2.54 

3.10 ±1.91 
0.39 ±0.44 

Optim2 60.90 ±11.44 3.54 ±2.20 

  Radii of the femoral patellar spheres (mm) 

 
 

Medial 

patellar ( 𝑟𝐹𝐸𝑀
3) 

RMSD 
Lateral 

patellar ( 𝑟𝐹𝐸𝑀
4) 

RMSD 

Radii 
Measured 28.76 ±5.46 

2.24 ±1.45 
§29.92 ±2.95 

3.57 ±1.62 
Optim2 30.02 ±5.02 33.99 ±3.47 

§.   Difference between measured and Optim2 optimized values (paired t-tests, p<0.03) 
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 Table 4-5 The TCJ models’ locations of spheres’ centres, ligaments’ attachments, links’ lengths and spheres’ radii (average±std), measured directly from the 

MRI and adjusted by optimization. 

 

 

                          Location in the distal tibia and distal fibula (mm) 

 

Direction 

Model/ 

measured 
CaFi( 𝐹𝑇𝐼𝐵

1) RMSD TiCa( 𝐹𝑇𝐼𝐵
2) RMSD 

Distal-medial 

fibula( 𝐹𝑇𝐼𝐵
3) 

RMSD 
Medial tibial 

mortise ( 𝐹𝑇𝐼𝐵
4) 

RMSD 
Lateral tibial 

mortise ( 𝐹𝑇𝐼𝐵
5) 

RMSD 

X 
Measured 3.42 ±2.08 2.69 

±1.52 

-7.11 ±3.31 1.73 

±1.53 

§-83.98 ±253.63 2.16 

±1.31 

-0.88 ±1.29 
1.82 ±1.13 

2.97 ±0.88 
1.70 ±1.23 

Optim2 3.12 ±2.64 -7.12 ±4.81 -81.90 ±253.34 -0.01 ±1.78 2.15 ±2.43 

Y 
Measured -5.34 ±2.02 0.98 

±0.97 

11.41 ±2.03 0.88 

±0.90 

-4.69 ±52.34 2.08 

±1.41 

-6.20 ±2.99 
1.92 ±1.22 

-4.26 ±1.84 
1.89 ±1.51 

Optim2 -6.01 ±2.03 11.54 ±2.53 -4.88 ±52.89 -6.27 ±2.87 -4.66 ±3.37 

Z 
Measured 25.12 ±2.87 1.23 

±0.93 

-27.72 ±3.52 1.40 

±1.33 

§-201.46 ±582.22 2.65 

±1.75 

-13.59 ±2.06 
1.82 ±1.44 

4.30 ±1.54 
1.61 ±1.38 

Optim2 25.00 ±3.68 -28.11 ±4.29 -203.45 ±581.33 -13.73 ±3.77 3.30 ±2.83 

 

                     Location in the calcaneus and talus (mm) 

 

 CaFi( 𝐸𝑇𝐴𝐿
1) RMSD TiCa ( 𝐸𝑇𝐴𝐿

2) RMSD 
Lateral 

talus ( 𝐸𝑇𝐴𝐿
3) 

RMSD 
Medial trochlea 

tali ( 𝐸𝑇𝐴𝐿
4) 

RMSD 
Lateral trochlea 

tali ( 𝐸𝑇𝐴𝐿
5) 

RMSD 

X 
Measured -20.65 ±7.93 3.10 

±1.68 

-6.91 ±1.97 1.81 

±1.57 

-23.20 ±78.09 2.63 

±1.98 

-0.16 ±0.61 
1.27 ±1.08 

-0.14 ±0.76 
1.23 ±0.96 

Optim2 -20.53 ±8.97 -6.21 ±2.82 -25.04 ±77.50 0.37 ±1.54 0.18 ±1.27 

Y 
Measured -28.61 ±3.27 2.37 

±1.66 

-21.72 ±3.17 0.84 

±0.67 

-4.05 ±23.69 2.76 

±1.33 

§-14.07 ±3.52 
2.38 ±1.27 

-11.69 ±2.54 
2.30 ±1.34 

Optim2 -28.18 ±4.47 -21.92 ±2.90 -4.35 ±22.84 -12.10 ±3.33 -11.68 ±2.70 

Z 
Measured 24.56 ±4.08 0.77 

±0.61 

-14.94 ±3.10 1.18 

±0.97 

-45.88 ±267.73 1.96 

±1.32 

-6.14 ±1.56 
1.76 ±1.31 

11.09 ±1.91 
2.16 ±1.64 

Optim2 24.74 ±3.94 -14.66 ±3.35 -45.94 ±267.99 -5.55 ±2.67 11.94 ±3.33 

 

                 Links lengths (mm) 

 

 
CaFi( 𝐿

𝑇𝐶𝐽
1) RMSD TiCa( 𝐿

𝑇𝐶𝐽
2) RMSD Fibula-talus( 𝐿

𝑇𝐶𝐽
3) RMSD 

Medial 

tibia-talus ( 𝐿
𝑇𝐶𝐽

4) 
RMSD 

Lateral 

tibia-talus ( 𝐿
𝑇𝐶𝐽

5) 
RMSD 

Length 
Measured 26.18 ±2.83 3.17 

±2.03 

24.43 ±3.01 1.48 

±1.05 

169.49 ±388.99 3.17 

±2.41 

§2.60 ±1.67 
4.35 ±1.73 

§1.51 ±0.84 
4.78 ±2.19 

Optim2 24.96 ±5.29 25.02 ±3.06 171.60 ±387.55 6.95 ±2.28 6.29 ±2.22 



 151 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4-5 (continued): The TCJ models’ locations of spheres’ centres, ligaments’ attachments, links’ lengths and spheres’ radii (average±std), measured 

directly from the MRI and adjusted by optimization. 

    Radii of the distal tibia, distal fibula and talus spheres (mm) 

 

Distal-medial 

Fibula ( 𝑟𝐹𝐼𝐵
1) 

RMSD 
Medial tibial 

mortise ( 𝑟𝑇𝐼𝐵
3) 

RMSD 
Lateral tibial 

mortise  ( 𝑟𝑇𝐼𝐵
4) 

RMSD 
Lateral 

talus ( 𝑟𝑇𝐴𝐿
1) 

RMSD 
Medial trochlea 

tali  ( 𝑟𝑇𝐴𝐿
2) 

RMSD 

Lateral 

trochlea tali 

( 𝑟𝑇𝐴𝐿
3) 

RMSD 

Radii 
Measured 255.75 ±626.95 2.40 

±1.54 

26.43 ±3.79 1.73 

±1.19 

23.98 ±2.16 1.88 

±1.37 

124.32 ±257.92 2.12 

±1.44 

§24.30 ±3.47 
1.84 ±1.04 

23.17 ±2.70 2.05 

±1.34 Optim2 256.33 ±626.24 26.78 ±3.86 24.52 ±3.30 124.64 ±258.01 22.92 ±3.23 23.50 ±3.23 

§.   Difference (with paired t-tests) between measured and optimized (from Optim2) values (p<0.05) 
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Figure 4-4 Comparison between subject-specific TFJ model kinematics from two 

participants with different medial tibial plateau. Participants’ 1 had a medial tibial 

plateau sphere centre ( 𝐴𝑇𝐼𝐵
4) and radius ( 𝑟𝑇𝐼𝐵

1) of (-765.4, 3043.4,492.8) mm and 

3178.5 mm respectively, while participants’ 2 measures were (-22.2, 101.7, 33.5) mm 

and 112.1 mm. Participants’ 1 had a lateral tibial plateau sphere centre ( 𝐴5
𝑇𝐼𝐵 ) and 

radius of ( 𝑟2
𝑇𝐼𝐵 ) of (12.7, -47.2, 0.7) mm and 49.4 mm respectively, while participants’ 

2 measures were (25.9, -95.6, -31.7) mm and 95.8 mm. AP ROM was 14mm for 

participant 1 and 19mm for participant 2, PD ROM was 10mm for participant 1 and 

4mm for participant 2 while IE ROM was 7° for participant 1 and 19° for participant 2. 

All correlations coefficients were ρ≥0.8 with p≤0.05 except for AA (ρ≤0, p≤0.05). 

These TFJ kinematic differences are probably due to the medial and lateral tibial plateau 

sizes. 
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Table 4-6 Sensitivity analysis showing the coefficients (average±std) of the 2nd order polynomial fitted to 

the objective function values (𝐹 ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TFJ ligament attachment points 

 

 
X Y Z 

ACL in tibia ( 𝐴𝑇𝐼𝐵
1) 0.07 ±0.22 0.00 ±0.01 0.23 ±0.74 

PCL in tibia ( 𝐴𝑇𝐼𝐵
2) 0.18 ±0.63 0.18 ±0.63 0.22 ±0.62 

MCL in tibia ( 𝐴𝑇𝐼𝐵
3) 0.06 ±0.11 0.17 ±0.60 0.02 ±0.05 

ACL in femur ( 𝐵𝐹𝐸𝑀
1) 0.20 ±0.38 0.08 ±0.21 0.02 ±0.04 

PCL in femur ( 𝐵𝐹𝐸𝑀
2) 0.06 ±0.12 0.15 ±0.50 0.36 ±0.85 

MCL in femur ( 𝐵𝐹𝐸𝑀
3) 0.50 ±0.74 0.28 ±0.69 0.02 ±0.08 

 

TFJ tibial plateau spheres centres 

 

Medial ( 𝐴𝑇𝐼𝐵
4) 0.22 ±0.44 0.02 ±0.04 0.10 ±0.26 

Lateral ( 𝐴𝑇𝐼𝐵
5) 0.59 ±0.58 0.02 ±0.30 0.06 ±0.16 

 

PFJ  PT attachment points 

 

PT in tibia ( 𝐶𝑇𝐼𝐵 ) 0.03 ±0.03 0.01 ±0.01 0.01 ±0.01 

PT in patella ( 𝐷𝑃𝐴𝑇 ) 0.03 ±0.03 0.00 ±0.01 0.00 ±0.02 

 

PFJ femoral patellar spheres centres 

 

Medial ( 𝑝𝐹𝐸𝑀
1) 0.54 ±0.48 0.77 ±0.76 0.01 ±0.07 

Lateral ( 𝑝𝐹𝐸𝑀
2) 0.44 ±0.44 0.77 ±0.78 0.01 ±0.08 

 

TCJ  ligament attachment points 

 

CaFi in fibula ( 𝐹𝑇𝐼𝐵
1) 0.13 ±0.33 0.01 ±0.02 0.00 ±0.00 

TiCa in tibia ( 𝐹𝑇𝐼𝐵
2) 0.17 ±0.36 0.20 ±0.50 0.19 ±0.49 

CaFi in calcaneus ( 𝐸𝑇𝐴𝐿
1) 0.01 ±0.03 0.03 ±0.10 0.00 ±0.00 

TiCa in calcaneus ( 𝐸𝑇𝐴𝐿
2) 0.06 ±0.19 0.00 ±0.01 0.00 ±0.01 

 

TCJ spheres centres 

 

Distal-medial fibula ( 𝐹𝑇𝐼𝐵
3) 0.60 ±0.64 0.22 ±0.36 0.30 ±0.43 

Medial tibial mortise ( 𝐹𝑇𝐼𝐵
4) 0.13 ±0.55 0.17 ±0.69 0.59 ±0.63 

Lateral tibial mortise ( 𝐹𝑇𝐼𝐵
5) 0.82 ±0.77 0.48 ±0.53 0.71 ±0.67 

Lateral talus ( 𝐸𝑇𝐴𝐿
3) 0.51 ±0.58 0.31 ±0.51 0.29 ±0.41 

Medial trochlea tali ( 𝐸𝑇𝐴𝐿
4) 0.78 ±0.67 0.74 ±0.59 0.56 ±0.61 

Lateral trochlea tali ( 𝐸𝑇𝐴𝐿
5) 0.93 ±0.77 0.60 ±0.67 0.62 ±0.63 
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4.4 Discussion 

For the first time, subject-specific TFJ, PFJ and TCJ mechanisms’ models were 

created for fourteen participants from their MRIs. Mechanisms have been previously 

used to estimate in vivo joint angles, but only assembled and used as a generic model 

(Duprey et al., 2010). Without optimization, all participants’ TFJ and TCJ mechanisms 

produced singularities, which was previously reported, since these mechanisms are 

highly sensitive to parameters’ variation (Sancisi et al., 2011). Therefore, parameters 

from MRIs need to be adjusted to avoid singularities. After both optimizations, all 

estimated kinematics were without singularities.  

 Optim1 estimated kinematics generally exhibited smaller and some negative 

correlations to experimental kinematics compared to Optim2, supporting hypothesis 1. 

Understandably, Optim2 estimated kinematics were similar to experimental kinematics, 

since the tracking kinematic patterns was an optimisation criteria. However, the 

moderate correlations for Optim2 PFJ IE and ML rotations were probably due to their 

small ROMs. Optim2 basically estimates the subject-specific kinematics by tracking the 

experimental kinematics, but forcing the model to respect the participant’s anatomical 

constraints. This is important for future implementations, since Optim2 can be used to 

ensure physiological representative motion without using the individuals measured 

kinematics, which is not usually available and was required on the previous cadaveric 

joint models (Franci et al., 2009; Sancisi and Parenti-Castelli, 2011a).  

Despite pattern similarities, the estimated- and experimental-kinematic ROMs 

were generally different, particularly for the TFJ and TCJ, supporting hypothesis 2. 

These differences may be due to different joint geometries across individuals. However, 

optimized-parameters well represented the various joint tissues, suggested by their 

similarity with the respective measured-parameters, also supporting hypothesis 2. 

Indeed, the measured and optimized centres of the aforementioned spheres’ were not 

significantly different. Furthermore, the optimized-spheres-residuals, although 

significantly higher than the measured-residuals, were small (≤0.9mm), indicating that 

all spheres well fitted the bone-cartilages’ surfaces. Moreover, although the TFJ 

optimized-parameters’ largest and average RMSDs (14.6mm and 4.1mm) were higher 

than those reported for other TFJ mechanisms (11.2mm and 2.4mm) (Ottoboni et al., 
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2010), these differences were potentially due to the different bounds imposed by the 

different optimization’s methods. 

Hypotheses 3 and 4 were only partially upheld. Similar to Beynnon et al. (1996) 

we found small variations in the TFJ and PFJ translations’ ROMs, probably due to the 

small variations in most of the TFJ and PFJ optimized-parameters. However, the TFJ 

medial tibial spheres exhibited large variation, which did not affect the TFJ kinematics, 

except maybe the IE rotation which showed large means and ROMs’ variations. 

Similarly, most TCJ optimized-parameters exhibited small variations except the lateral 

talofibular spheres’ centres; likewise they do not seem to affect the TCJ means and 

ROMs’ variations. Furthermore, the TCJ had “non-sagittal plane” IE and AA rotations, 

which approximated a universal joint (Leardini et al., 1999c; Sancisi et al., 2014) rather 

than a pure hinge joint (Isman and Inman, 1968; Kapandji, 1987), more commonly used 

in generic models (Hamner et al., 2010). 

Some participants’ tibial spheres’ centres’ had large radii suggesting that their 

tibial surfaces were nearly flat. This has been reported in other populations (Hashemi et 

al., 2008; Matsuda et al., 1999), and other’s opted to fit planes to these surfaces in their 

TFJ mechanisms (Parenti-Castelli and Di Gregorio, 2000). However, the use of spheres 

allow a better approximation of measured kinematics (Ottoboni et al., 2010) and is 

recommended. 

The two participants’ results also suggested that joint kinematics were 

influenced by joint geometries, supporting Hypothesis 5. These participants had very 

different fitted spheres’ centres due to different tibial surfaces’ geometries. 

Subsequently, their TFJ kinematics metrics were different, although their translations’ 

patterns were similar. Participant 2 had a deeper medial tibial concavity which 

constrained the TFJ PD translation, resulting in a smaller PD ROM (Hashemi et al., 

2008), although it allowed a larger IE ROM. Furthermore, participant 2’s less concave 

lateral surface allowed a larger AP translation (Johal et al., 2005). Since these 

parameters are not accounted for in generic models, subject-specific models should be 

used to estimate more accurate personalized kinematics. This is very important since 

joint kinematics highly influence joint loading (Li et al., 2004). However, a full 

examination of the effects of participant’s joint geometry on kinematics was beyond the 
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scope of this study. This analysis can be done using a statistical shape modelling method 

with principal component analysis (Smoger et al., 2015), which can consider the effect 

of multiple covariates i.e. joint parameters (Rao et al., 2013).  

  The models were sensitive to the PFJ and lateral TCJ sphere centres locations, 

revealed by high quadratic coefficients. Therefore, these parameters need to be properly 

measured and optimized. In contrast, the PT attachments points had very small 

coefficients and thus optimizing these parameters may not be necessary. Similar results 

were apparent in El Habachi and collegaues’ (2015) equivalent PFJ mechanism, which 

was sensitive to the PFJ hinge axis orientation and location, and less sensitive to the PT 

attachments’ points. Furthermore, accuracy of  PFJ model (Sancisi et al., 2011) was 

most influenced by the position of PFJ spheres’ centres.  

The proposed models and study has limitations. We were unable to validate each 

participant’s estimated kinematics using measured kinematics, due to time and budget 

constraints. However, the models have been well validated using subject-specific 

cadaveric data (Franci et al., 2009; Sancisi and Parenti-Castelli, 2011a). Furthermore, a 

similar TFJ mechanism, recently implemented as a generic model, estimated accurate 

TFJ kinematics measured using bi-planar radiography (Clément et al., 2015). Finally, 

we expect that our participants’ measured kinematics curves’ patterns would be similar 

to the published experimental kinematics. In fact, these included not just in vitro but 

also in vivo kinematics and all presented similar curves’ patterns, with high correlations 

(see Fig. 3-19), although with variable STDs. We only created models for 14 

participants, and although not a large population, it is considerably more than other 

studies involving segmentation from MRIs to create subject-specific models (Bei and 

Fregly, 2004; Sandholm et al., 2011; Scheys et al., 2008). Optimization required 

maximum time of 10 hours computation time, although the simulated annealing function 

tolerance was not reached; subsequently, the global optima were potentially not found. 

Nevertheless, we suggest that the solution was close to global optima, since 

computational time was similar to that reported previously (Ottoboni et al., 2010), and 

simulated annealing solutions were refined with local solver. Furthermore, in future 

studies, the functions’ tolerance can be increased in order to find global optima. 

Additionally, computation time can be reduced, in the future, by only optimizing the 
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crucial parameters identified in the sensitivity analysis, and using code parallelization, 

although it is not possible to predict how fast the model would be. Finally, the proposed 

models were for published passive motion, possibly limiting applicability to loaded 

motion. However, passive kinematics may provide good estimates of in vivo joint 

motion (Sancisi and Parenti-Castelli, 2011a), considering the reported similarities 

between unloaded and physiologically loaded joints (Lu et al., 2008; Myers et al., 2012). 

Furthermore, adding the LCL to the current TFJ mechanism (6-links) and using 

minimally deformable ligaments, Gasparutto et al. (2015) attained accurate tracking of 

in vivo TFJ kinematics during running. However, they only used average cadaveric 

parameters, and including MRI-derived subject-specific parameters may further improve 

estimation of in vivo motion. 

Summarizing, a robust new optimization method to estimate subject-specific 

TFJ, PFJ and TCJ joint kinematics was presented, with the models’ parameters 

measured off the individuals’ MRIs. Parameter optimization did not require individually 

measured kinematics, but relied on ensemble-averaged experimental kinematics that we 

created from literature. The models’ optimized-parameters well represented the 

participants’ anatomical tissues, and the estimated kinematics had curve patterns similar 

to the published experimental kinematics. Future work should focus on comparing the 

mechanisms’ kinematics with those from generic joint kinematic models scaled for the 

same participants (Walker et al., 1988; Yamaguchi and Zajac, 1989), and assemble their 

mechanisms into complete subject-specific lower-limb models to enable inverse 

kinematics and dynamics estimates of joint angles and moments during motion.  
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4.5 Appendix 

4.5.1 Appendix 4-A 

The TFJ mechanism-based model (Figure 4-5) is that described by Sancisi and Parenti-

Castelli (2011a). The TFJ is five-bar linkage whose lengths, 𝐿𝑇𝐹𝐽
𝑖, remained constant 

throughout the TFJ flexion-extension range of motion using the corresponding model 

equations (Equation 4-4)  

𝐿𝑇𝐹𝐽
𝑖 = ∥  𝐵𝐹𝐸𝑀

𝑖 − 𝑅𝑇𝐼𝐵
𝐹𝐸𝑀  𝐴𝑇𝐼𝐵

𝑖  −  𝑃𝐹𝐸𝑀
𝑇𝐼𝐵 ∥ for (𝑖 = 1, … ,5) 

 

4-4 

 

where the rotation matrices and translation vectors are 

𝑅𝑇𝐼𝐵
𝐹𝐸𝑀  – 3x3 rotation matrix transforming vectors from proximal tibia to femur,  

𝑃𝐹𝐸𝑀
𝑇𝐼𝐵 – translation vector of the origin of proximal tibia frame in femur 

mechanical-CF 

and measured/optimized parameters are 

𝐴𝑇𝐼𝐵
𝑖   (𝑖 = 1,2,3) – attachment of the ACL, PCL and MCL in the tibia, expressed in 

the proximal tibial mechanical-CF 

𝐵𝐹𝐸𝑀
𝑖 (𝑖 = 1,2,3) – attachment of the ACL, PCL and MCL in the femur, expressed 

in the femoral mechanical-CF 

𝐴𝑇𝐼𝐵
𝑖    (𝑖 = 4,5) – coordinates of the spheres’ centres fitted to the tibial medial and 

lateral plateau, expressed in the proximal tibial mechanical-CF 

𝐵𝐹𝐸𝑀
𝑖  (𝑖 = 4,5) – coordinates of the spheres’ centres fitted to the femoral medial 

and lateral condyles, expressed in the femoral mechanical-CF 

The derived constant lengths for 𝐿𝑇𝐹𝐽
𝑖 were 

 𝐿
𝑇𝐹𝐽

𝑖(𝑖 = 1,2,3) – the respective lengths of the  ACL, PCL and MCL from the 

MRI-reference pose 



 159 

𝐿𝑇𝐹𝐽
4 = ‖ 𝑟𝐹𝐸𝑀

1 + 𝑟𝑇𝐼𝐵
1‖ – constant distance between the spheres fitted to the 

medial femoral condyles and tibial plateau,  

𝐿𝑇𝐹𝐽
5 = ‖ 𝑟𝐹𝐸𝑀

2 + 𝑟𝑇𝐼𝐵
2‖ – constant distance between the spheres fitted to the 

lateral femoral condyles and tibial plateau,  

𝑟𝐹𝐸𝑀
𝑖 (i = 1,2) – radii of the spheres fitted to the 1) medial and 2) lateral femoral 

condyles 

𝑟𝑇𝐼𝐵
𝑖 (i = 1,2) – radii of the spheres fitted to the 1) medial and 2) lateral tibial 

plateaus 

 

 

Figure 4-5 TFJ mechanism-

based model with circles 

representing 3D spheres 

fitted to the femoral 

condyles (red line) and 

tibial plateau (blue dash) 

with lines (black dash) 

connecting their centres; 

lines (black) representing 

ACL, PCL and MCL 

ligaments. 
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 The PFJ mechanism (Figure 4-6) was also developed from that presented by 

Sancisi and Parenti-Castelli (2011a). In this the patella was constrained to move at fixed 

distance around the PFJ hinge axis that represented the femoral patellar surface, which 

was governed by the following equations (Equation 4-5): 

𝑅 𝑃𝐴𝑇
𝐹𝐸𝑀 𝑛𝑃𝐴𝑇 =  𝑛𝐹𝐸𝑀    

𝑅𝑃𝐴𝑇
𝐹𝐸𝑀 𝑄𝑃𝐴𝑇 +  𝑃𝐹𝐸𝑀

𝑃𝐴𝑇 = 𝜆 𝑛𝐹𝐸𝑀 + 𝑄𝐹𝐸𝑀  

𝐿𝑃𝐹𝐽 = ∥  𝑅 𝐹𝐸𝑀
𝑇𝐼𝐵  ( 𝑅𝑃𝐴𝑇

𝐹𝐸𝑀 𝐷𝑃𝐴𝑇 + 𝑃𝐹𝐸𝑀
𝑃𝐴𝑇) + 𝑃𝑇𝐼𝐵

𝐹𝐸𝑀 −  𝐶𝑇𝐼𝐵 ∥ 

 

4-5 

 

where the rotation matrices and translation vectors are 

𝑅 𝐹𝐸𝑀
𝑇𝐼𝐵 - 3x3 rotation matrix transforming vectors from femur to proximal tibia 

mechanical-CF 

𝑃𝑇𝐼𝐵
𝐹𝐸𝑀 - translation vector of the origin of femur in proximal tibia mechanical-CF  

𝑅 𝑃𝐴𝑇
𝐹𝐸𝑀 - 3x3 rotation matrix transforming vector from patella to femur 

𝑃𝐹𝐸𝑀
𝑃𝐴𝑇 - translation vector of the origin of patella frame in femur frame 

and the measured/optimized and derived parameters are 

𝐶𝑇𝐼𝐵  , 𝐷𝑃𝐴𝑇   – patella tendon attachment in the tibia and patella, expressed in the 

proximal tibial and patellar mechanical-CF 

𝐿𝑃𝐹𝐽
 – length of the patella tendon link going from the 𝐶𝑇𝐼𝐵  to the 𝐷𝑃𝐴𝑇  

𝑝𝐹𝐸𝑀
1, 𝑝𝐹𝐸𝑀

2  - coordinates of the spheres’ centres fitted to the medial and lateral 

femoral patellar surfaces, expressed in the femoral mechanical-CF 

𝑛𝐹𝐸𝑀  , 𝑛𝑃𝐴𝑇  - unit vectors of the PFJ rotation axis, expressed in the femoral and 

patellar mechanical-CF respectively 
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𝑄𝐹𝐸𝑀 , 𝑄𝑃𝐴𝑇 , - intersection points of the axis 𝑛𝐹𝐸𝑀  and 𝑛𝑃𝐴𝑇  with the x-y planes of 

the femoral and patella mechanical-CF respectively 

𝜆 - fixed distance between 𝑄𝐹𝐸𝑀  and 𝑄𝑃𝐴𝑇   

𝑟𝐹𝐸𝑀
𝑖 (𝑖 = 3, 4) – radii of the spheres fitted to medial and lateral femoral patellar 

respectively  

 

 

 

Figure 4-6 The PFJ mechanism-

based model showing circles 

(black) representing the 3D 

spheres fitted to the femoral 

patellar surface together with line 

(black) connecting their centres; 

line (red) representing PT tendon. 

Line defines the PFJ hinge axis, 

which is described both in the 

patellar ( 𝑛𝑃𝐴𝑇 ) and femoral 

( 𝑛𝐹𝐸𝑀 ) mechanical-CF. 𝑄𝐹𝐸𝑀  and 

𝑄𝑃𝐴𝑇 , are the intersection points 

of the axis 𝑛𝐹𝐸𝑀  and 𝑛𝑃𝐴𝑇   with 

the x-y reference planes of the 

femoral and patella frames 

respectively. λ is the fixed 

distance between these two points. 
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Similar to the TFJ, the TCJ was a five-bar mechanism (Figure 4-7) as described by 

Franci et al. (2009). The TCJ’s five-bar linkage lengths, 𝐿𝑇𝐶𝐽
𝑖, remained constant 

throughout the TCJ dorsiflexion range of motion (Equation 4-6): 

𝐿𝑇𝐶𝐽
𝑖 = ∥  𝐹𝑇𝐼𝐵

𝑖 − 𝑅𝑇𝐴𝐿
𝑇𝐼𝐵  𝐸𝑇𝐴𝐿

𝑖   −  𝑃𝑇𝐴𝐿
𝑇𝐼𝐵 ∥  for (𝑖 = 1, … ,5) 

 

4-6 

where the rotation matrices and translation vectors being 

𝑅𝑇𝐴𝐿
𝑇𝐼𝐵  - 3x3 rotation matrix transforming vector from talus to distal tibia  

𝑃𝑇𝐴𝐿
𝑇𝐼𝐵  - translation vector of the origin of talus frame in distal tibia frame 

and measured/optimized parameters  

𝐸𝑇𝐴𝐿
𝑖   (𝑖 = 1,2) - attachment of the calcaneofibular and tibiocalcaneal ligaments in 

the calcaneus, expressed in the talus mechanical-CF 

𝐸𝑇𝐴𝐿
3 - coordinates of the sphere centre fitted to the lateral talus at the lateral 

talofibular articulation, expressed in the talus mechanical-CF 

𝐸𝑇𝐴𝐿
𝑖 (𝑖 = 4,5) - coordinates of the spheres’ centres fitted to the medial and lateral 

trochlea tali, expressed in the talus mechanical-CF 

 𝐹𝑇𝐼𝐵
𝑖 (𝑖 = 1,2) - attachment of the calcaneofibular and tibiocalcaneal ligaments in 

the fibula and tibia, expressed in the distal tibial mechanical-CF 

𝐹𝑇𝐼𝐵
3  - coordinates of the sphere centre fitted to the distal-medial fibula at the lateral 

talofibular articulation, expressed in the distal tibial mechanical-CF 

𝐹𝑇𝐼𝐵
𝑖  (𝑖 = 4,5) – coordinates of the spheres’ centres fitted to the medial and lateral 

tibial mortise, expressed in the distal tibial mechanical-CF 
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The constant lengths for 𝐿𝑇𝐶𝐽
𝑖 were: 

𝐿𝑇𝐶𝐽
𝑖(𝑖 = 1,2) –  the respective lengths calcaneofibular and tibiocalcaneal ligaments 

from the MRIs in the reference pose 

𝐿𝑇𝐶𝐽
3 = ‖ 𝑟𝑇𝐴𝐿

1 + 𝑟𝐹𝐼𝐵
1‖ – constant distance between the centres of the spheres fitted 

to the lateral talus and distal-medial fibula at the lateral talofibular articulation 

𝐿𝑇𝐶𝐽
4 = ‖ 𝑟𝑇𝐴𝐿

2 + 𝑟𝑇𝐼𝐵
3‖ – constant distance between the centres of the spheres fitted 

to the medial trochlea tali and medial tibial mortise. 

𝐿𝑇𝐶𝐽
5 = ‖ 𝑟𝑇𝐴𝐿

3 + 𝑟𝑇𝐼𝐵
4‖ – constant distance between the centres of the spheres fitted 

to the lateral trochlea tali and lateral tibial mortise. 

 𝑟𝑇𝐴𝐿
𝑖 (𝑖 = 1,2,3) – radii of the spheres fitted to 1) lateral talus, 2) medial and 3) 

lateral trochlea tali respectively 

𝑟𝐹𝐼𝐵
1– radius of the sphere fitted to the distal-medial fibula at the lateral  talofibular 

articulation 

𝑟𝑇𝐼𝐵
𝑖 (𝑖 = 3,4) – radii of the spheres fitted to medial and lateral tibial mortise 

respectively 

Figure 4-7 The TCJ 

mechanism-based model 

with circles representing 

3D spheres fitted to the 

fibula (blue line), distal 

tibia (blue line) and talus 

(red dash) together with 

lines (black dash) 

connecting their centres; 

lines (black) representing 

calcaneofibular (CaFi) and 

tibiocalcaneal (TiCa) 

ligaments.  
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4.5.2 Appendix 4-B 

 TFJ, PFJ and TCJ subject-specific mechanism-based models sensitivity results. 

Optimized objective function values were plotted as a function of the parameter 

increment.   

 

 

 

 

 

 

 

 

 

Figure 4-8 Sensitivity analysis of the TFJ model geometrical-parameters: ACL, PCL 

and MCL tibia and femur attachment points. Objective function values (𝐹 ) are 

represented (average) for the 100 increments of the parameter values either side of the 

optimized parameter value. 
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Figure 4-9Sensitivity analysis of the TFJ model geometrical-parameters: centres of 

spheres fitted to the medial and lateral tibia plateau. Objective function values (𝐹 ) are 

represented (average) for the 100 increments of the parameter values either side of the 

optimized parameter value 
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Figure 4-10 Sensitivity analysis of the PFJ model geometrical-parameters: PT 

attachment points in tibia and patella. Objective function values (𝐹 ) are represented 

(average) for the 100 increments of the parameter values either side of the optimized 

parameter value 
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Figure 4-11 Sensitivity analysis of the PFJ model geometrical-parameters: centre of 

spheres fitted to the medial and lateral femoral patellar surface. Objective function 

values (𝐹 ) are represented (average) for the 100 increments of the parameter values 

either side of the optimized parameter value 
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Figure 4-12 Sensitivity analysis of the TCJ model geometrical-parameters: CaFi and 

TiCa attachment points in the fibula, tibia and calcaneous. Objective function values 

(𝐹 ) are represented (average) for the 100 increments of the parameter values either 

side of the optimized parameter value. 
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Figure 4-13 Sensitivity analysis of the TCJ model geometrical-parameters: centres of 

the spheres fitted to the distal-medial fibula, lateral talus and medial and lateral tibial 

mortise and trochlea tali. Objective function values (𝐹 ) are represented (average) for 

the 100 increments of the parameter values either side of the optimized parameter value 
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Chapter 5 Complete subject-specific lower-limb skeletal-joint 

MRI based model  
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5.1 Introduction 

 Musculoskeletal computational models are commonly used to understand joint 

biomechanics and the anatomy and joint mechanisms that define these models are 

commonly derived from cadaveric studies (Delp et al., 1990). The bones are typically 

represented by coarse, low-resolution surface geometries that are linearly scaled using 

scale-factors. These scale-factors are based on each individual’s anthropometric 

measurements determined using the three-dimensional position of motion capture 

(3DMOCAP) markers placed over the skin of prominent anatomical landmarks. This 

placement relies upon the examiner’s skill of palpating the bony landmarks with 

overlying soft tissue (Della Croce et al., 1999) resulting in possible location 

inaccuracies. Subsequently scale-factors and estimated bone dimension may have errors 

that may influence the modelling of musculoskeletal dynamics during movement 

(Arnold et al., 2001). Alternatively, scale-factors can be determined using MRI images 

(Arnold et al., 2001), where the examiner locates the anatomical landmarks directly 

from the imaged bone surfaces as well as from the generic bone surfaces, thus the rigid-

body segments maybe possibly better scaled. However, the scale-factors and subsequent 

bone dimensions from these two methods have yet to be compared. 

Generic joint models have been commonly used in previous research. These 

models have the advantage of being already implemented. However, there are important 

limitations when using these models. In OpenSim (Delp et al., 2007), a commonly used 

musculoskeletal modeling software, joints are represented as simplified or idealized 

mechanisms. The tibiofemoral joint (TFJ) is modelled using a sagittal plane model 

(Yamaguchi and Zajac, 1989), or with extra knee rotations in the other planes (Walker 

et al., 1988). Furthermore, the hip joint center (HJC) location, and the translations of the 

TFJ and patellofemoral (PFJ) models are typically adjusted using the linear scale-

factors, which may not well represent the individual’s joint anatomy, mechanics and 

motion once scaled. The ankle’s talocrural (TCJ) and subtalar (STJ) joints are also 

modelled as hinges with single rotations around their respective axis (Isman and Inman, 

1968), of which, to the author’s knowledge, no attempt at scaling using 3DMOCAP 

markers or MRIs has been reported. 
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 Consequently, scaled-generic models may not accurately represent each 

individual’s skeletal-joint system. This leads to errors when estimating joint kinematics 

(Scheys et al., 2011a) and moments (Tsai et al., 2012a), as well as measured TFJ 

contact forces (Fregly et al., 2012). Moreover, measured joint contact forces, have been 

more accurately estimated when using subject-specific anatomy and TFJ model (Gerus 

et al., 2013; Marra et al., 2015) when compared with scaled-generic models. Therefore, 

methods are needed to readily create such subject-specific skeletal-joint models.  

Subject-specific HJC, TFJ, PFJ, TCJ and STJ rigid-body models have been 

previously developed from the individual’s anatomical surfaces from segmented MRIs 

(Arnold et al., 2000; Franci et al., 2009; Parr et al., 2012; Sancisi and Parenti-Castelli, 

2011a). The HJC can be approximated as the centre of a sphere fitted to a femoral head 

surface (Arnold et al., 2000). The TFJ, PFJ and TCJ passive kinematics can be 

estimated using mechanisms with the models’ geometric-parameters obtained directly 

from cadavers (Franci et al., 2009; Sancisi and Parenti-Castelli, 2011a) and now MRIs 

(Brito da Luz et al., 2015a). Finally, the STJ hinge axis can be estimated using the talus 

articular surface segmented from MRIs (Parr et al., 2012). Although these joint models 

have been created separately from MRIs, we are unaware if these have been combined 

to create a complete subject-specific model. Furthermore, no comparisons in terms of 

scale-factors, bone dimensions and joint kinematics and axis orientations have been 

reported when using subject-specific and scaled-generic models for the same 

participants. 

This paper presents methods to create a complete subject-specific lower-limb 

skeletal-joint models including the hip joint, TFJ, PFJ, TCJ and STJ, using MRI data. 

Subject-specific and two different scaled-generic models were created for fourteen 

participants and integrated into OpenSim (Brito da Luz et al., 2015b). All models were 

compared in terms of scale-factors, bone dimensions, TFJ and PFJ joint kinematics and 

the STJ axis orientation. We hypothesized that (i) the scale-factors will be different 

between 3DMOCAP and MRI methods, (ii) for the same 14 participants, their three 

models’ bone dimensions, STJ axis and joint kinematics will be significantly different, 

but the subject-specific will be more similar to the MRI scaled-generic model. 
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5.2 Methods 

 Fourteen healthy individuals with no history of musculoskeletal abnormalities 

participated (12M and 2F, age: 30±5.7 years, height: 1.8±0.08m, body mass: 77±13kg, 

BMI: 23.8±3.06 kg/m2). The Griffith University Human Research Ethics Committee 

approved all procedures (PES/37/11/HREC) and all participants provided their 

informed, written consent prior to testing. Testing consisted of 3DMOCAP and MRI 

acquisition, completed on the same day. 3DMOCAP static postures were acquired using 

a 10 camera motion capture system (Vicon, UK) at 200Hz and participants wore a full-

body marker set with 10-marker clusters on the thighs and shanks (Dempsey et al., 

2007b). 

MRI acquisition included bone and joint scans from one lower-limb for each 

participant (Brito da Luz et al., 2015a). The bones, cartilages and ligaments were 

segmented from the MRIs and 3D surface meshes were generated using Mimics 

(Materialise, Leuven) comprising the: 1) bone-cartilages of the pelvis, femur, tibia, 

fibula, patella, talus and calcaneus, and 2) ligaments ACL, PCL, MCL on the TFJ, 

patella tendon (PT) on the PFJ, and calcaneofibular (CaFi) and tibiocalcaneal (TiCa) on 

the TCJ. All these were used in creating the subject-specific joint models.  

 Two scaled-generic models (Fig. 5-1a), i.e. 3DMOCAP-scaled-generic and 

MRI-scaled-generic, were developed for each participant using an OpenSim v3.1 (Delp 

et al., 2007) generic full-body model (Hamner et al., 2010). This included bone 

geometries with embedded coordinate frames for the head/trunk, pelvis, femur, tibia, 

patella, fibula, talus, calcaneus and toes, while only the 3DMOCAP-scaled-generic 

included a patella (Delp et al., 1990). All generic bones had the standard OpenSim 

coordinate frames (with orientations and origin) (Tab. 3-2, Fig. 5-2), which were 

aligned (i.e. 0° rotations about each orthogonal direction) to the OpenSim ground 

coordinate frame in the anatomical pose (Delp et al., 1990). The pelvic, femoral and 

tibial coordinate frames were created using anatomical landmarks that adhered to the 

ISB convention (Tab. 3-2) (Wu et al., 2002). Finally, the patella and talus coordinate 

frames were aligned to the tibial frame in the anatomical pose, but with their respective 

origins at the most distal patellar point and between the medial and lateral ankle 

malleoli apices. 
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Figure 5-1 Two model types created for the same participant and implemented into 

OpenSim: a) Scaled-generic and b) Subject-specific. Pelvis, femur, tibia, patella and 

talus coordinate frames orientation and origins are represented on both models. 

 

 

 

 

 

a) b) 
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Figure 5-2 Representation of 3D bone-cartilage surfaces, with respective body 

coordinate frames origins relative to their “parent” frame origin: a) the femur frame 

origin, located in the femur head was relative to the pelvis frame origin, located between 

the medial and lateral ASIS, b) tibia frame origin, located between the medial and 

lateral femoral epicondyles, was relative to the femur frame origin, c) patella frame 

origin, located at the most distal point in the patella, was relative to the tibia frame 

origin, d) talus frame origin, located between the medial and lateral malleoli apices, was 

relative to the tibia frame origin and e) calcaneus frame origin, located at the most 

inferior, lateral point on the posterior surface of the calcaneus, was relative to the talus 

Y 

a) 

b) 

d) 

c) 

e) 

X 

Z 
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origin. The origins of the coordinate frames respective to their parent frame were used 

to describe the bone dimensions. 

 The scaled-generic bones were articulated through the hip joint, TFJ, PFJ, TCJ, 

STJ and metatarsophalangeal (MTPJ) joint. The hip joint was a ball-and-socket with 3 

rotational DoFs i.e. flexion-extension (FE), internal-external (IE) and abduction-

adduction (AA), around the HJC. The 3DMOCAP-scaled-generic TFJ and PFJ models 

were derived from Yamaguchi and Zajac (1989) and estimated the anterior-posterior 

(AP) and proximal-distal (PD) translations of the TFJ and PFJ, and the PFJ’s FE 

rotations and medial-lateral (ML) translations. MRI-scaled-generic’s TFJ model was 

defined from Walker et al. (1988), which additional to Yamaguchi and Zajac (1989) 

estimated the TFJ IE and AA rotations. Both scaled-generic TCJ, STJ and MTPJ models 

employed single hinge joints (Isman and Inman, 1968). The joint rotations were 

estimated using the ISB recommended ZXY order of rotations (Grood and Suntay, 

1983; Wu et al., 2002), i.e. the first FE rotation around Z-axis of the “parent” frame, the 

second AA about floating X-axis and then IE about the “Y-axis” of “child” frame. 

 The bone geometries, and TFJ and PFJ translations, of the two generic models’ 

were linearly scaled (Saxby et al., 2013) to each participants’ anthropometry by 

determining body scale-factors using two different methods. The 3DMOCAP-scaled-

generic scale-factors were based on the position of 3DMOCAP markers (Hicks et al., 

2015) while the MRI-scaled-generic scale-factors were the ratios of the bone 

dimensions measured off the (i) bone surface meshes from the participants MRIs and 

(ii) generic bones (Arnold et al., 2001). For 3DMOCAP-scaled-generic, certain virtual 

landmarks were created from the 3DMOCAP marker positions. The HJC was estimated 

using regression equations (estimated-HJC) (Harrington et al., 2007), and because the 

ankle malleoli markers did not overlay the apices, 30mm were added to the PD 

coordinate of these markers’ midpoint to estimate the mid apices position, 30mm being 

the measured distance between the mid malleoli to the mid apices in the generic model. 

Subsequently, the 3DMOCAP-scaled-generic bones’ dimensions were adjusted in AP, 

PD and ML directions using the following markers and/or landmarks i.e. 1) pelvis; 

ASIS and PSIS markers, 2) femur; estimated-HJC and the femoral epicondyles markers, 

3) tibia and patella; femoral epicondyles’ markers and mid apices, and 4) all foot bones; 
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markers placed in the calcaneus and the 1st and 5th metatarsals. Finally, OpenSim 

accounts for the offset between the markers’ position and bony anatomical landmark it 

represents. 

For the MRI-scaled-generic, scale-factors were determined for the pelvis, femur 

and tibia bones. Anatomical landmarks were located on the bone meshes of the generic 

models and those from the MRIs of each participant, and used to determine the bone 

scale factors: 1) pelvis; AP − ASIS to centre of sphere fitted to the femoral head, PD − 

ASIS to ischial tuberosity,  and ML − from right ASIS to left ASIS and 2) femur and 

tibia; AP − length of the tibial plateau in the sagittal plane, PD − centre of sphere fitted 

to the femoral head to the mid-point between the centres of spheres fitted to the medial 

and lateral femoral condyles, and ML − most medial to most lateral femoral 

epicondyles. 

 The 3DMOCAP-scaled-generic TFJ and PFJ models translations were linearly 

scaled using the femur and tibia scale-factors respectively obtained from 3DMOCAP. 

Likewise, the MRI-scaled-generic TFJ model translations were scaled using the femur 

scale-factors from MRIs. However, for both scaled-generic models the TFJ and PFJ 

rotations, as well as the orientation of the TCJ, STJ and MTP axes, were not scaled for 

each participant. 

For each participant their MRI-derived subject-specific 3D surface meshes were 

used to create lower-limb bones and joints (i.e. hip joint, TFJ, PFJ, TCJ, STJ) using 

previously reported methods (Arnold et al., 2000; Brito da Luz et al., 2015a; Franci et 

al., 2009; Parr et al., 2012; Sancisi and Parenti-Castelli, 2011a). The methods to derive 

TFJ, PFJ and TCJ mechanisms from MRIs are described in Brito da Luz et al. (2015b) 

and were implemented in OpenSim (Fig. 5-1b, Fig. 5-3). In addition, the hip joint was a 

ball-and-socket with 3 rotational DoFs and the HJC estimated as the centre of a sphere 

fitted to the femoral head cartilage surface (Fig. 5-3a) (Arnold et al., 2000). The STJ 

was a hinge joint with rotation around a unit vector axis that passed through the centre 

of two spheres fitted to the talus sustentaculum and calcaneal facets (Fig. 5-3d) (Parr et 

al., 2012). The STJ axis was defined in the calcaneus coordinate frame (Wu et al., 

2002). The subject-specific foot bones (except the talus and calcaneus) and the MTPJ 
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joint were equivalent to the scaled-generic models, since the middle and posterior foot 

regions were not visible in the MRI scans.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-3 Representation of the five subject-specific joint models with 3D bone-

cartilage surfaces from MRIs: a) Sphere fitted to the femoral head with respective centre 

representing the HJC, b) TFJ, PFJ and c) TCJ models were mechanisms and d) STJ was 

a hinge joint with its axis defined by a vector connecting the centre of two spheres fitted 

to the talus surface. 

 

 

a) 

b) 

c) 

d) 
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 The TFJ, PFJ and TCJ were modelled as 1-DoF rigid-body mechanisms with 

sphere-on-sphere articulations constrained by rigid links (Fig.5-3b,c). Using the TFJ FE 

angles between 0° and 90° as input, both TFJ and PFJ models estimated the IE and AA 

rotations and AP, PD and ML translations, and the PFJ model also estimated its FE 

rotation (Sancisi and Parenti-Castelli, 2011a). The TCJ used the dorsiflexion angles 

between -25° and 15° as input, and estimated the remaining TCJ kinematics (Franci et 

al., 2009). The rigid links represented the distance between the mechanisms’ paired-

geometric objects i.e. the centres of the spheres fitted to the articular cartilage surfaces 

and the ligaments’ attachment points in the bones. These geometric-parameters, 

measured in the MRI images, were optimized to ensure the mechanism equations were 

solved without singularities and the links’ lengths remained constant during the joint 

motion (Brito da Luz et al., 2015a).  

 To create the TFJ, PFJ and TCJ subject-specific models, the bone coordinate 

frames were defined using anatomical landmarks obtained from the bones’ surfaces 

segmented in the MRI reference pose (participants were scanned with 14.0±5.6° of TFJ 

FE and 4.7±3.3° of TCJ dorsiflexion). However, these anatomical landmarks were 

different than the ones used for the OpenSim generic models. Therefore, to enable 

comparisons between models, the subject-specific bone coordinate frames were 

constructed by locating the OpenSim anatomical landmarks on the MRIs’ bone 

surfaces. Subsequently, all segments’ and joint models’ kinematics and axis orientations 

were modified to accommodate the differences between MRI and OpenSim bone 

coordinate frames. Finally, the non-scanned lower-limb geometries and joint models 

were determined by “mirroring” the ones from the scanned lower-limb.  

 Five general analyses, with associated statistical tests, were undertaken to 

compare the 3DMOCAP-scaled-generic, MRI-scaled-generic and subject-specific 

models across participants (Tab. 5-1). First, the scale-factors were compared from the 

two scaled-generic models. Second, the bone dimensions from the three models were 

compared using the location of the bones’ coordinate frame origins relative to their 

“parent” frame (Fig. 5- 2). These were: 1) pelvis; the HJC in the pelvis frame, 2) femur; 

mid-point between in the tibia frame, 4) patella; most distal point of the patella in the 

tibia frame, and 5) calcaneus; most inferior, lateral point on the posterior surface of the 
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calcaneus in the talus frame. All these were calculated with the models in the 

anatomical pose and the anterior, proximal and lateral directions of the x, y and z 

coordinates were defined as positive. Third, we analysed the angular differences 

between the STJ axes from 3DMOCAP-scaled-generic (both scaled-generic models 

produced exactly the same STJ axes for each participant) and subject-specific models’, 

i.e. sine of the dot product of the two axes. Fourth, the TFJ and PFJ kinematic curves’ 

kinematic offset, over 0° to 90° TFJ FE ROM, were analysed using the curves means 

and ROMs. Fifth and finally, the similarity of TFJ and PFJ kinematic curves’ from the 

different models were analysed using the Pearson correlation coefficient (ρ) and the 

normalized root-mean-square error (NRMSE) between each curve. To reveal negative 

correlations ρ was used instead of 𝑅2. The NRMSE in percentage, was the RMSE 

between two models’ kinematic curves, normalized by their average ROM.  

Note that TCJ kinematic comparisons were not possible since the scaled-generic 

models did not have non-FE kinematics and rotations, which were estimated from the 

subject-specific TCJ model. Furthermore, some of the bone dimensions, STJ axis, and 

joint kinematics were not affected by scaling, therefore no differences between 

participant’s scaled-generic models existed. So in these cases one-sample t-tests were 

employed to assess differences between scaled-generic and subject-specific models, 

while paired t-tests or repeated measures ANOVA were used for other comparisons 

(Tab. 5-1). All statistical tests, used p<0.05, and Benjamin and Hochberg corrections 

(Benjamini and Hochberg, 1995) were used for multiple comparisons.  
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Table 5-1 Overview of the range of statistical tests and NRMSE used to analyse the statistical 

differences between the three models. 

Analyses Undertaken 

3DMOCAP-scaled-

generic versus 

MRI-scaled-generic 

3DMOCAP-

scaled-generic 

versus 

 Subject-specific 

MRI-scaled-generic  

versus 

Subject-specific 

3DMOCAP-scaled-

generic vs. MRI-

scaled-generic vs. 

Subject-specific 

1 Scale-factors 

Paired t-tests: 

Pelvis, femur and 

tibia bones in all 

direction 

NA NA NA 

2 Bone Dimensions NA 

Paired t-test: 

 Patella and 

calcaneus in all 

direction 

NA 

One-way repeated-

measures ANOVA:  
Femur (all directions), 

tibia (AP and PD), and 

talus (PD)  

 

†One-sample t-tests: 

Tibia (ML) and talus 

(AP and ML)  

3 
STJ axes angular 

difference 
NA 

†One-sample t-

test NA NA 

4 
Kinematic curves: 

 Means and ROM 
NA 

†One-sample t-

tests: 

PFJ FE mean and 

ROM, 

PFJ ML ROM, 

TFJ ML mean and 

ROM  

 

Paired t-tests: 

PFJ AP, PD, 

PFJ ML  

†One-sample t-tests:  
TFJ IE, AA and ML  

One-way repeated-

measures ANOVA: 
TFJ AP and PD  

5 

Kinematic curves’ 

shape:  

ρ and NRMSE 

ρ and NRMSE: 

TFJ AP and PD 

 

NRMSE: 

TFJ IE, AA and 

ML 

ρ and NRMSE: 
TFJ AP and PD, 

PFJ FE, AP and 

PD 

NRMSE: 

TFJ and PFJ IE, 

AA and ML 

ρ and NRMSE: 

 TFJ IE, AA, and AP 

 

NRMSE: 

TFJ PD and ML  

NA 

Comparisons of 

kinematic curves’ 

shape 

ρ and NRMSE 

across models 

NA NA NA 

§Kruskal-Wallis: 

ρ: TFJ AP and PD 

NRMSE: TFJ IE, AA, 

AP and PD, 

† One-sample t-tests were employed when the scaled-generic models were not affected by 

scaling and the scaled-generic variables did not vary across participants. 

§ Kruskal-Wallis used since some data was non-parametric. 
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5.3 Results 

 For all 14 participants, the two scaled-generic and subject-specific models were 

successfully created and assembled in OpenSim. The scale-factors for the two scaled-

generic methods were significantly different in all directions, except for the tibia in the 

PD direction (Tab. 5-3). 

 The bone dimensions of the femur, patella, talus and calcaneus were generally 

different between the three models (Tab. 5-4). There were differences between 

3DMOCAP-scaled-generic and MRI-scaled-generic femur dimensions in the AP, PD 

and ML directions (p<0.001, p<0.001 and p=0.01 respectively), and tibia in the AP 

direction (p<0.001). The 3DMOCAP-scaled-generic and subject-specific produced 

differences in the femur AP and PD directions (p<0.001 and p=0.01 respectively), tibia 

in the AP (p=0.006), patella in the PD and ML (p<0.001 and p=0.03 respectively), talus 

in the PD (p=0.03) and calcaneus in the AP, PD and ML (p<0.001, p=0.03 and p<0.05 

respectively). Finally, the MRI-scaled-generic and subject-specific were different in the 

femur ML direction (p=0.02). 

 The difference in the STJ axis angle between the subject-specific and the scaled-

generic models was 11.3±6.5° (p<0.001).  

 The TFJ and PFJ kinematics were generally different between models (Tab. 5-

5). The TFJ kinematics from the 3DMOCAP-scaled-generic and MRI-scaled-generic 

models had similar means, but different AP and PD ROMs (p<0.001). When comparing 

the 3DMOCAP-scaled-generic and subject-specific, the TFJ kinematics had different 

AP and ML means (p<0.001 and p=0.01 respectively) and different ML ROM 

(p<0.001), while the PFJ kinematics’ means and ROM were all different (p<0.001) 

except the FE ROM. Except for the PD mean, the means and ROM of TFJ kinematics 

from the MRI-scaled-generic and subject-specific were dissimilar (all with p<0.001 

except the AA mean with p=0.004).  

 The TFJ and PFJ kinematic curve shapes of the subject-specific and scaled-

generic models were similar (Tab. 5-6, Fig. 5-4) (all ρ≥0.6, p<0.05). The only 

exceptions were between the MRI-scaled-generic and subject-specific TFJ models’ AA 

(ρ=0.2, p<0.05) and between the 3DMOCAP-scaled-generic and subject-specific for the 
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PFJ models’ FE (ρ= −0.43, p=0.07) and PD (ρ=0.3, p=0.17). However, there were 

significant and high NRMSE’s for the TFJ and PFJ kinematics between models, all 

being ≥36%. (Tab. 5-6, Fig. 5-4), Furthermore, between the three models, there were 

differences between the TFJ correlations and NRMSE (all with p<0.03), except between 

the: 1) 3DMOCAP-scaled-generic/MRI-scaled-generic and 3DMOCAP-scaled-

generic/subject-specific for the AP correlation and the IE, AA, AP and PD NRMSE, 2) 

3DMOCAP-scaled-generic/MRI-scaled-generic and the MRI-scaled-generic/subject-

specific for the PD correlation and AP NRMSE, and 3) 3DMOCAP-scaled-

generic/subject-specific and the MRI-scaled-generic/subject-specific for the AP 

correlations and AA, AP and PD NRMSE. 
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Table 5-2 Scale-factors used to adjust the linear AP (anterior-posterior), PD 

(proximal-distal) and ML (medial-lateral) dimensions of the pelvis, femur and tibia 

generic bones. 

 Bone geometries 

 Pelvis Femur Tibia 

 AP PD ML AP PD ML AP PD ML 

3DMOCAP-

scaled-

generic a 

‡1.04 

± 

0.12 

‡1.04 

± 

0.12 

†1.07 

± 

0.11 

‡1.08 

± 

0.07 

*1.08 

± 

0.07 

†1.28 

± 

0.11 

‡1.07 

± 

0.06 

1.07 

± 

0.06 

‡1.00 

± 

0.09 

MRI-scaled-

generic b 

 

0.67 

± 

0.13 

1.36 

± 

0.13 

0.95 

± 

0.06 

0.94 

± 

0.10 

1.06 

± 

0.08 

1.12 

± 

0.11 

0.94 

± 

0.10 

1.06 

± 

0.08 

1.12 

± 

0.11 

a. Scale-factors for the 3DMOCAP-scaled-generic model were obtained with 

the 3DMOCAP markers  

b. Scale-factors for the MRI-scaled-generic model were obtained with MRIs  

‡.  p≤0.001 

†.  p≤0.005 

*.   p≤0.05 
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Table 5-3 Pelvis, femur, patella, tibia, and calcaneus bone dimensions in the AP (anterior-

posterior), PD (proximal-distal) and ML (medial-lateral) directions for each model. 

  
Direction 

  
AP PD ML 

 

Pelvis 

 

3DMOCAP-

scaled-generic 
‡†-73.87 ± 8.39 ‡†-69.06 ± 7.85 ‡89.00 ± 9.15 

MRI-scaled-

generic 
-47.21 ± 9.45 -89.77 ± 8.84 *79.20 ± 5.30 

Subject-specific -47.21 ± 9.45 -84.53 ± 7.67 87.41 ± 5.00 

Femur 

3DMOCAP-

scaled-generic 
‡†-4.87 ± 0.34 -428.11 ± 29.49 0.00 ± 0.00 

MRI-scaled-

generic 
-0.02 ± 0.002 -428.60 ± 31.99 0.00 ± 0.00 

Subject-specific -0.80 ±0.44 -428.04 ±32.25 0.32 ±0.77 

 

Patella 

 

3DMOCAP-

scaled-generic 
53.39 ± 3.26 †-24.42 ± 1.49 †2.40 ± 0.22 

Subject-specific 54.78 ±4.08 -11.29 ±3.82 5.38 ±3.96 

 

Tibia 

 

3DMOCAP-

scaled-generic 
0.00 ± 0.00 †-457.49 ± 27.91 0.00 ± 0.00 

MRI-scaled-

generic 
0.00 ± 0.00 -450.27 ± 33.61 0.00 ± 0.00 

Subject-specific -1.29 ±4.39 -424.07 ±27.67 -3.49 ±21.11 

 

Calcaneus 

 

3DMOCAP-

scaled-generic 
†-55.68 ± 2.64 †-47.89 ± 2.27 †9.04 ± 0.43 

Subject-specific -38.40 ±5.23 -51.76 ±5.95 1.84 ±9.55 

‡.  Difference between 3DMOCAP-scaled-generic and MRI-scaled-generic (p≤0.05) 

†.  Difference between 3DMOCAP-scaled-generic and subject-specific (p≤0.05) 

*.   Difference between MRI-scaled-generic and subject-specific (p≤0.05) 
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Table 5-4 Means and ROMs of the FE (flexion-extension), IE (internal-external) and AA (abduction-adduction) rotations and AP (anterior-posterior), PD 

(proximal-distal) and ML (medial-lateral) translations for the TFJ, PFJ and TCJ kinematics’ model 

 

   
Rotations Translations 

   FE 

(°) 

IE 

(°) 

AA 

(°) 

AP 

(mm) 

PD 

(mm) 

ML 

(mm) 
   

TFJ 

Mean 

3DMOCAP-

scaled-generic NA NA NA †1.46 ± 0.10 -436.76 ± 30.08 †0.00 ± 0.00 

MRI-scaled-

generic NA *7.78 ± 0.00 *1.77 ± 0.00 *2.58 ± 0.28 -433.53 ± 32.36 *0.00 ± 0.00 

Subject-specific NA 9.34 ±7.68 1.28 ±2.84 5.11 ±2.19 -438.04 ±32.46 2.37 ±2.83 

ROM 

3DMOCAP-

scaled-generic 
NA NA NA ‡10.06 ± 0.69 ‡23.20 ± 1.60 †0.00 ± 0.00 

MRI-scaled-

generic 
NA *10.82 ± 0.00 *2.29 ± 0.00 *3.65 ± 0.40 *9.51 ± 0.71 *0.00 ± 0.00 

Subject-specific NA 17.02 ±5.45 4.83 ±3.98 11.24 ±2.81 25.43 ±6.84 6.29 ±3.78 

PFJ 

Mean 

3DMOCAP-

scaled-generic 
†15.09 ± 0.00 NA NA †42.70 ± 2.61 †-22.59 ± 1.38 †2.40 ± 0.22 

Subject-specific -8.74 ±6.82 -14.83 ±8.21 1.34 ±9.03 31.11 ±4.12 -8.07 ±4.09 8.80 ±5.95 

ROM 

3DMOCAP-

scaled-generic 
17.63 ± 0.00 NA NA †25.83 ± 1.58 †2.90 ± 0.18 †0.00 ± 0.00 

Subject-specific 12.58 ±10.74 19.95 ±8.30 13.59 ±7.39 48.49 ±8.44 7.42 ±4.17 10.65 ±7.36 

TCJ 
Mean 

Subject-specific 
NA 1.59 ±1.24 1.19 ±0.64 -1.55 ±4.12 -424.27 ±27.71 -12.26 ±16.94 

ROM NA 15.80 ±11.23 6.13 ±3.85 1.67 ±1.14 1.74 ±1.52 2.15 ±1.52 

‡.   Difference between 3DMOCAP-scaled-generic and MRI-scaled-generic (p≤0.05) 

†.  Difference between 3DMOCAP-scaled-generic and subject-specific (p≤0.05) 

*.  Difference between MRI-scaled-generic and subject-specific (p≤0.05) 
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Table 5-5 ρ and normalized root-mean-square error (NRMSE) between TFJ and PFJ models’ flexion-extension (FE), internal-external (IE) and abduction-

adduction (AA) rotations and anterior-posterior (AP), proximal-distal (PD) and medial-lateral (ML) translations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Joint kinematics 

  
FE IE AA AP PD ML 

TFJ 

3DMOCAP-

scaled-generic 

with MRI-scaled-

generic 

ρ NA NA NA §†0.64 ± 0.00 §‡0.98 ± 0.00 NA 

NRMSE NA †151.46 ± 0.00 †166.24 ± 0.00 41.27 ± 0.48 †72.42 ± 33.14 0.0 ± 0.0 

TFJ 

3DMOCAP-

scaled-generic 

with subject-

specific 

ρ NA NA NA §0.71 ± 0.25 §*1.00 ± 0.00 NA 

NRMSE NA *160.12 ±41.80 113.96 ±41.42 44.99 ±9.93 42.12 ±26.07 128.92 ±56.27 

TFJ 

MRI-scaled-

generic with 

subject-specific 

ρ NA §0.67 ±0.65 §0.20 ±0.92 §0.88 ±0.11 §0.98 ±0.01 NA 

NRMSE NA 53.42 ±36.00 88.46 ±54.84 54.47 ±22.74 36.52 ±12.24 136.81 ±60.05 

PFJ 

3DMOCAP-

scaled-generic 

with subject-

specific 

ρ -0.43 ±0.55a NA NA §0.99 ±0.01 0.28 ±0.36b NA 

NRMSE 175.93 ±88.02 161.03 ±29.70 125.09 ±42.11 37.14 ±9.07 325.98 ±174.33 
187.44 

±102.38 

‡.   Difference between analyses: 3DMOCAP-scaled-generic/MRI-scaled-generic and 3DMOCAP-scaled-generic/subject-specific 

(p≤0.05) 

†. Difference between analyses: 3DMOCAP-scaled-generic/MRI-scaled-generic and MRI-scaled-generic/subject-specific (p≤0.05) 

*. Difference between analyses: 3DMOCAP-scaled-generic/subject-specific and MRI-scaled-generic/subject-specific (p≤0.05) 

 a. p=0.07 

b. p=0.2 
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Figure 5-4 Comparison between the subject-specific TFJ (left), PFJ (middle)  and TCJ 

(right) model kinematic kinematics (average±std in red) with those from 3DMOCAP-

scaled-generic (average±std in blue) and MRI-scaled-generic (average±std in green). FE 

(flexion-extension), IE (internal-external), AA (abduction-adductions) rotations and AP 

(anterior-posterior), PD (proximal-distal) and ML(medial-lateral) translations are 

plotted versus the TFJ and TCJ dorsiflexion angles between 0°/90° and -25°/15° 

respectively. 
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5.4 Discussion 

 We created and compared a subject-specific and two scaled-generic skeletal-

joint models for 14 participants that were assembled in OpenSim. The bones’ scale-

factors obtained from the 3DMOCAP markers or MRIs were generally different. 

Subsequently, the bones dimensions were different between 3DMOCAP-scaled-generic 

models and the other two models, although MRI-scaled-generic and subject-specific 

models had similar bone dimensions since they were based on MRIs. There was also an 

11° significant angular offset between STJ axes of the scaled-generic and subject-

specific models. Finally, the three models’ kinematics curves had similar shapes but 

different offsets and ROMs. Based on these findings, since these two scaled-generic 

models previously used in the literature produce different skeletal geometry and joint 

kinematics for the same participants, they must subsequently result in differences in 

joints’ angles from dynamic simulations. 

 The bones’ scale-factors, and subsequently bones dimensions, obtained with the 

3DMOCAP markers and MRIs methods were generally different. To the authors’ 

knowledge, scale-factors and bone dimensions scaled using these methods have not 

been previously compared, although differences in muscle-tendon lengths have been 

reported when using these scaled-generic models (Arnold et al., 2001). Between the 

3DMOCAP-scaled-generic and the other two models, the differences in the pelvis, 

femur and tibia scale-factors and bones dimensions were possibly due to misplacement 

of the 3DMOCAP markers, since placing these required the examiner to palpate 

anatomical landmarks over soft tissue, which is prone to error (Della Croce et al., 1999). 

Specifically, the differences in the pelvic AP direction were possibly due to misplaced 

markers on the ASIS and PSIS. Additionally, the pelvic PD direction was probably 

incorrectly scaled, since we had to use the AP scale-factor as no markers could be 

placed to identify a pelvis inferior border to define pelvic height. The differences in the 

femoral AP direction may be due to the misplacement of the medial and lateral femoral 

epicondyles’ markers and inaccurate estimated-HJC in the AP direction, which has been 

previously reported (Lenaerts et al., 2009). The differences in the tibial PD direction 

were possibly due to adding an offset of 30mm to the ankle malleoli midpoint, which 
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was measured on the generic bones’ coarse meshes and therefore may have been 

inaccurate.  

 The use of 3DMOCAP markers for scaling probably affected the patella and 

calcaneus scaling and dimensions. The differences in these bones’ dimensions between 

the 3DMOCAP-scaled-generic and the subject-specific models were possibly due to 

scaling with markers not placed over these bones; (i) the patella was scaled using the 

tibias’ scale-factors and (i) calcaneus composed the “foot” and subsequently it was 

scaled only using the three foot markers placed in the calcaneus and the 1st and 5th 

metatarsals. Although using these scale-factors is potentially the most viable option 

with the current markers’ set-up, an effort should be made to improve the set-up by 

placing markers over these bones and create specific scale-factors. 

 Generally there was little difference in the bones dimensions between MRI-

scaled-generic and the subject-specific models as both were based on the MRIs. The 

only statistical difference was in the pelvis dimension in the ML direction, which was 

scaled using the right and left ASIS anatomical landmarks. However, the pelvic 

dimensions were determined using the distance between the femoral head centre relative 

to the pelvis origin (Fig. 5- 2). Therefore, the position of the femoral head centre was 

possibly inaccurately scaled in the ML direction from using the right and left ASIS 

positions. Furthermore, a difference of ~26mm existed between the MRI-scaled-generic 

and the subject-specific models for tibial PD direction, but this difference was not 

statistically significant, which was possibly due to small sample size. Nevertheless, this 

difference indicates that the femur and tibia should not be scaled using the same MRI 

scale-factors for this direction, since changes in these bones’ dimensions may not 

correlate. Finally, because the MRI-scaled-generic bone dimensions were more similar 

to the subject-specific when compared with the 3DMOCAP-scaled-generic, we suggest 

that scale-factors should be obtained from MRI, if available. 

 For this study, it was only possible to analyze the bones’ dimensions between 

these models. Nonetheless, a more thorough comparison of bone geometry should also 

include other geometric-parameters which affect joint motion (Hashemi et al., 2008) 

e.g. tibia plateau slopes and concavity depth. However, these could not be analyzed 

since they are difficult to identify on the generic bone meshes, which have a coarse 
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geometry. Nevertheless, we suggest that the anatomical landmarks, used to create the 

MRI-scaled-generic models e.g. pelvis ASIS and ischial tuberosity as well as femur and 

tibia most medial and lateral condyles’ points, can be well located since these points are 

prominent on the bone geometries, although no validation was done in this study.   

 The TFJ and PFJ kinematic translations of the scaled-generic models were also 

affected by the bone scaling since the generic bone dimensions and respective joint 

translations were scaled using the same scale-factor. When bone dimensions were 

similar between models, generally their respective translations had higher ρ’s and 

smaller NRMSEs, which is observed when comparing 3DMOCAP-scaled-generic and 

the other two models. For example the femur dimensions were different in the AP 

directions, but similar in the PD, and the model’s TFJ AP translations had lower 

correlations, different means and generally higher NRMSEs when compared with the 

PD translation. Another example, the patella dimensions showed differences in the PD 

and ML directions, and although all PFJ kinematics generally had different means and 

ROMs, the PD translation exhibited lower correlations and higher NRMSE when 

compared with the AP translation.  

 However, even after scaling bone dimensions and joint translations based on the 

MRIs, we observed important differences the MRI-scaled-generic and they subject-

specific models’ TFJ kinematics. The femoral dimensions were similar, but the 

displayed different means and ROMs and high NRMSE. Furthermore, the TFJ IE and 

AA rotations between these two models, had different magnitudes and smaller 

correlations, except ρ=0.7 for the IE rotation. The differences could have been reduced 

if the MRI-scaled-generic TFJ IE and AA rotations were scaled, but this was not 

possible using bone linear dimensions taken off the MRIs. Scaling these TFJ rotations 

should incorporate other bone geometric-parameters which influence the joints rotations 

(Hashemi et al., 2008; Nordin and Frankel, 2001), which cannot not be measured in the 

generic bones, e.g. tibial plateaus’ slope or concavity depth.  

 For the same participants, the TFJ and PFJ kinematics produced by the three 

models were similar in shape but had different offsets and ROM’s. Thus, each 

participant’s kinematics curve patterns are potentially well defined by these models. 

Furthermore, because the subject-specific kinematics were constrained by measured 
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geometric-parameters on the same individual, we suggest that although not validated, 

the subject-specific kinematics should better approximate each participants’ measured 

kinematics (Brito da Luz et al., 2015a). Therefore, if MRIs are available, an effort 

should be made to create personalized bone meshes and estimate joint kinematics using 

the subject-specific mechanisms. Finally, it was not possible to measure each 

participant’s kinematics, in order to validate the model results, due to time and cost 

constraints. However, these kinematics could be acquired, in future studies, using 

fluoroscopy (Lu et al., 2008) or bi-planar radiography (Clément et al., 2015).     

 Between the generic TFJ models, the Walker et al. (1988) model should be 

preferred. Although, the TFJ translations had high ρ between all models, the Walker et 

al. (1988) model estimated the TFJ IE and AA rotations, which occur during TFJ 

motion (Belvedere et al., 2007; Blankevoort et al., 1988); furthermore, the IE rotations 

estimated with this models were well correlated with the subject-specific model (ρ=0.7).  

 For the first time the kinematic differences between two scaled TFJ generic 

models (Walker et al., 1988; Yamaguchi and Zajac, 1989) typically used in OpenSim 

(Hicks et al., 2015) were reported. Also, no comparison had been reported between 

these and the subject-specific models. Others studies analysed joint angles during gait 

when: (i) analysing the sensitivity of anatomical landmarks’ positions (Della Croce et 

al., 2005), (ii) using different methods of scaling generic models with 3DMOCAP 

markers (Lund et al., 2015), or (iii) using different mechanisms with optimized (not 

MRI-measured) geometric-parameters (Duprey et al., 2010). However no bone 

dimensions’ differences or joint kinematic analysis were reported. Nonetheless, these 

studies also highlighted the importance of accurate scaling and appropriate selection of 

joint models, particularly if these models are to be used for dynamic analyses. 

 The STJ hinge axis orientation was different between scaled-generic and 

subject-specific models, indicted by the 11°±7° angular difference between the models’ 

axes. No analyses have been previously performed between these two models STJ axes. 

These angular differences may be important for future uses of these models because the 

STJ axis position and orientation: (i) varies substantially across different populations 

(Leardini et al., 2001), and (ii) influences subtalar joint moments (Lewis et al., 2007). 

We suggest that, if MRI is available, the STJ axis should be obtained using the subject-
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specific method, since it was validated in vitro (Parr et al., 2012), and uses each 

participants’ talus surface morphology to determine their axis orientation that has large 

variation across participants suggested by the 7° STD. Conversely, the scaled-generic 

model’s STJ axis was the same for all participants because it could not be scaled using 

3DMOCAP markers. However, the scaled-generic model’s STJ axis may be scaled, in 

future studies, using the STJ axis orientation obtained from MRI images as presented. 

Furthermore, the effect of these changes on the muscles moment arms should also be 

considered and evaluated.  

 The TCJ models’ kinematics could not be directly compared. The scaled-generic 

TCJ model had a single rotation around a hinge axis, which could not be scaled to each 

participant (Delp et al., 1990; Isman and Inman, 1968), while the subject-specific model 

estimated all rotations and translations (Brito da Luz et al., 2015a; Franci et al., 2009). 

However, because the TCJ is not a pure hinge but has measured 3D rotations and 

translations (Leardini et al., 1999c), we suggest that the TCJ subject-specific estimated 

kinematics were more representative of each participants TCJ kinematics and should be 

used to estimate joint angles and moments during dynamic simulation.  

 Our analyses of the scaled-generic and subject-specific models have limitations. 

These models were created for fourteen participants, which is not a large population, 

although considerably larger than other studies using MRIs to develop skeletal-joint 

models (Sandholm et al., 2011; Scheys et al., 2011a). Furthermore, both scaled-generic 

and subject-specific joint models have other potential limitations: 1) their joint 

kinematics were not validated on an individual basis, 2) they are all rigid-body models, 

and 3) only estimate the joints’ passive motion. First, measuring in vivo kinematics e.g. 

using fluoroscopy (Lu et al., 2008) for all these joints was not feasible due to radiation 

exposure, high costs and long-time requirements by the participants, i.e. they attended 

two test sessions: 1 hour MRI acquisition at the radiography clinic followed by 2-3 hour 

3DMOCAP at the gait analysis laboratory at Griffith University.. Second, rigid-body 

models are not as complex elastic foundation (Halloran et al., 2005) or finite element 

(Dhaher et al., 2010)models and may not account for joint behaviour under dynamic 

loading (Bei and Fregly, 2004). However, they are readily available, can be used for 

large populations and they do provide physiological representative results when used 



 197 

appropriately, e.g. good predications of joint contact forces (Gerus et al., 2013; Marra et 

al., 2015). Third, although joint motion might change when the joint is loaded, the 

passive kinematics is an overall good estimate of joint motion during loading (Lu et al., 

2008), and can be used in rigid-body 3DMOCAP models. Moreover, equivalent 

mechanism models, although without measured parameters on the same individual 

(Duprey et al., 2010; Moissenet et al., 2014), have been used in multi-body simulation 

models of gait and well-predicted medial TFJ contact forces (Zhao et al., 2007a). 

 There are advantages and disadvantages when using either subject-specific or 

scaled-generic models. The advantages of the subject-specific models were previously 

mentioned, however, they require MRIs that are costly, and need multiple processing 

software and numerical techniques, such as optimization to estimate joint kinematics, 

which is time consuming (Brito da Luz et al., 2015a). Also, due to the MRI field-of-

view of the ankle sagittal scans, we could not visualize the complete foot and develop a 

MTPJ model. Nevertheless, bone-cartilage and ligament volume meshes can be 

automatically created using statistical shape modelling (Zhang et al., 2014b), possibly 

reducing MRIs acquisition time for each subject. For example, the bones’ dimensions 

can be obtained from sparse anatomical landmarks derived from 3DMOCAP data. 

Additionally, detailed bone geometry in the proximal and distal portions can be 

segmented from MRI images. Finally, using a statistical shape model of the respective 

bone, an atlas mesh can be customized to the anatomical landmarks and segmentation, 

using rigid-body translation, rotation and deformation along its principal components 

(Zhang et al., 2014a), to determine the subject-specific bone surface mesh. From these 

surfaces, the geometric-parameters required to create the subject-specific joint models 

could then be automatically generated. The scaled-generic models have the advantage of 

being already implemented in OpenSim and only requiring scaling. However, as 

mentioned, even after 3DMOCAP or MRI scaling, the dimensions of the bones and 

joint kinematics might not be accurate for some participants. Although not tested in this 

study, erroneous bone dimensions can potentially affect: 1) the position and orientation 

of joint centres and axis, 2) the location of the segments’ centre of mass and moments of 

inertia, 3) the position of musculotendon origins and insertions which will lead to 

inaccurate musculotendon lengths, moment arms and forces. Consequently, these 
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inaccuracies might lead to inaccurate joint angles, moments and internal joint loads of 

gait estimated using these scaled-generic models. 

 We successfully developed subject-specific lower-limb skeletal-joint models for 

14 participants, which were each implemented in OpenSim. This model showed 

significant bone dimension and joint kinematics differences when compared with 

scaled-generic models created for the same individuals. Future work should focus on 

comparing these models’ joint angles and moments during walking and running. The 

subject-specific model may potentially estimate more accurate joint angles and 

moments, while reducing the 3DMOCAP markers’ tracking error and the pelvis 

residuals and improve repeatability. 
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Chapter 6 Inverse kinematics and inverse dynamics solutions 

during walking and running gait with scaled-generic vs. 

subject-specific 
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6.1 Introduction 

 Musculoskeletal models are commonly used to estimate joint angles and 

moments during motion via inverse kinematics (IK) and inverse dynamics (ID) 

respectively. Although, different software packages are available for this, OpenSim is 

commonly used software for these analyses (Delp et al., 2007). Typically, IK and ID 

analyses use generic models which include bodies with defined segment parameters 

(BSIP) (i.e. mass, mass centre and moments of inertia) and joint kinematic models, that 

all represent and are obtained from cadaveric specimens (Delp et al., 1990; Isman and 

Inman, 1968; McConville et al., 1980; Yamaguchi and Zajac, 1989). These models are 

individualized, by scaling the generic model’s dimensions, BSIPs, joint locations and 

kinematic translations using total body mass and anatomical landmarks, the latter 

typically located from the three-dimensional (3D) position of motion capture 

(3DMOCAP) skin-placed markers (Hicks et al., 2015). However, markers can be 

inaccurately placed, since it relies upon the examiners skills of palpating the anatomical 

landmarks over soft tissue (Della Croce et al., 1999). Subsequently, misplaced markers 

can lead to erroneous bone dimensions, joint kinematics (Brito da Luz et al., 2015b), 

joint angles (Della Croce et al., 1999; Della Croce et al., 2005) and potentially BSIPs. It 

has been shown that joint moments do not significantly differ when BSIPs are 

individually perturbed (Reinbolt et al., 2007; Wesseling et al., 2014), but are 

significantly different due to simultaneous variation of segments’ BSIP (Ganley and 

Powers, 2004; Rao et al., 2006). Alternatively, generic models can be scaled using 

MRI-derived anatomical landmarks (Arnold et al., 2001); however, this is not common 

practice since it requires MRI acquisition and imaging processing which is costly and 

time consuming.  

 Generic musculoskeletal models usually employ simplified joint models that do 

not represent actual joint kinematics. The only exception, the hip joint, has three 

degrees-of-freedom (DoF) of rotation around the hip joint centre (HJC) located in the 

generic femurs head. However, the tibiofemoral (TFJ) and patellofemoral (PFJ) model 

(Yamaguchi and Zajac, 1989) estimate two-dimensional (2D) translations in the sagittal 

plane, and do not include internal-external (IE) and abduction-adduction (AA) rotations 

that have been measured in both joints (Belvedere et al., 2007; Blankevoort et al., 
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1988). The talocrural (TCJ), subtalar (STJ) and metatarsophalangeal (MTPJ) are hinges 

with a single rotation around their axis, which misrepresents the spherical motion of the 

TCJ (Sancisi et al., 2014). However, during IK, the STJ and MTPJ are often “locked” 

(Hamner et al., 2010; Modenese et al., 2011), due to the difficulty of measuring these 

joints’ short rotations directly using a limited amount of 3DMOCAP markers 

(MacWilliams et al., 2003; Scott and Winter, 1991). 

 Scaled-generic models are also possibly inexact representations of individual 

skeletal-joint systems (Brito da Luz et al., 2015b). Subsequently, during gait, these 

models lead to inaccurate estimates of joint angles and moments (Scheys et al., 2011a; 

Tsai et al., 2012a), TFJ contact forces (Fregly et al., 2012) and can potentially increase 

markers tracking errors. Alternatively, subject-specific models including personalised 

anatomy and joint kinematics, improve the reliability of estimated joint angles (Scheys 

et al., 2011a) and measured TFJ joint contact forces when compared with scaled-generic 

models (Gerus et al., 2013; Marra et al., 2015; Sandholm et al., 2011). Furthermore, 

personalised BSIPs could be estimated for each participant (Mungiole and Martin, 

1990) of the MRIs’ segmented skin surfaces (Modenese et al., 2015), rather than scaled 

from cadaveric values. Importantly, gait outputs are used in clinical applications, e.g. 

treatment planning for those with cerebral palsy (Kadaba et al., 1990b; Õunpuu et al., 

1996) or prosthetic design (Argenson et al., 2005). Therefore, effort should be made to 

create more personalised skeletal-joint model for each participant. 

 A complete rigid-body lower-limb subject-specific skeletal-joint models 

including the hip joint, TFJ, PFJ, TCJ and STJ models have been previously developed 

off each individuals in vivo MRIs and implemented into OpenSim (Brito da Luz et al., 

2015b). The HJC was approximated as the centre of a sphere fitted to the femoral heads 

surface (Arnold et al., 2000). The TFJ, PFJ and TCJ passive kinematics were estimated 

using mechanisms that well-predict cadaveric motion (Franci et al., 2009; Sancisi and 

Parenti-Castelli, 2011a), representing the articular joint surfaces and ligaments as 

geometric objects with rigid links. Previously, Brito da Luz et al. (2015a) showed that 

these mechanisms’ geometrical-parameters can be measured from MRIs and then 

optimized enabling the mechanisms’ estimated kinematics to have no mechanical 

singularities and well track previous published experimental passive motion. In 
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addition, the STJ was modelled as a hinge with the rotation axis estimated using spheres 

fitted to the talus surface (Parr et al., 2012). Previous studies (Duprey et al., 2010; 

Gasparutto et al., 2015; Moissenet et al., 2014) created and used multi-body models 

with equivalent joint mechanisms, and estimated joint angles and/or joint moments and 

contact loads during gait. However, these models still used generic bone meshes and 

mechanism parameters from cadavers. 

 This paper aimed to analyse lower-limb walking and running gait, between a 

commonly used generic rigid-body model, scaled with 3DMOCAP markers, and a 

subject-specific model created for thirteen participants. It was hypothesized that across 

participants, these models will exhibit: (i) different BSIPs for the pelvic girdle, thigh, 

patella, shank and talus segments, (ii) different joint angles in the internal-external 

(inversion-version at the ankle) (IE), and adduction-abduction (AA) direction, but 

similar flexion-extension (FE) angles, while knee and ankle angles estimated with the 

subject-specific model will better approximate the curves’ patterns of in vivo bone-pin 

measurements from literature, (iii) similar hip, knee and ankle joint moments. Finally, 

markers’ tracking errors will be higher for the scaled-generic model compared with the 

subject-specific.  
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6.2 Methods 

 The participants were thirteen healthy individuals with no history of 

musculoskeletal abnormalities (11M and 2F, 30±5.7y, 1.78±0.08m, 77±13kg, and BMI 

of 24±3.06 kg/m2). All participants provided their informed, written consent and all 

procedures were approved by Griffith University Human Research Ethics Committee 

(PES/37/11/HREC). For each participant, testing was completed on the same day and 

included 3DMOCAP, ground reaction forces (GRFs) and MRI acquisition. The 

3DMOCAP data were acquired using a 10 camera motion capture system (Vicon, UK) 

at 200Hz and the GRFs from two force plates (Kistler Instrument, Switzerland) at 

1000Hz.  Participant’s performed a range of trails including standing static postures and 

2 or 3 walking and running trials at self-selected paces i.e. 1.41±0.17m/s and 

4.25±0.42m/s respectively. They wore a full-body marker set (Dempsey et al., 2007a) 

with 10-marker clusters on the lateral and inferior portion of the thighs and over the 

anterior surface of the shanks to minimize the effects of soft-tissue artifact (Cappozzo et 

al., 1997; Stagni et al., 2005). Furthermore, participants wore shoes with three markers, 

which is common procedure for gait analysis. With this set-up, TCJ FE can be well 

estimated using IK, as shown by previous studies when compared with bone-pin 

markers’ measurements (Reinschmidt et al., 1997a). 3DMOCAP and GRF data were 

digitally filtered using a dual-pass zero-lag 4th order Butterworth low-pass filter with 

cut-off frequencies of 10Hz for walking and 15Hz for running (Dempsey et al., 2007a; 

Sartori et al., 2013). 

 MRI acquisition included axial scans and joint scans. Axial scans were obtained 

from above the iliac crest to the foot plantar surfaces with sequence: axial 2D T1W with 

1mm gap between slices, and 0.59x0.59x5mm reconstructed voxels. Sagittal scans were 

acquired for the hip, knee and ankle joints (Brito da Luz et al., 2015a) with no gap 

between thin slices and the following sequences: (i) hip: T1W fat-sat 3D FFE Dixon, 

0.29x0.29x1.5mm reconstruction, (ii) knee and ankle: T1W 3D FFE, 0.29x0.29x1mm 

reconstruction.  For each participant, only one lower-limb was scanned (seven left and 

five right lower-limbs from our population), since both legs were assumed to be similar. 

During the axial scans, participants laid in the lateral decubitus position, with the limb 

of interest placed on top to avoid compressing the thigh and gluteal muscles. From the 
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MRIs, the 3D surfaces of the external skin, bones, cartilages and ligaments were 

segmented using Mimics (Materialise, Leuven). Thus, 3D surface meshes were 

generated for the: 1) skin surfaces of lower body segments (pelvic girdle, thigh, shank 

and feet), 2) bones and cartilage surfaces; pelvis, femur, tibia, fibula, patella, talus and 

calcaneus, and 3) ligaments; ACL, PCL and MCL on the TFJ, patella tendon on the PFJ 

and CaFi and TiCa on the TCJ.  

 A scaled-generic model was developed for each participant using the OpenSim 

v3.1 (Delp et al., 2007) generic full-body model (Hamner et al., 2010). This model 

included rigid body segments for the head/trunk, upper limbs, pelvic girdle, thigh, 

patella, shank, talus and foot, with embedded anatomical coordinate frames 

(anatomical-CF) (Delp et al., 1990) (Table 3-2) and inertia properties determined with 

body’s anatomical-CF defined according to McConville et al. (1980). Therefore, for 

these body segments: (i) each segment’s centre of mass is located on the long axis of the 

segment, and (ii) the inertia tensors were the principal segment’s axes. 

 The generic lower-limb segments articulated via generic joint models 

representing the hip, TFJ, PFJ, TCJ, STJ and metatarsophalangeal (MTPJ). The hip joint 

was a ball-and-socket with 3 rotational DoFs i.e. FE, IE and AA, around the HJC. 

Across participants, the HJC location (average±STD in mm) was 73.8±8.4 anteriorly, 

69.0±7.9 distally and 89.0±9.2 laterally, from the pelvis centre (i.e. mid-point between 

the pelvis ASIS and PSIS). The generic TFJ and PFJ models (Yamaguchi and Zajac, 

1989) used the TFJ FE as input to estimate both joints’ anterior-posterior (AP) and 

proximal-distal (PD) translations, as well as the PFJ FE rotation and medial-lateral 

(ML) translation. Additionally, TFJ IE and AA rotations were defined as DoFs, with 

rotations permitted between -5° to 15° (Benoit et al., 2007) and between -3° to 3° 

respectively. These boundaries were defined to avoid non-physiological rotations. The 

TCJ was a skewed hinge with a single dorsi-plantarflexion rotation around the hinge 

axis (Isman and Inman, 1968). The STJ and MTPJ were also hinge joints but their 

rotations were “locked” during dynamic simulation. These joints’ rotations and the TCJ 

IE and AA rotations were constrained at 0° since it is difficult to measure their motion 

with 3DMOCAP marker arrangement and because the participants wore shoes. The 

joint rotations were estimated using the ISB recommended ZXY order of rotations 
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(Grood and Suntay, 1983; Wu et al., 2002), with flexion, internal rotation, and 

adduction rotations, and anterior, proximal and lateral translations being positive. 

 The generic model’s body dimensions and inertia properties, as well as the 

generic TFJ and PFJ models’ translations, were linearly scaled, registered and optimized 

to match each participants anthropometry estimated with the 3D position of 3DMOCAP 

markers (Dunne et al., 2013; Saxby et al., 2013). The PFJ FE rotations and the 

orientation of the TCJ, STJ and MTPJ axes were not scaled to each participant.  

 A subject-specific model was created for each participant, using their volume 

meshes derived from MRIs (Brito da Luz et al., 2015a), and implemented into OpenSim 

(Brito da Luz et al., 2015b). All body segments, and their underlying bones, had 

embedded anatomical-CFs that were equivalent to the OpenSim scaled-generic model 

(Brito da Luz et al., 2016; Delp et al., 1990). Personalized BSIPs were estimated for the 

pelvic girdle, thigh, patella, shank and talus segments, while the forefoot segment was 

the same as the scaled-generic model. In order to compare the BSIPs between models, 

the subject-specific pelvic girdle, thigh and shank segments’ had their anatomical-CFs 

defined as per McConville et al. (1980). This was a four step procedure. First, the 

complete volume of the lower-body soft tissue was separated into the pelvic girdle, 

thigh and shank volumetric segments (Dumas et al., 2007). Second, these segments 

anatomical-CFs were derived using anatomical landmarks located on their respective 

MRI-derived bones’ surfaces (McConville et al., 1980). Third, the following density 

values were assigned to all bones soft and tissues i.e. 1.42 kg/m2 for bones, 1.03 kg/m2 

and 1.02 kg/m2 for male and female soft tissues respectively (Dumas et al., 2005; White 

et al., 1987), and BSIPs were determined using NMSBuilder (Valente et al., 2014). 

Fourth, the subject-specific segment anatomical-CFs, mass centres and moments of 

inertia were transformed into the OpenSim segment CFs since they did not align. To-

this-end, the rigid transformation matrices from McConville et al. (1980) CFs to the 

OpenSim anatomical-CFs were determined for segments.  

  However, to the authors’ knowledge, no method has been reported to create the 

patella and talus segments nor define their BSIPs. Therefore, using Mimics, these 

segments’ volumes were segmented using the inside-body edges of their bone surfaces 

out to their overlying skin surfaces. Then, their OpenSim anatomical-CFs’ origins and 
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orientations were determined, and the aforementioned third and fourth steps were used 

to determine their BSIPs' values. 

 All subject-specific body segments articulated with personalized joint models 

(Arnold et al., 2000; Brito da Luz et al., 2015a; Franci et al., 2009; Parr et al., 2012; 

Sancisi and Parenti-Castelli, 2011a), which were all assembled into OpenSim (Brito da 

Luz et al., 2015b). The hip joint was defined as a ball-and-socket with 3 rotational 

DoFs, articulating around the HJC which was defined as the centre of a sphere fitted to 

the femoral head cartilage surface (Arnold et al., 2000). The HJC (average±STD in mm) 

was 47.2±9.5 anteriorly, 84.5±7.7 distally and 87.4±5.0 laterally, from the pelvis centre.  

 The TFJ, PFJ and TCJ were 1-DoF rigid-body mechanisms-based models with 

sphere-on-sphere articulations constrained by rigid links (Franci et al., 2009; Sancisi 

and Parenti-Castelli, 2011a). Using the TFJ FE angles between -5° and 100° as input, 

both TFJ and PFJ models estimated the remaining IE and AA rotations and the AP, PD 

and ML translations as well as the PFJ FE rotation (Sancisi and Parenti-Castelli, 2011a). 

The TCJ used the TCJ dorsi-plantarflexion angles between -15° and 25° as input, to 

estimate the remaining TCJ AA and inversion-eversion (also labelled IE) rotations and 

translations (Franci et al., 2009). All the joints rotations were estimated in the ISB 

standard ZXY order of rotation. The rigid links represented the distance between the 

centres of the spheres fitted to the articular cartilage surfaces and ligament lengths 

between their bony attachment points. The geometric-parameters were initially 

measured from the segmented surfaces from the MRI images, but optimized to ensure 

the mechanisms’ equations could be solved without singularities and with the links 

lengths remaining constant during joint motion (Brito da Luz et al., 2015a). This 

optimization algorithm also included tracking of combined published experimental 

cadaveric data from multiple articles (Brito da Luz et al., 2015a): TFJ; 13 sets (Lu et al., 

2008; Ottoboni et al., 2010; Sancisi and Parenti-Castelli, 2011a) and PFJ; 26 sets 

(Anglin et al., 2008; Hsieh et al., 1998; Sancisi and Parenti-Castelli, 2011a). For the 

TCJ, only 7 sets of previously published cadaveric data (Franci et al., 2009; Sancisi et 

al., 2014) were included since the excluded data had considerable experimental noise 

and small range of dorsi-plantarflexion. 
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 The STJ was a hinge joint with a single rotation around a unit vector axis 

defined using the centre of two spheres fitted to the talus sustentaculum and calcaneal 

facets (Parr et al., 2012). Finally, for each participant, their upper body and the feet 

(except the talus) segments and respective joint models, as well as the MTPJ, were 

equivalent to their respective scaled-generic model since these were not visible in the 

MRIs. Similar to the scaled-generic model, the STJ and MTPJ rotations were “locked” 

during dynamic simulation. Therefore, the subject-specific and scaled-generic ankle 

rotations refer to the motion of the TCJ. 

 In order to perform gait analyses with both models, virtual OpenSim markers 

were identified on the bones’ surface meshes to locate the anatomical landmarks used to 

define the OpenSim anatomical-CFs. During the 3DMOCAP static trial, these virtual 

markers were tracked by the experimental 3DMOCAP markers and defined the 

experimental-CFs, which were estimates of the anatomical-CFs. Furthermore, to create 

the experimental-CFs, the estimated-HJC and knee joint centre were respectively 

estimated with regression equations (Harrington et al., 2007) and mean helical axis 

(Besier et al., 2003).  

 From each participant’s 3DMOCAP and GRF data, their walking and running 

gait simulations were computed using both scaled-generic and subject-specific models 

in OpenSim. For both models, all hip, knee and ankle joints’ FE rotation angles, as well 

as the scaled-generic knee joint AA and IE angles, were estimated via OpenSim’s IK 

tool. However, for the subject-specific model, IK did not determine the knee IE and AA 

rotations and ankle IE and AA rotations since these were coupled to the TFJ and TCJ 

joints’ FE motion respectively, using the joints’ mechanisms. Finally, from the 

estimated joint angles and the GRFs, the hip, knee and ankle joint moments (Nm) were 

computed via OpenSim’s ID tool. Furthermore, during motion, the markers’ tracking 

errors were estimated to assess the validity of both scaled-generic and subject-specific 

models to simulate motion. The walking motion was analysed for a complete gait cycle, 

while the running was just stance because full swing recordings were not possible in the 

3DMOCAP volume. 

 Six analyses were undertaken to compare the scaled-generic and subject-specific 

models’: First, the average and standard deviation (STD) of all participants’ inertial 
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parameters of the pelvis, thigh, patella, shank and talus segments were compared 

between models using paired t-tests or one-sample t-tests. One-sample t-tests were 

employed for the mass centre of the pelvis in PD and ML directions, thigh and shank in 

AP and ML directions, and talus in AP, PD and ML directions since these were zero for 

scaled-generic model because the mass centres lay on the segments’ CFs.  

Second, the hip, knee and ankle joint angles and moments curves’ from the two models 

were compared using the coefficient of multiple determination (𝑅2) (Ferrari et al., 

2010), mean differences between curves (subject-specific minus scaled-generic), and 

normalized root mean square differences (NRMSD), which were the RMSD between 

the models’ curves and normalized by their average ranges of motion (ROM). 𝑅2 was 

used instead of 𝑅  (coefficient of multiple correlation) to allow the coefficient of 

multiple determination to yield negative values and therefore indicate a very poor 

correlation. 

The mean differences between models were tested to see if they were different to zero 

using one-sample t-test (p<0.05) with Benjamini and Hochberg (1995) corrections for 

multiple comparisons. 

Third, each of ROMs of joint angle and moment curves from the two models were 

compared. Using paired t-tests, except one-sample t-tests were applied to the ankle IE 

and AA angles, since these were zero for the scaled-generic model.  

Fourth, the TFJ, TCJ and STJ angles from both models were compared with published 

walking (Benoit et al., 2007; Lafortune et al., 1992; Reinschmidt et al., 1997b) and 

running (Reinschmidt et al., 1997c) kinematic data that were measured in vivo with 

bone-pins.  

Fifth, pre-empting the results, the subject-specific ankle IE rotations did not well align 

with the in vivo data. Therefore, we compared the ankle IE rotations from the: (i) 

subject-specific mechanism, (ii) the six published experimental data sets used to 

optimise the subject-specific model, and (iii) ten published experimental data least-

squares fitted with a 5th order polynomial. These curves were zeroed by subtracting their 

means to facilitate visual inspection.  
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Sixth, the mean and maximum lower-body markers’ tracking errors i.e. RMSD between 

the virtual and experimental markers, were compared between models using paired t-

tests. These metrics were selected because threshold values were recommended by 

OpenSim1, to assess the validity of the simulation. All statistical tests had statistical 

significance p<0.05 and Benjamini and Hochberg (1995) corrections were used for 

multiple comparisons. 

                                                 
1 http://simtk-confluence.stanford.edu:8080/display/OpenSim/Getting+Started+with+Inverse+Kinematics 

http://simtk-confluence.stanford.edu:8080/display/OpenSim/Getting+Started+with+Inverse+Kinematics
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6.3 Results  

 The inertial parameters of the models’ segments were generally different, across 

participants, and between the subject-specific and the scaled-generic models (Tab.6-1). 

The masses were different for the pelvic girdle (p=0.02), thigh (p=0.01), patella 

(p=0.02), shank (p=0.01) and talus (p≤0.005). The mass centres were different for the 

pelvis in the PD direction (p=0.02), patella in all directions (p≤0.005), shank in the AP 

and PD directions (p≤0.005) and talus in the ML direction (p≤0.005). Finally the 

moments of inertia were different for the pelvis in the PD and ML directions (p≤0.005), 

thigh in the PD direction (p=0.003), patella in the AP and PD directions (p≤0.005), 

shank in all directions (p≤0.04) and talus in the AP and PD directions (p≤0.005). 

 The hip, knee and ankle joint angles during walking and running were generally 

different between models (Tab.6-2, Fig. 6-1 and 6-2). In particular the IE and AA 

rotations had low correlations (𝑅2≤0.2) and high NRMSD (33%-133%), except for the 

hip AA rotations (𝑅2≥0.2 and NRMSD≤33%). However, the joints’ FE angles had high 

correlations (𝑅2≥0.7) and smaller NRMSD (≤24%). 

 Some mean angular differences between models were significantly different to 

zero (Tab.6-2). The subject-specific model exhibited higher hip flexion (p≤0.005), knee 

extension (p=0.01) and internal (p=0.05), and ankle dorsi-flexion (p=0.05) rotations in 

walking. This model also had higher hip flexion (p=0.05), knee flexion (p=0.006) and 

ankle inversion (p≤0.005) rotations during running. Furthermore, the scaled-generic 

model had higher hip adduction rotation (p≤0.005) during running. 

 The rotational ROMs were also generally different between models, particularly 

for the knee and ankle rotations (Tab.6-3). In walking the subject-specific model had 

higher ROMs for knee IE (p≤0.005) and AA (p=0.05), and ankle AA (p=0.007) and IE 

(p≤0.005), while in running the knee IE (p≤0.005) and ankle AA and IE (p≤0.005) were 

larger. However, the scaled-generic had higher ROMs for ankle FE (p≤0.005) in 

walking, and knee FE (p=0.04) and ankle FE (p≤0.005) in running. 
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Table 6-1 Mass, mass centres (mm) and moments of inertia (kg/m2) (average±STD) of the different segments of the scaled-generic and subject-specific 

models. AP=anterior-posterior, PD=proximal-distal, and ML=medial-lateral directions. 

 
Type of 

model 

 Mass centres (mm) Moment of inertia (kg/m2) 

Segment Mass AP PD ML AP PD ML 

Pelvic 

girdle 

Scaled-

generic 
§11.49 ± 2.25 -73.28±8.44 §0.00 ±0.00 0.00 ±0.00 0.12 ±0.03 §0.12 ±0.03 §0.06±0.03 

Subject-

specific 
10.54 ± 2.28 -64.34±14.03 -29.18 ±34.97 2.18 ±23.59 0.10 ±0.05 0.08 ±0.04 0.09 ±0.04 

Thigh 

Scaled-

generic 
§9.08 ±1.78 0.00 ±0.00 -176.61 ±12.32 0.00 ±0.00 0.15 ±0.04 §0.05 ±0.01 -0.05±0.15 

Subject-

specific 
11.60 ± 3.61 -6.00±16.99 -158.95 ±31.02 2.69 ±20.25 0.17 ±0.07 0.03 ±0.03 -0.02 ±0.18 

Patella 

Scaled-

generic 
§0.09 ± 0.02 §2.49 ±0.00 §27.1±0.00 §0.17 ±0.75 §0.001 ±0.0002 §0.001 ±0.0002 -0.0003 ±0.001 

Subject-

specific 
0.11 ± 0.02 -3.67 ±2.00 27.42±3.19 -0.13 ±1.72 0.00 ±0.00 0.00 ±0.00 0.00±0.00 

Shank 

Scaled-

generic 
§3.62 ± 0.71 §0.00 ±0.00 §-186.7 ±11.42 0.00 ±0.00 §0.05 ±0.01 §0.005 ±0.001 §-0.02±0.05 

Subject-

specific 
3.21 ± 0.55 -53.47 ±15.33 -138.36 ±10.38 2.08 ±6.18 0.04 ±0.02 -0.01±0.008 -0.03 ±0.04 

Talus 

Scaled-

generic 
§0.10 ± 0.02 0.00 ±0.00 0.00 ±0.00 §0.00 ±0.00 §0.001±0.0003 §0.001 ±0.0003 -0.0004 ±0.001 

Subject-

specific 
0.26 ± 0.05 0.87 ±1.47 -0.09 ±1.13 -3.26±1.15 0.0001 ±0.00 0.0002 ±0.0001 -0.0001 ±0.0002 

§.   Difference between scaled-generic and subject-specific models with paired t-tests (p<0.05) or one-sample t-test (p<0.05) with Benjamini and 

Hochberg (1995) corrections for multiple angles and moments comparisons. The one-sample t-test was used for mass centre of pelvis in PD and ML 

directions, thigh and shank in AP and ML directions and talus in AP, PD and ML directions. Bold values indicate p≤0.005.  
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Table 6-2 Coefficient of multiple determination (𝑅2), percentage normalised root-mean square difference (NRMSD), and mean differences of the hip, knee and 

ankle joint rotations during walking (full stride) and running (stance: foot-on to foot-off) between the scaled-generic and subject-specific models. Data shown 

are average±STD, and FE=flexion-extension, IE=internal-external or inversion-eversion and AA=abduction-adduction. 

 

  Hip Knee Ankle 

 FE IE AA FE IE AA FE IE AA 

Walking 

𝑅2 0.93 ±0.09 0.16 ±0.58 0.83 ±0.16 0.97 ±0.05 -0.40 ±0.37 -0.32 ±0.41 0.67 ±0.19 -0.05 ±0.07 -0.15 ±0.14 

NRMSD 

(%) 
11.83 ±6.98 51.19 ±36.58 17.75 ±8.67 7.20 ±4.41 80.55 ±27.80 70.17 ±23.33 23.72 ±8.03 58.27 ±4.52 63.14 ±12.65 

Mean difference 

(°) 
§-4.81 ±3.33 1.41 ±8.20 0.77 ±2.85 §4.03 ±3.86 §-3.79 ±5.17 -0.08 ±1.28 §-2.83 ±3.88 -0.21 ±0.91 -0.11 ±0.23 

Running 

𝑅2 0.90 ±0.13 0.10 ±0.63 0.57 ±0.29 0.81 ±0.17 -0.42 ±0.58 -0.71 ±0.28 0.68 ±0.28 -0.29 ±0.16 -0.29 ±0.21 

NRMSD 

(%) 
11.49 ±5.23 55.83 ±39.21 32.99 ±15.21 17.73 ±8.87 111.29 ±71.11 132.89 ±68.64 24.06 ±11.53 77.31 ±12.42 79.40 ±29.19 

Mean difference 

(°) 
§-3.33 ±4.46 0.97 ±7.81 §3.95 ±3.10 §4.99 ±4.31 -3.92 ±6.55 0.14 ±1.44 1.00 ±4.10 §-2.39 ±1.87 0.17 ±0.84 

 

 

§.   Mean differences between scaled-generic and subject-specific models significantly different to zero using one-sample t-test (p<0.05) with Benjamini and 

Hochberg (1995) corrections for multiple comparisons. Bold values indicate p≤0.005.
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Figure 6-1 Hip, knee and ankle joint rotations (average±STD) during walking (full stride) for scaled-generic (blue) and subject-specific (red) models. For 

comparison we show in vivo bone-pin data from six subjects from Benoit et al., (2007) (black) and Reinschmidt et al., (1997b) (green) for stance, and from 

Lafortune et al., (1992) (orange) over a full stride. Note that Reinschmidt et al., (1997b) ankle joint data are tibiocalcaneal kinematics. Toe-off is identified by 

vertical line at 60.3±1.6% of stride.   
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Figure 6-2Hip, knee and ankle joint rotations (average±STD) during running (stance: heel strike to toe-off) for scaled-generic (blue) and 

subject-specific (red) models. For comparison in vivo bone-pin kinematics for three subjects obtained from Reinschmidt et al. (1997a; 

1997c) (green) are shown. Note that Reinschmidt et al., (1997a) ankle joint data are tibiocalcaneal kinematics.
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Table 6-3 Average±STD of the ranges of motion (ROM) of the hip, knee and ankle joints angles (°) and moments (Nm) during walking and 

running estimated with scaled-generic and subject-specific model. 

Hip Knee Ankle 

 
Gait 

Type of 

model 
FE IE AA FE IE AA FE IE AA 

Angles 

ROM 

(°) 

Walking 

Scaled-

generic 
48.31 ±6.95 11.11 ±6.67 16.94 ±4.15 70.49 ±5.03 §5.14 ±2.29 §1.14 ±0.73 §30.22 ±4.91 §0.00 ±0.00 §0.00 ±0.00 

Subject-

specific 
48.12 ±4.88 13.87 ±4.55 18.84 ±5.43 68.97 ±3.53 12.10 ±4.07 2.63 ±1.99 18.70 ±3.21 8.15 ±4.85 2.49 ±2.42 

Running 

Scaled-

generic 
53.65 ±6.21 10.01 ±4.49 15.14 ±3.24 §34.62 ±3.49 §4.15 ±1.82 0.78 ±0.29 §31.15 ±6.97 §0.00 ±0.00 §0.00 ±0.00 

Subject-

specific 
52.54 ±6.40 9.39 ±3.33 17.01 ±4.62 32.14 ±5.81 7.55 ±2.98 1.16 ±0.88 19.32 ±3.16 9.19 ±6.05 2.32 ±1.85 

Moments 

ROM 

(Nm) 

Walking 

Scaled-

generic 
146.88 ±56.04 20.83 ±6.29 75.39 ±20.85 66.32 ±27.36 15.68 ±5.29 43.47 ±12.00 119.93 ±32.19 24.03 ±11.84 §17.36 ±6.11 

Subject-

specific 
139.89 ±48.82 20.72 ±5.62 72.62 ±24.25 64.94 ±25.77 16.42 ±5.10 44.26 ±13.23 117.94 ±27.21 26.11 ±8.12 10.94 ±5.99 

Running 

Scaled-

generic 
§294.53 ±94.73 35.89 ±15.45 159.74 ±47.51 176.06 ±56.41 §19.35 ±8.18 76.56 ±24.44 223.90 ±71.40 §34.16 ±13.66 26.56 ±8.88 

Subject-

specific 
253.17 ±80.65 28.79 ±11.58 168.89 ±51.82 172.62 ±54.08 29.16 ±11.11 75.46 ±25.47 218.58 ±66.97 56.78 ±28.37 24.95 ±9.67 

§.   ROMs’ differences between scaled-generic and subject-specific using paired t-test (p<0.05) or one-sample t-test (p<0.05) for ankle IE and 

AA angles. Bold values indicate p≤0.005. Benjamini and Hochberg (1995) post-hoc corrections were used for multiple angles and moments 

comparisons. 
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 Compared to the scaled-generic model, the subject-specific estimated knee and 

ankle kinematics were generally more similar to the published in vivo data, (Fig. 6-1,2). 

For both joints’ FE rotations (TCJ dorsi-plantarflexion) and knee IE during running, the 

curves’ of both models were very similar to those from experimental data, although the 

subject-specific had smaller magnitude differences.  

 The subject-specific ankle IE rotations were generally different compared with 

the published in vivo bone pin data (Reinschmidt et al., 1997a; Reinschmidt et al., 

1997b) (Fig. 6-3). The subject-specific TCJ mechanism had coupled inversion with 

increasing dorsiflexion, while the in vivo data exhibited ankle eversion with increasing 

dorsiflexion (Reinschmidt et al., 1997a; Reinschmidt et al., 1997b) (Fig 6-3). The 

subject-specific TCJ IE dorsi-plantar flexion relationship exhibited similar curve 

patterns, but with bigger magnitude ROM, compared with both cadaveric data curves 

(i.e. n=6 and n=10)  over the range of dorsi-plantar flexion motion observed in gait (Fig. 

6-3). However, the subject-specific TCJ IE motion but did not compare well with the 

cadaveric data (n=10) over the larger dorsi-plantarflexion ROM. 

 The hip, knee and ankle joint moments were generally similar between models. 

(Tab. 6-4, Figs. 6-4 and 6-5). The joints’ moments created by the two models exhibited 

moderate or high correlations (𝑅2≥0.5) and small NRMSD (≤28%). The only exception 

was the ankle IE moments during walking and running and ankle AA during walking, 

which had low correlations (𝑅2≤0.2) and high NRMSD (46%-66%). 
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Figure 6-3 Inversion-eversion plotted versus dorsi-plantar flexion rotation 

(average±STD). In vivo bone pin tibiocalcaneal motion, i.e. including both TCJ and 

STJ, in walking (black) (Reinschmidt et al., 1997b) and running (blue) (Reinschmidt et 

al., 1997a). Also shown are the TCJ rotations of (i) the subject-specific TCJ in running 

and walking (green) (Brito da Luz et al., 2015a), (ii) the ensemble-average of published 

experimental TCJ motion which was used to develop the subject-specific model i.e. six 

cadaver specimens from Sancisi et al. (2014) and Franci et al. (2009), and (iii) 5th order 

polynomial best-fitted to all ten cadaveric data from Sancisi et al. (2014) and Franci et 

al. (2009). 
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Table 6-4 Coefficient of multiple determination (𝑅2), percentage normalised root-mean square difference (NRMSD), and mean differences 

of the hip, knee and ankle joint moments during walking (full stride) and running (stance: foot-on to foot-off) between the scaled-generic 

and the subject-specific models.. Data shown are average±STD, and FE=flexion-extension, IE=internal-external or inversion-eversion, and 

AA=abduction-adduction. 

 

Hip Knee Ankle 

FE IE AA FE IE AA FE IE AA 

Walking 

𝑅2 
0.96 ±0.03 0.90 ±0.12 0.97 ±0.03 0.94 ±0.08 0.94 ±0.08 0.95 ±0.04 0.99 ±0.02 -0.26 ±0.70 0.52 ±0.37 

NRMSD 

(%) 

6.72 ±2.84 10.13 ±5.66 7.43 ±2.90 8.41 ±4.38 8.69 ±5.00 8.30 ±3.99 3.47 ±2.79 50.61 ±24.05 27.90 ±15.23 

Mean difference 

(Nm) 

§-3.27 ±4.34 §0.68 ±0.82 0.23 ±3.53 1.92 ±3.21 0.29 ±0.51 1.55 ±1.90 -0.46 ±3.23 2.95 ±8.00 §-1.41 ±1.45 

Running 

𝑅2 
0.88 ±0.08 0.79 ±0.13 0.91 ±0.08 0.97 ±0.02 0.70 ±0.34 0.92 ±0.05 0.98 ±0.04 -0.37 ±0.60 0.21 ±0.74 

NRMSD 

(%) 

12.87 ±5.15 19.34 ±5.70 11.20 ±4.42 7.36 ±3.62 26.47 ±16.79 10.50 ±4.42 5.07 ±4.64 66.31 ±30.00 46.42 ±32.15 

Mean difference 

(Nm) 
§-24.56 ±14.60 §3.87 ±2.71 -6.42 ±9.28 5.51 ±8.93 §3.89 ±3.22 0.18 ±4.98 -2.90 ±8.35 -5.30 ±29.45 §-7.44 ±8.27 

§.   Mean differences between scaled-generic and subject-specific models significantly different to zero using one-sample t-test (p<0.05) 

with Benjamini and Hochberg (1995) corrections for multiple comparisons. Bold values indicate p≤0.005. 
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Figure 6-4 Hip, knee and ankle joint moments (average±STD), in Nm, during walking in one complete stride for scaled-generic (blue) and subject-specific (red) 

models. Toe-off is identified by vertical line at 60.3±1.6% of gait. 

.
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Figure 6-5 Hip, knee and ankle joint moments (average±STD), in Nm, during running in stance (heel-strike to toe-off) for scaled-generic (blue) and subject-

specific (red) models  
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 Although generally well correlated, several joint moments had an offset between 

models, particularly in the IE direction, as indicated by the calculated mean differences 

(Tab. 6-4). Compared to the scaled-generic, the subject-specific model produced higher 

hip flexion (p=0.04) and ankle adduction (p=0.02) moments in walking, while the hip 

flexion (p≤0.005) and ankle adduction (p=0.03) moments were larger in running. 

However, the scaled-generic exhibited higher hip internal (p=0.03) and knee adduction 

(p=0.03) moments in walking, and hip internal (p≤0.005) and knee internal (p=0.006) 

moments in running. Nevertheless, the joints’ moments’ ROMs were generally similar 

between models (Tab. 6-3). The subject-specific exhibited higher ROM for the knee IE 

(p≤0.005) and ankle IE (p=0.02) moments during running, while the scaled-generic had 

higher ROM in the ankle AA moments (p=0.01) during walking, and larger hip FE 

moments (p≤0.005) in running.  

 The markers’ tracking errors were similar and not significantly different between 

models. For the subject-specific model the mean and maximum tracking errors were 

respectively 14.97±4.54mm and 19.03±8.82mm in walking, and 16.12±3.71mm and 

18.79±4.75mm in running. In the scaled-generic model the mean and maximum 

tracking errors were respectively 16.10±5.38mm and 20.06±9.68mm during walking, 

and 15.32±4.48mm and 18.04±5.49mm in running 
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6.4 Discussion 

 This study compared thirteen participants’ BSIPs, and walking and running 

kinematics and kinetics generated with a scaled-generic and a MRI-based subject-

specific model. Briefly, the BSIPs and joint angles were different between models, but 

the joint moments had generally similar curves’ patterns and small NRMSD. Finally, 

the markers’ tracking errors were similar. 

 The differences in the BSIPs between models were potentially due to the 

inaccurate scaling of the scaled-generic BSIPs and using the predictive equations’ 

assumptions. We showed large differences between models for the mass and moments 

of inertia, which was previously reported between predictive and MRI-based methods 

(Mungiole and Martin, 1990). Each participant’s scaled-generic BSIPs were adjusted 

based on the scaling of the bodies’ dimensions. However, this scaling uses the position 

of 3DMOCAP markers placed on the skin, which is dependent upon the examiner’s 

skill and is therefore prone to error (Della Croce et al., 1997). Subsequently, the 

differences in the bodies’ dimensions between the two models previously reported 

(Brito da Luz et al., 2016), might have contributed to the BSIPs differences. 

Furthermore, the scaled-generic mass centres were constrained to lay on the long axes 

of the anatomical-CFs, which might be imprecise and lead to errors particularly for the 

shank in the AP direction. Nevertheless, the participants’ lateral decubital position 

during the MRI axial scans altered the shape of the soft tissues, which may have 

affected the subject-specific BSIPs (McConville et al., 1980). The differences in the 

BSIPs, between models, might have contributed to small joint moments’ differences; 

however, it was outside of the scope of this study to quantify this contribution. 

Nevertheless, using personalised BSIPs should be consider for subject-specific models, 

since simultaneous differences in mass, mass centre and moments of inertia, which were 

observed between the scaled-generic and the subject-specific models, can contribute to 

joint moments differences (Rao et al., 2006) and muscle forces (Wesseling et al., 2014). 

Finally, there were significant differences for the patella and talus BSIPs between 

models. However, we suggest that determining subject-specific BSIPs for the patella 

and talus might not be required for future studies since these segments are considerably 
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smaller when compared with the other lower-limb’s segments and determining these 

segments BSIPs’ required a new and not yet validated method.  

 All the joints’ FE rotations and the hip AA rotations generally had similar 

curves’ patterns but different mean offsets between scaled-generic and subject-specific 

models, which has been previously reported, (Scheys et al., 2011a). The hip rotations’ 

offsets were possibly due to the significant differences in the HJC location previously 

reported between these two models (Brito da Luz et al., 2016). Subsequently, the 

orientations of the femoral anatomical-CFs were different between models. Since the 

subject-specific anatomical-CFs was determined using anatomical landmarks located on 

each participant’s bone meshes, we suggest that these are more accurate. Furthermore, 

we suggest that larger discrepancy between the scaled-generic model’s femoral 

anatomical-CF and experimental-CF, lead to the imprecise hip rotations (Della Croce et 

al., 2005; Stagni et al., 2000).  

 The estimated knee and ankle IE and AA rotations had different curves’ 

patterns, ROMs and offsets between models. This was partly due to the different joint 

kinematics’ definitions used in these models. For the subject-specific model, these 

rotations were coupled to the FE rotations, which were defined a priori via the 

mechanism-based models. However, the scaled-generic knee angles were directly 

estimated during motion using the position of markers, or were constrained at 0° for the 

ankle. With no ankle IE and AA rotations permitted in the scaled-generic model this 

resulted in larger estimated ankle FE ROMs, which has been observed in previous 

studies (Pothrat et al., 2015; Reinschmidt et al., 1997b). Similarly, the scaled-generic 

model exhibited larger knee flexion rotation compared with the subject-specific model, 

potentially due to the smaller knee IE and AA rotations. Furthermore, the scaled-generic 

knee IE and AA rotations may be inaccurate due to the difficulty of measuring these 

small rotations using 3DMOCAP markers (Szczerbik and Kalinowska, 2011), which 

may not represent the location and motion of the underlying bones due to soft-tissue 

artefact (Cappozzo et al., 1996). Nevertheless, we attempted to minimize this artefact by 

using 10-markers clusters on the thigh and shank (Cappozzo et al., 1997; Stagni et al., 

2005).  
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 Furthermore, the rotations’ mean offset differences between the two models 

differ between walking and running. For example, the knee IE and ankle FE offsets 

were different during walking but not running, while the ankle IE was only different 

during running. Therefore, the differences between models are not consistent, but 

dependent on the task. 

The estimated scaled-generic knee IE and AA rotations reflect kinematic cross-

talk (Piazza and Cavanagh, 2000), believed to be caused by misalignment of the “true” 

knee FE axis compared with anatomical-CF’s FE axis (Blankevoort et al., 1988; Kadaba 

et al., 1990a) i.e. the experimental-CF FE axes did not pass through the medial and 

lateral femoral epicondyles due to the imprecise placement of the 3DMOCAP markers. 

Additionally, the poor quality of the scaled-generic femur bone mesh might affect the 

orientation of the anatomical-CFs, since it was difficult to identify the medial and lateral 

femoral epicondyles on the surface mesh. However, the subject-specific mechanism 

estimated the TFJ IE and AA rotations coupled to the TFJ FE rotation around a FE axis 

aligned with the medial and lateral femoral epicondyles located on the MRI–derived 

femoral mesh. Additionally, the estimated TFJ AA rotations were relatively small and 

within previous experimental measurements, (Lafortune et al., 1992; Reinschmidt et al., 

1997b). Subsequently, we suggest that the TFJ coupled motion estimated with the 

subject-specific mechanism is a physiological phenomenon and not a product of cross-

talk as has been suggested (Schache et al., 2006). 

 The subject-specific knee and ankle rotations generally better matched in vivo 

measured-rotations (Benoit et al., 2007; Reinschmidt et al., 1997c) in terms of curves’ 

patterns and magnitude, when compared with the scaled-generic model. Furthermore, 

the magnitudes of the subject-specific knee FE and ankle dorsi-plantarflexion were 

more similar to the in vivo measured-rotations, compared to the scaled-generic model. 

As mentioned, the scaled-generic model overestimated these rotations, because the 

joints’ models were essentially planar, with less potential rotation in the other two 

directions. Therefore, in order to approximate in vivo measured-rotations, the scaled-

generic model should use a spherical joints, in particular for the TCJ hinge joint, to 

allow ankle IE and AA rotations (Lund et al., 2015). However, there is a caveat; there 

would difficulty measuring these rotations with the three markers placed on the foot, so 
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more markers should be added to the foot such as used in Oxford Foot Model (Carson et 

al., 2001). 

 However, there was a mismatch between the subject-specific and the published 

in vivo bone pin measured-rotations, particularly for the knee IE and AA and ankle IE 

during walking. For the knee, these differences were potentially due to dissimilarities in 

the femoral anatomical-CFs, between studies, which were created from anatomical 

landmarks located using different imaging modalities. First, the long axis of the Benoit 

et al. (2007) femur was the long axis of the distal femoral shaft (Benoit et al., 2006, 

2007), whereas the subject-specific long axis was from knee joint centre to the hip joint 

centre. Second, inaccuracies in locating the medial and lateral epicondyles, which 

defined the femur frontal plane, may have caused differences. In Benoit et al. (2007), 

these anatomical landmarks were identified by bi-planar radiographs, whereas the 

subject-specific located these on the MRI surface mesh of the femur. Furthermore, there 

is high rotational variability across individuals that can be observed in  current and in 

vivo studies, i.e. indicated by large in vivo knee AA and IE STDs for Benoit et al. 

(2007) and Lafortune et al. (1992) in Fig 6-3. 

 The subject-specific TCJ IE rotation did not well match the curve patterns and 

magnitudes of the published in vivo ankle IE and, to a lesser extent, AA data. The in 

vivo ankle data was for tibiocalcaneal kinematics (Reinschmidt et al., 1997a; 

Reinschmidt et al., 1997b) that would have included TCJ and STJ rotations. However, 

the subject-specific model only included the TCJ rotations and “locked” the STJ 

motion. Subsequently, the larger in vivo ankle IE rotations might be due to the STJ, 

which has larger IE rotation than the TCJ during gait (Arndt et al., 2004). The STJ was 

“locked” due to the difficulty of measuring this joint’s rotations without markers placed 

on the talus (MacWilliams et al., 2003; Scott and Winter, 1991), as well as in order to 

match the ankle joint definition of the scaled-generic model to enable comparisons 

between models. Future uses of the subject-specific models should allow STJ rotations 

around the STJ hinge axis, which can be defined for each person using the surface of the 

talus (Brito da Luz et al., 2015b; Parr et al., 2012). Furthermore, this must be 

accompanied by including more 3DMOCAP markers in the foot, during gait e.g. Oxford 

Foot Model (Carson et al., 2001). 
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 The subject-specific motion created by the TCJ mechanism may contribute to 

the poor ankle IE and AA tracking. The TCJ mechanism generated inversion while the 

in vivo data displayed ankle eversion with increasing dorsiflexion (Reinschmidt et al., 

1997a; Reinschmidt et al., 1997b) (compare green, blue and black red curves Fig. 6-3). 

The TCJ mechanism was calibrated to each subject (Brito da Luz et al., 2015a) by 

tracking the ensemble average TCJ kinematics created from six out of ten cadaveric 

specimens reported by Sancisi et al. (2014) and Franci et al. (2009). These six 

specimens were chosen as they had less experimental noise and enabled an ensemble 

average curve to be created over a common, albeit small, range of dorsi-plantarflexion 

(see orange curve on Fig 6-3). However, despite having no common overlapping dorsi-

plantarflexion data over the full ROM to create ensemble average curves, including all 

ten specimens data may have enabled TCJ mechanism calibration over a larger range of 

dorsi-plantarflexion with different patterns of TCJ IE at the beginning and end of the 

dorsi-plantarflexion ROM (Fig. 6-3). This may have enabled the subject-specific 

mechanisms to be calibrated to better follow both cadaveric passive and in vivo bone pin 

ankle IE rotations. Subsequently, the subject-specific TCJ mechanism should be 

calibrated using a least squares 5th order polynomial fitted to the data from all ten 

specimens (red curve in Fig. 6-3), instead of an ensemble average curve. However, it is 

believed that IE and AA ankle kinematics will be well measured, using IK in gait, by 

using subject-specific TCJ and STJ joints to track marker motion. As aforementioned, 

this can be accomplished using a foot marker system, e.g. Oxford Foot Model, which 

enables these measurements to be made. 

 Although there were kinematic differences between models, the joint moments 

generally presented similar curves’ patterns and magnitudes. However, the ankle IE and 

AA moments exhibited small correlations and large NRMSD potentially due to the 

aforementioned differences in the respective ankle angles. Nevertheless, modelling 

differences seem to alter joint angles’ estimates but not the joint moments. This is in 

agreement with previous studies, that although tested different variables, showed that 

within-testers, between-testers (Besier et al., 2003) and between-days (Growney et al., 

1997; Kadaba et al., 1989) affected the joint angles more than joint moments, due to the 

difficulty of defining the experimental-CFs consistently from anatomical landmarks 

located with 3DMOCAP markers.  
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 The mean and maximum markers’ tracking errors were similar between models. 

However, the subject-specific exhibited smaller markers errors during walking, but 

higher during running when compared with the scaled-generic model. Furthermore, the 

errors from both models were within the recommended OpenSim values i.e. maximum 

less than 2-4cm and mean under 2cm.  

  The current study has limitations. We analysed thirteen participants, and 

although, not a large population, it was considerably larger than other studies that 

analysed dynamic motion with subject-specific models (Sandholm et al., 2011; Scheys 

et al., 2011a). The scaled-generic models IE and AA rotations could be potentially 

better determined using Walker et al. (1988) TFJ model. This model’s IE and AA 

rotations matched well with the respective rotations estimated with the subject-specific 

model for the same participants (Brito da Luz et al., 2016). Furthermore, the method 

used to determine the subject-specific model’s BSIPs (McConville et al., 1980) relied 

on the identification of anatomical landmarks, which can introduce errors in the BSIPs 

and subsequently 3D inverse dynamics inaccuracies (Dumas et al., 2007). Therefore, for 

future uses of the subject-specific model, the correction proposed by Dumas et al. 

(2007) should be employed i.e. determining the BSIPs using conventional joint centres 

and ISB standard anatomical-CFs. Furthermore, placing radio-opaque markers over 

bony prominences e.g. pelvis ASIS and PSIS, knee epicondyles or ankle malleoli, 

which are visible in the MRIs and 3DMOCAP (Campbell et al., 2009; Scheys et al., 

2011a), may improve the reliability and repeatability of subject-specific gait kinematics 

estimates, since it assures there is no discrepancy between the anatomical- and 

experimental-CFs. Finally, a more recent TFJ mechanism (Gasparutto et al., 2015) with 

an additional LCL (6-links) and minimally deforming ligaments (Bergamini et al., 

2011), may better predict measured in vivo TFJ kinematics during running (Reinschmidt 

et al., 1997c), when compared with the rigid link TFJ mechanism used in this study. 

Although, Gasparutto et al. (2015) 6-links TFJ mechanism’s estimates have not been yet 

validated with cadaveric experimental motion, it could be implemented in future 

subject-specific models with parameters derived from MRIs. Finally, the costs and time 

commitment for acquiring MRIs and time taken to create the subject-specific models are 

still limitations that need to be overcome. However, statistical shape modelling methods 
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may help create the subject-specific anatomical models rapidly from sparse medical 

imaging data (Zhang et al., 2014c). 

 To conclude, we have presented walking and running angles and moments for 

thirteen participants using a scaled-generic model and a subject-specific skeletal-joint 

model, including personalised TFJ, PFJ and TCJ mechanisms, which has not been done 

before. These models presented similar joint moments and FE angles but different knee 

and ankle IE amd AA angles. Furthermore, the subject-specific model estimated knee 

and ankle rotations, which better approximated the curves’ patterns of in vivo 

experimental bone-pins measurements, when compared with scaled-generic. Therefore, 

we recommend the development of such subject-specific models with the proposed 

modifications, if MRI is available, to compute more accurate joint loads. 
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Chapter 7 Conclusions 

 The general aim of this thesis was to develop methods to create MRI-based 

complete lower body subject-specific rigid-body model, for fourteen individuals, to be 

used for gait simulation. For the same individuals, we also determined generic models, 

typically used for gait analysis (Hamner et al., 2010), which were scaled, based on the 

position of 3DMOCAP markers or MRI images (Arnold et al., 2001). We compared the 

subject-specific estimated TFJ, PFJ and TCJ joint kinematics with published 

experimental data. Furthermore, we compared the subject-specific and the two scaled-

generic models models in terms of their bone dimensions and joint kinematics. Finally, 

we assessed the differences between the subject-specific models and the 3DMOCAP-

scaled-generic models in terms of their BSIPs as well as joint angles, moments, and 

markers’ tracking errors during walking and running gait. The general aim of this thesis 

was divided into three aims.  

 The first aim was to presents methods to create the subject-specific TFJ, PFJ and 

TCJ rigid-body mechanism-based models from in vivo MRIs, for fourteen participants. 

Two optimization algorithms were developed: Optim1) avoids singularities, and 

Optim2) avoids singularities and best matches the kinematic patterns from published 

experimental studies for the TFJ (Lu et al., 2008; Ottoboni et al., 2010; Sancisi and 

Parenti-Castelli, 2011a), PFJ (Anglin et al., 2008; Hefzy et al., 1992; Sancisi and 

Parenti-Castelli, 2011a), and TCJ (Franci et al., 2009; Sancisi et al., 2014). A method 

was developed to transform and create ensemble-averages of the published experimental 

kinematics. We compared the joint kinematics between both optimized mechanism 

models and between optimized mechanism models and the ensemble-averages of the 

published experimental kinematics. The mechanisms’ parameters and estimated 

kinematics were examined across participants in terms of: (i) the variation of the 

measured- and optimized-parameters, (ii) the differences between the measured- and 

optimized-parameters and (iii) the means and ROM of the estimated kinematics. Two 

individuals were also compared in terms of their joint geometry and estimated 

kinematics. Finally we established how sensitive the models were to the optimized-

parameters. 
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 The second aim was to presents methods to create complete subject-specific 

lower-limb skeletal-joint model including the hip joint, TFJ, PFJ, TCJ and STJ, using 

MRI data, for fourteen participants. The TFJ, PFJ and TCJ models used the 

aforementioned mechanisms. The hip was defined as a 3 DoF ball-and-socket 

articulating around the HJC, which was estimated as the centre of a sphere fitted to each 

participant’s femoral head (Arnold et al., 2000). Finally, the STJ was a hinge joint with 

the hinge axis determined as a vector connecting the centre of spheres fitted to the talus 

surface (Parr et al., 2012). We also create two different generic models, which were 

scaled for each participant, using the position of 3DMOCAP markers or anatomical 

landmarks identified with MRI images (Arnold et al., 2001). These models used 

different TFJ models i.e. the 3DMOCAP-scaled-generic model used Yamaguchi and 

Zajac (1989) TFJ and PFJ 2D planar sagittal models while the MRI-scaled-generic used 

the Walker et al. (1988) equations to estimate all TFJ rotations and translations as a 

function of the TFJ FE rotation. Both scaled-generic models modelled the STJ as a 

hinge joint (Isman and Inman, 1968) with the same STJ hinge axis orientation for all 

participants. The subject-specific and the two scaled-generic models were integrated 

into OpenSim. We compared the differences in the scale-factors which were used to 

adjust the bone dimensions and joint translations of the two scaled-generic models. 

Then, we examined the differences between all models in terms of their bones 

dimensions, TFJ and PFJ joint kinematics and the STJ axis orientation.  

 The third aim was to analyse lower-limb walking and running gait, using the 

subject-specific and the 3DMOCAP-scaled-generic rigid-body models created for 

thirteen participants. Personalised BSIPs were created for the pelvic girdle, thigh, 

patella, shank and talus of the subject-specific model, which were compared with those 

from the 3DMOCAP-scaled-generic model. We also compared these models in terms of 

joint angles, moments as well as markers’ tracking errors during walking and running. 

Finally, the knee and ankle joint angles, estimated with both models, were compared 

with in vivo bone-pin measurements from previous studies (Benoit et al., 2007; 

Lafortune et al., 1992; Reinschmidt et al., 1997a; Reinschmidt et al., 1997b). 

 The proposed research questions were addressed in Chapters 4, 5 and 6. In the 

first study (Chapter 4), we created subject-specific TFJ, PFJ and TCJ mechanisms-based 
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models and compared these models estimated kinematics with published experimental 

kinematics (Anglin et al., 2008; Franci et al., 2009; Hsieh et al., 1998; Lu et al., 2008; 

Ottoboni et al., 2010; Sancisi et al., 2014; Sancisi and Parenti-Castelli, 2011a). We 

found that when using both optimization methods, kinematics did not present 

singularities but correlation values were higher, exceeding 0.8, when matching the 

published experimental kinematics patterns. Therefore, we suggested that in order to 

find solutions which better capture the physiological motion of the joints, the 

optimization should track the patterns of published experimental kinematics. 

Nevertheless, the mechanisms’ estimated and the published experimental studies 

showed different ROMs, which may be due to the geometric differences between 

individuals. Importantly, some of the mechanisms’ parameters exhibited large 

differences across participants, which might have contributed to the large differences in 

the estimated kinematics’ means and ROM. Therefore, we suggest that joint models 

should use parameters measured on each individual in order to estimate more 

personalised kinematics. The differences between measured- and optimized-parameters 

were generally not significant, which suggests that the optimized parameters still 

represented the measured anatomical tissues. Nevertheless, we showed that optimizing 

the measured parameters was necessary to avoid mechanisms’ singularities. We also 

showed the differences in joint geometry and kinematics for two participants i.e. 

participants had different medial tibial plateau concavity and dissimilar TFJ IE, AP and 

PD ROMs. We suggested that these kinematic differences were potentially due to the 

shape of the tibial plateau i.e. the deeper concavity constrained the AP translation but it 

did not seem to have affected the IE rotation. Finally, the mechanisms kinematics were 

more sensitive to changes in the patella spheres’ centres which is in agreement with 

previous studies (El Habachi et al., 2015; Sancisi et al., 2011). 

 In the second study (Chapter 5), we developed complete lower-limb subject-

specific model and compared this models with 3DMOCAP- and MRI- scaled-generic 

models constructed for the same fourteen participants. Overall, we found that the 

subject-specific and the two scaled-generic models, although derived for the same 

participant, exhibited important differences. This is very important considering that 

scaled-generic models are typically used for gait simulation (Delp et al., 1990; Hamner 

et al., 2010), which inform crucial clinical decisions. The 3DMOCAP and MRI scale-
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factors, and subsequently bone dimensions, were different between these two scaled-

generic models. Additionally, the subject-specific model had dissimilar bone 

dimensions compared with the 3DMOCAP-scaled-generic, but smaller differences 

when compared with the MRI-scaled-generic model. The TFJ kinematics’ curve 

patterns were similar between all models, most with correlations’ coefficients larger 

than 0.6, while the PFJ kinematics had correlations’ values <0.6. Nevertheless, all 

models’ kinematics presented large magnitude differences, shown by the high 

normalized root-mean-square errors, exceeding 35%. Finally, between models, the STJ 

axis orientation was different.  

 In the third study (Chapter 6), we compared the gait outputs between the 

subject-specific and the 3DMOCAP-scaled-generic models. Overall, these models 

exhibited similar hip, knee and ankle moments, but different angles. Furthermore, 

during gait, the models’ joint angles had similar curves’ patterns but different 

magnitudes in the sagittal plane, but different patterns and magnitudes in the other two 

planes. Moreover, differences in the hip and knee angles’ magnitudes between 

3DMOCAP-scaled-generic and other subject-specific models have been previously 

reported (Scheys et al., 2011a). Additionally, the subject-specific model estimated 

smaller knee FE and ankle dorsiflexion ROMs compared with the 3DMOCAP-scaled-

generic model, probably due to the subject-specific model larger rotations in the other 

planes (Pothrat et al., 2015; Reinschmidt et al., 1997a; Reinschmidt et al., 1997b). In 

fact, we suggest that the subject-specific estimated joint angles were more accurate 

since they better matched published in vivo bone-pin experimental measurements 

(Benoit et al., 2007; Lafortune et al., 1992; Reinschmidt et al., 1997a; Reinschmidt et 

al., 1997b) compared with those from the 3DMOCAP-scaled-generic model. However, 

there were some important differences between the subject-specific TCJ IE rotations 

and in vivo experimental tibiocalcaneal IE rotations (Reinschmidt et al., 1997a; 

Reinschmidt et al., 1997b), which were potentially due to: (i) the published 

experimental sets, used to develop the subject-specific TCJ mechanism, did not properly 

represent the full range of TCJ dorsi-plantarflexion and (ii) the subject-specific model 

does not include the motion of the STJ, which contributes largely to the motion of the 

ankle joint during gait (Arndt et al., 2004). Between the subject-specific and the 

3DMOCAP-scaled-generic models, the joint moments had generally similar curves 
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patterns, except for the ankle IE. Nevertheless, the hip moments had different 

magnitude values between the subject-specific and the 3DMOCAP-scaled-generic 

models, probably due to the dissimilar location of the HJC (Della Croce et al., 1999; 

Scheys et al., 2011a; Stagni et al., 2000). Finally, the markers’ tracking errors were 

similar and not significantly different between models, and were within OpenSim 

software recommended values2, which indicates that both models can be appropriately 

used for gait simulation. 

 There are important limitations associated with the study and the methods 

proposed to create the subject-specific rigid-body model. The number of participants 

used in this study was relatively small. We created models for fourteen participants, 

which we used for Chapters 4 and 5 analyses, but only thirteen participants were used 

for gait simulation, described in Chapter 6. This was due to excessive gait experimental 

noise for one of the participants, even after data was filtered. Therefore, our population 

was not large, but it was considerably larger when compared with other studies which 

developed subject-specific models from imaging devices for only one person (Marra et 

al., 2015; Martelli et al., 2015; Sandholm et al., 2011; Scheys et al., 2011a; Valente et 

al., 2014). It was not possible to add more participants to our study due to budget and 

time constraints. In fact, creating each participant’s subject-specific model was a multi-

step process which was costly and time consuming. The data acquisition required 1 hour 

for MRI scan at the radiography clinic followed by 2-3 hour 3DMOCAP at the gait 

analysis laboratory at Griffith University. Furthermore, determining each participant’s 

mechanisms’ parameters required MRI segmentation and creating 3D volumetric 

meshes, which took ~11 hours. Moreover, each mechanism’s optimization algorithm 

required a maximum of 10 hours to find an appropriate solution. Hence, it was not 

possibly to construct subject-specific models for both participants’ lower limbs; 

therefore, the non-scanned leg’s model may be inaccurate since it was “mirrored” from 

the scanned one. The high costs and time commitment for acquiring MRIs, as well as 

the time required to create the subject-specific models are still limitations that need to 

be overcome.  

                                                 
2 http://simtk-confluence.stanford.edu:8080/display/OpenSim/Getting+Started+with+Inverse+Kinematics 
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 Alternatively, other methods can be used to reduce the time required to acquire 

MRI scans and avoid the segmentation of individual tissues. For example, statistical 

shape modelling methods may be used to create subject-specific anatomical models 

rapidly from sparse medical imaging data (Zhang et al., 2014). With this method, 

subject-specific bone meshes are reconstructed from 3DMOCAP and MRI data acquired 

for the same individual. First, anatomical landmarks from 3DMOCAP are used to 

register the mesh of a generic bone. Then, point clouds generated from the sparse 

manual segmentation of MRI images are registered to the bone mesh, using two 

algorithms of Principal Components Fitting and a Parametric Mesh Fitting. These fitting 

algorithms are already implemented in the open source Musculoskeletal Atlas Project 

(MAP) Client software. Furthermore, this software provides a user-friendly interface for 

creating musculoskeletal modelling workflows using community-created plug-ins 

(Zhang et al., 2014). Although, this method has only been shown for the femur bone, it 

has the potential to rapidly generate detailed and personalised meshes of the remaining 

bones, cartilages and ligaments. Subsequently, geometrical objects could be fitted to the 

anatomical meshes created with the MAP software, and mechanisms parameters could 

be to generate to develop the subject-specific mechanisms-based models proposed in 

this thesis.  

 Nevertheless, the mechanisms’ parameters would still need to be optimized, 

since mechanisms were very sensitive to parameters changes (Brito da Luz et al., 2015a; 

Ottoboni et al., 2010; Sancisi et al., 2011), which was time consuming. Alternatively, 

only the crucial parameters identified in the sensitivity analysis may be optimized i.e. 1) 

TFJ; PCL attachment in tibia and femur, MCL attachment in femur and x coordinate of 

medial and lateral tibial spheres’ centres, 2) PFJ; x and y coordinates of medial and 

lateral femoral patellar spheres’ centres and 3) TCJ; TiCa attachment in tibia and all 

coordinates of spheres’ centres. Additionally, code parallelization may reduce 

computation times. 

 An important limitation was that we were unable to validate each participant’s 

estimated kinematics using measured passive kinematics on the same participants, due 

to time and budget constraints. Nevertheless, this can be done in future studies, using 

imaging methods, previously used to measure in vivo joint kinematics, which can also 
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measure each individual mechanisms’ parameters e.g. fluoroscopy (Lu et al., 2008), bi-

planar radiography (Clément et al., 2015) or MRI (Johal et al., 2005). Nevertheless, we 

suggest that the estimated subject-specific kinematics potentially well approximated 

each participant’s kinematics. In fact, each participant’s estimated kinematics were 

constrained by measured individual parameters such as the geometry of articulating 

surfaces and ligaments which constrain joint kinematics (Hashemi et al., 2008; Leardini 

et al., 1999c; Wilson et al., 1998). Furthermore, subject-specific kinematics well 

matched the curves’ patterns of published experimental kinematics, which included in 

vitro and in vivo passive kinematics measured from multiple individuals. Although with 

high STDs, all in vitro and in vivo published experimental kinematics were highly 

correlated as we showed in Chapter 4. Furthermore, the estimated kinematics were 

constrained by individual joint geometries. Therefore, we suggest that the subject-

specific estimated kinematics would have similar curves’ patterns compared with in 

vivo passive motion measured from our participants. Moreover, different studies have 

shown that mechanisms’ estimated kinematics well-predict in vitro and in vivo joint 

kinematics: (i) cadaveric-based mechanisms’ estimates were validated using measured 

cadaveric data (Franci et al., 2009; Sancisi and Parenti-Castelli, 2011), and (ii) an 

equivalent TFJ mechanism (sphere-on-plane), recently implemented as a generic model, 

with mechanism parameters from average cadaveric data, estimated accurate TFJ 

kinematics measured using bi-planar radiography (Clément et al., 2015), and tracked in 

vivo bone-pin measurements during running (Gasparutto et al., 2015).  

 Other limitations are related to the fact that the joint mechanisms were created 

for healthy individuals, without relevant musculoskeletal deformities. Therefore, for 

individuals with a severe joint conditions e.g. ACL rupture, the proposed TFJ 

mechanism may not be able to estimate appropriate kinematics since the TFJ 

mechanism is constrained by the position and length of five rigid links including the 

ACL (Sancisi and Parenti-Castelli, 2011a).  

 Furthermore, the proposed mechanisms are 1 DoF joints which estimate the 

joints’ passive kinematics. These mechanisms integrated subject-specific rigid-body 

models which we used for gait simulation. However, previous studies suggested that 

joint kinematics may change during gait due to external and internal joint loading 
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(Dyrby and Andriacchi, 2004; Westphal et al., 2013), which cannot be accounted for 

with rigid-body mechanism models. Nevertheless, the mechanisms passive kinematics 

may still provide good estimates of subject-specific in vivo joint motion (Sancisi and 

Parenti-Castelli, 2011a) due to reported similarities between unloaded and 

physiologically loaded joints (Lu et al., 2008; Myers et al., 2012). 

 Alternatively, more complex joint models have been proposed which are not 

limited by rigid-body constraints i.e. no body deformation under loading, and can 

estimate detailed joint loading while accounting for tissue deformation. These complex 

models include elastic foundations analyses (Fregly et al., 2003; Halloran et al., 2005), 

elastic ligament bundles (Lenhart et al., 2015), or finite element formulation (D'Lima et 

al., 2001; Dhaher et al., 2000; Fernandez et al., 2005; Halloran et al., 2010; Sandholm et 

al., 2011) which also estimate tissues’ stress and strain during loading. These models 

allow full 6 DoFs, and subsequently can estimate joint kinematics accounting for the 

effect of ligament and cartilage loading. However, these models are computationally 

expensive, which may limit their applicability for multibody gait simulation as well as 

testing large numbers of participants.  

 Alternatively, a hybrid approach can be used, combining rigid-body models and 

deformable-body models e.g. elastic foundations (Fregly et al., 2003), finite element 

(Fernandez et al., 2014; Fernandez et al., 2016) or force-dependent kinematics (Marra et 

al., 2015). With this method, the rigid-body model is initially used to estimate 

musculotendon and joint contact forces during gait. These forces are then used as 

boundary loading conditions to inform deformable-body models that then estimate 

detailed and localized loads and secondary kinematics, i.e. those small movements 

additional to the rigid-body kinematics.  

 Importantly, rigid-body models can well predict in vivo joint contact forces, 

during gait (Manal and Buchanan, 2013; Walter et al., 2014), but using more subject-

specific musculoskeletal details e.g. anatomy, improves the models estimations (Gerus 

et al., 2013). Furthermore, the model proposed by Gerus et al. (2013) used a scaled-

generic 1 DoF 2D sagittal plane TFJ kinematic model (Yamaguchi and Zajac, 1989), 

while the remaining rotations were determined during gait. In this thesis, we showed 

that there are important joint kinematic differences between this scaled-generic model 
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and the subject-specific mechanism models. Therefore, we suggest that using the 

subject-specific mechanisms, can potentially further improve the estimates of joint 

contact forces. In fact, we intend to use the proposed subject-specific model to estimate 

joint contact forces during gait. Furthermore, these mechanisms can potentially be used 

to estimate subject-specific kinematics of non-healthy populations e.g. with cerebral 

palsy or joint OA, and compare these with those from healthy individuals. Additionally, 

the effects of abnormal joint geometry on the joint kinematics can be assessed. These 

analyses are not possible with the aforementioned scaled-generic joint models, since 

they are not constrained by personalised geometric-parameters. 

 The TFJ, PFJ and TCJ rigid-body mechanisms-based models used in this study 

were selected since they were previously validated using cadaveric specimens. 

Furthermore, these mechanisms were shown to better predict cadaveric motion 

compared with other mechanisms which used sphere-on-plane or ellipsoid-on-plane 

configurations. However, Gasparutto et al. (2015) recently proposed a different TFJ 

mechanism, which predicted TFJ angles, measured in vivo (Reinschmidt et al., 1997a), 

more accurately when compared with the TFJ mechanism used in this thesis. Gasparutto 

et al. (2015) TFJ mechanism used a sphere-on-plane configuration and added another 

link (6-links) based on the LCL. Furthermore, all ligaments’ lengths were minimally 

deformed as a function of the TFJ FE angles (Bergamini et al., 2011), which may be 

more representative of the ligaments’ behavior during loaded motion (Rovick et al., 

1991; Sidles et al., 1988), compared with the isometric behaviour we imposed in our 

TFJ mechanism. Therefore, we suggest that this 6-link TFJ mechanism is the current 

“state-of-the-art” TFJ mechanism model reported in the literature. Unfortunately, we 

could not use this model since it was published in 2015, while this thesis started at the 

end of 2011. Nevertheless, 6-link TFJ mechanism’s estimated kinematics has not yet 

been validated in cadavers. Moreover, although the 6-link TFJ mechanism well 

predicted joint motion (Gasparutto et al., 2015), it did not include personalized 

measured parameters, but instead used those from average cadaveric data (Ottoboni et 

al., 2010). However, personalized parameters can be obtained for this model, using the 

methods proposed in this thesis to fit geometric objects to articular joint surfaces and 

ligaments’ bony attachment regions.  
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 In Chapter 6, we showed that the subject-specific ankle IE did not match in vivo 

tibiocalcaneal IE rotation (Reinschmidt et al., 1997a; Reinschmidt et al., 1997b). We 

suggested that this was potentially due to two limitations of the subject-specific model. 

First, the TCJ mechanism was calibrated to each subject by tracking the ensemble-

average TCJ kinematics created from six out of ten cadaveric specimens reported by 

Sancisi et al. (2014) and Franci et al. (2009). However, this ensemble-average did not 

represent the full ROM of dorsi-plantarflexion, with the beginning and the end of the 

dorsi-plantarflexion ROM not included. Therefore, all ten specimens should have been 

included, and a least squares 5th order polynomial fitted to this data, to enable the TCJ 

mechanism to be calibrated over a larger range of dorsi-plantarflexion ROM. This will 

possibly enable the subject-specific TCJ mechanism to better follow cadaveric passive 

and subsequently in vivo bone pin ankle IE rotations. Second, we suggest that the 

subject-specific STJ should not be “locked” during gait simulation. In fact, the larger in 

vivo ankle IE rotations, during gait, might be more due to the STJ when compared with 

the TCJ (Arndt et al., 2004). Therefore, it is potentially only by using TCJ and STJ 

subject-specific joints to track marker motion using IK, that the IE and AA ankle 

kinematics will be well measured during gait. Moreover, this must be accompanied by 

the use of foot marker system to enable these measurements to be made, e.g. Oxford 

Foot Model (Carson et al., 2001), instead of the three marker set-up used for this thesis.  

 The method we proposed to create subject-specific BSIPs, have potential 

limitations, which may have led to errors in the ankle joint moments. This method was 

selected in order to better match the anatomical-CFs used when creating the scaled-

generic BSIPs (Hicks et al., 2015; McConville et al., 1980). However, this method 

relied on the identification of anatomical landmarks (McConville et al., 1980), which 

can introduce errors in the BSIPs and subsequently lead to inaccurate joint moments 

estimates (Dumas et al., 2007). Therefore, the correction proposed by Modenese et al. 

(2015) and Dumas et al. (2007) should be employed i.e. determining the BSIPs using 

conventional joint centres and ISB standard anatomical-CFs (Wu et al., 2002).  

 Furthermore, the registration between 3DMOCAP and MRI-derived subject-

specific anatomy may have limitations. This registration was performed by matching 

OpenSim virtual markers, manually placed over anatomical landmarks located on the 
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bone surface meshes, with experimental 3DMOCAP markers placed over the skin. 

However, this registration is prone to error, since marker placement is dependent upon 

the examiner’s skill (Della Croce et al., 1999). Subsequently, mismatch between virtual 

and experimental markers may lead to inaccurate joint angles (Della Croce et al., 2005). 

Previous studies (Scheys et al., 2011a), have reported methods to potentially register 

MRI-derived subject-specific models with 3DMOCAP more accurately. This method 

uses radio-opaque markers, visible both in the MRIs and 3DMOCAP (Campbell et al., 

2009; Scheys et al., 2011a), which are placed over bony prominences e.g. pelvis ASIS 

and PSIS, knee epicondyles or ankle malleoli. Subsequently, this method may improve 

the reliability and repeatability of subject-specific gait kinematics estimates, since it 

ensures no discrepancy between the virtual and experimental 3DMOCAP markers 

(Scheys et al., 2011a). 

 In conclusion, this thesis presented methods to create lower-limb subject-

specific rigid-body models using MRI images. We showed that the TFJ, PFJ and TCJ 

mechanisms models can estimate kinematics without singularities, but reference 

kinematics should be used to better track published experimental kinematics. 

Furthermore, there were large differences in the mechanisms’ parameters across 

participants, which demonstrated the importance of using personalized mechanisms to 

estimate subject-specific kinematics. Furthermore, for the same participants, we also 

created two generic models which were scaled with 3DMOCAP or MRI data. We 

showed that the subject-specific and the 3DMOCAP-scaled-generic model presented 

several differences in terms of bone dimensions, TFJ and PFJ joint kinematics, BSIPs as 

well as joint angles during walking and running. Furthermore, we showed that the joint 

angles estimated with the subject-specific model, were more similar to previously 

reported in vivo experimental measurements, when compared with those from the 

3DMOCAP-scaled-generic model.  

 The anatomical, segmental and joint kinematic differences exhibited by these 

two models are very important, considering the fact that the 3DMOCAP-scaled-generic 

models are typically used in biomechanics research to analyze gait and calculate joint 

angles, moments and contact forces which inform important clinical decisions e.g. 

prosthetic design, cerebral palsy or OA interventions. Therefore, we suggest that 
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detailed subject-specific models, such as the one we propose, should be developed in 

order to account for individual anatomical, segmental and joint kinematics details, 

which largely affect gait outputs. In fact, these models can be created for pathological 

individuals, although it is necessary to account for possible alterations in the joint 

geometry e.g. differences in joint cartilage of OA knees (Bennell et al., 2011; Hunter et 

al., 2009) and subsequent size and spatial location of fitted spheres might require 

changing optimization boundary conditions. Subsequently, clinical decisions will be 

made based on personalized and accurate measurements. Furthermore, future work 

using the proposed subject-specific model should address the above mentioned 

limitations. We have suggested different methods, to reduce costs and time in order to 

create subject-specific models more robustly and readily available, particularly using 

statistical shape models. The anatomical and joint kinematic results from our proposed 

methods and those from statistical shape models should then be compared and analyzed. 

Additionally, the proposed subject-specific model can be combined with other 

musculotendon and neural properties e.g. musculotendon volume and activation, 

measured on the same individual to develop a personalized full-body CEINMS rigid-

body model. This model can be used to estimate subject-specific and real-time 

musculotendon forces, joint moments and contact forces. Moreover, more localized and 

detailed joint contact forces and secondary kinematics can be estimated by developing 

hybrid models which would combine CEINMS rigid-body models with more complex 

deformable-body models such as those aforementioned. 
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