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RESUMO 

A artrite psoriática é uma doença que evolui a partir da psoríase afectando certa de 25% desses 

pacientes. Esta doença crónica é caracterizada pelo surgimento de inflamação e dores articulares 

localizadas as quais são despoletadas por cargas mecânicas alteradas que actuam em ossos, 

tendões e ligamentos levando à deformação óssea e condicionam a mobilidade do paciente. Para 

avaliar o nível de enfraquecimento dos pés que altera os padrões de marcha nos pacientes, um 

modelo biomecânico do pé com 4+2 (canela e pé inteiro) segmentos é usado neste estudo sendo 

aplicado simultaneamente a ambos os pés, com um protocolo de 25 marcadores por membro. O 

objectivo deste estudo é analisar os parâmetros de marcha tais como a cinemática inter-segmento, a 

distribuição de pressões plantares e os espácio-temporais durante eventos específicos da fase de 

apoio em dois grupos distintos: um grupo de 10 (5M/5F) indivíduos saudáveis e outro de 8 (5M/3F) 

pacientes com artrite psoriática. Para encontrar desvios na marcha patológica na fase precoce da 

doença (pacientes com menos de 2 anos de duração da doença) é efectuada uma comparação 

estatística usando os testes de ‘Welch’s t-test’ e de Mann-Whitney U entre os parâmetros de marcha. 

Uma vez que os resultados com significância estatística são poucos mesmo usando ambos os testes, 

é feita também uma análise de tendências estatísticas. Os resultados destas abordagens confirmam 

a maioria das deformidades nos paciente tais como pequenas gamas de movimento articular, pes 

planovalgus (pé plano) e dedos em garra, os quais convergem todos para padrões de marcha 

adaptados. 

 

Palavras-chave : Artrite psoriática; Modelo de pé de multissegmento; Cinemática; Cinética; 

Consistência cinemática; Ângulos de Euler. 
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ABSTRACT  

The psoriatic arthritis (PsA) is a disease that evolves from skin psoriasis affecting 25% of these 

patients. This chronic disease is characterized by the appearance of localized joint inflammation and 

pain which is triggered by altered mechanical loads acting on the bones, tendons and ligaments 

leading to bone deformation and conditioning patients’ mobility. To assess the level of feet impairment 

that changes the gait patterns in these patients, a biomechanical foot model with 4+2 (shank and 

single foot) segments is used in this study being simultaneously applied to both feet, with a 25 marker 

protocol per limb. The objective of this study is to analyse the gait parameters such as the inter-

segment kinematics, kinetics, plantar pressures distribution and spatiotemporal at specific events of 

stance phase in two different groups: a 10 (5M/5F) healthy individuals group and another of 8 (5M/3F) 

patients with PsA. To highlight deviations in pathological gait at the early stage of the disease (patients 

with less than 2 years of disease duration) a statistical comparison is performed using the Welch’s t-

test and Mann-Whitney U tests among the gait parameters. Since the statistically significant results 

are few when using these two tests, the analysis of the statistical trends is also done. The results of 

these approaches confirm most of the deformities in the patients such as small ranges of motion in 

ankle and foot’s joints, pes planovalgus (flat foot) and claw toe, which all converge to adapted gait 

patterns. 

 

Keywords : Psoriatic arthritis; Multisegment foot model; Kinematics; Kinetics; Kinematic 

consistency; Euler angles. 
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CHAPTER I 

1 INTRODUCTION 

1.1 MOTIVATION 

Among all the skin diseases psoriasis (PsO) is surely one of the most known. Skin lesions 

start to appear randomly in the body, although some skin regions are preferential such as the ones 

near articular joints. The predisposition for this disease is not only genetic but a combination of some 

separated determinants. These can be traumatic experiences, the use of drugs or specific medication, 

among others. The worst scenario in Psoriasis is that 25% of these patients will develop a second 

disease which has the same origin: a molecular deregulation that leads to a systemic auto-immune 

response of the human body. It is the so-called psoriatic arthritis (PsA) (Gladman et al., 2005). 

Patients with psoriatic arthritis learn to live with this chronic disease that has not cure yet. Its 

major problems are associated with the appearance of localized inflammation and pain in joints, along 

with visible swelling and consequent loss of mobility. Bones deform as the disease progresses leading 

to a smaller range of articular movements along with the loss of bone density as the result of 

excessive bone erosion. Equation Chapter (Next) Section 1 

Gait certainly reflects that articular disability because the disease spreads out through limbs’ 

extremities mainly in both feet. Many histological studies were already performed and magnetic 

resonance imaging is nowadays used to assess the progression stage of the disease. It is proved that 

in advanced stages of this disease the bone’s deformation is due to the mechanical forces 

involvement. The regions where tendons and ligaments attach to bones are even the most 

problematic. 

When focusing on a biomechanical understanding of the feet’s structures, mostly the 

quantification of ranges of articular movement and inter-structure behaviour improves the knowledge 

about this disease and may also point out new features involved in its trigger events. 

Until today, among psoriatic arthritis patients around the world only a reduced Scottish 

population of subjects with psoriatic arthritis was submitted to a deep biomechanical assessment in 

order to access kinematic and kinetic data about these patients. It is unknown that a Portuguese 

population of this kind of patients as ever been biomechanically studied. Hence, the Medical School of 
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University of Lisbon – Faculdade de Medicina de Lisboa – along with the Rheumatology Research 

Unit of Santa Maria’s Hospital set the theme for this research work covering these Portuguese patients 

trying also to find the most relevant biomechanical signs even at an early stage of the psoriatic arthritis 

disease. 

1.2 OBJECTIVES  

To achieve the kinematic analysis of the patients with psoriatic arthritis, a comprehensive 

biomechanical foot model constituted by 6 anatomical segments (the shank, rearfoot, midfoot, first 

metatarsal, lateral forefoot and the foot as a whole) arranged in an open kinematic chain is developed 

in accordance to the 25 marker protocol used by Hyslop et al. (2010). Furthermore, along this work the 

referred protocol is re-structured putting more emphasis on the joints’ axis of rotation and both feet are 

analysed simultaneously. The formulation of this model allows an appropriate quantification of joint 

angles between each two adjacent segments. 

The reflective markers coordinates are digitalized in laboratory through the use of a Qualysis® 

camera system with 14 cameras. These are surface skin markers as well as plate or wand mounted 

markers which work as clusters. Both types are fixed to the skin with double-side tape and lie over 

specific bone landmarks which are examined through palpation. 

 

The computational methodologies used to the kinematic analysis of the human gait are 

performed through an optimization procedure that analyses the trajectories of clusters of tracking 

markers associated to each anatomical segment. 

Additionally, in this study the attention is concentrated on the early stage of the disease trying 

to trace at least some of the gait patterns and non-coherent biomechanical parameters between the 

healthy individuals and patients with psoriatic arthritis. Distinguishing these patterns and parameters 

shows that biomechanical modifications in feet enable the inflammation and pain to occur, underlining 

the disease progression. 

To assess kinematic gait patterns among patients with Psoriatic Arthritis a group of 8 patients 

(5M+3F) perform sequences of walking trials which are then compared with another group composed 

of 10 healthy individuals (5M+5F). Other complementary biomechanical data, such as time-distance 

gait parameters and plantar pressure distribution, is also collected for each subject. All the acquisitions 

were performed at the Lisbon Biomechanics Laboratory located at Instituto Superior Técnico – 

University of Lisbon. 

Finally, a statistical comparison and a general appraisal of the Portuguese psoriatic arthritis 

population is carried out using a quantitative biomechanical approach never been done before in 

Portugal. 

1.3 L ITERATURE REVIEW 

Primordial studies performed on foot biomechanics always considered the foot as a single 

segment. Although it is known that all the joints among foot bones and the ankle allow movements  

with 6 degrees-of-freedom (dof), the fact that the movement in most of these joints is reduced leads to 
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consider the subtalar (talonavicular – between talus and calcaneus) joint as the most movable. This 

means that the foot can be reliably modelled as a multi-segment structure, joining bones as groups 

and constraining movement among them in accordance to the modelled joint kinematics (Davis, 

2004). 

The most suitable advantage of these multi-segment foot models is that they can be 

customized in detail based on the parameters which are desired to be evaluated and they should be 

simultaneously flexible to permit evaluation from distinct foot types, ranges of motion and alignments, 

neuromuscular control and pathologies (Davis, 2004). 

A multi-segment foot model may, thus, provide a more complete description of foot motion 

abnormalities where pathology is present at multiple joints (which is the case of the PsA) and varied 

patterns of impairment can be obtained (Woodburn et al., 2004). Performing a case study analysis 

permit to evaluate these functional changes helping to plan and assess structurally based corrective 

surgical interventions and to choose the effective treatments for a given foot or ankle disorders (de 

Vries et al., 2009; Woodburn et al., 2004). 

These models are assembled through the use of skin surface markers, rigid plates mounted 

on the skin with markers, bone pins with markers, imaging methods/instrumentation and clinical 

assessment, which are placed in accordance to specific bone landmarks. Some authors begin to 

associate the external markers with the underlying bones through x-rays (D’Andrea et al., 1993; 

Kidder et al., 1996). Yet, they are error prone since it is known that the foot is divided into segments 

which in fact are not rigid and due to the constant presence of skin movement artefacts (Nester et al., 

2007). The close proximity of these markers is also a source of problems causing hard marker 

identification, merging and crossover (de Vries et al., 2009).  

This problem called as the kinematic consistency was explored by Nester et al. (2007) which 

proved that there are no systematic differences between the use of skin surface markers or rigid 

plates in respect to bone motion. It is inherent, so the choice of the type of markers attachment is on 

the researcher. 

 

A system of axes defines each segment in such way that intersegment kinematics is 

expressed as Euler angles, representing mostly the joint angles projected about the anatomical 

sagittal, frontal and transverse planes (van den Bogert et al., 1994). Segment position and orientation 

is described beginning in the segment that consists the most lower limb extremity, which is described 

in relation to the adjacent segment throughout the limb, and this latter to another, consecutively. 

However, sometimes the joint axes do not match that of anatomical planes as it is the case of the 

subtalar joint as stated in Inman’s reports (Inman et al., 1981). 

For the first time, in 1995, Cappozzo et al. suggested the use of anatomical-only markers 

(underlying those desired landmarks) which function as segments’ initial orientation predictor. These 

are applied at an earlier calibration procedure and removed from the skin before the gait analysis. This 

protocol is referred to as the ‘calibrated anatomical systems technique’ (CAST). 

When performing a careful review about the existent biomechanical foot models in literature, 

an incoherency appears concerning the way different foot models are described in terms of their 
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number of segments. Sometimes the referred number of anatomical segments, covered by each 

model, does not respect to the number of effective foot bones’ divisions but counts these divisions in 

addiction to other the shank/leg/tibia segments or even taking into count a whole foot segment (which 

is generally referred as the single foot segment). Following this kind of division counting, this work 

covers in fact a foot model composed by 4 anatomical foot segments (i.e. 4 foot bones 

divisions/groups). Although, explaining this foot model as usual it is referred as a 6 segment foot. 

Regarding to this way of counting model’s segments (in effective number of divisions/groups), this 

following literature review presenting the existent foot models agree with it in order to simplify the 

understanding of the complexity of each model.* 

Beginning from the most elemental foot models, these never consider the whole foot as a rigid 

segment. Moseley et al. (1996) and Liu et al. (1997) suggested a single segment foot model covering 

the calcaneus and talus bones, called as the hindfoot (rearfoot) segment. Both wanted to focus the 

walking analysis on the ankle joint movement using also a leg (shank) segment. The first authors used 

clusters of reflective markers and a “calibration bracket” instrument to set neutral positions, while the 

latter assumed an unconstrained (six dof motion) model by using an eight maker protocol. 

At least, there are five foot models covering two anatomical segments.(Henley et al., 2001; 

Hunt et al., 2001; Kaufman et al., 2001; Kitaoka et al., 2006; Moreira et al., 2009) 

Hunt et al. (2001), on the other hand, choose to not include the portion of the midtarsal bones 

suggesting solely the use of a rearfoot (talus and calcaneus bones) and a forefoot (five metatarsal 

bones) segments. The medial longitudinal arch is here calculated as an angle between two vectors 

obtained from the markers. A reference position is used in a 13 markers protocol. Even Kaufman et al. 

(2001) as well as Kitaoka et al. (2006) have chosen that same approach, and use a 11 markers 

protocol. 

In the last year, Legault-Moore et al. adapted Leardini et al. (2007) foot model (which will be 

presented latter) with a rearfoot (calcaneus) and a forefoot (five metatarsals) segments to try to 

understand the age-related changes in foot mechanics that may be indicative of an underlying disease 

or disorder. Both young and older individuals were assessed. 

In a clinical application with children of a foot model focused on assess structural 

abnormalities of the foot such as ‘planovalgus’ or ‘cavovarus’ foot (both conditions are related to the 

curvature of the medial longitudinal arch of the foot), Henley et al. (2001) used an 11 markers protocol 

and keep the midtarsal  bones. The proposed foot model uses a rearfoot segment (talus, calcaneus 

and cuboid bones) and a forefoot segment (three cuneiforms and five metatarsal bones) and both 

shared the navicular bone. 

 

A different two segment model approach is detailed by Moreira et al. (2009) with the concern 

for the interaction between the foot and ground in terms of contact during the support phase of gait 

(entering the multibody dynamics domain). The division consists on the separation of the toes (all 

phalanges) from the other foot bones. 

 
                                                                 
* It is recommended that the reading of the following paragraphs should be accompanied with the chapter 3 which 
cover the anatomophysiology of the foot (if one is not familiar with foot bones’ names). 
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The three segments foot models are many and among them the Oxford Foot Model set by 

Carson et al. (2001) is the most well-known. This one also not considers the midtarsal bones 

suggesting the following segments: the rearfoot (the calcaneus and talus bones); the forefoot 

(covering the five metatarsals); and the hallux (considering its proximal phalanx). 

Two years later, Theologis et al. (2003) applied this model on a clinical orthopaedic study to 

define objectively gait function in children with a disease called ‘congenital talipes equinovarus’ 

(commonly known as club foot). There, the midfoot (midtarsal bones) is represented by a complex 

joint linking the forefoot with the rearfoot. Other clinical assessments inspired in the Oxford Foot Model 

were prepared by Woodburn et al. (2004) and Turner et al. (2008) to find foot impairment and 

abnormal gait patterns in patients with rheumatoid arthritis. A 22 marker protocol was used and this 

disease is by far the most similar to psoriatic arthritis in terms of a pathology that manifests at multiple 

foot joints. 

Similarly, Stebbin et al. (2006) reconstructed Carson’s foot model with a 17 markers protocol 

considering that the rearfoot is only composed by the calcaneus bone which motion is cumulative from 

both ankle and subtalar joints. This was performed to evaluated children’s gait for the cerebral palsy 

condition. 

Rattanaprasert et al. (1999) also clinically presented a foot model composed by rearfoot, 

forefoot and hallux segments to quantify how does the lack of functional activity of the tibialis posterior 

muscle affects the motion of the foot, using a 16 markers protocol. 

Through a 12 markers protocol, Kidder et al. (1996), suggested another analogous division: 

the rearfoot (calcaneus, talus and navicular bones), forefoot (three cuneiforms, cuboid and five 

metatarsals) and hallux. This model was already implemented in a clinical environment. Following this, 

Khazzam et al. (2007) used this model also to evaluate the effect of rheumatoid arthritis when it 

affects the forefoot. 

Another three segment foot model variation is stated by de Vries et al. (2009).Using 17 

reflective markers they performed repeated gait analysis in pre-surgery, post-surgery and recovery 

periods of a patient who suffered a stroke and presented an hemiparetic gait. 

Leardini et al. (2007) proposed a 20 marker protocol including clusters of markers composed 

by the rearfoot (calcaneus), midfoot (navicular, cuboid and three cuneiforms) and metatarsus/forefoot 

(five metatarsals) segments. In this model, the proximal phalanx of the hallux, the 1st, 2nd and 5th 

metatarsals, and the medial longitudinal arch were taken as independent line segments, whose 

kinematics were measured through planar projected angles. 

However, other authors such as Cornwall & McPoil (2002) (which used an electromagnetic 

motion analysis system instead of the usual optical systems) did not forget those midtarsal bones but 

opted by the simplification of the three segments considering just a bone per segment: the rearfoot 

(calcaneus), midfoot (navicular) and forefoot (1st metatarsal) segments. 

 

Considering four segments foot models, Leardini et al. (1999) distributed the foot’s bones as 

the rearfoot (calcaneus), midfoot (navicular, cuboid and three cuneiforms), 1st metatarsal (the bone) 
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and hallux (just the proximal phalanx) segments using a 16 markers protocol. The CAST was used to 

track a number of anatomical landmarks in the laboratory coordinate system using clusters of markers. 

Tome et al. (2006) recommend another four segments model which is composed the rearfoot 

(calcaneus), medial forefoot (1st metatarsal), lateral forefoot (2nd to 4th metatarsals) and the hallux. 

None of the midtarsal bones neither the 5th metatarsal are considered for the kinematic analysis. An 

unassigned medial longitudinal arch angle can be also measured from the medial segment. This 

model was used to represent foot function to obtain indicative parameters of the tibialis posterior’s 

tendon dysfunction. 

An experimental foot model is suggested by Nester et al. (2007) covering the rearfoot 

(calcaneus), midfoot (navicular and cuboid), medial forefoot (three cuneiforms and 1st to 3rd 

metatarsals) and lateral forefoot (4th and 5th metatarsals). This work is a peculiar one since the authors 

tested this markers protocol through skin surface markers, clusters of markers and even bone pins 

with markers inserted directly into nine bones of the foot. all this to evaluated kinematics consistency 

of data. 

Another foot model divided in four groups of bones is the one assembled by Jenkyn et al. 

(2009) composed by talus, rearfoot (calcaneus), midfoot and forefoot, which permits the quantification 

of the subtalar joint motion individually. 

 

Hyslop et al. (2010) whose work motivated this thesis is a single five segment foot model 

found in literature. Briefly, it is divided in the rearfoot (calcaneus), midfoot (midtarsal bones), 1st 

metatarsal bone, lateral forefoot (2nd to 5th metatarsals) and the hallux. It will be described in detail 

further in this work. 

 

The only seven segments foot model found in the literature considers the rigid bodies as 

ellipsoids defining the plantar fascia of the foot for both kinematic and dynamic analysis of gait. A 

rearfoot (calcaneus), a forefoot (five metatarsals) and each toe constitute the foot’s segments. This 

model uses 13 reflective markers and was proposed by Caravaggi et al. (2009). 

 

An eight rigid segments foot model was hypothesised by Scott & Winter in 1993, 

concatenating a sum of eight mono-centric joints of a single degree-of-freedom. The segments of the 

model are the talus, calcaneus, midfoot (midtarsal bones and, curiously, 2nd metatarsal bone), 1st 

metatarsal, 3rd metatarsal, 4th metatarsals, 5th metatarsal and finally the hallux. The reason for the 2nd 

metatarsal to be considered as a rigid body is the fact the joint between the base of this bone and the 

three cuneiforms is almost static, as it is supported in the literature (Drake et al. 2009). This model 

only considers the hallux among toes because the other four provide minimal load during stance. 

In a clinical study, another eight segments foot model considering eight joints is proposed by 

MacWilliams et al. (2003) which was applied to adolescents to analyse foot and ankle kinematics and 

kinetics. Through the use of 19 markers, this model is composed by: the rearfoot (calcaneus), midfoot 

(talus, navicular and three cuneiforms), medial forefoot (1st to 3rd metatarsals), lateral forefoot (4th and 

5th metatarsals), hallux, medial toes (2nd and 3rd digits) and lateral toes (4th and 5th digits). 
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Salathé & Arangio (2002) constructed a twelve segment foot model which covers all foot 

bones except the toes’ phalanges. The foot is modelled as a statically indeterminate structure 

supporting its load at the heads of the five metatarsals and at the tuberosity of the calcaneus. The 

plantar fascia is modelled, then its tension can be calculated through the distribution of loads 

throughout the foot bones. 

 

The most advanced kinematic foot model is the one from the AnyBody Modelling System™ 

(AnyBody Technology A/S, Aalborg, Denmark) which was created by Carbes et al. (2011). Its 26 

anatomical segments correspond individually to all the 26 bones that constitute the foot. The 

segments are connected by 26 anatomical joints which provide 46 degrees-of-freedom to the model. 

Unfortunately, this level of kinematic detail cannot be captured by known experimental motion capture 

techniques yet. Though, other solutions are provided by the authors to make it reliable. 

Many tests of reliability and repeatability are constantly performed for every foot models for its 

gait variables and parameters to have important relevance in clinical use. Quantitative gait analysis 

are now being accepted due to the progressive enhancement of the projected biomechanical foot 

models which enables to assess complex measurements at joints level (Kadaba et al., 1989). 

1.4 CONTRIBUTIONS 

The contributions of this thesis are: 

 

• Formulates a multisegment biomechanical foot model which varies from the original in 

terms of the chosen joint axes of rotation for each rigid body, giving priority to some of 

these axes in order to better reproduce the joints’ motion throughout the anatomical 

planes. 

 

• Applies two sequential optimization methods to calculate the Euler angles that better 

guarantee the kinematic consistency of the data throughout all the walking analysis as 

well as provides a prior correct definition of the local reference frames for each rigid body 

of the model during the static calibration. 

 

• Performs for the first time a biomechanical gait analysis of Portuguese patients with 

psoriatic arthritis, innovating also on the assessment of both feet simultaneously during 

the analysis and trying to found statistically which gait parameters are involved in an early 

stage of the disease. 

 

• Develops a tool – the FOOTchanicsDB software – which consists on a database of 

patients with psoriatic arthritis and control individuals, which permits the addiction of new 

individuals providing new statistical information as well as the individual gait patterns as 

the two populations grow. 
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1.5 THESIS ORGANIZATION  

This thesis is divided in eight main chapters. 

 

The Chapter 1 is this current introduction where the motivation, objectives and contributes of 

this thesis are presented. The chapter contains also a careful revision of the state-of-the-art on 

biomechanical foot models, considering their distinct application purposes, and focusing in particular in 

the discrimination of the independent anatomical foot segments that were considered at each work. 

The Chapter 2 and Chapter 3 are the ones that present the clinical contextualization of this 

thesis. The first presents the psoriatic arthritis disease which is being study, its means of 

physiopathology as well as the treatments that are being developed which can be reinforced through 

the confirmation of some foot abnormalities under evidence by the biomechanical analysis. An 

epidemiologic study is presented in order to clarify the prevalence of this disease in Portugal. On the 

other hand, the latter chapter offers an exhaustive anatomophysiologic review of the leg and foot 

without which the biomechanical foot model would have never been clearly understood. 

The Chapter 4 briefly explains the gait cycle terminology providing essential information of the 

key events that marks a stride and which gait parameters or gait patterns are relevant to be measured 

in order to characterize the gait of a given individual. 

The Chapter 5 fully reveals the multisegment foot model that is applied to the gait analysis 

showing also the instrumentation which is used to retrieve the desired laboratorial data. Consequently, 

Chapter 6 contains all the mathematical and computational methods behind the kinematic data 

processing. There, the two optimization processes for the static calibration and the kinematic 

consistency are shown. 

The Chapter 7 presents the results and its discussion. Initially the gait patterns obtained from 

the control/healthy population are obtained and then cross-checks them with others that come from 

the Psoriatic Arthritis population, comparing and looking at visible deviations. Furthermore, three 

possible non-parametric statistical tests are applied to the gait parameters which are in play to find if 

the early stage of the disease already manifests at least some of the gait impairments proven by 

Hyslop et al. (2010). 

Finally, the Chapter 8 focuses on the conclusions of this work asserting possible limitations of 

the study, aspects to be enhanced and also a range of possible future developments that can enrich 

this work seeking new relevant kinds of biomechanical data. 
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CHAPTER II 

2 PSORIATIC ARTHRITIS 

2.1 HISTORICAL CONTEXT 

From the name of this pathology the term ‘psoriatic’ easily draws attention to another known 

pathology called skin psoriasis. For better understanding psoriatic arthritis one should first take a look 

into skin psoriasis. Although what is important to keep in mind is that skin psoriasis evolves to a 

rheumatoid-like pathology. Equation Chapter (Next) Section 1 

Commonly mentioned as an inflammatory cutaneous disorder which is mostly characterized 

by the appearance of erythematous and scaly plaques (redness of the skin) with well-defined margins, 

psoriasis has at least been referred since the Ancient Egypt, even though merged with other skin 

diseases (Griffiths & Barker, 2007; Ruiz et al., 2012). 

Historically, the first reported reference about this kind of skin lesions arose from the father of 

Medicine, Hippocrates (460-377 b.C.) of Greece, who grouped some skin diseases under the name of 

‘lopoi’ joining by this manner leprosy and psoriasis together. This classification remained for many 

centuries in such way that many psoriatic patients, incorrectly diagnosed as leprosy, were 

discriminated to the point that were sentenced to death and burned alive by the Church around the 

fourteenth century (Ruiz et al., 2012; Van de Kerkhof & Schalkwijk, 2008). 

The turning point was only on the beginning of the nineteenth century when a British 

dermatologist, Robert Willan (1809), first started to describe this skin disorder as an isolated disease 

and finally, in 1841, an Austrian physician called Ferdinand von Hebra gave it the name of “psoriasis” 

(Van de Kerkhof & Schalkwijk, 2008). At this time other physicians and dermatologists, like the French 

doctor Jean-Louis-Marc Alibert (1818) studied the association between psoriasis and arthritis but it 

was another French, Pierre-Antoine-Ernest Bazin (1860), that first referred psoriatic arthritis by the 

term of “arthritic psoriasis”, then in 1888, Charles Bourdillon complemented what Alibert started with a 

more detailed description of this disease (Bruce, 2008). 

In spite of this good start, only in the middle of the twentieth century the knowledge about 

psoriatic arthritis increased and was enriched by Verna Wright (1959), a British rheumatologist, who 

performed a study on the association of psoriasis with erosive arthritis and low presence of 

rheumatoid factor (RF). Despite the fact that both psoriatic arthritis and rheumatoid arthritis impair 
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articular function, more frequently on the joints located in limbs’ extremities, due to a chronic 

inflammation of the synovial membrane. He found contradictions between diseases when performing 

some laboratorial tests namely RF. Therefore, he was the first who finally proposed the term “psoriatic 

arthritis” for the disease (Blumberg et al., 1964; Wright, 1959). Psoriatic arthritis’ classification as an 

individualized pathology in rheumatology, clinically distinct from Rheumatoid Arthritis, was at last 

accepted and pronounced by the American College of Rheumatology in 1964 at last (Blumberg et al., 

1964). 

2.2 DEFINITION 

Psoriatic arthritis (PsA) is defined as an inflammatory arthropathy which is characterized by 

stiffness, pain, swelling and tenderness of the joints as well as the surrounding ligaments and tendons, 

that can evolve from a non-destructive arthritis into an erosive one, conditioning patient’s quality of life 

(Gottlieb et al., 2008). 

It is known that patients who are diagnosed PsA usually present a clinical history of skin 

psoriasis in the past years, about 10 in average, but this is not absolutely true because there is an 

exception of up to 20% of patients that develop PsA symptoms without any cutaneous manifestations 

(Gladman et al., 2005). 

Multifactorial predisposition, like genetics, immunology and other environmental factors are 

determinants for disease development (Fitzpatrick et al., 2001). Children whose both parents are 

affected have the risk of develop PsA by approximately 40% (Andressen & Henseler, 1982). The 

event triggering the disease at a certain moment in life is not always recognized, but in fact in addition 

to the genetic predisposition, other factors can later activate the disease (Antoni, 2008). Highlighting 

the start of psoriasis, it was reported by Van de Kerkhof & Schalkwijk (2008) that some external 

factors like a traumatic event that occur directly on the skin of a body segment, considering this 

disease as systemic, would enough to trigger it. Other authors have argued that both bacterial and 

viral infections can also be in this group of external systemic factors (Lan & Bingham, 2008). Not less 

important, several drugs (like systemic corticosteroids and anti-inflammatories), alcohol consumption, 

smoking and obesity can probably also induce psoriasis (Antoni, 2008; Van de Kerkhof & Schalkwijk, 

2008). 

2.3 PHYSIOPATHOLOGY  

A common pathway in the pathogenesis of both PsO and PsA focus around the activated T 

lymphocyte cells (Ruiz et al., 2012). T lymphocyte cells are immune system cells (white blood cells) 

that provide “cell-mediated” immunity, i.e., these are the cells that when activated, attack foreign 

bodies and antigens in the system (Guyton & Hall, 2006). Specifically in psoriasis, what causes the 

formation of the skin lesions is an abnormal differentiation and proliferation of keratinocytes, the cells 

that are predominant in the epidermis and constitute the first immune barrier for the external 

pathogens (Chandran et al., 2009). If keratinocytes start to malfunction then automatically an 

inflammatory response is promoted by the activation of T lymphocytes together with the systemically 

release of Tumour Necrosis Factor (TNF). This latter will act as a signal to the malfunctioning cells 
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mediating the activation of immune system cells, for that reason TNF is designated as a pro-

inflammatory cytokine (Ritchlin, 2008). 

Because PsA patients present this kind of pro-inflammatory cytokines both in the skin and in 

the joint’s synovium (synovial membrane), it endorses the occurrence of anatomical changes namely 

proliferation of the skin cells, the swelling in joints, with both local angiogenesis (vascular growth) and 

oedema, triggered by these cytokines (Van de Kerkhof & Schalkwijk, 2008). 

The osteoclast cells which promote the calcium reabsorption in bones, contributing alongside 

with osteoblast although in an opposite way to the bone remodelling, undergo deep activity in PsA 

leading to bone erosion at the articular level in these patients (Van de Kerkhof & Schalkwijk, 2008). 

One thinks that the presence of TNF cytokines in these zones deregulates bone remodelling by 

activating osteoclastogenesis (osteoclast differentiation process) (Helliwell & Taylor, 2005). If this 

inflammation process persists for long periods it can deform bones and joints causing severe physical 

limitations and disability (Klippel et al., 2008). 

Psoriatic arthritis manifests itself in different ways which are called phenotypes or subgroups. 

Moll and Wright defined the disease by the presence of inflammatory arthritis, the presence of 

psoriasis and the absence of the Rheumatoid Factor. For the first time this disease was classified into 

three different subtypes: asymmetric olygoarthritis, spondylitis, distal interphalangeal disease and 

arthritis mutilans (Moll & Wright, 1973). With more information over time it was easier to identify more 

of these phenotypes. Nowadays, taking a look as whole, the possible phenotypes (Figure 1 and Figure 

2) are: enthesitis (explained bellow); synovitis (inflammation of the synovial membrane) (Guyton & 

Hall, 2006); dactylitis (as a combination of enthesitis and synovitis that affect joint between phalanges) 

(Wittkowski et al., 2011); skin and nail psoriasis; other characteristics only found in radiographic 

assays like the development of bone erosions, the present of pencil-in-cup deformity, arthritis 

mutilans, spur formation, asymmetric syndesmophytes and Asymmetric Sacroiliitis. Even extra-

articular phenotypes exist namely ocular manifestations uveitis (inflammation of the vascular 

structures of the eye) was pointed out (Lloyd et al., 2012). 

 

Figure 1: Example of two of the possible PsA phenotypes: toe dactylitis (left) and heel enthesitis (right) (Mease & Helliwell, 

1992). 

The enthesis refers to the insertion sites of tendons, ligaments and joint capsule fibres in 

bones. The beginning and spread of an inflammation process (enthesitis) in these kinds of sites is 

particularly common in the lower extremities such as the Achilles tendon and plantar fascia calcaneal 

insertions, and patellar tendon insertion due to a microtraumatic experience (Mease, 2011). The 

ligamentous attachments to the ribs, spine and pelvis are sometimes also afflicted (Naredo et al., 
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2011). In general to assess this kind of phenotype it is necessary to perform direct palpation and if 

required ultrasonography or less commonly MRI (Figure 2) due to its high costs (Erdem et al., 2011). 

The main focus at this level is to understand the relationship between inflammation onset and 

bone erosion and new bone formation at these specific insertion sites. The main targets in study are 

obviously the Achilles tendon and the plantar fascia calcaneal insertions, because they can also be 

analysed biomechanically. 

As stated before, bone erosions that occur in PsA are mainly related with TNF effects. This 

TNF is responsible for the uncontrolled activation of osteoclast that reabsorb calcium from bones, 

however, it was reported that despite of PsA patients being treated in order to decrease TNF they 

continued to present some active bone erosion (Baraliakos et al., 2007). This raises the hypothesis of 

other contributing factors. 

Regarding the laws of bone remodelling, namely the Wolff’s Law in medicine, mechanical 

forces that act on bone in a given direction influence bone trabeculation increasing bone density along 

that direction. In an healthy enthesis, in spite of being a fibrous region, its anatomical and 

biomechanical properties can condition bone trabeculation in such way that it has been postulated that 

the compressive forces promote erosions while tensile forces originate bone spurs (McGonagle et al., 

2008). Although, in response to recurrent trauma, namely abnormal tensile loading, separated bony 

spurs called enthesophytes can emerge from the diseased bone as calcification of the fibrocartilage 

domains. Achilles tendon is more damaged during the heel contact event of gait (which will be 

explained later) resulting in more spur formation in the distal part of its enthesis (Benjamin et al., 

2009). 

 

Figure 2: Contrast enhanced MR image (inflammation sites are brighter) showing enthesitis in the Achilles attachment site along 

with tendinitis (arrowhead), retrocalcaneal bursitis (large arrow) and synovitis in the ankle (thin arrow) (Erdem et al., 2008). 

2.4 EPIDEMIOLOGY 

World population has an estimated 2% of individuals who suffer from skin psoriasis, however 

the prevalence of this disease is not homogenous worldwide (Gudjonsson & Elder, 2007). It affects 

both men and women equally (1:1) but for instance, Nordic populations present higher prevalence 

when in contrast with Asians and indigenous populations from South America (Convit, 1962; 

Gudjonsson & Elder, 2007; Shao et al., 1987). Studies revealed that the disease starts earlier in 

women and in both genders before the age of 40 years, although some authors prefer to divide the 

disease in two types according to two age intervals of first manifestation incidence: type I Psoriasis, 
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between 20-30 years and type II Psoriasis, between 50-60 years of age (Gudjonsson & Elder, 2007; 

Van de Kerkhof & Schalkwijk, 2008). 

The actual incidence and prevalence of PsA worldwide is not yet well defined, but it is now 

estimated as 0.04%-0.1% of the world population (Lan & Bingham, 2008). PsA prevalence is however 

most probably underestimated as for example in the USA, it has been estimates as 0.25% of the 

general population (Gelfand et al., 2005). Many patients also live with undiagnosed PsA even though 

they suffer from the disease (Gladman et al., 2005). Other studies revealed that psoriatic patients in 

Ireland with undiagnosed PsA were about 30% as well as in other dermatology centres across Europe 

and North America showed more than one-third of patients undiagnosed (Haroon, 2012; P J Mease, 

2012). 

To sum up, on average roughly 25% of psoriasis patients develop PsA (Gladman et al., 2005) 

but the numbers vary from 5%-42%, depending on the region under study (Schur, 2002). Equally to 

what happens in Psoriasis, PsA affects both men and women in similar proportions starting its first 

manifestations from 30 to 55 years of age (Bruce, 2008). 

In Portugal, at this present moment there are around 150 PsA patients being monitored and 

properly medicated by the Rheumatology Research Unit of Santa Maria’s Hospital. From this cohort 

only a few of them were recruited to participate in the biomechanical assessment, proposed in this 

thesis. 

As part of a study made about the Iberian Region (García-Diez et al., 2008), some data of 

Portuguese Psoriasis and PsA patients was collected. It covered close to 400 Portuguese patients. 

The estimated prevalence of psoriasis was 1.2%-1.4%, which is similar to the expected value. When 

the family history of psoriasis was called into question, results pointed up to 50% in those Psoriasis 

patients whose disease onset was before the 30 years of age. This supported that the frequency of a 

family history of psoriasis is inversely related to the age at disease onset, corroborating heredity 

(García-Diez et al., 2008). 

In this study the prevalence of PsA was of 1%-3% in general population and 20.4% among 

psoriasis patients. For those who had a previous diagnosis of psoriasis, 95% of them developed then 

PsA at an onset age of 45 years, and an average time between the diagnoses of 17 years (García-

Diez et al., 2008). 

2.5 TREATMENTS 

The diagnosis for PsA is still nowadays preformed in respect to the phenotypes of the disease 

that are present in the patient. This complete protocol was stated in 2006 and is called the 

Classification Criteria for Psoriatic Arthritis (CASPAR 2006) (Ruiz et al., 2012). Both disease duration 

and the time point at which the CASPAR is performed dictate the respective classification values, 

corresponding to a given stage of evolution of the disease (Bruce, 2008). Earlier the diagnosis better 

will be this chronic disease attenuated. 

Noting again PsA is a chronic disease, there are two main objectives when treating the 

patients: to relief patients pain and discomfort, in order to promote a “normal” quality of life, and to 

delay disease progression. For the first one, both disease modifying anti-rheumatic drugs (DMARDs), 
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intra-articular steroid injections, non-steroidal anti-inflammatory drugs, TNF inhibitors and even 

physical therapy can be done. For the inhibition of disease progression, namely radiographic 

progression TNF inhibitors are preferable showing higher efficacy on this outcome. As the state of the 

art new therapies are being tested in some trials such as new human monoclonal antibodies that can 

bind to other specific inflammatory molecules (cytokines) decrease high levels of systemic 

inflammation (Lloyd et al., 2012). 

The most accurate imaging tool to depict the different disease phenotypes is the MRI with 

specific contrast agents, in spite of its high cost. The definition of a good and robust biomechanical 

model that can extract all the primordial changes in a psoriatic arthritis patient at early phase of 

disease development might teach us about disease pathogenesis.  
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CHAPTER III 

3 ANATOMOPHYSIOLOGY OF THE LEG AND FOOT 

3.1 ANATOMICAL PLANES AND MOVEMENTS TERMINOLOGY 

The convention of the reference anatomical position, which consists in a person standing 

upright, with both feet together and the arms by the sides of the body, with the palms forwards, (as it 

can be seen on Figure 3) permit the description of the different body parts through anatomical terms 

and enables to refer one in relation to another (Whittle, 2007). Equation Chapter (Next) Section 1 

 

Figure 3: Representation of the anatomical reference position along with the three anatomical planes and respective directions 

which match the anatomical axes (Whittle, 2007). 

Anatomically, each segment or even the whole body can be divided in three different planes 

and three different axes of rotation (which are perpendicular to each plane. These are the sagittal, 

frontal and transverse planes and the mediolateral, anteroposterior and longitudinal axes respectively. 

Dividing the body in left and right parts there is the sagittal plane setting also a definition for 

medial or interior segments (those which are closer to the plane) and lateral or exterior segments 

(others far away from that plane). 
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The frontal plane divides the body into two parts: the anterior and posterior portions. For 

example, in relation to the centre of mass of the body, which coincide with the interception point 

between the three anatomical planes, the umbilicus is anterior while the buttocks are posterior. 

On the other hand, the transverse plane (sometimes called axial plane) divides the body in 

superior and inferior parts of the body, and there are the head and feet as examples respectively. 

There are also other terms used to describe relationships among body segments like the 

following: proximal means towards the rest of the body (example, the leg is proximal in relation to the 

foot), distal means away from the rest of the body (the toes are the distal part of the foot). Superficial 

and deep structures define closer and far structures in respect to the skin surface. Even anterior and 

posterior surfaces can be defined as ventral and dorsal respectively (Whittle, 2007). 

It is important to note that all these three planes and axes are not defined in the same when 

talking about the feet for the reason that they do no lie in the same frontal plane of the rest of the 

body. The real convention says that the transverse plane lies throughout of the longitudinal axis of a 

given body structure, in both feet the transverse and sagittal planes are exchanged. Although in this 

present work, they are assumed with the same convention of the other body parts.† 

Since the majority on the joints in the human body can only move in one, two or even three of 

these anatomical planes, a terminology must be adopted for movements around the axes of rotation 

within those planes (these can be followed in Figures Figure 4 and Figure 5) (Whittle, 2007). 

 

Figure 4: Example of rotation movements throughout the frontal plane about the anterioposterior axis (Hall, 2012). 

On the sagittal plane around the mediolateral axis, movements are called flexion, when a 

segment approximates to its perpendicular frontal plane and extension when a segment is pulled away 

from that same plane. In the feet these terms are also called as dorsiflexion and plantarflexion 

respectively. 

It is on the frontal plane that the movements abduction and adduction, both occurring about 

the anteroposterior axis. Separately, the abduction is the movement away from the medial line of the 

body (given by the sagittal plane) while the adduction correspond to the return of that body segment. 

                                                                 
† The purpose of that same convention is later advantageous for the understanding of the biomechanical foot 
model and respective study of movement. 
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Internal and external rotations (the so-called medial and lateral rotations) take place in the transverse 

plane around the longitudinal axis of a given segment. 

The pronation and supination movements, which occur about the real longitudinal axes of the 

forearm and foot are combination of movements. Taking a foot as example, the pronation corresponds 

to the coupling of dorsiflexion, abduction and eversion (which laterally causes the sole to point away). 

On the opposite way, the supination of the foot combines plantarflexion, adduction and inversion, with 

the latter bringing the soles together, to the medial side of the body. 

 

Figure 5: Anatomical movements terminology (Whittle, 2007). 

3.2 ANATOMY OF THE LEG AND FOOT 

The current section portrays the anatomophysiology of the leg and foot as integrant parts of 

the lower limbs, for a better understanding of the biomechanical foot model later proposed. Along with 

the anatomical description, some hints about the model definition will be given as well as the 

comprehension of possible bone grouping to justify the chosen anatomical segments which are 

relevant tools to study of the changes in ankle and feet kinematics and kinetics of PsA. These 

anatomical references will also be indicated as “purple dots” in both Figure 6 and Figure 7 

corresponding to leg and foot bones respectively. 

The lower limb has the main function to support the weight of the body with minimal 

expenditure of energy. In an orthostatic position with both legs completely stretched, the centre of 

mass of the body remains anteriorly to the sacrum bone (in the pelvis) and slightly posterior to the hip 

joints. At the same time the projection of that point on the ground lies within the support area provided 

by both feet (Drake et al., 2009). 

Another important function of the lower limbs is to promote locomotion, moving the body 

through space. It requires “complex” movements since if depends on the cooperative movements from 

all joints in the limb to certify that the foot correctly contacts the ground, promoting a viable support to 

move the body beyond that foot. The typical movements performed at the hip joint are flexion, 

extension, abduction, medial and lateral rotation, and circumduction. In contrast, both knee and ankle 
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are roughly two hinge joints which perform essentially flexion and extension movements and with 

additional inversion and eversion movements for the foot though other foot joints (Drake et al., 2009). 

During walking, many anatomical features of the lower limbs contribute to produce a smooth 

and efficient gait by reducing the amount of energy needed for that action (for more details about 

walking and gait, see Chapter 0) (Drake et al., 2009). 

The lower limb can be divided in four different regions: the gluteal region, the thigh, the leg 

and the foot. Posterolaterally, the gluteal region is located between the iliac crest (of the iliac bone on 

the pelvis) and the fold of skin that inferiorly delimits the buttocks. Anteriorly, the thigh lies between the 

inguinal ligament which passes right above the hip joint and the knee joint. Distally in relation to the 

knee joint there is the leg ending at the level of the ankle joint. Finally, the extremity of the lower limb 

consists on the foot which is distal to the ankle joint (Drake et al., 2009). 

Considering that the pathology in analysis prevails on the limbs’ extremities, the following 

anatomical review starts from the knee not taking into account the knee joint, but beginning from the 

most proximal regions of the bones of the lower leg, namely the tibia and the fibula. For that same 

reason, anatomical structures such as muscles, tendons and ligaments involved in the knee joint or 

related to the thigh will not be presented. 

This anatomical review consists in a considerable exhaustive description of the leg and foot 

bones, since the shape of the bones has to be known for the assembly of the biomechanical model. 

Then the arthrology of each joint is presented and this chapter ends with the understanding of some 

muscle involved in the anatomical movements. 

3.2.1 OSTEOLOGY OF THE LEG 

The bony framework of the leg consists of two parallel bones: the tibia and fibula, medial and 

lateral bones respectively, which are separated by the interosseous space (Esperança Pina, 1999). 

The graphical representation of the bones of the leg can be seen in the Figure 6 below. 

3.2.1.1 TIBIA  

A long and even bone (“even” since there are two in the human body) as well as the larger 

bone in the leg, the tibia supports the weight of the body segments above and it is located in the 

internal portion of the leg. As a long bone it presents one diaphysis (bone’s shaft) and two epiphyses 

(the end portions of the bone) which are a superior and an inferior one (Drake et al., 2009; Esperança 

Pina, 1999). 

The diaphysis of the tibia has a triangular cross-section, three surfaces and three borders. It extends 

to both of its upper and lower ends to support loads at the knee and ankle joints. For that reason, the 

bone articulates with the femur, fibula and talus bones (Drake et al., 2009; Esperança Pina, 1999). 

The three surfaces are the medial, lateral and posterior surfaces. The first is the medial surface which 

underlies the skin and it is easily palpable. This surface offers the attachment for tendons of three 

different muscles: the sartorius, gracilis and semitendinosus muscles (together they form the “pes 

anserinus” or “groose’s foot”, which belongs to the thigh muscles) (Drake et al., 2009; Esperança Pina, 
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1999).In turn, the second is the lateral surface and functions as the insertion site for the tibialis anterior 

muscle (Drake et al., 2009; Esperança Pina, 1999). 

 

Figure 6: Representation of the tibia and fibula bones that constitute the leg. The purple dots represent the landmarks for the 

biomechanical model (adapted from Drake et al., 2009). 

The last one is the posterior surface is marked by an oblique line (the so-called “soleal line”) 

which descends across the bone from the lateral side to the medial side ending by the medial border. 

This line provides the insertions for the soleus, popliteus, tibialis posterior and flexor digitorum longus 

muscles. Under the oblique line there is also a vertical crest (known as “medial crest”) which divides 

the posterior surface of tibia into two portions: an internal where flexor digitorum longus inserts and a 

posterior attachment site for the tibialis posterior muscle, which are both flexor muscles of the foot 

(these are explained more in detail in the myology section) (Drake et al., 2009; Esperança Pina, 

1999). 

The three tibia’s correspondent borders are the anterior, medial and lateral. The anterior 

border of the tibia (“tibia’s crest”) is prominent and ends over the anterior tuberosity of tibia. The 

patellar tendon merges here – being a prominent anterior region it is a desirable bone landmark 

(Drake et al., 2009; Esperança Pina, 1999). 

The remaining two borders are the medial border and lateral border (sometimes referred as 

“interosseous border”), are more likely for the insertion of the flexor digitorum longus muscle and 

interosseous ligament separately (Drake et al., 2009; Esperança Pina, 1999). 

The proximal epiphysis of the tibia which articulates with the femur has the higher volume and 

two parallel glenoid cavities that serve as the basis for the femoral condyles. Separating these cavities 

there is an intercondylar eminence and this whole apparatus is sustained by the two tuberosities of the 

tibia:  medial and lateral. The most important features for the context are the lateral tuberosity one 
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since it articulates with fibula’s head through the fibular surface. The other is the medial tuberosity 

which attaches the semimembranosus muscle. Taking the posterior perspective of the proximal 

epiphysis it is simple to identify where the two tuberosities are separated, but when looking frontally 

they are bonded and they seems just one because of the existence of the anterior tuberosity of the 

tibia. Externally and above this anterior tuberosity is the Gerdy prominence where the tibialis anterior 

and tensor fasciae latae muscles are inserted (Esperança Pina, 1999). 

The inferior/distal tuberosity has not as much volume as the other; it looks like a cube and is 

usually described therefore by six different surfaces. It extends from the diaphysis through its superior 

surface while the opposite inferior surface constitutes the ankle joint in contact with foot’s talus bone 

(Esperança Pina, 1999). 

By contrast, the anterior surface is smooth serving as a pathway for tendons of the flexor 

digitorum longus muscle and the posterior surface is irregular but with a particular space for the 

tendon of flexor hallucis longus, to pass through it (Drake et al., 2009; Esperança Pina, 1999). 

Externally, the lateral surface of the epiphysis presents a deep triangular notch termed as the 

fibular notch symbolizing the inferior contact of the tibia with the fibula. 

Internally, there is the medial surface that has a palpable bony protuberance called the medial 

malleolus (or even “interior malleolus”) – a structure with high relevance to the posterior biomechanical 

model as a bone landmark. This protuberance also articulates laterally with the talus bone within the 

ankle joint and presents two oblique grooves for the tendons of the tibialis posterior and flexor 

digitorum longus muscles (Drake et al., 2009; Esperança Pina, 1999). 

3.2.1.2 FIBULA  

Parallel involved with the tibia there is another long bone: the fibula. This bone is also an even 

bone but this time its diaphysis is much narrower because it does not have to support any weight. The 

diaphysis’ cross-section is similar to the one of the tibia, also triangular with three surfaces plus three 

borders. It is superiorly and inferiorly articulated with the tibia and also with the talus by the ankle joint. 

Peculiarly the diaphysis is covered by muscles, intermuscular septa and ligaments as they insert on 

the surfaces and borders all over its extension (Drake et al., 2009; Esperança Pina, 1999). 

All three surfaces face the three existent muscle compartments of the leg (these are 

addressed in the Section 3.2.4). The medial surface locks the interosseous ligament because it is 

oriented towards the direction of the equivalent interosseous border of the tibia. Each side of this 

interosseous crest of the fibula is related with the anterior muscle compartment, namely with the 

extensor digitorum longus, extensor hallucis longus and fibularis tertius muscles, plus the tibialis 

posterior muscle. 

Another surface links with the lateral muscle compartment, the lateral surface which presents 

a depression for the fibularis longus and brevis to attach and a groove right before the distal epiphysis 

that let the tendons of these muscles pass (Drake et al., 2009; Esperança Pina, 1999). 

At last, the posterior surface is marked by a vertical crest which provides attachment sites for 

both soleus and flexor hallucis longus muscles from the posterior muscle compartment (Drake et al., 

2009; Esperança Pina, 1999). 
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The known crest of the fibula refers the anterior border of the fibula. In turn, the other two 

borders serve as muscle insertion sites: the tibialis posterior muscle inserts on the medial border and 

the intermuscular septa (which delimitates muscles in the lateral compartment from those in posterior 

compartment) lies on the lateral border (Esperança Pina, 1999). 

Superiorly the fibula is also described with a proximal epiphysis that usually is called as the 

head of the fibula. This region seems like a tuberosity with two surfaces. The most important is the 

lateral one since it has an apex – which suits as a landmark given its easy palpation through the skin. 

On the opposite site, medially, the fibula articulates with the tibia (Esperança Pina, 1999). 

It is said that the distal epiphysis is the most sharpen edge of fibula. The presence of a large 

extremity leads to the name of lateral malleolus or malleolus of the fibula – that prominence provides 

also good bone landmark. It has two portions, one medial and another lateral that serve not only as an 

articular surface joining the fibula and talus, but also as pathway for tendons of the fibularis longus and 

brevis (Esperança Pina, 1999). 

3.2.2 OSTEOLOGY OF THE FOOT 

The foot is distal in respect to the ankle joint and generally divided into three major regions: 

the tarsus (7 bones), the metatarsus (5 bones) and the phalanges of the digits (14 bones), summing a 

total of 26 bones. The dorsum and insole corresponds to the superior and inferior surfaces 

respectively, which can be seen exteriorly in the foot (Drake et al., 2009; Esperança Pina, 1999). 

The tarsus group can be subdivided in two rows: the proximal row termed as the retro-tarsal 

bones is constituted by the talus and calcaneus bones; the distal row named as the mid-tarsal bones 

includes the navicular, medial cuneiform, intermediate cuneiform, lateral cuneiform and cuboid bones. 

The five mid-tarsal bones as a whole create a bulky bone structure which is classified by its inferior 

concave and superior convex surfaces (Drake et al., 2009; Esperança Pina, 1999). 

Following these, the metatarsus is composed by five long bones from the first to the fifth 

metatarsals (I to V metatarsals) (Drake et al., 2009; Esperança Pina, 1999). 

The most distal structures are the digits (or toes) which are respectively the great toe/hallux 

(first digit or digit I) and four more laterally placed digits, ending with the little toe (digit V). Contrarily to 

the thumb of the hand which is orthogonally oriented to the other fingers, the hallux is parallel to all the 

other toes (Drake et al., 2009; Esperança Pina, 1999). The graphical representation of the bones of 

the foot can be seen in the Figure 7 below. 

3.2.2.1 TALUS  

The talus is a snail shaped bone that is placed below the bones of the leg and above the 

calcaneus. It has a head which is projected forward and medially at the end of a short broad neck, 

which is in turn connected to an expanded body. Taking into account its six surfaces, in a certain way 

it is also roughly similar to a cube (Drake et al., 2009; Esperança Pina, 1999). 

Presented as a rounded cylindrical surface (a trochlea), the top superior surface together with 

the medial surface constitutes the articular surface for the ankle joint. Precisely there the talus 

contacts directly with the medial malleolus (Drake et al., 2009; Esperança Pina, 1999). 
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The inferior surface contains a deep oblique groove (the so-called sulcus tali) responsible for 

the common division of this surface in two: the anterior-medial and posterior-lateral surfaces, both 

articulating with calcaneus bone (Drake et al., 2009; Esperança Pina, 1999). 

Facing the lateral malleolus of the fibula there is this lateral surface which has triangular shape 

that ends by the lateral process of the talus that in turn is a bony projection (Drake et al., 2009; 

Esperança Pina, 1999). 

 

Figure 7: Representation of the 26 bones that constitute the foot. The purple dots represent the landmarks for the biomechanical 

model (adapted from Drake et al., 2009). 

The anterior surface derives from the head of the talus and faces the navicular bone. On the 

other side, the opposite posterior surface has also an oblique groove on its posterior process that 

separates a lateral from a medial tubercle. There, the tendon of the flexor hallucis longus passes from 

the leg into the foot (Drake et al., 2009; Esperança Pina, 1999). 

3.2.2.2 CALCANEUS  

The calcaneus bone has the greatest volume among all bones of the foot. It sits under the 

talus articulating and supporting it, and relates posteriorly with the cuboid bone. Since it is an 

elongated and irregular shaped bone its long axis usually helps to define the midline of the foot, but 

sometimes it deviates from the original midline. To form the skeletal framework of the heel, the 

calcaneus is projected behind the ankle joint. There exist the spots for the Achilles tendon to insert 

(Drake et al., 2009; Esperança Pina, 1999). 

Promoting an articular surface with the talus, the superior surface is anteriorly divided in two 

by an oblique groove (forward and laterally) known as calcaneal sulcus, originating the anterior-medial 

and the posterior-lateral facets. United these two constitute the anterior and posterior talar articular 
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surfaces. The first facet can even be subdivided in two and behind these, the surface is clearly rough 

(Drake et al., 2009; Esperança Pina, 1999). 

Inferiorly, the bone has two distinct regions characterized as prominences. The anterior 

portion is distinguished by the isolated calcaneal tubercle while the posterior portion can be 

recognized by a double process. The lateral and medial processes being the second bigger than the 

first, are insertion sites for muscles. This inferior surface is also suitable to the insertion of other 

ligaments like the short plantar ligament (or spring ligament) of the insole of the foot which attaches to 

the calcaneal tubercle (Drake et al., 2009; Esperança Pina, 1999). 

As an interest for the biomechanical model the following two lateral surfaces represent two 

palpable prominences. The lateral surface presents a smooth contour but there is an elevated region 

which is called the peroneal tubercle (or the fibular trochlea) – the first landmark. It is surrounded by 

two superficial grooves that are essential for the enclosure of the tendons of the fibularis longus and 

brevis muscles. On the other side, the medial surface of the calcaneus is concave and there are 

clearly two prominent features. In the middle there is the medial calcaneal groove where some 

muscles lie, the ones that come from the leg to the plantar region of the foot. Paying particular 

attention to the medial portion of the head of the calcaneus, a developed prominent feature stands out 

which is designated as the sustentaculum tali – the second landmark –, and promotes the 

sustainability of the posterior part of the head of the talus (Drake et al., 2009; Esperança Pina, 1999). 

The two remaining surfaces are the anterior surface which articulates with the cuboid bone 

and the posterior surface of the calcaneal tuberosity which, in spite of being irregular, functions as the 

Achilles tendon inclusion site (Esperança Pina, 1999). 

3.2.2.3 NAVICULAR  

The navicular bone is the medial bone from the proximal row of the tarsal bones. In between 

the talus and three cuneiform bones, it is articulated with the cuboid as well. Strategically inserted, the 

navicular bone contributes for an estimation of the curvature of the medial longitudinal arch of the foot 

through is high (Esperança Pina, 1999). 

One of the most relevant features of this bone is the existence of a tuberosity in the medial 

extremity, the navicular tuberosity that provides the attachment for the tibialis posterior muscle – as 

well as a correct landmark for the biomechanical model (Esperança Pina, 1999). 

For its anterior surface to articulate properly with the other three distal tarsal bones 

(cuneiforms) it has to be curiously divided into three facets by means of two borders where specific 

ligaments inserts (Esperança Pina, 1999). 

On the opposite side the posterior surface fully contacts with the talus bone. Its lateral surface 

usually presents a facet to articulate with the cuboid but in some people it may not be well developed 

(Esperança Pina, 1999). 

To conclude, the other “non-relevant” extremities constitute the dorsum of the foot (the 

superior surface) or face downwards as part of the foot insole (the inferior surface) (Esperança Pina, 

1999). 
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3.2.2.4 CUBOID  

The bone’s structure resembles a cube, this bone received from the greek language the name 

cuboid. Talking about the anatomical relations of the cuboid bone, it is proximal to the last two 

metatarsals (IV and V) and to the lateral cuneiform, distal to the calcaneus and is lateral to the 

navicular (Esperança Pina, 1999). 

Again the most important feature in a bone is the existence of a more prominent region as it 

happens in the superior surface which is perceived under the skin by the dorsum of the foot – a bone 

landmark. Here lies the extensor digitorum brevis muscle (Esperança Pina, 1999). Note that, in spite 

of being perceivable it is not that trivial requiring previous accurate training or the use of an ultrasound 

scanner instead. 

Its inferior surface stands out because of a tuberosity alongside a prominent groove on its 

anterior portion where the tendon of the fibularis longus muscle lies (Esperança Pina, 1999). 

The anterior surface articulates simultaneously with the fourth and fifth metatarsal bones. In 

turn, the posterior surface faces the calcaneus bone and extends along the calcaneal process 

(Esperança Pina, 1999). 

Last of all, the medial surface articulates with the lateral cuneiform and the external surface 

remains free as part of the end border of the dorsum of the foot (Esperança Pina, 1999). 

3.2.2.5 MEDIAL CUNEIFORM (CUNEIFORM I) 

The medial cuneiform bone (the so-called the first cuneiform) looks like an edge with sharpen 

vertical apex. The base of the edge faces downwards being a part of the foot whereas the apex 

belongs to the dorsum of the foot. Surrounding it there are four bones: the navicular, intermediate 

cuneiform, first metatarsal and second metatarsal bones (Esperança Pina, 1999). 

Concisely explaining its surfaces, the anterior surface articulates with the first metatarsal bone, 

the posterior surface faces the navicular, the lateral surface is bi-divided to guarantee an anterior 

contact with the second metatarsal and a posterior contact with the intermediate cuneiform. Last but 

not least, the medial surface offers attachment for the tibialis anterior muscle (Esperança Pina, 1999). 

3.2.2.6 INTERMEDIATE CUNEIFORM (CUNEIFORM II) 

The intermediate cuneiform (so-called the second cuneiform) has equally an edge look-alike 

but anatomically it is inverted. Its base is part of the dorsum of the foot while the vertical apex is there 

part of the foot insole. It is also surrounded by four bones: the navicular, medial and lateral cuneiforms 

and second metatarsal bone (Esperança Pina, 1999). Although the vertical apex points downwards, 

the base constituting this bone is higher than the ones from the other two cuneiforms – so it is suitable 

as a landmark. 

The anterior surface connects with the second metatarsal bone, the posterior surface contacts 

with the navicular, the medial surface faces the medial cuneiform and the lateral one articulates with 

the lateral cuneiform. No muscle is inserted in this bone (Esperança Pina, 1999). 
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3.2.2.7 LATERAL CUNEIFORM (CUNEIFORM III) 

The lateral cuneiform (so-called the third cuneiform) has the same appearance as the previous 

one. This is an edge-like bone that articulates with three other bones. Its base is superior and also part 

of the foot’s dorsum. 

The anterior surface articulates with the third metatarsal bone, the posterior surface with the 

navicular bone, the medial surface with the intermediate cuneiform and externally the lateral surface 

may present articulation facets with the navicular and fourth metatarsal bone, but this is not usual 

(Esperança Pina, 1999). 

3.2.2.8 FIRST METATARSAL  

The first metatarsal (the metatarsal I) is classified as long bone like the other four metatarsal 

bones, even though it is the smallest among the five. This is composed by an elongated body and two 

extremities, the base and the head. In accordance to the previous long bones these present a 

triangular body’s cross-section but they have a singularity which is fact that its bodies present a 

curvature with inferior concavity (Esperança Pina, 1999). 

So, the first metatarsal is articulated proximally with the medial cuneiform and distally with the 

hallux. Furthermore, the base of the bone (or the posterior extremity) has a lateral process with 

purpose for the fibularis longus muscle to attach there. In turn, the head of the bone (or the anterior 

extremity) can even present inferiorly two depressions for the possible contact with the sesamoid 

bones (Esperança Pina, 1999). 

Both medial portion of the base and medial portion of the head of this metatarsal are easy to 

palpate because the bone lies just below the skin – two prime landmarks. Even the lateral portion of 

the head is simple to palpate through the skin, since it is already at the beginning of the greater digit– 

the remaining landmark of the first metatarsal. 

3.2.2.9 SECOND TO FIFTH METATARSALS  

In a general view, the remaining metatarsal bones articulate with the bones of the distal tarsal 

row (medial, intermediate and lateral cuneiforms plus the cuboid) and also among them through its 

bases, where three articular surfaces exists per base, one posterior, one medial and one lateral. 

Exception made for the last fifth metatarsal that presents just two. The heads of these metatarsals are 

all articulated with the proximal/first phalanx of the correspondent digit. Between the metatarsal bones 

there is an elliptical space that separates them which is named as interosseous space or 

intermetatarsal space (Esperança Pina, 1999). 

Paying special attention on two of these metatarsal when looking for relevant prominences, 

the second metatarsal head can be found through the base of the second digit by the articular 

depression between the metatarsal and the phalanx – a future landmark. The other metatarsal of 

interest is the fifth metatarsal which presents a big prominence on the lateral extremity of its base 

where the fibularis brevis muscle attaches (Esperança Pina, 1999). This prominence is even seen 

through the foot’s shape an contours as well as the head of this metatarsal. Both represent two ideal 

bone landmarks for the creation of the biomechanical model. 
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3.2.2.10 PHALANGES AND SESAMOIDS  

A phalanx has the structure of base, body and head. The five digits of the foot are constituted 

by phalanges. Each digit has three phalanges except the first digit (more commonly known as hallux) 

that only have two. To distinguish each phalanx within the same digit they are called as proximal, 

middle and distal phalanges, but as it was said the hallux only has a proximal and a distal phalanx 

(Esperança Pina, 1999). 

The sesamoid bones are little bones surrounding some joints on the inferior extremities or 

even present within tendons. The most common sesamoid bones present in the foot are located below 

the joint between the first metatarsal and the proximal phalanx of the hallux (Esperança Pina, 1999). 

3.2.3 ARTHROLOGY OF THE LEG AND FOOT 

3.2.3.1 JOINTS OF THE LEG 

The two bones that belong to the leg do not present any mobility between each other since 

they are restricted by three fibrous joints (synarthroses or syndesmoses joints) that hold them together 

through ligaments (Esperança Pina, 1999; Hall, 2012). A good assumption based on the absence of 

movement among these two bones for the future presented biomechanical model is that they can both 

define a rigid body, an anatomical segment. 

Starting from the top, the superior tibiofibular joint (proximal or just tibiofibular joint) guarantees 

the union of the head of fibula with the lateral surface of the proximal epiphysis of the tibia. The 

anterior and posterior ligaments are attached to both bones to stabilize this articular surface 

(Esperança Pina, 1999). 

Throughout the interosseous borders of the diaphysis of two bones there is the interosseous 

membrane. Characterized as a fibrous sheet of connective tissue namely collagen fibres, it descends 

obliquely from the interosseous border of the tibia to the interosseous border of the fibula, with the 

exception of a superior ligament named as Barkow’s ligament which ascends from the tibia to fibula. 

To note, this membrane binds the bones together but also provides an increased surface area for 

muscle attachment (Drake et al., 2009; Esperança Pina, 1999). 

The inferior tibiofibular joint (distal or tibiofibular syndesmosis) ensures the proximity of both 

malleoli and at the same time defines an essential higher contact surface at the ankle joint for the talus 

bone of the foot. Other anterior and posterior tibiofibular ligaments reinforce an expanded end of the 

interosseus membrane that links the malleoli (Drake et al., 2009; Esperança Pina, 1999). 

3.2.3.2 ANKLE JOINT 

The ankle joint (or the tibiotarsal joint) provides the movements between the leg and the foot, 

joins the three bones of the tibia and fibula superiorly and the talus inferiorly. The articular surfaces of 

the bones are covered by hyaline cartilage to facilitate the movement between the adjacent bones. 

The distal epiphysis of the tibia and fibula bounded together create a deep bracket-shaped socket to 

engage the upper part of the body of the talus bone. Both lateral and medial malleoli functions as 
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lateral supports to restrict the movement over the talus bone (Drake et al., 2009; Esperança Pina, 

1999). 

This is a synovial joint (presents an articular capsule) that behaves like a hinge joint (a 

trochlea) providing movements of flexion and extension of the foot in relation to the leg. The 

dorsiflexion of the foot (movement of flexion) bring the foot closer to the leg and in contrast, the 

plantarflexion of the foot (movement of extension) move the foot away from the leg. The range of 

these two movements is limited because of the presence of the medial and lateral ligaments (Drake et 

al., 2009; Esperança Pina, 1999). 

The stabilization of the joint is ensured by the medial and lateral ligaments. The medial 

ligament (also named as “deltoid”) is large, strong, and has a triangular shape promoting the fixation of 

the medial malleolus on tarsal bones. It is divided by two layers. A superior layer is constituted by 

three parts of fibres: the posterior tibiotalar fibres attaches to the talus bone, the tibionavicular fibres 

attaches to the navicular and talus bones, and the tibiocalcaneal fibres attaches to the calcaneus 

bone. Inferiorly, the deeper layer known as anterior tibiotalar fibres inserts on the talus bone (Drake et 

al., 2009; Esperança Pina, 1999). 

Externally, the lateral ligament divides itself in three separate ligaments that attach the lateral 

malleolus of the fibula to the tarsus bones. Both anterior and posterior talofibular ligaments fixate the 

fibula to the talus bone while the calcaneofibular ligament is the one that attaches it to the calcaneus 

bone (Drake et al., 2009; Esperança Pina, 1999). 

 

Figure 8: Arthrology of the ankle joint in frontal (left), medial (centre) and lateral (right) perspectives (Drake et al., 2009). 

3.2.3.3 SUBTALAR JOINT 

Corresponding to the articular surfaces between the talus and calcaneus bones, the subtalar 

joint (or talocalcaneal joint) enables the foot to perform inversion and eversion movements. It is this 

synovial joint classified as a rudimental condyloid joint that permits rotation and a little gliding. An 

inversion of the foot corresponds to an internal rotation of the whole foot while an eversion plays an 

external rotation of the foot, both rotations happening in the anatomical frontal plane. Note that no role 

is played by this joint on the dorsiflexion and plantarflexion movements of the foot (Drake et al., 2009; 

Esperança Pina, 1999). 
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There are precisely two articular surfaces that join the talus with the calcaneus, a posterior 

followed by an anterior which is in part in contact with the navicular bone. Between these two surfaces 

there is a channel called the tarsal sinus that separate them. To avoid the dislocation of the bones 

outwards this surfaces, five ligaments link around the two bones: these are the interosseous, lateral, 

medial, anterior and posterior talocalcaneal ligaments. Particularly, the interosseous ligament is 

located within the tarsal sinus (Drake et al., 2009; Esperança Pina, 1999). 

3.2.3.4 TRANSVERSE TARSAL JOINT 

Referred also as the Chopart’s joint, the transverse tarsal joint is composed by two synovial 

joints together, the talocalcaneonavicular and calcaneocuboid joints, which are medial and lateral 

correspondently. There are four bones involved at this region. The first one is considered as a 

spherical joint (the ball-and-socket type) where a concave and a convex surfaces move among them, 

offering rotations in all the three planes of movement. The latter is classified as a saddle joint (the 

sellar type) which is characterized by both articulating surfaces having a shape of a seat of a ridding 

saddle. Taking advantage of these two sub-joints, the transverse tarsal joint is more favourable to 

contribute to torsion movements of the foot: the pronation (combination of dorsiflexion, eversion and 

abduction/external rotation of the foot) and supination (the reverse movement) movements, as a 

response to irregular ground surfaces that the foot has to adapt (Drake et al., 2009; Esperança Pina, 

1999; Hall, 2012). 

Each one of the two joint two joints is sustained by a particular group of ligaments. The 

talocalcaneonavicular joint is reinforced by the superior talonavicular and calcaneonavicular (spring 

ligament) ligaments. On the other side, both calcaneocuboid and long plantar ligaments support the 

calcaneocuboid joint. The latter ligament is the strongest and supports the joint resisting depression of 

the lateral arch of the foot (to see in the next Section 3.2.3.9) (Drake et al., 2009; Esperança Pina, 

1999). 

In addition to these joint specific ligaments, there is a common ligament between the two 

which is called as the bifurcate or Chopart’s ligament. It is attached from the superiorly in the 

calcaneus to each one of the navicular and cuboid bones. This is possible because it is Y-shaped and 

divided distally in two (Drake et al., 2009; Esperança Pina, 1999). 

3.2.3.5 INTERTARSAL JOINTS (BETWEEN NAVICULAR , CUBOID AND CUNEIFORMS) 

Classified as planar and arthrodial joints, the only movement permitted along these nearly flat 

articular surfaces is non-axial gliding. These joints only allow limited movements because somehow 

they are constrained by the ligaments that group these five bones (Drake et al., 2009; Esperança 

Pina, 1999; Hall, 2012). These features hardly underline the decision for the biomechanical model to 

assume no movement among these bones and regroup them as a compact foot segment. 

The cuboideonavicular joint’s articular surface between the navicular and cuboid bones is 

frequently fibrous (Drake et al., 2009). It has the support of the three ligaments: the dorsal and plantar 

cuboideonavicular ligaments plus the cuboideonavicular interosseous ligament that conditions the 

articular surfaces (Esperança Pina, 1999). 
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The cuneonavicular joint among the navicular and three cuneiform bones is constrained by 

two trios of ligaments, one ligament per cuneiform superiorly and inferiorly, they are the three dorsal 

cuneonavicular ligaments and the three plantar cuneonavicular ligaments respectively (Esperança 

Pina, 1999). 

The intercuneiform joints are two, in between the three cuneiform bones, and each one is also 

confined by a superior and an inferior ligament. The superior ligaments are the two dorsal 

intercuneiform ligaments, and in turn, the inferior ones are the two plantar intercuneiform ligaments 

(Esperança Pina, 1999). 

The last but not least, the cuboid articulates with the lateral cuneiform bone through the 

cuneocuboid joint which is sustained by the dorsal and plantar cuneocuboid ligaments and finally 

supported by the cuneocuboid interosseous ligament (Esperança Pina, 1999). 

3.2.3.6 TARSOMETATARSAL JOINTS 

Separating the tarsal massif from the metatarsal bones these joints exists through flat articular 

surfaces classified as arthrodias. The possible movements are restricted to sliding between bones 

(Drake et al., 2009). 

Although, the tarsometatarsal joints which are also known as the Lisfranc’s joint are capable to 

execute movements of flexion, extension and lateral movements like abduction and adduction. It is 

known that the range of movements through the articular surfaces is higher in the first tarsometatarsal 

joint (between the medial cuneiform and the first metatarsal). In the second tarsometatarsal joint 

(between the three cuneiforms and the second metatarsal) that range is null considering this one as 

immobile/static – relevant data for the model construction. From the third to the fifth tarsometarsal 

joints the range of movements increase gradually (Esperança Pina, 1999). 

Taking also part in pronation and supination movements of the foot, this joint is supported by 

the dorsal tarsometatarsal ligaments, plantar tarsometatarsal ligaments and cuneometatarsal 

interosseous ligaments (Drake et al., 2009; Esperança Pina, 1999). 

3.2.3.7 INTERMETATARSAL JOINTS 

There are at least three articular surfaces between the bases (proximal extremities) of the 

metatarsal bones, from the second to the fifth. Remember that the first metatarsal is an independent 

bone, it rarely articulates with the second metatarsal bone’s base – for that reason the presented 

biomechanical model will analyse this metatarsal bone separately, but regroup the remaining four 

metatarsals as one segment (Esperança Pina, 1999). 

Joining and supporting the bones at the three intermetatarsal joints are the dorsal 

intermetatarsal ligaments, plantar intermetatarsal ligaments and intermetatarsal interosseous 

ligaments (Esperança Pina, 1999). 

3.2.3.8 METATARSOPHALANGEAL AND INTERPHALANGEAL JOINTS 

Even these joints and the phalanges do not count as much for the biomechanical model, the 

metatarsophalangeal joints present high mobility for the purpose of the flexion and extension, and 
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limited abduction and adduction of the foot’s digits namely each proximal phalanx. They are all 

classified as condyloid or ellipsoidal synovial joints (biaxial joints, enable rotations). Furthermore, their 

joint capsules are reinforced not only by a glenoid fibrocartilage but also by collateral ligaments, and 

by plantar ligaments. From the second to the fifth metatarsal heads, these are kept together through 

the four deep transverse metatarsal ligaments and lead them to act as a single unified structure – 

supporting the idea proposed for them to be a compact structure (Drake et al., 2009; Esperança Pina, 

1999). 

Moreover, the interphalangeal joints are present between proximal and medial phalanges and 

also between the medial and distal phalanges, exception for the greater toe/hallux which articulates its 

proximal phalanges with its distal phalanges in the absence of a medial phalanx. These synovial joints 

are characterized by flexion and extension movements of the digits/toes being classified as hinge 

joints (trochleas). There coherently presents a joint capsule covered by glenoid fibrocartilage and 

supported by medial and lateral collateral ligaments and by plantar ligaments. 

3.2.3.9 ARCHES OF THE FOOT AND THE PLANTAR FASCIA /APONEUROSIS 

The bones of the foot do not lie in a horizontal plane, instead of that they form a medial and 

lateral longitudinal arches and a transverse arch, all relative to ground (see Figure 9). As stated 

before, the distal tarsal row which is composed by the navicular, by the cuboid and by the three 

cuneiform bones constitutes a compact bone structure with inferior concavity and superior convexity 

(Drake et al., 2009). 

 

Figure 9: The three arches of the foot (Drake et al., 2009). 

The aim of these foot arches is to absorb and dissipated the energy resultant from the force 

during the foot impact downwards to the ground. This classically occurs during standing, walking or 

even jumping, all on distinct surfaces. Simultaneously, as the arches deform during weight bearing, 

some mechanical energy is stored by tension of the stretched tendons, ligaments and in the plantar 

fascia (defined below). There are even some evidences that additional energy is stored in the 

gastrocnemius and soleus as they develop eccentric tension. Later, during the moment when the foot 

leaves the ground (this happens during a normal gait cycle, consider the Chapter 4) all the stored 

energy in all these elastic tissues is release, contributing to the force of the push-off and reducing the 

metabolic energy expenditure by the muscles during walking or running (Hall, 2012). 
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The plantar fascia/aponeurosis is a thickening of interconnected longitudinal arranged bands 

of connective tissue fibres in the sole of the foot (Figure 10), which is anchored to the calcaneal 

tuberosity and extends forward to the metatarsophalangeal joints entering the toes and connects with 

bones, ligaments and dermis of the skin. As the plantar fascia goes anteriorly its fibres diverge into 

digital bands (Drake et al., 2009; Hall, 2012). 

 

Figure 10: The plantar fascia/aponeurosis supporting the arches of the foot (left) and the dynamic support provided by muscle 

tendons (right) (Drake et al., 2009). 

The medial longitudinal arch of the foot, like the lateral one, starts from the posterior end of the 

calcaneus and ends by the heads of metatarsals. The curvature of this arch is given by the high of the 

navicular measured from the ground – an important measurement that will be explored through the 

biomechanical model –, and it is higher than the lateral one. The support of this arch is primary made 

through the plantar calcaneonavicular ligament (the spring ligament) which stretches from the 

sustentaculum tali on the calcaneus to the navicular bone, and it is assisted by the plantar fascia then 

(Drake et al., 2009; Hall, 2012). 

The medial longitudinal arch of the foot, like the lateral one, starts from the posterior end of the 

calcaneus and ends by the heads of metatarsals. The curvature of this arch is given by the high of the 

navicular measured from the ground – an important measurement that will be explored through the 

biomechanical model –, and it is higher than the lateral one. The support of this arch is primary made 

through the plantar calcaneonavicular ligament (the spring ligament) which stretches from the 

sustentaculum tali on the calcaneus to the navicular bone, and it is assisted by the plantar fascia then 

(Drake et al., 2009; Hall, 2012). 

The lateral longitudinal arch of the foot is less elevated and its curvature depends on the 

cuboid’s bone high. This one is not as important as the medial, but it is supported primary by the long 

plantar ligament with assistance from the plantar calcaneocuboid ligament (short plantar ligament), 

and lately the plantar fascia plays its role (Drake et al., 2009; Hall, 2012). 

Finally, the transverse arch of the foot is the highest in a frontal plane that cuts through the heads of 

the metatarsals. These bones are held together by the deep transverse metatarsal ligaments (Drake 

et al., 2009; Hall, 2012). 

To note, the muscles of the leg and foot can also provide dynamic support with muscle tension 

especially during walk (Figure 10). These muscles are the tibialis anterior and posterior, and the 

fibularis longus (Drake et al., 2009; Hall, 2012). 
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3.2.4 MYOLOGY OF THE LEG AND FOOT 

Concisely explaining the role of the main muscles of the body and their functions, about twelve 

muscles will be presented according to the respective type of movements that the can provide. 

Muscles are essential to trigger the binaries of force that can make two adjacent body segments to 

move among the through the existence of one or more particular joints. 

As stated before, muscles can be grouped in three distinct compartments which are called the 

anterior, posterior (which is divided in superficial and deep layers) and the lateral compartments. 

Muscles from the anterior compartment (see Figure 52 in Appendix A: Muscles of the Leg and Foot) of 

the leg dorsiflex the ankle, invert the foot and extends the toes. On the other side, muscles from two 

layers of the posterior compartment (see Figure 53 in Appendix A: Muscles of the Leg and Foot) are 

responsible for the plantarflexion of the ankle, invert the foot and ultimately for the flexion of the toes. 

Finally, the lateral compartment (see Figure 52) is composed by the muscles that promote the 

eversion of the foot (Drake et al., 2009). The main muscles are described in summary in the Table 1 

below. 

Table 1: Brief description of the main muscles of the leg and foot in accordance to the muscle compartments (adapted from Hall, 

2012). 

MUSCLE COMPARTMENT PROXIMAL 
ATTACHMENT 

PROXIMAL 
ATTACHMENT 

PRIMARY 
ACTION(S) 

Tibialis anterior Anterior 
Upper two-thirds of 

lateral tibia 

Medial surface of 
first cuneiform and 

first metatarsal 

Dorsiflexion, 
inversion 

Extensor digitorum 
longus Anterior 

Lateral condyle of 
tibia, head of fibula, 
upper two-thirds of 

anterior fibula 

Second and third 
phalanges of four 

lesser toes 

Dorsiflexion, 
eversion, toe 

extension 

Fibular tertius Anterior Lower third anterior 
fibula 

Dorsal surface of fifth 
metatarsal 

Dorsiflexion, 
eversion 

Extensor hallucis 
longus Anterior Middle two-thirds of 

medial anterior fibula 

Dorsal surface of 
distal phalanx of 

great toe 

Dorsiflexion, 
inversion, hallux 

extension 

Gastrocnemius Superficial Posterior 
Posterior medial and 
lateral condyles of 

femur 

Tuberosity of 
calcaneus via 

Achilles tendon 
Plantarflexion 

Plantaris Superficial Posterior Distal, posterior 
femur 

Tuberosity of 
calcaneus via 

Achilles tendon 

Assists with 
plantarflexion 

Soleus Superficial Posterior 

Posterior proximal 
fibula and proximal 

two-thirds of 
posterior tibia 

Tuberosity of 
calcaneus via 

Achilles tendon 
Plantarflexion 

Flexor digitorum 
longus Deep Posterior Middle third of 

posterior tibia 
Distal phalanx of four 

lesser toes 
Plantarflexion, 

metatarsal eversion 
Flexor hallucis 

longus 
Deep Posterior Middle two-thirds of 

posterior fibula 
Distal phalanx of 

great toe 
Plantarflexion, 

inversion, toe flexion 

Tibialis posterior Deep Posterior 

Posterior upper two-
thirds tibia and fibula 

and interosseous 
membrane 

Cuboid, navicular 
and second to fifth 

metatarsals 

Plantarflexion, 
inversion 

Fibularis longus Lateral Head and upper two-
thirds of lateral fibula 

Lateral surface of 
first cuneiform and 

first metatarsal 

Plantarflexion, 
eversion 

Fibularis brevis Lateral 
Distal two-thirds 

lateral fibula 
Tuberosity of the fifth 

metatarsal 
Plantarflexion, 

metatarsal eversion 
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CHAPTER IV 

4 GAIT CYCLE TERMINOLOGY 

Saying that someone presents a “normal” gait is vaguely subjective. It would be more 

reasonable to classify a gait pattern from the analysis of an individual as non-pathological or 

pathological. Even though the term non-pathological gait is a general term it fits better in those 

patterns that are considered as standards. Note that a non-pathological gait can vary from healthy to 

healthy person simply because each person’s anatomy is distinct and may vary according to: genders, 

age and consequent stages of life, height, weight and even feet (Whittle, 2007). 

What really matters when comparatively analysing a pathological gait pattern with the 

standard non-pathological ones is that somehow a patient with a gait disorder or a pathology that 

affects the quality of gait (like the one presented in this thesis) shows higher and more irregular 

deviations when compared to a non-pathological gait within the group of the healthy population. 

(Whittle, 2007). Equation Chapter (Next) Section 1 

When discussing gait and walking the first is described as “the manner or style of walking” and 

the latter is “a method of locomotion involving the use of the two legs, alternately, to provide both 

support and propulsion”. Nonetheless, if one wants to fit in walking a pathological gait such as the 

three-point step-through gait in which there is an alternate use of two crutches simultaneously with 

one or two legs, it hardly corresponds to the definition of the term. Along with walking there are other 

“methods of locomotion” like running, which is performed by humans only, but there are also trotting, 

cantering, galloping, which are naturally performed by quadruped animals. Most people use the terms 

gait and walking as they were the same and the true meanings are left unrevealed (Whittle, 2007). 

For a better understanding of gait and to retrieve the essences of each pattern when studying 

some individual it is an advantage if appropriate terminology exists. A gait cycle is better understood if 

one divides it by events. First of all, a gait cycle is by definition the time interval between the 

successive repetitions of the same event within the same foot. As general rule, a gait cycle always 

starts with the first contact of the foot with the ground, called ‘initial contact’. For the foot under study 

the gait cycle will end in the next initial contact of that same foot. On the other side, the opposite foot 

goes through the same series of events but it is out of phase by half of a cycle. Consider the following 

Figure 11 describing a complete foot cycle where the grey coloured leg is the one being studied. The 

cycle starts on top and goes clockwise (Whittle, 2007). 
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Figure 11: Representation of the phases and events that happen during a gait cycle, where the grey leg is under analysis 

(Drake et al., 2009). 

The displayed gait cycle below is divided into seven consecutive events conferring also a 

division in seven periods. In turn these periods can be grouped in two phases which are very familiar: 

the stance phase and the swing phase. Later in this work the focus will be on the stance phase 

because it is the period of time where the foot is in contact with the ground and forces are involved 

(Whittle, 2007). 

The seven events that subdivide the gait cycle on the perspective of the right foot are, in order: 

initial right heel contact, left toe off, right heel rise, initial left heel contact, right toe off, feet adjacent, 

right tibia vertical and, finally, as the begging of a new cycle, the repetition of initial right heel contact. 

Two of these events are extremely important because they mark the transition between the two gait 

cycle’s main phases: the initial heel contact and the toe off events. The transition is alternatively from 

the foot-ground contact/support phase (stance) to the aerial/flight phase (swing), and vice versa 

(Whittle, 2007). 

To perform an intensive study on the foot patterns during gait and other gait parameters of a 

given subject it is important that the person walks barefoot. The discrimination of the movements 

occurring on the foot between some desired segments has to be made with proper mathematical 

formulations which define a biomechanical model, always bearing in mind that all movements happen 

within the three anatomical planes. 

To conclude, and since the aim of this study is to analyse the feet kinematics between two 

populations, the ankle joint plays one of the most important roles. Looking at the leg and foot from the 

sagittal plane, the ankle initially assumes in the gait cycle an attitude of neutral position. It is then 

important to start foot plantarflexion right after the ground contact, with the later purpose for the 

forefoot to touch the ground and for the foot to remain completely flat on the ground. During the stance 

phase the tibia moves forward over the foot as the ankle dorsiflexes. By the time of the opposite foot 
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heel contact the ankle joint is already performing a reverse plantarflexion until just after the toe off. As 

the foot swings on the air the ankle returns to a dorsiflexed attitude, the toes clear the ground and the 

foot approximates again to the neutral position to prepare the next ground contact. Taking now a look 

at the frontal plane, one notices that the foot is slightly inverted at the beginning of the gait cycle. 

Then, it pronates as contacts the ground, quickly moving back into supination as the ankle changes 

from plantarflexion to dorsiflexion. To prepare the foot for the swing phase the heel rises while the foot 

maintains its supinated position and just right before the toe off event the ankle plantarflexes once 

again. During the aerial phase the foot reverses to the supination attitude helping the late ground 

contact (Whittle, 2007). 

All these sequences of foot movements will be explored in detail in the next sections. 

4.1 GAIT PHASES 

4.1.1 STANCE PHASE 

The stance phase lasts between the initial heel contact and the toe off events, the foot is 

always in contact with the ground. This phase gathers the loading response, the mid-stance, terminal 

stance and pre-swing periods; it constitutes 60% of the total gait cycle. 

First, the initial contact (1st event) occurs and a loading response is triggered from the impact. 

This is called “heel strike” (when the heel is the first portion of the foot contacting the ground) since in 

healthy subjects there is a specific and isolated load response due to the first instant impact between 

the heel and the ground. Ground reaction force (GRF) appears (see the following Section 4.2) as a 

pair of opposite forces. Generally it starts pointing only upwards moving to upwards and backwards 

along the loading response. The GRF is usually represented as a vector and like it was said it 

changes its direction right after the initial contact. This can be confirmed in the beginning of the 

‘Butterfly’ diagram – Figure 12 (Whittle, 2007). 

The loading response (1st period) following the contact promotes plantarflexion of the ankle. 

As the tibialis anterior muscle contracts eccentrically the foot rotates down to the floor. The period is 

the first double support (two feet contacting the ground) during the gait cycle. It was reported by some 

authors (Inman et al., 1981; Rose & Gamble, 1994) that during this period the foot also pronates and 

the tibia rotates internally. This evidences a relation between pronation/supination of the foot 

simultaneously with internal/external rotation of the tibia. The ground reaction force quickly increases 

its magnitude assuming an upward and backwards direction. This loading response period is also 

called as the “initial rocker”, “heel rocker” or “heel pivot” (Whittle, 2007). 

The opposite foot’s toe off completes the previous period (2nd event). The double support 

period ends and the opposite foot go on to the swing phase while the current forefoot completely 

contacts the ground, the so-called “foot flat”. The plantarflexion ends as the foot gets static on the 

ground promoting a pseudo dorsiflexion as the tibia moves forward over the foot. So, both foot 

pronation and internal tibial rotation reach a peak around this moment and begin to reverse 

cooperatively reflecting the anatomical geometry of the ankle and the subtalar joints (Inman et al., 

1981; Rose & Gamble, 1994). The contraction of the tibialis anterior muscle is replaced by the 
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contraction of the triceps surae to plantarflex the foot. That flexion is in fact the tibia that rotates 

around the support foot getting closer to its dorsum. This event usually occurs at 7% of the gait cycle 

(% of GC) and the foot flat at 8% of the gait cycle defining the beginning of a new single support 

period: the mid-stance period (Whittle, 2007). 

Mid-stance (2nd period) happens next and is during this period that the swing phase leg 

passes laterally the stance phase leg. Simultaneously, from the opposite foot perspective the “feet 

adjacent” event takes place within its swing phase. From the current foot perspective it remains flat on 

the ground as the tibia proceeds forward rotation about the ankle joint making the dorsiflexion visible. 

The responsible muscle for that movement is from that moment on the triceps surae which contract 

eccentrically. In terms of movements along anatomical axes the tibia starts to rotate externally coupled 

with foot supination until that supination attain its peak value and then begins to reverse back to 

pronation. The ground reaction force is denoted as a vector moving forward to the forefoot before the 

heel rise, from the instant foot flat occurs. This period represents approximately an interval of 18% of 

the gait cycle. It can be called “mid-stance rocker” or “ankle rocker” (Whittle, 2007). 

The transition from the mid-stance to the terminal stance periods is designated as heel rise 

(3rd event) or “heel off”. This event depends on the elevation of the heel from the walking surface. The 

peak of ankle dorsiflexion happens some seconds after this event. The ankle angle, in the meantime 

the knee begins to flex, is initially maintained by the triceps surae muscle in such way that 

plantarflexion only ensures that angle over the terminal stance (3rd period). The tibia becomes 

maximally rotated externally and the foot increases its supination, being both movements coupled by 

the motion at the subtalar joint level once more. The heel rises and the foot accompanies it until the 

metatarsal heads leaving the toes flat on the ground, as if the foot breaks at metatarsophalangeal 

joints (MTP) level. At that same time the heel rises and the rearfoot inversion comes about. Typically 

heel rise takes place at 32% of the gait cycle but this feature varies within healthy subjects (Whittle, 

2007). 

Nearly at the middle of the gait cycle it is marked by the opposite initial heel contact (4th 

event). It represents the end of the previous single support interval and the beginning of the second 

double support interval which is also the pre-swing period (4th period) and by this time the knee 

continues flexing while the ankle is plantarflexing due to the concentric contraction of the triceps surae 

muscle. Until the foot gets off the floor, precisely at the toe off event, the extension of the toes at the 

MTP joints continues resulting on the tightening of the plantar fascia. Tibia is still external rotated 

together with rearfoot inverted both leading to maximal supination of the foot. This anatomical 

configuration provides high stability to sustain loads on the support. From the terminal stance to the 

end of the pre-swing the leg rotates forwards about the forefoot, more precisely at MTP joints level, 

rather than about the ankle joint. During that same time interval the generation of power at the ankle 

joint is very high (Winter, 1983), resulting then in the late ground reaction force peak which 

corresponds to upwards and forwards aligned vector (Perry, 1974). There is even a discussion 

between the two authors Winter and Perry about the purpose of ankle joint power generation: the first 

suggests that it is used to accelerate the whole body in the walking direction, on the other hand the 

second argues that it is used to accelerate only the leg to prepare it for the swing/aerial phase. Most 



 

 

37 
 

probably the two are valid in fact as a combination, and a third opinion by Buczek et al. (2003) showed 

that ankle joint power generation is necessary to sustain the natural walking, based in mutual efforts of 

both ankle joint and hip joint. The 3rd and 4th periods together, the terminal stance plus the pre-swing, 

are also termed as “terminal rocker phase” or “roll-off phase” (Whittle, 2007). 

The stance phase finally ends up with the toe off (5th event) preparing the foot to “fly” until the 

next contact with the ground. In non-pathologic gait it is normal for the toe to be the last part of the foot 

to leave the floor, although it is known that for some pathologies that may not be true (those 

neurological disorders which manifest “steppage gait” are good examples). For that reason this event 

is also called “terminal foot contact”. Obviously at this moment the foot achieves its maximal value of 

plantarflexion angle, which is near 25º. Since the foot needs to be on the air from this moment on the 

triceps surae muscle ceases contraction right before the toe leaves the ground and tibialis anterior 

begins to contract to pull the foot up through the ankle joint into a neutral or dorsiflexed attitude. This 

turning point event takes place at about 60% of the gait cycle letting the remaining 40% to the swing 

phase and marks also the end of the second double support (Whittle, 2007). 

4.1.2 SWING PHASE 

The swing phase occurs between the toe off and initial heel contact (of the next cycle) events, 

during which the foot is airborne. Only three periods are covered by this phase: initial swing, mid-

swing and terminal swing periods. This phase is shorter than stance covering the remaining 40% of 

the gait cycle (Whittle, 2007). 

The initial swing (5th period) is merely the period for the foot lifting which occurs with the 

beginning of ankle joint dorsiflexion via the tibialis anterior muscle contraction, as stated before, in 

order to guarantee that even the toes will point upwards. Without contact the ground reaction force is 

no more. This period lasts about 15% of the gait cycle. It is known as “lift off”. 

Succeeding the initial swing is the mid-swing (6th period) and both are divided by the feet 

adjacent event (6th event). The latter is characterized by the moment the swinging leg passes the 

stance phase leg, knees cross each other, feet become side to side with one up and the other down. 

Because the ankle needs to be moving out of plantarflexion and in order to guarantee minimum toe 

clearance, the swing phase leg shortening is due to a primary flexion of the knee. Once again the 

tibialis anterior muscle plays an important role for the dorsiflexion but the truth is that the foot remains 

slightly supinated until the next contact with the ground. The closest approach of the toes to the 

ground occurs at this precise event when the feet are adjacent with an approximated height of 14 mm 

within the range of 1-38 mm (Murray, 1967). This event comes almost at 77% of the gait 

cycle.(Whittle, 2007) 

Finally preceding the next initial heel contact is the tibia vertical event (7th event) and both are 

separated by the terminal swing period (7th period). The tibia of the swing phase leg becomes vertical 

and the ankle joint can assume an attitude of not even a few degrees of plantarflexion nor a few 

degrees of dorsiflexion leaving to the tibialis anterior muscle the duty to promote a contraction that is 

enough for holding the ankle in position for the next initial heel contact in a few seconds before it 

happens. Usually, at 86% of gait cycle is when this penultimate event takes place (Whittle, 2007). 
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The ending of one cycle is the beginning of a new one. The next initial contact of the same 

foot is better referred as “terminal contact” but in fact it is no more than just the beginning of the 

repetition of an entire gait cycle (Whittle, 2007). 

4.2 GROUND REACTION FORCE 

Meeting the third of the Newton’s Laws of Motion, the Law of Reaction, it is stated that forces 

exist as equal pairs, so in case of an interaction between two bodies A and B, if A applies a force on 

the body B, reciprocally the body B reacts carrying another force with the same magnitude and 

direction, but in the opposite way, in the body A. The existence of two forces as a pair is the only way 

to guarantee the equilibrium of the system. This law simply explains the reason why when we walk on 

the floor we do not penetrate the floor, because it carries equal forces on our body through the feet in 

that particular case(Hall, 2012). So, to every action there is a reaction (Whittle, 2007). 

Since this force is analysed as a resultant force, i.e. a sum of forces, it is represented as a 

point force which point is called the centre of pressure. It is the point on the two-dimensional ground 

plane through which a single resultant force appears to act but as a matter of fact that force do not 

exist alone, being the sum of the various small force vectors spread out across the foot insole contact 

area (Whittle, 2007). 

Graphically, this ground reaction force is represented as a three-dimensional vector with three 

components: the vertical component, the mediolateral component and the anteroposterior component. 

Despite in literature it is not very common to see described all the three components, since the 

mediolateral component is generally very small. The two-dimensional representation along the plane 

of action and progression, the sagittal plane, is used by Winter (1991). Nevertheless, the three 

components can be displayed together as function of time during a gait cycle (see Figure 12). There is 

also a sign convention reported by Winter (1991) that during the stance phase the ground reaction 

force of both feet is positive upwards, forwards and to the right (the latter in accordance to the 

laboratory’s reference frame), even though there is not a consensus among other authors. As an 

alternative way to represent the ground reaction force there is the “butterfly diagram” that 

concatenates each two force components with the centre of pressure, preserving the timing 

information, since lines represent the force at regular time-spaced intervals. The most common is the 

combination of both vertical and anteroposterior components, which again corresponds to the 

preferred sagittal plane (see Figure 12). The butterfly diagrams for the other planes of action, 

transverse and frontal planes, are not so easy to interpret, therefore they are not so often used 

(Whittle, 2007). 

For a given foot’s stance phase there is the respective ground reaction force. Looking again 

from the perspective of the right foot, the ground reaction force laterally accelerates the centre of 

pressure towards the left side of the body while on the left foot it accelerates the centre of pressure 

towards the opposite direction, always following the medial direction. The anteroposterior component 

from the right foot’s stance phase can be divided into two halves with opposite signal: on the first half 

the “braking” negative peak and on the second one the “propulsion” positive peak. To conclude, the 

vertical component shows two characteristic lobes which results from an upward acceleration peak of 
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the centre of mass during early stance followed by a downward reduction as the swinging leg passes 

laterally the stance phase led in the mid-stance period and ending with the second peak due to 

deceleration, as the downward motion occurs in the late stance (see again Figure 12) (Whittle, 2007). 

 

Figure 12: Representation of the three Ground Reaction Force's mediolateral, anteroposterior and vertical components (left). 

The 'Butterfly' diagram (right) (Whittle, 2007). 

An individual is kept from slipping while walking on a given floor due to the existence of the 

coefficient of friction between the individual’s foot and the ground. In a sense, the horizontal 

components of the ground reaction force represent the friction shear forces that are opposite to the 

foot’s movement directions, which block that movement. Once the horizontal components of the force 

that foot is applying on the ground overcome the friction shear forces, slippage occurs (Whittle, 2007). 

The important role that ground reaction forces analysis has in pathology condition’s 

characterization is that for a given pathology most of the patients will present a considerable deviation 

from the non-pathological patterns, as it is shown in the following Figure 13. 

 

Figure 13: A pathological gait pattern presents abnormal peaks of the Vertical Reaction Force when compared to healthy 

individuals (Winter, 1990). 

All these features can be measured and quantified through the use of specific force plates 

properly mounted on the ground in a laboratory. See the instrumentation Section 5.2 for more details. 
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4.3 GAIT PARAMETERS TERMINOLOGY 

Kinematics is not only about angles between anatomical segments, which are obtained as the 

quantification of some articular range, but also about other gait variables like distances, time intervals 

and time dependent variables that can characterize the gait of an individual. 

Focusing the attention on the Figure 14 below, it is easy to identify the distance parameters 

that are relevant to be measured. The stride length (m) is defined as the distance between two 

successive foot placements or footprints of the same foot, being also the sum of two step lengths from 

each foot. In its turn, each step length (m) consists on the projection of the line joining the heels of two 

consecutive footprints from both feet along the walking direction. The walking base (m or mm), also 

known as “stride width” or even as “base of support” refers to the side-to-side distance between the 

parallel lines of progression of both feet. There is also the toe out angle (degrees) that reflects the 

external rotation of a given foot (Whittle, 2007). 

 

Figure 14: Terms used to describe foot placement on the ground (adapted from Whittle, 2007). 

As examples of time parameters are the duration of specific periods or phases in the gait cycle 

(see Figure 15). The more important to take into account are the already above mentioned stance 

phase (s or %GC) and swing phase (s or %GC), but also the duration of the single support (s or %GC) 

and the double support (s or %GC). These two have the relevance that, in a gait cycle, both happen 

twice, although the key feature lays in the double support time for the reason that it marks the 

beginning and the end of stance phase for a given foot. Knowing that the gait cycle is divided by 60% 

of stance phase plus 40% of the swing phase and usually each double support time lasts 10% of gait 

cycle it covers 1/3 of the stance phase. But it puts even more emphasis on the gait cycle by the fact 

that when both double support periods go to zero, in the limit, the subject is no more walking but 

running. The double support phases disappear and a flight phase emerges between the single 

supports, where neither foot contacts the ground. This one is also called as the “non-support” or “float” 

phase and all this happens while the walking velocity increases (Whittle, 2007). 

Precisely the walking velocity (m/s) is one of the time dependent variables which express the 

covered distance by the whole body in a given time interval. This average velocity is calculated from 

the product between stride length and cadence. In its turn, cadence (steps/min) quantifies the number 

of steps taken within a time interval, of one minute typically (Whittle, 2007). 
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Figure 15: Timing of single and double support during a little more than one gait cycle, starting with right initial contact (Whittle, 

2007). 

Since a step only corresponds to an half of a gait cycle and cadence should cover the number 

of complete gait cycles per time unit, in particular count two steps as a gait cycle, the International 

System of Units (better known as IS) pressed for the use of another measure: the cycle time (s) or the 

“stride time”, which means the duration of a complete gait cycle (Whittle, 2007). 

In the case of patients with PsA, if the pathology affects one foot more than the other usually 

the patient tries to spend a shorter time on the ill foot (for instance, due to the feeling of pain) and 

consequently a longer time on the healthy one. The corresponding stance phases will not have the 

same lengths since the ill foot involves a shorter stance period and promotes simultaneously a quick 

swing of the healthy foot in order to support his/her weight on that one. Therefore, a shorter swing 

phase and a shorter step length on a given foot (the healthy one) as a general rule expresses 

problems with the single support of the opposite foot (Whittle, 2007). 
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CHAPTER V 

5 EXPERIMENTAL PROTOCOL 

5.1 B IOMECHANICAL FOOT MODEL 

The original foot model purposed by Hyslop et al. (2010) in the study of the Scottish population 

with Psoriatic Arthritis has five segments. The current work adopts only four of those segments not 

considering the toes, which are not relevant for the study. Therefore, the original foot model divides 

the leg and foot by the following five segments: the Rearfoot, which considers the region between the 

ankle joint and transverse tarsal joint including the talus and calcaneus bones; the Midfoot, dedicated 

on the distal row of the tarsal bones; the First Metatarsal, which refers simply to the first metatarsal 

bone; the Lateral Forefoot that joins the other four metatarsal bones, from II to V; the Hallux, as the 

great digit/toe. In addiction the extra segments are: the Shank that covers the whole leg and serves as 

the anatomical reference for rearfoot motion and the Single Foot segment which evaluates the global 

foot function. As mentioned above the Hallux segment was excluded in our model, which is 

represented below in Figure 16. Equation Section (Next)Equation Chapter (Next) Section 1 

 

Figure 16: The 4+2 segments biomechanical foot model used in the study. 

The biomechanical model takes shape with the assumption of groups of adjacent bones that 

together define specific segments. These bones connect through non-movable joints that only allow 

very reduced movements. These short range movements are not taken into account and for that 

reason it is assumed that the respective bones are rigidly bonded among themselves. The exception 
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stands for the First Metatarsal segment which is a single bone. All other segments in the model are 

composed by two or more bones. 

To define all these anatomical segments, a multibody system arranged in an open-loop 

kinematic chain structure is considered, in which a system of axes (the reference frame) is defined per 

each one of the segments (from now on called as rigid bodies) in order to relate its position and 

orientation with respect to its predecessors and all of them in the global reference frame of the 

laboratory. This is possible through a 25 markers protocol covering the foot and shank (a sum of 50 

markers considering the two limbs) which are strategically positioned on skin as suggested by the 

Figure 17. 

 

Figure 17: Photography of the 25 markers protocol applied on each individual's lower limb (left). The three-dimensional 

reconstruction of the reflective markers in the laboratory space through the Qualisys® Track Manager software., which yellow 

lines joins markers from the rigid body (right). 

The best way to understand the importance of these reference frames is nothing that articular 

movements of rotation mainly occur in anatomical planes around imaginary axes. If a perpendicular 

axis is defined in respect to an anatomical plane of a given rigid body, a rotation that happens in that 

plane can be easily quantified as an angle range. As seen before, through the three anatomical 

reference planes (sagittal, frontal and transverse planes) three anatomical axes can be defined 

orthogonal to those planes. Thus, a rotation through the mediolateral axis (from now on called as x-

axis), anteroposterior axis (y-axis) and longitudinal axis‡ (z-axis) corresponds to a given movement in 

accordance to the terminology explained in Section 3.1. 

In algebra, a system of three axes (x, y and z) defines an orthonormal base of vectors, which 

are perpendicular to each other and represent the reference frame. Thus, the mathematical operation 

of inner product (projection of a vector throughout another) between any two of these axes is null, 

while the cross product operation (a binary operation) between two of them results in the third one. 

When these conditions are verified, the reference frame is said to be “direct”. 

As convention, Hyslop et al. (2010) defined that the reference frame of a rigid body lies at the 

most proximal point of it, being coherent with its proximal joint region. Therefore, since the z-axis 

generally points upwards and y-axis generally points forwards, the respective x-axis must always point 

to right side of the body regardless of the side of the body where rigid body belongs (see Figure 18). 

This guarantees a direct reference frame. Although, since the rotation around an axis represents a 
                                                                 
‡ In spite of the real longitudinal axis of the bones of the foot points forwards, the model considers always that this 
axis is pointing upwards in accordance to the leg’s. 
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specific movement only the x-axis is coherent for the movements in both limbs thus, the rotations 

around the other axes are mirrored from one foot to another. 

As referred, the anatomical planes must be found for each rigid body to obtain the three axes. 

The best way to do this is through the use of  adequate bone landmarks that will help to support the 

calculation of these axes and that is done by palpation of the bones prominences which is a non-

invasive method and relatively simple to perform. At least three bones landmarks are needed to 

computationally express a rigid body position and orientation and these are expressed through the use 

of reflective markers placed on the skin right above these landmarks. 

Said that, each rigid body will be presented individually in detail with respect to the bones 

covered, the chosen landmarks with the respective markers, and the movement terminology of each 

axis in respect to the right foot. Please note that the left foot mirrors the y- and z-axes of the right foot. 

Furthermore, markers can be separated in two different types: anatomical markers, which define a 

specific bone prominence; tracking markers, which do not have any anatomical reference and are 

frequently associated to clusters of markers that are used to follow the movement of a given rigid body 

during walking. Non-tracking markers are removed before the walking procedure. 

Despite the fact that the selected markers were chosen taking into account the procedure 

reported in Hyslop et al. (2010), the reference frames of each rigid body is not exactly reconstructed in 

the same way. As a matter of fact, some readjustments are made in order to give priority to some of 

the three axes always keeping in mind that they must work as a direct reference frame. Positive 

rotations around axes always agree with the right-hand rule. 

 

Figure 18: Three-dimensional representation of all local reference frames of the rigid bodies in the global reference frame of the 

laboratory. The x-axis of the global reference frame corresponds to the walking direction. The x-axis of each local reference 

frame points to the right i.e. it is coherent with the negative global y-axis. 

5.1.1 SHANK SEGMENT 

For the palpation procedure for this segment, the identification of the tibial tuberosity can be 

difficult since it corresponds to the distal attachment site of the patellar tendon. The easier way to do it 

is to extend and flex the leg while pressing the proximal portion of the tibia. There is also a concern 
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about the axis of rotation of the ankle joint during the palpation of both malleoli. To overcome incorrect 

positioning of these markers the subject is asked to perform alternate dorsiflexion and plantarflexion 

for the marker to be placed in the less movable skin point (skin’s elasticity is a major problem in 

motion capture in biomechanics because it lead to noisy data – see Data Filtering on Section 0). The 

cluster of markers (the array of 4 plate-mounted markers that is visible in Figure 17) is used only to 

track the whole leg during walking. All the markers defining the shank rigid body are identified in Table 

2 and three-dimensionally represented as brown spheres in Figure 19. 

Three anatomical markers are the minimum set required to define a plane and therefore the 

position and orientation of the segment. Shank’s frontal plane is directly obtained from 2 vectors 

composed by the HFIB, MMAL and LMAL markers, thus the normal to that plane is also calculated 

with a simple external product between these vectors. 

Projecting the TTUB marker onto that frontal plane throughout the previous normal creates the 

first projection point PROJ_TTUB. What happens next is that a virtual mean point VIRT_MAL is 

calculated between MMAL and LMAL. Three new points are now in condition to suit another plane, the 

sagittal plane created through TTUB, PROJ_TTUB and VIRT_MAL points. 

Later, the lateral marker HFIB is projected on the sagittal plane to define the ORIGIN point of 

this local reference frame (where the small reference frame in Figure 19 is located). The direction from 

PROJ_TTUB to TTUB originates the y-axis (the small green axis in the Figure 19), from ORIGIN to 

HFIB the x-axis is created (the small red axis in Figure 19), and finally in accordance to the direction 

from VIRT_MAL to PROJ_TTUB the z-axis appears (the small blue axis in Figure 19). 

Table 2: Detailed description of the shank segment in terms of bones, axes of rotation and markers with respective landmarks 

(adapted from Hyslop et al., 2010). 

SHANK 

Bones  

Fibula 

Tibia 

Axes Positive Rotation (+) Negative Rotation (-) 

x-axis Extension Flexion 

y-axis Adduction Abduction 

z-axis Internal rotation External rotation 

Markers  Type (Size/mm)  Description  

HFIB Anatomical (12) Proximal apex of the head of fibula. 

TTUB Anatomical (12) Anterior prominence of the tibial tuberosity. 

MMAL Anatomical (7) Distal apex of the medial malleolus. 

LMAL Anatomical (7) Distal apex of the lateral malleolus. 

SHN1 Tracking (12) 

Array of 4 plate-mounted markers located on the lateral lower third of the shank. 
SHN2 Tracking (12) 

SHN3 Tracking (12) 

SHN4 Tracking (12) 
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Figure 19: Three-dimensional representation of shank's local reference frame during the static calibration. Shank's markers are 

brown coloured spheres. 

5.1.2 REARFOOT SEGMENT 

The peroneal tubercle and sustentaculum tali are found below the lateral and medial malleoli 

respectively. The calcaneus skin-mounted wand is a cluster (3D printed wand – courtesy of Hyslop et 

al., 2010) composed of three markers that must be aligned with the Achilles tendon and whose inferior 

border should lie by the most prominent palpable part postero-inferior aspect of the calcaneus, right 

below the Achilles tendon attachment site, as it can be seen in Figure 20. The convention for the use 

of the T-shaped wand is for the middle marker OCAL to remain always pointing to the right side of the 

body. 

 

Figure 20: Placement of the calcaneus skin-mounted wand in the inferior aspect of calcaneus bone where Achilles tendon 

attaches. 

As a group of two bones, the rearfoot segment has some particularities. In accordance to the 

anatomical description and since the aim of a local frame is to overlap the most proximal part of the 

segment (in accordance to the respective proximal joint), the reference frame’s origin will coincide with 

the centre of talus bone. This approach leads to the “elimination” of the talus bone from the model 

since the talus does not contribute to the definition of this rigid body. Therefore, the movement of the 

ankle and subtalar joints is coupled in a single joint, whose movements are calculated from the 

calcaneus (since it is more distal) and shank bones. In fact, the biomechanical model assumes that 

the ankle joint performs two types of rotation movements as in a universal joint. All the markers 

defining the rearfoot rigid body are identified in Table 3 and three-dimensionally represented as 

orange spheres in the Figure 21. 
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The rearfoot’s transverse plane is obtained considering ICAL, MCAL and LCAL as coplanar. 

Then, a VIRT_CAL point is created by the mean distance from MCAL to LCAL. The direction from 

ICAL to VIRT_CAL establishes the y-axis (the small green axis in Figure 21). 

The normal to the transverse plane obtained again from the external product between two 

vectors created by the coplanar markers – the z-axis (the small blue axis in Figure 21) – and the y-axis 

are used to originate the rearfoot’s sagittal plane. Through a cross product between the y- and z-axes 

the x-axis is created (the small red axis in Figure 21). 

The ORIGIN’s location results from the projection of SCAL onto the frontal plane defined by 

the x and z axes, with a posterior translation to a point corresponding to the projection of the 

VIRT_MAL point (the mean point of both malleoli) in the current xy-plane. Roughly the origin point is 

spatially located within the talus bone as represented by the small reference frame in the Figure 21. 

The advantage of this axes rearrangement is that it avoids resorting to a meticulous 

positioning of the skin-mount wand since the most important feature is the horizontal plane created by 

ICAL, MCAL and LCAL. Thus, it minimizes the error in the definition of the longitudinal z-axis through 

the wand placement. 

Table 3: Detailed description of the rearfoot segment in terms of bones, axes of rotation and markers with respective landmark 

(adapted from Hyslop et al., 2010). 

REARFOOT 

Bones  

Calcaneus 

Talus 

Axes Positive Rotation (+) Negative Rotation (-) 

x-axis Dorsiflexion Plantarflexion 

y-axis Inversion Eversion 

z-axis Internal rotation External rotation 

Markers  Type (Size/mm)  Description  

SCAL Anatomical/Tracking (7) 
Skin-mounted wand with 3 markers located superiorly (SCAL) and inferiorly (ICAL) 
on the posterior aspect of the calcaneus. 

ICAL Anatomical/Tracking (7) 

OCAL Tracking (7) 

LCAL Anatomical/Tracking (7) Prominence of the peroneal tubercle. 

MCAL Anatomical (7) Prominence of the sustentaculum tali. 

 

 

Figure 21: Three-dimensional representation of rearfoot's local reference frame during the static calibration. Rearfoot's markers 

are orange coloured spheres. 
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5.1.3 MIDFOOT SEGMENT 

The navicular bone is the most prominent of the three bones with desired landmarks 

(navicular, intermediate cuneiform and cuboid – Table 4). Nevertheless, without adequate experience 

it can be misunderstood with the medial cuneiform bone. The best way to avoid mistakes is to start 

from the 1st metatarsal’s base (at the tarsometatarsal joint) and count another articular depression 

through the posterior direction. 

The intermediate cuneiform bone can be locate through palpation of the long axis of the 2nd 

metatarsal’s up to the joint space with the intermediate cuneiform. Because of its proximity to the 

medial cuneiform caution must be taken not to confuse both bones. 

Cuboid’s bone landmark is particularly difficult to identify. Covering this bone there are 

muscles and tendons which limit the detection of the hard surfaces of the bone. The prominence of 5th 

metatarsal’s base that articulates laterally with the cuboid bone facilitates the identification of the 

lateral apex of its lateral tuberosity on the region above the prominence of 5th metatarsal’s base. The 

other hypothesis is to ask the subject to mimic a supination movement of the foot. During a supination 

movement the bone will be prominent but patients might not be able to perform it. 

The three individual markers used to define this segment (described in Table 4 and three-

dimensionally represented as yellow spheres in Figure 22) must all be used to track the group of tarsal 

bones during gait. Since the navicular bone is the most medial and it defines the upper limit of the 

medial longitudinal arch of the foot, this maker allows the evaluation of the height and can be useful on 

a gross estimation of the curvature of that arch of the foot. Starting from that navicular height with 

respect to the correspondent marker, the transverse plane of the midfoot is a horizontal plane which 

contains that point. Orthogonal to that plane is the z-axis. 

For the local reference frame to be coherent to the transverse tarsal joint (the so-called 

Chopart’s joint) the aim of the x-axis is to cover this joint line. This implies to trace a line between NAV 

and CUB. However, CUB is generally above NAV and that is the reason to project the first onto the 

transverse plane, creating the PROJ_CUB point. Grouping together these three points the frontal 

plane is created. Regarding to the horizontal plane where the previous projection ends, ICUN also 

gives rise to PROJ_ICUN and in turn this one is projected onto the frontal plane placing the ORIGIN 

there (where lie in the small reference frame in Figure 22). 

The z-axis (the small blue axis in Figure 22) corresponds to the transverse’s plane normal and 

the remaining axes are then the directions from ORIGIN to PROJ_CUB – the x-axis (the small red axis 

in Figure 22) – and from ORIGIN to PROJ_ICUN – the y-axis (the small green axis in Figure 22). 
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Table 4: Detailed description of the midfoot segment in terms of bones, axes of rotation and markers with respective landmarks 

(adapted from Hyslop et al., 2010). 

MIDFOOT 

Bones  

Cuboid 

Intermediate cuneiform 

Lateral cuneiform 

Medial cuneiform 

Navicular 

Axes  Positive Rotation (+)  Negative Rotation ( -) 

x-axis Dorsiflexion Plantarflexion 

y-axis Inversion Eversion 

z-axis Adduction Abduction 

Markers  Type (Size/mm)  Description  

NAV Anatomical/Tracking (7) Medial apex of the tuberosity of the navicular. 

ICUN Anatomical/Tracking (7) Distal and dorsal aspect of the Intermediate cuneiform. 

CUB Anatomical/Tracking (7) Lateral apex of the tuberosity of the cuboid. 

 

 

Figure 22: Three-dimensional representation of midfoot's local reference frame during the static calibration. Midfoot's markers 

are yellow coloured spheres. 

5.1.4 FIRST METATARSAL SEGMENT 

The palpation procedure for this single bone segment is simple. It constitutes the interior 

surface of the foot right before the great toe. Some limitations might occur during the palpation of the 

dorso-lateral aspect of its head because the tendon of the extensor halluces longus passes there. The 

skin-mounted wand is used to help on tracking this rigid body during the analysis. The full description 

of these bone landmarks is in the Table 5 below.  

The positioning of the C1MT marker along with the skin-mounted wand of the 1st metatarsal 

does not have any anatomical meaning. Although, as a suggestion for future works, this marker can 

play the role of the transverse plane predictor along with P1MT and M1MH markers and be the 

indicator marker of a deformed foot. Thus, it could be seen in the patient and confirmed through the 

computer in the static calibration procedure (see this procedure below, in Section 6.2.2). In this work 

the anatomical references for this wand are determined by palpation due to the length of the protocol 

and limited access or laser. A more precise positioning can be achieved with the use of an ultrasound 

scanner; otherwise the positioning of this marker can be a source of error. These markers are 

represented as yellow spheres in the Figure 23. 
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A safer approach is done in this study to prevent any errors by approximation to the original 

definition Hyslop et al. (2010). Taking the height of M1MH marker a horizontal plane is defined for the 

L1MH marker to be projected on it. Looking at the vector from P1MT to M1MH as the true longitudinal 

direction of the 1st metatarsal, it is subtracted to the PROJ_L1MH. This is equivalent to pull that point 

backwards near to P1MT, being termed as PROJ_P1MT. It corresponds to an approximation of the 

intermetatarsal joint between 1st and 2nd metatarsal’s bases. Then the transverse plane is obtained 

grouping P1MT, M1MH and PROJ_L1MH. 

Drake et al. (2009) argues about the rotations around the x- and y-axes as the most evident in 

the 1st metatarsal bone. Nevertheless, the existing bone landmarks do not credit the literature. It is 

possible to define the y-axis as the longitudinal axis of the bone but it is not possible to find the contact 

point between the two metatarsal bases (1st and 2nd metatarsal bones) in order to consistently create 

the x-axis between that point and the P1MT point. The PROJ_P1MT is by far the most approximated 

point to the bases. Hence, the x-axis is not chosen but a z-axis through the transverse plane instead, 

assuming the 1st metatarsal bone as a geometric parallelepiped. 

First, the transverse plane and y-axis (the small green axis in Figure 23) should be calculated 

as previously stated. The ORIGIN is the mean point between P1MT and PROJ_P1MT. Following the 

direction from that point to the mean point between M1MH and PROJ_L1MH the y-axis is created. The 

z-axis (the small blue axis in Figure 23) is simply the normal to the transverse plane and the x-axis 

(the small red axis in Figure 23) comes from the cross product between the previous two axes. 

Table 5: Detailed description of the first metatarsal segment in terms of bones, axes of rotation and markers with respective 

landmarks (adapted from Hyslop et al., 2010). 

FIRST METATARSAL 

Bones  

1st Metatarsal 

Axes  Positive Rotation (+)  Negative Rotation ( -) 

x-axis Dorsiflexion Plantarflexion 

y-axis Inversion Eversion 

z-axis Abduction§ Adduction 

Markers  Type (Size/mm)  Description  

P1MT Anatomical/Tracking (7) Dorso-medial aspect of the base of the 1st metatarsal. 

M1MH Anatomical/Tracking (7) Dorso-medial aspect of the head of the 1st metatarsal. 

L1MH Anatomical (7) Dorso-lateral aspect of the head of the 1st metatarsal. 

C1MT Tracking (7) 
Single marker on a skin-mounted wand projected dorso-medially from the mid-
shaft of the 1st metatarsal. 

                                                                 
§Abduction/adduction differs in the metatarsal I since this movement is defined with respect to the long axis of the 
2nd metatarsal and 2nd digit (Drake et al., 2009). 
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Figure 23: Three-dimensional representation of 1st metatarsal's local reference frame during the static calibration. 1st 

metatarsal's markers are green coloured spheres. 

5.1.5 LATERAL FOREFOOT SEGMENT 

The palpation procedure for this segment is the most simple since those extremities are visible 

to the naked eye. An important role is played by the three markers cluster because it gathers the four 

metatarsal bones. The bones with higher mobility are the 4th and 5th metatarsals, the 3rd metatarsal 

slightly moves and the 2nd metatarsal is completely immobile (Drake et al., 2009). For this reason and 

since the FFT1 marker has to be placed on the 2nd metatarsal’s head it is important that one of the 

other two markers lies in the head of the 3rd or 4th metatarsals in order for the cluster to keep up with 

the movements of all four metatarsals. Three different sizes of this cluster are available to use 

according to the size. The detailed description of all lateral forefoot’s bone landmarks is in the Table 6 

and the correspondent markers appear as blue spheres in the Figure 24. 

The lateral forefoot is a complex rigid body considering that slight movement may occur 

among the four metatarsals bones that execute slight movements among them. They are constrained 

at the level of the metatarsophalangeal joints through the deep transverse metatarsal ligaments, which 

bond them together and move them as a single unified structure. This supports the decision of 

considering a rigid body composed by these four metatarsals. 

The P5MT and D5MT markers belong to the 5th metatarsal while the FFT1 is part of the 2nd 

metatarsal. Since the approximated point PROJ_P1MT between the bases of the 1st and 2nd 

metatarsals is known, an estimation of the metatarsophalangeal joint line can be done and this differs 

from the original model (Elaine Hyslop et al., 2010). What is suggested here is to treat the 

metatarsophalangeal joint first as an hinge joint, making a priority the calculation of the x-axis of this 

joint, which reproduces the predominant dorsiflexion and plantarflexion movements of this joint (Drake 

et al., 2009). It was also assumed in this thesis that the second preferential axis must be the z-axis 

that reproduces abduction movements of this joint.  

Therefore, the transverse plane of this joint is defined by the three points P5MT, D5MT and 

PROJ_P1MT. The normal to the plane constitutes the z-axis (the small blue axis in Figure 24). As 

mentioned before, the x-axis (the small red axis in Figure 24) is preferential so it is defined by the line 

from PROJ_P1MT to P5MT, since this latter marks the lateral end of the joint, where the 5th metatarsal 

articulates with the cuboid bone. The ORIGIN (where the small axes meet in Figure 24) is the midpoint 
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between those two previous points. The y-axis (the small green axis in Figure 24) comes from the 

cross product operation between the previous mentioned axes. 

Table 6: Detailed description of the lateral forefoot segment in terms of bones, axes of rotation and markers with respective 

landmarks (adapted from Hyslop et al., 2010). 

LATERAL FOREFOOT 

Bones  

2nd metatarsal 

3rd metatarsal 

4th metatarsal 

5th metatarsal 

Axes  Positive Rotation (+)  Negative Rotation ( -) 

x-axis Dorsiflexion Plantarflexion 

y-axis Inversion Eversion 

z-axis Adduction Abduction 

Markers  Type (Size/mm)  Description  

P5MT Anatomical (7) Dorso-lateral aspect of the base of the 5th metatarsal. 

D5MT Anatomical (7) Dorso-lateral aspect of the head of the 5th metatarsal. 

FFT1 Anatomical/Tracking (7) 
Array of 3 plate-mounted markers located on the dorsal aspect of 2nd-5th 
metatarsals with FFT1 overlying the 2nd metatarsal head. FFT2 Tracking (7) 

FFT3 Tracking (7) 

 

 

Figure 24: Three-dimensional representation of lateral forefoot's local reference frame during the static calibration. Lateral 

forefoot's markers are blue coloured spheres. 

5.1.6 SINGLE FOOT SEGMENT 

No palpation is needed for this segment since it resorts to pre-existing markers. The aim of 

this segment is to evaluate movements through the anatomical planes within the foot assuming all the 

bones are bonded among themselves. It permits to evaluate global foot function and through some 

key-markers (see Table 7 below for complete information) from each one of foot rigid body it is 

possible to track and reconstruct this rigid body 

For this segment, priority was given to the construction of y- and z-axes of rotation. It is true 

that the joint responsible for the dorsiflexion and plantarflexion of the foot is the ankle joint, but the 

joint has an oblique deviation when considering the sagittal plane of the foot where the movement 

occurs. Since the major movements involve cooperative and consecutive movements of the ankle, 

subtalar, transverse tarsal and tarsometatarsal joints, it is of importance to correctly define the 

anatomical planes of the foot and then look at all the axes of rotation. 
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So, briefly, first of all the transverse plane is mounted as a dorsum plane of the foot through 

the markers VIRT_MAL, M1MH and D5MT. Its normal vector corresponds to the z-axis (the small blue 

axis in Figure 25). Then, a virtual mean point is chosen between M1MH and D5MT, which is named as 

VIRT_DFFT. The y-axis (the small green axis in Figure 25) corresponds to the line from the 

VIRT_MAL to VIRT_DFFT. To conclude, the sagittal plane of the foot results from both y- and z-axis 

leading also to the creation of the x-axis (the small red axis in Figure 25) through the cross product. 

Table 7: Detailed description of the single foot segment in terms of bones, axes of rotation and markers with respective 

landmarks (adapted from Hyslop et al., 2010). 

SINGLE FOOT 

Bones  

(All foot bones except phalanges) 

Axes  Positive Rotation (+)  Negative Rotation ( -) 

x-axis Dorsiflexion Plantarflexion 

y-axis Inversion Eversion 

z-axis Internal rotation External rotation 

Markers  Type (Size/mm)  Description  

SCAL Anatomical (7) (Marker of the rearfoot segment) 

ICUN Anatomical (7) (Marker of the midfoot segment) 

M1MH Anatomical/Tracking (7) (Marker of the 1st metatarsal segment) 

D5MT Anatomical (7) (Marker of the lateral forefoot segment) 

FFT2 Tracking (7) (Marker of the lateral forefoot segment) 

 

 

Figure 25: Three-dimensional representation of single foot's local reference frame during the static calibration. Single foot's 

markers are shared with the other foot rigid bodies. 

5.2 DATA ACQUISITION INSTRUMENTATION 

The biomechanical assessment of patients’ feet function can help to understand how this 

disease is triggered. To determine gait parameters for all individuals such as the spatiotemporal 

parameters, plantar pressure distribution, inter-segment kinematics and forces in play, specific 

equipment available at the Lisbon Biomechanics Laboratory (LBL, at IST) was used. 

Data obtained from the biomechanical evaluation will be treated statistically with the main goal 

to find differences in these parameters – between PsA patients and controls. For that purpose two 

different groups of subjects were defined: the control population, composed by a variety of healthy 

individuals; and the PsA population, that includes patients recruited at the Psoriatic Arthritis Clinics, of 

the Rheumatology Department of Santa Maria’s Hospital. The biomechanical assessment of a subject 
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includes carry out three different types of tests that, as a whole, take about one hour and half to 

perform. 

The subject is requested to wear suitable clothing (proper shorts that do not cover knee 

regions) for convenient placement of the skin markers and to walk barefoot. The tests are briefly 

explained to the subject, some personal data is registered and the height and weight are registered. 

Since all tests are based on walk upon devices or surfaces, subjects are informed that they 

must act the most naturally way possible as they usually walk on the street despite of being in an 

indoor environment. The acquisition protocol requires that the subject takes about ten primary steps 

until it attains a natural cadence movement, before stepping into the force plates. 

5.2.1 GAITR ITE® – SPATIAL AND TEMPORAL PARAMETERS  

The assessment is started by asking the subject to walk over a pressure sensing walkway 

(GAITRite, CIR Systems, Clifton, NJ, USA). This carpet-like instrument spatially identifies subject’s 

footprints along its extension and with this information time-distance parameters are calculated. Its 

internal software computes among others the walking velocity, cadence, stride length, stance and 

swing phases’ duration (see all parameters in Table 8). A total of 5 trials are required for the statistical 

analysis. 

Table 8: Spatiotemporal parameters obtained from the GAITRite® software. 

Parameters  Units  Definition  

Velocity cm/sec Distance variation per time unit. 

Cadence steps/min Number of steps per minute. 

Step Time sec Time interval from first contact of one foot to the first contact of the opposite foot. 

Cycle Time sec Time interval between the first contacts of two consecutive footfalls of the same foot.  

Step Length cm 
Distance from the heel centre of the current footprint to the heel centre of the previous 
footprint on the opposite foot, measure along the walkway direction. 

Stride Length cm Distance between the heel points of two consecutive footprints of the same foot, also 
called the Line of Progression. 

H-H Base Support cm Length of the projection of heel centre of one footprint to the line of progression of the 
opposite foot. 

Single Support %GC 
Time interval while the opposite foot is not in contact with the ground, also correspondent 
to the opposite foot’s Swing Phase period. 

Double Support %GC Time interval relative to a given foot while the other foot starts also to be in contact with 
the ground 

Stance Phase %GC Period during stride from the first heel contact till the last moment of contact of that foot, 
also called the ‘heel contact to toe-off period’. 

Swing Phase %GC 
Period during stride from last foot contact to the next first contact of the same foot, so 
called ‘toe-off to heel contact period’. 

 

5.2.2 RSSCAN® FOOTSCAN – PRESSURE PARAMETERS  

In a second phase individuals will be subjected to the Footscan device which is also a 

pressure plate instrument (Footscan®, RS Scan International, Olen, Belgium), although more accurate 

in comparison to GAITRite, since it has bigger resolution. Within the device, the pressure sensors are 

smaller bringing the possibility to group them and to divide the foot in sections in agreement with the 

biomechanical foot model described before. It focuses comprehensively on the stance phase providing 

a footprint profile (see Figure 26). 
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Figure 26: RSScan® Footscan software: the footprint profile of plantar pressures distribution (left); the software's interface for 

manual correction of the foot size (center); sensor assignment procedure (right). 

 

Footscan can divide the footprint in the following ten regions: Lateral Heel (HL), Medial Heel 

(HM), Midfoot (MF), 1st Metatarsal (M1), 2nd Metatarsal (M2), 3rd Metatarsal (M3), 4th Metatarsal (M4), 

5th Metatarsal (M5), Hallux (T1) and 2nd to 5th Digits (T2-5). 

The software of the pressure plate does not discriminate the midfoot bones because it is 

understandable that not all of them contact the ground. But tuning the software’s divisions with the foot 

model one can quickly join HL+HM to form the footprint of rearfoot rigid body and regroup the 

metatarsal regions M2+M3+M4+M5 from the 2nd to 5th metatarsals to give rise to the lateral forefoot’s 

footprint region. Furthermore, the pressure in toes’ regions T1 and T2-5 respectively can play an 

additional important role in the gait analysis. 

Table 9: Readjustments of the footprint pressure areas in order to match the biomechanical foot model. 

Segment Footscan section Colour 

Rearfoot 
Lateral Heel (HL) Dark blue 

Medial Heel (HM) Pink 

Midfoot Midfoot (MF) Light green 

First Metatarsal 1st Metatarsal (M1) Red 

Lateral Forefoot 

2nd Metatarsal (M2) Antique rose 

3rd Metatarsal (M3) White 
4th Metatarsal (M4) Turquoise 
5th Metatarsal (M5) Orange 

(not available) Hallux (T1) Light blue 

(not available) 2nd to 5th Digits (T2-5) Dark green 

 

After the subject has walked over the plate, the software readjusts standard foot sizes knowing 

the foot’s global pressure distribution, sets a virtual adjustable insole that bounds the activated 

sensors for each foot (see Figure 26 – left side) and creates the respective footprint profile. Then, a 

grid appears on over the footprint (see Figure 26 – centre) providing the flexibility for the user to 

correct possible errors resulting from the automatic processing of the software’s algorithm. If some of 

the cells (sensors) are not tuned they will appear in a grey colour due to the bad adjustment. These 

need to be assigned to the correspondent segment area. (see Figure 26 – right side)  

The final interpretation of these results lies in the colour range which matches the pressure 

magnitudes, increasing from a blue colour (cold regions) to a red colour (hot regions). It is possible to 
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recover the contact areas of each footprint segment (cm2), the forces (N) and pressures (N/cm2) 

involved in each region, the percentages of contact within the total footprint or even the CoP at each 

foot. A total of 5 trials are also required for this analysis. 

5.2.3 QUALISYS® TRACK MANAGER – INTER-SEGMENT K INEMATIC DATA  

To retrieve the remaining kinematic data, precisely to get the angles between the rigid bodies 

that constitute the biomechanical model, subjects are evaluated using a motion capture system 

(Qualisys ProReflex System, Qualisys, Gothenburg, Sweden). 

The main apparatus of the LBL is the cameras setup which along with the force plates enables 

motion capture. This is assured by Qualisys® Track Manager (QTM) software (Qualisys, Gothenburg, 

Sweden). Its most important feature is the reconstruction of the captured two-dimensional images from 

each camera to 3D-space giving rise to the digitalization of the whole biomechanical model, which is 

anatomically coherent to the subject who is being studied. In the laboratory there are 14 cameras that 

are continuously flashing infrared LEDs while capturing images. These cameras work at a frequency 

of 100Hz, in the infrared range of the light spectrum. Each LED emits radiation that goes to the 

reflective markers on the body and to other reflective surfaces, the light rebounds there and ultimately 

is captured by the cameras. Therefore, because with one camera the depth information is lost it is 

required to have at least two cameras receiving reflected rays from the same marker to spatially 

reconstruct its position. That tri-dimensional reconstruction made by QTM is possible due to the 

internal algorithm called Direct Linear Transformation (the so-called DLT), which deals with the spatial 

configuration of each individual of the cameras of the lab. The cameras cross their images among 

them to retrieve the corresponding depth information. When the motion capture system is perfectly 

calibrated, it has got the precision and accuracy in the reconstruction of the position of each digitalized 

skin marker with an error magnitude under 1 mm. 

This last task is the most time consuming. Anatomical references are identified by palpation 

procedure while the subject is sitting on a chair. During the palpation procedure squares are drawn on 

the skin of the individual at each bone landmark, with a proper surgical pen, to avoid the loss of that 

landmark during the walking trial, if a reflective marker falls off the skin. After tagging the required 

references for the model, all the 50 skin reflective markers are positioned in each respective landmark. 

Completed the palpation procedure the subject is invited to stay still duly oriented at the lab’s 

blue carpet, where the global reference frame lies. Under the carpet there are three hidden force 

plates that allow measuring the Ground Reaction Forces. Thirty seconds is the period that is asked for 

the subject to keep still, with his/her feet parallel aligned with shoulders and oriented to the walking 

direction and arms kept close to the straight torso. During this time, cameras begin capturing in order 

to use this position as the assumed anatomical reference position for the later static calibration 

procedure. 

From this point on, the exclusively anatomical markers are removed to relieve the subject 

during walk and also to decrease the markers density, which can mislead the cameras in the correct 

reconstruction when fast movements are performed. An ellipsoid circuit is suggested for the subject to 
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walk by and certifying that he/she walks in a straight line over the blue carpet, hitting all the three force 

plates. 

The subject should not stop walking until a total of 10 strides are correctly acquired, 5 per 

each foot. By “correct” it means that both feet have to fall completely inside the three force plates. The 

plate that decides the stride side is the middle one, where the global reference frame’s origin is placed 

and the cameras are able to capture all the stance phase of a foot without losing the kinetic 

information of the opposite foot. 

5.2.3.1 AMTI®  FORCE PLATES – K INETIC DATA  

Incorporated in the QTM software these force platforms (Advanced Mechanical Technologies, 

Inc., Watertown, MA, USA) work with appropriate transducers that permit to quantify the forces 

measured in Newton acting on the body from the ground, the so-called ground reaction forces. 

Kinetics includes not only this type of forces as well as internal joint reaction forces, joint 

contact forces, momentums of force, tendon and muscular forces, joint mechanical powers and 

mechanical energies. Because the current biomechanical model focus on kinematics and not on 

dynamics yet, only the force measurement is obtained directly from these plates, all the other require 

more computation. 

During a walk trial the way that the technician uses to know when the stride begins and ends 

is looking at the force values of the respective platform above which the footfall is occurring. QTM 

works as a whole movie which is divided by movie frames (do not misunderstand with the reference 

frames, those are systems of axes while these are photos) depending on the acquisition frequency 

(100 frames per second) and they are all synchronized with the force plate’s data. So, over a certain 

threshold the sensors triggers and the force vectors start to increase indicating that the foot contact 

started. The reverse is also used to know when the foot contact finished. 

  



 

 

59 
 

 

 

 

 

CHAPTER VI 

6 COMPUTATIONAL METHODS AND EXPERIMENTAL DATA ANALYSIS  

Focusing on the implemented computational methods, this chapter presents way that the 

biomechanical model is defined and constructed in order to validate all its results which will aim on the 

description of the different gait patterns. Equation Chapter (Next) Section 1 

In order to computationally implement the mechanics and procedures that work behind the 

model itself a set of routines is created as MATLAB® scripts. Looking at the computational analysis of 

an acquisition from a given individual, it is important to note that a data structure comes out from this 

analysis which concatenates all the relevant data and results. Later this data structure is needed for 

the statistical processing which is explained in detail on the next chapter. Furthermore, since that 

statistical processing consists in software created for biomechanical analysis comparisons, all the 

following data analysis methodologies are embedded on it. 

As previously stated, an acquisition consists of about 5 walking trials per each foot for a total 

of 10 per individual. However, because the full stability of the laboratory (in terms of the cameras’ 

perfect synchronization) cannot be always guaranteed and some markers are not well reconstructed, 

sometimes that number is inferior even when more than 5 walking trials are gathered per foot. 

However, at least 3 walking trials are indispensable to perform the respective statistical means of the 

results correspondent to each one of the feet. For that reason the data structure obtained per each 

individual’s results consists on a continuous sequence of computational analysis of each of its trials. 

The static calibration step which marks the beginning of the experimental data analysis is then the 

most important one, because it is with the data collected from this trial that the local coordinates and 

consistent lengths of the model will be calculated and used in the remaining dynamic trials. 
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6.1 RAW DATA FILTERING 

The markers’ trajectories are extracted from the laboratory during the acquisition through the 

Qualisys® motion capture system and due to the use of these optoelectronic devices the electronic 

noise is inherently present. The cameras’ LEDs emit infrared radiation that reflects on a marker and its 

position in the space is then reconstructed through the DLT algorithm. For that reason the raw 

kinematic data must be filtered after being digitalized prior to its processing. Even having cameras 

working at a sampling rate of 100 Hz, reconstructed movements will induce noise on the digitalization. 

Each marker’s trajectory is composed by three different components: x, y and z coordinates. 

These are three different electronic signals which varies in time in accordance to the movement that 

the marker performs. Once dealing with digital data knowing that there is always noise mixed with the 

real signal, a digital filtering procedure must be performed to that data, but it gives rise to a question: 

what is the cut-off frequency, fc, which should better fit the signal in order to reduce the noise without 

losing signal? 

It is known that the noise spreads along the high frequencies of a signal and it can be seen 

through a spectral analysis of a non-filtered signal (see Figure 27 – left). Then the digital filtering must 

be done resourcing to a low-pass filter centred on that fc (see Figure 27 – centre), which permits the 

attenuation of the higher frequencies (Figure 27 – right). Hence, knowing the signal and noise overlap 

in a certain region (where fc will be chosen) and that computational effort rises as a sharpen low-pass 

filter is chosen, it raises another issue: if one choses a low fc the noise is much more attenuated 

indeed, but simultaneously some signal distortion takes place; on the other hand, an high fc results on 

lower signal distortion along with much more coupled noise (Winter, 1990). 

 

Figure 27: Frequency-domain of the Raw Data without filtering showing the overlapping of the noise with the signal (left); 

Transference function of the Low-Pass Filter centred in the cut-off frequency (centre); Frequency-domain of the Data after 

filtering presenting noise attenuation (right) (Winter, 1990). 

Winter (1991) refers that in human gait analysis one of the drawbacks when using electronic 

imaging systems is that the noise will become drastically amplified in the velocity and acceleration 

curves (although these two are not accessed on this work) calculated through differentiation from 

those raw trajectories. That said, it supports the condition that a suitable fc must be found. 

That same author found two possible methods that help on the decision of a suitable value for 

fc. The first one points out that the frequencies of the signal in repetitive movements such as walking, 

appear as multiples of the fundamental frequency (which is given by the stride frequency) and the 

most appropriate value of fc is around its 6th harmonic. As an example, when walking with a cadence 

of 120 steps per minute, the stride frequency is 1 Hz, thus fc=6x1=6 Hz. In normal walking it was found 

that the highest harmonics were found to be in toe and heel trajectories and both were below 6Hz 

(Winter et al., 1974). 
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The second option lies on the estimation of the cut-off frequency achievement through a 

residual analysis. This kind of method consists in the calculation of the difference between the signal 

and different filtered version of it, throughout a range of possible frequencies from 1 to 20 Hz. The 

residual value R at a given cut-off frequency for a signal of N-frames (time points) is calculated as 

following Equation (6.1): 

 2
2

1

1 ˆ( ) ( )
N

c i i
i

R f X X
N =

= −∑   (6.1) 

where iX  and ˆ
iX  represents the ith sample of the raw and filtered data respectively. 

The plot of the different residual values as function of the correspondent cut-off frequencies 

(as represented in Figure 28) assumes an exponential behaviour. Moreover, when the same plot is 

done with data with no signal but with just random noise throughout all the frequencies, it has the 

aspect of a decreasing linear function from an intercept on the ordinate axis at 0 Hz (which simply 

matches the root-mean-square – RMS – value of the noise over those N-frames) to an intercept on the 

abscissa axis at the Nyquist frequency which is half of the sampling frequency (0.5 fs). Looking then to 

the plot of signal with noise, clearly the line from ‘d’ to ‘e’ can estimate the noise residual as it follows 

the dashed line. The interception between the two plots coincides with the desired fc. Therefore, below 

this value signal distortion occurs and above it noise overlaps the signal (Winter, 1990). 

 

Figure 28: Graphical interpretation of the residual analysis to obtain the real cut-off frequency.(Winter, 1990) 

This current work follows this latter approach. From the 0.5 Hz to 20 Hz of possible 

frequencies, a second order low-pass filter is used to obtain the filtered data. The interval of frames 

from the raw data where the analysis will be performed must contain 10 frames in the beginning plus 

10 frames at the end for the filter to be applied twice (because the first time it is applied a delay is 

induced on the data). This filter is already a MATLAB® algorithm called filtfilt(). Therefore, the range of 

possible frequencies from 7 Hz to 20 Hz is used to estimate the noise residual value at 0 Hz through a 

linear regression. The respective true value of fc is then searched throughout an interpolated function 

covering these frequency values. 
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6.2 K INEMATIC ANALYSIS METHODS 

6.2.1 MODEL DEFINITION 

As the computational analysis goes on, the definition of the biomechanical model is constantly 

present because it orientates the kinematic analysis for each one of the rigid bodies that constitute the 

model. In the beginning the number of rigid bodies as well as the number of markers composing the 

model is presented. To this end, an Assembly matrix is kept in parallel to the computational routines 

discriminating each rigid body’s features and which markers define it as represented in Figure 29. 

When attention is paid to the matrix, each line defines a rigid body completely. All the numbers 

present there have the purpose to identify a characteristic or even to point out which markers cover 

that rigid body. 

The biomechanical multibody system consists of two open kinematic chains which start from 

the most proximal portion of both legs. Since the main goal of the model is to extract the inter-segment 

kinematics (the angles between the rigid bodies), each one is defined as being Parent or Child in 

relation to another, which bonds with it. Knowing this, while the 1st column of the matrix attributes a 

code number for a given rigid body, the 2nd column tells which rigid body is its parent. Recalling that 

both legs/shanks are independent in the space and they are not referenced to any other rigid body but 

only to the laboratory reference frame, these are considered as children of the laboratory and are 

assigned as a “0”. 

As for the remaining columns, the 3rd column corresponds to the respective number of tracking 

markers (very important during the walking trials analysis) whereas the 4th column corresponds to the 

total number of markers that describes that rigid body. With the intention to complement that 

information, the last columns from 9th to 10th and from 11th to 14th present the first and last markers as 

well as the tracking markers of the correspondent rigid body, respectively. 

Last but certainly not least, the 5th and 6th columns are the correspondent body side and body 

type which are crucial when performing the assemblage of each rigid body’s reference frame during 

the static calibration step. The first one decides precisely on which body-side is the rigid body located 

(it must be noted that left-side rigid bodies are always a mirror of those in the right-side, and to respect 

the convention of direct reference frames these must point their x-axis to the right). The other simply 

orientates to the specific reference frame construction. 

The 7th and 8th columns are left as blanks with the purpose to reserve space on the Assembly 

matrix for future developments. 
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Figure 29: Brief excerpt of a MATLAB® script covering the implementation of the Assembly matrix. 

6.2.2 STATIC CALIBRATION  

As mentioned before, the static calibration procedure consists on the first complete 

reconstruction of the whole model through the anatomical markers, with the aid of the previous stated 

Assembly matrix. Primarily to the walking trials analysis, the reference frames of each rigid body must 

be calculated for them to remain invariant throughout the whole gait analysis. On Section 5.1, where 

biomechanical model is fully described for each individual rigid body, it is said that each rigid body is 

characterized by a local reference frame. A local reference frame (a system of three axes) is from now 

on described as a Transformation Matrix in Equation (6.2): 
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R P
T   (6.2) 

As its name indicates, a transformation matrix 0
AT  transforms points from the local reference 

frame ‘A’ to the coordinate system of the global reference frame ‘0’ (laboratory’s origin). This type of 

transformation matrix is the so-called homogenous transformation because it concatenates a rotation 

matrix 0
AR  (3x3 matrix) along with a translation operation 0

AorgP  (3x1 vector/point, which corresponds to 

the coordinates of the origin point of the A rigid body. For that reason the bottom row of the matrix is 

composed by three zeros and a one. This can be understood by the following Equation (6.3) and 

reproduces the example of the Figure 30 which are in agreement with the principles stated by van den 

Bogert et al. (1994) to determine anatomical axes, 

 0 0 0A
A Aorg= +P R P P   (6.3) 

which is equivalent to the homogeneous transformation in Equation (6.4), 

 0 0 A
A=P T P   (6.4) 

where 0P  and AP  assume now the form { }T0 0 0 0P  P  P  1x y z=P  and { }T
P  P  P  1A A A A

x y z=P . 
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Figure 30: Representation of the local reference frame of rigid body ‘A’ described in the global reference frame of the laboratory 

'0'. 

Supposing that the rigid body ‘A’ presented in Figure corresponds to the shank, it is a good 

way to understand this notation between reference frames and the operation that takes place for a 

given point 0P . 

The main feature when describing bodies through this matrix notation is that to localise a body 

in the three-dimensional space as both origin point (as vector) and an orientation matrix (embedded 

on the rotation matrix through three Euler angles) are needed. Furthermore, another advantage right 

after the calculation of the local reference frame’s axes it that their coordinates are described on the 

global reference frame, so their vectors of the base directly constitute the three columns of the existing 

rotation matrix. 

6.2.2.1 OPTIMIZATION STEP OF THE STATIC CALIBRATION  

One of the first assumptions when defining a biomechanical model is that it is composed by 

rigid bodies. By definition, it is stated that the points that constitute a given rigid body must be kept 

equally spaced among themselves all over the analysis. Their local reference frames can be estimated 

not only directly by resource of the anatomical markers (during this static period) but also indirectly by 

resource of the tracking ones (throughout the walking analysis), with these latter allowing removal of 

the first ones. 

To note, during this acquisition period the individual mimics the anatomical reference position, 

forward facing the walking direction and keeping still. A total of N=100 frames from that acquisition 

data are chosen in accordance to the markers behaviour (even in a static position some markers 

move a little sometimes due to the electronic digitalization process – this interval of frames is chosen 

earlier than the data filtering). Analysing each rigid body individually throughout that time interval, at 

each k acquisition’s frame (time step) its transformation matrix 0 k
AT  containing the local reference 

frame’s axes is directly computed from the anatomical markers (following the procedure described in 

Section 5.1 for the definition of the biomechanical model) and another 0 kX  matrix – the global matrix 

of the tracking markers – which columns constitute the rigid body’s 0
mP  tracking markers in global 
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coordinates is calculated, i.e. 
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. As an example, regarding to the Assembly 

matrix the number of shank’s tracking markers would be M=4 markers. 

The purpose of this optimization step described by this cost function ( )Af X  in Equations (6.6) 

is to find the best local matrix of the tracking markers 
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which best describes the coordinates of the tracking markers in the local reference frame all over 

those N=100 frames, substituting all the other matrices ( 0 kX  and 0 k
AT ) calculated in a least squares 

approach. Since the homogenous transformation properties require that the bottom row of the *A X  

matrix must be composed by ones, M constraints must be fulfilled in the optimization process 

(Equation (6.6)). After some MATLAB® computations with global optimization methods such as 

genetic and heuristic algorithms, in order to speed up the computational effort this optimization step 

was adapted to a solver (the Newton-Raphson method). 

From this moment on, since the rigid body definition guarantees that these tracking markers 

would not move away from each other anymore, the localization of the rigid body on the global 

reference frame during the dynamic analysis is made through the tracking markers since their location 

on the local reference frame is known at each time step. Thus, this local matrix is invariant. 
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6.2.3 INTER-SEGMENT K INEMATICS EVALUATION  

6.2.3.1 OPTIMIZATION STEP OF THE K INEMATIC CONSISTENCY 

During a dynamic trial, when a given rigid body needs to be tracked, in order to retrieve again 

its transformation matrix another issue is raised: both local and global matrices of these tracking 

markers are known, but even after the data filtering the global coordinates ( 0 X ) of the tracking 

markers will certainly not be coherent with the ones that are saved on the A X  matrix from frame to 

frame. The distances between the markers are not equal to the ones called as invariant. 



 

 

66 
 

This is known as the Kinematic Consistency problem. The domain of the rigid body is violated 

and it happens inherently to the raw data filtering. The reason behind it is the so-called motion 

artefacts. Regardless the anatomical part where the reflective markers are placed on since they lie on 

the skin and the skin moves away from the desired bone landmarks, this kind of movements will 

always be present. Although, they would be higher near articular joints where the skin is more elastic 

and stretches easily leading to displacement of the markers. Moreover, even the marker’s trajectories 

digitalization process can be a source of error since sometimes faults occur when the software resizes 

the captured images and occasionally markers are hidden by other segments of the human body 

during the acquisition (Alonso et al., 2007; Silva & Ambrósio, 2002). Even artefact movements due to 

muscle contraction and those called as wobbling masses movements can affect the reconstruction of 

the rigid body’s local reference frame (through the transformation matrix. 

In order to correct this problem, another cost function 0( )Af T  described in Equations (6.7) and 

(6.8) is suggested which will focus on the search for the best transformation matrix 0 *
AT  that fits the 

non-consistent data obtained from the digitalization process of the motion capture system. 

The equality constraints that affect this cost function are not only focused on the properties of 

the bottom row of the homogenous transformation matrix but also concerning the properties the 

rotation matrix within the transformation matrix. Regarding to the transformation matrix, the first 4 

equality constraints of the cost function in Equation (6.8) imposes three null entries and an entry with a 

one – see Equation (6.2) to confirm these values in the bottom row of the matrix. In respect to the 

rotation matrix, the three axes of the reference frame must always be orthogonal among them to 

constitute a direct reference frame. The same is valid for rows of the rotation matrix regarding its 

correspondent inverse/transpose matrix. Therefore, performing an external product between 2 column 

vectors of the rotation matrix should give rise to the third column vector and between 2 row vectors it 

should give rise to the third one. Since each cross product contributes with 3 equality constraint 

equations these correspond to 6 more equations. 

Nevertheless, an orthonormal reference frame should fulfil also the condition of unitary vector 

for each column and row. Thus, another cross product should be added for the columns and another 

should be added for the rows. A third cross product for the columns and for the rows would be 

redundant. All together these equations correspond to 16 equality constraints for the cost function and 

simultaneously 16 design variables (the entries of a 4x4 transformation matrix), so the optimum 

transformation matrix can be also obtained through an adapted Newton-Raphson method. Joint 

constraints are not taken into account. 
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Note that a similar but limited approach is stated by (Ojeda et al., 2011) called as the 

Segmental Optimization method where the concerning of the constraint equations is that the vectors of 

the rotation matrix should be unitary but let inequality constraints such as the entries of the rotation 

matrix vary between the interval [-1,1] but do not guarantee the orthogonally between these vectors. 

6.2.3.2 STATIC ANALYSIS  

Since the aim of this biomechanical model is to calculate the inter-segment kinematics it is 

important to define a baseline for these angles to be measured. This means that an anatomical 

reference position must be defined (as it was already stated), in order to obtain those measured 

angles that correspond to zeros (the so-called off-set angles) and all the rotation movements that 

happens from these angles have already the meaning of some movement throughout an anatomical 

plane. 

For example, considering now two rigid bodies, A and B, represented in the Figure 31 where 

the rigid body A is the parent of B, the three measured off-set angles calculated for the anatomical 

reference position are then be subtracted to the measurements made later during each time step of 

the dynamic trials. 

 

Figure 31: Representation of the local reference frame of rigid body ‘B’ described in the local reference frame of the rigid body 

'A'. 
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During the static calibration the decided position is in fact used to calibrate the model in two 

ways: the first is to determine the transformation matrices and the respective positions of the tracking 

markers in the local reference frame of the body; on the other hand, after that process it is necessary 

to read these positions through the tracking markers. Thus, this is made through the optimization step 

of the kinematic consistency already shown. 

When the optimum transformation matrix is obtained, if the rigid body is not a child of the 

global reference frame (as it happens with the exemplified rigid body B) a sequence of steps is 

performed in agreement with the following equations: 

 0 0 0B A B
B A B= =X T X T T X   (6.9) 

 0 0 0 1 0A A
B A B B A B

−= ⇔ =T T T T T T   (6.10) 
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Once the 0
BT  matrix is calculated from the Equation (6.9) it has to be decomposed on the A

BT  

matrix, through the Equation (6.10), to extract the correspondent Euler angles that represent a rotation 

of the rigid body B on the local reference frame of the rigid body A. Similar but more complex are the 

calculations of the following transformation matrices for the following bodies in the kinematic chain, as 

it is explained for a third C rigid body: 

 0 0 0C A B C
C A B C= =X T X T T T X   (6.12) 

 0 0 1 0 1 0A B B A
C A B C C B A C

− −= ⇔ =T T T T T T T T   (6.13) 

The calculation of a new transformation matrix, like the B
CT , always involve the prior 

knowledge of the transformations matrices of the previous rigid bodies on the kinematic chain, 

therefore, there is a particular importance to obtain these matrices in the right order, starting always 

from the first rigid body of the chain. 

6.2.3.3 STRIDE ANALYSIS DURING A WALKING TRIAL  

The walking trial acquisition’s data files prior to be computationally analysed are manually 

processed in order to flag the file with the correspondent time instants of the 5 most relevant events 

that take place during a complete stride of a given foot: the initial heel contact, the opposite foot’s toe 

off, the opposite foot’ heel contact, the toe off and finally the next initial heel contact. This is done 

taking advantage of the AMTI’s force plates in the QTM’s software. One pays attention when the 

forces turn on and off on the plate of interest, then the event is flagged. 

Finally, the data from the middle force plate (to which the foot in study contacts) are read in 

order to find the time instant correspondent to moment when the feet are adjacent/parallel. In fact this 

is not a stance phase’s event but it is the easier way to find a time instant next to the heel rise event, 

which is not much clear to be flagged up during the manual processing of data. This is done looking at 

the antero-posterior component of the ground reaction force which is zero at this moment (this mean 

that the ground reaction force is completely vertical if one underestimate its mediolateral component). 
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Then, the whole stride is analysed for that respective walking trial (from the initial heel contact 

to the next heel contact). To find how much does a rigid body moves in relation to is parent within the 

two open kinematic chains of the biomechanical model the routine resorts again to the optimization 

step of the kinematic consistency from frame to frame of the analysis. This gives rise, therefore, to 

three angular patterns (the three Euler angles from each axial rotation) per each rigid body of both feet 

throughout the whole stride. Not that this angular patterns have already the static calibration angular 

offset removed from them, the one which is calculated from the assumed anatomical reference 

position. 

Subsequently, since this study of gait focuses only on the stance phase when the foot deforms 

due to the force applied on it during ground contact, the main purpose of gathering the sum of 6 

flagged time instants (not considering the one correspondent to the next initial heel contact event) is 

for the computational routine extracts those same angles at each one of these events and report them. 

Since these events mark strategic points of the stance phase, the angles which are measured in them 

are a point of comparison between healthy individuals and PsA patients. In order to have only the 

stance phase’s angular gait patterns, the stride data obtained through the analysis of the trial is 

cropped and saved. 
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CHAPTER VII 

7 CASE STUDY 

7.1 CONTROL AND PSA GROUPS 

At this present moment there are not published biomechanical studies performed with a PsA 

population of Portuguese individuals. This study covers 10 (5M/5F) healthy subjects as the control 

population and 8 (5M/3F) patients with PsA as the pathological PsA population. All these individuals 

are Caucasian. The mean (SD) age and height for the control population are 29 (8) years and 1.71 

(0.12) m respectively, while the PsA population presents 37 (9) years and 1.67 (0.08) m. In terms of 

foot size which is measured in the European Size Scale, the mean (SD) values for the control and PsA 

populations are 39.80 (3.00) and 39.75 (2.90). This data is briefly reported in Table 10. 

The patients with PsA are selected in accordance to CASPAR** criteria and early disease 

defined as less than 2 years of disease duration. The most affected foot is registered and in cases that 

both feet are affected, the two are simultaneously considered as pathological. This means that among 

patients’ feet there are 6/8 left and 4/8 right feet which are pathological. The time interval between the 

diagnosis date and the performance of the biomechanical assessment is 5.5 (2) months (ideally 6 

months at most). Although these individuals show a higher disease duration since the first symptoms 

started 1.7 (0.8) years before. 

Table 10: Demographics of the control and PsA populations in case study. 

 
Control  

Mean (SD) 
PsA 

Mean (SD) 
Number of 
individuals 10 (5M/5F) 8 (5M/3F) 

Age (years)  29 (8) 37 (9) 
Height (m)  1.71 (0.12) 1.67 (0.08) 
Foot size (Eur)  39.80 (3.00) 39.75 (2.90) 

 

  

                                                                 
**

 CASPAR (ClASsification criteria for Psoriatic ARthritis) is used to confirm whether or not a patient manifests 
PsA. A patient must have inflammatory disease (joint, spine or entheseal) and a minimum score in specific 
categories (Taylor et al., 2006). 
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7.2 FOOTCHANICSDB  DATABASE STRUCTURING 

The FOOTchanicsDB software developed in MATLAB® in the scope of this work enables 

users to manage their study populations and access each individual’s biomechanical evaluations 

separately. Its main goal is to approach the clinical environment since it makes biomechanical 

analyses in terms of the kinematic, kinetic, plantar pressure distribution and spatiotemporal data 

recorded in the laboratory. It gathers all the individuals in a given database helping to perform three 

different statistical analyses (three non-parametric tests) between the two study populations. The 

FOOTchanicsDB graphical user interface is represented in Figure 32. 

The software is designed in such way that allows the creation of a new database at any time, 

also enabling the user to manage the desired individuals for the study (adding and deleting entries 

from the List of Individuals box) and save the working database in order to make it grow while new 

biomechanical assessments are performed in the laboratory. One-click above an entry of the List of 

Individuals gives the user the possibility to read and edit the Personal Info area of an individual in the 

database. When a new individual is added to the database, specific Personal Info files (persinfo.txt) as 

well as one acquisition’s files (*StaticData*.mat and *WalkData*.mat) must be loaded. At any time, the 

current total number of individuals in the database and its Male/Female distribution per each 

population can be checked on the left side of the List of Individuals, right below the FOOTchanicsDB 

logo. Equation Chapter (Next) Section 1 

Each one of the individuals’ Personal Info is identified by 12 fields: the Code, which letter 

corresponds to the population and respective genre (A – control females, B – control males, C – PsA 

females and D – PsA males); the Name; the Birth; the Gender; the Height; the Foot Size, which is in 

the European Size Scale; the Dominant Foot; the Dominant Hand; Psoriatic Arthritis, which is ‘Yes’ or 

‘No’ in accordance to the population; Diagnosis Date, which is only allowed for PsA individuals; Most 

Affected Foot, which is again only allowed for PsA and can be twice selected (both ‘Left’ and ‘Right’ 

should be assigned if patients feet are somehow both affected by the disease); and finally the Notes, 

where the user can write some notes about the individual. 

Down below, the Acquisitions box lists all the loaded and saved acquisitions for the respective 

individual, whose tag corresponds to the individual’s code followed by the date of the biomechanical 

assessment followed by the number of the assessment within that same day. One-click on the 

acquisition item shows the number of walking trials performed by that individual on that acquisition, 

presenting the respective numbers for each foot. The photographs taken during the assessment 

demonstrating the markers protocol for each individual are also shown (usually 4 photographs) as well 

as ‘Select Segment…’ and ‘Select Axis…’ popup menus are enabled for the user to select a rigid 

body’s specific angle/inter-segment kinematic pattern through the whole stance phase whose graphic 

is plotted on the right side axis. The five events that characterize the stance phase plus the minimum 

angle, maximum angle and range of motion correspondent parameters are displayed on the screen for 

the chosen axis of the segment/rigid body. 
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Figure 32: Graphical user interface of the FOOTchanicsDB. 

To end this brief explanation of the FOOTchanicsDB user interface, the bottom left Statistical 

Analysis box provides the Analysis Modes and four modalities of Statistical Tests: the Welch’s t-test, 

the Mann-Whitney U test, the Kolmogorov-Smirnov test and the possibility to concatenate all three at 

the same time. All the statistical tests are performed with a confidence interval of 95% (95%CI, 

corresponding to a significance level of p-value=0.05). When clicking on the execute ‘EXE’ button the 

software starts to gather all results from each individual, groups them adequately and starts to plot 

dispersion graphics showing each individual of each population together, the populations’ mean 

(graphically and in the upper left corner), standard deviation (SD – graphically) and standard error of 

measurement (SE – in the upper left corner). The SE calculates the estimates of the error to the true 

mean value of a population through the sample’s mean. The formula is the following: 

 
SD

SE
n

=   (7.1) 

As an example of the typical output dispersion graphic from FOOTchanicsDB kind of graphic 

see Figure 33. 

Since this statistical study focus on two populations with few individuals the statistical tests are 

performed not assuming the normal distribution of the data in the last two of them, and together they 

can validate the significance of the results. Each one of these tests was implemented with specific 

programing scripts from MATLAB® toolboxes and these where assumed as ‘black boxes’. 
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Figure 33: Example of the dispersion graphic correspondent to the peak pressure of the left-rearfoot segment, as an output of 

FOOTchanicsDB. 

The MATLAB® functions and their respective input parameters for the statistical tests is the 

follow (see Figure 34 below): 

 

 

 

Figure 34: MATLAB® functions for the statistical tests performed and their respective inputs. 

7.3 RESULTS 

7.3.1 CONTROL GROUP AND MODEL VALIDATION  

7.3.1.1 INTER-SEGMENT K INEMATICS AND K INETICS – MODEL VALIDATION  

With the purpose to validate the 4 segment biomechanical foot model implemented in this 

work, the following healthy stance phase gait patterns (inter-segment rotations about the three rotation 

axes) obtained per each rigid body of the control population’s individuals are described in detail and 

when it is possible, compared with the literature. 

It is important to recall two previously stated ideas. First, the shank’s rotations does not 

represent any anatomical meaning since the shank segment is referenced to the global reference 

frame (the laboratory) instead of being anatomical referenced to the thigh (but this rigid body is not 

included in the model) – for that reason, in spite of the coherent anatomical frame of the shank 

segment it is not possible to infer quantitatively about the movement that is being performed. Ever 

since, the shank starts vertically and forward oriented aligned with the walking direction and it is 

possible to understand its rotation movements. The second important idea is that the axes of the local 

reference frames of some rigid bodies represent always two preferential anatomical axes for a given 

joint, while a third one is obtained in from the other two axes to guarantee a direct referential. For that 

reason, it is expected that at least one of the rotations around an axis does not faithfully represent the 

real joint motion. 
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The description of the inter-segments motion is done taking into account the stance phase 

events described on the Chapter 4 and the patterns are presented side-by-side for both feet. These 

five events – initial contact, opposite toe-off, heel rise, opposite contact and toe-off – when normalized 

to the stance phase correspond roughly to the 0%, 12%, 53%, 88% and 100% time instants 

respectively. It is clearly noticeable that each one of the feet presents two different patterns and that 

can be easily explained due to markers placing which certainly can slightly vary from one foot to 

another. The neutral positions will always correspond to the anatomical reference position. Each blue 

line of a graphic represents the mean inter-segments pattern of one specific individual which 

corresponds to a normalized curve taken from 5 trials performed for that specific foot. This process is 

repeated for the PsA patients. The black line in bold represents the mean curve of all mean curves of 

each individual in the population, the two black dashed-lines represent the two mean standard 

deviation curves. Both represent the population’s inter-segments pattern for a given inter-segment 

pattern. 

Exception made for the adduction/abduction movement (rotations around z-axis) of the lateral 

forefoot rigid body, all the gait patterns obtained are pretty much in agreement to the ones shown in 

literature (Kaufman et al., 2001; Alberto Leardini et al., 2007; Legault-Moore et al., 2012; MacWilliams 

et al., 2003; Moseley et al., 1996; Nester et al., 2007; Stebbins et al., 2006; Tome et al., 2006). 

7.3.1.1.1 SHANK SEGMENT 

The description of the shank’s movement during the stance phase is not possible to be 

referenced to the thigh so it as to be understood relatively to a vertical and a horizontal imaginary 

planes. 

To interpret the first x-axis rotation, imagine a frontal plane along with a human body standing 

straight. In the beginning of the gait cycle the shank segment is anteriorly rotated away from that plane 

(which through this explanation this is anatomically impossible unless a hyperextension is performed) 

and then, until the toe-off event it rotates continuously to the posterior region in respect to that plane. 

The peak angles for this rotation are attained in the initial contact and toe-off events (see Figure 35). 

For the y-axis rotation while considering a vertical sagittal plane, the kinematic pattern shows 

an adducted posture at the initial contact corresponding to an obliquely rotated shank to the medial 

side of that plane (similar to the adduction of the whole lower limb – this may also sounds strange but 

regarding to the static calibration procedure the established anatomical reference position, per si, does 

not cover a straight vertical positioning of the shank). Over the whole stance phase this rigid body 

rotates towards a neutral position and by the moment the opposite foot contacts the ground the shank 

starts to abduct until the end of the stance phase. 

Finally, the rotation about the z-axis is probably the most reliable movement that can be 

understood, apart from the fact that the thigh does not belong to the biomechanical model. The shank 

is almost neutral at the initial contact, reaches a peak value of internal rotation right after the opposite 

toe-off – verified by Inman et al., (1994) – and returns to the neutral position at the opposite contact. It 

ends the stance phase assuming an external rotation as shown by the L-Shank: Z-axis plot (see 

Figure 35) when the foot is prepared for swing phase. 
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Figure 35: Kinematic gait patterns of the shank rigid body in both limbs of the control population. Each row corresponds to left 

and right limbs, while each column represents extension(+)/flexion(-) (Ext/Flx), adduction(+)/abduction(-) (Add/Abd) and 

internal(+)/external(-) rotations (Int/Ext). The bold black line represents the mean curve of the population and the two dashed 

black lines are the standard deviation limits. 

7.3.1.1.2 REARFOOT SEGMENT 

The rearfoot rigid body (which is described in the shank’s reference frame) starts the gait cycle 

ideally slightly dorsiflexed, inverted and internally rotated assuming a supination posture (see Section 

4.1.1) (Inman et al., 1981; Rose & Gamble, 1994). Hence, the rearfoot appears to be slightly inverted, 

slightly plantarflexed and externally rotated (see Figure 36). 

Between the contact and the opposite toe-off (the loading response period) the rearfoot 

pronates at the initial contact (Inman et al., 1981; Rose & Gamble, 1994). 

From that moment on both plantarflexion and external rotation are reversed towards the 

neutral position while the eversion is small. After the heel rise event, the rearfoot goes beyond the 

neutral position about the x-axis and starts a pronounced dorsiflexion up to the opposite contact event. 

Simultaneously, the maximum eversion values are attained and a reverse rotation starts to take place 

towards the neutral position. Note that, despite of the rearfoot being defined in relation to the shank it 

is the shank that rotates about the rearfoot since it is standing on the ground. For this reason, the 

interpretation of the rearfoot’s motion in relation to the shank can be sometimes difficult to understand. 

The opposite contact marks one very important moment of the stance phase regarding to the 

following preparation of the foot in support for the lift-off: the maximum rearfoot dorsiflexion occurs and 

the rearfoot goes on maximal plantarflexion until the toe-off; the return from the eversion movement is 

currently an inversion movement reaching a peak value at the toe-off; and the external rotation is 

reverted to a slightly internal rotation of the rigid body (this one is not clear in any feet). 
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Figure 36: Kinematic gait patterns of the rearfoot rigid body in both limbs of the control population. Each row corresponds to left 

and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) and 

internal(+)/external(-) rotations(Int/Ext). The bold black line represents the mean curve of the population and the two dashed 

black lines are the standard deviation limits. 

7.3.1.1.3 MIDFOOT SEGMENT 

The midfoot rigid body (which is described in the rearfoot’s reference frame) is initially slight 

plantarflexed, even though this is contradicted by the right-midfoot graphic but much more highlighted 

in the left-midfoot (see Figure 37), This can be corroborated by the fact that the neutral position for the 

midfoot in relation to the rearfoot is a “on-load” position: the midtarsal bones massif that composes the 

midfoot and constitutes the medial longitudinal arch of the foot is exposed to the body weight and thus 

flattens and deforms. Considering that this medial longitudinal arch of the foot is in the absence of any 

load at the beginning of the stance phase its higher curvature results in a plantarflexed attitude of the 

midfoot – if the line joining the origin of the rigid body with the intermediate cuneiform bone is parallel 

to the ground when the arch is slightly flat and static, when the midfoot is not subjected to any load it 

must be an oblique line pointing forward and downwards. 

The initial midfoot attitude about the the two other axes of rotation is not so clear in both feet 

and concerning to the too small angular variation (which are in the interval [-2,2] º) it is risky to realize 

what is the real orientation of the body. Though, these two angles are considered as near neutral. 

During the loading response period until the opposite toe-off, the foot starts to get flat and the 

midfoot executes dorsiflexion, eversion and abduction movements (these three together constitute a 

pronation movement of the midfoot, see Figure 5 in Section 3.1). From that period on, it continues the 

dorsiflexion and eversion while the abduction is reverted to a rotation towards the neutral position and 

reaches an adducted attitude later. This dorsiflexion is verified by the deformation of the longitudinal 

arch of the foot as it was said, which can be seen in Figure 37 representing the navicular bone’s 

height (lower the height implies less curvature highlighting arch’s flattening/deformation). 

The heel rise event marks the beginning of a new period of accentuated dorsiflexion while the 

eversion remains in a constant plateau ending at the opposite contact. This latter event constitutes the 

beginning of the foot unloading and results on both turning points of the eversion plateau (with the 
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returning to the neutral position) and of the midfoot’s dorsiflexion (which reverses beyond the neutral 

position and starts to plantarflex). 

The end stage of the stance phase limited by the toe-off shows a plantarflexed and adducted 

midfoot with a neutral attitude in terms of inversion and eversion – the data is not clear about this. 

 

Figure 37: Kinematic gait patterns of the midfoot rigid body in both limbs of the control population. Each row corresponds to left 

and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) and 

adduction(+)/abduction(-) (Add/Abd). The bold black line represents the mean curve of the population and the two dashed black 

lines are the standard deviation limits. 

7.3.1.1.4 FIRST METATARSAL SEGMENT 

The 1st metatarsal (which is described in the midfoot’s reference frame) is slightly dorsiflexed 

and neutral in terms of rotations about the other y- and z-axes at the instant the foot contacts the 

ground (the other two are not so clear when analysing both graphics but it is reasonable to say that 

there are traces for inverted and adduction attitudes of the 1st metatarsal bone). Right after this 

moment, the loading response period is followed by an x-axis rotation towards plantarflexion (beyond 

the neutral position) and there is also an evidence of eversion and adduction of the first metatarsal 

(see Figure 38) 

These angles are kept constant until the occurrence of the heel rise and then the two rotating 

movements change to their respective opposite rotation directions: dorsiflexion and inversion; while 

the adduction of this metatarsal bone is more noticeable.  

When the second peak of the ground reaction force’s vertical component takes place just after 

the opposite contact, the pre-swing period is characterized by plantarflexion, eversion and abduction 

of the first metatarsal. This latter movement can easily be explained through the instant of weight-

bearing is applied at the metatarsophalangeal joint level, leading thus to one ground constraint along 

with another applied by the deep transverse metatarsal ligaments (which are responsible to keep the 

five metatarsal bones united) and the whole forefoot “slides” throughout the tarsometatarsal joints line. 
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Figure 38: Kinematic gait patterns of the 1st metatarsal rigid body in both limbs of the control population. Each row corresponds 

to left and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) 

and abduction(+)/adduction(-) (Abd/Add). The bold black line represents the mean curve of the population and the two dashed 

black lines are the standard deviation limits. 

7.3.1.1.5 LATERAL FOREFOOT SEGMENT 

The lateral forefoot (which is equally described in the midfoot’s reference frame) presents 

plantarflexion, inversion and abduction at the initial heel contact (see Figure 39). Until the occurrence 

of the opposite toe-off, each posture presented at the initial contact is nearly reversed to the neutral 

position. 

The heel rise highlights the beginning of three different plateaus: one for dorsiflexion, one for 

eversion and another one for neutral/abduction of the lateral forefoot. These constant angles are kept 

until 70% of the stance phase. 

After that instant, the lateral forefoot reverses its rotation again changing the rigid body’s 

attitude. It reaches plantarflexion and inversion postures but instead of what is expected, presents a 

little abduction peak at the opposite toe-off. Even though, at the time the foot leaves the ground that 

previous abduction is almost neutral with signs of a slight adduction. This should follow the previous 

conclusion about the first metatarsal, that the whole forefoot block (all five metatarsals) should appear 

medially deviated about the tarsometatarsal joints line when both are described in the midfoot 

reference frame. 

When comparing this result through other biomechanical models of a forefoot referenced to a 

rearfoot (since they are few this is the better option of an approximated model), the results showed 

also similar gait patterns but there are exceptions. A maximum dorsiflexion peak is clear near the 

opposite contact before it starts to plantafflex. The obtained supination is equal but there is an 

exception about the last adduction peak at the toe-off event, which is retracted/collapsed in Figure 39 

(Stebbins et al., 2006). The same happens in Nester et al. (2007) in terms of the absence of the final 

adduction peak when lateralfoot motion is referenced to a midfoot reference frame (composed  by 

navicular and cuboid bones) local reference frame. The same happens in Kitaoka et al. (2006), 

Legault-Moore et al. (2012) and Tome et al. (2006). 
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This different adduction/abduction kinematic pattern may come from the fact that this 

biomechanical foot model is slightly different from the one of (E Hyslop et al., 2010) due to the new 

preferential assumption for the transverse plane of the lateral forefoot throughout the tarsometatarsal 

joints line. It’s up to the reader to choose which one is the best approach in future foot models that 

should be constructed. 

 

Figure 39: Kinematic gait patterns of the lateral forefoot rigid body in both limbs of the control population. Each row corresponds 

to left and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) 

and adduction(+)/abduction(-) (Add/Abd). The bold black line represents the mean curve of the population and the two dashed 

black lines are the standard deviation limits. 

7.3.1.1.6 SINGLE FOOT SEGMENT 

The single foot which is described in the shank’s reference frame, such as the rearfoot, 

translates the coupled movements performed by the ankle and the subtalar joint. Note that this rigid 

body constitutes the whole foot and its aim is to evaluate its global function. Since it should start the 

initial contact dorsiflexed it is clear that a little off-set is present in the results since that plantarflexion 

attitude occurs in both left and right feet’s graphics. Moreover, that ideal dorsiflexion is not guaranteed 

since the foot reaches the ground from a swing phase (“in flight”). An initial inversion and an external 

rotation postures are simultaneous visible (see Figure 40) 

In accordance to the literature (Inman et al., 1981; Rose & Gamble, 1994) the loading 

response ends with peak values of foot’s plantarflexion and of external rotation. The inversion attitude 

is reversed to the neutral position. From this moment on, the pronation of the foot starts to clear and is 

attained at the midpoint of the stance phase: the foot is simultaneously dorsiflexed, everted and 

external rotated. Later on, these attitudes are reversed to the respective opposites. 

Right before the opposite contact, the foot starts to go on plantarflexion, inversion and internal 

rotation, undoubtedly assuming a supination. (Inman et al., 1981; Rose & Gamble, 1994) The peak 

supination value is then attained at the final event of the stance phase. 
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Figure 40: Kinematic gait patterns of the single foot rigid body in both limbs of the control population. Each row corresponds to 

left and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) and 

internal(+)/external(-) rotations (Int/Ext). The bold black line represents the mean curve of the population and the two dashed 

black lines are the standard deviation limits. 

7.3.1.1.7 GROUND REACTION FORCE 

The kinetic patterns respecting the three components of the ground reaction force (see Figure 

41) can be easy if comparing with the contents of the Section 4.2. (Whittle, 2007). Usually the 

mediolateral component is neglected but it is presented on the figure below to confirm that it exists. 

The two peak values for the component (as happens for the other two) match precisely the beginning 

of the midstance (right after the opposite toe-off event) and the end of the terminal stance (right before 

the opposite contact) periods marks the ‘braking’ and ‘propulsion’ instants of the stance phase 

respectively. Since the mediolateral component points to the medial direction of the body, it is 

expected that the two peaks of that component present opposite signals in each foot. 

The peaks of the anteroposterior component are about ¼ of the total body weight while the 

two peaks of the vertical component clearly go over the total body weight as it is expected (Whittle, 

2007). These patterns match present a pretty good match when compared to the ones presented in D 

E Turner et al. (2006). 
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Figure 41: Kinetic/Ground reaction force patterns in both limbs of the control population. Each row corresponds to left and right 

limbs, while each column represents the mediolateral (GRF-ML), anteroposterior (GRF-AP) and vertical (GRF-Vert) 

components. 

7.3.1.1.8 NAVICULAR HEIGHT 

The navicular bone’s height plot (see Figure 42) corresponds to the z-coordinate throughout 

the stance phase. The navicular height describes the deformation of the medial longitudinal arch of the 

foot and assumes a constant plateau from the opposite toe-off to the opposite contact covering the 

mid-stance period while the foot is flat and the terminal stance period while the heel rises. It is then 

expected that the lowest value of this variable corresponds to the heel rise moment when the medial 

longitudinal arch is completely deformed due to the weight-bearing. The plots obtained in Figure 42 

are in agreement with those reported by D E Turner et al. (2008) and D E Turner & Woodburn (2008). 

 

Figure 42: Kinematic gait patterns of the navicular bone’s height in both limbs of the control population. Each row corresponds 

to left and right limbs. 

A brief indication of the peak values of these patterns of the control population can be seen in 

Table 11 (page 92) and in Appendix C: Inter-segment Kinematic Statistical Result. 
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7.3.2 PSA GROUP BASED ON A COMPARATIVE STATISTICAL STUDY 

7.3.2.1 INTER-SEGMENT K INEMATICS AND K INETICS 

The better way to present the inter-segment kinematic and kinetic gait patterns of individuals 

from the PsA population is to make a parallelism with the performed comparative statistical study 

since the gait patterns for these patients in an early stage of the disease are very similar to those 

obtained for the healthy individuals. 

The aim of the statistical tests is to find gait parameters that differ from one population to 

another over the stance phase. If they are below the significance level of 5% (p<0.05) at least in one 

of the two Welch’s t-test and Mann-Whitney U-test the result is statistically significant that does not, 

however, mean that is clinically relevant. Since only a few variables confirm the results as coming from 

two distinct distributions (i.e. are within the 5%) another criteria of trend analysis is presented 

considering p-values below 30% (0.05<p<0.30) (intentionally that high) which can be exploited later, in 

future studies covering a higher number of individuals. It must be highlight that these trend analysis’ 

results are merely representative without any relevant clinical meaning. The third Kolmogorov-Smirnov 

test allow appreciation of the other two tests since it compares if the populations follow the same 

distribution, but does not count for the relevant results even if its p-value is within the 5% of 

significance level (which rejects the hypothesis of equally distributed populations) and thus, it is not 

taken into account. 

The statistics specifically targets those five stance events pointed before along with the 

minimum and maximum values (the two peaks), and the correspondent range of motion for a given 

movement. These eight key instants mark strategic angular variations or rigid body postures of interest 

of the stride analysis. 

When performing a careful reading on the work made by Hyslop et al. (2010), this level of 

comprehensive analyses is not done neither their results focus on the differences between the two 

populations, but is concentrated on the study of the reliability when using of a biomechanical foot 

model in an assessment of this kind. The reliability is not performed in this work, but it covers the 

same standard error of measurement (SE) they wanted to check among their populations. Moreover, 

the gait patterns that are shown in the article are the overlapped gait patterns of each PsA patients 

that, in spite of being normalized to the stance phase, do not show the mean and standard deviations 

curves of the population and they appear aligned not considering each individual’s off-set. It is 

assumed that all movements have a null angle for the time instant t=0% of stance phase. 

The curves for the patients should be overlapped with those of the control population because 

it would be easier for the reader to understand the differences among populations and justify the type 

of statistical analyses. However, since the time steps of each stance phase event are selected 

manually during the data processing, the overlapped graphics of the two populations lies about the 

real differences from the two populations since their very similar and the peaks sometimes do not 

correspond to the mean measured at an event value of the individuals of each population. Even 

though, this type of graphics for the kinematics per each rigid body of the model are presented in 
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Appendix B: Overlapped Kinematic and Kinetic Patterns of Both Populations and cover the mean and 

standard deviation curves that were pointed out for each one of the populations. 

Since each patient’s off-set has indeed an anatomical meaning – the neutral position 

corresponds to the anatomical reference position –, the author considers that they are relevant and 

represent each individuals variety within that population. 

Starting with the presentation and discussion of the PsA population’s gait patterns, the mean 

and the two standard deviation curves for each movement will be equally presented and discussed 

based on the applied statistical tests. In order to help understanding in detail the next inter-segment 

kinematic and kinetic gait patterns, the reader should follow the tables of the Appendix C: Inter-

segment Kinematic Statistical Results. These tables constitute the detailed statistical analysis of the 

stance phase, for each one of the three axes of rotation of each rigid body and it is similar to the 

analysis performed by Khazzam et al. (2007) on feet of patients with systemic rheumatoid arthritis and 

forefoot deformity throughout the whole gait cycle. The results within the significance level of one of 

the first two statistical tests are marked as bold and with a ‘X’ in the last column, while the results 

selected for the trend analysis are marked with a ‘t’. 

7.3.2.1.1 SHANK SEGMENT 

The shank rigid body’s statistical tests show p-values below the significance level for the 

extension/flexion movement at the heel rise event (p<0.05) for both feet. As it was said before, this 

kind of movement is not easy to understand since the shank is not referenced to a thigh segment, thus 

it corresponds to how oblique the shank is in the sagittal plane. A result like this means that when the 

swing opposite foot clears the ground the support shank is much more posteriorly oblique in the 

control subjects than in the patients with PsA. Since the shank’s reference is the laboratory’s global 

reference frame, this might mean the knee joint is less flexed in the patients with PsA than in control 

subjects. This event marks the instant when the ground reaction force is totally vertical without 

anteroposterior component can reflect that the patients walk more straight. 

In absolute numbers, pointing out possible trends that can be found in the shank’s results 

there are: a substantial difference towards higher extension of the shank (0.05<p<0.30) in the patients; 

again a more straight walk since the shank is less posteriorly oblique thus less flexed; and an higher 

peak angle of anterior tilt (i.e. the pseudo maximal extension) (0.05<p<0.30) than in the control 

individuals. 

Furthermore, some trends can be pointed out in terms of shank’s adduction/abduction 

presented by the PsA population: more adducted shank (remember its neutral vertical position) at the 

initial contact (0.05<p<0.30), opposite toe-off (0.05<p<0.30) and heel rise (0.05<p<0.30) events; 

higher peak adduction angle (0.05<p<0.30) along with supposed more range of mobility (0.05<p<0.30) 

– note that being the shank described alone in space even this adduction abduction/trends is similar a 

whole lower limb movement (assuming a knee joint completely extended). The trends of shank’s 

internal/external rotations are generally limitations of these movements throughout whole the stance 

phase, tending towards a small range of motion (0.05<p<0.30) but showing a higher final external 

angle (0.05<p<0.30) instead of a slight internal rotation. 
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The gait patterns plots of the PsA population’s individuals for the shank segment are 

presented below in Figure 43 and present higher off-sets between individuals for movements of 

rotation about the z-axis (internal/external rotations of the shank) (0.05<p<0.30). 

 

Figure 43: Kinematic gait patterns of the shank rigid body in both limbs of the PsA population. Each row corresponds to left and 

right limbs, while each column represents extension(+)/flexion(-) (Ext/Flx), adduction(+)/abduction(-) (Add/Abd) and 

internal(+)/external(-) rotations (Int/Ext). The bold black line represents the mean curve of the population and the two dashed 

black lines are the standard deviation limits. 

7.3.2.1.2 REARFOOT SEGMENT 

The rearfoot rigid body unfortunately does not statistically present any variables’ p-value below 

the significance level of 5% which could reflect a clinical meaning. Although, since the trend analysis is 

decided to be applied (highlighting again that these results of difference between the two populations 

are only accepted if they are significant studies with high number of individuals) there might be some 

relevant results. 

Appreciating the numbers of the limits of the confidence interval, there are the following results 

should be clarified in future studies. Regarding to the dorsiflexion/plantarflexion movement, the PsA 

population’s individuals present low dorsiflexion degree at the initial contact (0.05<p<0.30) as well as 

at the heel rise (0.05<p<0.30). Conversely the opposite contact dorsiflexion (0.05<p<0.30) is shown as 

higher corroborating the trend for higher peak dorsiflexion angle (0.05<p<0.30). The toe-off manifests 

a trend for lower plantarflex (0.05<p<0.30) and unexpectedly there are signs of higher range of motion 

values (0.05<p<0.30) for the right foot’s rearfoot. 

In respect to rearfoot’s inversion/eversion movements the three events that consist on the foot 

flat on the ground (i.e. excluding the initial contact and toe-off) show a more eversion (0.05<p<0.30) of 

the considered segment. Nothing can be inferred about the range of motion of movements. 

The internal/external rotation movements of the rearfoot present trends of a not so external 

rotated segment namely at the initial contact (0.05<p<0.30) and heel rise (0.05<p<0.30) events. Again, 

nothing can be seen in respect to the range of motion of this anatomical movement. 

The plots covering the gait patterns of the rearfoot rigid body from both feet of PsA 

population’s individuals present major deviations within the population most particularly in the 

internal/external rotation movements (see Figure 44). 
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Figure 44: Kinematic gait patterns of the rearfoot rigid body in both limbs of the PsA population. Each row corresponds to left 

and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) and 

internal(+)/external(-) rotations(Int/Ext). The bold black line represents the mean curve of the population and the two dashed 

black lines are the standard deviation limits. 

7.3.2.1.3 MIDFOOT SEGMENT 

Statistically, there are three gait variables from the dorsiflexion/plantarflexion movements of 

the midfoot that are statistical significant which can have clinical acceptance. These are a 

plantarflexion instead of a dorsiflexion when the initial contact occurs (p<0.05), less dorsiflexion than 

the verified for the control population at the heel rise (p<0.05) and the peak dorsiflexion angle 

measured throughout the stance phase is minor (p<0.05) when compared with the controls’. 

The evidences taken from the trend appreciation point to a diminution of the dorsiflexion or 

even a slight plantarflexion at the opposite toe-off (0.05<p<0.30) and an accentuated plantarflexion 

right before the foot’s lift-off (which matches a higher plantarflexion peak) (0.05<p<0.30). Although the 

range of motion is not clear to understand since the one from PsA population is very similar to the 

controls’. 

Appreciating the trends for inversion/eversion of the rearfoot rigid body it is possible to note 

this rigid body slightly less everted (0.05<p<0.30) during the analysis along with a minor range of 

motion (0.05<p<0.30). 

About the adduction/abduction movement, in the PsA population the rigid body presents less 

adduction (0.05<p<0.30) as well as less abduction (0.05<p<0.30) during all the stance phase 

reaffirming a not so wide range of motion of movement (0.05<p<0.30). 

Down below in Figure 45, there are the plots for the angles of rotation movements about the 

three axes of the midfoot segment for the PsA population. As it can be seen, in spite of the range of 

motion be much shorter, it is clear that the curves among individuals are not in agreement namely for 

rotations around the y-axis and z axis of the rigid body. This is due to the very hard marker placing on 

skin especially for the cuboid bone (CUB marker). Differences on this latter bone’s location will 

certainly cause incoherent data. In future works, a new method of this bone’s identification should be 

thought properly. 
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Figure 45: Kinematic gait patterns of the midfoot rigid body in both limbs of the PsA population. Each row corresponds to left 

and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) and 

adduction(+)/abduction(-) (Add/Abd). The bold black line represents the mean curve of the population and the two dashed black 

lines are the standard deviation limits. 

7.3.2.1.4 FIRST METATARSAL SEGMENT 

The first bone from the metatarsal group, which is analysed separately, presents statistically 

significant results for the rotations about the y-axis corresponding to inversion/eversion movement. 

What happens during the stance phase is that this rigid body everts continuously much more in 

patients than in control individuals, with few exceptions. This happens within the significance level at 

the initial contact (p<0.05), opposite toe-off (p<0.05) and at the toe-off (p<0.05). 

Among the remaining statistical values within the confidence interval (CI 95%), those which 

can be appreciated as trends have low p-values. These confirm also the predominance of an everted 

first metatarsal (0.05<p<0.30) throughout the analysis and expose that the inversion peak that takes 

place during the terminal stance (hell rise to opposite contact) (0.05<p<0.30) is simultaneously higher 

in the patients than in controls. Thus, as expected from the two previous indicators there is a trend to a 

higher range of motion. 

In terms of trends among the dorsiflexion/plantarflexion movement about the x-axis there are 

traces of a slightly plantarflexed metatarsal bone instead of a dorsiflexed one at the initial contact 

(0.05<p<0.30), a still more plantarflexed posture at the opposite toe-off (0.05<p<0.30) and a smaller 

dorsiflexion peak then the measured for control individuals near the opposite toe-off (0.05<p<0.30). 

Nothing can be inferred about the range of motion correspondent to these rotations. 

The other type of movements which occurs about the z-axis, referred to as abduction and 

adduction indicate also few trends (note that these movements are the opposite rotations of those 

read for the following lateral forefoot rigid body since the convention for this bone is related to the 2nd 

metatarsal (Drake et al., 2009). From the initial contact to opposite heel contact, this bone appears 

slightly abducted or almost neutral (0.05<p<0.30) at all the four stance phase events (while in control 

individuals it is slightly adducted) and finally is abducted at the opposite contact, yet lower 

(0.05<p<0.30) than the values measured for patients. Even the peak abduction angle tends to be 
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higher (0.05<p<0.30) in patients which occur near the foot lift-off. Regarding to the range of motion of 

abduction/adduction angle trend is visible. 

The following plots correspond to the angles measured for the 1st metatarsal rigid body and it 

is clear that most of the deviations among patients with PsA occur from the rotations around y-axis, 

corresponding to inversion/eversion movement (see Figure 46) 

 

Figure 46: Kinematic gait patterns of the 1st metatarsal rigid body in both limbs of the PsA population. Each row corresponds to 

left and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) and 

abduction(+)/adduction(-) (Abd/Add). The bold black line represents the mean curve of the population and the two dashed black 

lines are the standard deviation limits. 

7.3.2.1.5 LATERAL FOREFOOT SEGMENT 

None of the statistical tests applied to the lateral forefoot’s gait variables present a p<0.05 

which could be considered significant. However, since another way is suggested in this work, to 

interpret the results looking at trends it is then possible to access some of the gait variables within the 

confidence interval (IC 95%) for all the three axial rotations. 

The movement from the x-axis shows very interesting trends like a minor plantarflexion at the 

initial contact (0.05<p<0.30) and at the toe-off (0.05<p<0.30) events corroborating the trend of the 

peak plantarflexion which is lower (0.05<p<0.30) in the PsA population. Even though some 

dorsiflexion of this rigid body takes place during the stance phase in both populations (not qualifying 

neither quantifying it), the overall dorsiflexion/plantarflexion range of motion of motion trends to be 

lower (0.05<p<0.30). 

The inversion/eversion movement trends to the opposite in each feet becoming inconclusive. 

Notwithstanding, there is some statistical trend in terms of the peak inversion angle, which is lower 

(0.05<p<0.30) and corroborates the lesser range of motion of the inversion/eversion movement 

(0.05<p<0.30) for the PsA population. 

Finally there are statistical trends involving a lower angle of abduction at the beginning of the 

stance phase (0.05<p<0.30), a neutral posture is adopted instead of an abduction one from the 

moment the opposite toe-off (0.05<p<0.30) occurs to the heel rise event (mid-stance period), turning 

back to a slight abduction at the opposite contact. Relatively to the final instant of the stance phase, no 

trend is evident. There is also a trend pointing to a lower peak abduction angle (0.05<p<0.30) but 
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simultaneous for the peak adduction angle to be higher (0.05<p<0.30), as well as the range of motion 

of adduction/abduction be more restricted and limited (0.05<p<0.30) in the PsA population. 

Plots of the lateral forefoot rigid body from both feet of the patients with PsA are shown below. 

Note that, the dorsiflexion/plantarflexion as well as the inversion/eversion curves present high 

standard deviation values among the patients (see Figure 47). 

 

Figure 47: Kinematic gait patterns of the lateral forefoot rigid body in both limbs of the PsA population. Each row corresponds to 

left and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) and 

adduction(+)/abduction(-) (Add/Abd). The bold black line represents the mean curve of the population and the two dashed black 

lines are the standard deviation limits. 

7.3.2.1.6 SINGLE FOOT SEGMENT 

In terms of statistical significance, the statistical tests are only clear about the range of motion 

of inversion/eversion motion when considering the single foot. The meaning of this result is that 

patient’s feet are characterized by loss of joint mobility (p<0.05). Simultaneously considering the 

hypothesis from trend analysis (which, once again, must be confirmed in future studies) there are also 

signs of loss of mobility when performing the movement of dorsiflexion/plantarflexion (0.05<p<0.30). 

The remaining trends point again the patients’ foot is even more plantarflexed at the initial 

contact with the ground (0.05<p<0.30), presents a lower dorsiflexion at the heel rise (0.05<p<0.30) 

which later evolves in higher dorsiflexion at the opposite contact (0.05<p<0.30), and finally presents a 

lower plantarflexion as the foot leaves the ground (0.05<p<0.30). Consequently there is also a lower 

peak plantarflexion angle (0.05<p<0.30) and no trend can be seen about the dorsiflexion peak. 

Regarding to inversion/eversion rotation angle the results show a trend for a higher everted 

patient’s foot at the opposite toe-off (0.05<p<0.30) as well as a lower peak inversion angle 

(0.05<p<0.30). No trend is visible in terms of the internal/external rotation movement of the single foot 

model. 

The graphics for the y-axis and z-axis vary essentially in the internal/external rotation 

movement (see Figure 48). 
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Figure 48: Kinematic gait patterns of the single foot rigid body in both limbs of the PsA population. Each row corresponds to left 

and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) and 

internal(+)/external(-) rotations (Int/Ext). The bold black line represents the mean curve of the population and the two dashed 

black lines are the standard deviation limits. 

7.3.2.1.7 GROUND REACTION FORCE 

The ground reaction force’s components curves obtained from the PsA population are very 

similar to the ones obtained from the control population since these values are measured using force 

plates. For that reason it is expected that the differences between the two populations should be very 

similar and the variables which can evidence some deviations are solely the two peaks of the 

anteroposterior and vertical components of the ground reaction force (see summary Table 11, page 

92). The mediolateral component is not evaluated since its values are very small and thus negligible. 

According to the mentioned Table 11 no significant statistical results are obtained during the 

analysis but returning back again to trend appreciation it is noticeable that three out of four peaks 

appear lower (0.05<p<0.30) for the PsA population in respect to the ones obtained for the control 

population. 

The following plots of the Figure 49 correspond to values of the three components of the 

ground reaction force during the stance phase, which force values are normalized in body weights (1 

BW) of each individual. 
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Figure 49: Kinetic/Ground reaction force patterns in both limbs of the PsA population. Each row corresponds to left and right 

limbs, while each column represents the mediolateral (GRF-ML), anteroposterior (GRF-AP) and vertical (GRF-Vert) 

components. 

7.3.2.1.8 NAVICULAR HEIGHT 

Concerning the overall results, the navicular bone’s height is by far the most controversial gait 

variable of all. As it can be seen on summary Table 11 (page 92), despite this variable does not 

present any statistical significance, looking at the trend of the respective p-value the variable assumes 

a very strange higher value (0.05<p<0.30) for the PsA population when compared with the controls. 

The plots for the navicular bone’s height in the PsA population individuals are represented 

below in Figure 50. 

 

Figure 50: The navicular bone’s height in both limbs of the PsA population. Each row corresponds to left and right limbs. 

To conclude, the most relevant inter-segment kinematic and kinetic gait variables to assess 

foot impairment are presented in summary in the following Table 11. 
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Table 11: Summary table covering the inter-segment kinematics and kinetics statistical results. 

Variable Foot 
Control PsA p 

(Wt) 
p 

(MWU) 
p 

(KS) 
 

Mean ± SE Mean ± SE 
Initial foot 
contact (deg) 

Left  -2.15 ± 0.989 -3.72 ± 1.31 0.356 0.515 0.376  
Right  -1.60 ± 0.688 -3.74 ± 1.35 0.186 0.146 0.086 t 

Terminal 
stance (deg) 

Left  6.73 ± 1.41 8.68 ± 1.14 0.296 0.573 0.642 t 
Right  6.66 ± 1.02 7.37 ± 1.17 0.651 0.573 0.901  

Peak RF 
eversion (deg) 

Left  -2.21 ± 0.929 -2.88 ± 0.475 0.531 0.696 0.547  
Right  -2.7 ± 0.536 -3.32 ± 0.866 0.554 0.897 0.826  

Peak MF 
inversion (deg) 

Left  1.04 ± 0.265 1.18 ± 0.854 0.878 0.762 0.148  
Right  2.6     ± 0.669 2.64 ± 0.792 0.972 0.897 0.642  

Peak 1stMeta 
dorsiflex (deg) 

Left  2.71 ± 2.52 3.12 ± 3.02 0.918 1.000 0.985  
Right  6.31 ± 2.05 2.65 ± 1.11 0.140 0.203 0.243 t 

Peak LFF abd 
(deg) 

Left  -9.89 ± 1.91 -6.66 ± 1.48 0.200 0.173 0.376 t 
Right  -6.46 ± 0.859 -4.84 ± 1.18 0.287 0.315 0.458 t 

1st peak GRF-
AP (1 BW) 

Left  0.165 ± 0.0117 0.149 ± 0.00541 0.241 0.173 <0.05 t 
Right  0.16     ± 0.0121 0.151 ± 0.00756 0.543 0.696 0.458  

2nd peak GRF-
AP (1 BW) 

Left  0.179 ± 0.0103 0.171 ± 0.00686 0.542 0.573 0.738  
Right  0.184 ± 0.00963 0.168 ± 0.0066 0.188 0.203 0.305 t 

1st peak GRF-
Vert (1 BW) 

Left  1.06     ± 0.0149 1.03 ± 0.0119 0.086 0.122 0.086 t 
Right  1.07     ± 0.0173 1.04 ± 0.0114 0.230 0.633 0.458 t 

2nd peak GRF-
Vert (1 BW) 

Left  1.10     ± 0.0171 1.08 ± 0.0151 0.351 0.360 0.738  
Right  1.09     ± 0.0137 1.09 ± 0.0165 0.953 1.000 0.965  

Lowest NAV 
height (mm) 

Left  22.5 ± 2.30 26 ± 2.09 0.279 0.274 0.191 t 
Right  22.5 ± 3.06 22.4 ± 2.49 0.986 0.897 0.738  

 

7.3.2.2 PLANTAR PRESSURE DISTRIBUTION  

Since these results considering the contact area in cm2 depends on the individual’s foot size, it 

is not likely to describe the contact this way because they are intrinsically dependent on the foot size: 

it is overestimated since the individuals do not wear tight shoes deceiving themselves about the size 

of their feet when it is asked. This is confirmed by the author when the plantar pressure distribution 

data is adjusted to a footprint shape of that foot size and it simply does not match the pressure area. 

Systematically the footprint shape is far from the borders of the pressure areas. Therefore the contact 

area is normalized to the total plantar area of the correspondent segment and expressed as a 

percentage. The software of RsScan® Footscan export the peak pressure values data in N.cm-2 which 

are later converted to kPa. 

Three statistical significant results presented in Table 12 are obtained for the plantar pressure 

distribution consisting on the higher contact area (both in %Segment and in %Foot) in the 1st 

metatarsal (p<0.05) and higher contact area (%Segment) in the lateral forefoot (p<0.05). 

The remaining statistical test trends point out to higher contact areas in the rearfoot 

(0.05<p<0.30) and lower contact areas in both hallux (0.05<p<0.30) and lesser toes (0.05<p<0.30), all 

these in the PsA population. 

In terms of the peak pressure values the trends point to higher values in the rearfoot 

(0.05<p<0.30) and in the 1st metatarsal (0.05<p<0.30) while the hallux (0.05<p<0.30) and lesser toes 

(0.05<p<0.30) present lower peaks when comparing with control individuals, but does not present 

statistical significance. 
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Table 12: Plantar pressure distribution variables of both populations and the results of the statistical analysis. 

Rigid Body Variable Foot 
Control  PsA p 

(Wt) 
p 

(MWU) 
p 

 (KS) 
 

Mean ± SE Mean ± SE 
 
Rearfoot 

Contact Area 
(cm 2) 

Left  42.70 ± 2.14 40.70 ± 2.01 0.513 0.633 0.458  
Right  45.60 ± 1.71 42.60 ± 1.77 0.235 0.237 0.191 t 

Contact Area 
(%Segment) 

Left  54.40 ± 1.94 59.00 ± 3.24 0.254 0.173 0.148 t 
Right  54.70 ± 1.55 59.80 ± 2.81 0.141 0.146 0.114 t 

Contact Area 
(%Foot) 

Left  0.250 ± 0.008 0.248 ± 0.005 0.818 0.965 0.738  
Right  0.268 ± 0.006 0.262 ± 0.004 0.430 0.274 0.243 t 

Peak pressure 
(kPa) 

Left  149.00 ± 9.20 165.00 ± 13.10 0.320 0.274 0.243 t 
Right  137.00 ± 6.78 145.00 ± 11.50 0.593 0.696 0.826  

 
Midfoot 

Contact Area 
(cm 2) 

Left  34.80 ± 2.54 31.90 ± 2.62 0.445 0.460 0.642  
Right  34.00 ± 1.69 31.60 ± 4.68 0.642 0.274 0.148 t 

Contact Area 
(%Segment) 

Left  53.20 ± 2.16 56.70 ± 3.28 0.394 0.460 0.376  
Right  53.70 ± 1.99 55.60 ± 4.52 0.703 0.762 0.458  

Contact Area 
(%Foot) 

Left  0.202 ± 0.011 0.194 ± 0.011 0.587 0.515 0.642  
Right  0.199 ± 0.005 0.189 ± 0.019 0.655 0.460 0.114  

Peak pressure 
(kPa) 

Left  27.50 ± 4.76 27.60 ± 2.90 0.988 0.633 0.901  
Right  22.30 ± 4.30 26.90 ± 9.77 0.676 0.573 0.458  

 
1st 
metatarsal 

Contact Area 
(cm 2) 

Left  14.00 ± 0.773 14.20 ± 0.629 0.845 0.762 0.738  
Right  13.80 ± 0.797 15.90 ± 0.809 0.0805 0.064 0.191 t 

Contact Area 
(%Segment) 

Left  68.30 ± 1.95 72.70 ± 1.53 0.0978 0.106 0.243 t 
Right  64.60 ± 3.52 75.10 ± 1.70 <0.05 <0.05 0.064 X 

Contact Area 
(%Foot) 

Left  0.082 ± 0.003 0.087 ± 0.002 0.204 0.122 0.086 t 
Right  0.081 ± 0.003 0.098 ± 0.003 <0.05 <0.05 <0.05 X 

Peak pressure 
(kPa) 

Left  73.30 ± 12.10 79.80 ± 13.70 0.728 0.515 0.376  
Right  67.40 ± 10.70 85.60 ± 12.80 0.293 0.237 0.376 t 

 
Lateral 
forefoot 

Contact Area 
(cm 2) 

Left  45.40 ± 1.74 45.80 ± 2.06 0.882 0.965 0.985  
Right  44.20 ± 1.83 44.10 ± 1.73 0.972 0.965 0.826  

Contact Area 
(%Segment) 

Left  78.80 ± 0.815 80.40 ± 1.46 0.343 0.274 0.458 t 
Right  77.40 ± 1.16 81.00 ± 0.76 <0.05 <0.05 0.148 X 

Contact Area 
(%Foot) 

Left  0.266 ± 0.004 0.279 ± 0.007 0.135 0.173 0.148 t 
Right  0.259 ± 0.005 0.272 ± 0.007 0.177 0.173 0.086 t 

Peak pressure 
(kPa) 

Left  211.00 ± 13.90 212.00 ± 11.40 0.972 0.633 0.738  
Right  196.00 ± 19.10 179.00 ± 16.80 0.508 0.573 0.826  

 
1st toe 
(Hallux) 

Contact Area 
(cm 2) 

Left  14.40 ± 0.802 15.00 ± 1.33 0.689 0.762 0.826  
Right  15.80 ± 0.47 14.10 ± 1.15 0.188 0.203 0.148 t 

Contact Area 
(%Segment) 

Left  57.50 ± 3.20 51.10 ± 5.19 0.308 0.395 0.376  
Right  52.50 ± 3.81 50.90 ± 4.65 0.792 0.984 1.000  

Contact Area 
(%Foot) 

Left  0.085 ± 0.004 0.091 ± 0.007 0.418 0.762 0.826  
Right  0.093 ± 0.004 0.087 ± 0.007 0.445 0.515 0.738  

Peak pressure 
(kPa) 

Left  97.50 ± 17.20 58.40 ± 12.00 0.081 0.146 0.305 t 
Right  67.70 ± 8.41 59.60 ± 11.80 0.586 0.515 0.547  

 
2nd-5th toes 
(Lesser toes) 

Contact Area 
(cm 2) 

Left  19.60 ± 1.38 16.20 ± 1.38 0.101 0.101 0.243 t 
Right  17.30 ± 1.00 14.60 ± 1.90 0.243 0.315 0.458 t 

Contact Area 
(%Segment) 

Left  50.30 ± 3.84 41.60 ± 4.51 0.165 0.146 0.243 t 
Right  43.60 ± 5.24 36.60 ± 4.90 0.343 0.408 0.642  

Contact Area 
(%Foot) 

Left  0.114 ± 0.006 0.101 ± 0.011 0.299 0.573 0.642 t 
Right  0.101 ± 0.004 0.091 ± 0.014 0.529 0.460 0.458  

Peak pressure 
(kPa) 

Left  20.50 ± 4.46 11.90 ± 3.51 0.147 0.203 0.458 t 
Right  14.60 ± 4.06 14.90 ± 4.69 0.963 0.897 0.458  

 

7.3.2.3 SPATIOTEMPORAL GAIT PARAMETERS  

The results of the statistical tests performed on the time-distance gait parameter acquired from 

the GAITRite® system are listed below in Table 13. 

A trend appreciation can be noted on the results leading to the following interpretation: the 

step time (0.05<p<0.30), step length (0.05<p<0.30) and stride length (0.05<p<0.30) are much lower in 

the PsA population than in the control population (these three combined can reflect a lower velocity 

which by the mean values is more or less corroborated, although the velocity’s trend is not under 

analysis). 
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The single support time tends to be lower (0.05<p<0.30) along with the higher double support 

time (0.05<p<0.30) in the PsA population. This happens in agreement to a higher stance phase 

(0.05<p<0.30) along with a lower swing phase (0.05<p<0.30) of the left feet of the patients of the PsA 

population. No trends can be found in terms of velocity, cycle time neither heel-heel base support. 

Table 13: Spatiotemporal gait variables of both populations and the results of the statistical analysis. 

Variable Foot 
Control  PsA 

Mean   ±   SE 
p 

(Wt) 
p 

(MWU) 
p 

(KS) 
 

   Mean  ±   SE 
Velocity   123 ± 3.97 117 ± 4.61 0.352 0.360 0.547  

Step time 
Left  0.552 ± 0.0137 0.545 ± 0.0116 0.738 0.557 0.547  
Right  0.554 ± 0.0136 0.537 ± 0.00957 0.336 0.046 0.547 t 

Cycle time 
Left  1.11 ± 0.0271 1.08 ± 0.0202 0.531 0.531 0.547  
Right  1.11 ± 0.0275 1.08 ± 0.0199 0.479 0.473 0.547  

Step length 
Left  67.50 ± 1.39 63.20 ± 1.84 0.078 0.083 0.305 t 
Right  67.30 ± 1.28 62.70 ± 1.83 0.060 0.055 0.191 t 

Stride length 
Left  135 ± 2.62 126 ± 3.58 0.067 0.101 0.305 t 
Right  135 ± 2.65 126 ± 3.57 0.063 0.101 0.305 t 

H-H base 
support 

Left  8.52 ± 0.654 8.56 ± 0.662 0.969 0.829 0.642  
Right  8.66 ± 0.602 8.61 ± 0.671 0.959 0.762 0.305  

Single support 
Left  40.5 ± 0.516 39.7 ± 0.535 0.318 0.315 0.458  
Right  40.6 ± 0.52 39.7 ± 0.47 0.203 0.245 0.547 t 

Double support 
Left  19.0 ± 0.994 20.6 ± 0.835 0.243 0.515 0.642 t 
Right  19.1 ± 1.01 20.6 ± 0.804 0.246 0.408 0.458 t 

Stance phase 
Left  59.4 ± 0.505 60.4 ± 0.432 0.164 0.139 0.086 t 
Right  59.5 ± 0.546 60.2 ± 0.545 0.354 0.315 0.458  

Swing phase 
Left  40.6 ± 0.503 39.6 ± 0.434 0.164 0.146 0.086 t 
Right  40.5 ± 0.545 39.8 ± 0.548 0.361 0.408 0.547  

 

 

7.4 DISCUSSION 

First of all, it is important to emphasize from the experience obtained from the present work 

that biomechanical foot models composed by a considerable number of rigid bodies, which are 

described through fixed anatomical axes, are error prone. Since these axes are assembled through 

reflective markers, the wrong maker placement on the skin will result in mistaken anatomical axes and 

consequently these will create offsets in gait patterns (Carson et al., 2001; Stebbins et al., 2006). The 

need of the anatomical axes to be orthogonal among them within the same rigid body leads the author 

to choose two of them, and to abdicate from the third that will result from the external product. An 

anatomical axis that is incorrectly defined as a rotation axis will then certainly not reproduce the 

correct anatomical rotation (as it happens in the lateral forefoot’s y-axis for instance). 

Furthermore, the bone landmark palpation is very difficult in all the individuals of both 

populations: namely the three midfoot landmarks (on the cuboid, navicular and intermediate cuneiform 

bones). And in addition, swollen joints along with foot pain makes almost impracticable the correct 

identification of the desired bone landmarks in the patients with PsA, predominantly in the midfoot and 

forefoot (Hyslop et al., 2010). Last but not least, skin based markers are vulnerable to movement 

artefacts even considering them as repeatable and systematic (this is confirmed by Carson et al., 

2001). 

Even the use of the same protocol in the same individual on both lower limbs reveals that is 

difficult to synchronize both gait patterns obtained from each limb since even within the same 
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individual the patterns have off-sets as well as considerable deviations. This reinforces that the correct 

marker placement in both legs must be taken into account and can raise some questions about 

performing analysis only regarding to the most affected foot in a patient with PsA, as done in Hyslop et 

al. (2010) and other studies. 

 

Psoriatic arthritis manifests multiple inflammatory and destructive lesions in the foot, which are 

reported by Erdem et al. (2008) and Galluzzo et al. (2000) who performed magnetic resonance and 

ultrasound based imaging studies. Ultimately these lesions may lead to permanent deformities such 

as pes planovalgus (flat foot), hallux valgus and claw toe. The flat foot is commonly known by the 

flattening deformation which affects the distal row of tarsal bones (covering all the bones of the 

midfoot rigid body) which is characterized by the loss of curvature of the medial longitudinal arch of the 

foot. The hallux valgus represents a permanent deformation of the proximal phalanx of the hallux in 

relation to the first metatarsal head that corresponds to a pronounced lateral deviation of the proximal 

phalanx towards the lesser toes (Bus et al., 2005) On the other hand, the claw toes are deformations 

that affect the phalanges of the lesser toes involving an extension contracture (dorsiflexion posture) 

with dorsal subluxation of the metatarsophalangeal joints along with the plantarflexion of the 

interphalangeal joints, forcing thus the metatarsal (2nd to 5th) heads into the plantar fat-pad due to the 

dorsal aspect of each lesser toe constantly strike the top of the shoe (Coughlin, 2003). 

Since the complex foot deformities involve multiple small joints closely packed together, the 

most reasonable way to assess altered foot function is through a detailed multi-segment foot model 

(Turner & Woodburn, 2008; Woodburn et al., 2004). The aim of the experimental results is to identify 

which are the main biomechanical parameters of foot function that can predict the development of 

enthesitis in patients with early PsA. Once they match those parameters measured by Hyslop et al. 

(2010) in patients with much longer disease duration it means that they can clinically confirm enthesitis 

in advance. Even though, in the present study not much biomechanical variables are expected to be 

changed since the patients from the PsA population are all in the initial stage of the disease. Thus, it is 

natural that the inter-segment kinematics gait patterns and kinetics of the patients does not deviate 

much from the individuals in the control population. Since the burden of PsA is similar to the reported 

in rheumatoid arthritis, it is valid to compare some foot impairments in patients as well as the gait 

adaptations manifested by the changes in the gait parameters with those that are already studied for 

the rheumatoid arthritis disease (Hyslop et al., 2010). 

Regarding to inter-segment kinematics and not directly addressing the results obtained for the 

shank segment since their interpretation is difficult (but they might be mentioned later), specific motion 

of rearfoot and single foot rigid bodies makes possible the evaluation of both ankle and subtalar joints’ 

range of motion (Hyslop et al., 2010). 

Not having significant statistical results for rearfoot gait parameters, the trends show 

erroneous higher dorsiflexion/plantarflexion range of motion (0.05<p<0.30) which does not agree with 

the supposed loss of ankle joint mobility, while the dorsiflexion is lower (0.05<p<0.30) from the first 

instant the foot contacts the ground until the heel rise, which can corroborate some dysfunction at this 

joint. Conversely, when talking about the ankle’s joint range of motion on the perspective of the single 
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foot rigid body (but still without statistical significance) the trend points out to that loss of mobility 

through a lower dorsiflexion/plantarflexion range of motion (0.05<p<0.30) (see initial foot contact 

variable in the summary Table 11) which stands along with a slightly plantarflexed foot at the initial 

contact (0.05<p<0.30). Moreover, the trend of the terminal stance foot angle (more specifically at the 

opposite contact – return to Table 11) is characterized by more dorsiflexion (0.05<p<0.30) 

corresponding to the dorsum of the foot closer to the shank which is translated by a flatter foot 

position. These parameters somehow prove some limitations of the joint and are confirmed in other 

studies (Turner et al., 2008; Turner et al., 2006; Turner & Woodburn, 2008). 

In respect to possible limitations of the subtalar joint, the rearfoot’s results cannot statistically 

support the inversion/eversion neither internal/external rotation ranges of motion. Although there is a 

statistical trend supporting a lower peak inversion angle (0.05<p<0.30) which can be simultaneously 

related with a limitation of the subtalar joint as well as a further explanation covering the tibialis 

posterior tendon. In turn, the single foot rigid body presents statistical significance for a reduced range 

of motion of inversion/eversion movement (p<0.05) in the frontal plane for the PsA population 

(Woodburn et al., 2004). 

Heel pain is generally associated with enthesitis involving the Achilles tendon, plantar fascia 

and tibialis posterior tendon (Bezza et al., 2004; Hyslop et al., 2010). Specially the Achilles tendon is 

influenced by movements at ankle and subtalar joints which are complex, occur in multiple anatomic 

planes and subject the tendon to rotational forces and high calcaneal insertional stresses (Benjamin & 

McGonagle, 2001). Therefore, when the foot is dorsiflexed the superior calcaneal tuberosity acts as a 

tendon pulley generating higher tendon stresses in that enthesial site which lead to tumefaction of the 

region (Benjamin & McGonagle, 2009). 

The combination of inter-segment kinematic patterns from the rearfoot, midfoot and 1st 

metatarsal enables the characterization of the pes planovalgus deformation (Hyslop et al., 2010). 

Bearing in mind that inversion/eversion movement of the rearfoot shows poor reliability in the study of 

Hyslop et al. (2010) from which this biomechanical foot model is adapted, present trends for higher 

everted rearfoot (0.05<p<0.30) in PsA population when the foot is flat seems to validate the deformity 

which particularly correspond to a valgus heel. In general, these movements occur along with 

excessive shanks internal rotation, which instead of being higher in the PsA population is lower 

(0.05<p<0.30) but is present until the end of the terminal stance period (Turner et al., 2008; Turner et 

al., 2006; Turner & Woodburn, 2008; Woodburn et al., 2004). 

The navicular bone’s height characterizes the curvature of the medial longitudinal arch of the 

foot which is expected to be lower for the PsA population because it characterizes the flat foot 

deformation (Turner et al., 2008; Turner et al., 2006; Turner & Woodburn, 2008; Woodburn et al., 

2004). Unfortunately, the second most erroneous results’ trend (see summary Table 11, page 92) 

stands for an higher height value (0.05<p<0.30) in the PsA population. Obviously this minor 3 mm 

difference is mistaken mainly due to the difficulty of the palpation of the midtarsal bones and the 

consequent wrong marker placement on skin. Although this variable is very reliable on the other 

studies, thus there is no other explanation. However, this small error does not clash with the remaining 

inter-segment motion of the rearfoot segment but expresses systematically more deviations in midfoot 
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gait patterns. It is stated by Woodburn et al. (2004) that the midfoot (within a forefoot rigid body) is stiff 

in impaired foot which is confirmed by the lower dorsiflexion angle at the heel rise (p<0.05) and 

consequent lower peak dorsiflexion angle (p<0.05), lower peak of adduction (0.05<p<0.30) and 

restricted range of motion in all the three rotation axes (p<0.05 and 0.05<p<0.30). 

Woodburn et al. (2004) reveals that the eversion of the rearfoot in pes planovalgus takes place 

along with a coupled movement of midfoot-forefoot. The midfoot suffers an inversion movement 

termed as “twisting” while the forefoot presents excessive dorsiflexion and abduction. The comparative 

results from the PsA population show a slightly less everted midfoot (0.05<p<0.30) which can be 

translated as a movement towards an inversion rotation but is not yet clarified, due to the markers 

placement issue. In respect to the lateral forefoot, Woodburn et al. (2004) state simultaneously that all 

the six peak rotation movements about the three axes are reduced in patients population. It is 

confirmed through the lower peak plantarflexion angles (0.05<p<0.30) and lower 

dorsiflexion/plantarflexion range of motion (0.05<p<0.30), lower peak inversion angle (0.05<p<0.30) 

and consequent lower range of motion about the y-axis, and finally just a slight but not severe 

abduction (0.05<p<0.30) takes place at the end of the terminal stance period when the heel is already 

raised and the support is on the metatarsophalangeal joint followed by a reduced range of motion for 

that rotation (0.05<p<0.30). This is a sign of restricted motion at the tarsometatarsal joints. 

Just to finish the inter-segment kinematics statistics, the 1st metatarsal bone of the PsA 

population is statistically coherent with the definition of Hyslop et al. (2010) about the pes planovalgus 

deformity: the rigid body results have clinical importance since they are significant throughout all the 

stance phase, with a constant eversion mainly during the pre-swing phase (p<0.05) which practically 

matches the weight-bearing period of this foot segment. Moreover, without confirmation from the 

literature this rigid body presents higher inversion/eversion range of motion (0.05<p<0.30) on the PsA 

population. It is known that localised foot pain may lead to degraded and adapted gait patterns 

(Hyslop et al., 2010), thus, a supposition for this fact is the joint impairment that usually affects most of 

the patients (namely the metatarsophalangeal joints swollen) may lead the patients to adapt their gait 

patterns in such way to avoid joint pain. The peak dorsiflexion angle for 1st the metatarsal of the PsA 

population is lower and, in turn, the peak abduction angle is higher. This abduction angle almost 

coincides with the end of the stance phase and of course is not related to the hallux valgus deformity. 

This kind of deformity should be permanent and not evident at a given instant of the stance phase. 

Focusing the attention on the experimental data of the plantar pressure distribution, it is also 

possible to reinforce the pes planovalgus deformity. The more the area of contact more flattened is the 

foot, thus more collapsed is the medial longitudinal arch of the foot. The statistical results of the PsA 

population point to that way: both rearfoot’s (0.05<p<0.30) and 1st metatarsal (p<0.05) contact areas 

are much higher than in the control population. The statistics are not satisfactory in respect to the 

contact area of the midfoot which would support a collapsed arch in this rigid body (Turner et al., 2008; 

Turner et al., 2006; Turner & Woodburn, 2008); although, the results support an elevated value for the 

lateral forefoot contact area (p<0.05) in the PsA population. Diminished foot function associated with 

pes planovalgus deformity is thought to elevate Achilles tendon insertional stresses as well as to play 

a role in tenosynovitis of tibialis posterior tendon at its functional enthesis, which through the muscle is 
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responsible for the inversion the foot (Benjamin & McGonagle, 2001; Hyslop et al., 2010). Further, the 

tenosynovitis of the tibialis posterior tendon (inflammation of the synovium that manifest through pain 

and swelling of that region) may obscure ankle, subtalar and midtarsal joint synovitis as addressed 

before (Turner et al., 2008). 

Alongside this, there are some studies focusing the plantar pressure distribution and how 

raised peak pressure values influences a certain pathological condition, potentiating sites of plantar 

surface ulceration either in patients with rheumatoid arthritis (Firth et al., 2008) as well as in patients 

with diabetic neuropathy (Bacarin et al., 2009). The involvement of the metatarsophalangeal joints 

affects the plantar contact areas and the thickness of the fat-pad cushions leading to callus (Bus et al., 

2005). As said before in Section 2.3, the nature of the mechanical loads which affects the biological 

structures such as tendons and ligaments manifests changes in fibrocartilage cells and activate bone 

remodelling, consequently affecting bones at the entheses sites which lead to enthesitis and 

consecutive swollen joints (Benjamin & McGonagle, 2001, 2009; Benjamin & McGonagle, 2009). 

Thus, the peak pressures are simultaneously higher in the rearfoot (0.05<p<0.30) and 1st 

metatarsal (0.05<p<0.30) plantar areas. Although, the results are not objective in terms of the high 

peak pressure in the lateral forefoot as it is suggest in the literature, that together would match the 

calcaneus and metatarsal heads at metatarsophalangeal joints (within the 1st metatarsal and lateral 

forefoot). That justifies the appearance of enthesitis in those sites affecting the Achilles tendon and 

plantar fascia in early stages of PsA (Turner et al., 2008; Turner et al., 2006; Turner & Woodburn, 

2008; Woodburn et al., 2004). Elevated peak pressures at metatarsophalangeal joints make the 

patients to off-load these painful sites by avoiding weight-transfer to the forefoot (this is the reason 

why the contact area in the forefoot is expected to be lower in the patients) (Turner et al., 2006; Turner 

& Woodburn, 2008; Woodburn et al., 2004). Nonetheless, it is possible to verify intense peak 

pressures in PsA patient’s plantar distribution footprints in Figure 51 matching both calcaneus 

(reddish/intense areas marked by black squares in the footprints 1 and 2) and metatarsophalangeal 

joints (reddish/intense areas marked by black rectangles in the footprints 3 and 4) regions. The latter 

is the major proof of metatarsophalangeal joint impairment. On the other hand, calcaneal peak 

pressures condition both Achilles tendon’s biomechanics as well as the adaptive plantar fascia 

thickening (which is known to reflect the tensile loading involved in this structure and play and 

important role in arch’s maintenance) (Benjamin & McGonagle, 2001; Wearing et al., 2007). 

Conversely, as pointed out about the common foot deformities in patients with PsA, regarding 

to the plantar contact areas of both hallux (0.05<p<0.30) and lesser toes (0.05<p<0.30), these are 

much lower. At the same time, both peak pressures (0.05<p<0.30) of these two foot segments are 

also below the values of the control population (Turner et al., 2008; Turner et al., 2006; Woodburn et 

al., 2004). This can be supported by the foot deformities such as hallux valgus and claw toe which are 

characteristic and presented in some of the patients with PsA submitted to the assessment (Erdem et 

al., 2008; Galluzzo et al., 2000). Despite claw toe being visible with different levels of severity in some 

patients, no hallux valgus deformity was clearly evident. The subluxation of the metatarsophalangeal 

joint claw toe involving a metatarsal head and a proximal phalanx of a lesser toe will result in 

additional contact areas beyond the plantar region of the lateral forefoot which are named by the 
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author as “metatarsophalangeal prolongation blots” or simply “MTP prolongation blots” (represented 

as the green regions highlighted by the black ellipses in the footprints 1 and 2 in Figure 51). 

 

Figure 51: Comparative presentation of the plantar pressures distribution footprints between one control individual (left) and 4 

different patients with PsA (1-4, right): (1) Pathological footprint presenting MTP prolongation blots due to claw toes, consequent 

high pressures in the heads of metatarsals and high pressures in rearfoot’s plantar area (under the calcaneus bone).; (2) 

Pathological footprint showing also the MTP prolongation blots due to claw toe affecting the 2nd metatarsal head; (3) 

Pathological footprint endorsing the high plantar peak pressures at MTP joints that evolve later to swollen joints; (4) Pathological 

footprint with both MTP joint involvement and rearfoot high peak pressures, which are translated as severe mechanical loads 

acting on calcaneus bone. The reddish (hot) regions correspond to higher peak plantar pressures while the bluish (cold) regions 

correspond to lower peak plantar pressures.  

The spatiotemporal results are frequently characterized by reduced walking velocity and 

longer double-support time, which are confirmed in the literature when patients with impaired foot 

function are studied regardless of the disease duration (Turner et al., 2008; Turner et al., 2006; Turner 

& Woodburn, 2008). Despite the statistical results being ambiguous in terms of the walking velocity 

between the two populations, there are trends of shorter step time (0.05<p<0.30) along with shorter 

step and stride lengths (0.05<p<0.30). The trend for a higher double support percentage 

(0.05<p<0.30) in the stance phase is equally present which manifests through longer stance 

(0.05<p<0.30) and shorter swing (0.05<p<0.30) phases. All these results support that through time, 

the localised foot pain may lead to degraded and compensatory gait patterns at the same time in order 

to the individuals avoid that pain (Turner et al., 2008; Turner et al., 2006; Woodburn et al., 2004). Also 

important to note, the lower 1st peak of the vertical component of the ground reaction force 

(0.05<p<0.30) (which is mentioned in the summary Table 11, page 92) suggests that patients may 

have careful in loading the foot in the initial contact instant aiming to reduce their painful symptoms 

involving the calcaneus bones and adjacent biological structures such as the Achilles tendon and the 

plantar fascia (Turner et al., 2006). The lower heel rise angle at the terminal stance (see summary 

Table 11, page 92) is an unconscious mechanism that the patient adopted in order to relief 

metatarsophalangeal joint pain (Turner & Woodburn, 2008) 
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Aiming to relief pain of these patients, some orthotic solutions or fitting shoes were already 

thought to support the action of patients treatments but mainly to prevent these foot deformities to 

progress over time (Turner et al., 2008; Woodburn et al., 2002; Woodburn et al., 2003). 
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CHAPTER VIII 

8 CONCLUSIONS AND FUTURE DEVELOPMENTS 

There are characteristic inter-segment kinematic patterns between the segments of the 

biomechanical model, which manifest on both control healthy individuals and PsA patients. Due to the 

reduced period of disease duration of the patients subjected to this biomechanical assessment, it is 

not possible to see accentuated deviations between the gait patterns of each population. Surprisingly, 

in spite of the foot seems like a compact structure of the human body, it is confirmed through the 

biomechanical analysis that the chosen segment really move among them, even if it is just few 

degrees. 

Even though, the analysis provided by this protocol is not very accurate as it was expected. As 

more complex a biomechanical model gets, which is translated by a more comprehensive markers 

protocol (more markers), more rigorous and meticulous should be the marker placement. Hyslop et al. 

(2010) perform a careful palpation procedure with resource not only to laser guides but to an 

ultrasound system which certainly minimizes the error associated with a dislocated bone landmark. 

Since one of the main premises of this study is to avoid spending much time on the assessment in 

order to minimize the discomfort of the patient, the palpation procedure is not that exhaustive and thus 

limited by the sensibility of touch. Therefore, considering specially those movements which range of 

motion is too short, a slightly deviation of few millimetres is enough to generate a considerable 

variation in the axes definition of a given rigid body leading to a deviation on the pattern. This happens 

especially for the midfoot’s inversion/eversion movement that presents low range of motion and which 

is calculated through markers placed on the most difficult palpable landmarks in whole foot model. 

Equally, this also explains the erroneous measurements obtained for the navicular height which is 

important to assess the medial longitudinal arch deformity. 

As stated before, resourcing to local reference frames to describe the position and orientation 

of each rigid body during the dynamical trials limits the calculation of the real joint rotation axes since 

the orthogonally conditions must be fulfilled. Then, in future works, the resource to the calculation of 

rotations around additional arbitrary axes (which are described in the local reference frame and 

faithfully reproduce the missed real joint rotation axes) should be taken in consideration, since they 

can be decomposed in a set of rotations about x, y and z axes. Moreover, the existence off an extra 

rigid body that is only referenced to the global reference frame, particularly the shank, makes 
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impossible the interpretation of the movements performed by that rigid body. The inclusion of an 

additional thigh rigid body on the model (which would involve a larger marker protocol) or the 

description of the shank rigid body in the rearfoot’s reference frames (which is done by Woodburn et 

al., 2004) should be approached in new studies. 

While the measurements of the inter-segment kinematics are dependent to the quality of the 

markers placement, the direct measurements of ground reaction forces, plantar pressure distribution 

and spatiotemporal variables is much accurate and presents minor standard errors of measurement. 

Performing a biomechanical assessment of gait variables permit to measure how the foot 

impairment generally progresses over time by monitoring the current foot function of a patient and 

permits simultaneously to evaluate the outcome of both pharmacological and non-pharmacological 

interventions in PsA (Hyslop et al., 2010). Despite the few numbers of control individuals and patients 

with PsA involved in this study as well as the marker placement issue, it is possible to trace some 

trends which majority will certainly be statistical significant with higher populations. This work confirms 

that it is possible to track biomechanical changes in patients in early stages of PsA as it was done by 

Turner et al. (2006) with patients in early stages of rheumatoid arthritis, also covering individuals 

whose disease duration was inferior than 2 years. 

Foot impairments such as pes planovalgus and claw toe are clearly confirmed with resource to 

plantar pressure distribution measuring devices and also through inter-segment kinematics such as 

peak rearfoot eversion angle, peak midfoot inversion angle (through the “twisting” movement, although 

it was not reached), peak 1st midtarsal eversion angle and low ranges of motion in foot’s joints (Hyslop 

et al., 2010). The navicular height is also a good indicator of foot deformity as stated before, despite 

the unconformity of the results (Hyslop et al., 2010). 

Adapted gait patterns are identified through the spatiotemporal variables, peak ground 

reaction forces, peak rearfoot pressure, peak lateral forefoot pressure and terminal stance 

plantarflexion angle, since they mirror the altered foot function due to pain and swollen joints, mainly 

affecting Achilles tendon and plantar fascia and as well as metatarsophalangeal joint sites (Hyslop et 

al., 2010). 

As future developments, this biomechanical model needs to progress in order to evaluate not 

only gait kinematics subjected to joint constraints but also in gait dynamics (in a multibody dynamics 

approach) for deeper analysis including joint forces, joint momentums, energies and powers that play 

important roles on the momentum (Winter, 1991). Performing inverse dynamics as well as forward 

dynamics, it gives rise to muscles, tendons and ligaments to be simultaneously defined and more 

visibility to the most critical zones where the disease triggers and spreads. Contact models and joints 

computational modelling should also be taken into account considering the real anatomical 

movements between adjacent segments and the classification of the joint that bonds them together. 

Similarly, since bone erosion affects mainly the calcaneus bone at the level of the insertions of 

the plantar fascia and Achilles’ tendon, it will be certainly promising if a three dimensional model of 

finite elements of the calcaneus bone and tendons would be developed. A co-simulation can be 

coupled to existing mathematical models of bone remodelling resulting in some numbers that can 

support the occurrence of that bone erosion. It could reflect that calcaneus bone is one of the most 
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punished bones of the whole body since it supports more than the body weight and in pathological 

conditions (of some factors predisposition) it leads to the disease. 

These are just few steps that would certainly enrich this work and take it to a next level. 
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APPENDIX A:  MUSCLES OF THE LEG AND FOOT 

 

 

Figure 52: Muscles of the anterior muscle compartment (left) and of the lateral muscle compartment (right) (Drake et al., 2009). 
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Figure 53: Muscles of the superficial (left) and deep (right) layers of the posterior muscle compartment (Drake et al., 2009). 
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APPENDIX B:  OVERLAPPED K INEMATIC AND K INETIC PATTERNS OF 

BOTH POPULATIONS  

 

Figure 54: Kinematic gait patterns of the shank rigid body in both limbs of the two populations. Each row corresponds to left and 

right limbs, while each column represents extension(+)/flexion(-) (Ext/Flx), adduction(+)/abduction(-) (Add/Abd) and 

internal(+)/external(-) rotations (Int/Ext). The blue lines represent the control population while the red ones represent the PsA. 

The solid lines are the population’s mean curve while the dashed black lines are the standard deviation limits. 

 

 

 

Figure 55: Kinematic gait patterns of the rearfoot rigid body in both limbs of the two populations. Each row corresponds to left 

and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) and 

internal(+)/external(-) rotations(Int/Ext). The blue lines represent the control population while the red ones represent the PsA. 

The solid lines are the population’s mean curve while the dashed black lines are the standard deviation limits. 
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Figure 56: Kinematic gait patterns of the midfoot rigid body in both limbs of the two populations. Each row corresponds to left 

and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) and 

adduction(+)/abduction(-) (Add/Abd). The blue lines represent the control population while the red ones represent the PsA. The 

solid lines are the population’s mean curve while the dashed black lines are the standard deviation limits. 

 

 

 

Figure 57: Kinematic gait patterns of the 1st metatarsal rigid body in both limbs of the two populations. Each row corresponds to 

left and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) and 

adduction(+)/abduction(-) (Add/Abd). The blue lines represent the control population while the red ones represent the PsA. The 

solid lines are the population’s mean curve while the dashed black lines are the standard deviation limits. 
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Figure 58: Kinematic gait patterns of the lateral forefoot rigid body in both limbs of the two populations. Each row corresponds to 

left and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) and 

adduction(+)/abduction(-) (Add/Abd). The blue lines represent the control population while the red ones represent the PsA. The 

solid lines are the population’s mean curve while the dashed black lines are the standard deviation limits. 

 

 

 

Figure 59: Kinematic gait patterns of the single foot rigid body in both limbs of the two populations. Each row corresponds to left 

and right limbs, while each column represents dorsiflexion(+)/plantarflexion(-) (Df/Pf), inversion(+)/eversion(-) (Inv/Evr) and 

internal(+)/external(-) rotations (Int/Ext). The blue lines represent the control population while the red ones represent the PsA. 

The solid lines are the population’s mean curve while the dashed black lines are the standard deviation limits. 
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Figure 60: Kinetic/Ground reaction force patterns in both limbs of the two populations. Each row corresponds to left and right 

limbs, while each column represents the mediolateral (GRF-ML), anteroposterior (GRF-AP) and vertical (GRF-Vert) 

components. The blue lines represent the control population while the red ones represent the PsA. The solid lines are the 

population’s mean curve while the dashed black lines are the standard deviation limits. 

 

 

 

Figure 61: Kinematic gait patterns of the navicular bone’s height in both limbs of the two populations. Each row corresponds to 

left and right limbs. The blue lines represent the control population while the red ones represent the PsA. The solid lines are the 

population’s mean curve while the dashed black lines are the standard deviation limits. 
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APPENDIX C: INTER-SEGMENT K INEMATIC STATISTICAL RESULTS 

Table 14: Statistical results of shank’s extension(+)/flexion(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control  PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
   Mean  ±  SE  Mean  ± SE 

Shank  
 
Extension(+)/ 
Flexion(-)  
 
(X-Axis) 

Initial heel 
contact (deg) 

Left 19.10 ± 0.945 20.2 ± 0.643 0.337 0.696 0.901  
Right 18.40 ± 0.608 20.7 ± 1.26 0.123 0.101 0.243 t 

Opposite toe-
off (deg) 

Left 4.03 ± 1.03 5.07   ± 0.965 0.475 0.633 0.826  
Right 4.16 ± 0.86 4.88 ± 0.87 0.561 0.515 0.738  

Heel rise (deg) Left -9.02 ± 1.25 -5.72 ± 0.875 <0.05 0.101 0.148 X 
Right -8.90 ± 0.958 -6.13 ± 0.442 <0.05 <0.05 <0.05 X 

Opposite heel 
contact (deg) 

Left -22.9 ± 1.47 -21.2 ± 0.378 0.289 0.515 <0.05 t 
Right -23.1 ± 1.36 -20.8 ± 0.976 0.189 0.360 0.148 t 

Toe-off (deg) 
Left -44.4 ± 1.69 -44.4 ± 0.675 0.971 0.762 0.148  
Right -44.3 ± 1.67 -42.3 ± 1.09 0.326 0.460 0.458  

Peak flexion 
(deg) 

Left -44.4 ± 1.69 -44.3 ± 0.678 0.962 0.762 0.148  
Right -44.2 ± 1.67 -42.2 ± 1.09 0.333 0.460 0.458  

Peak extension 
(deg) 

Left 19.1 ± 0.945 20.2 ± 0.643 0.337 0.696 0.901  
Right 18.4 ± 0.608 20.7 ± 1.26 0.123 0.101 0.243 t 

Range of 
motion (deg) 

Left 63.4 ± 1.62 64.5 ± 1.01 0.592 0.897 0.738  
Right 62.6 ± 1.61 63.00 ± 1.89 0.889 0.897 0.642  

 

Table 15: Statistical results of shank’s adduction(+)/abduction(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control  PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
Mean  ± SE Mean ± SE 

Shank  
 
Adduction(+)/ 
Abduction(-)  
 
(Y-Axis) 

Initial heel 
contact (deg) 

Left  10.2 ± 0.776 10.1 ± 0.863 0.930 0.897 0.626  
Right  9.35 ± 0.917 11.1 ± 0.947 0.198 0.203 0.376 t 

Opposite toe-
off (deg) 

Left  6.85 ± 0.707 7.44 ± 0.835 0.602 0.696 0.826  
Right  5.68 ± 0.878 6.80 ± 0.581 0.303 0.315 0.458 t 

Heel rise (deg) 
Left  5.15 ± 0.554 6.48 ± 0.57 0.114 0.173 0.086 t 
Right  3.88 ± 0.664 4.71 ± 0.523 0.342 0.515 0.376  

Opposite heel 
contact (deg) 

Left  0.945 ± 0.655 1.85 ± 0.992 0.436 0.360 0.243  
Right  -0.656 ± 0.976 -1.18 ± 0.861 0.693 1.000 0.826  

Toe-off (deg) 
Left  -9.53 ± 1.09 -8.32 ± 1.62 0.546 0.515 0.738  
Right  -11.2 ± 1.32 -12.8 ± 1.35 0.400 0.408 0.243  

Peak abduction 
(deg) 

Left  -9.52 ± 1.08 -8.43 ± 1.58 0.579 0.573 0.738  
Right  -11.2 ± 1.30 -12.8 ± 1.35 0.398 0.408 0.243  

Peak adduction 
(deg) 

Left  10.2 ± 0.776 10.2 ± 0.843 0.974 0.965 0.997  
Right  9.37 ± 0.917 11.1 ± 0.942 0.196 0.237 0.376 t 

Range of 
motion (deg) 

Left  19.7 ± 1.5 18.6 ± 1.18 0.562 0.515 0.642  
Right  20.6 ± 1.64 23.9 ± 1.95 0.203 0.173 0.086 t 

 

Table 16: Statistical results of shank’s internal(+)/external(-) rotation kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control  PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
Mean ±  SE Mean ± SE 

Shank  
 
Internal(+)/ 
External(-) 
rotation 
 
(Z-Axis) 

Initial heel 
contact (deg) 

Left  -2 ± 1.08 -0.344 ± 2.16 0.507 0.146 <0.05 t 
Right  -3.04 ± 1.38 -4.94 ± 2.11 0.465 0.408 0.547  

Opposite toe-
off (deg) 

Left  5.32 ± 1.67 5.68 ± 1.72 0.882 0.897 0.955  
Right  6.54 ± 1.68 2.94 ± 2.07 0.199 0.237 0.191 t 

Heel rise (deg) 
Left  2.08 ± 1.44 1.92 ± 1.83 0.946 0.762 0.738  
Right  3.10 ± 1.77 -0.636 ± 2.19 0.206 0.173 0.305 t 

Opposite heel 
contact (deg) 

Left  0.799 ± 1.42 -0.347 ± 1.85 0.631 0.696 0.901  
Right  2.43 ± 1.82 -1.53 ± 2.16 0.182 0.237 0.305 t 

Toe-off (deg) 
Left  -2.69 ± 1.25 -3.95 ± 2.96 0.746 0.897 0.901  
Right  0.273 ± 1.93 -3.87 ± 2.59 0.221 0.274 0.738 t 

Peak external 
rotation (deg) 

Left  -4.25 ± 1.00 -5.39 ± 2.28 0.657 0.965 0.901  
Right  -3.70 ± 1.44 -6.25 ± 2.09 0.333 0.360 0.458 t 

Peak internal 
rotation (deg) 

Left  6.18 ± 1.68 6.17 ± 1.75 0.998 0.965 1.000  
Right  7.87 ± 1.73 4.07 ± 1.97 0.167 0.203 0.191 t 

Range of 
motion (deg) 

Left  10.4 ± 1.09 11.6 ± 1.12 0.478 0.515 0.547  
Right  11.6 ± 0.818 10.3 ± 0.582 0.232 0.237 0.376 t 
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Table 17: Statistical results of rearfoot’s dorsiflexion(+)/plantarflexion(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control  PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
Mean ± SE Mean ± SE 

Rearfoot  
 
Dorsiflex (+)/ 
Plantarflex (-) 
 
(X-Axis) 

Initial heel 
contact (deg) 

Left  2.99 ± 1.20 0.487 ± 1.06 0.138 0.237 0.547 t 
Right  -2.92 ± 0.90 -2.92 ± 1.11 0.997 0.965 0.826  

Opposite toe-
off (deg) 

Left  -3.69 ± 0.684 -4.38 ± 0.642 0.473 0.573 0.458  
Right  -7.18 ± 0.795 -7.20 ± 1.03 0.991 0.965 0.826  

Heel rise (deg) 
Left  3.39 ± 0.79 2.13 ± 0.467 0.189 0.237 0.547 t 
Right  -0.962 ± 0.908 -0.0327 ± 0.521 0.390 0.515 0.376  

Opposite heel 
contact (deg) 

Left  4.82 ± 0.771 6.26 ± 0.79 0.211 0.203 0.086 t 
Right  0.866 ± 0.975 3.17 ± 0.901 0.103 0.203 0.243 t 

Toe-off (deg) 
Left  -8.03 ± 1.64 -5.09 ± 1.36 0.186 0.146 0.064 t 
Right  -10.3 ± 1.27 -9.13 ± 1.47 0.549 0.633 0.305  

Peak 
plantarflex(deg) 

Left  -8.96 ± 1.24 -7.71 ± 0.922 0.431 0.360 0.458  
Right  -11.30 ± 0.925 -11.00 ± 1.29 0.834 0.965 0.997  

Peak dorsiflex 
(deg) 

Left  5.76 ± 0.877 6.56 ± 0.74 0.495 0.203 0.086 t 
Right  1.24 ± 0.918 3.80 ± 0.84 0.057 0.101 0.064 t 

Range of 
motion (deg) 

Left  14.7 ± 0.918 14.3 ± 1.32 0.784 0.573 0.738  
Right  12.6 ± 1.02 14.8 ± 1.13 0.165 0.122 <0.05 t 

 

Table 18: Statistical results of rearfoot’s inversion(+)/eversion(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control  PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
Mean ± SE Mean ± SE 

Rearfoot  
 
Inversion(+)/ 
Eversion(-) 
 
(Y-Axis) 

Initial heel 
contact (deg) 

Left  1.76 ± 1.35 0.811 ± 0.815 0.559 0.897 0.547  
Right  0.30 ± 0.727 1.21 ± 0.872 0.434 0.315 0.305  

Opposite toe-
off (deg) 

Left  -0.876 ± 0.845 -1.37 ± 0.374 0.606 0.573 0.738  
Right  -0.574 ± 0.571 -2.16 ± 0.91 0.166 0.274 0.376 t 

Heel rise (deg) 
Left  -0.546 ± 1.04 -1.94 ± 0.518 0.253 0.274 0.376 t 
Right  -2.07 ± 0.51 -2.19 ± 0.854 0.909 0.762 0.624  

Opposite heel 
contact (deg) 

Left  1.39 ± 0.975 -0.363 ± 0.786 0.180 0.237 0.243 t 
Right  -0.778 ± 0.554 -0.976 ± 0.865 0.850 1.000 0.997  

Toe-off (deg) 
Left  5.49 ± 1.45 3.82 ± 1.52 0.438 0.633 0.985  
Right  2.62 ± 1.12 2.27 ± 1.10 0.827 0.897 0.901  

Peak eversion 
(deg) 

Left  -2.21 ± 0.929 -2.88 ± 0.475 0.531 0.696 0.547  
Right  -2.70 ± 0.536 -3.32 ± 0.866 0.554 0.897 0.826  

Peak inversion 
(deg) 

Left  5.97 ± 1.36 4.37 ± 1.33 0.416 0.408 0.826  
Right  3.25 ± 0.984 2.94 ± 0.981 0.824 0.696 0.738  

Range of 
motion (deg) 

Left  8.18 ± 0.694 7.25 ± 1.02 0.469 0.315 0.305  
Right  5.95 ± 0.741 6.25 ± 0.759 0.777 0.897 0.901  

 

Table 19: Statistical results of rearfoot’s internal(+)/external(-) rotation kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control  PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
Mean ± SE Mean ± SE 

Rearfoot  
 
Internal(+)/ 
External(-) 
rotation 
 
(Z-Axis) 

Initial heel 
contact (deg) 

Left  0.0447 ± 1.61 -0.706 ± 0.922 0.692 0.573 0.376  
Right  -2.72 ± 0.885 -0.81 ± 1.48 0.291 0.515 0.826 t 

Opposite toe-
off (deg) 

Left  -5.62 ± 1.09 -6.17 ± 1.35 0.758 0.696 0.738  
Right  -6.84 ± 1.15 -6.86 ± 2.42 0.996 0.515 0.547  

Heel rise (deg) 
Left  -3.47 ± 0.989 -3.22    ± 1.460 0.888 0.633 0.738  
Right  -5.15 ± 0.743 -3.38 ± 1.86 0.399 0.203 0.191 t 

Opposite heel 
contact (deg) 

Left  -1.72 ± 1.18 0.0713 ± 1.86 0.433 0.408 0.305  
Right  -2.79 ± 0.665 -1.08 ± 1.67 0.368 0.515 0.458  

Toe-off (deg) 
Left  2.25 ± 1.31 1.08 ± 2.18 0.653 0.897 0.826  
Right  -0.604 ± 1.08 -0.00108 ± 3.03 0.855 0.515 0.458  

Peak external 
rotation (deg) 

Left  -8.03 ± 1.14 -7.88 ± 1.44 0.934 0.829 0.738  
Right  -9.58 ± 1.01 -8.87 ± 1.98 0.755 1.000 0.985  

Peak internal. 
rotation (deg) 

Left  4.89 ± 1.26 4.60    ± 1.50 0.883 0.829 0.901  
Right  1.65 ± 0.519 3.76    ± 2.54 0.439 0.897 0.826  

Range of 
motion (deg) 

Left  12.90 ± 0.837 12.50 ± 1.11 0.735 0.829 0.826  
Right  11.20 ± 0.897 12.60 ± 1.35 0.404 0.460 0.738  

  



 

 

121 
 

Table 20: Statistical results of midfoot’s dorsiflexion(+)/plantarflexion(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control  PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
Mean ± SE Mean ± SE 

Midfoot  
 
Dorsiflex(+)/ 
Plantarflex(-) 
 
(X-Axis) 

Initial heel 
contact (deg) 

Left  -4.63 ± 1.04 -5.73 ± 0.86 0.427 0.515 0.901  
Right  1.26 ± 0.527 -1.62 ± 1.25 0.0614 <0.05 <0.05 X 

Opposite toe-
off (deg) 

Left  0.00906 ± 0.98 -1.29 ± 0.665 0.289 0.203 0.148 t 
Right  3.5 ± 0.625 1.56 ± 1.32 0.214 0.360 0.305 t 

Heel rise (deg) 
Left  3.76 ± 1.05 1.66 ± 0.671 0.115 0.0831 <0.05 t 
Right  7.47 ± 0.561 4.46 ± 0.751 <0.05 <0.05 <0.05 X 

Opposite heel 
contact (deg) 

Left  5.71 ± 1.41 5.31 ± 0.935 0.817 0.897 0.738  
Right  9.08 ± 0.83 7.20 ± 0.518 0.0751 0.101 <0.05  

Toe-off (deg) 
Left  -9.1 ± 1.36 -9.29 ± 1.58 0.929 1.000 0.985  
Right  -4.94 ± 0.722 -6.76 ± 1.50 0.302 0.237 0.243 t 

Peak 
plantarflex(deg) 

Left  -9.5 ± 1.31 -9.43 ± 1.53 0.973 0.897 0.642  
Right  -4.98 ± 0.727 -6.93 ± 1.39 0.242 0.203 0.243 t 

Peak dorsiflex 
(deg) 

Left  6.38 ± 1.38 5.77 ± 0.849 0.709 0.762 0.738  
Right  10.00 ± 0.749 7.95 ± 0.458 <0.05 <0.05 <0.05 X 

Range of 
motion (deg) 

Left  15.90 ± 0.736 15.20 ± 1.64 0.711 0.274 <0.05 t 
Right  15.00 ± 0.509 14.90 ± 1.41 0.935 0.965 0.738  

 

Table 21: Statistical results of midfoot’s inversion(+)/eversion(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control  PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
Mean ± SE Mean ± SE 

Midfoot  
 
Inversion(+)/ 
Eversion(-) 
 
(Y-Axis) 

Initial heel 
contact (deg) 

Left  0.133 ± 0.449 -0.27 ± 1.05 0.745 0.897 0.738  
Right  1.59 ± 0.627 0.95 ± 1.12 0.625 0.829 0.985  

Opposite toe-
off (deg) 

Left  -1.82 ± 0.272 -0.947 ± 0.708 0.280 0.408 0.114 t 
Right  0.37 ± 0.75 0.376 ± 0.657 0.996 0.829 0.826  

Heel rise (deg) 
Left  -2.69 ± 0.342 -1.33 ± 0.618 0.080 0.068 0.114  
Right  -0.66 ± 0.725 -0.585 ± 0.597 0.937 0.696 0.642  

Opposite heel 
contact (deg) 

Left  -1.76 ± 0.379 -0.828 ± 0.67 0.252 0.315 0.114 t 
Right  0.521 ± 0.798 0.731 ± 0.846 0.859 0.696 0.458  

Toe-off (deg) 
Left  -1.48 ± 0.583 -1.55 ± 0.984 0.947 0.965 0.826  
Right  1.20 ± 0.852 0.842 ± 0.86 0.771 0.696 0.901  

Peak eversion 
(deg) 

Left  -3.99 ± 0.434 -3.13 ± 0.735 0.334 0.315 0.376  
Right  -1.76 ± 0.664 -1.68 ± 0.706 0.937 0.897 0.826  

Peak inversion 
(deg) 

Left  1.04 ± 0.265 1.18 ± 0.854 0.878 0.762 0.148  
Right  2.60 ± 0.669 2.64 ± 0.792 0.972 0.897 0.642  

Range of 
motion (deg) 

Left  5.03 ± 0.398 4.32 ± 0.329 0.183 0.360 0.738 t 
Right  4.36 ± 0.333 4.32 ± 0.455 0.943 0.829 0.826  

 

Table 22: Statistical results of midfoot’s adduction(+)/abduction(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control  PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
Mean ± SE Mean ± SE 

Midfoot  
 
Adduction(+)/ 
Abduction(-) 
 
(Z-Axis) 

Initial heel 
contact (deg) 

Left  -1.10 ± 1.06 -1.20 ± 0.707 0.939 0.829 0.985  
Right  2.12 ± 1.10 0.133 ± 1.17 0.234 0.515 0.376 t 

Opposite toe-
off (deg) 

Left  -2.04 ± 0.565 -0.76 ± 0.588 0.136 0.237 0.305 t 
Right  -1.11 ± 0.845 -0.0981 ± 0.509 0.321 0.360 0.191  

Heel rise (deg) 
Left  -0.673 ± 0.683 0.460 ± 0.831 0.310 0.573 0.738  
Right  0.786 ± 1.00 0.389 ± 0.516 0.731 0.573 0.485  

Opposite heel 
contact (deg) 

Left  -0.159 ± 0.818 -0.0623 ± 1.08 0.944 0.965 0.955  
Right  1.36 ± 0.785 1.43 ± 0.873 0.956 0.762 0.955  

Toe-off (deg) 
Left  1.63 ± 0.583 1.51     ± 0.685 0.897 0.897 0.901  
Right  4.84 ± 0.902 3.07     ± 0.811 0.165 0.360 0.376 t 

Peak abduction 
(deg) 

Left  -5.14 ± 0.649 -3.89 ± 0.581 0.172 0.315 0.376 t 
Right  -3.09 ± 0.887 -3.13 ± 0.878 0.977 0.965 0.985  

Peak adduction 
(deg) 

Left  3.37 ± 0.699 3.23     ± 0.753 0.889 0.965 0.997  
Right  5.58 ± 0.743 4.43     ± 0.494 0.220 0.360 0.458 t 

Range of 
motion (deg) 

Left  8.51 ± 0.939 7.12     ± 0.742 0.262 0.315 0.642 t 
Right  8.67 ± 0.755 7.56     ± 0.569 0.260 0.408 0.738 t 
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Table 23: Statistical results of 1st metatarsal’s dorsiflexion(+)/plantarflexion(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control  PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
Mean ± SE Mean ± SE 

1st metatarsal  
 
Dorsiflex(+)/ 
Plantarflex(-) 
 
(X-Axis) 

Initial heel 
contact (deg) 

Left  1.07 ± 0.727 -0.602 ± 0.896 0.168 0.274 0.547 t 
Right  2.09 ± 1.43 0.98 ± 0.614 0.490 0.573 0.458  

Opposite toe-
off (deg) 

Left  -0.109 ± 0.47 -1.24 ± 0.884 0.284 0.360 0.458 t 
Right  -0.266 ± 0.933 -1.06 ± 0.562 0.480 0.762 0.547  

Heel rise (deg) 
Left  0.0156 ± 0.239 -0.537 ± 0.523 0.360 0.315 0.144.  
Right  0.139 ± 0.514 0.384 ± 0.609 0.763 0.633 0.738  

Opposite heel 
contact (deg) 

Left  1.25 ± 0.495 0.538 ± 0.589 0.370 0.460 0.547  
Right  1.54 ± 0.591 1.64 ± 0.584 0.905 0.633 0.901  

Toe-off (deg) 
Left  -1.03 ± 1.01 -1.98 ± 1.33 0.578 0.696 0.901  
Right  -1.20 ± 1.06 -2.54 ± 0.906 0.349 0.460 0.458  

Peak 
plantarflex(deg) 

Left  -2.38 ± 0.569 -3.17 ± 1.04 0.520 0.460 0.547  
Right  -2.97 ± 1.06 -3.01 ± 0.748 0.974 0.965 1.000  

Peak dorsiflex 
(deg) 

Left  2.59 ± 0.501 1.41 ± 0.675 0.182 0.203 0.114 t 
Right  3.70 ± 1.12 2.81 ± 0.537 0.483 1.000 0.826  

Range of 
motion (deg) 

Left  4.98 ± 0.653 4.58 ± 0.659 0.678 0.633 0.826  
Right  6.67 ± 1.25 5.82   ± 0.856 0.581 1.000 0.901  

 

Table 24: Statistical results of 1st metatarsal’s inversion(+)/eversion(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control  PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
Mean ± SE Mean ± SE 

1st metatarsal  
 
Inversion(+)/ 
Eversion(-) 
 
(Y-Axis) 

Initial heel 
contact (deg) 

Left  -3.01 ± 2.58 -7.58 ± 2.53 0.224 0.237 0.305 t 
Right  1.02 ± 2.84 -5.88 ± 1.90 0.0618 <0.05 <0.05 X 

Opposite toe-
off (deg) 

Left  -1.09 ± 2.65 -3.72 ± 1.99 0.439 0.573 0.901  
Right  -1.51 ± 1.10 -4.89 ± 0.755 <0.05 <0.05 <0.05 X 

Heel rise (deg) 
Left  0.0837 ± 2.3 -1.86 ± 1.77 0.514 0.696 0.826  
Right  1.81 ± 1.20 -0.321 ± 1.07 0.202 0.315 0.305 t 

Opposite heel 
contact (deg) 

Left  -2.74 ± 2.71 -3.54 ± 1.71 0.807 0.829 0.985  
Right  -2.18 ± 1.21 -4.80 ± 1.99 0.282 0.315 0.191 t 

Toe-off (deg) 
Left  -9.32 ± 3.16 -13.2 ± 2.75 0.371 0.515 0.738  
Right  -9.05 ± 1.74 -17.1 ± 2.75 <0.05 <0.05 <0.05 X 

Peak eversion 
(deg) 

Left  -10.6 ± 3.15 -14.6 ± 2.67 0.353 0.408 0.738  
Right  -10.7 ± 2.05 -17.6 ± 2.76 0.0637 0.0831 0.114 t 

Peak inversion 
(deg) 

Left  2.71 ± 2.52 3.12 ± 3.02 0.918 1.000 0.985  
Right  6.31 ± 2.05 2.65 ± 1.11 0.140 0.203 0.243 t 

Range of 
motion (deg) 

Left  13.3 ± 2.15 17.7 ± 3.25 0.284 0.360 0.738 t 
Right  17.0 ± 3.09 20.30 ± 2.73 0.438 0.274 0.114 t 

 

Table 25: Statistical results of 1st metatarsal’s abduction(+)/adduction(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control  PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
Mean ± SE Mean ± SE 

1st metatarsal  
 
Abduction(+)/ 
Adduction(-) 
 
(Z-Axis) 

Initial heel 
contact (deg) 

Left  -0.743 ± 1.32 2.20 ± 1.37 0.142 0.203 0.376 t 
Right  -0.091 ± 1.28 0.929 ± 0.934 0.530 0.897 0.955  

Opposite toe-
off (deg) 

Left  -1.31 ± 1.11 1.00 ± 0.799 0.122 0.203 0.376 t 
Right  -0.128 ± 0.422 0.301 ± 0.708 0.613 0.829 0.901  

Heel rise (deg) 
Left  -1.65 ± 1.14 0.151 ± 0.708 0.202 0.360 0.376 t 
Right  -2.47   ± 0.752 -1.46 ± 1.09 0.458 0.360 0.148  

Opposite heel 
contact (deg) 

Left  0.123 ± 1.15 1.82 ± 0.643 0.217 0.515 0.738 t 
Right  0.467 ± 0.602 0.391 ± 0.728 0.937 0.897 0.826  

Toe-off (deg) 
Left  6.34 ± 1.15 8.74 ± 2.13 0.342 0.460 0.458  
Right  6.55    ± 0.711 8.36 ± 1.02 0.171 0.237 0.376 t 

Peak adduction 
(deg) 

Left  -3.34 ± 1.35 -1.73 ± 0.805 0.321 0.515 0.738  
Right  -3.72   ± 0.999 -2.99 ± 0.91 0.596 0.573 0.642  

Peak abduction 
(deg) 

Left  7.29 ± 1.13 10.1 ± 1.95 0.239 0.203 0.243 t 
Right  8.03    ± 0.875 9.16 ± 0.944 0.394 0.460 0.738  

Range of 
motion (deg) 

Left  10.60 ± 0.82 11.80 ± 1.64 0.534 0.696 0.826  
Right  11.80 ± 1.61 12.10 ± 1.20 0.845 0.515 0.376  
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Table 26: Statistical results of lateral forefoot’s dorsiflexion(+)/plantarflexion(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot Control  

Mean ± SE 
PsA 

Mean ± SE 
p 

(Wt) 
p 

(MWU) 
p 

(KS) 
 

Lateral 
forefoot 
 
Dorsiflex(+)/ 
Plantarflex(-) 
 
(X-Axis) 

Initial heel 
contact (deg) 

Left  -6.50 ± 1.52 -3.35 ± 1.70 0.188 0.203 0.458 t 
Right  -4.22 ± 0.906 -3.52 ± 0.912 0.592 0.633 0.901  

Opposite toe-
off (deg) 

Left  0.0233 ± 1.52 0.462 ± 1.43 0.836 0.633 0.826  
Right  0.838 ± 1.21 1.63 ± 0.971 0.617 0.633 0.826  

Heel rise (deg) 
Left  0.868 ± 1.07 1.80 ± 1.16 0.563 0.696 0.547  
Right  2.52 ± 0.937 2.58 ± 0.514 0.960 0.762 0.738  

Opposite heel 
contact (deg) 

Left  -0.422 ± 1.15 1.22 ± 1.37 0.374 0.573 0.376  
Right  1.53 ± 0.948 1.99 ± 0.604 0.685 0.897 0.738  

Toe-off (deg) 
Left  -5.67 ± 1.22 -4.40 ± 1.56 0.532 0.515 0.738  
Right  -3.81 ± 0.891 -1.66 ± 1.12 0.154 0.122 0.376 t 

Peak 
plantarflex(deg) 

Left  -8.88 ± 1.28 -5.80 ± 1.83 0.191 0.274 0.191 t 
Right  -5.38 ± 0.882 -4.81 ± 0.658 0.607 0.829 0.985  

Peak dorsiflex 
(deg) 

Left  3.38 ± 1.36 3.35 ± 1.22 0.987 0.696 0.642  
Right  4.22 ± 0.88 4.74 ± 0.836 0.675 0.696 0.738  

Range of 
motion (deg) 

Left  12.3 ± 1.44 9.15 ± 1.29 0.128 0.237 0.305 t 
Right  9.60 ± 0.518 9.54 ± 1.07 0.962 0.897 0.826  

 

Table 27: Statistical results of lateral forefoot’s inversion(+)/eversion(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot Control  

Mean ± SE 
PsA 

Mean ± SE 
p 

(Wt) 
p 

(MWU) 
p 

(KS) 
 

Lateral 
forefoot 
 
Inversion(+)/ 
Eversion(-) 
 
(Y-Axis) 

Initial heel 
contact (deg) 

Left  2.70 ± 1.40 3.26 ± 2.35 0.841 0.897 0.738  
Right  4.45 ± 0.674 3.20 ± 2.62 0.656 0.360 0.305  

Opposite toe-
off (deg) 

Left  -1.15 ± 0.73 -1.70 ± 1.87 0.789 0.762 0.901  
Right  0.333 ± 0.73 -1.20 ± 1.9 0.472 0.315 0.458  

Heel rise (deg) 
Left  -2.28 ± 0.85 -1.49 ± 1.67 0.681 0.829 0.826  
Right  -0.993 ± 0.469 -0.638 ± 1.76 0.850 0.762 0.305  

Opposite heel 
contact (deg) 

Left  1.63 ± 1.26 1.37 ± 1.84 0.909 0.696 0.642  
Right  3.16 ± 0.836 2.84 ± 2.03 0.889 0.460 0.547  

Toe-off (deg) 
Left  1.61 ± 0.81 3.76 ± 2.39 0.418 0.173 <0.05 t 
Right  3.51 ± 1.03 0.696 ± 2.20 0.273 0.146 0.305 t 

Peak evertion 
(deg) 

Left  -4.35 ± 0.631 -2.85 ± 1.69 0.429 0.408 0.458  
Right  -2.42 ± 0.465 -3.55 ± 2.16 0.622 0.762 0.458  

Peak inversion 
(deg) 

Left  5.57 ± 1.07 6.23 ± 2.19 0.793 0.696 0.642  
Right  6.84 ± 0.936 5.25 ± 2.25 0.530 0.203 0.191 t 

Range of 
motion (deg) 

Left  9.92 ± 0.988 9.08 ± 1.13 0.583 0.633 0.738  
Right  9.26 ± 0.865 8.80 ± 1.58 0.804 0.274 0.086 t 

 

Table 28: Statistical results of lateral forefoot’s adduction(+)/abduction(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot Control  

Mean ± SE 
PsA 

Mean ± SE 
p 

(Wt) 
p 

(MWU) 
p 

(KS) 
 

Lateral 
forefoot 
 
Adduction(+)/ 
Abduction(-) 
 
(Z-Axis) 

Initial heel 
contact (deg) 

Left  -7.95 ± 1.78 -4.94 ± 1.49 0.213 0.173 0.376 t 
Right  -5.26 ±0.945 -2.84 ±1.57 0.211 0.408 0.458 t 

Opposite toe-
off (deg) 

Left  -3.30 ± 1.33 -1.86 ± 0.385 0.322 0.762 0.376  
Right  -2.33 ± 0.842 0.00876 ± 1.51 0.203 0.274 0.376 t 

Heel rise (deg) 
Left  -2.52 ± 1.39 -1.17 ± 0.476 0.379 0.515 0.458  
Right  -1.25 ± 0.713 0.786 ± 1.12 0.152 0.173 0.305 t 

Opposite heel 
contact (deg) 

Left  -4.27 ± 1.48 -2.07 ± 0.764 0.210 0.274 0.191 t 
Right  -2.83 ± 0.807 -0.463 ± 1.31 0.151 0.237 0.547 t 

Toe-off (deg) 
Left  -2.15 ± 1.40 -2.37 ± 1.35 0.913 0.897 0.997  
Right  -1.93 ± 1.09 0.519 ± 2.22 0.344 0.460 0.148  

Peak abduction 
(deg) 

Left  -9.89 ± 1.91 -6.66 ± 1.48 0.200 0.173 0.376 t 
Right  -6.46 ± 0.859 -4.84 ± 1.18 0.287 0.315 0.458 t 

Peak adduction 
(deg) 

Left  1.02 ± 1.56 0.982 ± 0.499 0.979 0.515 0.191  
Right  0.199 ± 0.737 3.61 ± 1.77 0.108 0.203 0.376 t 

Range of 
motion (deg) 

Left  10.90± 1.99 7.64 ± 1.16 0.178 0.203 0.458 t 
Right  6.66 ± 0.522 8.45 ± 1.54 0.301 0.762 0.458  
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Table 29: Statistical results of single foot’s dorsiflexion(+)/plantarflexion(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
Mean ± SE Mean ± SE 

Single foot  
 
Dorsiflex(+)/ 
Plantarflex(-) 
 
(X-Axis) 

Initial heel 
contact (deg) 

Left  -2.15 ± 0.989 -3.72 ± 1.31 0.356 0.515 0.376  
Right  -1.60 ± 0.688 -3.74 ± 1.35 0.186 0.146 0.086 t 

Opposite toe-
off (deg) 

Left  -3.83 ± 0.868 -4.49 ± 0.748 0.577 0.897 0.985  
Right  -3.90 ± 0.718 -4.65 ± 0.69 0.463 0.573 0.547  

Heel rise (deg) 
Left  5.24 ± 1.10 3.95 ± 0.591 0.322 0.515 0.738  
Right  5.14 ± 0.829 3.92 ± 0.432 0.212 0.274 0.148 t 

Opposite heel 
contact (deg) 

Left  6.73 ± 1.41 8.68 ± 1.14 0.296 0.573 0.642 t 
Right  6.66 ± 1.02 7.37 ± 1.17 0.651 0.573 0.901  

Toe-off (deg) 
Left  -14.70 ± 1.88 -10.8 ± 2.24 0.195 0.146 0.114 t 
Right  -12.90 ± 1.14 -12.00 ± 1.71 0.686 0.633 0.826  

Peak 
plantarflex(deg) 

Left  -14.9 ± 1.72 -11.3 ± 2.06 0.201 0.146 0.114 t 
Right  -12.90 ± 1.14 -12.20 ± 1.62 0.737 0.633 0.826  

Peak dorsiflex 
(deg) 

Left  7.75 ± 1.28 9.25 ± 0.899 0.354 0.515 0.642  
Right  7.84 ± 0.936 8.31 ± 1.01 0.737 0.633 0.901  

Range of 
motion (deg) 

Left  22.7 ± 1.08 20.6 ± 1.59 0.296 0.315 0.305 t 
Right  20.70 ± 0.892 20.50 ± 1.06 0.883 0.897 0.997  

 

Table 30: Statistical results of single foot’s inversion(+)/eversion(-) kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control  PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
Mean ± SE Mean ± SE 

Single foot  
 
Inversion(+)/ 
Eversion(-) 
 
(Y-Axis) 

Initial heel 
contact (deg) 

Left  2.92 ± 2.00 0.538 ± 1.52 0.357 0.360 0.738  
Right  2.89 ± 1.78 2.22 ± 1.11 0.754 0.897 0.376  

Opposite toe-
off (deg) 

Left  -5.33 ± 1.48 -5.79 ± 1.19 0.812 0.965 0.955  
Right  -3.09 ± 1.53 -5.60 ± 1.38 0.240 0.360 0.738 t 

Heel rise (deg) 
Left  -4.86 ± 1.40 -5.09 ± 0.916 0.895 0.829 0.458  
Right  -4.09 ± 1.12 -4.61 ± 1.09 0.748 0.829 0.955  

Opposite heel 
contact (deg) 

Left  -0.558 ± 1.47 -1.05 ± 1.17 0.796 0.762 0.458  
Right  0.452 ± 1.38 0.203 ± 1.13 0.891 0.762 0.458  

Toe-off (deg) 
Left  2.59 ± 2.21 0.577 ± 1.85 0.495 0.408 0.305  
Right  2.65 ± 1.99 0.208 ± 1.98 0.397 0.315 0.305  

Peak eversion 
(deg) 

Left  -7.24 ± 1.43 -6.90 ± 0.904 0.839 0.965 0.376  
Right  -5.82 ± 1.22 -6.91 ± 1.11 0.514 0.829 0.738  

Peak inversion 
(deg) 

Left  5.76 ± 1.79 3.15 ± 1.65 0.298 0.460 0.738 t 
Right  5.67 ± 1.76 4.36 ± 1.52 0.581 0.696 0.458  

Range of 
motion (deg) 

Left  13.00 ± 0.948 10.00 ± 0.932 <0.05 0.055 0.148 X 
Right  11.50 ± 0.973 11.30 ± 1.08 0.886 0.829 0.826  

 

Table 31: Statistical results of single foot’s internal(+)/external(-) rotation kinematic variables of the two populations. 

Rotation 
Angle Variable/Event Foot 

Control  PsA p 
(Wt) 

p 
(MWU) 

p 
(KS) 

 
Mean ± SE Mean ± SE 

Single foot  
 
Internal(+)/ 
External(-) 
rotation 
 
(Z-Axis) 

Initial heel 
contact (deg) 

Left  -2.88 ± 1.29 -2.88 ± 0.819 0.998 0.897 0.738  
Right  -1.31 ± 0.899 -1.02 ± 1.89 0.896 0.829 0.901  

Opposite toe-
off (deg) 

Left  -7.22 ± 1.29 -6.88 ± 1.07 0.843 0.696 0.642  
Right  -7.35 ± 0.968 -6.64 ± 2.19 0.718 0.633 0.642  

Heel rise (deg) 
Left  -4.61 ± 1.05 -3.47 ± 1.13 0.473 0.460 0.738  
Right  -4.36 ± 0.865 -3.26 ± 1.88 0.607 0.573 0.901  

Opposite heel 
contact (deg) 

Left  -2.37 ± 0.997 -0.688 ± 1.55 0.378 0.315 0.458  
Right  -1.64 ± 1.01 0.0195 ± 1.64 0.405 0.460 0.458  

Toe-off (deg) 
Left  3.35 ± 1.24 1.99 ± 2.19 0.600 0.573 0.738  
Right  3.09 ± 1.11 2.75 ± 2.35 0.899 0.408 0.191  

Peak external 
rotation (deg) 

Left  -8.20 ± 1.36 -7.60 ± 1.07 0.734 0.573 0.642  
Right  -8.83 ± 1.04 -7.62 ± 2.09 0.615 0.573 0.547  

Peak internal 
rotation (deg) 

Left  3.76 ± 1.18 3.58 ± 2.10 0.940 0.897 0.738  
Right  3.69 ± 1.00 4.35 ± 2.20 0.792 0.762 0.547  

Range of 
motion (deg) 

Left  12.00 ± 1.16 11.20 ± 1.47 0.683 0.633 0.901  
Right  12.50 ± 0.895 12.00 ± 1.04 0.692 0.829 0.901  

 


