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Abstract  

Background: Most walking knowledge was developed in relation to walk on level surfaces, 

following a straight line and without interferences from the surrounding environment. 

Nonetheless, walking in everyday life is more demanding than walking on flat surfaces, involve 

more motor skills, coordination and adaptability. Uneven surfaces are frequently found during 

daily walking as well as curves, turns, stairs, sidewalks, potholes, and many other type of 

pathway conditions. It is in these challenging contexts where the subjects are more prone to fall 

and get injured. Around 33% of the postmenopausal women (PW) experience a fall each year, 

which degrades their quality of life and contribute to their high morbidity and mortality. 

Increased body sway and loss of balance were reported as risk factors for falls in PW and many 

other aspects were suggested to impact the ability of PW to safely perform daily activities. Such 

features include the loss of muscle and strength, the loss of fat-free mass, and the increase in 

adiposity. Excessive weight has been reported to contribute to reduced standing stability, loss 

of mobility and higher risk of falls. Overweight can also affect the foot structure and function. 

Although, the feet actions can affect the whole body, little is known about the foot ground 

interaction during walking, particularly when crossing obstacles and changing direction. 

Valuable information on postural and motor pattern strategies can be obtained from plantar 

pressure assessments during side-cut and obstacle tasks. Some plantar pressure studies have 

been performed during walking, however, research about stepping over obstacles and side-cut 

walking is scarce in literature. Regarding the plantar pressure temporal parameters, the paucity 

of research is even greater. Nonetheless, it has been suggested that temporal foot rollover 

assessments can provide additional understanding about: 1) the antero-posterior and medio-

lateral behavior of the foot, 2) the leg and foot muscular activities, 3) the differences regarding 

what is normal and what is pathological walking, and 4) the gait patterns. Objective: Overall 

this thesis aims a better understanding of the foot ground interaction during gait of PW, 

particularly in the following tasks: (1) walking straight-ahead, (2) walking while perform a side-

cut maneuver, and (3) walking while cross an obstacle. Considering that plantar pressure can 

be significantly affected by body weight and PW are prone to gain weight, obesity effects were 

also evaluated in this work. To accomplish the overall objective, three studies were performed 

with the following purposes: (study 1) compare the temporal foot rollover data between straight-

ahead and side-cut walking and to establish a reference dataset for obese and non-obese PW, 
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(study 2) investigate the differences in foot contact times between obese and non-obese PW 

when crossing obstacles and (study 3) compare the temporal foot rollover data between walking 

straight-ahead and walking stepping over obstacles for obese and non-obese PW. Methods: 

One hundred and one PW participated in the study. To assess plantar pressure data the two-step 

protocol was employed. The following ten anatomic pressure areas were considered: lateral 

heel, medial heel, midfoot, metatarsal 1-5, hallux, and toes. The subjects were evaluated in the 

following tasks: (1) walking straight-ahead, (2) walking and performing a side-cut at 45º and 

(3) walking and crossing an obstacle at 30% of their lower limb length. For all the studies, each 

foot area was analyzed regarding the initial contact, the final contact, and the contact duration. 

The foot contact duration was also analyzed for the overall foot area. Obesity levels were 

established using the body mass index (BMI) cut-off value of 27kg/m2. Results: The results of 

the first and third studies revealed significant temporal foot rollover differences on the initial 

contact, final contact, and contact duration of several anatomic pressure areas. The first study 

also showed significant differences for both feet in some instants and phases of foot rollover 

between tasks. Regarding the second study no significant differences were found, in absolute 

foot contact duration for both limbs between obese and non-obese subjects in any of the groups 

evaluated (i.e. heel and non-heel groups). For the relative temporal data only some of the 10 

anatomic pressure areas analyzed revealed significant differences between obese and non-obese 

subjects. Conclusions: The main conclusions that can be drawn from the results are the 

following: (study 1) during the side-cut task the midfoot, lateral forefoot, and the toe areas of 

the trailing limb play a greater role in the initial break and in foot stability. The longer duration 

of the heel, midfoot, and stance phase of the leading limb suggest an increase in the stride length 

of the trailing limb and/or the leaning of the trunk toward the inner side of the turn; (study 2) 

the two-foot rollover profiles detected for the leading limb suggest that the obstacle height might 

be too demanding for the motor ability of some subjects independently of their obesity level. 

The anticipation of contact of some anatomic pressure areas can be imposed by the greater 

inertia of obese subjects, while the excessive weight and greater forces that obese suffer can 

reshape their footprints, leading to changes in the initial contact, final contact and duration of 

different anatomic pressure areas; (study 3) the results suggest that during the obstacle task the 

propulsion phase of the trailing limb is anticipated. The first foot contact of the leading limb 

was made with the metatarsals, leading to a backward foot rollover movement from the 

metatarsal to the heel areas, possibly to provide support to better control the trailing limb swing 

phase that follows. 
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Resumo 

Âmbito: O que sabemos do caminhar é maioritariamente sobre o caminhar sem mudanças de 

direção num piso plano sem interferência do meio ambiente. No entanto, caminhar no dia-a-dia 

é mais exigente do que caminhar apenas em superfícies planas, requer maiores capacidades 

motoras, coordenação e adaptabilidade. No cotidiano quando nos deslocamos deparamo-nos 

frequentemente com curvas, viragens e superfícies desniveladas, tais como escadas, passeios, 

buracos e outras condicionantes no percurso. Nestes contextos mais exigentes os riscos de lesão 

e quedas são maiores. Um terço das mulheres pós-menopáusicas (MP) sofre anualmente uma 

queda, a qual degrada a sua qualidade de vida e contribui para uma maior morbidade e 

mortalidade. Excessiva oscilação corporal e perda de equilíbrio foram reportados como fatores 

de risco de queda em MP para além de outros aspetos que influenciam a sua capacidade de 

realizar atividades diárias, nomeadamente a perda de massa muscular e força, diminuição da 

massa magra e aumento da adiposidade. O excesso de peso foi identificado como um fator que 

contribui para a redução da estabilidade postural, perda de mobilidade e aumento do risco de 

quedas. De igual forma as estruturas e funções do pé, são influenciadas pelo excesso de peso. 

Apesar das ações do pé afetarem todo o corpo, pouco se sabe sobre a interação entre este e o 

solo durante o caminhar, particularmente durante a passagem de obstáculos e mudanças de 

direção. A avaliação das pressões plantares durante o caminhar com mudanças de direção e com 

passagem de obstáculos, permite obter informação relevante sobre estratégias posturais e 

motoras. Foram realizados vários estudos sobre a pressão plantar durante o caminhar, no entanto 

são raros os estudos sobre o caminhar com passagem de obstáculos e com mudanças de direção. 

Relativamente aos parâmetros temporais da pressão plantar a literatura é ainda mais escassa. 

No entanto, foi sugerido que a avaliação dos parâmetros temporais do pé permite um maior 

conhecimento sobre: 1) o comportamento ântero-posterior e médio-lateral do pé, 2) a atividade 

muscular da perna e do pé, 3) as diferenças entre o caminhar normal e patológico, e 4) sobre os 

padrões do caminhar. Objetivo: O objetivo geral da tese visa uma melhor compreensão da 

interação do pé com o solo das MP durante o caminhar, nomeadamente nas seguintes tarefas: 

(1) caminhar em frente, (2) caminhar realizando uma alteração de direção, e (3) caminhar com 

uma passagem de obstáculo. Considerando que as pressões plantares são influenciadas pelo 

peso corporal e as MP são suscetíveis ao aumento de peso, os efeitos da obesidade foram 

também avaliados neste trabalho. Para concretizar o objetivo geral, foram realizados três 

estudos com os seguintes objetivos específicos: (estudo 1) comparar os parâmetros temporais 
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da pressão plantar entre caminhar em frente e caminhar com uma alteração da direção e 

estabelecer dados de referência para MP obesas e não obesas, (estudo 2) investigar os 

parâmetros temporais da pressão plantar entre as MP obesas e não obesas durante o caminhar 

com uma passagem de obstáculo, e (estudo 3) comparar os parâmetros temporais da pressão 

plantar entre caminhar em frente e o caminhar com obstáculos para as MP obesas e não obesas. 

Metodologia: Cento e uma MP participaram neste estudo. Para obter os dados da pressão 

plantar, foi utilizado o protocolo dois-passos. Foram consideradas para estudo dez áreas 

anatómicas do apoio plantar: calcanhar lateral, calcanhar medial, médiopé, metatarsos 1-5, 

hallux, e os dedos 2-5. As participantes foram avaliadas nas seguintes tarefas: (1) caminhar em 

frente, (2) caminhar e realizar uma viragem a 45º e (3) caminhar e ultrapassar um obstáculo 

elevado a 30% da altura do membro inferior. Para todos os estudos foi analisado o contacto 

inicial, contacto final e duração do contacto para as várias áreas anatómicas do apoio plantar. A 

duração do apoio foi igualmente analisada para a totalidade do pé. Os níveis de obesidade foram 

estabelecidos utilizando o valor de corte de 27kg/m2 do índice de massa corporal. Resultados: 

os resultados do primeiro e do terceiro estudos revelaram diferenças significativas nos 

parâmetros temporais da pressão plantar relativos ao contacto inicial, final e duração do 

contacto das várias áreas anatómicas do apoio plantar. O primeiro estudo também revelou 

diferenças significativas da pressão plantar em alguns eventos e fases entre as tarefas, para 

ambos os pés. No segundo estudo não se verificaram diferenças significativas na duração do 

apoio de ambos os pés, entre MP obesas e não obesas nos vários grupos avaliados (i.e. grupos 

calcanhar e não-calcanhar). Quanto aos dados temporais relativos apenas algumas das 10 áreas 

anatómicas do apoio plantar analisadas revelaram diferenças significativas entre indivíduos 

obesos e não obesos. Conclusões: As principais conclusões obtidas são as seguintes: (estudo 1) 

durante o caminhar com mudança de direção, o médiopé, as áreas laterais do antepé, e os dedos 

do pé do membro inferior de suporte desempenham um papel mais significativo na travagem 

inicial e na estabilização do apoio. A maior duração do contacto do calcanhar, do médiopé e da 

fase de suporte do membro inferior que inicia a viragem sugere um aumento do comprimento 

do passo do membro inferior de suporte e/ou a inclinação do tronco para o lado da viragem; 

(estudo 2) os dois padrões detetados de rolamento do pé no solo, do membro inferior que 

ultrapassa inicialmente o obstáculo, sugerem que a altura do obstáculo pode ser demasiado 

exigente para as habilidades motoras de algumas participantes, independentemente do seu nível 

de obesidade. A antecipação do contacto de algumas áreas anatómicas do apoio plantar, podem 

dever-se à maior inercia apresentada pelas obesas MP, sendo que o excesso de peso e as maiores 
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forças evidenciadas pelas obesas pode ainda modificar a sua pegada, levando a alterações no 

contacto inicial, final e na duração do contacto de várias áreas anatómicas do apoio plantar; 

(estudo 3) os resultados sugerem que durante a tarefa obstáculo a fase propulsiva do membro 

inferior de suporte é antecipada. O membro inferior que inicia a ultrapassagem do obstáculo 

toca primeiro o solo com os metatarsos forçando a inversão do rolamento do pé dos metatarsos 

para o calcanhar. Este movimento sugere a necessidade de uma maior área de suporte do pé 

para que exista um maior controlo na fase de balanço do membro contralateral.  

Palavras-chave: Mulheres pós-menopáusicas, Obesidade, Pressão plantar, Mudanças de 

direção, Obstáculos. 
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CHAPTER 1 – Introduction 

1.1 Overview of thesis 

This chapter begins with the general objective followed by topics committed to 

background research in the following areas: (1) Definition and characteristics of menopause, 

(2) Obesity effects, (3) Side-cut tasks, (4) Obstacle tasks, (5) The foot, (6) The plantar pressure. 

At the end of this chapter the objectives for each study are presented. The chapters two, three 

and four depict the studies carried out, while the chapter five exhibit the overall discussion, 

main conclusions, the limitations of the studies, and future work directions.  

 

1.2 General objective of the thesis 

The objective of this thesis was to provide a better understanding of the foot ground 

interaction during gait of PW in the following tasks: (1) walking straight-ahead, (2) walking 

while perform a side-cut, (3) walking while cross an obstacle. The aim of the present thesis can 

be subdivided into two components: (1) to compare the temporal foot rollover data between 

walking with and without a side-cut maneuver, and between walking straight-ahead and 

stepping over an obstacle and (2) to compare temporal foot rollover data between obese and 

non-obese PW. 

 

1.3 Background research 

1.3.1 Definition and characteristics of menopause 

Menopause is a major event in women's lives (Nelson, 2008). The word menopause 

comes from the Greek words of month and cessation (Wells, 1991), and was used  

(“ménespausie”) for the first time in 1816 by Gardanne (Birkhäuser, Dennertein, Sherman, & 

Santoro, 2002). The menopause concept was initially explained as a deficiency of ganglionic 

regulatory functions (Birkhäuser et al., 2002).  

Currently, menopause is described as the permanent interruption of menstruation that 

results from the cessation of ovarian follicular activity. When after 12 months of consecutive 
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amenorrhea no pathological or physiological problems are detected it is said that natural 

menopause occurred (Birkhäuser et al., 2002; Utian, 1999; Utian, 2004). 

In developed countries natural menopause occurs at the median age range of 49 to 52 years, 

and in underdeveloped countries at the median age range of 41 to 47 years (Sievert, 2001). The 

median age of European women is about 54 years (Dratva et al., 2009). 

The age at which menopause occurs can be affected by several factors, namely: the age 

at menarche, previous oral contraceptive use, body-mass index, ethnic origin, family history, 

unhealthy habits/addictions, among others (Nelson, 2008). 

When menopause takes place under the 40 years, it is called premature menopause. In 

fact, considering a more precise definition, menopause should happen two standard deviations 

under the estimated mean age for the reference population, which is 51 years. Though, when 

there is a lack of reliable estimates of the distribution of the natural menopause age, in 

developed countries, an arbitrary cut-off point of 40 years is often used (Birkhäuser et al., 2002; 

Utian, 2004). 

The effects of chronological age are difficult to discern from the biological effects 

induced by hormonal changes associated with menopause. Nonetheless, it is thought that the 

decline of endocrine function of the ovaries can affect many tissues and systems (Wells, 1991). 

At menopause, decreased estrogen was linked to: pain at the joints and muscle complaints 

(Dugan et al., 2006; Sievert & Goode-Null, 2005), skeletal fractures, low bone mineral density, 

loss of feeling in hands/feet (Sievert & Goode-Null, 2005), shortfall of balance (Fu, Low Choy, 

& Nitz, 2009), decreased lean mass and increased adiposity (Monteiro, Gabriel, Sousa, Castro, 

& Moreira, 2010c). The loss of balance during the menopause, was associated to reduced 

quadriceps and hip abductors strength, decreased flexibility, deterioration of somatosensory 

function, and decreased physical activity levels (Fu et al., 2009). Insufficient physical activity 

during menopause predispose women to gain weight (Dubnov, Brzezinski, & Berry, 2003). 

While overweight and obesity impinge postural stability (Corbeil, Simoneau, Rancourt, 

Tremblay, & Teasdale, 2001; Faria, Gabriel, Abrantes, Brás, & Moreira, 2009; Hue et al., 

2007), increases the risk of falls (Gravante, Russo, Pomara, & Ridola, 2003),  predispose 

women to pathological gait patterns (Monteiro et al., 2010a), decreases mobility and disability 

(Fjeldstad, Fjeldstad, Acree, Nickel, & Gardner, 2008). 

Several of the factors previously mentioned can impose gait limitations on PW and affect 

deeply their quality of life. The evaluation of gait in this population is therefore pertinent and 

can help us to better aim and ensemble preventive interventions. 
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1.3.2 Obesity effects 

Presently, obesity represents a major public health problem (Anandacoomarasamy, 

Caterson, Sambrook, Fransen, & March, 2008).  Overweight and obesity was defined by the 

World Health Organization (2017), as an accumulation of excessive fat that can harm health. 

In 2016 this condition affected 15% of women worldwide. Menopause has been associated with 

the increase in body adiposity (Abdulnour et al., 2012; Lovejoy, Champagne, de Jonge, Xie, & 

Smith, 2008; Toth, Tchernof, Sites, & Poehlman, 2000).  Nevertheless, some authors suggest 

that the weight gain and obesity in midlife women might be related with chronological aging 

(Al-Safi & Polotsky, 2015) and the lack of physical activity rather than menopause (Al-Safi & 

Polotsky, 2015; Dubnov et al., 2003).  

Obesity was linked with cardiovascular diseases, insulin resistance, diabetes mellitus 2, 

some forms of cancers, obstructive sleep apnea, gout, lower back pain, degenerative joint 

disease (Brown, Dobson, & Mishra, 1998; Mastorakos, Valsamakis, Paltoglou, & Creatsas, 

2010), musculoskeletal disorders (Anandacoomarasamy et al., 2008) and foot pain 

(Butterworth et al., 2015; Dufour, Losina, Menz, LaValley, & Hannan, 2017; Hooper, Stellato, 

Hallowell, Seitz, & Moskowitz, 2007).  

Foot structure and function can also be affect by obesity (Butterworth, Landorf, Gilleard, 

Urquhart, & Menz, 2014). Excess of weight  have been associated with, changes in the heel pad 

displacement (Alcántara, Forner, Ferrús, García, & Ramiro, 2002), a more pronated feet 

(Aurichio, Rebelatto, & de Castro, 2011; Butterworth et al., 2015), a reduced ankle inversion–

eversion range of motion (Butterworth et al., 2015), a greater foot abduction (Sarkar, Singh, 

Bansal, & Kapoor, 2011), a lower longitudinal arch (Aurichio et al., 2011; Butterworth et al., 

2015; Guven, Ozden, Akalin, & Colak, 2009; Wearing, Hills, Byrne, Hennig, & McDonald, 

2004), an increase in the forefoot width (Guven et al., 2009), changes in midfoot, rearfoot, 

forefoot, and in the total foot contact area (Gravante et al., 2003; Wearing et al., 2004). 

Several studies also suggest that obesity affects plantar pressure: 1) during standing in 

children (da Rocha, Bratz, Gubert, de David, & Carpes, 2014), and in young adults (Gravante 

et al., 2003; Hills, Hennig, & McDonald, 2001); 2) during gait in prepubescent children (Yan, 

Zhang, Tan, Yang, & Liu, 2013), in young adults (Hills et al., 2001), in adults (Butterworth et 

al., 2015; Teh et al., 2006) and in PW (Monteiro et al., 2010a; Monteiro et al., 2010c); and 3) 

during walking while crossing an obstacle in children (Gill & Hung, 2014), and in middle-age 

women (42-57 years) (Jung et al., 2011). 
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Gait patterns are also affected by obesity and overweight (Hills et al., 2001), with obese 

subjects showing slower preferred walking velocities and shorter step length (DeVita & 

Hortobágyi, 2003), greater step width (Browning & Kram, 2007; Sarkar et al., 2011), slower 

preferred cadence, longer stance phase duration, shorter swing phase duration and greater 

double support time (Lai, Leung, Li, & Zhang, 2008; McGraw, McClenaghan, Williams, 

Dickerson, & Ward, 2000). 

Changes in gait patterns can reflect balance impairments in obese subjects (Del Porto, 

Pechak, Smith, & Reed-Jones, 2012; Lai et al., 2008). Obesity affects postural stability (Colné, 

Frelut, Pérès, & Thoumie, 2008; Corbeil et al., 2001; Faria et al., 2009; Hue et al., 2007; 

Maffiuletti et al., 2005), lead to a loss of mobility and subsequent progression to disability (Hills 

et al., 2001), and to an increase risk of falls (Friedmann, Elasy, & Jensen, 2001; Gravante et al., 

2003). 

The study of Hita-Contreras et al. (2013) reported that a BMI ≥ 25 kg/m2 and an android 

body fat distribution are independent risk factors for falls, and that 35% of the obese PW fall at 

least one time per year.  

Although walking is rarely performed in a perfectly flush and clear path, most studies on 

the effects of obesity have focused on straight level walking (Arnold, Causby, Pod, & Jones, 

2010; Dufour et al., 2017; Monteiro et al., 2010a). Noteworthy however is that obstructions, 

uneven terrain, and other types of pathway conditions and restraints are responsible for most of 

the incidences of injuries (Jindrich & Qiao, 2009) and falls (Zhang, Mao, Riskowski, & Song, 

2011).  

No studies about the effect of obesity on gait patterns of a side-cut task were found in 

literature, and only two studies were noticed for the obstacle tasks (Gill & Hung, 2014; Jung et 

al., 2011). When middle-aged women walked over an obstacle Jung et al. (2011), investigated 

the effect of the degrees of obesity on dynamic plantar pressure parameters. While the effects 

of overweight and obesity on motor planning and motor skills were tested in children to assess 

whether these capabilities would be better detected on an obstacle task than on a flat ground 

walking task (Gill & Hung, 2014). To the best of authors knowledge, no temporal plantar 

pressure parameters have been explored between obese and non-obese subjects during side- cut 

and obstacle tasks. 

 

1.3.3 Side-cut task 
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During daily activities, several changes of direction takes place (Glaister, Bernatz, Klute, 

& Orendurff, 2007; Hase & Stein, 1999; Orendurff et al., 2006). However, the focus of gait 

research has been mostly on straight line movements, overlooking the significance of walking 

while perform a turn and its significance to functional mobility (Orendurff et al., 2006). 

Different kinds of cutting tasks can be performed (e.g. side step and crossover cut), 

although independently of the task employed it has been reported that a change in direction is 

more demanding than walking straight-ahead, impinge lower member kinetics and kinematics 

(Orendurff et al., 2006; Segal, Orendurff, Czerniecki, Shofer, & Klute, 2008), and impacts the 

faculty to control the natural disturbances that occurs during gait (Orendurff et al., 2006; Segal 

et al., 2008).  

Walking and running while performing a change of direction, has been investigated in 

some works. Within these studies the mechanisms involved in walking while executing quick 

turns were identified (Hase & Stein, 1999) and a kinematic dataset during cutting maneuvers 

was established (Neptune, Wright, & Van den Bogert, 1999). The muscle activation patterns 

were compared between several cutting and straight-ahead tasks in the lower limbs of college 

athletes (Houck, 2003), and the differences in kinematics and muscle activation patterns 

between anticipated and unanticipated tasks were investigated during walking  (Houck, 

Duncan, & De Haven, 2006; Houck, Wilding, Gupta, De Haven, & Maloney, 2007) and running  

(Besier, Lloyd, & Ackland, 2003). The age-related differences regarding the ability to 

incorporate sideway shifts during gait was investigated between young and old women 

(Gilchrist, 1998). While kinetic and kinematic gender differences of the lower limbs were 

evaluated in college (Pollard, Davis, & Hamill, 2004), and in state level athletes (McLean, Neal, 

Myers, & Walters, 1999). 

A higher risk of injury has been attributed to cutting tasks than to straight-ahead tasks 

(Houck et al., 2006; Jindrich, Besier, & Lloyd, 2006; Jindrich & Qiao, 2009) either directly 

through tissue loading or indirectly through destabilization (Jindrich & Qiao, 2009). The risk 

of injury during cutting tasks is also considerably higher in women when compared to men 

(Beaulieu, Lamontagne, & Xu, 2009; McLean, Huang, Su, & van den Bogert, 2004).  

 

1.3.4 Obstacle task 

In everyday life, locomotion is not done on a pathway levelled and unimpeded. Hence, 

the motor system needs to be capable to deal with obstacles safely and with irregular ground 
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(Austin, Garrett, & Bohannon, 1999; Krell & Patla, 2002; Sparrow, Shinkfield, Chow, & Begg, 

1996).  

An obstacle can be overcome by circling it, stepping on it, or by stepping over it. The last 

option is the most difficult for the locomotor system (Austin et al., 1999), since it threatens 

stability, and demands the reshuffle of the gait pattern (Zhang et al., 2011). The gait pattern 

reorganization usually claim low effort however, when subjects fail to successfully negotiate 

the obstacle, the results can be tragic (Austin et al., 1999). 

The feet actions are vital to deal with obstacles (Chou & Draganich, 1998b; Sparrow et 

al., 1996), but both the leading limb and the trailing limb play different roles when performing 

this task (Begg, Sparrow, & Lythgo, 1998; Chen & Lu, 2006; Patla & Prentice, 1995). 

Some research about walking while stepping over obstacles has been performed over the 

last years. For instance, the effect of obstacle height on joint kinematics was investigated for 

the leading foot of healthy women (Austin et al., 1999), and for joint angles of the trailing 

member of healthy adults (Chou & Draganich, 1997). When stepping over obstacles of 10, 25 

and 40% of the leg length both the leading and trailing limbs were investigated regarding the 

vertical displacement, stride parameters, crossing time, obstacle clearance, and crossing 

distance (Sparrow et al., 1996). Considering obstacle heights of 10, 20 and 30% of the leg 

length, the leading and trailing limbs of healthy adults were analyzed about foot clearance, joint 

angles and horizontal foot-obstacle distances (Chen, Lu, & Lin, 2004). Differences between 

young and older subjects crossing obstacles were also compared regarding muscular capacity 

(Hahn, Lee, & Chou, 2005), obstacle crossing time, toe obstacle distance, maximum vertical 

toe clearance (Bovonsunthonchai, Hiengkaew, & Vachalathiti, 2012), peak external moments 

during stance (Draganich & Kuo, 2004), horizontal distance, step length and toe clearance (Lu, 

Chen, & Chen, 2006). The effects of strength training on kinetic and kinematic parameters 

(Lamoureux, Sparrow, Murphy, & Newton, 2003), and the crossing speed, horizontal distances, 

step length and step width were also evaluated between healthy older and young adults (Chen, 

Ashton-Miller, Alexander, & Schultz, 1991). 

The ability of older adults to negotiate obstacles seems limited by age-related changes in 

sensorimotor and musculoskeletal systems (Yen, Chen, Liu, Liu, & Lu, 2009). Stumble over 

obstacles is consistently reported as a relevant source of falls in older adults (Chou & 

Draganich, 1998a; Hahn & Chou, 2004; Zhang et al., 2011), and around  33% of PW are 

involved in a fall every year (Randell et al., 2001). Furthermore, balance deficits and high body 

sway are key risk factors for falls in PW (Cangussu et al., 2012).  
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Fractures induced by falls in PW can seriously impact their quality of life, with repercussions 

for high morbidity, mortality, and increased health service costs (Cangussu et al., 2012). 

 

1.3.5 The foot  

The foot is the last link of the kinematic chain (Abboud, 2002; Rosenbaum & Becker, 

1997), and during gait is the only part of the body that contact with an external surface (Abboud, 

2002; Giacomozzi, Macellari, Leardini, & Benedetti, 2000; Mueller, 2005). Any change of the 

foot mechanics has therefore the potential to affect the whole body in an ascending manner 

during locomotion (Rosenbaum & Becker, 1997).  

During walking, the functions of the foot are mainly two: (1) a passive function, which 

provides a first stage of cushioning, protecting the human body from impact forces and (2) an 

active function where the internal forces generated by the muscular system are transferred to 

the ground in order to accelerate the body during the push-off phase (Rosenbaum & Becker, 

1997).  

On this context, the ankle/foot complex is adapted to serve two contrasting weight-

bearing demands (i.e. mobility and stability). To accomplish mobility, the foot should be able 

to (1) damp the rotations imposed by the more proximal joints of the lower limbs, (2) be flexible 

enough to absorb the impact of the foot when it touches the ground, and (3) adapt to changes 

in the supporting surface. To accomplish stability, the foot should provide a (1) stable base of 

support for the body during several weight-bearing postures, while minimizing muscular 

activity and energy expenditure and (2) act as a rigid lever for effective push-off phase during 

gait (Mueller, 2005). Abnormal changes in foot behavior during locomotion can adversely 

impact the functions of the ankle, knee, hip, and the back (Rosenbaum & Becker, 1997). 

Investigate foot behavior during different walking activities are therefore relevant in a fall-

prone population like the PW.  

 

1.3.6 The plantar pressure 

The quantification of pressure gives the distribution of the forces across an area 

(Rosenbaum & Becker, 1997), therefore plantar pressure can be defined as the distribution of 

forces across the plantar surface of the foot in contact with the ground (Hennig, 2008; 

Rosenbaum & Becker, 1997). 
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Both the static and dynamic plantar pressure measurements can be obtained by plantar 

pressure devices (Park, Lee, Lee, Shim, & Goo, 2010), either for the entire foot surface or for 

specific regions of the foot (Orlin & McPoil, 2000; Park et al., 2010; Rosenbaum & Becker, 

1997). 

Numerous factors can affect plantar pressure distributions, such as, the anatomical 

structure of the foot, body weight, gender and joint range of motion (Periyasamy, Mishra, 

Anand, & Ammini, 2011). 

Plantar pressure measurements during walking or other activities can provide relevant 

information about the various structures of the foot during foot-ground interaction (De Cock, 

De Clercq, Willems, & Witvrouw, 2005; Giacomozzi, 2011; Gurney, Kersting, & Rosenbaum, 

2008).  Can also help to improve the understanding of gait patterns, track disease progression 

(De Cock et al., 2005; MacWilliams & Armstrong, 2000), detect deviant foot mechanics 

(Monteiro et al., 2010c) and identify patterns that can induce injuries (De Cock et al., 2005; 

Orlin & McPoil, 2000).  

It has been suggested that the study of specific areas of the foot would be clinically more 

relevant than the study of the overall foot surface. Particularly, because specific areas can be 

selected regarding their role in foot function (Stebbins et al., 2005). According to Rosenbaum 

and Becker (1997), the subdivision of the plantar surface should depend on the objectives of 

the study. Therefore, over the last years, foot studies have subdivided the foot into different 

foot areas (Blanc, Balmer, Landis, & Vingerhoets, 1999; Hills et al., 2001; Jung et al., 2011; 

Kellis, 2001; Monteiro et al., 2010a; Orlin & McPoil, 2000; Teyhen et al., 2009; Willems, 

Witvrouw, Delbaere, De Cock, & De Clercq, 2005).  

Interpretations of foot behavior has been mostly based on peak plantar pressures 

underneath some foot areas (De Cock, Willems, Witvrouw, Vanrenterghem, & De Clercq, 

2006). Peak pressures indicate where high pressures act on the skin and soft tissues (De Cock 

et al., 2006). Such information has been important for risk evaluation and plantar ulceration 

assessment in diabetic patients (Bus & de Lange, 2005; De Cock et al., 2006). Therefore, the 

foot function is often assessed by dynamic plantar pressure measurements (Keijsers, Stolwijk, 

Louwerens, & Duysens, 2013). However, it has been suggested that temporal pressure 

parameters can allow a better detection of abnormal walking patterns (Warren, Maher, & 

Higbie, 2004; Zhang et al., 2011), and be used, to assess the foot medio-lateral and antero-

posterior behavior (Blanc et al., 1999). This type of analysis is also important to identify 

walking abnormalities, contribute to elucidate how some muscles of the leg and foot work 
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(Blanc et al., 1999), explore the origin of overuse injuries and detail foot dynamics in stance 

(De Cock et al., 2005). 

Plantar pressures have been studied in several tasks such as, during walking (Butterworth 

et al., 2015; Wearing, Urry, Smeathers, & Battistutta, 1999) and jogging (De Cock et al., 2005; 

De Cock, Vanrenterghem, Willems, Witvrouw, & De Clercq, 2008).  

Few studies were performed on side-cut tasks. On this context, plantar pressures were 

used to: 1) investigate differences in plantar loading between gender in athletes (Queen, Vap, 

Moorman, Garrett, & Butler, 2016; Sims, Hardaker, & Queen, 2008); 2) determine differences 

in plantar loading between high and normal arch structure in American football players (Carson, 

Myer, Hewett, Heidt, & Ford, 2012) and healthy adults (Queen, Mall, Nunley, & 

Chuckpaiwong, 2009); 3) examine the effect of different cleat plate configuration in the plantar 

pressure loading of football athletes (Queen et al., 2008); and 4) to assess the effects of a rigid 

carbon graphite footplate on the plantar pressure profile of college-aged physically active males 

(Queen, Abbey, Verma, Butler, & Nunley, 2014).  

Concerning the obstacle tasks, plantar pressure measurements were obtained to: 1) 

investigate the effect of different obstacle heights on the plantar pressure of healthy adults (Han, 

Lee, & Kim, 2008); 2) compare the plantar pressure and the center of pressure pathway of 

normal and flat feet subjects while crossing obstacles at different heights (Han, Lee, Lee, Lim, 

& Kim, 2015); 3) examine the relationship between the time of the center of pressure 

displacement and the dynamic balance ability of elderly women when crossing obstacles at 

different heights (Park, Ko, & Park, 2013); 4) study the effect of an obstacle gait training 

program on plantar pressure and foot contact time of elderly women (Kim & Hwangbo, 2015); 

5) compare the plantar pressure profiles at different obstacle heights between long-term tai chi 

practitioners and long-term exercise walkers (Zhang et al., 2011); 6) investigate the plantar 

pressure distribution of stroke patients while crossing obstacles of different heights (Park et al., 

2010); and 7) explore the effects of obesity on plantar pressure distribution of middle-aged 

women that crossed obstacles of different heights (Jung et al., 2011).  

To the author’s knowledge, no temporal plantar pressure studies, employing PW, have 

been performed during side-cut and obstacle tasks. Nonetheless, the effect of obesity and 

sarcopenia was addressed during walking straight-ahead through plantar pressure temporal 

parameters (Monteiro et al., 2010c),  as well as, the impact of a 12-month exercise program on 

the temporal characteristics of the foot rollover (Monteiro, Gabriel, Sousa, Abrantes, & 

Moreira, 2011). Plantar peak pressures, and pressure time integrals were also studied during 



29  

walking regarding the effect of obesity and sarcopenic obesity on PW (Monteiro et al., 2010a). 

Additional studies were performed to explore the differences in peak pressure and absolute 

pressure time integrals in women with natural menopause versus induced menopause and in 

women with and without hormonal replacement therapies  (Monteiro, Gabriel, & Moreira, 

2009).   

 

1.4 Objectives of the studies 

1.4.1 Objective of study 1 

Compare the temporal foot rollover data between straight-ahead and side-cut walking and to 

establish a reference dataset for obese and non-obese PW. 

 

1.4.2 Objective of study 2 

Investigate the differences in foot contact times between obese and non-obese PW when 

crossing obstacles. 

 

1.4.3 Objective of study 3 

Compare the temporal foot rollover data between walking straight-ahead and stepping over 

obstacles for obese and non-obese PW.  

 

 

 

 

 

 

 

 

 

 

 



30  

CHAPTER 2 – Foot rollover temporal parameters during 

straight-ahead and side-cut walking in obese and non-obese 

postmenopausal women (study 1) 

 

2.1 Abstract 

Objective: The purpose of this study was to compare the temporal foot rollover data between 

straight-ahead and side-cut walking and to establish a reference dataset for obese and non-obese 

PW.  

Methods: Plantar pressure data were collected from one hundred PW using a two-step protocol. 

Based on the obesity levels two groups were established, non-obese and obese PW. The initial 

contact, final contact, and contact duration of 10 anatomic pressure areas were measured, as 

well as 5 instants and 4 phases of foot rollover. 

Findings: Significant temporal foot rollover differences were found during walking with and 

without directional changes; however, most of these differences were common for obese and 

non-obese subjects. 

Interpretation: The trailing limb during the side-cut task anticipated the initial and final 

contact of the lateral forefoot and increased midfoot and toes contact duration, suggesting a 

greater role of these areas in the initial break and in foot stability. The leading limb throughout 

the side-cut task exhibited longer contact duration of the heel, midfoot, and stance phase 

probably due to an increase in the stride length of the trailing limb and leaning of the trunk 

toward the inner side of the turn. Additionally, obese PW revealed a later final contact and a 

longer contact duration of some metatarsal areas suggesting that the greater inertia of these 

subjects demands more time to stabilize and prepare the foot for the next step. 
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2.2 Introduction 

Menopause has been associated with a decrease in bone mineral density, increased 

frequency of skeletal fractures, a loss of fat-free mass, a decline in energy expenditure, a loss 

of muscular strength, joint pain, stiffness, and musculoskeletal complaints (Riihimäki, 2005; 

Sievert & Goode-Null, 2005). Several of these aspects can impose gait constraints on PW. 

Evaluation of gait characteristics is therefore clinically relevant and can help one to better target 

and suit preventive interventions in this population.  

PW, are also prone to gain weight (Monteiro et al., 2010c). Obesity has been linked to 

higher risk of falls and fractures (Jung et al., 2011), decrease in standing stability (Faria et al., 

2009) predisposition to pathological gait patterns, loss of mobility and subsequent progression 

of disability. Additionally, some differences of foot structure and plantar pressure parameters 

have been reported for obese (OB) and non-obese (NOB) subjects (Jung et al., 2011; Monteiro 

et al., 2010c).  

Most tasks performed during daily activities require some kind of turning (Glaister et 

al., 2007; Orendurff et al., 2006). Nevertheless, gait research has mainly focused on straight-

ahead walking, neglecting the importance of walking with direction changes (Orendurff et al., 

2006). Turning is more challenging than walking straight-ahead and affects lower limb 

kinematics and kinetics (Orendurff et al., 2006; Segal et al., 2008).  

Cutting tasks have been associated with a greater risk of injury when compared with straight-

ahead tasks (Houck et al., 2006; Jindrich et al., 2006; Sanna & O’Connor, 2008). During a 

change in direction, the body reorientation depends on the control of foot placement (Hase & 

Stein, 1999; Patla, Adkin, & Ballard, 1999).  

The foot is a complex multi-articular mechanical structure that enables a harmonious 

coupling between the body and the uneven terrain for successful movement (Rodgers, 1988; 

Rosenbaum & Becker, 1997). During walking tasks, relevant functions are performed by the 

feet: a passive function, that provides cushioning to protect the human body from impact forces 

and an active function, which aims to transfer internal forces and accelerate the body during the 

push-off phase (Rosenbaum & Becker, 1997). The foot is basic to all human upright 

locomotion, and problems at this level will have repercussions on the mechanics of the whole 

body. Changes in normal foot mechanics can adversely influence the normal functions of the 

ankle, knee, hip, and back during locomotion (Rosenbaum & Becker, 1997). Assessing foot 
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mechanics is therefore critical to understand the mechanics of gait (Rosenbaum & Becker, 

1997). 

The medio-lateral and longitudinal behavior of the foot can be assessed through 

temporal foot rollover measurements performed from plantar pressure devices. This assessment 

is pivotal not only to distinguish between normal and pathological gait but also to promote a 

better understanding of the leg and foot muscular activities (Blanc et al., 1999; Monteiro et al., 

2010c). Additionally, temporal foot rollover data describe foot dynamics in stance and can 

contribute to clarify the etiology of overuse injuries (De Cock et al., 2005).  

Few studies have addressed the plantar pressure temporal characteristics of foot rollover 

(Blanc et al., 1999; De Cock et al., 2005) and even less for PW (Monteiro et al., 2010c). Within 

these studies, normative temporal data have been presented for walking (Blanc et al., 1999) and 

jogging (De Cock et al., 2005) for healthy and young adults, respectively, and only recently, 

was established a reference dataset for temporal parameters during walking for PW (Monteiro 

et al., 2010c). Nevertheless, no temporal data during side-cut tasks have been reported 

previously for OB and NOB subjects. Moreover, the potential differences during walking with 

and without a side-cut maneuver are unknown. 

Therefore, the purpose of this study was twofold: (1) to establish a reference dataset of 

temporal parameters for OB and NOB subjects during walking with a side-cut maneuver, and 

(2) to explore the potential differences for each subject group during walking with and without 

a side-cut maneuver.  

 

2.3 Materials and methods 

2.3.1 Subjects 

One hundred PW were recruited through advertising from the surrounding community.  

The body mass and height of each subject was measured by a conventional scale and 

stadiometer, respectively. BMI was calculated for each subject and obesity levels were 

determined using the cut-off value of 27 kg/m2 (Brochu et al., 2008; Peppa et al., 2013). The 

sample was then divided into NOB subjects and OB subjects (Table 2.1).  

An evaluation of the medical history was performed by a physician before the subjects 

were included in the study and informative written consent was obtained after full disclosure 

of the nature of the study. The evaluation used the Bone Estrogen Strength Training (BEST) 
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Study (Center for Physical Activity and Nutrition, 2004) and the Greene scale (Greene, 2008).  

The criteria of exclusion were: (1) diabetes and/or signs associated with neuropathy, (2) acute 

foot pain and deformities, (3) severe lower extremity trauma, and (4) coordination problems 

that resulted from eye disorders.  

 

Table 2.1. Sample characterization.  

Variables NOB (n = 42) OB (n =58) 

 Mean (SD) Mean (SD) 
Age (years) 57.7 (4.9) 57.6 (5.6) 
Age Range (years) 48 - 73 44 - 71 
Height (cm) 155.9 (4.7) 156.3 (4.5) 

Mass (kg) 59.1 (6.7) 75.1 (10.1) 

BMI (kg/m2) 24.3 (2) 30.7 (3.7) 
Non-obese (NOB), and obese (OB) subjects. Data are given as mean (standard deviation). 
 

2.3.2 Materials and procedures 

Plantar pressure parameters were evaluated by two Footscan platforms (1 m × 0.4 m, 

8192 sensors; RSscan International, Olen, Belgium) at 250 Hz using a 2-step protocol (Bus & 

de Lange, 2005; McPoil, Cornwall, Dupuis, & Cornwell, 1999; Meyers-Rice & Sugars, 1994). 

Each subject was instructed to perform two tasks barefoot: Task SA, straight-ahead walking; 

and Task SC, walking straight-ahead and performing a side-cut maneuver at 45º, as illustrated 

in Figure 2.1.  

 
Figure 2.1. Comparative representation of the straight-ahead and side-cut tasks. The feet 1 (trailing limb), and 2 
(leading limb), were the ones analyzed. 
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In this study, the right foot (trailing limb) was the dominant foot for all subjects, and was 

used as the supporting foot during the change of direction. The left foot (leading limb) was the 

foot that moved laterally in the side-cut task. To assess the dominant foot, subjects were 

requested to use their preferred lower extremity to kick a ball (Bovonsunthonchai et al., 2012). 

Before measurements, the subjects practiced walking at a self-selected speed over the 

plantar pressure platform for a period of 10 minutes. Five valid trials (Bus & de Lange, 2005; 

McPoil et al., 1999) were collected. A trial was discarded if foot contact with the pressure 

platform was incomplete, if the participant targeted the platform, or if the coefficient of 

variation of the contact duration was greater than 5% (Monteiro et al., 2010c). This final 

criterion was used to minimize the effect of walking speed variation on the data. 

The footprint was divided according to the predefined geometric criteria in 10 anatomic 

pressure areas with the scalable mask automatically provided by the Footscan Software 

(Footscan 7.1; RSscan International). The initial contact time (IC), final contact time (FC), and 

contact duration (CD) was obtained for the 10 anatomic pressure areas during foot rollover. 

The areas considered were medial (MH) and lateral heel (LH), metatarsal areas (M1–M5), 

midfoot (MF), hallux (T1), and toes (T2–5).The IC was defined as the instant at which any foot 

anatomic pressure area made the first contact with the ground, the FC was defined as the instant 

at which any anatomic pressure area ended the contact with the ground (Willems et al., 2005), 

and the DC was the time interval between the IC and the FC of any foot anatomic area (De 

Cock et al., 2005). Additionally, 5 instants and 4 phases of foot contact during foot rollover 

were established, as illustrated in Figure 2.2 (De Cock et al., 2005; Willems et al., 2005).  

 
Figure 2.2. Illustration of the 5 instants and the 4 phases regarding the foot rollover. 
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The instants were defined as follows (Monteiro et al., 2010c): first foot contact (FFC); 

first metatarsal contact (FMC); forefoot flat (FFF); heel off (HO); and last foot contact (LFC). 

FFC represents the instant that the foot makes first contact with the pressure platform. FMC 

represents the instant when one of the metatarsal heads contacts the pressure platform. FFF 

represents the first instant that all metatarsal heads contact the pressure platform. HO represents 

the instant the heel region loses contact with the pressure platform. LFC represents the last 

contact of the foot on the pressure platform. Based on these instants, 4 phases were defined, as 

follows (Monteiro et al., 2010c): the initial contact phase (ICP) that occurs between the instants, 

FFC and FMC; the forefoot contact phase (FFCP) that occurs between the instants, FMC and 

FFF; the foot flat phase (FFP) that occurs between the instants, FFF and HO; and the forefoot 

push-off phase (FFPOP) that occurs between the instants, HO and LFC.  

 

2.3.3 Statistical analysis 

Absolute temporal data were expressed in milliseconds (ms) as the mean and standard 

deviation in Table 2.2 and 2.3 for the trailing and leading limb, respectively. The absolute 

temporal data were normalized according to the foot contact duration, leading to relative 

temporal data expressed as percentage (%). The mean values of all relative temporal variables 

depicted in Tables 2.4 and 2.5 were compared between tasks for both feet in OB and NOB 

through paired-sample t-tests or Wilcoxon signed-rank tests when parametric assumptions were 

violated. The normality of data was checked by the Shapiro-Wilk test, and the Levene test 

assessed the homogeneity of variance. The Statistical Package for Social Sciences (SPSS 19.0; 

SPSS, Inc., Chicago, IL, USA) was used to perform statistical analyses between tasks. A p-

value of less than 0.05 was considered to be statistically significant. 

  

2.4 Results   

2.4.1 Absolute temporal data 

The absolute temporal data is provided in Table 2.2 for the trailing limb, and in Table 2.3 

for the leading limb, whereas the relative temporal data are provided in Tables 2.4, and 2.5. 

Regarding the absolute temporal data, the leading limb during the side-cut task showed a 
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significant (p<0.05) longer foot contact duration in both OB and NOB subjects. For the trailing 

limb only the OB subjects showed significant (p<0.05) longer foot contact duration. 

 
Table 2.2. Trailing limb absolute temporal data. Initial contact, final contact and contact duration for the 10 foot 
anatomic pressure areas in straight-ahead (Task SA) and side-cut (Task SC) tasks, by subject groups: obese (OB) 
and non-obese (NOB). The occurrence of 5 instances and 4 phases of foot contact are also shown. 

 OB Group NOB Group 
 Task SA   Task SC Task SA   Task SC 
 Mean SD Mean SD Mean SD Mean SD 

Initial Contact (ms) 
T1  315 95 333 78 326 100 343 92 
T2-5  356 88 315 105 368 66 315 100 
M1  177 63 193 73 218 73 225 75 
M2  106 37 121 46 129 51 136 52 
M3  85 36 80 38 96 45 90 43 
M4  78 39 67 40 100 49 85 40 
M5  96 49 76 47 144 68 114 81 
MF 45 17 24 9 56 24 26 12 
MH  0 0 0 0 0 0 0 0 
LH  0 0 0 0 0 0 0 0 

Final Contact (ms) 
T1  647 59 667 60 642 63 647 68 
T2-5  631 57 644 58 626 59 623 70 
M1  609 56 632 56 600 60 611 66 
M2  620 56 635 57 611 60 613 65 
M3  618 56 628 57 609 60 605 63 
M4  606 56 611 57 595 58 585 62 
M5  565 63 569 61 544 60 535 67 
MF 429 72 434 74 403 75 409 77 
MH  377 58 395 65 371 58 381 78 
LH  377 58 388 65 371 58 375 80 

Contact Duration(ms) 
T1  333 97 334 89 316 108 304 97 
T2-5  276 91 329 110 258 73 308 98 
M1  433 83 439 82 382 80 385 83 
M2  514 67 514 69 482 70 477 74 
M3  534 66 548 62 514 68 515 68 
M4  528 66 544 62 495 66 500 60 
M5  470 81 494 71 401 77 421 85 
MF 385 74 410 73 347 67 384 73 
MH  377 57 395 65 371 58 381 78 
LH  377 58 388 65 371 58 375 80 

Instants (ms) 
FFC 0 0 0 0 0 0 0 0 
FMC 70 30 63 32 89 43 76 36 
FFF 185 63 196 72 243 73 241 75 
HO  379 58 395 65 373 58 381 78 
LFC 648 59 667 60 642 62 647 68 

Phases (ms) 
ICP  70 30 63 32 89 43 0 0 
FFCP  115 53 133 66 154 69 76 36 
FFP  194 78 199 74 130 60 241 75 
FFPOP  269 34 272 31 269 44 381 78 

Foot Contact Duration (ms)      
 648† 59 667† 60 642 62 647 68 

The abbreviations represent the medial (MH) and lateral heel (LH), metatarsals (M1–M5), midfoot (MF), hallux (T1), and toes 
(T2–5). Instants were as follows: first foot contact (FFC); first metatarsal contact (FMC); forefoot flat (FFF); heel off (HO); 
and last foot contact (LFC). Phases were as follows: initial contact phase (ICP); forefoot contact phase (FFCP); foot flat phase 
(FFP); and forefoot push-off phase (FFPOP). † Significant differences – Wilcoxon signed-rank test. 
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Table 2.3. Leading limb absolute temporal data. Initial contact, final contact and contact duration for the 10 foot 
anatomic pressure areas in straight-ahead (Task SA) and side-cut (Task SC) tasks, by subject groups: obese (OB) 
and non-obese (NOB). The occurrence of 5 instances and 4 phases of foot contact are also shown. 

 OB Group NOB Group 
 Task SA   Task SC Task SA   Task SC 
 Mean SD Mean SD Mean SD Mean SD 

Initial Contact (ms) 
T1  319 100 314 115 335 78 328 80 
T2-5  350 91 376 97 356 84 370 80 
M1  155 72 152 76 189 78 182 84 
M2  106 42 104 44 121 49 115 50 
M3  83 37 82 38 90 34 86 35 
M4  75 39 77 40 86 33 84 32 
M5  85 52 101 70 108 51 123 55 
MF 32 10 25 10 39 21 29 15 
MH  0 1 1 3 0 0 0 1 
LH  0 1 1 2 0 0 0 0 

Final Contact (ms) 
T1  641 54 664 58 634 59 647 63 
T2-5  625 53 649 54 617 56 628 64 
M1  597 52 617 58 588 58 598 60 
M2  614 53 637 54 606 58 617 60 
M3  614 53 638 54 607 58 619 60 
M4  606 54 632 54 598 57 611 61 
M5  577 58 605 58 563 55 575 67 
MF 433 70 465 69 405 57 426 64 
MH  379 53 419 56 374 54 399 61 
LH  376 54 416 57 370 54 395 61 

Contact Duration(ms) 
T1  321 105 350 123 300 94 319 107 
T2-5  275 106 273 111 260 94 258 91 
M1  442 88 465 106 399 83 416 95 
M2  508 59 533 68 485 67 502 78 
M3  532 57 556 62 517 63 533 68 
M4  532 63 554 64 512 61 527 70 
M5  492 72 504 91 455 67 452 85 
MF 400 68 440 67 366 55 397 61 
MH  379 53 419 56 374 55 398 61 
LH  376 54 415 57 370 54 395 61 

Instants (ms) 
FFC 0 0 0 0 0 0 0 0 
FMC 65 22 70 32 78 28 74 24 
FFF 165 70 170 80 195 73 198 72 
HO  379 54 419 56 374 54 398 61 
LFC 641 54 664 57 636 58 649 62 

Phases (ms) 
ICP  65 22 70 32 78 28 74 24 
FFCP  100 61 100 69 117 68 125 68 
FFP  214 74 249 95 179 75 200 81 
FFPOP  262 35 246 34 263 46 251 43 

Foot Contact Duration (ms)      
 641* 54 664* 57 636* 58 649* 62 

The abbreviations represent the medial (MH) and lateral heel (LH), metatarsals (M1–M5), midfoot (MF), hallux (T1), and toes 
(T2–5). Instants were as follows: first foot contact (FFC); first metatarsal contact (FMC); forefoot flat (FFF); heel off (HO); 
and last foot contact (LFC). Phases were as follows: initial contact phase (ICP); forefoot contact phase (FFCP); foot flat phase 
(FFP); and forefoot push-off phase (FFPOP). *Significant differences – paired-samples t-test. 
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2.4.2 Relative temporal data 

2.4.2.1 Trailing limb 

During the side-cut task, the trailing limb of OB and NOB subjects showed (Table 2.4) 

an earlier initial contact of the MF, M5, M4, and T2-5 areas, an earlier final contact of the M5-

M2 and T2-5 areas, a later final contact of the M1 area, and a longer contact duration of the MF 

and T2-5 areas. The OB subjects also presented an earlier initial contact of the M3, a later initial 

contact and a shorter contact duration of the M2, and a later final contact of the T1 area. The 

instants and phases of the trailing limb in the side-cut task showed in OB and NOB subjects an 

earlier FMC, and a shorter duration of the ICP. 

2.4.2.2 Leading limb 

During the side-cut task, the leading limb of both OB and NOB subjects showed (Table 

2.5) an earlier initial contact of the MF area, a later final contact and a longer contact duration 

of the LH, MH, and MF areas. The NOB subjects during the side-cut task also presented a later 

initial contact of the M5 area. While the OB subjects showed a later final contact of M5-M3 

areas, and an earlier initial contact and longer contact duration of M2 area. 

Regarding the instants and phases of the leading limb during the side-cut task, both OB 

and NOB subjects revealed a later HO and a shorter duration of the FFPOP. The OB subjects 

also presented a longer FFP. 

As can be seen in Tables 2.4 and 2.5, the sequence in which each plantar pressure area 

of both feet made the initial and final contact with the ground was also different between 

straight-ahead and side-cut tasks.  
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Table 2.4. Trailing limb relative temporal data. Initial contact, final contact and contact duration for the 10 foot 
anatomic pressure areas in straight-ahead (Task SA) and side-cut (Task SC) tasks, by subject groups: obese (OB) 
and non-obese (NOB). The occurrence of 3 instances and 4 phases of foot contact are also shown. 

 OB    NOB    

 
Task SA Task SC 

T-valuea 
P-value 

 
Task SA Task SC 

T-valuea 

P-value 
Z-valueb  Z-valueb 

Initial Contact % 

T1 48.4±14.1 50±11.5 -0.942a 0.35  50.8±15.3 53.1±13.4 -0.569b 0.569 
T2-5 54.9±13 47.1±15 -4.231b < 0.0005†  57.4±9.9 48.5±14.4 3.997a < 0.0005* 
M1 27.3±9.7 28.9±10.4 -1.475a 0.146  33.9±10.4 34.7±10.7 -0.501a 0.619 
M2 16.4±5.9 18.2±6.8 -2.698b 0.007†  20.1±7.7 21±7.5 -1.132b 0.258 
M3 13.1±5.7 12±5.4 -2.098b 0.036†  14.9±6.7 14±6.3 -1.657b 0.098 
M4 12±5.9 10±5.7 -4.366b < 0.0005†  15.5±7.1 13±5.7 -3.295b 0.001† 
M5 14.8±7.8 11.3±6.7 -4.905b < 0.0005†  22.2±9.6 17.3±11.2 -3.97b < 0.0005† 
MF 6.9±2.5 3.6±1.3 13.133a < 0.0005*  8.6±3.1 4±1.7 -5.633b < 0.0005† 
MH 0.1±0.1 0±0.1 -.913b 0.361  0±0 0±0 -1.468b 0.142 
LH 0±0.1 0±0 -.175b 0.861  0±0 0±0 -0.378b 0.705 

Final Contact % 
T1 99.7±0.7 99.9±0.2 -4.172b < 0.0005†  99.8±0.4 99.9±0.4 -1.72b 0.085 
T2-5 97.3±2.4 96.5±2.2 -4.053b < 0.0005†  97.5±1.8 96.1±2.4 -3.732b < 0.0005† 
M1 93.9±1.6 94.7±1.4 -4.757a < 0.0005*  93.3±2 94.3±1.7 -3.282b 0.001† 
M2 95.6±1.3 95.1±1.1 3.187a 0.002*  95±1.4 94.7±1.7 2.618a 0.012* 
M3 95.3±1.4 94.1±1.3 6.157a < 0.0005*  94.8±1.3 93.5±1.7 7.524a < 0.0005* 
M4 93.3±1.7 91.5±1.6 -6.353b < 0.0005†  92.5±1.6 90.4±2.2 9.315a < 0.0005* 
M5 87.1±4.9 85.3±4.4 -4.022b < 0.0005†  84.6±4.7 82.6±4.8 -3.507b < 0.0005† 
MF 65.9±7.6 64.8±7.4 1.693a 0.096  62.5±9 62.8±7.7 -0.37a 0.713 
MH 57.9±5.4 58.9±5.7 -1.436b 0.151  57.6±6.4 58.4±8.1 -0.934a 0.356 
LH 57.8±5.4 57.8±5.7 -.043b 0.966  57.5±6.3 57.5±8.2 -0.009a 0.993 

Contact Duration% 
T1 50.7±13.8 49.4±11.6 0.773a 0.443  48.4±15.2 46.3±13.3 -0.45b 0.653 
T2-5 42±13.3 48.8±15.7 -3.658b < 0.0005†  39.5±10.2 47.1±14.2 -3.24a 0.002* 
M1 65.8±10.2 65.1±10.7 0.649a 0.519  58.7±10.8 58.9±10.9 -0.132a 0.895 
M2 78.3±5.9 76.1±6.9 -3.271b 0.001†  74±7.8 72.8±7.9 -1.35b 0.177 
M3 81.3±5.8 81.2±5.7 -.550b 0.583  78.8±6.9 78.6±6.5 -0.382b 0.702 
M4 80.4±6.3 80.6±6 -.048b 0.962  76±7.4 76.5±6 -0.337b 0.736 
M5 71.4±9.5 73.2±8 -1.785b 0.074  61.7±11.3 64.4±12.3 -1.863b 0.062 
MF 58.4±8.5 60.6±7.6 -3.005a 0.004*  53.2±9.1 58.2±7.5 -4.912a < 0.0005* 
MH 57.2±5.4 58.2±5.6 -1.456b 0.145  56.9±6.4 57.7±8.1 -0.972a 0.337 
LH 57.2±5.3 57.2±5.6 -.039b 0.969  56.8±6.4 56.9±8.2 -0.099a 0.922 

Instants % 

FMC 10.8±4.6 9.4±4.5 -4.123b < 0.0005†  13.8±6.2 11.7±5.2 -3.657b < 0.0005† 
FFF 28.8±10.1 29.4±10.2 -0.531a 0.597  37.6±9.6 36.9±9.5 0.451a 0.654 
HO  58.3±5.4 58.9±5.7 -.840b 0.401  58±6.3 58.5±8.2 -0.59a 0.558 

Phases % 

ICP  10.8±4.6 9.4±4.5 -4.131b < 0.0005†  13.8±6.2 11.7±5.2 -3.664b < 0.0005† 
FFCP  18±8.8 20±9.6 -1.638b 0.102  23.8±9.5 25.2±9.7 -0.969a 0.338 
FFP  29.5±10.7 29.5±10 0.013a 0.99  20.4±9.3 21.6±10.7 -0.804a 0.426 
FFPOP 41.7±5.4 41.1±5.7 -.840b 0.401  42±6.3 41.5±8.2 0.59a 0.558 

Abbreviations are: the medial heel (MH), lateral heel (LH), metatarsals (M1–M5), midfoot (MF), hallux (T1), and toes (T2–
5); first metatarsal contact (FMC), forefoot flat (FFF), heel off (HO), initial contact phase (ICP), forefoot contact phase (FFCP), 
foot flat phase (FFP), and forefoot push-off phase (FFPOP). *Significant differences – Paired-samples t-test. † Significant 
differences – Wilcoxon signed-rank test. 
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Table 2.5. Leading limb relative temporal data. Initial contact, final contact and contact duration for the 10 foot 
anatomic pressure areas in straight-ahead (Task SA) and side-cut (Task SC) tasks, by subject groups: obese (OB) 
and non-obese (NOB). The occurrence of 3 instances and 4 phases of foot contact are also shown. 

 OB    NOB    

 
Task SA Task SC 

T-valuea 
P-value 

 
Task SA Task SC 

T-valuea 

P-value 
Z-valueb  Z-valueb 

Initial Contact % 

T1 49.8±15.1 47.3±17.4 1.183a 0.242  52.7±13 51±13.6 1.048a 0.301 
T2-5 54.7±14 56.8±14.9 -1.607b 0.108  56.1±13.4 57.2±12.5 -0.544b 0.587 
M1 24.2±11 23.1±12 -1.498b 0.134  29.6±11.9 28±12.5 -1.357b 0.175 
M2 16.5±6.3 15.7±6.6 -1.978b 0.048†  19±19 19±19 -1.894b 0.058 
M3 12.8±5.5 12.4±5.6 -1.289b 0.197  14.1±5.2 13.3±5.5 -1.882b 0.06 
M4 11.6±6 11.7±5.9 -0.004b 0.997  13.5±5 13±5.2 -1.307b 0.191 
M5 13.2±8 15.4±10.6 -1.862b 0.063  16.8±7.6 19.1±8.4 -2.382b 0.017† 
MF 5.1±1.5 3.8±1.4 9.65a < 0.0005*  6.1±3 4.4±2.1 -5.520b < 0.0005† 
MH 0.1±0.1 0.1±0.4 -1.686b 0.092  0±0.1 0.1±0.1 -2.973b 0.103 
LH 0±0.1 0.1±0.4 -1.214 b 0.225  0±0 0±0 -1.494b 0.135 
Final Contact % 

T1 99.7±0.5 99.7±0.5 -0.115 b 0.909  99.5±1.2 99.5±1.1 -0.791b 0.429 
T2-5 97.3±2.3 97.6±1.8 -1.41 b 0.158  96.8±2.3 96.6±2.6 -.296b 0.767 
M1 93±2.4 92.7±2.8 -1.676 b 0.094  92.2±2.9 91.9±2.9 -1.413b 0.158 
M2 95.6±1.2 95.7±1.1 -0.809b 0.418  95.1±1.6 94.9±1.3 0.698a 0.489 
M3 95.6±1.3 95.9±1.2 -2.458b 0.014†  95.2±1.5 95.2±1.4 -0.005a 0.996 
M4 94.3±1.6 94.9±1.4 -4.138b < 0.0005†  93.7±1.8 93.9±1.6 -1.019a 0.314 
M5 89.8±3.2 90.9±2.9 -4.154b < 0.0005†  88.3±3.3 88.4±4.2 -0.819b 0.413 
MF 67.2±7.7 69.7±7.1 -3.867b < 0.0005†  63.5±7 65.3±6.5 -2.635a 0.012* 
MH 58.9±5.4 62.9±5.1 -5.849b < 0.0005†  58.7±6.4 61.2±6.3 -4.065a < 0.0005* 
LH 58.3±5.3 62.3±5.2 -5.834b < 0.0005†  57.9±6.5 60.6±6.3 -4.415a < 0.0005* 
Contact Duration% 

T1 49±14.7 51.5±17.2 -0.554b 0.58  45.9±12.9 47.6±13.1 -0.394b 0.694 
T2-5 41.9±14.7 40.1±15.1 -1.281b 0.2  39.9±13.4 38.8±12.3 -0.538b 0.591 
M1 67.5±11.9 68.4±13.5 -1.436b 0.151  61.5±12 62.7±12.3 -1.019b 0.308 
M2 77.6±6.2 78.6±6.6 -2.023b 0.043†  74.7±7.3 75.7±7.7 -1.500b 0.133 
M3 81.4±5.4 82.0±5.6 -1.607b 0.108  79.6±5.3 80.4±5.4 -1.557b 0.12 
M4 81.2±6 81.8±6.1 -1.615b 0.106  78.7±5.4 79.5±5.4 -1.419b 0.156 
M5 75.2±8.2 74.2v11 -0.814b 0.415  70.2±8.8 68.1±10.1 -1.775b 0.076 
MF 61±7.4 64.7±7 -5.089b < 0.0005†  56.3±7.4 59.9±6.9 -5.35a < 0.0005* 
MH 57.8±5.3 61.7±5.1 -5.865b < 0.0005†  57.6±6.5 60±6.3 -3.991a < 0.0005* 
LH 57.3±5.3 61.2±5.2 -5.868b < 0.0005†  56.8±6.5 59.5±6.3 -4.473a < 0.0005* 
Instants % 

FMC 10.1±3.4 10.6±4.9 -0.499b 0.618  12.2±4.2 11.5±4 -1.751b 0.08 
FFF 25.8±10.8 25.8±12.7 -0.914b 0.361  30.6±11.1 30.6±10.6 -0.194b 0.846 
HO  59±5.4 62.9±5.1 -5.888b < 0.0005†  58.7±6.4 61.2±6.2 -4.112a < 0.0005* 
Phases % 

ICP  10.13±3.4 10.6±4.9 -0.499b 0.618  12.2±4.2 11.5±4 -1.751b 0.08 
FFCP  15.64±9.3 15.2±10.9 -0.79b 0.43  18.3±10.6 19.2±9.8 -0.975b 0.329 
FFP  33.19±10.9 37.1±13 -3.736b < 0.0005†  28.1±11.4 30.6±11.2 -1.741a 0.089 

FFPOP  41.04±5.4 37.1±5.1 -5.888b < 0.0005†  41.3±6.4 38.8±6.2 4.112a < 0.0005* 
Abbreviations are: the medial heel (MH), lateral heel (LH), metatarsals (M1–M5), midfoot (MF), hallux (T1), and toes (T2–
5); first metatarsal contact (FMC), forefoot flat (FFF), heel off (HO), initial contact phase (ICP), forefoot contact phase (FFCP), 
foot flat phase (FFP), and forefoot push-off phase (FFPOP). *Significant differences – Paired-samples t-test. † Significant 
differences – Wilcoxon signed-rank test. 
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2.5 Discussion 

The aim of this study was to compare the temporal characteristics of foot rollover for OB 

and NOB subjects in both feet between walking straight-ahead and walking with a side-cut at 

45º and to establish a reference dataset for temporal parameters.  

 

2.5.1 Trailing limb 

When comparing the trailing limb between tasks, only the OB subjects exhibited a longer 

foot contact duration (Table 2.2), during the side-cut task. Both OB and NOB subjects during 

the side-cut task showed an earlier initial contact of the MF, M5, M4, and T2-5 areas, an earlier 

final contact of the M5-M2 and T2-5 areas, a later final contact of the M1 area, a longer contact 

duration of the MF and T2-5 areas, an earlier FMC, and a shorter ICP phase (Table 2.4). 

Additionally, the OB subjects presented an earlier initial contact of the M3, a later initial contact 

and shorter contact duration of the M2, and a later final contact of the T1 area (Table 2.4). 

During normal straight path locomotion, head and trunk yaw displacement are minimal 

and the foot trajectory has minimal deviations in the medio-lateral plane (Patla et al., 1999), but 

changing direction consists of a deceleration in forward motion, rotation of the body, and 

stepping out toward the new direction (Hase & Stein, 1999).  

According to Patla et al. (1999), when subjects are required to change direction to a side 

(e.g., to the left), head and trunk rotate to the left to reorient the body in the direction of travel, 

and the leading limb trajectory shows displacement to the left during the swing phase to control 

foot placement on the new travel path. To allow this displacement (e.g., to the left side) by the 

leading limb during the swing phase, the trailing limb must accommodate the necessary 

adjustments to accomplish the change in direction.  

 Houck et al. (2006) examined the frontal plane trunk/hip kinematics and hip and knee 

moments during unanticipated straight and side-step cutting tasks, and reported that during a 

straight task, the participants attempted to initiate the turn at initial contact, while during the 

side-step cutting task, they first completed weight acceptance and only then executed the turn.  

Our results support this last assertion; however, during the side-cut task, the trailing limb of 

both OB and NOB subjects presented an earlier initial contact of MF, M5, and M4, the OB 

subjects also exhibited an earlier M3 initial contact. 
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Considering that the M5, M4, and M3 areas of OB and NOB also exhibited an earlier 

final contact, but no significant differences for the contact duration, an anticipatory time shift 

appears to occur, indicating a faster transition of body weight from heel strike to M5, M4 and 

M3.  

During straight-ahead tasks at the initial movement of the forefoot, only the lateral side 

of the forefoot contacts the ground. As weight is transferred to the forefoot, the ground reaction 

forces (GRF) applied on the lateral side of the forefoot tends to evert the forefoot until the full 

foot contact is achieved and the loading of the forefoot is transferred from the lateral to the 

medial side of the foot (Abboud, 2002). However, during side-cut tasks an increased lateral foot 

contact takes place (Houck et al., 2006), which must be managed to accomplish the change in 

direction. The increased medio-lateral movement, which is also reflected in greater medial-

lateral forces during the side-cut tasks (Houck, 2003), may promote an anticipatory time shift 

in the M5 and M4 areas indicating that a faster transition of body weight from the heel to the 

lateral forefoot areas has occurred. 

The faster transition from heel strike to M5, M4, and M3 also explain the earlier initial 

contact of the MF area. Considering that there were no significant differences for the final 

contact of the MF between tasks, the significant greater duration of MF contact should be 

simply due to this quicker transition to metatarsal areas that leads to an anticipation of the initial 

contact of the MF area.  

During the side-cut task, both OB and NOB exhibited a later M1 final contact, and an 

earlier M2 final contact. Additionally, the OB subjects showed a later M2 initial contact and a 

shorter contact duration. The metatarsal areas play an important role in propulsion during 

straight-ahead walking (Mueller, 2005), particularly the M2 and M1 areas (De Cock et al., 

2008).  However, to perform a side-cut task the trailing foot, at the end of its movement, will 

tend to roll from the heel areas to the anterior part of the foot but also from its lateral to the 

medial side to comply with the direction demands of the path traveled. This latero-medial 

movement may result to a shorter contact duration of the M2 area, as well as explain the later 

final contact of the M1 area, since the foot rotation in the frontal plane will tend to be made 

around the this area. 

According to Rolian, Lieberman, Hamill, Scott, and Werbel (2009), the toes do not bear 

significant loads during contact and midstance, but during propulsion the metatarsal heads and 

distal phalanges are the only points of contact with the ground and hence bear load.  In relation 

to the toes, it is interesting to note that in the side-cut tasks, the contact with the ground is 
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performed first and much sooner with the T2-5 area and only then with the T1 area; however, 

during straight-ahead tasks, the inverse action occurs. This behavior suggests that the T2-5 area 

plays a different role during the side-cut task than in the straight-ahead task. 

For the NOB subjects, the initial contact of the T2-5 area in the side-cut task was 48.5% 

and the final contact of the medial heel was 58.4%, indicating that the toes were in contact with 

the ground much sooner than the HO occurred. However, during the straight-ahead task, the 

values were 57.4% and 57.6%, respectively, indicating that the toes entered in contact with the 

ground almost at the same time of HO. Similar results were found in the OB subjects, where 

the initial contact of the T2-5 area was 47.1% and the final contact of the medial heel was 

58.9%, while during the straight-ahead task, the values were 54.9% and 57.9%, respectively.  

It is not possible to obtain shear forces with plantar pressure devices alone and, 

therefore, exactly determine the end of the breaking phase and the beginning of the propulsion 

phase. It is however possible to identify when the heel off occurs, which provides indirect 

indication about the breaking and propulsion phases during gait. 

Therefore, the reported values suggest that the T2-5 area in the side-cut task, associated 

with a longer duration of the MF area, may play a greater role during the initial break and in 

the control of stability because when performing cutting tasks during walking, the breaking 

forces (antero-posterior GRF) tend to increase throughout the early stance due to the need to 

decelerate the body in preparation to cut toward the new plane of progression (Hase & Stein, 

1999; Houck, 2003; Patla, Prentice, Robinson, & Neufeld, 1991). Thus, the longer contact time 

of the MF and T2-5 areas during the change in direction could be related to the deceleration of 

the forward momentum, which according to Hase and Stein (1999) plays a crucial role in 

making the following foot placement and trunk rotation easier.  

With respect to the instants and phases of the trailing limb, the outcomes of both OB and 

NOB subjects indicate that on the side-cut task, the FMC occurred significantly earlier and the 

duration of the initial contact phase was significantly shorter, which simply results from the 

earlier contact of the M3, M4, and M5 areas, as explained above. 

 

2.5.2 Leading limb 

During the side-cut task, the NOB subjects showed an earlier initial contact of M5, and 

the OB subjects an earlier initial contact and longer contact duration of M2, a later final contact 

of M5, M4, and M3 areas, and a longer FFP phase (Table 2.5). Both OB and NOB subjects, 
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during the side-cut task showed a longer foot contact duration (Table 2.3), an earlier initial 

contact of MF, a later final contact of LH, MH, and MF, a longer contact duration of LH, MH, 

and MF, a later HO, and a shorter FFPOP phase (Table 2.5).  The results exhibited by the LH, 

MH, and MF areas of OB and NOB subjects, suggest that through the side-cut tasks these areas 

need more time to accommodate the breaking forces generated by side-cut tasks (Houck, 2003). 

On the side-cut tasks, the OB subjects showed a later final contact of M5, M4, M3 areas 

and an earlier initial contact and longer contact duration of M2. The final contact of these areas 

takes place during the terminal stance and pre-swing phases where the FFPOP occurs. The 

metatarsals must become stable before they can assume their weight-bearing function during 

propulsion (Abboud, 2002).  Therefore, the lateral movement induced by the side-cut task must 

be controlled before advance in the new direction path. Considering that only on the OB 

subjects it was found a later and longer contact duration of the metatarsal areas it can be 

speculated that the greater inertia of these subjects demands more time to stabilize and prepare 

the foot for the next step, which also contributes to the longer duration of the stance phase of 

the leading limb during the side-cut in relation to the straight-ahead task. 

 Courtine and Schieppati (2004), studied the coordination pattern during straight-ahead 

and curved walking. These authors reported a decreased stride length of the inner limb with 

respect to the outer limb and an association between the increase duration of the stance phase 

of the inner limb to the leaning (roll) of the trunk toward the inner side. Considering that we 

performed a side-cut task at an angle close to the one used in the curved walking (approximately 

40º), the greater duration of the stance phase might be related with the relative increase of the 

stride length of the trailing limb as well as with the leaning of the trunk toward the inner side 

of the turn. 

Concerning the instants and phases of the leading limb for both OB and NOB, the 

statistical outcomes revealed that on the side-cut task, the HO occurred significantly later, and 

the duration of the FFPOP was significantly shorter. The reason for the later HO is related with 

the greater contact time of the leading limb previously explained, which in turn led to a shorter 

FFPOP since this phase is measured between HO and last foot contact. Similarly, the later HO 

led to a longer FFP phase during the side-cut task on the OB subjects. 

Regarding foot rollover, Blanc et al. (1999) reported normative data for healthy adults. 

However, the foot pattern was only based on four subareas underneath the foot, whose sequence 

was: heel, M5, M1, and T1. This sequence was also found on the present study for both tasks, 
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although when considering all the 10 anatomic pressure areas, a different behavior was obtained 

between straight-ahead and side-cut tasks. 

Several musculoskeletal deficits have been identified in PW which can impose 

numerous gait constraints (Riihimäki, 2005; Sievert & Goode-Null, 2005). Approximately one-

third of PW experience a fall annually (Randell et al., 2001; Tinetti, Speechley, & Ginter, 1988), 

and OB subjects are more prone to falls (Jung et al., 2011).  

The consequences of falls are severe. Between 5% and 10% result in fracture; 80% of 

all non-spinal fractures in elderly women are attributed to falls (Cummings & Nevitt, 1994). 

Cutting tasks may contribute to an increased incidence of falling and the occurrence of fall-

related injuries (Segal et al., 2008).  

In bipedal locomotion, there are many changes of direction regarding daily activities 

(Gabriel et al., 1998), and these changes in direction (Houck et al., 2006), as well as overweight 

(Monteiro et al., 2010c) can induce modifications in foot behavior.  

Evaluation of turning in PW is, therefore, clinically relevant because it can improve the 

understanding of movement control in this population and help to better target and suit 

preventive interventions. To fully understand the behavior of plantar pressure in PW, it is 

important to establish a reference dataset for temporal parameters of foot rollover during 

walking with side-cut tasks. That reference dataset can help to distinguish between normal and 

abnormal foot rollover patterns. This is the first study that establishes a reference dataset for 

temporal parameters during this type of tasks.  

 

2.6 Conclusion 

Significant differences were found on the temporal characteristics of foot rollover 

during walking with and without directional changes, with most of these differences being 

common for both OB and NOB subjects. 

The trailing limb during the side-cut task showed an anticipation of the initial and final 

contact of the lateral forefoot areas and an increased duration of the MF and T2-5 areas which 

suggests that these areas play a greater role in the initial break and in the control of stability 

when compared with the straight-ahead walking.  

The leading limb during the side-cut task revealed a longer duration of the LH, MH and 

the MF areas and a longer foot contact duration suggesting that some relation may exist with 

the increased stride length of the trailing limb as well as with the leaning of the trunk toward 
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the inner side of the turn. Additionally, throughout the side-cut task the OB subjects exhibited 

a later and longer contact duration of some metatarsal areas, which suggests that the greater 

inertia of these subjects demands more time to stabilize and prepare the foot for the next step. 
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CHAPTER 3 – Differences in foot contact times between obese 

and non-obese postmenopausal women when crossing obstacles 

(study 2) 

 

3.1 Abstract 

 

Objective: The purpose of this study was to investigate the differences in foot contact times 

between obese and non-obese PW when crossing obstacles. 

Methods: Plantar pressure data were collected from ninety-eight PW using a two-step protocol. 

Based on the foot rollover pattern and obesity levels four groups were established: heel non-

obese; heel obese; non-heel non-obese and non-heel obese. The initial contact, final contact and 

the contact duration of 10 anatomic pressure areas were evaluated. 

Findings: Differences in plantar pressure temporal data between groups were observed in both 

feet. Leading limb: two-foot rollover patterns were identified (i.e. initial contact with the heel 

vs metatarsals); heel obese showed an earlier initial contact and longer contact duration of the 

M2-3 areas; non-heel obese showed an earlier MF area initial contact. Trailing limb: heel obese 

showed an earlier MF area initial contact and longer contact duration of the M5 area; non-heel 

obese showed an earlier initial contact and longer contact duration of the M4-5 areas. 

Interpretation: The obstacle height may be too demanding for the motor ability of some 

subjects, leading to different foot rollover patterns. The higher inertia, weight and forces of 

obese women can reshape their footprints and promote changes in their initial contact, final 

contact and duration of different foot contact areas. 
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3.2 Introduction 

Stepping over obstacles is very demanding to the locomotor system (Sparrow et al., 

1996), it challenges stability, and forces the reorganization of the gait pattern (Zhang et al., 

2011). A study performed in young adults, reported that stepping over obstacles requires more 

joint motion in the lower limbs during the swing phase and impose greater kinetic demands (i.e. 

forces and torques) on the joint of the trailing limb during the stance phase (Hahn & Chou, 

2004). Stepping over obstacles was also related with slower crossing speeds, shorter step length, 

smaller step width (Hahn & Chou, 2004), shorter post-obstacle heel strike distances, and longer 

pre-obstacle toe approach distances in older than in young adults (McKenzie & Brown, 2004). 

Falls are frequent in older population (Hahn & Chou, 2004), leading to high costs of 

recovery interventions (Tinetti, Doucette, Claus, & Marottoli, 1995). Stepping over obstacles 

is one of the most frequently reported causes of falls in older adults (Blake et al., 1988), and 

one-third of PW experience a fall each year (Randell et al., 2001). Low levels of estrogen during 

menopause have been associated with a set of debilitating aspects such as reduced bone mineral 

density, increased frequency of skeletal fractures, loss of fat-free mass, and loss of muscle 

strength (Fu et al., 2009).  

Postmenopausal women are also susceptible to gain weight, which partially results from 

poor environmental factors (e.g., lack of exercise) and low levels of estrogen (Brown et al., 

1998). These factors affect balance, postural stability (Faria et al., 2009; Fjeldstad et al., 2008), 

contribute to a loss of mobility, promote disability (Fjeldstad et al., 2008), and increase the risk 

of falls  (Richardson, 2002).  

Excessive weight can also impose changes in the foot structure and function 

(Butterworth et al., 2014). The foot is a complex structure that ensures the appropriate 

interaction between the body and the ground (Rosenbaum & Becker, 1997). The feet act as a 

critical source of sensory information regarding the control of the standing balance (Kennedy 

& Inglis, 2002) and the gait stability (Abboud, 2002). An excess of weight, however, has been 

suggested to increase foot pressure and decrease plantar sensitivity, reducing the subject’s 

capacity to perform postural adjustments (da Rocha et al., 2014). Alterations in foot mechanics 

can therefore impact the whole body in the upward direction. 

Plantar pressure measurements are widely used to evaluate foot function (Keijsers et al., 

2013) and can deliver relevant information regarding postural and motor pattern strategies 

during obstacle crossing (Zhang et al., 2011).  
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Dynamic plantar pressure measurements are often used to evaluate foot behavior 

(Keijsers et al., 2013), however, it has been suggested that temporal plantar pressure data can 

improve our understanding of gait patterns (Zhang et al., 2011), contribute to detailed foot 

dynamics in stance and clarify the etiology of overuse injuries (De Cock et al., 2005). Temporal 

foot rollover assessments can also highlight the  antero-posterior and medio-lateral behavior of 

the foot, help to discriminate between normal and pathological walking, and improve the 

understanding of the leg and foot muscular activities (Blanc et al., 1999).   

Some temporal foot rollover parameters have been explored in scientific literature. In 

these studies, temporal foot rollover data were evaluated during barefoot jogging (De Cock et 

al., 2005), and long-distance running (Willems, De Ridder, & Roosen, 2012), and investigated 

regarding the intrinsic risk factors for lower leg pain (Willems et al., 2006),  and foot asymmetry  

(Blanc et al., 1999). A few studies in PW also established reference datasets for temporal plantar 

pressure parameters in obese and non-obese subjects during straight-ahead walking (Monteiro 

et al., 2010c), and side-cut maneuvers (Silva, Gabriel, Moreira, Abrantes, & Faria, 2016). 

However, to the best of our knowledge, no temporal plantar pressure data have been 

examined between obese and non-obese PW during obstacle tasks. Therefore, the purpose of 

this study was to investigate differences in foot contact time between obese and non-obese PW 

when crossing obstacles. 

 

3.3 Materials and methods 

3.3.1 Subjects 

Ninety-eight PW, who were recruited from the surrounding community through 

advertising, participated in this study. Before the subjects were included in the study, an 

evaluation of their medical history was performed by a physician. The evaluation used was the 

Bone Estrogen Strength Training (BEST) study (Center for Physical Activity and Nutrition, 

2004) and the Greene scale (Greene, 2008). The inclusion criteria were the absence of (1) 

diabetes and/or signs associated with neuropathy, (2) acute foot pain and deformities, (3) severe 

lower extremity trauma, and (4) coordination problems that resulted from eye disorders. The 

height and body mass of each subject was measured using a conventional stadiometer and scale, 
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respectively. After BMI was calculated, obesity levels were determined using the cut-off value 

of 27 kg/m2 (Peppa et al., 2013), creating a distinction between obese and non-obese subjects. 

Based upon the plantar pressure data of each subject, the dynamic arch index was 

calculated as the ratio of MF area to the total foot contact area excluding the T1 and T2-5 areas 

(Cavanagh & Rodgers, 1987; De Cock et al., 2006). The dynamic arch index was classified 

according to the following foot-type groups: cavus (arch index ≤ 0.21), normal (0.21 < arch 

index < 0.26) and planus (arch index ≥ 0.26). 

Normal gait usually involves the following foot rollover sequence: heel strike, forefoot 

loading, midstance, heel off and toe off (Abboud, 2002; Blanc et al., 1999). This behavior was 

found in the trailing limb. However, the preliminary results of the current study revealed that, 

for the leading limb, not all the subjects initiated foot contact with the heel area. Due to these 

results, some subjects were assigned to the heel group and others to the non-heel group. After 

combining the groups according to the foot rollover pattern and BMI, four groups were 

established (Table 3.1): heel non-obese (H-NOB); heel obese (H-OB); non-heel non-obese 

(NH-NOB) and non-heel obese (NH-OB).  

 

Table 3.1. Sample characterization.  

Variables H-NOB (n = 15) H-OB (n =16) NH-NOB (n = 27) NH-OB (n = 40) 
 Mean (SD) Mean (SD) Mean (SD) Mean (SD) 
Age (years) 56.7 (5) 59.6 (7.7) 58.2 (4.8) 57.1 (4.7) 
Age Range (years) 48 - 66 44 - 72 48 - 73 49 - 70 
Height (cm) 156.2 (3.9) 156.5 (4.6) 155.8 (5.2) 156.3 (4.5) 

Mass (kg) 60.4 (5.9) 80.6 (15.3) 58.4 (7.1) 73.1 (7.3) 

BMI (kg/m2) 24.7 (1.9) 32.8 (5.6) 24.0 (2.0) 29.9 (2.5) 
Obstacle Height (cm) 21.8 (1.2) 21.9 (1.1) 22.2 (0.9) 22.1 (1) 
Foot Type (n) 8; 5; 2 4; 4; 7 16; 9; 2 12; 20; 8 

Heel non-obese (H-NOB), heel obese (H-OB), non-heel non-obese (NH-NOB), non-heel obese (NH-OB). Foot 
Type: Foot Cavus; Foot Normal; Foot Planus. Data are given as mean (standard deviation). 
 

This research was performed in accordance with the Declaration of Helsinki and approved 

by the University of Trás-os-Montes e Alto Douro Ethics Committee. All participants gave 

written informed consent after being fully informed of the nature of the study.  

 

3.3.2 Materials and procedures 

Before testing, subjects had a 10-minute task familiarization period, after which five valid 

trials were collected (Monteiro et al., 2010a). The room lighting used was 500 lx (Lux). Plantar 
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pressure parameters were obtained through two Footscan platforms (1 m × 0.4 m, 8192 sensors; 

RSscan International, Olen, Belgium) at 250 Hz using the 2-step protocol (Bus & de Lange, 

2005).  

The subjects were instructed to walk barefoot straight-ahead at a self-selected speed, to 

step over the obstacle as usual and to continue walking along the walkway (Chen et al., 1991; 

Chou, Kaufman, Brey, & Draganich, 2001). The obstacle was set as 30% height of lower limb 

length, as illustrated in Figure 3.1, and consisted of a plastic tube coated with foam and vinyl, 

placed across a height-adjustable metal frame. To improve the visibility of the obstacle the color 

of the vinyl was orange. The length of the tube was 120 cm, and the diameter was 4 cm. For 

safety reasons, the tube was only supported by the metal frame. To prevent the participants 

from stumbling and falling, any contact of the foot with the tube caused it to fall. The obstacle 

height corresponds to dimensions of some obstacles commonly encountered in the everyday 

environment (Begg et al., 1998; Chou et al., 2001). To assess the trochanteric height (right and 

left lower limb) a segmometer (Rosscraft, Blaine, USA), was used in accordance with the 

procedures indicated by Martin, Carter, Hendy, and Malina (1988). 

The right foot (trailing limb) was the dominant foot for all subjects and was used as the 

supporting foot while the left foot (leading limb) stepped over the obstacle. The dominant foot 

was assessed by letting the subjects use their preferred lower extremity to kick a ball 

(Bovonsunthonchai et al., 2012). A trial was discarded if a participant targeted the pressure 

platform, if the foot contact was incomplete or if the variation’s coefficient of the contact 

duration was greater than 5% (Monteiro et al., 2010c). This last criterion was used to control 

the effect that the walking speed variation has on the data (Taylor, Menz, & Keenan, 2004). 

 
Figure 3.1. Representation of the obstacle task. The feet 1 (trailing limb), and 2 (leading limb), were the ones 
analyzed. The orange bar represents the obstacle at 30% height of the lower limb length. 
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By applying a scalable mask (Footscan software 7.1, RSscan International), each 

footprint was divided into 10 anatomic pressure areas, as illustrated in Figure 3.2: MH, LH, 

M1–M5, MF, T1, and T2–5. Subsequently, the IC, FC, and CD were calculated for all foot 

areas during the foot rollover.  

 

 
Figure 3.2. Anatomic pressure areas. Mask used in Footscan Software (version 7.1, RScan International) to divide 
the foot into 10 anatomical pressure areas. 
 

3.3.3 Statistical analysis 

The absolute temporal data were expressed in milliseconds (ms) as the mean and standard 

deviation for the trailing and leading limbs. The absolute temporal data were normalized based 

on the foot contact duration, allowing for the relative temporal data to be expressed as 

percentages (%) as shown in Tables 3.2 and 3.3.  

For both feet, obese and non-obese subjects were compared within the heel groups (H-

NOB vs H-OB) and non-heel groups (NH-NOB vs NH-OB) for the foot contact duration (i.e. 

absolute temporal data) and for all the relative temporal variables.  

Independent samples t-tests were used, and when parametric assumptions were violated 

the Mann-Whitney U-tests were used. The normality of the data was checked by the Shapiro-

Wilk test, and the Levene test assessed the homogeneity of variance. 

A multinomial logistic regression was performed to determine whether the independent 

variables of age, obesity and foot type classification could predict the different foot rollover 

patterns identified in the leading limb when crossing obstacles.  
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Statistical analysis was performed with SPSS 19.0 (SPSS Inc., Chicago, USA). A p-value 

of less than 0.05 was considered to be statistically significant.  

 

3.4 Results   

3.4.1 Absolute temporal data 

No significant differences in absolute foot contact duration of the leading limb were found 

between obese and non-obese subjects within the heel groups (H-OB = 801±80 ms vs H-NOB 

= 808±79 ms), and the non-heel groups (NH-OB = 804±79 ms vs NH-NOB = 792±79 ms). 

Regarding the trailing limb, no significant differences were also found for foot contact duration 

between obese and non-obese subjects within the heel groups (H-OB = 879±91 ms Vs H-NOB 

= 826±75 ms) and the non-heel groups (NH-OB = 819±77 ms vs NH-NOB = 793±68 ms).  

 

3.4.2 Leading limb relative temporal data 

Two different foot rollover patterns were identified, with some subjects initiating foot 

contact with the heel and others initiating foot contact with the metatarsals. The percentage of 

subjects with and without initial contact of the heel was 28.6% heel vs 71.4% non-heel and 

35.7% heel vs 64.3% non-heel for obese and non-obese subjects, respectively.  

A multinomial logistic regression was performed to determine the effects of age, obesity 

and foot type classification on the foot rollover profile of the leading limb during obstacle tasks. 

The goodness-of-fit results indicated that the model fit the data well (p = 0.246), while the 

likelihood ratio tests indicated that none of the independent variables (age, p = 0.717; obesity, 

p = 0.284; and foot type classification, p = 0.202) were statistically significant predictors of the 

different foot rollover patterns. 

Within the heel groups (Table 3.2), the obese subjects (i.e. H-OB) showed an earlier initial 

contact and longer contact duration of the M2 and M3 areas, as well as a later final contact of 

the M2 area, when compared to the non-obese subjects (i.e. H-NOB). Within the non-heel 

groups, the obese subjects (i.e. NH-OB) exhibited an earlier initial contact of the MF area, a 

later final contact of the M4 area, and a longer contact duration of the M1 and M4 areas than 

the non-obese subjects (i.e. NH-NOB).  
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Table 3.2. Leading limb relative temporal data. Initial contact, final contact and contact duration for the 10 foot 
anatomic pressure areas by subject groups: heel non-obese (H-NOB), heel obese (H-OB), non-heel non-obese 
(NH-NOB), and non-heel obese (NH-OB). 

 
H-NOB H-OB 

T-valuea 
P-value 

 
NH-NOB NH-OB 

T-valuea 

P-value 
Z-valueb  Z-valueb 

Initial Contact % 
T1 40.8±13 41.2±20.7 0.061a 0.951  24.3±19 22.6±19.7 0.601b 0.548 
T2-5 50.8±18.1 40.7±15 1.067b 0.299  27.8±24.5 23.9±21.3 0.332b 0.74 
M1 19.4±8.3 16±8.5 -1.13a 0.264  11.6±12.9 8.2±10.9 1.304b 0.192 

M2 17.4±8.2 11.3±6.2 2.451b 0.014†  4.3±5.6 4.3±6.2 -0.128b 0.898 
M3 11.8±5.6 9.1±5 2.016b 0.045†  2.8±6 2.8±5 -0.121b 0.903 
M4 10.2±4.5 8.8±6 1.226b 0.232  2.1±4.8 2±4.7 0.32b 0.749 
M5 14.3±6.2 12.4±9.3 -0.643a 0.526  3.0±6.2 2.5±5.6 0.262b 0.793 
MF 4.1±1.7 3.3±1.4 -1.462a 0.155  5.7±1.8 4.6±1.6 -2.795a 0.007* 
MH 1.4±1.5 1.2±1.4 0.285b 0.8  5.9±2 5.2±2.1 -1.457a 0.15 
LH 1.4±1.5 1.2±1.5 0.244b 0.83  5.9±1.9 5.2±2.1 -1.478a 0.144 

Final Contact % 
T1 99.7±1.3 100±0.1 0.882b 0.626  99.9±0.4 99.9±0.3 0.602b 0.547 
T2-5 96.3±5.5 97.5±4.1 -1.621b 0.11  97.3±3.7 98±2.4 -0.737b 0.461 
M1 94.7±1.4 95.2±1.3 0.844a 0.405  92.9±4.2 93.5±3.5 -1.055b 0.292 
M2 95.9±1.4 96.7±1.1 -2.095b 0.037†  96.0±0.9 96.4±0.9 -1.611b 0.107 
M3 96.1±1.4 96.8±1.1 -1.799b 0.072  96.2±1 96.6±1 -1.745b 0.081 
M4 95.0±1.3 95.9±1.6 1.52a 0.139  95.1±1.7 95.9±1.2 2.425a 0.018* 
M5 86.6±5.4 90.2±4.2 -1.818b 0.072  86.4±9.2 90.3±4.8 -1.738b 0.082 
MF 54.3±13.2 56.1±13.6 0.37a 0.714  55.4±11.8 54.4±12.6 -0.329a 0.743 
MH 50.2±12.2 48.4±12.5 -0.407a 0.687  49.0±12 44.8±11.1 -1.465a 0.148 
LH 50±12.1 48.5±12 -0.34a 0.736  49.1±11.9 44.9±10.9 -1.484a 0.143 

Contact Duration% 
T1 58.8±13.7 58.7±20.8 -0.013a 0.989  75.5±18.9 77.3±19.7 -0.614b 0.539 
T2-5 45.4±18.9 56.8±15.8 1.82a 0.079  69.4±25.4 74.1±21.4 -0.499b 0.618 
M1 75.3±8.6 79.2±8.7 1.237a 0.226  81.3±12.5 85.3±12.4 -1.988b 0.047† 
M2 78.5±8.3 85.4±6.3 -2.53b 0.011†  91.7±5.1 92±6.2 -0.447b 0.655 
M3 84.3±6.3 87.8±5.1 -2.075b 0.037†  93.4±5.4 93.8±5.2 -0.678b 0.498 
M4 84.8±4.7 87±6.2 -1.66b 0.101  92.9±4.4 93.9±4.7 -1.981b 0.048† 
M5 72.3±7.1 77.7±10.3 1.686a 0.102  83.4±10.5 87.9±6.6 -1.713b 0.087 
MF 50.2±12.1 52.8±13.7 0.557a 0.582  49.7±11.7 49.9±13.4 0.044a 0.965 
MH 48.9±11.4 47.2±12.9 -0.369a 0.715  43.1±12.4 39.6±12.3 -1.12a 0.267 
LH 48.6±11.2 47.3±12.5 -0.3a 0.766  43.1±12.2 39.7±12.1 -1.13a 0.263 

The abbreviations represent the medial (MH) and lateral heel (LH), metatarsals (M1–M5), midfoot (MF), hallux 
(T1), and toes (T2–5). *Significant differences – Independent-samples t-test. † Significant differences – Mann 
Whitney U test. 

 

3.4.3 Trailing limb relative temporal data 

Within the heel groups (Table 3.3), the obese subjects (i.e. H-OB) showed an earlier initial 

contact of the MF area and a longer contact duration on the M5 area than the non-obese subjects 

(i.e. H-NOB). Within the non-heel groups, the obese subjects (i.e. NH-OB) showed an earlier 

initial contact and a longer contact duration of the M4 and M5 areas than the non-obese subjects 

(i.e. NH-NOB). 
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Table 3.3. Trailing limb relative temporal data. Initial contact, final contact and contact duration for the 10 foot 
anatomic pressure areas by subject groups: heel non-obese (H-NOB), heel obese (H-OB), non-heel non-obese 
(NH-NOB), and non-heel obese (NH-OB). 

 
H-NOB H-OB 

T-valuea 
P-value 

 
NH-NOB NH-OB 

T-valuea 

P-value 
Z-valueb  Z-valueb 

Initial Contact % 
T1 33.5±11.3 31.0±18.7 0.988b 0.338  29.1±15 30.3±15.6 0.313a 0.755 
T2-5 47.7±12.7 41.4±16.2 -1.202a 0.239  42.5±17.1 39.5±18.2 0.703b 0.482 
M1 22.4±11.3 21.0±9.9 0.395b 0.711  21.8±12.1 17.4±8.6 1.483b 0.138 

M2 13.1±7.2 10.5±3.9 1.146b 0.264  11.2±6.2 10.4±6.4 0.614b 0.539 
M3 9.2±3.6 7.5±3.4 1.423b 0.163  7.7±5 6.9±3.9 0.805b 0.421 
M4 9.2±4.6 6.5±3.3 1.522b 0.129  7.4±5.2 5.2±3.8 2.442b 0.015† 
M5 14.3±11.8 9.3±5.8 1.127b 0.274  12.5±9.3 7.0±6.3 2.601b 0.009† 
MF 5.0±2 3.4±1.8 2.372b 0.017†  4.2±2 3.5±1.6 -1.49a 0.141 
MH 0.1±0.4 0.0±0.1 -0.339b 0.83  0.7±1.3 0.4±0.9 1.118b 0.264 
LH 0.1±0.4 0.0±0.1 0.136b 0.953  0.7±1.2 0.4±0.9 1.041b 0.298 

Final Contact % 
T1 98.4±1.7 98.5±1.7 -0.566b 0.599  98.5±1.7 98.6±2 -1.207b 0.227 
T2-5 98.9±1.6 97.8±3.5 0.8b 0.446  96.3±7.3 97.1±4.5 -0.078b 0.938 
M1 95.9±1.9 96.3±1.6 -0.079b 0.953  95.5±2.5 96.3±2.4 -1.4b 0.162 
M2 98.4±0.9 98.4±1.1 -0.237b 0.830  98.4±1.1 98.7±1 -1.138b 0.255 
M3 99.0±1.1 98.8±1.2 0.694b 0.495  98.9±1.2 99.1±0.9 0.129b 0.897 
M4 98.7±1.4 98.0±1.7 1.188b 0.247  97.3±5.8 98.5±1.5 -0.345b 0.73 
M5 90.8±7.9 93.4±4.4 -0.514b 0.626  89.8±12.7 91.9±8.7 -0.754b 0.451 
MF 59.1±15.5 69.6±17 1.779a 0.086  56.7±14.8 60.2±16.8 0.866a 0.39 
MH 52.8±14.2 59.0±12.6 1.28a 0.211  52.7±14.3 48.9±12.8 -1.13a 0.263 
LH 52.3±14.1 57.1±12 1.025a 0.314  52.4±14.1 48.5±12.5 -1.18a 0.242 

Contact Duration% 
T1 64.9±11.1 67.5±18.5 -0.949b 0.358  69.3±15.3 68.3±15.2 -0.268a 0.79 
T2-5 51.1±13.6 56.4±16.5 0.968a 0.341  53.7±16.7 57.6±18 -0.92b 0.357 
M1 73.5±12.5 75.3±9.5 -0.079b 0.953  73.8±12.6 78.8±9.3 -1.662b 0.097 
M2 85.3±7.6 87.9±3.9 -0.712b 0.495  87.2±6.6 88.3±6.6 -0.748b 0.455 
M3 89.8±3.8 91.3±3.4 -0.672b 0.52  91.2±5.5 92.2±3.9 -0.403b 0.687 
M4 89.5±4.3 91.5±3.5 -0.909b 0.379  89.9±7.8 93.2±3.8 -2.263b 0.024† 
M5 76.6±12.1 84.1±6.5 2.181a 0.037*  77.3±14 84.9±10.8 -2.608b 0.009† 
MF 54.2±15.5 66.2±17.7 2.006a 0.054  52.6±15.2 56.7±17.1 1.011a 0.316 
MH 52.7±14.2 58.9±12.7 1.292a 0.206  52.0±15.1 48.5±12.7 -1.011a 0.316 
LH 52.2±14.1 57.1±12 1.039a 0.308  51.7±14.9 48.1±12.4 -1.023a 0.312 

The abbreviations represent the medial (MH) and lateral heel (LH), metatarsals (M1–M5), midfoot (MF), hallux 
(T1), and toes (T2–5). *Significant differences – independent-samples t-test. † Significant differences – Mann 
Whitney U test. 
 

3.5 Discussion 

The aim of this study was to investigate the differences in plantar foot contact times 

between obese and non-obese PW when crossing obstacles.   

 

3.5.1 Absolute temporal data 
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Several studies have reported that overweight and obese adults usually walk at slower 

velocities with shorter stride lengths while spending more time in double and single foot support 

(Lai et al., 2008). Nevertheless, only a few studies have investigated the pattern of foot contact 

times in obese and non-obese subjects, when crossing obstacles. In these studies, obese children 

were reported to devote more time crossing obstacles than non-obese children (Gill & Hung, 

2012), while obese adults were reported to show greater single and double feet support time 

(Bashinskaya, 2015). In the present study, no significant differences were found, in absolute 

foot contact duration for both limbs between obese and non-obese subjects in any of the groups 

evaluated (i.e. heel and non-heel groups).  

However, the obstacle heights of the previous two quoted studies were defined in absolute 

terms (i.e. 4, 11 and 16 cm) while in the present study the obstacle height was defined in relative 

terms (i.e. 30% height of the lower limb length). If the groups compared in the quoted studies 

showed different lower limb lengths a false difference could have been revealed simply due the 

lack of a normalization procedure that considers the dimensions of the subjects. It should also 

be noted that in those studies (Bashinskaya, 2015; Gill & Hung, 2012), the differences across 

groups were greater at the maximum obstacle height (i.e. at 16 cm). In the present study, the 

mean obstacle height was substantially higher (i.e. 22.04 cm), and even in this situation, no 

difference was found between the groups. Another possible explanation for the differences 

between studies can be related with the use of different study populations and methods. 

 

3.5.2 Relative temporal data 

Regarding the initial contact, final contact and contact duration of the feet no significant 

differences were found between obese and non-obese subjects for most of the 10 feet anatomic 

pressure areas analyzed (Tables 3.2 and 3.3). Nevertheless, differences were found for the 

leading and trailing limbs. 

3.5.2.1 Leading limb relative temporal data 

Two different foot rollover patterns of the leading limb were identified when subjects 

crossed obstacles during walking. For some of the subjects (i.e., H-OB and H-NOB) the initial 

contact of the foot started with the heel areas and progressed to the anterior part of the foot. On 

the other hand, for other subjects (i.e., NH-OB and NH-NOB), the initial contact of the foot 

started with the metatarsals areas, moved back to the heel areas and then progressed to the 
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anterior part of the foot (Table 3.2). This pattern was observed in obese (28.6% started with the 

heel areas and 71.4% started with the metatarsals areas) and non-obese (35.7% started with the 

heel areas and 64.3% started with the metatarsals areas) subjects.  

The impact of different obstacle heights (i.e. 3.1, 7.6, and 12.6 cm) on joint kinematics 

of the leading limb was investigated in healthy subjects by Austin et al. (1999). The authors 

reported an increase in ankle dorsiflexion as the obstacle height increased for the lower heights 

(i.e. 3.1 and 7.6 cm). Interestingly, at the higher obstacle height (i.e. 12.6 cm) the subjects 

changed this behavior and increased ankle plantarflexion, which according to the authors, 

suggests an attempt to rapidly return the leading limb to the ground to restore stability (Austin 

et al., 1999). Considering that in the present study, an even higher obstacle height (i.e. 22.04 

cm) was used, most of the subjects should have demonstrated the same foot-rollover pattern 

(i.e.  foot contact initiated with the metatarsals), but our data do not support this assertion.  

Another possible explanation for the existence of different foot rollover patterns is that 

the height of the obstacle may be too demanding for the motor ability of some subjects. It has 

been reported that, as the obstacle height increases, a significantly greater range of motion for 

the center of mass (COM) in the anterior-posterior and vertical directions occurs (Chou et al., 

2001). During the single foot support the subjects should be able to control their COM position 

in relation to their base of support while, at the same time, they advance the leading limb over 

the obstacle (up and forward) until the heel is placed on the ground. However, if the COM 

advances too much in relation to the trailing foot (support foot), the initial contact of the leading 

foot may be made with the metatarsals areas to arrest the horizontal progression of the COM 

efficiently. Future studies are needed to address this issue.   

As depicted in Table 3.2, within the heel groups the obese subjects (i.e., H-OB) 

exhibited an earlier initial contact of the M2 and M3 areas and a later final contact of the M2 

area, which explains the significantly longer contact duration of the M2 and M3 areas when 

compared to non-obese subjects (i.e., H-NOB).  

Concerning the non-heel groups after metatarsals contact the ground, the subjects 

performed a backward foot rollover movement to the heel. In this movement, the obese subjects 

(i.e., NH-OB) showed an earlier initial contact of the MF area. 

For both the heel and non-heel groups, the longer contact durations of the foot areas 

result from an anticipation of the initial contact and/or a delay of the final contact. These results 

suggest that the higher inertia of obese subjects can promote the anticipation of some foot 

contact areas for both the heel and non-heel groups. Considering the higher body weight and 
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greater forces that obese individuals are subject to,  their footprint can also change (Wearing, 

Grigg, Lau, & Smeathers, 2012), leading some foot areas to increase their contact time with the 

ground. For instance, excessive weight has been reported to flatten the medial longitudinal arch 

(Birtane & Tuna, 2004), which can promote a longer contact duration of the MF area. It can 

also be hypothesized that due the greater forces involved, obese subjects may need additional 

time to stabilize their body to properly negotiate the obstacle.  

The non-heel obese subjects showed a later final contact of the M4 area and a longer 

contact duration of the M1 and M4 areas. A possible explanation for the longer contact duration 

of the M4 and M1 areas may relate with the higher medial-lateral sway of obese subjects when 

compared to non-obese subjects (Bashinskaya, 2015), which requires additional time to 

stabilize the body. 

3.5.2.2 Trailing limb relative temporal data 

As presented in Table 3.3, within the heel groups the obese subjects (i.e. H-OB) showed 

an earlier initial contact of the MF area and a longer contact duration of the M5 area than the 

non-obese subjects (i.e. H-NOB). While in the non-heel groups the obese subjects (i.e. NH-OB) 

showed an earlier initial contact and a longer contact duration of the M4 and M5 areas than the 

non-obese (i.e. NH-NOB) subjects. For the trailing limb, the reasons for these results may be 

related with the higher inertia of obese subjects that may induce an anticipation of the initial 

contact of some foot areas and the reshape of the obese footprint, because of the higher weight 

and forces to which obese individuals are subject. Obese subjects of both heel and non-heel 

groups showed a greater contact duration of the lateral foot areas (i.e. M4 and/or M5).  

During walking as the body weight is transferred to the forefoot the forces applied 

laterally on the forefoot tends to evert the forefoot until the full foot contact is attained, allowing 

the load to be transferred to the medial side of the foot (Abboud, 2002). A similar behavior is 

expected to occur on obstacle tasks, considering the higher weight of obese subjects they may 

need additional time to shift the load. One additional explanation is that as soon the leading 

limb is raised to overcome the obstacle the COM of obese subjects shifts faster in a medio-

lateral direction. It has been reported that during gait initiation (i.e., the transient action between 

static upright posture and steady-state locomotion), obese subjects show a faster movement in  

a medio-lateral direction (Cau et al., 2014). Obese subjects in this situation may need additional 

time to control the higher forces and speed that act on them, to properly manage the obstacle 

crossing.    
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Several interesting questions arise from the results of the present study that may be 

worth pursuing in future works, such as: Is there a height threshold above which the change in 

the foot rollover profile occurs? Would this threshold be similar for the entire population? Can 

this help to differentiate people with different motor abilities and/or gait constraints? Would it 

be possible to establish an association between this threshold and the risk of falls? 

 

3.6 Conclusion 

Absolute foot contact duration was similar in obese and non-obese subjects for both 

limbs. The two-foot rollover patterns identified for the leading limb can be related with the 

obstacle height, which may be too demanding for the motor ability of some subjects 

independently of their obesity level. The higher inertia of obese subjects may induce an 

anticipation of the initial contact of some foot areas, while the excessive weight and the greater 

forces that obese individuals are subject can reshape their footprints, promoting changes in the 

initial contact, final contact and duration of different foot contact areas.   
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CHAPTER 4 – Foot rollover temporal parameters during 

walking straight-ahead and stepping over obstacles: obese and 

non-obese postmenopausal women (study 3). 

 

4.1 Abstract 

Objective: The aim of this study was to compare the temporal foot rollover data between 

walking straight-ahead and stepping over obstacles for obese and non-obese PW. 

Methods: Plantar pressure data were collected from sixty-seven PW using a two-step protocol. 

Based on the obesity levels two groups were established, non-obese and obese PW. The initial 

contact, final contact and the contact duration of 10 anatomic pressure areas were measured. 

Findings: Both limbs of both groups showed a longer foot contact duration on the obstacle task. 

Significant temporal differences were found for both groups between straight-ahead and 

crossing obstacles on the initial, final, and contact duration for several foot anatomic pressure 

areas. 

Interpretation: The propulsion phase of the trailing limb during the obstacle task was 

anticipated. Regarding the leading limb, the first foot contact was not made with the heel areas, 

however, a backward foot rollover movement from the metatarsal to the heel areas occurred, 

possibly to provide support to better control the trailing limb swing phase. 
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4.2 Introduction 

Climacteric comprises a set of debilitating aspects such as reduced bone mineral density, 

an increased frequency of skeletal fractures, a loss of fat-free mass and muscle strength, joint 

pain, stiffness, musculoskeletal complaints (Eldeeb & Khodair, 2014; Krell & Patla, 2002; 

Monteiro et al., 2010b), and increased predisposition to gain weight (Monteiro et al., 2010c).  

Excess weight has been associated with a reduction in standing stability (Faria et al., 

2009), a higher risk of falls (Jung et al., 2011), pathological gait patterns, a loss of mobility, 

and disability (Hills et al., 2001). Gait constraints can be developed due to some of these factors. 

One-third of PW also experience a fall annually (Randell et al., 2001). Falls are the main cause 

of morbidity and mortality among older adults (Hill, Schwarz, Flicker, & Carroll, 1999; 

Kannus, Parkkari, Koskinen, & et al., 1999). Because of the problematic effects of falls and the 

high costs associated with recovery interventions, the identification of potential fallers is 

essential. Although different gait patterns can be identified between fallers and non-fallers, only 

a small number of quantitative studies have found gait measures that can differentiate these 

groups (Hausdorff, Rios, & Edelberg, 2001).  

Overcoming obstacles and imbalances during gait are significantly challenging for the 

elderly and account for approximately 50% of falls (Tinetti et al., 1995). Moreover, stepping 

over obstacles exerts the greatest demand on the locomotor system (Austin et al., 1999; Krell 

& Patla, 2002; Sparrow et al., 1996).  

For Zhang et al. (2011), overcoming obstacles during walking challenges stability and 

forces the reorganization of the gait pattern. Different strategies can be used to overcome 

obstacles. Ramachandran, Rosengren, Yang, and Hsiao-Wecksler (2007), reported that Tai Chi 

practitioners spend significantly more time in single-leg support when stepping over obstacles 

than those who do not practice Tai Chi. Interestingly, increased single-leg stance time has been 

associated with reduced risk off falls (Komatsu et al., 2006).  

Understanding the differences between walking straight-ahead and crossing obstacles is 

therefore relevant and can help to better understand the mechanisms that predispose someone 

to falls. Furthermore, during daily activities, most of the tasks are performed on a path that is 

not perfectly level and clear. As a result, the human locomotor system needs to be able to adapt, 

on a regular basis, to avoid obstacles safely and negotiate uneven terrain (Austin et al., 1999; 

Krell & Patla, 2002; Sparrow et al., 1996). Three processes appear to be needed to successfully 

overcome an obstacle: (1) the detection of the obstacle in the environment, (2) the processing 
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of pertinent information concerning the obstacle, and (3) the execution of an appropriate and 

timely motor response (Zhang et al., 2011). 

In this context, foot actions are critical to the control strategy of negotiating obstacles, 

especially for the latter two processes mentioned above. The foot is recognized as an important 

source of sensory information regarding the control of standing balance (Kennedy & Inglis, 

2002), while the loss of somatosensory feedback is thought to influence the ability to 

compensate for external disturbances (Cavanagh, Perry, Ulbrecht, Derr, & Pammer, 1998). As 

the terminal link of the kinematic chain, the foot is a structure that enables a harmonious 

coupling between the body and the uneven terrain (Rodgers, 1988; Rosenbaum & Becker, 

1997). Changes of normal foot mechanics can adversely affect several lower and upper 

segments in an ascending manner (Becker, Rosenbaum, Kriese, Gerngross, & Claes, 1995). 

Foot loading has also been considered the ‘‘micro control’’ of gait, which can be assessed 

through plantar pressure analysis (Zhang et al., 2011).  

Plantar pressure measurements are widely used to evaluate foot function (Keijsers et al., 

2013) and can provide insights into the postural and motor pattern strategies during obstacle 

crossing (Zhang et al., 2011). Additionally, it has been suggested that atypical gait patterns may 

be more readily detected by temporal plantar pressure assessments (Zhang et al., 2011). 

Temporal foot rollover measurements performed through plantar pressure analysis can 

highlight the antero-posterior and medio-lateral behavior of the foot, which is critical for 

discerning between normal and pathological gait, and for promoting the understanding of the 

leg and foot muscular activities (Blanc et al., 1999; Monteiro et al., 2010c), detailing foot 

dynamics in stance, and clarifying the etiology of overuse injuries (De Cock et al., 2005).  

Some studies related to obstacle crossing have been performed previously; however, 

only a few studies have focused on plantar pressure parameters (Han et al., 2015; Jung et al., 

2011; Park et al., 2010; Said et al., 2008; Zhang et al., 2011). In these studies, obstacle crossing 

strategies were evaluated for Tai Chi practitioners and exercise walkers (Zhang et al., 2011). 

The plantar pressure and the center of the pressure pathway of normal and flat feet were 

compared when crossing-obstacles of varying heights (Han et al., 2015). Plantar pressure 

distribution in stroke patients (Park et al., 2010) and middle-aged obese women (Jung et al., 

2011) were also evaluated when walking over obstacles of varying heights.   

Postural and movement control during gait has been formerly studied in adults (Sousa, 

Silva, & Tavares, 2012), but only recently a reference data set for PW during walking straight-

ahead has been established for plantar pressure temporal parameters (Monteiro et al., 2010c). 
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To our knowledge, no plantar pressure temporal data during obstacle tasks have been previously 

reported for obese (OB) and non-obese (NOB) postmenopausal women. 

Therefore, the purpose of this study was to compare the temporal foot rollover data 

between walking straight-ahead and walking stepping over obstacles for OB and NOB PW. 

 

4.3 Materials and methods 

4.3.1 Subjects 

Sixty-seven PW were recruited through advertising from the surrounding community. A 

conventional scale and a stadiometer were used to measure the body mass and height of each 

subject, respectively. After calculating the body mass index (BMI), the obesity levels were 

determined using the cut-off value of 27 kg/m2 (Brochu et al., 2008; Peppa et al., 2013). Two 

groups were established: the NOB and the OB (Table 4.1). 

 

Table 4.1. Sample characterization.  

Variables NOB (n = 27) OB (n =40) 

 Mean (SD) Mean (SD) 

Age (years) 58.2 (4.8) 57.1 (4.7) 
Age Range (years) 48 - 73 49 – 70 
Height (cm) 155.8 (5.2) 156.3 (4.5) 

Mass (kg) 58.4 (7.1) 73.1 (7.3) 

BMI (kg/m2) 24 (2) 29.9 (2.5) 
Obstacle height 22.2 (0.9) 22.1 (1) 

Non-obese (NOB), and obese (OB) subjects. Data are given as mean (standard deviation). 
 

Before the subjects were included in the study, a physician performed an evaluation of 

the medical history, and an informed written consent was obtained after full disclosure of the 

nature of the study. The evaluation used the Bone Estrogen Strength Training (BEST) study 

(Center for Physical Activity and Nutrition, 2004) and the Greene scale (Greene, 2008). The 

exclusion criteria were (1) diabetes and/or signs associated with neuropathy, (2) acute foot pain 

and deformities, (3) severe lower extremity trauma, and (4) coordination problems resulting 

from eye disorders. 

This research was performed in accordance with the Declaration of Helsinki stipulations 

and ethical approval for this investigation was obtained from the Ethical Committee of the 
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University of Trás-os-Montes and Alto Douro. The participants gave written informed consent 

to participate in the study. 

 

4.3.2 Materials and procedures 

Employing the two-step protocol (Bus & de Lange, 2005; McPoil et al., 1999; Meyers-

Rice & Sugars, 1994), the plantar pressure parameters were measured by two Footscan 

platforms (1×0.4 m, 8192 sensors; RSscan International, Olen, Belgium) at 250 Hz. 

The subjects were instructed to perform two tasks barefoot: Task SA, straight-ahead 

walking, and Task O, walking straight-ahead and stepping over an obstacle that was 30% the 

height of the lower limb length, (Figure 4.1). The trochanteric height (right and left lower limb) 

was measured using a segmometer (Rosscraft, Blaine, USA), in accordance with the procedures 

referred by Martin et al. (1988). The obstacle consisted of a plastic tube coated with foam and 

vinyl, placed across a height-adjustable metal frame. The vinyl color was orange to improve 

visibility of the obstacle, the tube had 4 cm of diameter and 120 cm length. For safety reasons, 

the tube was only supported on the metal frame. Any foot contact with the tube caused it to fall, 

preventing the participants from stumbling and falling. The height of the obstacle have similar 

dimensions of some obstacles commonly encountered in the everyday environment (Begg et 

al., 1998; Chou et al., 2001). 

 

 
Figure 4.1. Comparative representation of the straight-ahead and obstacle tasks. The feet 1 (trailing limb), and 2 
(leading limb), were the ones analyzed. The orange bar represents the obstacle at 30% height of the lower limb 
length. 
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When stepping over the obstacle, the right foot (trailing limb) was the dominant foot for 

all subjects and was used as the support foot, whereas the left foot (leading limb) stepped over 

the obstacle. To detect the dominant foot, each subject was instructed to kick a ball 

(Bovonsunthonchai et al., 2012).  

Subjects practiced walking at a self-selected speed over the plantar pressure platform 

during a 10-min familiarization period, after which five valid trials (Bus & de Lange, 2005; 

McPoil et al., 1999) were collected. Whenever a participant targeted the pressure platform, if 

the foot contact was incomplete or the coefficient of variation of the contact duration was 

greater than 5% (Monteiro et al., 2010c; Silva et al., 2016), the trial was discarded. This last 

procedure was used to minimize the effect of walking speed variation on the data.  

Using the scalable mask automatically provided by the Footscan Software (Footscan 

7.1; RSscan International), the footprint was divided into 10 anatomic pressure areas (Figure 

4.2): MH, LH, M1–M5, MF, T1, and T2–5. Then, the IC, FC, and CD were calculated for all 

of these foot anatomic pressure areas during foot rollover (Silva et al., 2016). 

 

 
Figure 4.2. Anatomic pressure areas. Mask used in Footscan Software (version 7.1, RScan International) to divide 
the foot into 10 anatomical pressure areas. 

 

4.3.3 Statistical analysis 

Absolute temporal data were expressed in milliseconds as the mean ± standard deviation 

in Table 4.2, for the trailing and leading limbs. The absolute temporal data were normalized 
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according to the foot contact duration, leading to relative temporal data expressed as a 

percentage. The mean values of all relative temporal variables depicted in Tables 4.3 and 4.4 

were compared between tasks for both feet in the OB and NOB groups through paired-sample 

t-tests or Wilcoxon signed-rank tests, when parametric assumptions were violated. The 

normality of data was examined by the Shapiro-Wilk test, and the Levene test assessed the 

homogeneity of variance. 

The Statistical Package for Social Sciences (SPSS 19.0; SPSS, Inc., Chicago, IL, USA) 

was used to perform statistical analyses between tasks.  

 

4.4 Results   

4.4.1 Absolute temporal data 

Both the OB and NOB subjects, showed a significant (p<0.05) longer foot contact 

duration on the leading and trailing limbs during the obstacle task (Table 4.2).  

 

4.4.2 Relative temporal data 

4.4.2.1 Trailing limb 

During the obstacle task, for both OB and NOB subjects, the trailing limb showed a 

significant: (1) later initial contact of the LH and MH areas and an earlier initial contact of the 

remaining areas, (2) an earlier final contact of the LH and MH, MF, and T1 areas and a later 

final contact of the M1-5 areas, and (3) a shorter contact duration of the LH and MH areas, and 

a longer contact duration of the M1-5, T2-5, and T1 areas (Table 4.3).  

 

4.4.2.2 Leading limb 

For both OB and NOB subjects, the leading limb in the obstacle task revealed a 

significant: (1) later initial contact of the LH and MH areas, an earlier initial contact of M1-5, 

T2-5, and T1 areas, (2) an earlier final contact of the LH, MH, MF and a later final contact of 

the M1-4 and T2-5 areas, and (3) a shorter contact duration of the MF, LH and MH areas, and 

a longer contact duration of the M1-5, T2-5, and T1 areas (Table 4.4). 
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Table 4.2. Trailing limb and leading limb absolute temporal data. Initial contact, final contact and contact duration 
for the 10 foot anatomic pressure areas in straight-ahead (Task SA) and obstacle (Task O) tasks, by subject groups: 
obese (OB) and non-obese (NOB). 

Trailing Limb (right foot)                                      Leading ling Limb (left foot) 

 NOB OB NOB OB 

 Task SA Task O Task SA Task O Task SA Task O Task SA Task O 

Initial Contact (ms) 

T1  319±101 231±12 318±96 248±130 326±87 195±152 315±103 182±164 
T2-5  357±54 339±13 342±85 323±154 362±89 224±200 362±94 196±181 
M1  214±75 173±99 171±63 143±74 184±72 94±101 148±67 66±93 
M2  122±49 90±51 102±37 85±57 115±48 35±44 99±35 35±54 
M3  90±48 62±45 82±38 57±35 90±41 23±49 78±33 23±43 
M4  94±53 60±45 75±42 44±33 84±35 17±40 73±39 17±40 
M5  140±73 100±76 92±47 58±53 109±51 25±51 86±56 21±48 
MF 54±23 33±16 45±18 29±14 38±18 46±16 33±11 37±13 
MH  0±0 6±10 0±0 3±8 0±0 47±17 0±1 42±18 
LH  0±0 5±9 0±0 3±8 0±0 47±17 0±1 42±18 

Final Contact (ms) 

T1  642±65 780±66 647±59 808±77 636±61 791±77 642±50 803±80 
T2-5  626±60 764±94 628±55 795±81 616±58 771±84 623±49 788±77 
M1  598±63 757±63 609±57 789±80 585±61 737±83 597±50 752±82 
M2  611±65 780±68 619±54 809±77 607±62 761±76 615±49 775±78 
M3  609±64 784±69 616±54 812±77 608±62 762±77 616±50 777±79 
M4  596±62 772±85 604±53 807±78 598±61 753±75 608±51 772±81 
M5  547±61 713±121 562±58 754±108 561±55 685±105 577±56 727±90 
MF 394±68 453±136 421±70 497±159 396±52 443±119 431±74 439±115 
MH  369±57 420±128 370±55 405±132 371±57 391±112 377±58 362±102 
LH  368±57 417±125 370±56 402±131 367±57 391±111 373±58 363±100 

Contact Duration(ms) 

T1  323±108 549±129 329±84 560±139 310±100 596±150 328±112 622±173 
T2-5  269±58 426±135 286±93 472±155 253±99 547±203 261±105 592±174 
M1  384±86 584±107 437±82 646±98 401±79 643±110 449±82 686±123 
M2  489±70 690±71 517±64 723±86 493±66 726±78 516±51 740±85 
M3  520±72 722±63 535±65 755±74 518±68 739±79 538±54 754±81 
M4  502±69 712±80 529±62 763±73 513±62 736±76 535±60 755±83 
M5  407±81 613±117 469±67 696±114 452±58 661±109 491±71 707±91 
MF 340±62 419±137 376±71 468±159 359±54 397±114 399±69 403±118 
MH  369±57 414±133 370±55 402±131 371±57 344±111 376±57 321±109 
LH  368±57 412±130 370±56 399±130 367±57 344±110 373±58 321±107 

Foot Contact Duration (ms)      
 *                                  †                 *               † 
 642±65 793±68 647±58 819±77 637±31 792±79 643±50 804±79 

The abbreviations represent the medial (MH) and lateral heel (LH), metatarsals (M1–M5), midfoot (MF), hallux (T1), and toes 
(T2–5). *Significant differences – paired-samples t-test. † Significant differences – Wilcoxon signed-rank test. 
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Table 4.3. Trailing limb relative temporal data. Initial contact, final contact and contact duration for the 10 foot 
anatomic pressure areas in straight-ahead (Task SA) and obstacle (Task O) tasks, by subject groups: obese (OB) 
and non-obese (NOB). 

 OB    NOB    

 
Task SA Task O 

T-valuea 
P-value 

 
Task SA Task O 

T-valuea 

P-value 
Z-valueb  Z-valueb 

Initial Contact % 

T1 48.8±13.6 30.3±15.6 7.18a < 0.0005*  49.7±15.3 29.1±15 7.951a < 0.0005* 
T2-5 53.0±13.2 39.5±18.2 -4.180b < 0.0005†  55.7±7.3 42.5±17.1 4.424a < 0.0005* 
M1 26.6±9.8 17.4±8.6 -4.825b < 0.0005†  33.2±10.6 21.8±12.1 -3.676b < 0.0005† 
M2 15.8±5.8 10.4±6.4 -4.933b < 0.0005†  18.9±7 11.2±6.2 -4.397b < 0.0005† 
M3 12.7±6 6.9±3.9 -5.511b < 0.0005†  14.0±6.9 7.7±5 -4.541b < 0.0005† 
M4 11.6±6.3 5.2±3.8 -5.511b < 0.0005†  14.5±7.6 7.4±5.2 -4.228b < 0.0005† 
M5 14.3±7.2 7.0±6.3 -5.094b < 0.0005†  21.6±10.3 12.5±9.3 -4.036b < 0.0005† 
MF 7.0±2.6 3.5±1.8 -5.511b < 0.0005†  8.3±2.9 4.2±2 9.264a < 0.0005* 
MH 0±0 0.4±0.9 -2.937b 0.003†  0±0 0.7±1.3 -3.479b 0.001† 
LH 0±0 0.4±0.9 -3.051b 0.002†  0±0 0.7±1.2 -3.110b 0.002† 

Final Contact % 
T1 99.9±0.4 98.6±2 4.32a < 0.0005*  99.9±0.3 98.5±1.7 -4.015b < 0.0005† 
T2-5 97.0±2.4 97.1±4.5 -1.516b 0.129  97.5±2 96.3±7.3 -.771b 0.44 
M1 94.0±1.8 96.3±2.4 -7.67a < 0.0005*  93.1±2.2 95.5±2.5 -4.108b < 0.0005† 
M2 95.6±1.6 98.7±1 -5.484b < 0.0005†  95.1±1.4 98.4±1.1 -14.086a < 0.0005* 
M3 95.3±1.5 99.1±0.9 -5.511b < 0.0005†  94.8±1.3 98.9±1.2 -4.541b < 0.0005† 
M4 93.3±1.7 98.5±1.5 -5.511b < 0.0005†  92.7±1.6 97.3±5.8 -3.892b < 0.0005† 
M5 86.8±5.4 91.9±8.7 -4.301b < 0.0005†  85.2±4.5 89.8±12.7 -2.931b 0.003† 
MF 64.9±7.9 60.2±16.8 2.445a 0.019*  61.3±8.5 56.7±14.8 2.193a 0.037* 
MH 56.9±5 48.9±12.8 4.143a < 0.0005*  57.4±6.5 52.7±14.3 2.252a 0.033* 
LH 56.9±5.1 48.5±12.5 4.499a < 0.0005*  57.3±6.6 52.4±14.1 2.424a 0.023* 

Contact Duration% 
T1 51.1±13.5 68.3±15.2 -6.801a < 0.0005*  50.2±15.3 69.3±15.3 -7.202a < 0.0005* 
T2-5 44.0±13.6 57.6±18 -4.301b < 0.0005†  41.9±7.7 53.7±16.7 -4.427a < 0.0005* 
M1 67.5±10.7 78.8±9.3 -5.014b < 0.0005†  59.8±11.4 73.8±12.6 -3.988b < 0.0005† 
M2 79.8±6.1 88.3±6.6 -5.377b < 0.0005†  76.2±7.2 87.2±6.6 -4.541b < 0.0005† 
M3 82.6±6.4 92.2±3.9 -5.511b < 0.0005†  80.9±7.1 91.2±5.5 -4.541b < 0.0005† 
M4 81.7±6.8 93.2±3.8 -5.511b < 0.0005†  78.2±7.9 89.9±7.8 -4.517b < 0.0005† 
M5 72.6±8.6 84.9±10.8 -5.040b < 0.0005†  63.6±11.8 77.3±14 -4.204b < 0.0005† 
MF 57.9±8.8 56.7±17.1 0.674a 0.504  53.1±8.8 52.6±25.2 0.219a 0.828 
MH 56.9±5 48.5±12.7 4.358a < 0.0005*  57.4±6.5 52.0±15.1 2.419a 0.023* 
LH 56.9±5.1 48.1±12.4 4.707a < 0.0005*  57.3±6.6 51.7±14.9 2.573a 0.016* 

The abbreviations represent the medial (MH) and lateral heel (LH), metatarsals (M1–M5), midfoot (MF), hallux (T1), and toes 
(T2–5). *Significant differences – independent-samples t-test. † Significant differences – Mann Whitney U test. 
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Table 4.4. Leading limb relative temporal data. Initial contact, final contact and contact duration for the 10 foot 
anatomic pressure areas in straight-ahead (Task SA) and obstacle (Task O) tasks, by subject groups: obese (OB) 
and non-obese (NOB). 

 OB    NOB    

 
Task SA Task O 

T-valuea 
P-value 

 
Task SA Task O 

T-valuea 

P-value 
Z-valueb  Z-valueb 

Initial Contact % 

T1 49.2±16.1 22.6±19.7 -5.202b < 0.0005†  51.4±14.3 24.3±19 -4.252b < 0.0005† 
T2-5 56.5±14.2 23.9±21.3 -5.484b < 0.0005†  57.2±14 27.8±24.5 -4.084b < 0.0005† 
M1 22.9±9.9 8.2±10.9 -5.067b < 0.0005†  28.8±10.8 11.6±12.9 -3.988b < 0.0005† 

M2 15.4±5.1 4.3±6.2 -5.014b < 0.0005†  17.9±7 4.3±5.6 -4.541b < 0.0005† 
M3 12.1±5 2.8±5 -5.296b < 0.0005†  14.1±6.1 2.8±6 -4.541b < 0.0005† 
M4 11.3±6.1 2.0±4.7 -5.497b < 0.0005†  13.2±5.2 2.1±4.8 -4.517b < 0.0005† 
M5 13.4±8.7 2.5±5.6 -5.497b < 0.0005†  16.9±7.3 3.0±6.2 -4.493b < 0.0005† 
MF 5±1.6 4.6±1.6 1.516a 0.138  5.9±2.7 5.7±1.8 -0.553b 0.581 
MH 0.1±0.1 5.2±2.1 -5.373b < 0.0005†  0.0±0.1 5.9±2 -4.541b < 0.0005† 
LH 0±0.1 5.2±2.1 -5.373b < 0.0005†  0.0±0 5.9±1.9 -4.541b < 0.0005† 

Final Contact % 
T1 99.9±0.3 99.9±0.3 -0.622b 0.534  99.9±0.4 99.9±0.4 -0.73b 0.465 
T2-5 97±2.4 98±2.4 -3.009b 0.003†  96.7±2.6 97.3±3.7 -1.968b 0.049† 
M1 92.8±2.8 93.5±3.5 -2.89b 0.004†  91.9±3.5 92.9±4.2 -2.763b 0.006† 
M2 95.7±1.5 96.4±0.9 -3.351a 0.002*  95.3±1.6 96.0±0.9 -2.354b 0.019† 
M3 95.7±1.5 96.6±1 -4.095a < 0.0005*  95.4±1.5 96.2±1 -2.571b 0.01† 
M4 94.5±1.7 95.9±1.2 -6.131a < 0.0005*  93.8±1.8 95.1±1.7 -2.924a 0.007* 
M5 89.7±3.5 90.3±4.8 -1.734b 0.083  88.1±3.5 86.4±9.2 -0.264b 0.792 
MF 66.8±8.5 54.4±12.6 7.738a < 0.0005*  62.3±7.1 55.4±11.8 2.973a 0.006* 
MH 58.4±6.1 44.8±11.1 7.765a < 0.0005*  58.3±7.3 49.0±12 4.19a < 0.0005* 
LH 57.9±6.1 44.9±10.9 7.57a < 0.0005*  57.6±7.5 49.1±11.9 3.961a 0.001* 

Contact Duration% 
T1 50.8±16.1 77.3±19.7 -5.202b < 0.0005†  48.5±14.3 75.5±18.9 -4.252b < 0.0005† 
T2-5 40.5±15 74.1±21.4 -5.484b < 0.0005†  39.5±14.3 69.4±25.4 -4.156b < 0.0005† 
M1 69.9±11.4 85.3±12.4 -5.161b < 0.0005†  63.1±11.4 81.3±12.5 -4.108b < 0.0005† 
M2 80.3±5.3 92±6.2 -5.014b < 0.0005†  77.4±7.2 91.7±5.1 -4.541b < 0.0005† 
M3 83.6±5.1 93.8±5.2 -5.363b < 0.0005†  81.3±6.3 93.4±5.4 -4.541b < 0.0005† 
M4 83.2±6 93.9±4.7 -5.497b < 0.0005†  80.6±5.8 92.9±4.4 -4.541b < 0.0005† 
M5 76.3±8.7 87.9±6.6 -5.377b < 0.0005†  71.1±8.5 83.4±10.5 -4.373b < 0.0005† 
MF 61.8±8.1 49.9±13.4 7.569a < 0.0005*  56.5±8 49.7±11.7 2.784a 0.01* 
MH 58.3±6.1 39.6±12.3 9.782a < 0.0005*  58.3±7.4 43.1±12.4 6.723a < 0.0005* 
LH 58±6 39.7±12.1 9.655a < 0.0005*  57.6±7.5 43.1±12.2 6.576a < 0.0005* 

The abbreviations represent the medial (MH) and lateral heel (LH), metatarsals (M1–M5), midfoot (MF), hallux (T1), and toes 
(T2–5). *Significant differences – independent-samples t-test. † Significant differences – Mann Whitney U test. 
 

 

4.5 Discussion 

The aim of this study was to explore the potential differences between walking straight-

ahead and walking stepping over obstacles for OB and NOB postmenopausal women. 

According with previous findings, both OB and NOB groups revealed a longer foot 

contact duration through the obstacle task for both limbs (Begg et al., 1998; Chen et al., 1991; 

Sparrow et al., 1996). The increased support time during the obstacle task is consistent with the 
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decrease in crossing speed (Austin et al., 1999; Begg et al., 1998; McKenzie & Brown, 2004; 

Sparrow et al., 1996) and with the need for more time to absorb and generate greater forces 

developed when stepping over obstacles (Begg et al., 1998). 

 

4.5.1 Trailing limb 

With reference to the trailing limb in both OB and NOB subjects, except for the heel, all 

the areas of the foot made the initial contact earlier in the obstacle task. During stepping over 

obstacles, one of the roles of the trailing limb is to arrest the body’s forward momentum, which 

is achieved through earlier and increased antero-posterior maximum braking forces as well as 

earlier and increased first vertical peak forces during the weight acceptance phase (Begg et al., 

1998).  

During gait and shortly after heel strike, the location of the GRF is posterior to both ankle 

and knee joint, creating an external plantarflexion moment around the ankle joint. At this 

instant, the tibialis anterior and other muscles contract eccentrically, producing an internal 

dorsiflexion moment decelerating the rate of ankle joint plantarflexion (Abboud, 2002). The 

greater GRF produced during obstacle tasks should increase the external plantarflexion 

moment. However, if not properly compensated by the internal dorsiflexion moment, there will 

be a lower deceleration rate of ankle plantarflexion and consequently an earlier initial contact 

of the anterior part of the foot. This earlier initial contact of the anterior foot areas can also be 

task dependent. If correct, it might be possible to detect a delay and/or decrease in muscle 

activation of some muscles (e.g., tibialis anterior) when crossing obstacles, which can lead to a 

quicker transition from the posterior to the anterior part of the foot. 

Throughout the obstacle task, the trailing limb of both the OB and NOB subjects made 

an earlier final contact of the MF, LH and MH areas. Shear forces cannot be acquired with 

plantar pressure devices alone. Hence, it is not possible to determine precisely the breaking and 

the beginning of the propulsion phases. Nonetheless, the final contact of the heel areas with the 

ground can be determined and provides indirect information about the breaking and propulsion 

phases during gait. The earlier final contact of these areas (i.e., MF, LH and MH) cannot be 

explained solely by their earlier initial contact and suggests an anticipation of the beginning of 

the propulsion phase during the obstacle task. As reported by Begg et al. (1998), the trailing 

foot not only increases the second peak vertical force to cross higher obstacles, but the 
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maximum peak force occurs later on the stance phase. These results may explain the later final 

contact of all the metatarsal areas found in the trailing limb. 

Regarding the contact duration of the anatomic pressure areas of the trailing limb, both 

OB and NOB subjects had a significantly shorter contact duration of the LH and MH areas and 

a longer contact duration of M1-5, T2-5, and T1 areas. As reported above, the shorter contact 

duration of the heel areas can indicate a faster plantarflexion due to an increased external 

plantarflexion moment induced by greater GRF. The metatarsal and toe areas contribute to 

weight bearing and loading distribution and play an important role in propulsion during the 

push-off phase. Briefly after heel off, the foot bears the full body weight alone (Abboud, 2002). 

This requirement is augmented when crossing obstacles because the subjects must 

accommodate the necessary elevation and control of the COM during the obstacle clearance. 

Moreover, before subjects can assume their weight-bearing function during propulsion, they 

must be stable (Abboud, 2002), which is also crucial for achieving a successful and safe 

obstacle crossing (Begg et al., 1998; Chen & Lu, 2006; Said et al., 2008). The longer contact 

duration of the forefoot areas during the obstacle task seems to fulfill these requirements. 

 

4.5.2 Leading limb 

With regard to the leading limb, during the obstacle task, the foot initiates the foot contact 

with the metatarsal areas which is not the typical foot rollover sequence: heel strike, forefoot 

loading, midstance, heel off, and toe off (Abboud, 2002; Blanc et al., 1999). As depicted in 

Table 4.4, during the obstacle task, the MF and some metatarsal areas made the initial contact 

before the LH and MH areas. 

During heel strike, when walking straight-ahead, the ankle joint is either in a neutral 

position or in slight plantarflexion (Rodgers, 1988). Austin et al. (1999) investigated the effect 

of 31, 76, and 121 mm obstacle heights on joint kinematics of the swing phase limb in healthy 

subjects. As the height increases from 31 to 76 mm, the authors found an increase in ankle 

dorsiflexion. However, in the 126 mm obstacle height, an increased ankle plantarflexion was 

adopted immediately after foot clearance and prior heel contact, which, according to the 

authors, suggests an active coordinated attempt to rapidly return the swing limb to the ground 

to restore stability (Austin et al., 1999). These data also suggest that there might be a height 

threshold beyond which the heel contact strategy changes. Our data, however, do not support 

this last threshold assertion. In the present study, the obstacle height was 30% of the lower limb 
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length, which corresponds to 22.2±0.9 cm for OB subjects and 22.1±1 cm for NOB subjects. 

The average obstacle height of both groups is clearly higher than the ones employed in the 

formerly quoted study. When the leading limb is crossing the obstacle and the trailing limb is 

supporting the body, the COM is moving away from the base of support (the trailing foot), 

making the recovery of balance from tripping or stumbling more difficult (Lu et al., 2006). 

Therefore, as suggested by Austin et al. (Austin et al., 1999), it is plausible that persons with 

different body capabilities may have different coordination strategies to restore stability that 

are conducive to different leading limb foot rollover profiles. 

When the metatarsal areas of the leading limb contact the ground, for a moment, both feet 

are on the ground. However, now the trailing limb needs to cross the obstacle and the leading 

limb must support the body. In the obstacle task, this procedure appears to be accomplished by 

performing a quick backward foot rollover movement from the metatarsal to the heel areas to 

support all the leading foot on the ground to better control the trailing limb when the subject is 

crossing the obstacle. This process is substantiated by the leading limb shorter contact duration 

of the MF, MH, and LH areas, and a longer contact duration of the M1–5, T1 and T2–5 areas.  

 

4.6 Conclusion 

Significant differences were found in temporal characteristics of foot rollover during 

walking straight-ahead and stepping over obstacles in both groups, with most of these 

differences being common for both OB and NOB subjects. The trailing limb during the obstacle 

task showed an anticipation of the final contact of the LH and MH, MF areas as well as an 

earlier initial contact, a later final contact, and a longer contact duration of the M1-5 areas, 

suggesting an anticipation of the beginning of the propulsion phase during the obstacle task. 

Regarding the leading limb, during the obstacle task, the first foot contact was not made with 

the heel areas, however, a quick backward foot rollover movement from the metatarsal to the 

heel areas occurred, providing support for all the foot areas on the ground to better control the 

stability of the trailing limb during the swing phase. The results also suggest that, during the 

obstacle task, the role of the metatarsal areas of both limbs are enhanced in the initial break in 

the control of stability and on propulsion compared to the straight-ahead walking. 
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CHAPTER 5 – General discussion and conclusion 

5.1 Main discussion 

This thesis aims a better understanding of the foot ground interaction during gait of 

PW, particularly in the following tasks: (1) walking straight-ahead, (2) walking while perform 

a side-cut maneuver, and (3) walking while cross an obstacle. Considering that plantar pressure 

can be significantly affected by body weight and PW are prone to gain weight, obesity effects 

were also evaluated in this work. 

Differences between walking with and without a side-cut maneuver were explored for 

OB and NOB subjects in the first study (chapter 2). For the trailing limb, OB and NOB subjects 

showed an earlier initial and final contact of the M5 and M4 areas during the side-cut task 

when compared with the straight-ahead task.  

During walking in a straight line, at the initial movement of the forefoot, only the lateral 

side of the forefoot makes contact with the ground (Abboud, 2002). As reported by Houck et 

al. (2006)  during side-cut tasks an increased lateral foot contact of the trailing limb takes place, 

to accomplish the change in direction. The increased medio-lateral movement, which is 

accompanied by greater medial-lateral forces during the side-cut tasks (Houck, 2003), can 

promote an anticipatory time shift of M4 and M5 areas and a faster transition of the body 

weight from the heel to the lateral forefoot areas. 

  The OB subjects showed a later initial contact, an earlier final contact and a shorter 

contact duration of the M2 area in the side-cut than in the straight-ahead task. To change 

direction the trailing foot (i.e. the support foot), at the end of its movement, will tend to roll 

from the heel to the anterior part of the foot but also from its lateral to the medial side to comply 

with the direction demands of the path traveled. This latero-medial movement may lead to a 

shorter contact duration of the M2, and explain the later final contact of the M1 area, since the 

foot rotation in the frontal plane will tend to be made around the M1.  

Differences between tasks were observed for the trailing limb of OB and NOB subjects 

in T1 and T2-5 areas. In the straight-ahead task, the T1 area made the initial contact before the 

T2-5 area, however, in the side-cut task the inverse action occurred. The results of OB and NOB 

subjects also indicated that during the straight-ahead task the T2-5 area made the initial contact 

almost at the same time of the heel off. However, during the side-cut task the initial contact of 

the T2-5 area occurred earlier, leading this area to be in contact with the ground much sooner 
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than the heel off. The time of heel off provides an indirect indication about the breaking and 

propulsion phases of gait. During gait, the toes do not bear significant loads during initial 

contact and midstance (Rolian et al., 2009), however, the results of the T2-5 area in the present 

study seems to indicate that those areas may play a greater role during the initial brake and in 

the control of stability of the trailing limb during side-cut tasks.  

In the first study the leading limb of OB and NOB presented a longer foot contact 

duration, as well as a longer contact duration of the LH, MH and MF areas during the side-cut 

task when compared with the straight-ahead task. When performing turns, many temporal and 

spatial features of the inner and outer legs are different, and show some asymmetries (Courtine 

& Schieppati, 2004). For instance, after exploring the coordination pattern during straight-

ahead and curved walking, it was reported a decreased stride length and increase duration of 

the stance phase of the inner limb with respect to the outer limb (Courtine & Schieppati, 2004). 

The side-cut task of the present work was performed at an angle close to the one used by 

Courtine and Schieppati (2004), therefore, it is reasonable to assume that the longer foot contact 

duration of the leading limb and the longer contact duration of the LH, MH and MF areas may 

be related to the relative increase of the stride length of the trailing limb, as well as to the leaning 

of the trunk toward the inner side of the turn (Courtine & Schieppati, 2004). 

The results obtained in the leading limb also showed that the OB exhibited a later and 

longer contact duration of some metatarsal areas during the side-cut task when compared with 

the straight-ahead task. As above mentioned, the metatarsal areas play an important role during 

propulsion, however, they must be stable before they assume their weight-bearing function 

(Abboud, 2002). Since only the OB subjects presented differences between the studied tasks, it 

may be hypothesized that during the side-cut task the greater inertia of these subjects demands 

more time to stabilize and prepare the foot for the next step. 

The second study (chapter 3), investigate the differences in foot contact times between 

obese and non-obese PW when crossing obstacles. No significant differences were found for 

the foot contact duration of both limbs between OB and NOB subjects in any of the groups 

evaluated (i.e. heel and non-heel groups). These results are not in accordance with previous 

studies, where obese children were reported to spend more time crossing obstacles than non-

obese children (Gill & Hung, 2012), and obese adults were reported to show greater single and 

double feet support time during obstacle tasks (Bashinskaya, 2015). In both quoted studies 

(Bashinskaya, 2015; Gill & Hung, 2012) the obstacle heights were defined in absolute terms 

(i.e. 4, 11 and 16 cm), while in the present work the obstacle height was defined in relative 
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terms (i.e. 30% height of the lower limb length) to account for possible differences in lower 

limb lengths among subjects. Therefore, differences between studies may simply result by the 

lack of normalization procedures that considers the dimensions of the subjects. 

When crossing obstacles, the initial contact of the leading limb showed two different 

foot rollover patterns. Some subjects (i.e., H-OB and H-NOB), made the initial contact of the 

foot with the heel areas and then with the anterior part of the foot, which is considered the 

“normal” foot rollover pattern during walking (Blanc et al., 1999; Monteiro et al., 2010c). Other 

subjects (i.e. NH-OB and NH-NOB), made the initial contact of the foot with the metatarsal 

areas, moved back to the heel areas and then progressed to the anterior part of the foot. 

Considering that both patterns were observed in the OB and NOB subjects, a possible 

explanation is that the height of the obstacle may be too demanding for the motor ability of 

some subjects. During obstacle tasks, a significantly greater range of motion for the COM in 

the anterior-posterior and vertical directions takes place as the obstacle height increases (Chou 

et al., 2001). When the trailing limb is in single foot support phase, subjects must be able to 

control their COM position under their base of support, while at the same time the leading limb 

advance over the obstacle until his heel strike the ground. However, if the COM advances too 

much in relation to the trailing limb, the metatarsal areas of the leading limb may touch the 

ground first to arrest COM progression.  

The relative temporal data of the leading limb showed that the NH-OB subjects 

exhibited an earlier initial contact of MF, a later final contact of M4, and a longer contact 

duration of M1 and M4 than the NH-NOB subjects. The H-OB subjects exhibited an earlier 

initial contact and a longer contact duration of M2, M3 and a later final contact of M2 than the 

H-NOB subjects. Possible explanations for these results encompasses footprint changes due to 

obesity (Birtane & Tuna, 2004; Mickle, Steele, Munro, & Karen, 2006; Wearing et al., 2012), 

which can alter the contact time duration of some foot areas and the higher inertia of obese 

subjects, thus promoting the anticipation of some foot contact areas.  

For the trailing limb both heel and non-heel groups showed the same foot rollover 

sequence: heel strike, forefoot loading, midstance, heel off and toe off. But the results of the 

second study indicated that the H-OB subjects, when compared to the H-NOB, showed an 

earlier initial contact of the MF area and a longer contact duration of the M5 area, while the 

NH-OB showed an earlier initial contact and a longer contact duration of the M4 and M5 than 

the NH-NOB. The results presented by OB subjects, of both heel and non-heel groups, suggests 

that their higher inertia and footprint reshape (Wearing et al., 2012) may influence the initial 
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contact and/or the contact duration of some foot areas. Another explanation is that, in order to 

cross an obstacle, the leading limb moves upwards and with this movement the COM of OB 

subjects shifts faster into the medio-lateral direction, similarly to what happens with OB 

subjects during gait initiation (Cau et al., 2014). In these circumstances OB subjects may require 

additional time to manage the higher speed and forces that act on them to efficiently cross the 

obstacle.    

It was reported that stepping over obstacles is very demanding to the locomotor system 

(Krell & Patla, 2002; Sparrow et al., 1996), challenges stability, and forces the reorganization 

of the gait pattern (Zhang et al., 2011). Beside other results the identification of two-foot 

rollover patterns during the obstacle task, by the leading limb, seems to sustain this assumption.  

The third study (chapter 4), investigated the temporal foot rollover data between walking 

straight-ahead and stepping over obstacles for obese and non-obese PW that initiated the ground 

contact with the metatarsals (chapter 4). Both OB and NOB subjects showed a longer foot 

contact duration in the obstacle task than in the straight-ahead task on both limbs. The longer 

contact duration of the foot has previously been reported (Begg et al., 1998; Sparrow et al., 

1996), and  is consistent with the decrease of the obstacle crossing speed (Austin et al., 1999; 

Begg et al., 1998; McKenzie & Brown, 2004; Sparrow et al., 1996), which may be explained 

by the need for more time, in order to absorb and generate greater forces when stepping over 

obstacles (Begg et al., 1998). 

Regarding the trailing limb, the results indicated that for OB and NOB subjects, except 

for the heel, all the foot areas made the initial contact earlier in the obstacle task than on the 

straight-ahead task. During stepping over obstacles, one of the roles of the trailing limb is to 

arrest the body’s forward momentum, which is achieved through greater GRF (Begg et al., 

1998). These greater GRF may increase the external plantarflexion moment, and if not 

adequately compensated through an internal dorsiflexion moment, a lower deceleration rate of 

ankle plantarflexion may occur, leading to an earlier initial contact of the anterior part of the 

foot. 

In the trailing limb, the results of the OB and NOB subjects showed that the LH, MH 

and MF areas made an earlier final contact, and the LH and MH areas presented a shorter 

contact duration in the obstacle task. In the present study shear forces were not acquired, 

therefore it was not possible to determine precisely the end of the breaking phase and the 

beginning of the propulsion phase. However as stated before, the timing of heel off provides 

indirect indication about the breaking and propulsion phases during gait and suggests that an 
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anticipation of the beginning of the propulsion phase during the obstacle task took place. 

The metatarsal and toe areas of OB and NOB subjects presented a longer contact 

duration for the obstacle task than in the straight-ahead task of the trailing limb. During gait, 

the metatarsals and the toes have a critical role in bearing the weight and load distribution and 

are essential for propulsion during the pushing phase (Abboud, 2002; Rolian et al., 2009). 

During obstacle tasks, the necessary elevation and control of the COM may force this 

requirement to be intensified, which may explain the longer contact duration of the forefoot 

areas during the obstacle task.   

When compared to walking straight-ahead the leading limb in the obstacle task showed 

a shorter contact duration of the midfoot, lateral heel, medial heel, and a longer contact duration 

of the metatarsal 1–5, toes 2–5, and hallux. In the obstacle task the initial foot contact was made 

with the metatarsals and only after a quick backward foot rollover was performed with the heel 

areas. Due to this, the whole leading foot was supported on the ground, produced changes in 

the initial contact, final contact and contact duration of several foot areas to allow a better 

control of the trailing limb when the subject crossed the obstacle.  

The results reported in the studies here presented show, that differences on the foot 

rollover patterns exist between the tasks studied, which are reflected in longer foot contact 

durations, and changes in the IC, FC and DC of several anatomical pressures areas, especially 

in the metatarsal areas. The results suggest that PW may experience more difficulties and 

instability during the side-cut and obstacles tasks than when walking straight-ahead. Obesity 

also affects plantar pressure during the obstacle task and induces time changes in several 

anatomic pressure areas, due the excess of weight, higher forces and inertia of obese subjects. 

 

5.2 Limitations 

Some limitations were identified therefore to provide a better framework to our results 

and findings they will be here summarized.  

In the present investigation, a trial was discarded if the coefficient of variation of the 

contact duration was greater than 5%, for a given task. This criterion was used to minimize the 

effect of walking speed variation on plantar pressure data. However, it would have been helpful 

to obtain the walking speed during the various tasks, for better interpretation of results. 

During the analysis and discussion of the study’s results it became clear that it would 

have been useful to obtain ground reaction forces, since through the antero-posterior component 
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it would be possible to identify the time and magnitude of the braking and propulsive forces 

that occur during the stance phase, and through the medio-lateral component it would be easier 

to identify variations of the support foot.  

The existence of two different foot rollover patterns by the leading limb during the 

obstacle task indicates that kinematic data would have been valuable, since it could help to 

identify differences and causes of the two walking patterns when crossing obstacles. 

Furthermore, kinematics could also help to better understand the overall results.  

Although the research sample consisted of more than one hundred PW, it could be larger 

to improve representativeness and generalizability of the investigation findings. 

 

5.3 Future work directions 

There are several experiments that could be performed to improve our understanding 

of the foot ground interaction during walking of PW, through the study of plantar pressure 

measurements. Some of these experiments are suggested below: 

The leading limb showed two-foot rollover patterns when walking while crossing 

obstacles. A study that relates plantar pressure parameters with kinematic data may give us 

some insights about the cause of these two patterns. The evaluation of the lower member 

muscles could also be important.   

More studies concerning the biomechanics of plantar pressure measurements during 

obstacle tasks must be undertaken, to identify if there is a height threshold above which a 

change in the foot rollover profile occurs, if this threshold is similar for the entire population, 

and if it helps to differentiate people with different motor abilities and/or gait constraints. 

Additional studies regarding the biomechanics of plantar pressure measurements in PW should 

consider other walking velocities besides natural cadence, since walking speeds affect plantar 

pressure parameters (Burnfield, Few, Mohamed, & Perry, 2004). 

It seems also important to introduce load carriage in the research of the biomechanics 

of plantar pressure measurements in PW, namely on side-cut and obstacle tasks, since load 

carriage is a very common during daily activities (Lee, Roan, & Smith, 2009). 
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