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RESUMO 
 
 

 

O objetivo principal desta tese foi analisar o coeficiente de atrito requerido (RCOF) 

na marcha de idosos, pacientes com acidente vascular cerebral (AVC) e com doença de 

Parkinson (DP). Esta tese contém seis capítulos. No Primeiro Capítulo a revisão de 

literatura sobre Tribologia (o estudo do atrito) e RCOF na marcha é  apresentada. Atrito é a 

resistência ao movimento durante o deslizar ou girar que acontece quando um corpo sólido 

se move tangencialmente sobre outro corpo com o qual esta em contato. Na marcha, o 

RCOF é o atrito requerido entre o sapato e o chão para realizar vários tipos de atividades. O 

Segundo Capítulo discute a metodologia para calcular o RCOF baseada nas forças de 

reação do solo (FRS). Para calcular o RCOF os dados de FRS durante a marcha são 

adquiridos. Para isso, o participante é instruído a andar descalço em sua velocidade 

preferida ao longo de uma passarela, sob a qual duas plataformas de força estão embutidas 

no chão da sala de coleta de dados. Após coletados, os dados de GRF são normalizados 

pelo peso corporal do sujeito e em função da percentagem da fase de suporte. Em seguida, 

o RCOF é calculado como a razão entre as componentes horizontais de FRS (resultante das 

FRS lateral e antero-posterior) e a FRS vertical. Com esta metodologia foram realizados os 

estudos apresentados nos Terceito, Quarto, Quinto e Sexto Capítulos desta tese. No 

Terceiro e no Quarto Capítulos são apresentadas investigações os efeitos de diferentes 

superfícies no RCOF durante a marcha normal e patológica. Para isso, o participante foi 

orientado a caminhar sobre as seguintes superfícies: 1) piso vinílico (HOV); 2) carpete; 3) 

revestimento vinílico (HTV); 4) mista (a primeira parte da passarela foi coberta por HOV e 

a segunda por HTV). Todas as quatro superfícies apresentavam coeficiente de atrito 

estático seguro (que varia 0,44-0,55) e são amplamente utilizadas em residências e 

instalações públicas. Os principais resultados destes estudos foram: na marcha descalça 

indivíduos saudáveis apresentaram diferenças no RCOF entre os tipos de superfície nas 

fases de contato inicial e apoio terminal. Além disso, o RCOF na marcha dos pacientes com 

AVC foi alterada na fase apoio terminal devido as quatro superfícies testadas. No Quinto e 

no Sexto Capítulos, a análise da curva do RCOF em pacientes com AVC e DP foi 

apresentada, respectivamente. O RCOF dos pacientes com AVC e DP apresentaram 

padrões diferentes aos do grupo controle. Em pacientes com AVC o contato inicial, a fase 

de rolamento e o apoio terminal são as fases mais críticas para a incidência de quedas. Os 

pacientes com DP apresentaram valores RCOF mais baixos durante o contato inicial e a 

fase de apoio terminal em comparação com o grupo controle. Estas análises representam a 

primeira tentativa de explorar as características da curva RCOF durante a análise da 

marcha; além disso, esta variável também pode ser utilizada na predição da queda dos 

pacientes com AVC e DP. 

 

Palavras-chave: coeficiente de atrito; coeficiente de atrito requerido; marcha; superfície; 

acidente vascular cerebral; Doença de Parkinson; envelhecimento. 
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ABSTRACT 
 

 

The main goal of this thesis is to analyze the required coefficient of friction (RCOF) 

on elderly, stroke and parkinsonian gait. This thesis is presented in six chapters. In the First 

Chapter the literature review of Tribology (the study of friction) and the RCOF during the 

gait are presented. Friction is the resistance to motion during sliding or rolling that is 

experienced when a solid body moves tangentially over another with which it is in contact. 

During the gait, the RCOF is the friction required at the shoe and floor interfaces to support 

different types of human activities. The Second Chapter discusses the methodology to 

calculate the RCOF based on the ground reaction forces (GRF). To calculate the RCOF the 

GRF data during the participant’s gait analysis are acquired. For this, the participant is 

asked to walk barefoot, at his or her chosen speed, along a pathway, beneath which two 

force platforms embedded in the data collection room floor. After this, the GRF data is 

normalized by the subject’s body weight and is expressed as a function of the percentage of 

the support phase. Next, the instantaneous RCOF is calculated as the ratio between the 

shear of the horizontal GRF components (resultant of lateral and anterior posterior GRF) 

and the vertical GRF. Following this methodology, the studies presented in the Third, 

Fourth, Fifth and Sixth chapters were designed. In the Third and Fourth chapters, the 

studies about the effects of flooring in RCOF during normal and pathological gait were 

discussed. For this, the participant was oriented to walk on the following flooring: 1) 

homogeneous vinyl (HOV); 2) carpet; 3) heterogeneous vinyl (HTV); 4) mixed (the first 

half part of the pathway was covered with HOV and the second with HTV). All the four 

surfaces presented safe and static coefficient of friction (ranging from 0.44-0.55) and they 

are widely used in residences and public facilities. The main results of these studies were: 

in healthy subjects’ barefoot gait, there were differences in the RCOF among the flooring 

types during the heel contact and toe-off phases. Moreover, the RCOF of stroke patients 

was altered on the toe-off phase as the four flooring types were tested. In the Fifth and 

Sixth chapters, studies about the instantaneous RCOF curve analysis in patients with Stroke 

and PD were presented respectively. The RCOF of patients with stroke and PD exhibited 

patterns that were different than those of the healthy subjects. In patients with stroke, the 

initial contact, the mid stance and the terminal stance seem to be critical phases for the 

incidence of slips. The PD patients performed lower RCOF values during the loading 

response and terminal stance phases in comparison with the control group. These analyses 

represent the first attempt to explore the RCOF curve parameters during the gait analysis; 

moreover, they might be used in the prediction of the real fall propensity of stroke and PD 

patients.   

 

Key-words: coefficient of friction; required coefficient of friction; gait; flooring; stroke; 

Parkinson’s Disease; aging. 
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INTRODUCTION 
 

 

 

Slips and falls are recognized as important occupational safety concerns and 

considered to be among the major causes of unintentional injury (Kemmlert and Lundholm, 

2001; Layne and Pollack, 2004; Leamon and Murphy, 1995). Falls precipitated by slipping 

are of major concern (Courtney et al., 2001). Lloyd and Stevenson (1992) reported that 

slips and trips cause 67% and 32% of falls sustained by the elderly and young, respectively. 

Understanding what causes slip-precipitated pedestrian accidents is challenging 

because of the multiple, interacting environmental and human factors involved. Among the 

environmental factors are properties of the flooring (e.g. surface roughness); human factors 

include gait, the health of the sensory systems (e.g. vision, proprioception, 

somatosensation, and vestibular) and neurological pathologies such as Stroke and 

Parkinson’s Disease (PD). 

Hemiplegia is one of the most common impairments after stroke and contributes 

significantly to reduce gait performance. Although the majority of stroke patients achieve 

independent gait, many do not reach a walking level that enable them to perform all their 

daily activities (Flansbjer et al., 2005). Moreover, after completing standard rehabilitation, 

approximately 50%-60% of stroke patients still experience some degree of motor 
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impairment, and approximately 50% are at least partly dependent in activities-of-daily-

living (Schaechter, 2004). Fall incidence rates between 23% and 50% have been reported in 

studies of people with chronic stroke (6 months post-stroke – Jorgensen et al., 2002; Lamb 

et al., 2003; Hyndman et al., 2002; Hyndman et al., 2003). This rate is much higher than 

rates reported for older community-dwelling adults without stroke (11%–30% - Bogle et 

al., 1996; Graafmans et al., 1996). Over half of all reported falls occurred indoors during 

walking activities (Jorgensen et al., 2002; Hyndman et al., 2002).  

Patients with PD have high risk of falling, even compared to age-matched controls. 

In a community based sample of 63 patients with PD, Ashburn et al. (2001) found that 40% 

had experienced one or more falls in the previous 12 months. In a 6-month, prospective 

study, Bloem at al. (2001) observed that 51% of PD subjects with moderately advanced 

disease fell at least once while only 15% of age-matched control subjects fell. Gray and 

Hildebrand (2000) observed that 59% of PD subjects fell during a 3-month period. In a 1-

year prospective study, Wood et al. (2002) reported that 68% of the PD subjects had at least 

one fall. 

As described, both pathologies provide abnormal gait pattern and the most 

significant consequence of this are falls. Falls may lead to injuries, hip fractures, fear of 

falling, and restriction of activities that in turn contribute to institutionalization, loss of 

independence and increased mortality (Schaafsma et al., 2003; Harris et al., 2005).  

Friction plays an important role in falls (Chang et al., 2001). One ground reaction 

forces (GRF) measure that has been used to quantify and understand the biomechanics of 

slips has been the ratio of shear to normal GRF components. During normal locomotion on 

dry surfaces, i.e. no-slip conditions, this ratio has been described as the Required 
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Coefficient of Friction (RCOF) (Redfern and Andres, 1984; Rhoades and Miller, 1988; 

Grönqvist et al., 1999).  

Perkins (1978) observed the GRF exerted between the shoe and ground in the 

normal gait cycle, and calculated the ratio of horizontal to vertical foot forces (Fh/Fv). 

According to this author, the ratio (Fh/Fv) has been used to identify where in the gait cycle 

a slip is most likely to occur (slip initiation). In the Figure 1 the horizontal force component 

Fh and the vertical force component Fv are illustrated.  

 
 

Figure 1. Ground reaction forces generated during walking are used to calculate the COF. Legend: Fx = 

lateral ground reaction force; Fy = anterior-posterior ground reaction force; Fz = vertical ground reaction 

force. 

 

There are a variety of pedestrian gaits (e.g. level walking, load carrying, walking up 

ramps, walking velocity) that have different levels of RCOF to prevent slip. Thus, 

biomechanical analysis of gait is potentially a valuable tool in the reduction of slip-induced 

fall accidents because it can elucidate the conditions that may be hazardous to pedestrians 

(Redfern et al., 2001). 
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The main goal of this thesis is to analyze the RCOF on elderly, stroke and PD gait. 

More specifically, this thesis aiming to: (a) to investigate the effect of flooring on RCOF 

during the barefoot gait considering age (middle-aged versus elderly adults) and gender 

aspects; (b) to investigate the effect of flooring in foot/floor friction during stroke gait 

considering this population’s lowers limb asymmetry (affected and unaffected lower 

limbs); (c) to analyze the RCOF instantaneous curves of these patients during the barefoot 

gait; and, (d) to characterize the RCOF curves of patients with PD during barefoot gait. 

This thesis is presented in six chapters. In the First Chapter the literature review of 

Tribology (the study of friction) and the RCOF during the gait are presented. The Second 

Chapter discusses the methodology to calculate the RCOF based on the ground reaction 

forces. The Third and Forty Chapters present the effects of flooring on RCOF during 

elderly and stroke gait. Finally, the instantaneous RCOF curves analysis in persons with 

stroke and PD are discuss in the Fifth and Sixth Chapters. 
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CHAPTER 1. FRICTION: TRIBOLOGY 
AND HUMAN GAIT 
 
 
 
 
1.1. INTRODUCTION 

 

In the human gait the timing and placement of successive steps must be 

continuously adjusted in order to maintain dynamic balance of the body (Nashner, 1980). A 

prompt and accurate human response to this flow of information appears to be a necessary 

propensity for slip/fall avoidance. A dynamic interplay needs to exist between the sensory 

systems (vision, vestibular organ, and proprioception) that control posture, gait and balance 

(Grönqvist et al., 1999; Redfern et al., 2001), and the friction between shoes/feet and 

surfaces (Chang et al., 2001a, b).  

The aim of this Chapter is to review the concepts of Tribology in human gait.  

 

 

1.2.DEFINITION AND HISTORY OF TRIBOLOGY 

 

The expression Tribology originates from the Greek word tribos, which means 

rubbing (Persson, 2000). Tribology is the study of friction, wear, lubrication, and the design 

of bearings; the science of interacting surfaces in relative motion. More specifically, 

Tribology is the science and technology of interacting surfaces in relative motion and of 
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related subjects and practices (Bhushan, 2002). The nature and consequence of the 

interactions that take place at the interface control its friction, wear, and lubrication 

behavior. During these interactions, forces are transmitted, mechanical energy is converted, 

the physical and the chemical nature, including surface topography, of the interacting 

materials are altered. Understanding the nature of these interactions and solving the 

technological problems associated with the interfacial phenomena constitute the essence of 

Tribology (Bhushan, 2002). 

More than 400.000 years ago, our hominid ancestors used friction when they 

chipped stone tools. Friction was essential when the Neanderthals by 200.000 B.C. 

succeeded in generating fire by rubbing wood on wood and by striking together flint stones 

(Israelachvili, 1995; Bhushan, 2002). Early civilizations, like the Sumerian and Egyptian, 

discovered the usefulness of lubricants in improving the performance of chariots and in 

facilitating transport by sleds. Figure 2 shows a painting from the tomb of Tehuti-Hetep at 

El-Beshed dated at about 1880 B.C., where the Egyptian method of moving stone statues is 

illustrated. The painting shows that the statue is moved by means of a sled, without the aid 

of rollers or levers. A most interesting detail in the painting is a man standing and pouring 

lubricant from a jar onto the ground immediately in front of the sled (Israelachvili, 1995; 

Bhushan, 2002). 
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Figure 2. A painting from the tomb of Tehuti-Hetep at El-Beshed (dated about 1880 B.C.), illustrating the 

transportation of an Egyptian colossus. 

 

 

Leonardo da Vinci (1452-1519) can be named as the father of modern Tribology 

(Bhushan, 2002). He studied an incredible manifold of tribological subtopics such as: 

friction, wear, bearing materials, plain bearings, lubrication systems, gears, screw-jacks, 

and rolling-element bearings. One Hundred and Fifty years before Amontons' Laws of 

Friction were introduced da Vinci had already recorded them in his manuscripts: the Codex 

Atlanticus and the Codex Arundel. The Figure 3 presents some of da Vinci’s studies about 

friction. Hidden or lost for centuries, da Vinci's manuscripts were read in Spain a quarter of 

a millennium later. 

In 1495 da Vinci deduced that the friction force was a fraction of the normal force, 

that is presented in Equation 1: 

 

F = µN                                                                                                                 (1) 
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Where F is the friction force (tangential), µ is the coefficient of friction (constant), 

N is the normal component of the contact force between the contacting bodies. Moreover, 

da Vinci deduced the two basic laws of friction: (a) The friction force is dependent on the 

force pressing bodies together; (b) The friction force is independent of the apparent area of 

contact (Bhushan, 2002). 

 

 
 
Figure 3. Leonardo da Vinci’s studies of friction. Sketches from the Codex Atlanticus and the Codex Arundel 

showing experiments to determine: (a) the force of friction between horizontal and inclined planes; (b) the 

influence of apparent contact area upon the force friction; (c) the force of friction on a horizontal plane by 

means of a pulley; (d) the friction torque on a roller and half bearing.  

 

Leonard Euler, in 1725, established that the µ was different for static conditions (µ
s
) 

for dynamic or kinetic conditions (µ
k
) (Bhushan, 2002). He found that (Equation 2): 

 

µ
s
 > µ

k
                                                                                                                 (2) 

 

Years later, in 1775, Charles A. Coulomb affirmed that kinetic friction (µ
k
) is 

independent of the sliding speed. 
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In summary, the three classical friction laws were discovered by da Vinci and 

Guillaume Amontons, respectively, and were summarized much later by Charles-Augustin 

Coulomb, who also contributed the third friction law (Bhushan, 2002). The three laws of 

friction are: 

 

1
st
 Friction Law: The force of friction is directly proportional to the applied load (da Vinci 

– Amontons); 

2
nd

 Friction Law: The force of friction is independent of the apparent area of contact (da 

Vinci – Amontons); 

3
rd

 Friction Law: Kinetic friction is independent of the sliding velocity (Coulomb's). 

  

These three laws were attributed to dry friction only, as it has been well known 

since ancient times that lubrication modifies the tribological properties significantly.  

 

1.3.THEORY OF FRICTION 

 

Friction is the resistance acting against two surfaces lying against each other such as 

to oppose their sliding relative to each other. It is one of the oldest problems in physics and 

it is of great practical importance in many industrial operations (Bhushan, 1999). 

Minimizing friction is essential for the energetic efficiency of many processes and it has 

become a crucial factor in small-scale moving devices, such as miniature motors, magnetic 

storage devices and aerospace components. Friction is not however just a nuisance. Without 

friction there would be no violin music and it would be impossible to walk (Bhushan, 

1999). The theory of friction presented here is described in the level of detail required for a 
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basic understanding. Particular attention is paid to the properties of viscoelastic materials, 

since these are characteristic for elements of the friction system. 

 The term static friction describes the friction of the system at rest. Dynamic friction 

is defined by the dynamic friction force F. This is the force required to maintain a body in a 

constant state of motion. 

Friction is the resistance to motion during sliding or rolling that is experienced when 

a solid body moves tangentially over another with which it is in contact. The resistive 

tangential force, which acts in a direction directly opposite to the direction of motion is 

called the friction force (Bönig, 1996).  The coefficient of friction is the quotient obtained 

when the friction force is divided by the normal force acting on the contact.  

   

1.3.1. State and components of friction 

 

Friction may occur in a number of states, like: solid friction, semi-fluid friction, 

fluid friction and air friction (Bönig, 1996). The friction that occurs with direct contact 

between the friction counterparts it is describes as solid friction (Figure 4a). By contrast, 

fluid friction arises when the friction counterparts are completely separated by a fluid film 

which is not penetrated by roughness peaks (Figure 4b). Where the surfaces of the friction 

counterparts come into partial contact with each other, the friction assumes the form of 

semi-fluid friction (Figure 4c). The state of air friction, in which the friction counterparts 

are fully separated by gaseous phase, is not relevant to the slip resistance, owing to the very 

high relative velocities which it requires (Figure 4d). 
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Figure 4. The states of friction: (a) solid friction; (b) fluid friction; (c) semi-fluid friction; and, (d) air friction. 

 

The solid friction is composed of three components which arise as a result of 

adhesion, deformation and cohesion of the friction counterparts (Bönig, 1996; Bhushan, 

2002). 

 

Adhesion component: adhesion refers to the forces of molecular attraction acting on the 

surface between two bodies in very close proximity to each other. The adhesion force 

component of the frictional force is equal to the tractive force which is required to 

overcome the attraction forces by shearing of the molecular bonds. The adhesion 

component of the solid friction in particular rises where the surfaces are smooth (Bönig, 

1996). 
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All surfaces of solid bodies are rough on an atomic scale. For nominally smooth 

surfaces the surface roughness manifests itself on different scales, on the micrometer scale, 

on the submicrometer scale and eventually at the atomic level. When two surfaces are 

brought into contact, the real area of contact is only a small fraction of the apparent area of 

contact. This is because the surface roughness causes contact to occur only at discrete spots, 

sometimes referred to as junctions. The sum of the junction areas constitutes the real area of 

contact. The real area of contact is dependent on the surface texture, on the material 

properties and on the interfacial loading conditions (Bönig, 1996).  

When two surfaces in contact move relative to each other, the friction force is 

contributed to the adhesion between the junctions and other sources of surface interactions. 

Upon loading, contact between the two surfaces will initially occur only at a few points to 

support the load. Due to the small size of the real contact area the stresses at the contact 

regions may exceed the yield strength of the material, and this will cause the surface to 

deform at the contact regions (Bowden and Tabor, 1964). The mode of deformation is 

elastic, elastic-plastic, viscoelastic or viscoplastic. As the normal load increases, a larger 

number of asperities on the two surfaces come into contact, and existing contact areas grow 

to support the load (Bhushan, 1999; Tsukruk et al., 1996). 

 

Deformation component: deformation friction is also termed hysteresis friction. The force 

acting upon a viscoelastic body is associated with a deformation which, when the force is 

removed, causes less energy to be released than was applied. This hysteresis loss is equal to 

the work of friction that is converted in the process into heat. For the relative displacement 

of two bodies against each other, a certain deformation friction force must be generated in 

order for the work of friction to be performed. The magnitude of deformation force 
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component is influenced by the viscoelasticity of the material and by the surface roughness. 

On rough surfaces, the deformation friction force may be presumed to constitute a large 

component of the solid frictional force (Bönig, 1996). 

 

Cohesion component: whereas the above friction components are attributable to external 

friction, cohesion is the internal friction caused by the shearing off of parts of a substance 

(Bönig, 1996). Abrasion and wear are clear indicators of the action of a cohesion force. The 

cohesion force is however of only minor importance, since according to Schallamch (1963) 

it accounts for less than 2% of the solid frictional force. 

 

1.3.2. Friction of Viscoelastic Materials 

 

Viscoelastic is the property of materials that exhibit both viscous and elastic features 

when undergoing deformation. The conventional laws of friction apply only in part to 

viscoelastic materials, from which the majority of shoe soles and many floor coverings are 

manufactured, as well our skin.  

In viscoelastic substances the coefficient of friction is dependent of the surface 

pressure. Moreover, a dependency upon the sliding velocity exits for viscoelastic materials. 

Wieder (1988) describes the influence of the sliding velocity upon the adhesion and 

hysteresis force and upon the fluid friction. According to Kummer (1966), the influences of 

these two components are superimposed in solid friction. In the low sliding-velocity range, 

a maximum coefficient of friction is attained by the adhesion force component. At higher 

velocities, the hysteresis component gains in influence and the coefficient of friction raises 
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continually. The material has a major influence upon the friction of viscoelastic materials 

(Bönig, 1996).  

 

1.4. FRICTION IN HUMAN GAIT 

 

The Figure 5 illustrates the force relationship during the human walking. The force 

acting at the ground surface is divided into a vertical force component, the normal force N, 

and the horizontal force component acting at ground level, F. This tangential force F is 

further subdivided into a tangential force component in the direction of walking, FY and a 

tangential force component perpendicular to the direction of walking, FX. The force 

components acting upon the ground give rise to reaction forces of equal magnitude. Owing 

to the ground geometry, the normal force is transmitted positively, the tangential force non-

positively. The tangential force is thus opposed by a frictional force FR of the same 

magnitude. The transfer momentum is possible only frictionally, at the ground level, and is 

of secondary relevance to slip resistance (Bönig, 1996). 
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Figure 5. Force relationships during the human horizontal normal walking (modified, nased upon paper04). 

Legend: N = normal force; FR = dynamic frictional force; F = tangential force; FX = tangential force 

perpendicular to the direction of walking; FY = tangential force in direction of walking; QA = requirement 

quotient; µ = coefficient of friction. 
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The instantaneous requirements upon the frictional system brought about by the 

walk are described by placing the tangential force in relation to the normal force. The 

resulting parameter QA is referred to as the requirement quotient, and can be compared 

directly to the coefficient of friction (µ), since the latter is produced by division of the 

frictional force by the normal force (Bönig, 1996).  

During the gait, the required coefficient of friction (RCOF) is the friction required at 

the shoe and floor. It is typically measured on dry surfaces with a force plate and it is 

obtained by dividing the component of the measured ground reaction force  tangent to the 

floor surface by the normal component during a step (Redfern et al., 2001).  

The RCOF are typically characterized by two peaks. The first peak occurs at the end 

of the loading phase (about 20% into stance) as full body weight is transferred to the 

supporting foot, while the second peak occurs later in stance (about 90%)  just prior to the 

beginning of the toe-off phase. The anterior-posterior shear forces exhibit a biphasic, 

symmetrical shape with the first major peak in the forward direction attributed to the 

loading dynamics, while the second maximum in the rearward direction happens as the heel 

rotates off the floor pushing back the toes to start the toe-off phase.  

These two phases appear to be two different directional slips during a normal 

walking step: forward and backward slip during the weight acceptance and backward slip 

during the toe-off phase (Redfern et al., 2001); it is likely that the forward slip at the 

landing phase would be the most dangerous due to the body weight being progressively 

transferred onto the slipping foot. The forward momentum of the body would make it 

difficult to remove the weight from that foot to regain balance and continued slip would be 

likely to result in a completely irrecoverable situation. 
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Previous studies suggested that RCOF is associated with several gait parameters 

(Copper et al., 2008;Gronqvist et al., 2001; Kim et al., 2005; Lockhart et al., 2003; Redfern 

et al., 2001). For example, walking velocity directly affects the magnitude of shear force 

(Fh), and therefore also has a direct effect on RCOF (Kim et al., 2005). Initial gait 

characteristic such as slower transitional acceleration of the whole-body center of mass may 

affect RCOF due to the increase in horizontal foot force (Kim et al., 2005; Lockhart et al., 

2003). Studies also suggested that changes in step length may influence RCOF (Cooper et 

al., 2008). 

The force interactions between the shoe and floor are probably the most critical 

biomechanical parameters in slips and falls. If the shear forces generated during a particular 

step exceed the frictional capabilities of the shoe/floor interface, then a slip is inevitable. 

Thus, an understanding of the forces at the shoe/floor interface is important. In the next 

chapter the methodology to evaluate the RCOF during the gait is exposed. 
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CHAPTER 2. HOW TO CALCULATE 
THE RCOF WITH A FORCE PLATE? 
 
 
 
 

In the Chapter 1 the concepts of Tribology and coefficient of friction in human gait 

were discussed. Continuing the previous chapter, this chapter presents the methodology 

used to calculate the RCOF with a force platform.  

In this Chapter the methodology used to calculate the instantaneous RCOF as well 

the RCOF is detailed presented.  

 

2.1. THE FORCE PLATE 
 

As we discussed in the previous Chapter the RCOF is typically measured on dry 

surfaces with a force plate. The force plate consists of a board in which some (often four) 

force sensors of load cell type or piezoelectric are distributed to measure the three ground 

reaction force (GRF) components, Fx, Fy and Fz, the lateral, the anterior-posterior, and the 

vertical directions, respectively (Figure 6).  
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Figure 6. Force plate coordinate system. 

  

2.2. FORCE PLATE DATA ACQUISITION 
 

To acquire the GRF data during the gait analysis, the participant is always oriented 

to walk barefoot or wearing shoes, at him/her self selected speed, along the pathway 

covered by the experimental flooring and over one or two force platforms, embedded in the 

data collection room floor. As the participant step on the force platform, the force applied 

on it is detected by sensors and the electrical signals are amplified and recorded on a 

computer. It is important the participants be aware about the force plate locations so the gait 

performed is closer to normal gait pattern of the participant. Also, during data acquisition 

on the force platform, it is important to observe if the participant foot hits the force plate 

during the entire support phase. If it does not occur, this trial must be disregard because the 

data will be changed. 
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After the data acquisition to determine the optimal data filtering frequency the 

residual analysis is applied.  

 

2.3. RESIDUAL ANALYSIS 
 

Residual analysis is used to determine the optimal theoretical cutoff frequency. For 

such, a noisy signal is filtered with various cutoff frequencies, close to the cutoff frequency 

accredited as the most appropriate. After, the root mean square error (mean residual) of 

each filtered signal is calculated. The residue of each filtered signal is then analyzed 

graphically taking into consideration the chosen cut off frequency. As shown in the figure 

below (Figure 7). 

 
 

Figure 7. Residual Analysis. 

 

According to Winter (1990), the projection between the residuals and the cutoff 

frequencies of the filter provides a profile of the curve with an abrupt increase at a given 

instant. This abrupt increase in the profile of the projection between residuals and the 

frequencies determines the cutoff frequency of the theoretical optimal filter cutoff. Also, 
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the root mean square error is also calculated as a function of the signal, this analysis 

enables you to check which intensity of the filter. 

 

2.4. FORCE PLATE DATA NORMALIZATION 
 

In order to compare the data acquired by a force platform between different 

individuals and/or different conditions and repetitions, it is necessary to normalize the 

amplitude of these data (Figure 8a). The normalization can be performed by means of the 

value of the body weight of the subject, where the GRF data of an individual is divided by 

his/her body weight (Figure 8b).  

It is also possible to normalize the temporal duration of the GRF. This is necessary 

to compare different trials and different subjects thanks to the variability of human 

locomotion. The temporal normalization stipulates that the beginning of the GRF data 

corresponds to 0% and the final to 100%, then the mathematical procedure called 

interpolation is used to generate a number of points between 0 and 100 for different 

repetitions (Figure 8c).   

 

 
Figure 8. Ground reaction force data normalization. 
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2.5. THE GROUND REACTION FORCES COMPONENTS AND THE RCOF  
 

The Fz ground reaction force has a greater magnitude than the other GRF 

components (anterior-posterior and lateral) characterized by two peaks and one valley. 

Generally, these peaks are of slightly higher magnitude than body weight. The first peak is 

observed during the first half of the support phase and features the absorption peak, which 

is when the foot absorbs body weight immediately after heel contact with the ground 

(Larish et al., 1988). The second peak is observed at the end of the support phase and it is 

known as the propulsion peak. It pushes against the ground to start the next step (Hamill & 

Knutzen, 2009). The valley between the two peaks is slightly smaller in magnitude than the 

body weight valley that occurs when the foot is in a flat position on the ground. 
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Figure 9. The ground reaction forces components. 

 

The Fy GRF component has a negative phase (deceleration) during the first half of 

support and a positive phase (acceleration) during the other half of support. In the first half 

of the support phase, the foot pushes forward on the floor and, consequently, the GRF is 

directed backwards. In the second half of the support phase, the foot pushes the ground 
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backwards and, consequently, the GRF is directed forward. Thus, the phase represents a 

negative rate of decrease for the body and the positive phase is accelerating the body 

forward (Winter, 1991). The peak strength for each of these phases during walking is 

approximately equivalent to ~15% of the magnitude of body weight, and almost coincides 

in time with the two peaks of the vertical component of GRF (Larish et al., 1988). 

The Fx GRF component has a very small magnitude (Whittle, 2007), and its 

variability component may be due to the diversity in foot positioning, which may be 

pointing inwards (adduction of the foot) or outwards (abduction of the foot) during the 

period of support.  

After all the procedures described above, the instantaneous RCOF is calculated as 

the ratio of the shear force to the normal GRF during standing (Chang et al., 2012; Redfern 

et al., 2001) as described in Equation 3.  

 

COF = 
��	�����	��

	�                                                                                          (3)  
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CHAPTER 3. EFFECTS OF FLOORING 
ON GROUND REACTION FORCES 
AND REQUIRED COEFFICIENT OF 
FRICTION: ELDERLY ADULT VS. 
MIDDLE-AGED ADULT BAREFOOT 
GAIT 
 
This paper published in Applied Ergonomics: 

Kleiner AFR, Galli M, Carmo AA, Barros RML. Effects of flooring on required coefficient 

of friction: elderly adult vs. middle-aged adult barefoot gait. Applied Ergonomics, v. 50, p. 

147-152, 2015. doi:10.1016/j.apergo.2015.02.010 

 

In the previous Chapters the definition of COF and RCOF were presented. 

However, several gait parameters associated gait are noted for influencing friction demand 

characteristics. In the Chapter 3 the effect of flooring, age (middle-aged versus elderly 

adults) and gender in the RCOF during barefoot gait is discussed. 

 

3.1. INTRODUCTION 
  

Previous research has investigated the effects of age on the ability to walk on 

different flooring, e.g., carpet versus vinyl (Willmott, 1986; Dickinson et al., 2001). 

However, contradictory results were found depending on the gait velocity on these flooring 

types (Willmott, 1986; Dickinson et al., 2001). Changes in gait speed and step length 



 

 

25 

 

during ambulation over two different surfaces such as carpet and vinyl flooring may 

influence the outcome of slips and falls, especially for the elderly. Understanding how older 

adults adapt to walking on different flooring types may provide useful information for the 

design of interventions to reduce falls in older people. 

At the interface between the foot and the ground, footwear is likely to influence 

balance control and the risk of experiencing slips and trips while walking. The shoe type 

and sole material affect the available friction between the foot and the support surface. 

Because many falls occur when older adults walk barefoot inside their home or in a familiar 

environment (Menz et al., 2006), understanding their behavior while walking barefoot on 

different flooring should provide new insights about the risk of falls in the elderly 

population.  

In general, elderly adults walk slower than young adults, with a higher heel contact 

velocity and a shorter step length (Lockhart, 1997; Lockhart et al., 2003; Burnfield and 

Powers, 2003; Kim and Lockhart, 2006; Menz et al., 2006; Seo and Kim, 2013). It has been 

suggested that these age-related gait adaptations influence the likelihood of slip-induced 

falls (Lockhart et al., 2003). Another factor that should be taken into account is gender 

differences. According to Lach (2005), gender is the most important covariant associated 

with the fear of falling. Women with balance and gait difficulty resulting in unsteadiness, 

multiple falls, and low self-rated health are at greatest risk (Lach, 2005). 

Although fall risk factors among the elderly have been well studied (Lockhart, 

1997; Lockhart et al., 2003; Burnfield and Powers, 2003; Kim and Lockhart, 2006; Menz et 

al., 2006; Seo and Kim, 2013), it could be interesting to understand the strategies adopted 

by middle-aged and elderly adults when walking over different flooring. We are interested 

in comparing older adults (60-70 years old) (O'Loughlin et al., 1994), whose risk of falling 
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is relatively high, with a group of adults close in age (40-50 years old) with a lower risk of 

falling. Previous studies have only compared RCOF strategies in the elderly with control 

groups of young adults (20-30 years old) (Lockhart, 1997; Lockhart et al., 2003; Burnfield 

and Powers, 2003; Kim and Lockhart, 2006; Menz et al., 2006; Seo and Kim, 2013).  

Therefore, the aim of this study was to investigate the effect of flooring on the 

RCOF during barefoot gait according to age (middle-aged versus elderly adults) and 

gender. Our goal was to test the following hypotheses: (a) differences in the RCOF 

variables can be found during barefoot gait on different flooring; (b) differences can be 

observed in the RCOF between elderly adults and middle-aged adults; and (c) gender 

differences in the RCOF can be observed during barefoot gait. 

 

3.2. METHODS 
 

3.2.1. Participants 
 

 

The Research Ethics Committee of the University of Campinas approved this study 

(UNICAMP protocol No. 319/2011), and the volunteers gave written informed consent to 

participate. Twenty healthy subjects volunteered in this study, and they were divided into 

two age groups: elderly adults (EA, n=10) and middle-aged adults (MA, n=10). Table 1 

shows the anthropometric data for each group. The subjects recruited for this study were 

healthy (without known musculoskeletal, neurologic, cardiac, or pulmonary diagnoses), 

community dwelling, and ambulatory without an assistive device.  
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Table 1.Anthropometric data. 

Group N Age (years) Body Mass (kg) Height (cm) 
EA males 5 67.4±5.02 74.52±14.21 164.04±11.44 

EA females 5 67.8±6.05 69.80±16.34 162.5±6.64 

MA males 5 48.2±6.22 78.75±8.23 166.58±9.28 

MA females 5 47.6±3.32 70.76±11.98 166.24±8.21 

EA 10 67.6±5.25 72.17±14.66 166.41±8.26 

MA 10 47.90±5.47 74.76±10.57 163.27±8.85 

Males 10 57.7±11.92 70.28±13.52 164.37±7.3 

Females 10 57.8±11.43 76.64±11.17 162.31±9.91 
Legend: EA = Elderly Adult group; MA = Middle-aged Adult group; N = sample size. 

 

3.2.2. Flooring Classification 
 

 

Three flooring types under four experimental conditions were used to evaluate the 

study volunteers:  

- Homogeneous vinyl (HOV): Homogeneous single-layer vinyl flooring (Pavifloor Prisma 

tile, 2 mm thickness, 2X8 m, ref. 909, charcoal, Tarkett Fademac);  

- Heterogeneous vinyl (HTV): Compact flexible vinyl floor covering (Chinese Teak 

natural, 2.50 mm thickness, 2X8 m, Imagine Wood, Tarkett Fademac);  

- Carpet: Needle-punch carpet (plain quality needle-punch carpet, 100% pet fiber, 2 mm 

thickness, 2X8 m, Flortex Eco Inylbra); 

- Mixed: To simulate a person walking from one room to another room with different 

flooring, a mixed condition was included. As illustrated in Figure 3d, the first 4 m of the 

pathway was covered by HTV, and the second 4 m of the pathway was covered by HOV. 

To characterize the flooring used in this study, the static coefficient of friction (µ
s
) 

was calculated using a pulley test. Figure 10a illustrates the test and the resulting µ
s
.. The 
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chosen flooring was positioned on a force platform (Kistler 9286BA), and over this flooring 

a halter (H1) was positioned weighing 18.42 kg. Halter H1 was pulled by another halter 

(H2) weighing 17.32 kg. H1 was connected to H2 by a steel cable that slid on a system of 

three rollers, one fixed on the floor (R1) and two on the laboratory roof (R2 and R3). From 

the plot of the coefficient of friction of the force plate as a function of time, µe was 

determined as the maximum friction prior to the start of movement (Figure 10b). The µe 

values for all the flooring chosen for this study were approximately 0.5, which is within the 

standards of safety according to Templer (1992) and Miller (1983) (see Figures 10c, 10d, 

10e and 10f).  

 

 
 
Figure 10. Illustration of the pulley test (a); illustration of the static friction curves (b), and, the flooring 

conditions with the pulley tests results: Homogeneous Vinyl (HOV - c); Carpet (d); Heterogeneous Vinyl 

(HTV – e); Mixed (HOV and HTV – f). 
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3.2.3. Experimental Procedures 
 

 

The participant was asked to walk barefoot, at his or her selected speed, along a 

pathway of the experimental flooring material, beneath which two force platforms (Kistler 

9286BA) were embedded in the data collection room floor, as shown in Figure 3. Possible 

effects of the participant’s chosen speed on the results were tested, and no significant 

differences were found related to the flooring condition (p=0.710), age group (p=0.944) or 

gender (p=0.417). The participants were aware of the force plate locations. Three trials 

were performed for each experimental condition. Because of the difficulties associated with 

changing flooring conditions, all subjects accomplished the tasks in the same order: HOV, 

carpet, HTV and mixed. 

The ground reaction force data were normalized by the subject’s body weight 

(%BW) and expressed as a function of the percentage of the support phase. Data 

acquisition was performed using BioWare software (Version 4.0.x). Kinetic raw data were 

filtered using a 2
nd

 order low-pass digital Butterworth filter with a cut-off frequency of 10 

Hz. The filtering data parameters were chosen after a Residual Analysis. An algorithm 

developed in Matlab was used to filter the raw data and to calculate the dependent 

variables. 

The independent variables were the type of surface (HOV, HTV, carpet or mixed), 

age group (EA or MA) and gender (female or male). The discrete variables used in the 

study were as follows: 

RCOF1: the local maximum of the instantaneous COF curve occurring at ~20% of 

the duration of the stance phase of the gait in the weight acceptance (see Figure 11); 
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RCOF2: the instantaneous COF peak at ~90% of the duration of the stance phase of 

gait in the push off (see Figure 11). 

 

 
Figure 11. Illustration of the RCOF curve represented by the average curve over all healthy females 

participants in the HOV condition. 

 

3.2.4. Statistical Analysis 
 

 

A two-sample t-test was performed to compare the anthropometric variables (height 

and weight) between age groups. A linear mixed-effects model (West et al., 2007) for 

repeated measures was performed to analyze the possible effects of flooring, age and 

gender on the dependent friction variables. The repeated covariance type chosen for the 

mixed linear model was scaled identity. Three trials for each flooring condition were 

considered in the statistical procedures. The model applied used three main factors. The 

first analysis factor was the flooring, which was treated as a repeated measures factor with 

four sublevels (HOV, carpet, HTV and mixed). The second factor analyzed was age, with 

two sublevels (EA and MA). The third factor was gender (male and female). The first effect 

was considered as a within-subjects factor, and the second and third effects were considered 

as between-subjects factors. The Bonferroni test of pairwise comparisons was computed for 
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every level of combination of factors and interactions. SPSS software (SPSS for Windows, 

version 19.0) was used for the statistical analysis, with a level of significance of α<0.05 for 

all tests. 

The partial eta squared (η�������
� ) value was calculated as in Equation 4 to verify the 

practical relevance of the main effects and interactions. As proposed by Richardson (2011), 

in this study, partial η2
 values >0.01 were categorized as low, >0.06 as medium, and >0.14 

as high. 

 

��������
� = � ����	!"#$�	�$%�#���	&����'($

����	!"#$�	�$%�#���	&����'($�)$#�($#	!"#$�	�$%�#���	&����'($*                                                         (4) 

 

3.3. RESULTS 
 

 

The two-sample t-test revealed no significant differences between the EA and MA 

groups for body mass (F1,19=0.206; p=0.655) and height (F1,19=0.007; p=0.936). 

The mixed model analysis revealed significant differences for the three main factors 

(flooring, age and gender), with no interaction between them. When the flooring types were 

compared during the loading response phase, the participants demonstrated a greater 

RCOF1 on carpet than on the HOV or HTV flooring (F3,480=3.273; p=0.021; η�������
� =0.68; 

Figure 12a). The η�������
� 	value shows that the relevance of this effect was high.  

In the push-off phase, the RCOF2 was statistically greater when the subjects walked 

on carpet than when they walked on the HOV flooring, with a medium level of practical 

relevance for this main factor (F3,480=4.182; p=0.006; η�������
� =0.11; Figure 12b).  
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Figure 12. Required coefficient of friction at loading response (RCOF1) and push-off (RCOF2) phases of gait. 

Values expressed in terms of means and standard deviation. Legend: * = p<0.05. 

 

The EA group had statistically smaller RCOF2 values than the MA group, with a 

high practical relevance for the factor (F1,480=42.948; p=0.0001; η�������
� =0.61; Figure 13a). 

Moreover, when gender effects were compared, the male subjects had a lower RCOF1 than 

the female subjects, with a medium level of practical relevance (F1,480=7.979; p=0.005; 

η�������
� =0.04; Figure 13b). 
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Figure 13. Means and Standard deviations and statistical results for Age (a) and gender (b) effects. Legend: 
*
 

= p=0.001. 

 

3.5. DISCUSSION 
 

This research project was undertaken to provide a better understanding of how 

flooring, age and gender influence foot-floor friction in the gait of healthy middle-aged and 

elderly male and female subjects. Barefoot gait was selected for analysis because according 

to Menz et al. (2006), a higher risk of falling indoors is associated with going barefoot. The 

required coefficient of friction at the loading response and push-off phases of gait were 

used as experimental variables because it is well known in the literature that these variables 

are related to the risk of a fall and also make it possible to mechanically characterize the 

foot-floor interaction.    
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The main result obtained in the present study was that the three main factors tested 

in the statistical model (flooring, age and gender) were significant and had practical 

relevance ranging from medium to high. No interaction was found among flooring, age and 

gender; therefore, no conclusion was possible regarding distinctive behaviors of the EA or 

MA groups, or of the male or female participants, with each flooring type.   

The RCOF was higher during barefoot gait on carpet than on vinyl flooring (HTV 

and HOV) in the deceleration phase of gait (i.e., the loading response) as well as in the 

push-off phase (i.e., the terminal stance), confirming the first hypothesis of the present 

study and suggesting that carpet is the safest flooring of the three types analyzed in the 

present study.  

It is well known that surface roughness plays an important role in floor slipperiness 

when subjects wear walking shoes (Kim et al., 2013; Kim and Nagata, 2008; Chang et al., 

2012; Lockhart et al., 2003). Our results confirm this finding in barefoot walking.  

The effect of the flooring condition on the friction variables was not surprising; 

however, it demonstrates that this aspect should be considered during gait analyses and gait 

investigations. Because friction is a relevant factor in gait patterns, the proper description 

and control of this variable are important for experimental design in gait analysis. However, 

because these variables are related to age and gender, they could be used alone or in 

correlation in further studies.  

The study found different RCOF behavior in the EA and MA subjects. This could 

be due to plantar sensitivity. Plantar sensitivity is an important source of information for 

balance control because it codifies the changes in pressure under the feet, especially during 

gait. This information reaches the brain, which senses the body position and, if necessary, 
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generates postural reflexes to maintain an upright position and dynamic balance during gait 

(Kavounoudias et al., 1998; Wang and Lin, 2008).  

Compared to the barefoot condition, walking shoes could potentially interfere with 

the detection of plantar surface stimulation. Such interference might be inconsequential for 

individuals with intact plantar sensitivity. However, EA often have reduced plantar 

sensitivity (Perry, 2006).  

A further reduction in plantar sensory feedback while walking barefoot might lead 

to insufficient afferent input for locomotion control in EA and MA, and consequently, a 

cautious gait might need to be adopted. Further studies are needed to determine the 

relationship between barefoot gait plantar sensitivity and the effect of more challenging 

flooring on gait. A false subjective perception of slipperiness might lead to an inappropriate 

gait pattern, which might result in a higher probability of a slip-induced fall in the elderly 

population. 

The results of the present study are in agreement with previous studies that have 

shown that the peak RCOF varies with age (Lockhart, 1997) and gender (Burnfield and 

Powers, 2003).  

When the age groups were compared, the EA group had a lower RCOF during the 

toe-off phase. This adaptation is thought to result in more stable or safer gait patterns in the 

elderly. Future studies exploring this developmental effect could attempt to determine the 

exact time at which the risk of falls becomes pronounced in this population and could also 

investigate the possibility of effective interventions to reduce falls in the elderly population. 

There were also gender differences in the RCOF. Female participants had higher 

RCOF values during heel contact. This was also observed by Li et al. (2001) and Chao et 

al. (1983), who found that women exhibited greater vertical GRF than men. Burnfield and 
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Powers (2003) found that the peak RCOF varied with gender; females generated higher 

peak RCOF values than males at a slow walking speed, whereas males generated higher 

peak RCOF values than females at a fast walking speed. The structural differences in the 

female hip and knee may result in differences in their movement patterns (Mizuno et al., 

2001; Ferber et al., 2003). This suggests that some intrinsic characteristics, such as skeletal 

alignment, muscle strength and anthropometric parameters, may contribute to gender and 

age differences in gait performance. 

 

3.6. CONCLUSION 

 

In conclusion, friction during barefoot gait was found to be affected by flooring 

type, gender and age. Carpet was the safest flooring in terms of the required coefficient of 

friction. When elderly adults were compared to middle-aged adults, they demonstrated a 

reduced required coefficient of friction during the toe-off phase, and gender differences 

were observed in the RCOF during the heel contact phase in barefoot gait. 

Much of the research on falls has focused on how the aging process affects gait. The 

problem with this clinical focus is that little thought has been given to the environment, 

such as flooring differences in the patient’s home. The fact that EA are particularly 

challenged under these circumstances could be exploited in designing rehabilitation 

exercises to improve functional mobility and reduce falls with advanced age; in particular, 

the role of patients’ plantar sensitivity during barefoot gait could be explored. In fact, a 

reduced incidence of falling in EA has been demonstrated following an exercise 

intervention using an obstacle course designed with different flooring conditions and 

obstacles to foot placement. 
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CHAPTER 4. EFFECTS OF FLOORING 
AND HEMIBODY ON GROUND 
REACTION FORCES AND 
COEFFICIENT OF FRICTION IN 
STROKE GAIT 
 

 
This paper published in International Journal of Neurorehabilitation: 

Kleiner AFR, Galli M, Rigoldi C, Carmo AA, Barros RML. Effects of Flooring and 

Hemibody on Ground Reaction Forces and Coefficient of Friction in Stroke Gait. 

International Journal of Neurorehabilitation, v. 01, p. 122-128, 2014. doi: 10.4172/2376-

0281.1000122 

 

The study presented in Chapter 3 elucidate that the RCOF in healthy elderly adults 

in barefoot gait varies according the flooring type, the age and the gender. But does the 

flooring type have the same effect in pathological gait? This Chapter answer this question 

exploring the effect of flooring in the GRF and RCOF in stroke gait. 

 

4.1. INTRODUCTION 
 

Previous studies investigated the RCOF in pathological groups (Buczek et al., 1990; 

Burnfield et al., 2003; Durá et al., 2005; Haynes and Lockhart, 2012). Buczek et al. (1990) 
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found that persons with a disability (amputations, broken leg, osteotomy of the fifth 

metatarsal) had higher peak RCOF during level walking when compared to persons without 

a disability. Durá et al. (2005) also examined a diverse sample including amputees, 

Parkinson’s disease, and stroke individuals. Their results suggested that the RCOF for all 

subjects other than amputees was similar to that for normal walkers, while that for the 

amputees was substantially higher (approximately 0.25 versus 0.39). Burnfield et al. (2003) 

conducted a study to examine the difference in RCOF among young, healthy elderly, and 

elderly subjects with diabetes mellitus, lower extremity arthritis and unilateral stroke. No 

significant differences were found between any of these groups, in agreement with Durá et 

al. (2005). The lack of significant differences in RCOF among subject groups suggested 

that individuals with the selected medical conditions were at no greater risk of slipping 

when walking at a self-selected step than were healthy older or younger adults.  

Examination of the collective results of these studies (Buczek et al., 1990; Burnfield 

et al., 2003; Durá et al., 2005), suggests that only one class of individuals with walking 

impairments (i.e., those with prosthetics/amputations) is likely to require higher levels of 

RCOF than do normal walkers. Moreover, these studies (Buczek et al., 1990; Burnfield et 

al., 2003; Durá et al., 2005) did not systematically examine a unique medical condition 

(i.e., stroke); different medical conditions analyzed at the same time can have higher data 

variability and enshroud some results.  

With regards of these results (Buczek et al., 1990; Burnfield et al., 2003; Durá et al., 

2005; Haynes and Lockhart, 2012) should be interesting to explore the stroke walking over 

different flooring and this factor influence in the GRF and RCOF.  

Studies suggested asymmetrical spatial-temporal, kinematic (Sadeghi et al., 2000)  

and RCOF (Seo and Kim 2013a, 2013b) differences between dominant legs and non-
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dominant legs in healthy young adults, most of the studies found no difference in leg 

strength between legs unless a young individual had experienced unilateral leg injury 

(Holder-Powell and  Rutherford, 2000). However, significant strength or power imbalance 

was presented in the elderly fallers in comparison to the non-fallers (Skelton, 2002). 

Moreover, in pathological gait marked asymmetry has been noted between the 

stroke subjects’ affected and less affected lower limbs. Decreased GRF have been reported 

on the affected limb relative to the less affected limb in the gait of persons with stroke 

(Titianova and Tarkka, 1995; Morita et al., 1995).  

As shown, stroke gait analysis has increased in the last years, however, the possible 

effect of flooring in association with stroke hemibodies, on gait parameters such as ground 

reaction forces and friction, to the best of our knowledge, has not yet been studied. So, the 

aim of this study was to investigate the effect of flooring in the GRF and foot/floor friction 

during stroke gait considering this population’s lowers limb asymmetry (affected and less 

affected lower limbs). It was hypothesized that: the stroke group will exhibit lower RCOF 

than the healthy age-matched peers, especially when the different flooring types are 

compared.   

 

4.2. METHODS 

 

4.2.1. Participants 
 

The Research Ethics Committee approved this study (protocol No. 319/2011) and 

the volunteers gave written informed consent to participate.  
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The hemiparetic group (HG) consisted of 12 individuals affected by stroke and the 

control group (CG) consisted of 12 healthy adults. The Table 2 describes the 

anthropometric data for each group. 

 

Table 2.Anthropometric data. 

VARIABLES HG CG 
N 12 (5 females and 7 males) 12 (5 females and 7 males) 

Age (years) 62.83 ± 6.86 63.58 ± 6.94 

Body Mass (kg) 69.50 ± 13.96 73.08 ± 14.31 

Height (m) 1.68 ± 0.06 1.69 ± 0.05 

TAS (months) 6.1 ± 2.8 - 

Fugl-Meyer 88.25 ± 6.95 - 

Berg Balance Scale 47.16 ± 8.13 - 

DGI 16.25±4.13 - 

Mini-mental 21.33±4.61 - 

Legend: N = number of participants; TAS = time after stroke; DGI = Dynamic Gait Index Scale; HG = 

hemiplegic group; CG = control group. 

 

4.2.2. Experimental Procedures 
 

 

The experimental procedures of this study were the same presented in Chapter 3 

pages 39 to 41. 

The independent variables were: type of flooring surface (HOV, HTV, carpet and 

mixed) and hemibody (the hemibody of stroke patients were classified as affected (AS) or 

less affected (LAS) and the control group left limb (CG).  

The variables used in the study were obtained from the GRF components curve and 

the coefficient of friction (COF): 

(a) Fz GRF component: first peak of impact (Fz1), maximum value of first 

curve peak; valley (Fz2), minimum value between the first and the second peak of the 

vertical component curve; and the propulsion peak (Fz3), maximum value of the second 

curve peak (Figure 14a). 
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(b) Fy GRF component: negative phase (deceleration or braking - Fy1), 

minimum value of the anterior-posterior GRF in the first half of the support phase and 

positive phase (acceleration - Fy2), maximum value of the anterior-posterior GRF in the 

second half of the support phase (Figure 14b). 

(c)  Fx GRF component : maximum lateral force (Fx1), minimum value of the 

curve; first maximum medial force (Fx2), maximum value of the curve on in the first half 

of the support phase; and second maximum medial force (Fx3), maximum value of the 

curve in the second half of the support phase (Figure 14c). 

 

 
 
Figure 14. Illustration of the GRF component curves represented by the average curve for all stroke 

participants in the HOV condition and the discrete variables of the: (a) FZ - GRF vertical component; (b) FY - 

GRF anterior-posterior component; (c) FX - GRF lateral component; (d) COF – coefficient of friction. 

Legend: %BW: percentage of body weight. 

 

(d) The RCOF1 and RCOF2: to determine these variables, the same procedures 

presented in Chapter 3 were apply here (Figure 14d). 
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(e) Contact time: defined as the time elapsed between heel strike and toe off and it 

is expressed in seconds. 

 

4.2.3. Statistical Analysis 
 

 

 For the statistical analysis, firstly the differences between right and left lower limbs 

for CG were tested. The Kolmoronov-Smirnov Test revealed non-normal distribution 

therefore Mann-Whitney Test (α<0.05) was applied. Since no statistical difference was 

found between limbs the left one was selected to represent the control group hemibody for 

all comparisons.  

The comparisons among flooring type (HOV, carpet, HTV and Mixed) for each 

hemibody (affected, unaffected and control) were performed by the Friedman test for 

related samples. Also, the comparisons among hemibodies (AS, LAS and CG) for each 

flooring type (HOV, carpet, HTV and Mixed) were performed by the Kruskall-Wallis test 

for independent samples. Bonferroni pair-wise comparisons were computed for all-level of 

combination of factors and interactions. All differences in effect were analyzed in the SPSS 

® software (SPSS for Windows, version 19.0) with a significant level α<0.05 for all tests. 

 

4.3. RESULTS 
 

 

The ANOVA one way test revealed no significant differences between stroke and 

control groups for age (F1,23=0.071; p=0.793), body mass (F1,23=0.385; p=0.541) and height 

(F1,23=0.352; p=0.559).  
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There was difference regarding the flooring surface for the AS for the following 

variables: Fy1, Fy2 and RCOF2. The AS performed lower breaking, acceleration and 

RCOF2 during the walking on HOV in comparison to the other flooring. The Table 3 

presents the statistical test results for the comparisons between AS and flooring conditions. 

 

The same behavior was assumed by the LAS in the acceleration phase. Moreover, 

the LAS presented different behavior in RCOF2 for each flooring. The HOV and mixed 

presented lower RCOF2 than the other surfaces (see Table 4). However, there were no 

differences among surfaces and the ground reaction forces and RCOF variables for the 

control group.  

The Kruskall-Wallis test revealed differences among hemibodies and flooring type 

for: Fx2, Fy1, Fy2, Fz2; Fz3 and contact time. For these variables, in all the flooring 

conditions the stroke AS and LAS did not present differences, but differences were found 

between the stroke group with the control group. However, for the Fx2 there are no 

differences between hemibodies in the HOV. The Table 4 presents these comparisons 

among lower limbs (AS, LAS and CG) for each flooring type (HOV, carpet, HTV and 

Mixed). Moreover, for the RCOF1 and RCOF2 in the HOV, Carpet, HTV and Mixed 

conditions the stroke AS and LAS performed lower dynamic friction during the hell contact 

than CG (Table 4). Also the stroke AS performed lower RCOF during the push off phase  

than the stroke LAS and CG (Table 4). 
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Table 3.Friedman test results: comparisons among flooring type (HOV, carpet, HTV and Mixed) for each lower limb (affected and less affected) 

for each variable presented in means and standard deviations. 

VAR AFFECTED SIDE X2 P LESS AFFECTED SIDE X2 P 
 HOV Carpet HTV Mixed   HOV Carpet HTV Mixed   

Fx1(%BW) -.02±0.01 -.02±0.01 -.02±0.02 -.02±0.01 1.941 0.585 -.022±0.01 -.026±0.02 -.025±0.02 -.024±0.02 2.094 0.553 

Fx2(%BW) 0.05±0.01 0.06±0.01 0.058±0.01 0.06±0.016 1.309 0.727 0.06±0.03 0.06±0.02 0.06±0.02 0.06±0.02 1.111 0.774 

Fx3(%BW) 0.06±0.01 0.06±0.02 0.06±0.02 0,06±0.018 0.266 0.966 0.06±0.03 0.06±0.03 0.06±0.03 0.06±0.02 1.413 0.703 

Fy1(%BW) -.10±0.05
○●

 -.12±0.05
○
 -0.12±0.05

●
 -.11±0.061 8.378 0.039 -.104±0.04 -.118±0.05 -.111±0.04 -.120±0.04 6.936 0.074 

Fy2(%BW) 0.11±0.06
○●+ 0.12±0.06

○
 0.13±0.06

●
 0.13±0.058+ 14.179 0.003 0.12±0.06

○●+ 0.14±0.06
○
 0.14±0.06

●
 0.14±0.06+ 19.291 0.001 

Fz1(%BW) 1.00±0.09 1.05±0.09 1.03±0.09 1.02±0.07 5.431 0.143 1.00±0.07 1.03±0.08 1.01±0.07 1.02±0.07 3.519 0.318 

Fz2(%BW) 0.86±0.05 0.86±0.07 0.85±0.07 0.85±0.053 2.024 0.567 0.88±0.06 0.86±0.06 0.87±0.06 0.87±0.06 4.853 0.183 

Fz3(%BW) 1.00±0.05 1.01±0.06 1.01±0.06 1.01±0.07 3.543 0.315 1.01±0.07 1.02±0.06 1.01±0.07 1.02±0.08 1.292 0.731 

RCOF1 0.17±0.03 0.18±0.03 0.17±0.03 0.16±0.05 2.911 0.406 0.16±0.04 0.17±0.03 0.17±0.03 0.17±0.04 4.911 0.178 

RCOF2 0.23±0.07
○●+ 0.28±0.1

○
 0.28±0.1

●
 0.25±0.07+ 9.264 0.026 0.28±0.07

○●
 0.31±0.08

○∞
 0.33±0.1

●∆
 0.26±0.09

∞∆
 18.633 0.0001 

CT(s) 0.96±1.13 0.93±1.13 0.70±0.18 0.71±0.13 4.453 0.217 0.86±0.24 1±1.22 0.79±0.18 0.77±0.14 6.887 0.076 

Legend: VAR = variables; %BW = normalized by body weight; CT = contact time; X
2
 = Friedman test values; P = p-values; 

○
 = differences between HOV and Carpet; 

●
 = 

differences between HOV and HTV;
 + 

= differences between HOV and Mixed;
 ∞

 = differences between Carpet and Mixed; 
∆
 = differences between HTV and Mixed. 
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Table 4. Kruskall-Wallis test results: comparisons among lower limbs (AS, LAS and 

CG) for each flooring type (HOV, carpet, HTV and Mixed) each variable presented in 

means and standard deviations. 
VAR HOV H2 P CARPET H2 P 
 AS LAS CG   AS LAS CG   
Fx1(%BW) -.02±0.01 -.02±0.01 -.02±0.01 0.413 0.813 -.023±0.01 -.026±0.02 -.021±0.01 0.451 0.798 

Fx2(%BW) 0.05±0.01 0.06±0.03 0.05±0.02 4.964 0.084 0.06±0.01● 0.06±0.02○ 0.04±0.01●○ 9.234 0.01 
Fx3(%BW) 0.06±0.01 0.06±0.03 0.05±0.02 0.154 0.926 0.06±0.02 0.06±0.03 0.05±0.01 1.562 0.458 

Fy1(%BW) -.11±0.05● -.10±0.04○ 0.15±0.04●○ 20.458 0.0001 -.12±0.05● -.12±0.05○ -.16±0.04●○ 12.774 0.0002 
Fy2(%BW) 0.11±0.06● 0.12±0.06○ 0.18±0.03●○ 25.760 0.0001 0.12±0.06● 0.14±0.06○ 0.20±0.03●○ 26.381 0.0001 
Fz1(%BW) 1.00±0.09 1.00±0.07 1.04±0.17 5.852 0.054 1.05±0.09 1.03±0.08 1.04±0.17 2.698 0.259 

Fz2(%BW) 0.86±0.05● 0.88±0.06○ 0.74±0.12●○ 37.531 0.0001 0.86±0.07● 0.86±0.06○ 0.75±0.11●○ 26.930 0.0001 
Fz3(%BW) 1.00±0.05● 1.01±0.07○ 1.06±0.13●○ 22.875 0.0001 1.01±0.06● 1.02±0.06○ 1.06±0.13●○ 19.244 0.0001 

RCOF1 0.17±0.03● 0.16±0.03○ 0.09±0.03●○ 40.067 0.0001 0.18±0.03● 0.17±0.03○ 0.09±0.04●○ 43.051 0.0001 
RCOF2 0.23±0.07●∆ 0.28±0.07○∆ 0.32±0.04●○ 21.007 0.0001 0.28±0.1●∆ 0.31±0.08○∆ 0.33±0.04●○ 33.700 0.0001 
CT (s) 0.96±1.13● 0.86±0.24○ 0.63±0.08●○ 25.131 0.0001 0.93±1.13● 1±1.22○ 0.64±0.06●○ 13.367 0.0001 

VAR HTV H2 P MIXED H2 P 
 AS LAS CG   AS LAS CG   
Fx1 (%BW) -.023±0.01 -.025±0.02 -.021±0.01 0.319 0.853 -.022±0.01 -.024±0.02 -.02±0.01 0.930 0.628 

Fx2 (%BW) 0.06±0.01● 0.06±0.02○ 0.04±0.01●○ 10.617 0.005 0.06±0.01● 0.06±0.02○ 0.04±0.01●○ 16.441 0.0001 
Fx3 (%BW) 0.06±0.02 0.06±0.03 0.05±0.01 1.867 0.393 0.06±0.01 0.06±0.03 0.05±0.01 2.824 0.244 

Fy1 (%BW) -.12±0.05● -.11±0.04○ -.14±0.04●○ 8.155 0.017 -.11±0.06● -.12±0.04○ -.15±0.04●○ 10.551 0.005 
Fy2 (%BW) 0.13±0.06● 0.14±0.06○ 0.2±0.03●○ 20.473 0.0001 0.13±0.05● 0.13±0.06○ 0.19±0.03●○ 23.012 0.0001 
Fz1 (%BW) 1.03±0.09 1.01±0.07 1.04±0.17 4.126 0.127 1.02±0.07 1.02±0.07 1.04±0.17 3.241 0.198 

Fz2 (%BW) 0.85±0.07● 0.87±0.06○ 0.76±0.11●○ 21.710 0.0001 0.85±0.05● 0.87±0.06○ 0.76±0.12●○ 25.598 0.0001 
Fz3 (%BW) 1.01±0.06● 1.01±0.07○ 1.06±0.12●○ 23.928 0.0001 1.01±0.08● 1.02±0.08○ 1.06±0.12●○ 17.261 0.0001 

RCOF1  0.18±0.03● 0.18±0.03○ 0.10±0.04●○ 40.067 0.0001 0.16±0.05● 0.17±0.04○ 0.10±0.04●○ 31.593 0.0001 
RCOF2 0.28±0.1●∆ 0.32±0.1∆ 0.33±0.04● 29.661 0.0001 0.25±0.07● 0.26±0.09○ 0.32±0.04●○ 9.363 0.0009 
CT(s) 0.70±0.18● 0.79±0.18○ 0.65±0.08●○ 9.261 0.01 0.71±0.13● 0.77±0.14○ 0.64±0.06●○ 16.389 0.0001 

Legend: VAR = variables; %BW = normilized by body weight; CT = contact time; X
2
 = Friedman test 

values; P = p-values; ● = differences between AS and CG; ○ = differences between LAS and CG; ∆ = 

differences between AS and LAS. 

 

4.4. DISCUSSION 
 

This study compared the gait of stroke patients to that of healthy age matched 

peers in an effort to quantify differences that may be predisposing the stroke population 

to falls in everyday environments. 

When the hemibody effects were compared both AS and LAS for stroke group 

performed higher valley (Fz2) and lower propulsion peak (Fz3) than the CG, stroke 

patients may lose the heel-strike and push-off mechanism, altering the GRF pattern 

from ‘M’ to pathological shapes. These results are related to the stroke gait features, 

specially the main alterations found in the affected lower limb joints as decreased ankle, 

knee and hip flexion/extension range of motion (Carmo et al., 2012). 



 

 

46 

 

The lost of the heel-strike and push-off mechanism during stroke gait also 

contributed for the anterior-posterior (Fy) and lateral (Fx) ground reaction force 

components. The stroke AS and LAS performed higher braking (Fy1) and lower 

forward propulsion (Fy2) when compared with the CG for the anterior-postior forces. 

At the lateral components, the stroke LAS medial maximum force (Fx2) showed higher 

values than the AS and control group. This is reflected by a hemiplegic gait with 

reduced knee flexion at toe-off and mid-swing in the paretic limb (Chen et al., 2005). 

Not only the dynamic friction but also the first peak (Fz1) and the negative peak 

(Fy1) in shear force are considered to be the most critical with respect to slips resulting 

in falls (Redfern et al., 2001). The results of this study showed that stroke patients have 

lower breaking and acceleration ability respectively during the heel strike and the toe 

off. Thus, for this population, the forces specially occurring at toe off are of critical 

importance in determining if the frictional capabilities of the foot/floor interface will be 

sufficient to prevent slips, and it also could be another relational aspect with increased 

falls occurrence of this population.  

Contradicting Durá et al. (2005) and Burnfield et al. (2003), differences in 

hemibody for dynamic friction during the push off phase were also observed in this 

study. The control group presented higher dynamic friction than the stroke LAS and AS, 

and the LAS showed higher friction than the AS. Since the shear forces are higher near 

the heel contact and toe off phases (Redfern et al., 2001; Redfern and Dipasquale, 1998) 

these are the moments where slips occur more often. The toe off causes backward slip 

on the sole forepart, which can be more easily counteracted by stepping forward with 

the leading foot during normal gait (Grönqvist et al., 1999). As a results of the lack of 

ankle range of motion the stroke patients don't have the ability to easily counteracted the 

fall with this strategy.  
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Moreover, there were differences regarding the flooring surface for the stroke 

AS and LAS for RCOF2. It is well known that surface roughness plays an important 

role in floor slipperiness in walking shoes (Kim et al., 2013; Kim and Nagata, 2008; 

Lockhart et al., 2003). Our results confirm the same effect during the barefoot walking, 

more specifically when pathology is considered. It seems that even when stroke patients 

have loss of plantar proprioception (Lin et al., 2012) they are still able to detect the 

flooring roughness. However, false subjective perception of slipperiness might lead to 

an inappropriate gait pattern, which might result in higher probability of a slip-induced 

fall accident on the stroke population. So, understanding the relationship between the 

stroke gait parameters and friction demand characteristics may help identify slip prone 

individuals thereby reducing fall accidents. 

Future studies should considerer the inclusion of spatiotemporal and kinematic 

variables such as the heel contact velocity and the acceleration of the whole body 

center-of-mass to analyze the stroke gait over different flooring. These variables could 

indicate further increase risk of slipping, for example, higher heel contact velocity can 

increase horizontal ground reaction force in relation to vertical ground reaction force 

and as a result, friction demand could increase. Furthermore, slower transitory 

acceleration of the whole body COM among the stroke can also increase friction 

demand at the foot/floor interface and increase risk of slipping.  

 

4.5. CONCLUSION 
 

This is the first study to report the relationship between hemibodies in dynamic 

friction variables of gait in persons after stroke during the walking on different flooring. 

The flooring effect was found on RCOF during the toe off for the AS and LAS. 

Therefore, the better understanding of the biomechanical differences between people 
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with stroke and their healthy peers presented in the present paper revealed to be an 

important step to identify potential risk factors of slip injuries. In case of eliciting gait 

adjustments (during slip avoidance), stroke individuals’ gait adaptation may encumber 

optimal gait adjustment strategy. 
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CHAPTER 5. THE COEFFICIENT OF 
FRICTION ALTERATIONS IN 
STROKE GAIT 
 

 

Paper accepted in International Journal of Engineering and Innovative Technology. 

Kleiner AFR, Galli M, Carmo AA, BARROS RML. The coefficient of friction 

alterations in stroke gait. International Journal of Engineering and Innovative 

Technology, 2015, accepted in 1
st
 April, 2015 (in press). 

 

 

As we have been exploring in the previous Chapters of this thesis, the RCOF is 

represented by 2 instants in the loading response and toe off phases. Since in Chapter 4 

we found differences in Stroke and control groups, could we also find differences in the 

RCOF curve shape when these two groups are compared? Also, could the RCOF curve 

of stroke patients a characteristic pattern? Also, in Chapter 4 the gait velocity seems to 

influence the presented results. So in this Chapter, to exclude the influence of walking 

velocity the RCOF variables are normalized by this parameter. 

 

5.1. INTRODUCTION 
 

 Abnormal gait significantly limits the stroke patients’ autonomy and capacity of 

participation, and also contributes to decrease their life quality (Wyller and Kirkevold 

1999; Perry et al., 1995). Hemiplegia is one of the most common impairments observed 

after stroke and it contributes significantly to reduce gait performance. About 50% to 

60% of patients that complete the standard rehabilitation after a stroke still experience 
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some degree of motor impairment, and approximately 50% are at least partly dependent 

in activities-of-daily-living
 
(Mayo et al., 1991). Thus, one of the earliest concerns of 

stroke patients and their families relates to walking issues (Mayo et al., 1991), therefore 

one of the focuses on the intervention after strokes is to treat gait abnormalities (Mayo 

et al., 1991). 

The gait pattern of individuals post-stroke is often characterized by movement 

initiation delays, inefficient movement patterns on the hemiparetic side, decreased 

stance time on the paretic side, and premature toe off during terminal stance, when 

compared to healthy adults (Olney et al., 1991; Winter, 1983a, 1983b). Studies have 

shown that cognitive deficits, functional impairment, and impaired balance are related 

to fall incidence in stroke patients (Teasell and Kalra, 2004; Harris et al., 2005). 

To the best of our knowledge, the COF curves during the gait of stroke patients 

have not yet been fully studied. So, our aim is to analyze the COF instantaneous curves 

of these patients during the barefoot gait and consequently kinetics aspects of 

hemiplegic gait. 

 

5.2. METHODS 
 

5.2.1. Participants 
 

 

The participants of this study as well the experimental procedures for motion 

analysis were the same as the one presented in Chapter 4. However, the data used for 

the comparisons between the stroke group and the aged matched control group were the 

data collected just in HOV condition. 
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5.2.2. Variables and Statistical Analysis 
 

 

The COF curve was calculated as described in Equation 1, see this equation in 

Chapter 1. Then, as illustrated in Figure 15, the following parameters of the COF curves 

were calculated: 

 

(a) RCOF1 (P1): was calculated as the maximum value between the 9-15% of 

the COF curve; 

(b) Valley1 (V1): was calculated as the minimum value between the 15-80% of 

the COF curve; 

(c) RCOF2 (P2): was calculated as the maximum value between the 81-100% of 

the COF curve. 

 

Since the COF can be affected by walking velocity, these variables were also 

normalized by the walking velocity (stride length/stride duration).  

 
Figure 15. Illustration of COF curve variables. Legend: COF: coefficient of friction; %SUPPORT 

PHASE: percent of support phase; P1 = RCOF1; V1 = Valley1; P2 = RCOF2. 



 

 

52 

 

 

5.2.3. Statistical Analysis 
 

 

In order to calculate the statistical analysis, the data normality was tested by 

Kolmoronov-Smirnov test. Then, to compare the differences between stroke hemibody 

(affected side - AS and less affected side - LAS) and control group, the parametric data 

was analyzed by one-way ANOVA and the Tukey post-hoc test (α<0.05); the 

nonparametric data was analyzed by Kruskall-Wallis test and the Bonferroni post-hoc 

test (α<0.05). Also, comparisons between the AS, LAS and CG COF instantaneous 

curves were made by the two sample T-test (α<0.05) comparing every 1% of gait cycle. 

The software SPSS (version 19) was used to perform all statistical analysis.  

 

5.3. RESULTS 
 

 

The ANOVA one-way test have revealed no significant differences between 

stroke and control groups when considering age (F1,23=0.071; p=0.793), body mass 

(F1,23=0.385; p=0.541) and height (F1,23=0.352; p=0.559). 

Table 5 presents the discrete variable means and standard deviation for each 

group as well as the statistical results. When the COF curves’ peaks and valleys were 

compared, differences were found in V1nor, to which during the mid-stance phase both 

stroke AS and LAS presented higher values than the matched control group. Differences 

were also observed in P2nor, during the terminal stance the control group presented 

lower values than the stroke AS and LAS.  
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Table 5.The discrete COF variables mean and standard deviation for each group and 

variable and the statistical results. 

Variables Groups Statistics P 
 AS LAS Control   

P1nor 0,25±0,08 0,28±0,15 0,17±0,03 KW=1,083 0,582 

V1nor 0,09±0,06● 0,11±0,13○ 0,03±0,01●○ KW=7,407 0,025 
P2nor 0,46±0,34● 0,40±0,18○ 0,29±0,03●○ KW=8,722 0,013 

Legend: V1nor = Valley1 normalized by the gait velocity; V2nor = Valley2 normalized by the gait 

velocity; P1nor = RCOF1 normalized by the gait velocity; P2nor = RCOF2 normalized by the gait 

velocity; AS = stroke group affected side; LAS = stroke group less affected side; Control = Control 

group; 
●
 = differences between AS and Control; 

○
 = differences between NAS and Control. 

 

 The COF instantaneous curves’ analysis highlights the phases during the support 

phase where the Stroke patients AS and LAS have presented alterations compared to the 

control group, and it have shown differences in between the stroke symmetry (AS 

versus LAS).  

When comparing AS and the control group (Figure 16a), differences were seen 

on initial contact (5% to 8% of the support phase), loading response (13% to 29% of the 

support phase), mid stance (46% to 67% of the support phase) and terminal stance to 

pre swing phases (77% to 70% of the support phase). When the LAS and the control 

group (Figure 16b) were compared, differences were found on loading response (13% to 

38% of the support phase) and terminal stance to pre swing phases (79% to 100% of the 

support phase). Differences between AS and NAS (Figure 16c) were found in the mid 

stance phase (45% to 60% of the support phase).  

The shear forces are higher near the initial contact, loading response and 

terminal stance-to-pre swing phases in the CG COF curve; this pattern is not the same 

for the stroke group. The main differences between the stroke patients and the control 

group is that both AS and LAS performed lower shear forces during the loading 

response and terminal-to-pre swing phases. During these phases, the lower the friction 

was the higher was the risk of falling. Moreover, the AS group performed higher COF 
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5.4. DISCUSSION 
 

This study compared the gait of stroke patients and healthy age matched peers in 

an effort to quantify differences that may be predisposing the stroke population to falls. 

When analyzing the instantaneous COF curves, it was noted that in normal gait 

patients the COF were higher than the stroke group near to the loading response and 

terminal stance phases. During these phases, the COF was actually higher when 

compared to the other stance phases, to firstly permit the deceleration phase for the 

loading acceptance and secondly the acceleration phase for guaranteeing the gait 

progression. It permits the right grip and consequently the transmission of the developed 

forces to the kinematic chain, reducing the slipping and the risk of falls. The loading 

response and the terminal stance are the critical phases in which slips often occur: the 

lower the friction is in these phases, the higher is the slipping risk (Chang et al., 2012; 

Redfern et al., 2001).  

The analysis of the COF curves of the pathological group – for both AS and 

LAS sides – have evidenced lower values of COF on the same phases, pointing out a 

diminished grip on deceleration and acceleration phases. It seems that the stroke group 

reduced the gait velocity and, consequently, reduced the necessary (required) COF to 

perform the gait safely. In normal gait, once the deceleration phase starts, the COF 

decreases and the inertia forces sustain the gait progression: in that phase, the mid-

stance, the contribution of the shear forces decreases in order to invert the decelerated 

movement and prepare the following acceleration phase. Considering the COF curve of 

AS of stroke participants, the COF showed higher values on this phase, pointing out a 

greater grip and a constraint in the motion inversion: this behavior breaks the 
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contralateral side swing (LAS) decreasing the smoothness and increasing the level of 

balance uncertainty. The comparison between AS and LAS evidenced a statistical 

difference on the COF values in the mid-stance: on this phase the calf muscle is at its 

maximum stretching (the ankle reaches the maximum dorsiflexion and the knee the 

maximum extension – Bensoussan et al., 2006) and spasticity (Olney et al., 1991; 

Winter, 1983a) probably playing an important role in the progression constraint in AS.  

Moreover, when compared to the control group, the stroke group AS and LAS 

presented higher V1nor and P2nor. Once these variables were normalized by the walking 

velocity, the results of this study show that in patients with stroke for the AS and LAS 

the mid stance and the terminal stance seems to be critical phases for slips incidence. 

This behavior can be explained by the stroke patients dropped foot. It is commonly 

described by kinematic deviations at the ankle – foot including forefoot or flat foot 

initial contact leading to reduced stability during stance. Stroke related to ankle 

impairments causes inadequate dorsiflexion control during gait, including weakness of 

dorsiflexors, spasticity of plantar flexors, passive stiffness of the plantar flexors, and 

abnormal muscle coactivation (Lamontagne et al., 2002). Moreover, limited ankle 

dorsiflexion and knee flexion during swing on AS often result in the use of 

compensatory strategies (i.e. pelvic hiking and circunduction) to achieve foot clearance 

(Chen et al., 2005; Kerrigan et al., 2001; Lindquist et al., 2007). 

 

5.5. CONCLUSION 
 

The stroke group have reduced the COF to perform the gait safely, what is 

probably related to compensatory strategies due to the altered AS motion during swing. 

The COF normalized by the walking velocity can be useful in predicting the real fall 

propensity of a stroke patient and to develop more effective therapy for the gait 
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improvement. Moreover, the normalized COF shows that the mid stance and the 

terminal stance are phases of critical importance in determining if the frictional 

capabilities of the foot/floor interface to prevent slips in Stroke patients.  
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CHAPTER 6. THE COEFFICIENT OF 
FRICTION DURING GAIT 
CORRELATES WITH FUNCTIONAL 
SCALES OF PARKINSON’S DISEASE. 
 

 
Paper submitted in Clinical Biomechanics. 

Kleiner AFR, Galli M, Sale P, Stocchi F, Franceschini M, Albertini G, Barros RML. 

The coefficient of friction during gait correlates with functional scales of Parkinson’s 

disease. Clinical Biomechanics. 

 
 

The Chapter 5 presented that persons with stroke present a characteristic COF 

curve pattern when compared with the aged matched control group. Does the COF 

curve also have a characteristic pattern in persons with Parkinson’s Disease (PD)? The 

Chapter 6 were designed to characterize the COF curves of individuals with PD in 

barefoot gait and to analyze the possible correlations of this variable with the most used 

functional scales for the clinical evaluation of this disease, i.e., 6 Minutes Walk Test 

(6MW); the Timed Up & Go Test (TUG); the Unified Parkinson’s Disease Rating Scale 

(UPDRS); and the Hoehn and Yahr scale (HY). 

 

6.1. INTRODUCTION 
 

Parkinsonian gait is marked by postural instability, small shuffling steps 

characterized by free ambulation with reduced stride length and walking speed, 
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increases in double support duration and cadence (Morris et al., 2005; Morris et al., 

2001; Morris et al., 1996; Morris et al, 1998; Morris et al, 1994); and difficulty freezing 

during goal-oriented gait tasks (Pieruccini-Faria et al., 2014).  Furthermore, while 

walking, PD patients exhibit flat foot strikes in which the entire foot is placed on the 

ground at the same time, and they exhibit reduced foot lifting during the swing phase of 

gait, which produces reduced toe clearance. Although the literature contains many 

studies that have characterized Parkinson gait, particularly in terms of spatio-temporal 

and kinematic gait patterns, ground reaction forces and specifically the required 

coefficient of friction (RCOF) have not been sufficiently analyzed.  

Thus, the characterization of the COF curves of PD patients and the correlations 

between specific COF areas and the most common used functional scales can provide 

some information about the influence of COF and the incidence of falls in this 

population. The most commonly used functional scales in PD are the following: the Six-

Minute Walk Test (6MW), which is used to measure the maximum distance that a 

person can walk in 6 minutes (Steffen et al., 2002); the Timed Up & Go Test (TUG), 

which is a clinical measure of the balance of elderly people and is scored on an ordinal 

scale from 1 to 5 based on an observer’s perception of the performer’s risk of falling 

during the test (Rockwood et al., 2000; Steffen et al., 2002); the Unified Parkinson’s 

Disease Rating Scale (UPDRS), which is a scale that is used to monitor PD-related 

disability and impairment (Song et al., 2009); and the Hoehn and Yahr scale (HY), 

which is a commonly used system for describing how the symptoms of Parkinson's 

disease progress (Hoehn and Yahr, 1967). 

Our aims were to characterize the COF curves of patients with PD during 

barefoot gait and to analyse the possible correlations of this variable with the outcomes 
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of the most commonly used functional scales for the evaluation of PD; i.e., the HY, 

UPDRS, TUG and 6MW.  

 

6.2. METHODS 
 

6.2.1. Participants  
 

 

The Parkinson group (PD) consisted of 22 patients affected by Parkinson’s 

disease (9 females and 13 males). The average characteristics of the PD group were the 

following: age = 67.22±6.70 years; body mass = 76.5±18.83 kg; height = 161.59±11.01 

m; UPDRS = 45.92±28.68; and H&Y = 2.76±0,788. PD was diagnosed based on 

clinical criteria (Gelb et al., 1999; Nutt and Wooten, 2005), dopamine transporter (DaT) 

scans and/or magnetic resonance imaging. The patients were similar in terms of disease 

duration and were also free of peripheral sensory neuropathy and other disorders based 

on their reported histories, symptoms, physical examinations and routine tests. Patients 

with liver, kidney, lung, or heart disease, diabetes or other causes of autonomic 

dysfunction were not included in the study. 

The control group (CG) consisted of 22 healthy adults (9 females and 13 males) 

with the following average characteristics: age = 66.27±6 years; body mass = 

73.22±11.45 kg; and height = 164.81± 10.10 m. 

 

6.2.2. Data Collection 
 

 

The data collection of this study was held at the Gait Analysis Lab, ICRSS San 

Raffaele Pisana, Rome, Italy. All tests of the PD patients was performed during the ON 
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phase during their best motor conditions approximately 90 minutes after the first dose of 

levodopa in the morning. 

 

6.2.3. Clinical assessments 
 

 

Trained professionals performed all of the instrumental and clinical assessments. 

The clinical and instrumental outcomes were assessed using valid and reliable tools for 

PD that included the following: the Hoehn and Yahr scale (HY), the Unified 

Parkinson’s Disease Rating Scale (UPDRS), the Timed Up & Go Test (TUG), and the 

Six-Minute Walk Test (6MW). 

 

6.2.4. Experimental Procedures for motion analysis  
 

 

The participant was directed to walk barefoot at a self-selected speed along a 

pathway covered by an experimental flooring that went over two force platforms 

(Kistler 9286BA) that were embedded in the floor of the data collection room. These 

platforms collected data at a frequency of 500 Hz. The participants were aware of the 

positions of the force plates. A single trial was performed.  

Data acquisition was performed using a Smartanalyser (BTS, Italy). The raw 

kinetic data were filtered using a 2
nd

-order low-pass digital Butterworth filter with a cut-

off frequency of 10 Hz. An algorithm developed in Matlab was used to filter the raw 

data and to calculate the dependent variables. The ground reaction force data from the 

force plates were normalized by the subjects’ body weights and are expressed as 

percentages of the support phase (%SP). The COF curve was calculated as described in 

Equation 1 (see Chapter 1).  
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Comparisons of the COF curves of the PD group with those of the control group 

revealed differences during the loading response, midstance and terminal stance phases. 

As shown in Figure 1, the COF patterns of the PD patients were characterized by 

diminished values during the loading response and terminal stance phases and increased 

values during the midstance phase. To quantify these behaviours, the areas of the curves 

of each patient with PD curve and the average curves of the CG were calculated as 

illustrated in Figure 17 and described in Equation 5. 

 

+,-. = / [1
2 3�4� − 6�4�]	84                                                                                     (5) 

  

where 3�4�	is the average COF curve of the CG, and 6�4� indicates the COF 

curve of each patient with PD.  

 

 
 
Figure 17.Illustrations of an example of one PD COF curve (black line) and the average curve for all CG 

(grey line) and the 3 phases were the area between the curves were calculated. 
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6.2.5. Statistical Analysis 
 

 

For the statistical analyses, the data were first tested for normality with the 

Kolmoronov-Smirnov test. Because all of the behavioural data exhibited normal 

distributions, parametric statistics were applied. First, one-way ANOVAs (α<0.05) were 

applied to compare the anthropometric data (i.e., age, body mass and height) between 

the PD group and the CG. Furthermore, this test was applied to compare the differences 

between the right and left lower limbs of the PD group and the CG. Because no 

significant differences were found between the right and left limbs, the left limb was 

selected to represent the CG and PD bodies for all curve comparisons.  

Comparisons between the mean COF curves of the PD patients and the CG were 

performed with two-sample T-tests (α<0.05) that were applied to every 1% of the gait 

cycle. Next, Pearson’s correlations (α<0.05) were used to assess the associations 

between the COF curve areas and the outcomes of the following functional scales: the 

Hoehn and Yahr Scale (HY), the Unified Parkinson’s Disease Rating Scale (UPDRS), 

the Timed Up & Go Test (TUG), and the Six-Minute Walk Test (6MW). According to 

Taylor (1999), the correlations were interpreted as follows: 0.9 to 1 indicated a very 

high correlation; 0.7 to 0.9 indicated a high correlation; 0.5 to 0.7 indicated a moderate 

correlation; 0.3 to 0.5 indicated a low correlation; and 0 to 0.3 indicated little to no 

correlation. All tests were two-tailed. SPSS (version 19) was used to perform all 

statistical analyses. 

 

 

6.3. RESULTS  
 



 

 

64 

 

A one-way ANOVA revealed no significant differences between the subjects 

with Parkinson’s and the control group in terms of age (F1,41=0.272; p=0.605), body 

mass (F1,41=0.485; p=0.490) or height (F1,19=1.026; p=0.371). 

The COF curve analyses highlighted the following three phases during the 

support phase in which the Parkinson’s patients exhibited alterations compared to the 

control group: during the loading response phase (10% to 31% of the support phase); 

during the midstance phase (45% to 71% of the support phase), and during the terminal 

stance phase (82% to 95% of the support phase). Figure 18 illustrates these results. 

The COFs were higher near the loading response and terminal stance phases in 

the CG, and this pattern was not observed in the PD group. The patients with PD 

exhibited lower COF values during the loading response and terminal stance phases 

compared to those exhibited by the CG.  

 
Figure 18. Mean and standard deviation of COF curve of the Parkinson Group (black solid line – mean, 

and black dashed line - standard deviation) and Control Group (grey line – mean, and grey dashed line - 

standard deviation. The bars and asterisks on the x-axes indicate the moments of the support phase that 

presented significant differences (P ≤ 0.05) between the PD and Control Group curves. Legend: PD = 

Parkinson Disease; Control = Control Group; %SUPPORT PHASE = normalized by the percentage of the 

support phase. 
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A significant and very high positive correlation was observed between Area 1 

and the TUG outcomes (ρ = 0.903). Furthermore, a significant moderate positive 

correlation was found between Area 1 and the UPDRS1 (ρ = 0.505). Moreover, Area 1 

and the 6MW (R = 0.672) exhibited a significant moderate negative correlation. 

Moderate positive significant correlations of Area 2 with the UPDRS2 (ρ = 0.515) and 

UPDRS4 (ρ = 0.512) were also observed. Table 6 illustrates all of these results. 

 

Table 6. COF area and contact time in PD patients Correlation (Pearson Test – P < 0.05) 

with the Functional Scales. 

VARIABLES  Area1 Area2 Area3 

UPDRStotal ρ
 

0.077 0.043 -0.065 

 P 0.755 0.862 0.791 

UPDRS1 – Mentation, behavior and Mood ρ 
0.505 0.345 0.059 

 P 0.046 0.191 0.827 

UPDRS2 – Activities and Daily Living ρ
 

0.451 0.515 0.040 

 P 0.080 0.041 0.882 

UPDRS3 – Motor Examination ρ
 

0.488 0.105 -0.106 

 P 0.055 0.699 0.696 

UPDRS4 – Complications of Therapy ρ
 

-0.050 0.512 -0.179 

 P 0.853 0.043 0.507 

H&Y ρ
 

0.249 0.461 0.115 

 P 0.370 0.084 0.682 

TUG ρ
 

0.903 0.368 -0.035 

 P 0.0001 0.161 0.896 

6MW ρ
 

-0.672 -0.095 -0.029 

 P 0.004 0.726 0.914 

 

6.4. DISCUSSION 
 

 This study aimed to characterize the COF curves of patients with PD in the ON 

levodopa stage during gait and to evaluate the relationships between this index and 

functional scales. 

When the COF curves of the PD groups were compared to those of the CG, the 

PD patients exhibited lower COFs during the loading response and terminal stance 

phases. This behaviour might be explained by the flat foot contact that has been 

observed during parkinsonian gait (Morris et al., 2005; Morris et al., 2001; Morris et al., 
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1996; Morris et al, 1998; Morris et al, 1994) and is likely related to the need to increase 

safety margins (Morris et al., 2005; Morris et al., 2001).  Another possible explanation 

is related to the typical speed reductions of PD subjects that have previously been 

reported (Morris et al., 2005; Morris et al., 2001; Morris et al., 1996; Morris et al, 1998; 

Morris et al, 1994). Both of these effects, among others, might have contributed to the 

kinematical and dynamical alterations in the gait patterns of the PD patients that were 

revealed through examination of the COF curves. It would be interesting to determine 

the particular contribution of each effect on future studies. 

A very high correlation was observed between Area 1 and the TUG in which 

higher Area 1 COFs were associated with increased times required to perform the TUG. 

Turning is an essential part of goal-directed locomotion that people engage in daily 

(Stack et al., 1994). However, turning difficulty is a common problem for people with 

PD (Stack et al., 1994). A previous study noted that more than 50% of patients with PD 

have difficulty turning that can lead to falls (Stack et al., 1994). Mak and Pang (2009) 

noted that the TUG test can be used to distinguish fallers from non-fallers; longer a 

TUG time (16 seconds) is independently associated with an increased risk of falls in 

patients with PD.  

Besides, the Area 1 (the area that corresponds to the loading response period) is 

higher as the time to perform the Six Minutes Walking Test in PD patients is increased. 

It seems that the COF in loading response phase for PD patients is influenced by the 

gait velocity.  

Moreover, the area during the loading response (Area 1) increased with the time 

required to perform the Six-Minute Walking Test in the patients with PD. It seems that 

the COF during the loading response phase was influenced by gait velocity in the PD 

patients. Moreover, in the loading response phase, the patients with PD exhibited 
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increases in Area 1 that scaled with increases in cognitive decline (UPDRS1). Cognitive 

decline is another independent risk factor for falls (Herman  et al., 2010; Mirelman et 

al., 2012; Amboni et al., 2013). Gait disorders and falls are more prevalent among 

demented patients than nondemented subjects, and there is a direct relationship between 

the severity of cognitive impairment and increased gait abnormalities (Amboni et al., 

2013; van Iersel et al., 2014). Gait is no longer merely considered to be automated 

motor activity but is rather an activity that requires executive function, attention, 

motivation and judgment of external and internal cues (Yogev-Seligmann et al., 2008). 

Given these associations and the effects of cognitive impairment and gait abnormalities 

on functional independence, these findings highlight the multiple links between gait, 

cognitive function, COF and falls. 

During the midstance phase, the PD patients exhibited higher COFs than did the 

CG subjects. Considering that the coefficient of rolling resistance is generally much 

smaller than the coefficient of sliding friction, this result suggests that parkinsonian gait 

involves a less efficient rolling mechanism during the midstance phase. Furthermore, 

these mechanisms (Area 2) were correlated with the activities of the daily living 

(UPDRS2) and the complications of therapy (UPDRS4) of the PD patients. The 

proposed approach of observing the COF during gait revealed a compromise between 

decreased efficiency in favour of increased safety during parkinsonian gait.    

 Because the shear forces are highest near the loading response and terminal 

stance phases (Chang et al., 2012), these are the moments at which slips occur most 

often. The initial contact seems to be the critical phase in which slips can result in falls 

in patients with Parkinson’s disease. The loading response causes forward slips on the 

leading foot, whereas the terminal stance causes backward slips on the forepart of the 

sole, which can more easily be counteracted by stepping forward with the leading foot 
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(Redfern et al., 2001). Thus, the friction that occurs during the loading response is 

critically important for determining whether the frictional capabilities of the foot/floor 

interface will be sufficient to prevent slips in Parkinson’s disease patients. The results of 

this study indicate that more severely affected PD patients exhibit greater her COF area 

values during the loading response phase. 

Finally, to better characterize the COFs during parkinsonian gait, future studies 

should compare this variable between the levodopa ON and OFF stages. This 

comparison would provide a dissociation of the effects of levodopa from the basic 

motor disorder and an explanation of the physiological (or pathophysiological) 

meanings of the COFs of patients with PD. 

 

6.5. CONCLUSION 
 

In conclusion, in patients with PD, the COFs exhibited a specific pattern of 

differences from those of the CG; during the loading response phase, the difference was 

well correlated with the TUG scale data, which identifies the risk of falls among 

patients with PD. This analysis represents an initial first attempt to evaluate a gait 

analysis parameter in terms of its utility in the prediction of the real fall propensity of 

patients with PD. Furthermore, the analysis of COF can be simply applied because the 

patient is not required to change clothes for the positioning of markers and is only 

required to be barefoot. Therefore, the patient can be evaluated more easily during both 

the OFF and ON medication stages.  
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FINAL CONSIDERATIONS 
 

 

The aim of this thesis is to analyze the RCOF in normal and pathological gait.  

The first point to take into consideration about this study is that the friction in all 

the four studies presented was analyzed in barefoot gait. The studies usually investigate 

the RCOF in patients who perform tasks with shoes on. Therefore, this is a novelty, 

which pointed out that in barefoot gait, differences in RCOF are noticed considering the 

flooring conditions, the pathology type, and also the patients’ age and gender. 

Secondly, all the four surfaces presented in the Third and Fourth chapters, 

presented safe coefficient of friction (ranging from 0.44-0.55) and are widely used in 

residences and public facilities. We have chosen this type of dry flooring trying to 

simulate in laboratorial environment the same type of flooring that is found at the 

participants’ homes. Once previous studies have already shown that a big number of 

falls happen when older adults walk barefoot inside their own houses/familiar 

environment (Menz et al, 2005), especially when moving from one room to another, or 

leaving the shower room or the swimming pool area. However, only few studies have 

reported the relation among the RCOF during elderly barefoot gait and different types 

of indoor flooring. So, we tried to fill this gap. Moreover, at the best of our knowledge, 

the thesis’s Fourth chapter is the first study to report the relation between hemibodies in 

dynamic friction variables of gait in people after stroke during the walking on different 

flooring types. 
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This thesis also shows other novelties in its Fifth and Sixth chapters, in which 

analysis of the RCOF curve presented different pattern in the hemiparetic and PD gait. 

This study represents an initial attempt to evaluate a gait analysis parameter that might 

be used to predict the real fall propensity of patients with stroke and PD. 

Future investigations need to be designed to evaluate the pattern of the RCOF 

curves in other types of pathologies, as well as to investigate the real potential of this 

variable to detect the risk of fall in elderly and pathological populations. 

The main contribution of this thesis in the movement analysis field is the 

simplicity to apply the methodology to calculate the RCOF, and, also to evaluate this 

variant. The RCOF is a very simple and efficient tool developed to characterize the 

normal and pathological gait; it might be used in the prediction of the real fall 

propensity of the elderly and patients with pathologies such as PD and Stroke. 

Moreover, the RCOF is an easy variable to interpret and might help physicians and 

health professionals to easily identify some gait alterations. Furthermore, the analysis of 

RCOF can be simply applied, once the patient is not required to change clothes for the 

positioning of markers. He or she is only required to stay barefoot. That encourages a 

freer walking performance by the patients and makes it easier to evaluate his or her 

performance before and after any kind of intervention. 
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