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Abstract 
 
 
Falls are the most serious problems facing the aging population. The goal of the current project 

was to carry out a simplified analysis using kinematic parameters like joint angles and spatial-

temporal parameters in order to analyse the age-related changes in functional gait as well as to 

identify the biomechanics indicators of locomotion alterations that can help determined fall risk 

levels in the ageing community. A motion analysis was performed on twenty-two subjects 

composed of healthy young people and elderly ones. A statistical analysis of the results relying on 

ANOVA has shown significant differences in the step and stride lengths, as well as in the walking 

speed of the elderly people compared to the young ones. Also, significant differences have been 

found in the step length, in the walking speed and in the knee range of motion between the healthy 

elderly people and the elderly who are at risk for falls. This information allowed us to pinpoint 

some biomechanics indicators of locomotive impairments such as gait (stride to stride) variability, 

postural disturbances, limited joints range of motion and associated fall risk level in the aging 

community. The more these locomotive impairments are, the more the fall risks level is important.  
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Introduction 
 
 

Walking is one of the most common human movements. It means to transport the body safely and 

efficiently across ground level, uphill or downhill. Walking is learned during the first year of life 

and reaches maturity around the age of seven, remaining at the same level until 60. In old age 

walking performance starts to decline (Paroczai et al., 2006) mainly because of a gradual decrease 

in neuro-muscular control as well as to changes in joints and spatial-temporal parameters of gait. 

Older people have stiffer, less co-ordinated and more dangerous gaits than younger people. Posture 

control, body orienting reflexes, muscle strength and tone, all decline with aging. Kinematic 

alterations apparent in older people, compared to young, include increased hip range of motion, 

reduced angular velocity of the lower trunk, reduced ankle range of motion, increased anterior 

pelvic tilt (Winter et al., 1991; Oberg et al., 1994; Judge et al. 1996). Furthermore, the elderly tend 

to walk with slower velocity, shorter step length, wider step width and a relatively increased 

portion of time spent in the double-support phase (Oberg et al., 1993; Prince et al., 1997; Paroczai 

et al., 2006; Judge et al. 1996). The changes in walking speed and stride parameters with aging 

occur due to the reduction of energy cost, the compensation for muscle weakness, balance 

impairments, and coping with increased variability in walking. For example, the decreased stride 

length in elderly people coincides with weakness in hip extensors and ankle plantar flexors, and 

the reduced ability to propel the body forward during gait (Graf et al., 2005). Muscle weakness and 

impaired balance also appear to be associated with increased stride frequency and double support 

duration. These spatial-temporal gait patterns are more common in elderly who are at risk of falls 

compared to the elderly who are not at risk of falls. Fallers tend to have a slower gait velocity and 

are more likely to use a cane than non fallers.  

Falls among older adults often occur during walking, and gait dysfunction is included among the 

risk factors for falls (Hausdorff et al., 2001). Approximately 25% to 35% of people aged 65 years 

or older experience falls each year, and the epidemiology of falls shows that more than 50% of the 

falls occur during some form of locomotion, thereby demonstrating the relationship between risk 

of fall and gait impairment (Auvinet, 2003). In addition, fall rate increases with age: it increases 

from 47% in people age 70-74 years to 94% among 80-to 84-years-olds (Auvinet, 2003). The fall-

prone individuals have a reduced quality of life, decreased mobility, greater anxiety, an increased 

use of medication and greater risk of falls. Falls often lead to serious injuries such as hip fractures, 

hospitalization, and death. According to Lilley et al. (1995), falls are the leading cause of 

accidental death for people aged over 75. Retrospective studies showed that about one third of the 
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elderly above 65 years are fall-prone elderly and will experience at least one fall per year, while 

for the elderly over 80 years, the proportion increases to one half (Prince et al., 1997). The fall 

accidents amongst the elderly community are one of the most common reasons that incur high 

costs in terms of quality of life as well as significant health and social care expenditures. It is the 

principal cause of admission of older persons both into emergency department and long-term care 

constitutions and as a result these people lose their autonomy.  

With the increased life expectancy of the elderly and their more active lifestyle, there is now an 

emphasis on determining any changes that occur in their gait patterns (Paroczai et al., 2006). The 

scientific and medical communities need to know more about what is the ‘normal’ gait pattern in 

the elderly to establish a valid data base for making a comparison with elderly patients that need 

particular attention and special care. A continuous follow-up of the biomechanics predictors of 

locomotion alterations due to the aging process is crucial, in order to identify progressive changes 

in fall risk level and so to provide suitable rehabilitation process when needed.  

The goal of the current project is thus to carry out a simplified analysis using kinematic parameters 

like joint angles and spatial-temporal parameters in order to identify the biomechanics indicators of 

locomotion alterations due to the aging process and thus, according to these biomechanics 

indicators, the fall risk levels in the ageing community, which as it is mentioned above is of a 

clinical importance. 

The present project’s content is structured as follows. First part is related to the state of the art and 

highlights the basic characteristics of the gait cycle and the impact of ageing process on gait 

kinematic. Second part describes, the experimental procedure that we have implemented in order 

to obtain the spatial-temporal parameters and joint angles from a wide variety of volunteers (young 

and elderly subjects) and the statistical analysis which was used for the reduction of all these 

variables in order to identify the most important biomechanics indicators which can successfully 

discriminate the subjects into three groups: young, elderly not at risk for falls and elderly at risk for 

falls. The third part is dedicated to the results. A discussion and conclusion close this project. 
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Section 1                                       State of the art 

 

1.1    Gait Cycle Characteristics 

  

1.1.1   General description 

 
Walking is the most convenient way to travel short distances. As the body moves forward, one 

limb typically provides support while the other limb is advanced in preparation for its role as the 

support limb. 

A stride is the equivalent of a gait cycle. The duration of a stride is the interval between sequential 

initial floor contacts by the same limb. A step is recognized as the interval between sequential floor 

contacts by ipsilateral (on the same side of the body) and contra lateral (on the opposite side of the 

body) limbs. In figure 1.1, we can see the difference between the step and the stride. 

 

 

 

Figure 1.1: Step is described as the period from initial contact of one limb to the initial contact of 

the contra lateral limb.  Therefore, there are two steps in each stride (or gait cycle). 

Stride is described as the period from the initial contact of one limb to the point of initial contact of 

the same limb and is equivalent to one gait cycle. 

 

As we can see from the figure 1.1 two steps make up each gait cycle, which is roughly symmetric 

in normal individuals.  

In the figure 1.2 is presented the period of time from one heel strike to the next heel strike of the 

same limb which constitutes a complete gait cycle.  
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Figure 1.2: The description of the gait cycle: one complete gait cycle is the time between 

successive foot contacts (or heel strikes) of the same limb. For example, the first foot contact of the 

shaded-limb corresponds to the point 0 and the successive (or next) foot contact of the same 

shaded-limb corresponds to the point 100. 

Throughout the course of a gait cycle three tasks must be accomplished. Weight acceptance, the 

most demanding task in the gait cycle, involves the transfer of body weight onto a limb that has 

just finished swinging forward and has an unstable alignment. Shock absorption and the 

maintenance of a forward progression are also important components of this phase. The next task 

of the gait cycle is single limb support during which one limb must support the entire body weight 

and provide truncal stability while progression must be continued. The final task of the gait cycle 

is limb advancement, which requires foot clearance from the floor. The limb swings through three 

positions as it travels to its destination in front of the body (figure 1.3). 

                                                    

Figure 1.3: Division of the gait cycle. 
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The gait cycle (GC) in its simplest form is comprised of stance and swing phases as it is shown      

in the figure 1.3. The following paragraphs describe thoroughly the two phases.  

1.1.2   The Stance Phase   

The stance phase begins when the heel of the forward limb makes contact with the ground and 

ends when the toe of the same limb leaves the ground. It is further subdivided into three segments, 

including:  

• Initial double stance: This constitutes about 10% of the gait cycle.  

• Single limb stance: This period persists from 10%-50% of gait cycle and is divided into 

mid stance (10% -30%) and terminal stance (30% -50%) of gait cycle. 

• Terminal double limb stance: This constitutes the remaining 10% of the gait cycle. 

Each double stance period accounts for 10% of the gait cycle, while single stance typically 

represents 40% (60% total). The two limbs typically do not share the load equally during double 

stance periods. Ipsilateral swing temporally corresponds to single stance by the contra lateral limb. 

Slight variations occur in the percentage of stance and swing related to gait velocity. The duration 

of each aspect of stance decreases as walking velocity increases. The transition from walking to 

running is marked by elimination of double support period(s). 

As the foot is on the ground there are three subdivisions with which we are able to describe its 

motion. These are the contact phase, mid stance phase and propulsive phase (Figure 1.4). 

 

Figure 1.4: Contact phase, mid stance phase, propulsive phase. 

The Contact Phase: when the heel touches the ground till the foot lies flat on the ground. During 

this phase the foot, which is slightly supinated at the time of contact rapidly pronates (twits upward 

and outward) to get adapted to the ground and this movement also acts as a shock absorber. 
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The Mid Stance Phase: when the foot lies flat on the ground till the heel lifts up again. During 

this phase, the foot supinates (twits downwards and inwards) to support the weight of the body. 

The Propulsive Phase: when the heel lifts up the ground till the toes lift up the ground. During 

this phase, the foot continues to supinate (and is in a slightly supinated position when the heel 

strikes again on the ground). 

Furthermore, each stride contains eight relevant phases. Stance is comprised of five gait phases, 

the initial contact, loading response, mid stance, terminal stance, and preswing, with the remaining 

three phases occurring during swing phase.  

The first two gait phases (0-10% GC) occur during initial double support. These phases include 

initial contact and loading response.  

Initial Contact:  often is referred to as heel strike. Normally, the heel is the first part of the foot to 

touch the ground. Other names for this event are heel contact, footstrike or foot contact and this is 

because in clinical gait analysis as in many circumstances initial contact is not made with the heel. 

The hip is flexed (30º), the knee is close to full extension, and the ankle is at the neutral position 

(0º) (Figure 1.7). The objective is to prepare the foot for the proper landing position and for the 

following period of shock absorption of the floor impact. 

Loading Response: begins with the initial floor contact (often is referred to as foot flat). 

Normally, the heel contacts the ground first. In patients who demonstrate pathological gait 

patterns, the entire foot or the toes contact the ground initially. Loading response ends with contra 

lateral toe off, when the opposite extremity leaves the ground. Thus, loading response corresponds 

to the gait cycle's first period of double limb support. The normal ground reaction (GRF) force in 

loading response is located posterior to both ankle joint and knee joint but anterior to hip joint in 

the sagittal plane (figure 1.5 a). The GRF produces plantar flexion moment at the ankle joint, so 

the ankle is in slight plantar flexion (<10º), flexion moment at the knee, so the knee is in flexion 

(15º) and flexion moment at the hip during loading response, so the hip is extending to 5º flexion. 

The joint motion during this phase allows the transfer of weight onto the new stance phase leg 

while attenuating shock, preserving gait velocity, and maintaining stability. 

 

Mid Stance: the first half of single support is termed mid stance (10-30% GC). During mid stance 

one limb must support the entire body weight and provide truncal stability while progression must 

be continued. Specifically, the objective is to secure stability of the supporting leg in order to 
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facilitate forward advancement of the swinging leg. This phase begins with contra lateral toe off 

(the opposite limb begins its swing period) and ends when the centre of gravity is directly over the 

reference foot. (Also is the period in which the contra lateral leg is lifted while body weight is 

transferred along the sole to the forefoot of the reference leg). The normal ground reaction (GRF) 

force in mid stance is located anterior to both ankle joint and knee joint but posterior to hip joint in 

the sagittal plane (figure 1.5 b). The GRF produces dorsiflexor moment at the ankle joint, extensor 

moment at the knee and at the hip during mid stance. Hip and knee are extending to neutral 

position, while the ankle is dorsiflexed (10º).  

Terminal Stance: this phase occupies the 30-50% of the gait cycle. It begins when the centre of 

gravity is over the support foot and is observed a heel rise of the same foot. It ends when the contra 

lateral foot (or opposite limb) contacts the ground. The normal ground reaction (GRF) force in 

terminal stance is located anterior to both ankle joint and knee joint but posterior to hip joint in the 

sagittal plane (figure 1.5 c). The GRF produces dorsiflexor moment at the ankle joint, extensor 

moment at the knee and at the hip during terminal stance. Hip is hyper-extended, the knee is in full 

extension and the ankle is in neutral position with the tibia stable and occurs heel off prior to initial 

contact of the opposite foot. 

Pre-Swing (Toe off/ knee break): the final stance element, preswing (50-60% GC), is related 

functionally more to the swing phase that follows than to the preceding stance phase events. 

Preswing begins with contra lateral initial contact and ends at toe-off of the ipsilateral (supporting) 

limb. It determines the end of the phase where body weight is transferred from the supporting leg 

to the contralateral limb allowing the toes of the ipsilateral limb to leave the ground. Preswing 

corresponds to the gait cycle's second period of double limb support. The normal ground reaction 

(GRF) force in pre-swing stance is located anterior to ankle joint and posterior to both knee joint 

and hip joint in the sagittal plane (figure 1.5 d). The GRF produces dorsiflexor moment at the 

ankle joint, flexor moment at the knee and extensor moment at the hip during preswing stance. The 

ground contact causes the leg to increase ankle plantar flexion (20º), increase knee flexion (35º) 

and decrease hip extension. Transfer of body weight from ipsilateral to opposite limb takes place. 
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a)                        b)                    c)                          d) 

Figure 1.5: Orientation of ground reaction force vector in sagittal plane in a) loading response, b) 

mid stance, c) terminal stance and d) pre-swing phase. 

1.1.3   The Swing Phase 

The period of time when the foot is not in contact with the ground is the swing phase. It begins 

when the foot is lifted from the floor until the heel is placed down. The swing phase for the limb is 

the remaining 40% of the gait cycle. In general, the principal swing phase task is the progression of 

the foot of the swing limb from the previous to the next support position, providing the basis for 

the forward progression of the body (Winter et al., 1991). The swing phase is comprised of three 

gait phases, the initial swing, mid swing and terminal swing (figure 1.6). 

 

Figure 1.6: Swing phase. 

 

Initial Swing: this phase occupies the 60-73% of the gait cycle. It begins when the foot is lifted 

from the floor (or the toes leave the ground) and lasts until the knee reaches a maximum flexion of 

65º; the swinging limb lies directly under the trunk next to the stance (contra lateral) foot. The hip 

is in flexion (10º) and the knee is in maximum flexion (60º). The ankle partially dorsiflexes (5º) to 

ensure ground clearance.            
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Mid-Swing: this phase occupies the 73-87% of the gait cycle. It is the period from maximum knee 

flexion until the tibia is vertical or perpendicular to the ground. Advancement of the leg is 

accomplished by further hip flexion (30º). The knee is allowed to extend in response to gravity 

while the ankle continues dorsiflexion (bending the foot downward) to neutral.  

Terminal Swing: this phase occupies the 87-100% of the gait cycle. It begins when the tibia is 

vertical and ends when the foot touches the floor again. Limb advancement is completed by knee 

extension. The hip maintains its flexion (30º), the knee is extended (0º) and the ankle remains 

dorsiflexed (bending the foot downward) to neutral.  

Additionally, the swing phase contains the two periods of acceleration and deceleration. The 

acceleration period is the time in which the limb is moving forward rapidly to increase the stride 

length. The deceleration period is the time in which the limb is slowed down in preparation for 

heel contact. The figure presents the angle’s position of the hip, knee and ankle joints during a 

complete gait cycle in the sagittal plane, as it was described in the previous paragraphs. 

   

Figure 1.7:  Hip, knee and ankle joints during the stance and swing phase. 
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To summarize the phases of the gait cycle and its main gait events the following circular 

illustration is being given. 

 

 

 

Figure 1.8: Gait cycle and its main gait events. 

 

 

• Initial contact: Heel strike (the heel touches the ground). 

• Loading response: From heel strike to foot flat, opposite toe off (the toe leaves the ground). 

• Mid stance: From foot flat to mid stance phase. 

• Terminal stance: From mid stance to heel off (the heel leaves the ground). 

• Pre-swing: From heel off to toe off, opposite initial contact. 

• Initial swing: From toe off to early acceleration. 

• Mid-swing: From acceleration to mid-swing (the tibia is vertical to the ground). 

• Terminal swing: From mid-swing (tibia vertical to the ground) to heel strike, deceleration.  
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1.1.4   Spatial-temporal characteristics of gait cycle 

 
The gait cycle is characterised by spatial and temporal parameters. Spatial parameters are those 

which express distance and temporal parameters are those which express time. Briefly the main 

parameters are: 

 

� Spatial-Measures of Distance:  

 

• Step length: the distance from foot contact of one limb to foot contact of the opposite 

limb. 

• Stride length: the distance from foot contact of one limb to foot contact of the same limb. 

 

• Step width: Distance between the ankle centres during foot strike of each foot averaged 

across all foot strike events or distance between the heels in double support.  

 

 

� Temporal-Measures of Time: 

 

• Total Support Time (or Stance Phase): It is that part of gait cycle when either one or 

both feet are on ground and the body passes over it. It constitutes the period of time from 

the heel strike (floor contact) of one foot until the toe off (toe is no longer in contact with 

the floor) of the same foot. For example, the total support time for the left leg is the time 

when the left leg is in contact with the floor (stance phase), while the right leg is not in 

contact with the ground (swing phase) which corresponds to the time from the toe off of the 

right foot until the heel contact of the right foot.  
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• Initial Double Support Time:  This is the part of the stance phase when both the feet are 

on ground at the beginning of the cycle. It continues the time period from heel strike of one 

foot to toe off of other foot.  

 

  

 

• Single Support Time: Single support time is the part of gait cycle where only one foot is 

in contact with the floor during stance phase. It continues the time period from opposite toe 

off to opposite foot strike. For example, the single limb support of the right leg begins from 

the toe off of the left leg to heel contact of the left leg. 

  

 

• Second Double Support Time or Pres-wing: It is the terminal part of the stance phase 

(pres-wing) when both the feet are again on ground. This period starts at opposite foot 

strike and ends at concerned leg toe off. So, the second double support time for the right leg 

is the period of time from the foot strike of the left leg until the toe off of the right leg. 

• Swing Phase: Swing phase is calculated from the gait events of toe off to foot strike on the 

same side. For example, as it is shown in the following diagram, the swing phase of the left 

leg constitutes the period of time from the toe off of the left leg until the heel strike of the 

left leg. Swing time is identical with the time of contra lateral single limb support. 
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• Cadence: rate at which a person walks, expressed in steps per time. 

• Step duration: the period of time taken for one step and is measured from an event (heel 

strike) of one foot to the following occurrence of the same event (heel strike) with the other 

foot, expressed in seconds.  

• Stride duration  (or cycle time): the period of time from initial contact of one foot to the 

following initial contact of the same foot. 

• Stride frequency: the number of strides taken in a given amount of time or a given 

distance. 

 

� Combination of Spatial and Temporal: 

 

• Walking velocity: the rate of change of linear displacement along the direction of 

progression measured over one or more strides, expressed in meters per second. 

 

1.2    Elderly Gait  

1.2.1   Aging process 

A general definition of aging is that of a process where normal, yet irreversible, biological changes 

occur throughout a person’s lifetime. These biological changes involve many different organs and 

systems throughout the body, and will often differ between individuals of similar age. In particular, 

age-related changes in nervous and musculoskeletal system can lead to impaired ability to maintain 

upright stance or react to a sudden loss of balance, thus the age influence the gait and increases the 

risk of falls in aging community. 

1.2.1.1    Neurological changes with aging 

In the current paragraph, a brief description of the main neurological changes, which occur with 

aging, is following as it is more important for the specific project to focus on kinematic changes 

that occur in gait due to aging. 
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The aging process has a significant impact on the nervous system (Birtley et al., 2009). The main 

physiological changes that occur in response to aging are: 

• Decrease in the number of brain cells and lower brain weight due to a decrease in the 

volume of the cerebral cortex.  

• The electrical activity of the neurons, which are the structural and functional units of the 

nervous system, is diminished due to the reduced availability of neurotransmitters and post-

synaptic receptors. A neurotransmitter is a chemical agent released by one neuron that acts 

on a second neuron, a muscle, or a gland cell, altering its electrical state or activity.  

• The pyramidal tracts of the spinal cord, a long “chain” of neurons, which are responsible 

for voluntary motor movement, have a decline in function. Decline in brain cells along with 

functional decline of the pyramidal tracts of the spinal cord affect the older adult’s ability 

to maintain balance and position. This decline results in an increased fall risk. 

• The central nervous system has decreased blood flow due to the fatty deposits that 

gradually accumulate in the walls of blood vessels and reduce the rate of arterial blood flow 

and decreased oxygen utilization.  

• Older nerves have a slower conduction rate with a decline in number and function of 

receptors. The slower nerve conduction velocity, which shows how fast the electrical 

signals move through the nerves, provokes loss of vibratory sensation in the lower 

extremities and impairs the speed of the reaction time in the older adult.  

 

An integrated nervous system with sufficient motor drive and adequate sensory feedback is 

required for efficient locomotion. Therefore, a sensory input (visual, vestibular, somatosensory) 

provides the central nervous system (CNS) with the information needed to maintain balance. 
Age-related changes in the nervous system include a decreased acuity of the auditory, vestibular, 

visual and somatosensory systems (Sturnieks et al., 2008). When these systems are deficient, there 

is a great postural and gait dyscontrol. 

• Vision 

Vision becomes progressively worse after the age of 50 with the eye undergoing physiological 

changes associated with a decline in many visual processes, such as: visual acuity, contrast 

sensitivity, dark adaptation and depth perception. With impoverished visual input, balance control 

and obstacle avoidance abilities become impaired due to misjudgement of distances and 

misinterpretation of spatial information. For this reason, the previous visual processes are the 

strongest visual risk factors for multiple falls in older people. 
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• Vestibular sense 

The vestibular system is the sensory system that provides the leading contribution about movement 

and sense of balance and decreases with aging. The vestibular contribution to postural control 

depends on the kind of perturbation imposed. For example, if the surface on which one stands is 

suddenly and unexpectedly moved backward, patients with defective vestibular input make normal 

postural muscle reactions to the forward induced fall. This places him at an increased risk of 

recurrent falls. 

• Proprioception 

Sensory information from receptors in the muscles, tendons and joints provide feedback regarding 

joint position sense and movement. These functions are referred to as ‘‘proprioception’’. There is a 

decline in joint position sense with age. Skinner et al. (1984) found joint position sense in the knee 

to deteriorate with age in their study of 29 subjects aged over 62 years. Twenty year olds could 

detect passive joint motions of 4º, but 80 year olds could detect only motions larger than 7º.  

• Reaction time 

The ability to react quickly and appropriately is important for maintaining balance and avoiding a 

fall when exposed to a postural challenge or threat. Slower reaction times in older adults are due to 

the changes in nervous system. The overall effect is a decrease in the frequency of signals to and 

from effector organs. The implications of these changes include impaired sensory acuity and 

slowed or depressed motor responses which contribute to slower reaction times in older adults. The 

reaction time has been linked as a causal factor in the incidence of falls in the elderly population 

and was used for distinguishing the fallers from the non-fallers. The elderly individuals display 

increased sway patterns in the lateral plane during an upright tandem position. Those individuals, 

who are unable to hold the position, require a forward step as a protective mechanism. When you 

couple this with the fact that reaction time has a tendency to decrease with age, the elderly 

individual may not have enough time to react in order to prevent the fall resulting in serious injury. 

In a study (Lajoie et al., 1996), when the subjects were presented with a narrow base of support in 

an upright postural task, non-fallers displayed faster reaction times (470ms) than fallers (718ms). 

Therefore, the previous changes in nervous system impair gait in a quite characteristic pattern in 

advanced age. These changes include slightly flexed posture in the upright position, slower 

forward progress with ambulation, shortened length of stride, decreases in clearance of the foot 

and heel from the ground, increased extra steps and increase in side to side sway. 
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1.2.1.2    Musculoskeletal changes with aging  

The age-related changes of the musculoskeletal system are of special concern in the elderly 

because of the risk of falls. Normal aging changes contribute to activity intolerance and impaired 

physical mobility, leading to weakness and increased risk of falls. The musculoskeletal system is 

also important to this age group because it is the most common source of pain limited 

independence. The musculoskeletal system is of special concern in the elderly because it is the 

system that carries and moves the body. 

The skeletal system performs several functions that include providing support for the body, 

providing the body leverage and movement, and protecting the body’s organs. One very prominent 

change that occurs with aging is loss in bone mass and density. Unfortunately, around middle age, 

bone mass (or bone density) gradually begins to decline. On average, 10-20% of our total bone 

mass is lost by the time we reach an age of 65 years old. As bone growth slows, the bones become 

thinner and relatively weaker. This occurs more rapidly in women who lose 8% of their skeletal 

mass each decade. In some cases, the bones become so fragile that even minor trauma can cause a 

fracture. When the bones are weak and do not support the body’s structure, there is an increased 

risk for fractures, falls, and gait problems (Albright et al., 2009). 

Muscle loss begins around the age of 30 and continues throughout life. As aging occurs, there is 

generally a reduction in the size and power of all muscle tissues. The number and size of muscle 

fibers begin to decrease, as they become smaller in diameter, resulting in a decrease in muscle 

mass. The result is an inability to fully contract the muscles. The loss of muscle mass and muscle 

strength is called sarcopenia. The overall effect of this is reduced muscular strength (meaning 

reduced amount of force that the muscles can exert against resistance) and endurance and a 

tendency to tire rapidly. The large, age-related decline in muscular strength is probably the most 

prominent change that occurs in older people. Losses in muscular strength occur at an approximate 

rate of 12-14% per decade after the age 50 years old (Hurley et al, 2000). The decrease in muscle 

strength seen with aging is more likely related to inactivity, malnutrition, or disease rather than 

aging itself. Moderate to large decreases in muscular power and endurance are also observed with 

advancing age. The decline in strength, endurance and muscle power result in physical functioning 

dropping below the threshold where activities of daily living become difficult and then impossible 

to carry out. When strength, endurance, muscle power and hence function declines sufficiently, one 

is unable to prevent a slip, trip or stumble becoming a fall. Muscle strength losses are even more 

dramatic after the age of 70 years. Also, the loss of muscle mass is associated with decrease in the 

cushioning around the hips and can cause high incidence of hip fracture in the elderly due to falls. 
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It is also thought that decreased strength may be related to a reduced blood supply to the muscles. 

Because the performance of the heart also decreases, blood flow to active muscles does not 

increase during exercise as rapidly as it does in younger people. The loss of muscle mass and 

strength is more evident in the lower extremities. Reduced knee extension strength, ankle 

dorsiflexion strength and hip strength are correlated with an increased risk of falls. These findings 

suggest that lower limb muscle weakness is a major risk for falling in older people as is gait 

deficit, balance deficit and the use of an assistive device. This is most likely because the upper 

extremities are used frequently during the day when performing activities of daily living. This puts 

every nursing home resident at risk for falls, especially those who are ill or have restricted mobility 

(Albright et al., 2009). Load et al., (1994) reported that a significant relationship between the 

muscle weakness of lower extremities and the incidence of falls in the variety of elderly people. 

They examined 341 community-dwelling women (73.7 years) with a history of falls and noticed 

that muscle strength of lower limbs was found to be one of the most important indications to 

discriminated fallers from non-fallers. Any lower extremity disability (loss of strength, orthopaedic 

abnormality or poor sensation) is associated with increased risk.  

The losses of muscular strength and mass are associated with increased risk of falls and hip 

fractures. During walking, more than 1000 muscles are synchronized to move over 200 bones 

around 100 moveable joints. Gait adaptation as seen in the elderly population may be associated 

with the general decrease in muscle strength due to loss of motor neurons, muscle fibers and 

aerobic capacity. Possible explanations for changes in walking speed and stride parameters with 

aging include reduction of energy cost, compensation for muscle weakness, balance impairments, 

and coping with increased variability in walking. Muscle contraction needs oxygen, so the 

intensity of muscle work can be assessed by measuring the amount of oxygen used by the muscle 

during a given task. Even if walking is considered a very complex task, a healthy person walking 

at self selected velocity, performed this task at a minimal energy cost. During walking at normal 

velocity, the elderly (mean age, 68.2 years) consumes significantly more oxygen for a given 

distance than the young (mean age, 39.2 years) despite the fact that the elderly group walks 

significantly slower that the young.  

The speed and organization of muscle force also contributes to balance problems in older age. 

Older adults are at increased risk of injury, compared to young adults, due to differences in muscle 

strengths and speeds of muscle contraction. A reduced capacity for rapid force generation would 

limit the ability to respond quickly to a loss of balance and increase the risk of falling.  

Other age-related changes may occur in the joints and can limit movement. Muscular flexibility is 

also inversely related to age, and is most likely attributable to losses in muscular elasticity and 
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changes in the structure of collagen fibers within joints. Joints are where two bones interconnect. 

Cartilage provides the lubricating surface of most joints. Aging causes the water content of 

cartilage to decrease resulting in the joints being unable to adapt to repetitive stress such as 

walking. Tendons attach muscle to bone, and ligaments attach bone to bone. Ligaments lose 

elasticity, further decreasing the joints’ ability to accommodate stress. Joint space narrows with 

these changes, and pain and stiffness result. The loss of passive range of motion in the elderly is 

often progressive and subtle.  

 

1.2.2 Impact on gait kinematic 

 
1.2.2.1   Spatial-temporal characteristics 

 

Spatial-temporal variables (distance and time) are the first gait related data to be assessed during 

locomotion. 

As the aging process causes changes on spatial-temporal parameters, it is worthy to refer these 

changes in order to observe the most important differences between the elderly and young people’s 

gait. 

 One of the variables that are of significant importance is the stride length (see paragraph 1.1.4). 

Comparisons of stride length measures of younger and older people indicate that for the young 

subjects the stride lengths averaged 1.51 to 1.70 m, whereas the stride lengths of older subjects 

averaged 1.35 to 1.53 m (Chau et al., 2001). Hageman et al. (1986) confirmed these values by 

finding that elderly women have a shorter stride length at about 1.35 m than the young women. A 

decreased stride length, which is observed in elderly people, coincides with weakness in hip 

extensors and ankle plantar flexors, reduced push-off phase and a reduced ability to propel the 

body forward during gait (Murray et al., 1969; Graf et al., 2005; Judge et al., 1996; Winter et al., 

1990, De Vita et al., 2000). Increase or decrease of stride length affects all other parameters. The 

nature and range of effect depends on sex, age, height, footwear and disease conditions.  

The step length has also been found shorter in the elderly people (0.4-0.6 m) compared to the 

young ones (0.6-0.8) m (Hageman et al., 1986; Paroczai et al., 2006; Winter et al., 1990). The 

changes of step length most frequently seen with advancing age are at fast gait (Oberg et al., 

1993).  The reduced step length in elderly adults was related to a shorter time used for swinging 

the limb forward (De Vita et al., 2000).  

Another important variable is the stride frequency. It corresponds to the number of strides that are 

completed in a specified time period. The standard unit of measurement is the hertz (Hz) which 
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records the number of cycles per second. Step frequency is the equivalent measure using a step (as 

defined above, paragraph 1.1.4) as the core parameter. An increased stride frequency and a 

decreased stride length have been observed in elderly people with limitations in muscle function 

and with balance impairments (Barak et al., 2006, De Vita et al., 2000). In addition, an increased 

stride frequency and a decreased stride length are observed during gait elderly people who are at 

risk for falls and demonstrate increased gait unsteadiness and stride-to-stride variations compared 

with elderly people who are not at risk for falls. The increased frequency is observed in elderly 

people also due to the neurological changes which can cause extra steps (paragraph 1.2.1.1) in 

elderly gait, resulting in shortening each gait cycle and thus, the period of single-limb support. 

Furthermore, walking velocity has been proposed as a valid and practical measure of mobility and 

reflects activity of daily living function. The most common spatial or temporal alteration in the 

walking pattern of older people is a reduced walking (speed) velocity. For example, Finley et al. 

(1969) found a 12 cm/s reduction in walking velocity between a group of healthy younger and 

older women. Prince et al. (1997) in their research on elderly gait, noticed that walking velocity 

decreases with age (older subjects exhibit decreased gait velocity compared with younger subjects, 

with gait velocity ranging from 1.43 to 1.60 m/s in the young people compared with 1.18 to 1.45 

m/s in the older people). Hageman et al. (1986) confirmed the previous values by finding the 

walking velocity of the elderly women smaller (about 1.32 m/s) than the velocity of the young 

women. Age effect is significant in walking velocity, for normal and fast walking speeds (Leiper et 

al., 1991; Woo et al., 1995; Oberg et al., 1993). Specifically, the changes of the basic gait 

parameters most frequently seen with advancing age are a reduction of gait speed at normal and 

fast gait and of step length at fast gait, but only small changes of the step frequency. Age-related 

reductions in walking velocity and in step length are greater in females than males and these 

reductions can predict future falls in the previously community dwelling older adults aged 75 

years and over (Miles et al., 1991).  

A reduction in step length, and consequently stride, is one of the strategies used to reduce walking 

velocity, so the slowness of the elderly gait can be partially explained by the reduced stride (or 

step) length (Winter et al., 1990, Kemoun et al., 2002) and this reduction of step length is mostly 

observed in elderly individuals concerned about falls. A reduction in step length leads to instability 

of the head and pelvis in the vertical and anterior–posterior directions, thereby affecting the 

stability of the gait cycle. In situations of threat or instability, it is natural for an individual to 

protect themselves by reducing their walking velocity. Thus, although it may be a normal reaction 

to reduce the walking velocity, high concern about falls leads to a reduction in step length which 

contributes towards a more unstable gait and an even greater risk of falling. Under conditions of 



 25 

normal gait, the primary cause of a reduction in gait velocity among elderly individuals is physical 

limitation. Velocity is lower because older people take shorter steps. One explanation for this is 

that calf muscles are weaker and cannot produce sufficient plantar flexion. Another is that the 

elderly are reluctant to generate plantar flexion because of poor balance and poor control of mass 

whilst standing on one foot momentarily. However, it has recently been demonstrated in a group of 

elderly individuals that the factors most strongly associated with a reduction in gait velocity are 

reaction time and quadriceps muscle strength.  

Another impact of aging on gait patterns in the healthy elderly concerns the reduction of single 

limb support duration (or the shorter duration of the swing phase of the contra-lateral limb). The 

single leg balance is related to walking speed and thus, the swing duration is less in the elderly 

people who have difficulty to maintain single leg balance for duration that the young people 

achieve (Kimura et al., 2007; Winter et al., 1990, Murray et al., 1969; De Vita et al., 2000; Mills 

et al., 2001). One of the reasons for slowness in walking in older subjects and thus, for reduction 

of single limb support duration, may be diminished balance ability.  

On the contrary, the stance phase duration increases with advancing age (Murray et al., 1969, 

Judge et al., 1996). The long stance phase duration equates to a long double support phase. Long 

double support duration aids balance in bipedal walking. During double stance, the centre of mass 

is between the feet, which is a stable position. Increased time in the double stance position reduces 

time for the swing leg to advance, contributing to short step length. Increased double stance may 

be needed on uneven ground or when balance is impaired, so that step length is compromised for 

stability. Elderly people with a fear of falling increase their double stance time. Both long double 

support and short single support duration can be adaptive characteristics of the older elderly people 

in response to impaired balance and to muscle weakness of lower limb (Barak et al., 2006). The 

slow walking speed of the elderly is partly caused by the increased duration of double support 

time. The elderly subjects have increased their double support time and also it is worthy to be 

mentioned that they have reduced their angle foot relative to the ground at heel contact (HC) to 

improve their stabilizing time. This is accomplished with a shorter step length, which could be 

achieved at the motor level by a less vigorous push off phase (from heel off to toe off). The elderly 

feel more stable with a shorter step length or a lower velocity, with the associated more flat footed 

landing achieved by a weaker push off and with the longer double support stance time being a 

natural consequence. The weaker push off is caused either by muscle weakness or by inherent 

instability. These age-related adaptations by the elderly are important to help researchers to 

pinpoint changes attributable to the disorder and not to age (Winter, 1990). 
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In addition, wider step width (Paroczai et al., 2006) and double support time variability with 

advancing age indicate impaired dynamic balance control during walking. For example, in an 

attempt to control the centre of mass within their base of support, older people continually adjust 

their step width or the duration of  double support time to compensate for poor balance.  

In healthy elderly people, the stride-to-stride fluctuations (fluctuations in the value of spatial-

temporal parameters from one step to the next) are relatively small and gait variabilities presented 

in an elderly adult are abnormal and have pathological etiology. For example, ageing is associated 

with changes in brain structure, involving regions that are important for intrinsic automaticity of 

gait, such as basal ganglia, leading to greater gait variability. Age-related changes in strength and 

balance have also been found to be associated with an inconsistent walking pattern. This may have 

been due to impairments commonly associated with arthritis such as pain or decreased strength 

interfering with timing of steps. Studies of gait variability have been motivated by its relationship 

to fall risk (Auvinet et al., 2003; Guimaraes et al., 1980; Costes-Salmon et al., 1999, Hausdorff et 

al., 1997, Maki et al., 1997; Gabell et al., 1984). Changes in gait like decreased stride length and 

speed and prolonged double support can be sometimes adaptations of the elderly related to fear of 

falling, but stride to stride variability in stride length, stride speed and double support time, 

presented in gait, is an independent predictor of falling and may be a useful measure for 

identifying high risk of falling individuals. Decreasing the variability of walking patterns may help 

to prevent falls by achieving a more stable gait pattern and improving control of the whole-body.   

 

The following table 1.1 presents briefly the changes in gait pattern as people grow older: 

 

� According to Murray, Kory and Clarkson (1969): 

Slowed velocity 

Shorter step length 

Stance accounts for 59% of gait cycle in young people and 63% in elderly people  

Swing accounts for 41% of gait cycle in young people, and 37% in elderly people 

Double limb support accounts for 18% of gait cycle in young people, and 26% in elderly people 

Less knee flexion at initial swing  

Less plantar flexion at heel rise  

� According to Judge, Ounpuu and Davis (1996):  

Decreased velocity without a change in cadence 

Decreased step length 
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Decreased swing time and increased double limb support time 

Decreased plantar flexion and lesser heel rise during terminal stance 

� According to Winter, Patla and Frank (1990): 

Shorter step length 

Briefer single limb stance (decreased swing time of the other foot) 

Decreased angle of foot relative to the ground at heel contact 

 
Table 1.1: Impact of ageing process on gait kinematics 

 
 

 

1.2.2.2   Range of motion  

          
A part of spatial-temporal parameters, kinematic analysis objectively describes how the body 

segments of the subject are moving during gait. Specifically, kinematics is the subdivision of 

mechanics that deals with the geometry of motion without regard to the forces causing the motion. 

Kinematics considers each body segment as a rigid body and describes motion of each body 

segment in terms of displacement, velocity, and acceleration in space. The kinematic variables 

describe the extent, speed and direction of movement of joints or body segments. Linear 

displacement, velocity and acceleration are calculated from the position in space with respect to 

time. Angular (rotational) displacement, velocity and acceleration can be calculated from the 

orientation in space with respect to time. The motion can be described relative to the fixed, global 

(or laboratory) space or relative to another body segment (usually just proximal to the specific 

body segment). For convenience, we can call the former absolute kinematic data and the latter 

relative (Oberg et. al, 1994). Twelve kinds of kinematic variables are generated from position and 

orientation data. Among these, the most widely used variable is relative, angular displacement, 

which is called joint angle. Absolute angular displacement is used to describe the orientation of 

specific body segments. So, kinematics refers to the description of motion, independent of the 

forces that cause the movement to take place. Linear and angular displacements, velocities, 

accelerations and joint angles are all examples of kinematics. Kinematic information can be 

collected using direct measurement techniques (i.e. goniometers, accelometers) and with indirect 

measurement using imaging techniques (i.e. cinematography, high speed video, stroboscopy).  

For gait assessment, the investigation can be limited to hip, knee and ankle joint motion in the 

sagittal plane (Winter, 1991) (figure 1.9).  



 28 

 

Figure 1.9: Normal joints range of motion. 

 

Normal hip joint motion is relatively straightforward, with the stance limb extending as the centre 

of mass passes over the fixed lower extremity and the swing limb flexing at the hip to propel the 

non-weight bearing limb forward. This motion commences in a flexed position of approximately 

20º to 30º of flexion at heel contact and extends to about 20º extension just prior to toe off. During 

late stance and early swing, the hip joint undergoes flexion to a maximum of 20º to 30º of flexion 

in preparation for heel contact on the subsequent gait cycle (Winter, 1991).  

Normal knee joint motion is comprised of two flexion waves. The first flexion wave occurs early 

in stance and acts to absorb the impact of initial contact, whilst the second occurs in early swing to 

assist with toe clearance. Specifically, the knee joint is in about 5º of flexion at heel contact and 

rapidly flexes to 20º by 15% of the gait cycle. The knee then extends slightly, returning to 

approximately 5º of flexion, until the heel comes off the ground as the knee rapidly flexes again. 

This knee joint flexion continues during late stance into early swing, achieving its maximum of 

approximately 60º of flexion by mid swing. The joint then undergoes extension in preparation for 

the following heel contact (Winter, 1991).  

Normal ankle angular kinematic plots are more complex than those of the hip and knee joints, and 

include three foot movements, in addition to a fourth movement occurring during swing. The first 

movement is the initial plantar flexion motion of approximately 10º following heel contact. The 

second movement occurs as the tibia passes over the planted foot producing a gradual passive 

dorsiflexion of approximately 10º by late stance. As the heel is then pulled off the ground with the 

advancing centre of mass, the third movement occurs with first metatarsophalangeal joint 

dorsiflexion as the ankle joint rapidly plantarflexes to a maximum of 20º just after toe off to assist 

with toe clearance and is followed by preparation for heel contact.  
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Winter et al. (1991) reported very minor differences in joint angle profiles between the young and 

the elderly, but subtle changes occur at the amplitude level. However, important differences do 

exist in the motion of the ankle, knee and hip joints during normal walking. Oberg et al. (1994) 

found that the total ankle joint range of motion for a group of healthy older adults was 24.9º 

whereas younger adult ankle motion was 29.3º. Associated with the decrease in the ankle range of 

motion, is the general ankle plantar and dorsi flexor muscle weakness in the elderly (or else is 

associated with low muscle power output). Reduction in peak ankle plantarflexion suggests 

restricted ankle plantarflexion range i.e. a contracture restricting plantarflexion.  

 

 

             

                                 a)                                                                b) 

 

Figure 1.10:  a) Ankle range of motion: Dorsiflexion (up) and plantar flexion (down) range of 

motion. b)  Knee range of motion: extension (front) and flexion (behind). 

 

Ankle dorsiflexion is increased and ankle plantarflexion is decreased in older people compared to 

the younger people (Ostrosky et al., 1994). In order to confirm this observation, Judge et al. (1996) 

reported a reduced peak ankle plantar flexion angle (13±5º) in the elderly compared with the 

young (17±5º) [1, 12] at late stance. In figure 1.8, is presented the kinematic measures that Judge 

et al. obtained from their study of 26 old subjects and 32 young. Winter et al. (1991) found that 

ankle angle was reduced during the push off phase (or at the end of stance phase just before the 

back foot lifts off), with older adults plantarflexing to 24.9º compared to 29.3º for the younger 

adults. Also, they maintained a more neutral ankle position throughout the stance phase. These 

age-related reductions in ankle range of motion might provide a possible explanation for the 

shorter stride and less vigorous push off of older adults (Winter et al., 1991; Chau et al., 2001; De 
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Vita et al., 200). Ankle kinematics is generally minimized in elderly subjects compared with 

younger subjects because they have less range of motion and less plantarflexion.  

 

   

 

Figure 1.11: Kinematic measures in young (first column) and older subjects (second column) 

respectively (Hausdorff et al., 2001). 

 

Reductions in knee joint range of motion in the elderly (55±5º) compared to the young (59±5º) 

during the gait cycle have been reported (Paroczai et al., 1995; Ostrosky et al., 1994), which also 

contribute to the smaller stride of older people. The knee extension angle increases in stance phase 

and decreases in swing phase, until it reaches the end of swing phase where increases again (Judge 

et al., 1996). The knee extension is smaller in the elderly than in the younger people. For example, 

the elderly maintain a slight knee flexion at the end of swing phase (5.3º) (or else a reduced knee 

extension with age during late swing or at the beginning of stance phase) compared to the young 

who displayed almost a full knee extension (0.5º) or hyper extension (Winter et al., 1991; Paroczai 

et al., 1995; Ostrosky et al., 1994). This knee flexion in the elderly is performed to decrease the 

quadriceps demand during loading response and it correlates well with their significant shorter step 

length. Young people exhibit greater ligament laxity at the knee, whereas the elderly have an 

increased stiffness of soft tissue structures at the knee. Another possibility is that the older people 

may exhibit more knee flexion throughout the gait cycle to lower their center of gravity. Also, the 
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elderly have great peak knee extension during stance -3º±5º (hyper extension) and the young ones 

have small -1º±5º (Prince et al., 1997, Winter et al., 1991).  

The hip dynamics range of motion is much larger in the elderly (40º) than in the young adults (32º) 

but it remains well above the 30º required at heel contact (Paroczai et al., 1995, De Vita et al., 

2000). The increased hip range of motion leads to increased pelvic motion. The increased pelvic 

motion in the elderly leads to the anterior drop of the pelvis in their gait which was attributed to the 

need to put their hip extensors at a more favourable length so they can meet the demand despite the 

weakness associated with aging. However, the increased pelvic motion should affect the natural 

mobility of the lumbar spine and cause pain in the lumbar region of the spine (Kemoun et al., 

2002). It is important to be mentioned that Kerrigan et al. (2002), compared full sagittal plane 

kinematic data during walking between elderly and young adults and noticed that peak hip 

extension was the only leg joint parameter during walking that was significantly lower in elderly 

(14.3º) than in young adults (20.4º). Peak hip extension did not significantly improve when the 

elderly subjects walked faster. Young subjects, on the other hand, increased their hip extension 

range further with faster walking speed. An isolated and consistent reduction in hip extension 

during walking in the elderly implies the presence of functionally significant hip tightness, which 

limits walking performance.  

In order to predict fall parameters in healthy elderly (who are not at risk for falls), it has been 

noticed that the elderly who are at risk for falls have reduced range of motion at the ankle and the 

hip, and also they have a change in the walking pattern with a delay in the dorsiflexion of the ankle 

at the beginning of the swing phase. These lower amplitudes as well as the delayed starting of 

dorsiflexion were accompanied by an imbalance of the soleus-tibialis anterior couple. (The soleus 

is a powerful muscle in the back part of the lower leg (the calf), and it runs from just below the 

knee to the heel. The tibialis anterior is situated on the lateral side of the tibia in the front part of 

the lower leg).  

 Thus, the biomechanical changes related to aging, independent of speed of walking, which persist 

at comfortable and walking speed in the elderly people, are reduced peak hip extension, increased 

anterior pelvic tilt and reduced ankle plantarflexion (Kerrigan et al., 1998). The reduction in hip 

extension range in the elderly at both speeds is consistent with the prevention of the hip from 

achieving full hyperextension. The persistent reduction of peak ankle plantarflexion at both 

walking speeds suggests restricted ankle plantarflexion range. (These gait abnormalities are 

exaggerated in the elderly people who are prone to falls).  

Peak hip flexion is increased in the older group compared with the younger group. Slight increases 

in hip flexion during gait in older people may be an unconscious precaution against tripping or an 
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attempt to maintain stride length. So, increased hip flexion may be a postural adjustment to further 

stretch the hip extensor muscles and enable them to produce larger amounts of torque and power 

during the stance phase compared with the young adults. Also, elderly adults use excessive hip 

flexion to increase mechanical energy transfer from the lower body to the upper body. 

In general, while walking at identical speeds, elderly adults have more forward trunk lean, creating 

more hip flexion, and they use a larger range of motion at the hip compared with young adults 

(Winter et al., 1990; Judge et al., 1996).  

 

The changes in spatial-temporal parameters and joints angles with aging can predispose falls 

in the elderly people. Section two describe the experimental method which was used in order 

to obtain spatial-temporal parameters and joints angles of older and young people with the 

aim of fall risks level determination. It explains the calculation method to obtain the gait 

features of each subject as well as statistical method (ANOVA) that was used to obtain the 

most significant parameters which can differentiate the older from the younger people and 

the one that can indicate a potential risk of fall within the elderly people. 
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Section 2                                                       Methods 

 

2.1 Subjects  

 

For the experiment, two groups of volunteers were tested including: 

• A young subjects group of 5 healthy volunteer subjects (3 men and 2 women). Their mean 

age was 25 ± 1 years, mean weight 67.28 ± 18.63 kg and mean height 1.69 ± 0.09 m. None 

had any history of neurological or orthopedic conditions likely to affect their balance or 

mobility.  

• A total of 17 elderly subjects (8 men and 9 women). Their mean age was 68.41 ± 6.41 

years, mean weight 79.11 ± 9.02 kg and mean height 1.60 ± 0.07 m. All subjects were 

independent, lived at home and were capable of ambulating independently without any 

assistive device.  

 

Furthermore, all the subjects were exposed to a brief medical interview before testing to ensure 

they met the inclusion criteria of: (1) aged within 24 and 35 years, (2) with not recognized 

musculoskeletal disorders for the young people and (3) aged over 65 years for the elderly people, 

(4) who had not experienced a fall in the preceding 12 months, are able to walk without assistance 

and make no complaints concerning the quality of their balance, (5) or with one fall at least in the 

past 12 months and for whom the risk of falling again have an impact on their activities of daily 

living. Subjects were excluded from participating in the study if they had a medically diagnosed 

and recognized pathology that impaired their ability to walk. The medically exclusion criteria for 

the subjects were: 

 

1. Vascular stroke with motor or sensory aftereffects. 

2. Parkinson’s disease. 

3. Hip’s or knee’s prosthesis. 

4. Fracture of the leg, ankle which would have impaired their gait. 

5. Invalidating bone or joint disease. 

 

The young participants were recruited from National Technical University of Athens and older 

participants were recruited from the Kapi of Metamorphosis Attikis. Each subject provided 

informed consent to undergo the screening and analysis of its gait.  
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2.2    Measurement 

    

2.2.1    Anthropometric  measurements   

 

Homogenous population was a prerequisite in terms of weight and height. Indeed, height and 

weight can impact gait features thus being a bias to our analysis. Thus, anthropometric 

measurements including only height and weight were realized in order to select the most 

homogenous population both for young subjects and elderly ones. 

   

 

2.2.2    Kinematic measurements   

 

2.2.2.1    The measurement system: VICON 

  

Spatial co-ordinates for the determination of kinematic data were collected using the VICON 

system, which is an automated motion capture system that tracks the position of infrared reflective 

markers in space. Motion capture is the recording of movement by an array of infrared cameras in 

order to reproduce it in a digital environment. In general, the VICON system is based on the 

simultaneous recording of the trajectory of small reflective markers attached to the subject’s body 

in well-defined positions (or according to table 2.1) via infra-red cameras of high resolution. The 

cameras were placed around the subject. Because each marker is simultaneously imaged by several 

cameras, the 3D coordinates of each ball can be computed. In fact, the cameras send out infrared 

light signals and detect the reflection from the markers attached to each subject. Based on the angle 

and time delay between the original and reflected signals, track the movement trajectories of the 

reflective markers in 3D space. After the recording, the VICON software reconstructs the 

trajectory of each marker in a digital environment. The reconstruction is the calculation of the 

three-dimensional position of each marker in each frame. A trajectory is the path of the marker 

during a trial duration. The VICON software calculates the trajectories by joining the positions for 

each marker from frame to frame. These are displayed in a window called 3D Workspace. By 

labeling the markers, a 3D Digital Human Model (DHM) representing the subject is created and 

the trajectories of each marker composing the DHM can be viewed over any specific number of 



 35 

frames. These frames situate the movement in time and allow a frame by frame comparison of the 

phases of the stride. 

In the current study, eight infra-red cameras, with a sampling frequency at 100 Hz (or 100 frames 

per second), were used to measure the three-dimensional motion of the lower limbs of the 23 

subjects. The three-dimensional bilateral trajectories of 33 reflective markers were monitored by 

the VICON system, which were placed in fixed positions in the examination room, while each 

subject walked along a 10 meters track. The infrared cameras (figure 2.1) needed to be located so 

that each of them could see as much of the total motion as possible and that at least two cameras 

could see all the markers throughout the duration of the analysis period of the motion investigated. 

At times a marker was blocked from one or more camera’s view so other cameras were needed to 

see the marker during these periods.  

 

Figure 2.1: Vicon infrared camera 

 

The following figures present the result taken from the VICON software after the reconstruction of 

markers trajectories for a subject at a specific time of his motion.   

a) 
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b) 

 

c) 
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d) 

 

 

Figure 2.2: a) Digital Human Model (DHM) of a random subject in sagittal plane, b and c) the blue 

line constitutes the trajectory of the reflective marker in sacrum during time in sagittal plane. They 

feature the different position of the marker at each frame, d) Digital Human Model (DHM) of the 

subject in frontal plane.   

 

 

2.2.2.2    The marker placement 

 

The thirty three spherical reflective markers were attached to the subject’s body. The aim is to 

define the position of the lower limb segments, and of the joints which connect them, in the three 

dimensional space. The markers were fixed on the skin with hypo-allergic double faces tape. They 

can be removed very easily without any aftereffect. The diameter of the markers was 14 mm. The 

markers were placed in accordance with the following table 2.1: 
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THEA Top of the Head 
RHEA Rigth Front Head 
LHEA Left Front Head 
C7T1 C7, base of Neck 
USTR Center of the 2 Clavicule Joints 
DSTR Sternum 
SACR Sacrum 
RACR Right Acromio Clavicular joint 
LACR Left Acromio Clavicular Joint 
RPPI Right superior part - Iliac Crest 
RASI Right Anterior Superior Iliac Spine 
RKNT Right Tight Technical Marker 
RKNE External part  of  the Right Knee 
RKNI Internal part of the Right Knee 
RANT Right Shank Technical Marker 
RANE External part of the Right Ankle 
RANI Internal part of the Right Ankle 
RHEE Right Heel 
RSOH Right external plant of foot -ankle 
RSOT Right external plant of foot -Toe 
RTOE Right Toe 
LPPI Left superior part - Iliac Crest 
LASI Left Anterior Superior Iliac Spine 
LKNT Left Tight Technical Marker 
LKNE External part of the Left  Knee 
LKNI Internal part of the Left Knee 
LANT Left Shank Technical Marker 
LANE External part of the Left Ankle 
LANI Internal part of the Left Ankle 
LHEE Left Heel 
LSOH Left external plant of foot -ankle 
LSOT Left external plant of foot -Toe 

 
 
 
 

 
 
 
 
 
 
 
 
 

LTOE Left Toe 

 

Table 2.1: Markers setting 

 

The following figure 2.3 presents the reflective marker, the markers placement on the skin and the 

final result, with the subject, filled with markers, prepared for its gait analysis. 

 

                                   

Figure 2.3: a) Reflective marker         b) Markers placement         c) Subject with the markers on 
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2.2.3 Experimental environment and procedure 

 

2.2.3.1    Experimental environment 

 

 

   

 

 

 

 

 

 

 

 

Figure 2.4: Experimental environment 

 

The experiment was conducted in the gait analysis laboratory (figure 2.4) of the Rehabilitation 

Center of Spastic children in Metamorphosis of Athens. The laboratory was composed of: 

� A 10 meters track on which the subject was walking in order to record his gait. 

� The motion capture system (VICON), with the eight infrared cameras placed around the 

track, linked to a computer which calculated the trajectories of each marker placed on the 

subject in three dimensions. 

� A small location where anthropometric measurements can be performed. 

� A digital camera, placed parallel to the track, which was used to videotape the subjects in 

sagittal plane while they were walking over the track. The views obtained with this camera 

can help us to control the trials and better understand the motion. 

 

2.2.3.2     Procedure  

 

Before the beginning of the experimental procedure, the experimenter was calibrating the VICON 

system. Calibration is acquired in order to put a relationship between the positions of the VICON 

infrared cameras and the space in which the movement will take place. The calibration was 

achieved by waving a grid with fixed markers. It is necessary for all cameras to recognize the grid 
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markers simultaneously. By waving the grid throughout the entire experimental environment, the 

volume in which movement was taken place during the data acquisition was determined. This 

process linearises each camera and measures each camera’s position relative to the others.  

Then the experimental procedure was composed of four parts: 

1. Participant greeting. 

The subject was asked to respond to a brief medical interview, which concerned the inclusion and 

exclusion criteria, for assessing his ability to participate in the procedure. After the medical 

interview, the subject, eligible to participate, gave his/her informed consent to undergo gait 

analysis prior walking trials. The subject was also questioned on his/her ability to perform 

activities of daily living independently. He/she was then wearing a very tight black uniform, to 

avoid reflections that would be digitized by the video processor and would make analysis difficult.  

2. Anthropometric measurements and marker setting. 

The experimenter measured the subject’s height and weight. After the measurements, reflective 

markers were set on the subject as it is mentioned in paragraph 2.2.2.2. 

3. Practice period. 

Each subject was instructed to walk on the track at his/her comfortable walking speed to get used 

with the test, starting from the start line which was placed in one side of the track and finishing in 

the finish line placed in the other side of the track (Figure 2.4). 

4. Gait assessment. 

Firstly, the subject stood in the middle of the track in a static position and the experimenter assured 

that all the markers were visible simultaneously from all the infrared cameras. Then, the subject 

started the walking trials at his/her normal walking speed. Each subject performed at least five 

trials.  

 

2.3    Gait Parameters Calculation 

 

2.3.1    Space referential in which gait features were analyzed  

 

The following figure 2.5 represents the space referential in which the gait parameters were 

analyzed. Specifically, the plane in which the gait features where obtained is the sagittal plane in 

which the direction of motion was realized. The sagittal plane is a vertical plane which passes from 

front to rear dividing the body into right and left parts and is parallel to the gait motion direction. It 

is consisted of the Z and Y coordinates of space. The Y-coordinate constitutes the direction of each 
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subject’s motion and thus, we are able to recognise the position of forward progression of the 

markers in the subject’s body in a specific time period. The Z-coordinate help to recognize the 

position of height in which every marker in the subject’s body during the motion has in a specific 

time period. Thus, it is important to recognize the sagittal plane of motion in order to recognize the 

exact positions of the markers in space and calculate the gait parameters of the right or left side of 

the subject during his/her motion. 

 

 

Figure 2.5: Sagittal plane (Y-Z) in which the gait parameters were analyzed. 

 

2.3.2    Spatial-Temporal Parameters 

 

Temporal and spatial variables were collected for all subjects’ trials. According to the literature we 

focus our attention on the following variables:  

 

� Step Length (& duration): Maximum distance along the Y-axis (progression of walk) 

from foot strike of one foot to foot strike of the opposite foot. As it is shown in the 

following picture the right step length is the maximum distance from the left foot strike to 

the right foot strike, while the left step length is the maximum distance from the right foot 

strike to the left heel strike.   
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Z 

Y 
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By using Matlab, the step length was calculated as the maximum difference between the Y-

coordinates of the heel markers of right and left foot (Y_RHEE-Y_LHEE).  

 

� Stride Length (& duration):  Distance between two successive placements of the same 

foot heel on ground. It consists of two step lengths. It depicts the gait cycle time. So, the 

stride length of the left leg is the distance from the left heel contact until the heel contact of 

the same leg. The same is for the right foot. In general, the stride length is the sum of two 

steps. 

 

  

� Cadence: Rate at which a person walks. The number of steps taken per minute. As there 

are two steps in a single gait cycle, the cadence is a measure of half cycles.  

 

� Stride duration: The period of time from initial contact of one foot to the following initial 

contact of the same foot, expressed in seconds (s).   

 

� Walking Speed (Velocity): Distance moved by a person in unit time in forward direction. 

The speed can be calculated by dividing the stride length with the stride duration. 

 

Walking Speed (m/sec) = stride length (m) / stride duration (s). 

 

The instantaneous speed varies from one instant to another during the walking cycle, but   

the average speed is the product of cadence and step length. So, speed can also be 

calculated as follows: 

 

Walking Speed (m/sec) = step length (m) � cadence. 

 

� Stride (Step) Frequency: The number of strides (steps) taken in a given amount of time or 

a given distance. The stride frequency can also be calculated from the division of walking 

speed and stride length. The equation is: Stride (Step) Frequency (HZ) = Walking Speed 

(m/s) / Stride (Step) Length (m). 
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2.3.3    Joint angles and range of motion 

 

 

 

Figure 2.6: Relative and Absolute angles in human body 

 

Relative angles are called the main joint angles which are the angles of hip, knee and ankle. On the 

other hand, absolute angles are called the main segment angles which are being measured always 

relative to the horizontal line (Y axis in the sagittal plane compare to our space referential). These 

are the angles of trunk (or chest), thigh, shank and foot.  

The calculation of the relative angles for all walking trials of the subjects was made as follows: 
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1.

 

Figure 2.7: Calculation of hip angle 

 

As shown in figure 2.7, the calculation of hip angle was made through the equation Θhip = Θtrunk + 

(180º- Θthigh). This is because the hip angle is the sum of trunk angle and an angle called α1. But 

the angle α1 equals to an angle called α. This angle α equals to 180º minus the thigh angle. So, the 

angle α1 equals to 180º minus the thigh angle and is being replaced. 
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2.

 

Figure 2.8: Calculation of knee angle 

 

As shown in figure 2.8, the calculation of knee angle was made through the equation Θknee = 

Θshank + (180º- Θthigh). This is because the knee angle is the sum of shank angle and an angle 

called α. But the angle α equals to 180º minus the thigh angle and is being replaced. 
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3.

 

 

Figure 2.9: Calculation of ankle angle 

 

As shown in figure 2.9, the calculation of ankle angle was made through the equation Θankle = 

Θshank + (180º- Θfoot). This is because the ankle angle is the sum of shank angle and an angle 

called α. This angle α equals to 180º minus the foot angle. So, the angle α is being replaced. 

 

The range of motion corresponds to the difference between the joint angle maximum value and the 

joint angle minimum value reach during the considered motion section. In our case the gait cycle 

(stride). 
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4.

 

Figure 2.10: Calculation of hip angle in three dimensions 

 

In order to calculate the relative angles in 3-D space, we used the scalar product of the vectors a 

and b. The figure 2.10 presents the calculation of the hip angle in 3-D space with the scalar product 

of the vector a which constitutes the trunk and the vector b which constitutes the thigh of the 

subject. Similarly the angles of knee and ankle were calculated. 
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The absolute angles of the trunk, thigh, shank and foot were calculated as follows: 

The angle of the trunk (chest) was calculated by using the tangent of Θtrunk in the orthogonal 

triangle, which was created by the trunk and the horizontal line in the hip. The tangent of the angle 

is the division of the opposite and adjacent side of the triangle. The opposite side’s length in the 

specific triangle equals to y proximal minus y distal where the y proximal corresponds to y 

component of a point in the chest and the y distal corresponds to y component of a point in the hip. 

Similarly, the adjacent side’s length equals to x proximal minus x distal where the x proximal 

corresponds to x component of a point in the chest and the x distal corresponds to x component of 

a point in the hip. Then, the angle of the trunk is the arctangent of the division of these lengths. 

Similarly, the angle of the shank was calculated by using the tangent of Θshank in the orthogonal 

triangle, which was created by the shank and the horizontal line in the ankle. The components of 

the points in the knee and ankle corresponded to the proximal and distal points of the equation 

respectively.   

The angle of thigh was calculated by using the tangent of an angle called Θ in the orthogonal 

triangle which was created by the thigh and the horizontal line in the knee. The tangent of the 

angle Θ is the division of the opposite side’s length which equals to y proximal minus y distal 

(where the y proximal corresponds to y component of a point in the hip and the y distal 

corresponds to y component of a point in the knee) and of the adjacent side’s length which equals 

to x proximal minus x distal (where the x proximal corresponds to x component of a point in the 

hip and the x distal corresponds to x component of a point in the knee). The angle Θ is the 

arctangent of the division of these lengths. Then, the angle of the thigh was 180º minus Θ.   

Similarly, the angle of foot was calculated by using the tangent of an angle called Θ in the 

orthogonal triangle which was created by the foot and the horizontal line in the ground. The 

components of the points in the ankle and toe corresponded to the proximal and distal points of the 

equation respectively. The angle of the foot was 180º minus Θ.     
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2.4    Statistical method to determine the indicators of fall risk 

 

The aim of the project was to identify the biomechanics’ indicators of the locomotion alterations 

which can predict the fall risk levels. This will be achieved through an analysis of variance 

(ANOVA), which in its simplest form, provides a statistical test of whether or not the means of 

several groups are all equal. For the purpose of the study, one way ANOVA is used to test for the 

effective difference of the three groups (healthy young people, non faller elderly participants and 

faller elderly participants) especially in terms of spatial-temporal parameters as well as active 

range of motion for the hip, the knee and the ankle. 

 

2.4.1 Assumption to be met in order to consider the ANOVA reliable 
 

The results of a one-way ANOVA can be considered reliable as long as the following assumptions 

are met: 

• The populations from which the samples were obtained must be normally distributed. For 

that the Lilliefors test has been performed. 

• The samples must be independent.  

• The variances of the populations must be equal. To test it, a Bartlett’s test has been 

performed. 

 
The Lilliefors test for normality testing: 
 
It is used to test the null hypothesis that the sample come from a normally distributed population, 

when the null hypothesis does not specify which normal distribution (i.e. it does not specify the 

expected value and variance of the distribution). The alternative hypothesis is that the sample does 

not come from a normal distribution. The Lilliefors test finds the maximum discrepancy between 

the empirical distribution function (SCDF), estimated from the sample and the cumulative 

distribution function (CDF) of a normal distribution, having the same mean and variance as the 

sample and assess whether the maximum discrepancy is large enough to be statistically significant 

or whether there is a good agreement with them (KSTAT=max (SCDF-CDF)). If the kstat>critical 

value of the test, it rejects the null hypothesis. The test returns the logical value h. When h=1 it 

rejects the null hypothesis at significance level 0.05. When h=0 the test accepts the null hypothesis 

at significance level 0.05.  

 



 51 

The Bartlett’s test for equality of the variance investigation: 
 
The Bartlett’s test allows to test if k samples are from populations with equal variances. Equal 

variance across samples is called homoscedasticity or homogeneity of variances. Bartlett’s test is 

sensitive to departures from normality. It reports the value of Bartlett's statistic with a P value that 

answers the following question:  

• Qo: the considered gait variables have the same variance, 

• Qa: within the considered gait variables, at least two variances are different. 

 
The Bartlett’s test statistic is: 
 

 
 
In the above, Si² is the variance of the ith group, N is the total sample size, Ni is the sample size of 

the ith group, k is the number of groups and Sp² is the pooled variance:  

 

 

 

The null hypothesis is rejected if X²>X²(k-1, a) where X²(k-1, a) is the upper critical value of the chi-

square distribution with k-1 degrees of freedom and a significance level of a. 

The test returns the P-value which is the probability associated with the Bartlett test statistic. When 

P<0.05 it rejects the null hypothesis at significance level 0.05. When P>0.05 the test accepts the 

null hypothesis at significance level 0.05.    

 

2.4.2 Parameters necessary for ANOVA process 

 

When the assumptions mentioned below are met, a one-way analysis of variance is used to 

determine whether there are any significant differences between the means of two or more samples 

using the F-distribution. The null hypothesis is that all samples are drawn from populations with 

the same mean. However, if one-way returns a significant result we accept the alternative 

hypothesis, which is that there are at least two group means that are significantly different from 

each other. 
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 The standard ANOVA table divides the variability of the data into two components: 

• Variability between groups (deviation of group means from each other). 

• Variability within groups (deviation of raw scores from their group mean). 

The standard ANOVA table has the following columns: 

• The column SS (sum of squares) which includes: the sum of squares within groups SSw, 

which is the sum of squares of the differences of the mean value of each sample from each 

value of the considered sample, the total sum of squares SSt, which is the sum of squares of 

the differences of the mean value of all samples from each value of all samples together 

(we consider that all the samples are an entire sample), the sum of squares between groups 

SSb, which is calculated from the difference: SSb=SSt-SSw. 

•  The degrees of freedom associated with each column of SS: the degrees of freedom for the 

SSb (dfb) are calculated from the number of samples minus 1, the degrees of freedom for 

the SSw (dfw) are calculated from the difference between the number of observations and 

the number of samples and the degrees of freedom for SSt (dft) are calculated from the 

number of observations minus 1.  

• The mean squares MS which is the ratio SS/df. 

• The F-statistic which is the ratio of the mean squares (F=MSb/MSt). 

• P-value. The small p-value indicates that differences between group means are significant. 

If the F-statistic is greater than the critical value for the test, the p-value is small (<0.05) and we 

reject the null hypothesis because at least one sample mean is significantly different than the other 

sample means. If the F-statistic is smaller than the critical value for the test, the p-value is high 

(>0.05) and we accept the null hypothesis that all samples are drawn from populations with the 

same mean.  

Thus, the following description refers to the main calculations to be done before performing the 

end of the ANOVA.  

� The Mean value 
 

The mean of a set of samples is the total of all the data values divided by the total sample size. 
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Where n is the number of values of the data set. 

The mean value of a sample is always reported with the Standard Deviation.  

 
� The Standard Deviation (SD) 

 

The standard deviation (SD) is the average distance from the mean value of the data set to a point. 

The SD of a data set is a measure of how spread out the data is. The way to calculate it is to 

compute the squares of the distance from each data point to the mean of the set, add them all up, 

divide by n-1, and take the positive square root. Equation 1 gives the formula used for calculating 

the SD: 

 

 

Where  is the mean value of a data set.  
                                  

� The Variance 
 

Variance is another measure of the spread of data in a data set. It is computed as the average 

squared deviation of each number from its mean. Simply, is the standard deviation squared.  The 

formula is the following:  

 

 



 54 

The gait variables to consider are: step length, step frequency, stride length, stride frequency, stride 

duration, walking speed, right hip AROM, left hip AROM, right knee AROM, left knee AROM, 

right ankle AROM, left ankle AROM.  

The results, which were obtained according to the calculations described in the section two, are 

given in the following section three. 
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Section 3                                                       Results 
 
3.1    Overview of the results 
 
3.1.1    Description of gait cycle 
 

The spatial-temporal parameters along with the joint angles and range of motion have been 

calculated for the whole trials of each subject. Thereby, the features of each subject gait cycle have 

been extracted. This gait cycle is illustrated by the kinograms (Figure 3.1). A kinogram presents 

frame by frame the motion of a subject. The following kinograms present the motion of a specific 

subject, in the sagittal (Y-Z) plane, from the beginning until the end of a gait cycle stride.  
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Figure 3.1: Kinogram of a subject in the beginning of his motion 

 

According to the figure 3.1, in the beginning of the gait, the right leg is in toe off phase or in initial 

swing phase, because the toe starts to rise (from 1500 mm to 1000 mm) and the thigh has a 

forward deviation. Meanwhile, the left leg is in contact with the ground (heel strike event) and is in 

front of the right leg (as it is a contra lateral leg is in stance phase). At approximately 400mm, 

there is a heel strike for the right leg. Between these two events, from the heel strike of the left leg 
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to the consequent heel strike of the right leg there is one step. So, from (approximately) 1200 mm 

to 400 mm the right leg is in swing phase while the left leg remain stable (stance phase) until the 

600mm where it starts to rise and is in the beginning of its swing phase. From 600 mm to -200 mm 

we have the left leg’s swing phase while the same time the right leg remains stable from 400 mm 

to 300 mm (where it is going to start its swing phase). At -200 mm the left leg contacts with the 

ground (heel strike event). Also, between these two events, from heel strike of the right leg to heel 

strike of the left leg there is a second step. Finally, there was a heel strike of the left leg and a heel 

strike of the same foot.  

In figure 3.1, the left leg has made a complete stride (gait cycle) as it begins with ground contact 

and ends with another ground contact of the same leg. 
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Figure 3.2: Kinogram of the same subject in the middle of his motion 
 
 
The second kinogram constitutes the continuing of the subject’s gait. As it is shown, after 300mm 

and until -1000mm the right leg is in swing phase. At approximately -1000 mm, the right leg 

contacts with the ground. Meanwhile, at -200 the left leg was stable but it starts to be prepared for 

its swing phase as it has a forward deviation of the thigh. In the specific kinogram, there is a 

complete stride of the right leg due to the existence of two gait events: the heel strike of the right 
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leg at 300mm (kinogram 3.1) and the consequent heel strike of the same leg at -1000 mm 

(kinogram 3.2). 

-2000 -1500 -1000 -500 0 500 1000 1500 2000
0

500

1000

1500

2000

Y (mm)

Z
 (

m
m

)
2D subject: Rigth leg

-2000 -1500 -1000 -500 0 500 1000 1500 2000
0

500

1000

1500

2000

Y (mm)

Z
 (

m
m

)

2D subject: Left leg

 

Figure 3.3: Kinogram of the same subject in the end of his motion 

 

As it is shown in the final kinogram, after -200 mm (until -1500 mm) the left leg is in its swing 

phase. On the contrary, the right leg at approximately -1000 mm, where was stable until then, 

starts to be prepared for its swing phase as it has a forward deviation of the thigh. Truly, after -

1000 mm till -2000 mm is in swing phase. At approximately -2000 mm it contacts with the ground 

again. According to the final kinogram, both legs have made complete gait cycles. The kinogram 

constitutes the first step in order to verify that the variables were calculated during a stride.  

The second step is to take the figure of the maximum distance between the right and the left heel or 

else the step length versus gait cycle rate, in which the distance from the maximum peak to the 

minimum peak is a stride length, as it was mentioned in the paragraph 2.3.2 of the section 2. 

The walking motion is cyclic and it can be presented as a sinusoidal wave along time. The first 

diagram presents the step length (Y_RHEE-Y_LHEE) versus gait cycle rate (which corresponds to 

the gait cycle evolution along time in percent) in a specific time period. By finding the peaks in 

this diagram (presented in second diagram), a step length is revealed. In the positive numbers, the 

distance from point zero until the maximum value (green point- maximum peak) is a step length. 
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In contrary, in the negative numbers, the distance from point zero until the minimum value (green 

point-minimum peak) is again a step length, if we consider the absolute value of this distance. The 

sum of these two step lengths or else the distance from the maximum peak to the minimum peak is 

a stride length. 

A)  

 

B) 
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Figure 3.4: Maximum distance between the right and the left heel: step length versus gait cycle rate 

a) without peaks, b) with peaks. 

 

3.1.2    Gait features Database obtained for the tested population 

 

The following table 3.1 include the results of the spatial-temporal and range of motion parameters, 

as they were obtained by the process described in section 2. 

The table’s first column includes the calculated gait variables which are: step and stride lengths, 

step and stride frequencies, stride duration, walking speed, right and left hip range of motion, right 

and left knee range of motion, right and left ankle range of motion. The other columns present for 

each subject (S03, S04, S05 etc) the values of mean and standard deviation of each gait variable. 

The young subjects are presented with yellow colour while the elderly subjects re presented with 

blue colour. 

Table 3.1: General overview of the results. 

 

Gait 
variables 

S03 S04 S05 S06 S07 S08 

  SD  SD  SD  SD  SD  SD 

Step length 
(m) 

0.538 0.009 0.652 0.023 0.706 0.032 0.690 0.010 0.626 0.015 0.690 0.018 

Step 
frequency 
(HZ) 

1.987 0.047 1.979 0.020 1.849 0.157 1.987 0.016 1.831 0.141 1.579 0.065 

Stride 
length (m) 

1.091 0.018 1.307 0.030 1.398 0.059 1.384 0.011 1.265 0.038 1.360 0.023 

Stride 
Frequency 
(HZ) 

0.981 0.016 0.986 0.005 0.934 0.073 0.990 1.24127E-
16 

0.907 0.068 0.801 0.036 

Stride 
duration  
(s) 

1.02 0.017 1.014 0.005 1.076 0.087 1.01 0 1.107 0.085 1.25 0.055 

Walking 
speed 
(m/s) 

1.069 0.021 1.289 0.033 1.308 0.149 1.370 0.011 1.147 0.097 1.090 0.067 

Right hip 
AROM 
(degrees) 

18.408 0.745 24.017 0.586 25.058 2.571 21.259 0.665 19.734 0.698 26.927 0.788 
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Left hip 
AROM 
(degrees) 

18.636 0.719 22.976 0.958 25.579 3.267 24.146 0.987 22.739 0.513 25.225 0.804 

Right knee 
AROM 
(degrees) 

52.655 
 

1.820 61.029 0.742 70.669 2.264 54.235 2.521 56.971 1.396 64.898 3.253 

Left knee 
AROM 
(degrees) 

45.553 1.382 59.443 1.790 66.876 3.807 57.230 0.717 60.551 3.833 63.016 2.109 

Right ankle 
AROM 
(degrees) 

41.730 0.816 32.398 1.242 40.157 2.992 36.896 0.896 31.518 0.186 28.172 1.427 

Left ankle 
AROM 
(degrees) 

41.233 1.656 30.931 0.989 36.819 2.937 35.872 1.985 36.811 2.969 31.611 3.081 

 

 

Gait 
variables 

S09 S10 S11 S12 S13 S15 

  SD  SD  SD  SD  SD  SD 

Step length 
(m) 

0.563 0.019 0.529 0.204 0.455 0.021 0.471 0.019 0.615 0.014 0.463 0.020 

Step 
frequency 
(HZ) 

1.805 0.042 1.955 0.131 1.855 0.035 1.655 0.119 1.595 0.077 1.332 0.086 

Stride 
length (m) 

1.154 0.033 1.079 0.029 0.926 0.029 0.942 0.032 1.220 0.029 0.921 0.050 

Stride 
Frequency 
(HZ) 

0.880 0.010 0.958                0.056  0.911 0.021 0.826 0.052 0.803 0.036 0.669 0.035 

Stride 
duration  
(s) 

1.136 0.013 1.046 0.059 1.097 0.025 1.214 0.076 1.247 0.057 1.497 0.080 

Walking 
speed 
(m/s) 

1.016 0.038 1.035 0.076 0.844 0.037 0.778 0.051 0.981 0.055 0.617 0.062 

Right hip 
AROM 
(degrees) 

19.859 0.817 18.619 0.514 25.681 1.239 22.137 1.566 20.934 1.249 21.052 0.458 
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Left hip 
AROM 
(degrees) 

22.439 0.616 17.826 0.904 24.789 0.931 25.514 0.614 18.707 1.064 19.908 1.607 

Right knee 
AROM 
(degrees) 

57.911 1.160 52.393 1.568 61.737 1.959 58.963 3.543 54.503 2.445 51.925 2.336 

Left knee 
AROM 
(degrees) 

59.383 2.370 48.446 1.593 62.794 2.047 58.954 2.317 52.29 2.269 53.247 3.060 

Right ankle 
AROM 
(degrees) 

39.877 0.865 42.752 1.358 27.454 0.335 40.618 2.440 44.037 1.269 32.237 5.457 

Left ankle 
AROM 
(degrees) 

38.125 1.071 36.208 1.507 34.347 2.633 44.539 1.423 43.086 1.639 37.257 2.047 

 

 

Gait 
variables 

S16 S17 S18 S19 S20 S21 

  SD  SD  SD  SD  SD  SD 

Step length 
(m) 

0.616 0.014 0.654 0.021 0.563 0.014 0.536 0.011 0.597 0.021 0.635 0.00 

Step 
frequency 
(HZ) 

1.619 0.090 1.904 0.049 1.667 0.112 1.877 0.119 1.953 0.099 1.739 0.031 

Stride 
length (m) 

1.208 0.024 1.309 0.047 1.109 0.030 1.083 0.021 1.197 0.037 1.270 0.028 

Stride 
Frequency 
(HZ) 

0.824 0.041 0.951 0.019 0.845 0.052 0.928 0.047 0.958 0.054 0.868 0.016 

Stride 
duration  
(s) 

1.215 0.057 1.052 0.020 1.187 0.070 1.08 0.054 1.03 0.051 1.157 0.026 

Walking 
speed 
(m/s) 

0.996 0.051 1.244 0.035 0.938 0.073 1.006 0.065 1.165 0.065 1.103 0.026 

Right hip 
AROM 
(degrees) 

21.518 1.372 21.634 1.738 21.535 0.899 19.262 2.089 21.344 1.492 20.712 0.633 



 62 

Left hip 
AROM 
(degrees) 

20.497 1.517 20.232 0.681 22.017 1.881 19.259 0.736 24.899 1.437 22.670 1.118 

Right knee 
AROM 
(degrees) 

58.151 1.933 54.786 2.282 57.193 2.166 52.159 2.670 64.699 1.655 56.605 1.437 

Left knee 
AROM 
(degrees) 

60.275 1.688 56.108 2.972 61.591 3.114 53.183 2.953 66.242 2.033 59.063 1.434 

Right ankle 
AROM 
(degrees) 

26.924 1.243 46.328 0.776 38.374 1.940 38.403 1.239 43.829 1.469 30.239 2.728 

Left ankle 
AROM 
(degrees) 

30.071 2.805 35.994 0.629 35.350 2.516 26.330 1.440 41.296 1.219 28.499 2.394 

 

 

Gait 
variables 

S22 S23 S24 S25 

  SD  SD  SD  SD 

Step length 
(m) 

0.617 0.008 0.629 0.013 0.551 0.014 0.656 0.013 

Step 
frequency 
(HZ) 

1.626 0.064 1.742 0.075 1.659 0.072 1.844 0.131 

Stride 
length (m) 

1.243 0.011 1.248 0.016 1.088 0.029 1.318 0.020 

Stride 
Frequency 
(HZ) 

0.808 0.038 0.877 0.028 0.840 0.047 0.917 0.060 

Stride 
duration  
(s) 

1.24 0.057 1.142 0.038 1.193 0.068 1.094 0.074 

Walking 
speed 
(m/s) 

1.004 0.047 1.095 0.041 0.914 0.041 1.210 0.086 

Right hip 
AROM 
(degrees) 

23.738 1.027 21.284 1.133 22.299 0.994 23.821 0.669 
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Left hip 
AROM 
(degrees) 

22.366 1.152 23.898 1.216 22.982 1.201 26.252 1.518 

Right knee 
AROM 
(degrees) 

60.518 1.309 61.673 1.591 66.066 1.618 56.697 3.044 

Left knee 
AROM 
(degrees) 

60.452 0.298 65.454 2.144 61.738 1.510 58.268 1.480 

Right ankle 
AROM 
(degrees) 

34.021 1.293 33.402 1.070 38.478 1.099 31.793 3.905 

Left ankle 
AROM 
(degrees) 

28.100 2.011 36.399 2.459 32.866 1.357 28.249 1.605 
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3.2     Spatial-temporal parameters 

 

The following figures present each spatial-temporal parameter (step/stride length, step/stride 

frequency, stride duration, walking speed, left/right hip AROM, left/right knee AROM, left/right 

ankle AROM) versus subjects. The usefulness of these figures is that we can observe and compare 

the subjects according to their spatial-temporal characteristics. It can show relationship difference 

between young people and elderly people when existing as well as difference among the elderly 

participants. In other words, it help us determine group of healthy elderly whose gait 

characteristics are quite similar to the one of young people and group of elderly people whose gait 

characteristics are extreme compared to young people and that might be at risk for falls. 
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Step frequency versus subjects
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Stride length versus subjects
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Stride frequency versus subjects
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Stride duration versus subjects
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Walking speed versus subjects
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f) 

Figure 3.5: Spatial-temporal parameters versus subjects: a) step length, b) step frequency, c) stride 

length, d) stride frequency, e) stride duration, f) walking speed versus subjects. 

 

The following tables present the mean value and the standard deviation of the spatial-temporal 

characteristics of the groups of healthy young people, of the elderly participants, of the healthy 

elderly people and of the elderly fallers:  

 

• Healthy young group (subjects 04, 05, 06, 07 and 08):  

 

Variables Step 

Length 

(m) 

Step 

Frequency 

(HZ) 

Stride 

Length 

(m) 

Stride 

Frequency 

(HZ) 

Stride 

duration 

(s) 

Walking 

Speed 

(m/s) 

Mean 0.67 1.85 1.34 0.92 1.09 1.24 

SD 0.03 0.16 0.05 0.07 0.09 0.11 

 

Table 3.2: Spatial-temporal characteristics of healthy young group 

 

As it is shown above, the step length of the healthy young group is ranging from 0.62m to 0.71m 

(figure 3.5, a) and their mean value is equivalent to 0.67±0.03 m. All the young subjects hold some 

of the highest values in the diagram of step length, which means that they have an increased step 
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length compare to the elderly subjects (0.57±0.07 m). It is worthy to be mentioned that the 

standard deviation of the step length in the young group is very small (0.03 m), which means that 

they do not present high variability in their gait, specifically step to step fluctuations and it shows 

that they have a great stability in their gait (The standard deviation is an indicator of gait variability 

as it shows how different is a parameter’s value of its mean value). The step frequency for the 

young participants is about 1.85±0.16 HZ and is greater than that of the elderly ones. The stride 

length of the young subjects is ranging from 1.26m to 1.40m (figure 3.5, c) and their mean value is 

equivalent to 1.34±0.05 m. In consistence to step length, all the young subjects hold some of the 

highest values in the diagram of stride length, which means that they have an increased stride 

length compare to the elderly subjects (1.14±0.13 m) and their standard deviation is very small, 

which again shows stability in their gait as they lack of stride to stride fluctuations. Their stride 

frequency has been found to be 0.92±0.07 HZ and is greater than that of the elderly ones. 

Furthermore, their stride duration is equivalent to 1.09±0.09 s. Most of the subjects present small 

stride duration due to their high walking speed, with the subject08 to be an exception due to his 

smaller walking speed compare to the other young subjects. In general, the young people spend 

less time to realize a stride due to their high walking speed and their gait stability. Finally, their 

walking speed is ranging from 1.09 m/s to 1.4 m/s (figure 3.5, f) and their mean value is about 

1.24±0.11 m/s. All the young subjects hold some of the highest values in the diagram, which 

means that they have an increased walking speed compare to the elderly subjects (1.00±0.16 m/s).   

  

• Elderly participants’ group (subjects 03, 09, 10, 11, 12, 13, 15, 16, 17, 18, 19, 20, 21, 22, 

23, 24 and 25): 

 

Variables Step 

Length 

(m) 

Step 

Frequency 

(HZ) 

Stride 

Length 

(m) 

Stride 

Frequency 

(HZ) 

Stride 

duration 

(s) 

Walking 

Speed 

(m/s) 

Mean 0.57 1.75 1.14 0.87 1.13 1.00 

SD 0.07 0.17 0.13 0.08 0.12 0.16 

 

Table 3.3: Spatial-temporal characteristics of elderly participants’ group 

 

As far as the spatial-temporal characteristics of the elderly participants are concerned, are 

presented in the above table 3.3. Their step length is ranging from 0.46m to 0.66m (figure 3.5, a) 

and their mean value is equivalent to 0.57±0.07 m. The elderly subjects present smaller values in 
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their step length, which means that they have a decreased step length compare to the younger 

subjects (0.67±0.03 m). The standard deviation of the step length in the elderly group is greater 

(0.07 m) compare to the young, which means that they present variability in their gait (step to step 

fluctuations) and this is an indicator of instability in their gait. The step frequency for the elderly 

participants is about 1.75±0.17 HZ and is smaller than that of the young people. The stride length 

of the subjects is ranging from 0.92 m to 1.31m (figure 3.5, c) and their mean value is equivalent to 

1.14±0.13 m. All the elderly subjects present small values of stride length, which means that they 

have a decreased stride length in relation to the young subjects and also the standard deviation of 

their stride length is very high (0.13 m) compare to the young (0.05 m), which shows instability in 

their gait. Furthermore, their stride frequency is about 0.87±0.08 HZ and is smaller than that of the 

young ones. Their stride duration is equivalent to 1.13±0.12 s. Most of the subjects present high 

values of stride duration due to their greater walking speed compare to the younger subjects 

(1.09±0.09 s). The standard deviation of their stride duration is very high (0.12 s) compare to the 

young (0.09 s), which shows time variability in their gait; as they spend different time to realize a 

gait cycle. Their walking speed is ranging from 0.62 m/s to 1.23 m/s (figure 3.5, f) and their mean 

value is about 1.00±0.16 m/s. All the elderly subjects present smaller mean value of walking speed 

and greater standard deviation, which means that they have a decreased walking speed (1.24±0.11 

m/s) and greater walking instability compare to the young subjects who present higher walking 

speed due to their high gait stability. 

In general, our results indicate smaller mean values of step/stride length, walking speed and 

step/stride frequency in the elderly participants and greater mean value of stride duration 

compare to the young participants. The standard deviation in the step/stride lengths, in the 

stride duration and in the walking speed is greater in the elderly people and this is indicator 

of instability in the ageing community compare to the young people. 

 

• Healthy elderly group (09, 13, 16, 17, 18, 20, 21, 22, 23, 24 and 25): 

 

Variables Step 

Length 

(m) 

Step 

Frequency 

(HZ) 

Stride 

Length 

(m) 

Stride 

Frequency 

(HZ) 

Stride 

duration 

(s) 

Walking 

Speed 

(m/s) 

Mean 0.61 1.74 1.22 0.87 1.15 1.06 

SD 0.03 0.12 0.07 0.05 0.07 0.11 

 

Table 3.4: Spatial-temporal characteristics of healthy elderly group 
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The table 3.4 illustrates the spatial-temporal characteristics of the healthy elderly group. Their step 

length is ranging from 0.55m to 0.66m and their mean value is equivalent to 0.61±0.03 m. We 

notice that their step length is smaller than that of the healthy young subjects (0.67±0.03 m) but the 

difference is very small. Also, the standard deviation of the step length is very small (0.03 m) 

meaning that they lack of step to step variability and exhibit gait stability. Furthermore, their step 

frequency is about 1.74±0.12 HZ and is smaller than the one of the young people. Moreover, the 

stride length of the healthy elderly subjects is ranging from 1.11m to 1.32m and their mean value is 

equivalent to 1.22±0.07 m. Despite the fact that they exhibit smaller stride length compare to the 

young ones (1.34±0.05), the difference is relatively small. Furthermore, compare to the young 

subjects the standard deviation of their stride length is not very high which again demonstrates an 

indicator of gait stability among the healthy elderly group. Their stride frequency is about 

0.87±0.05 HZ and is smaller than that of the young people. Their stride duration is equivalent to 

1.15±0.07 s and is relatively higher of the stride duration the young subjects exhibited. This is 

because the elderly people spent more time to realize a gait cycle. Also, another factor of their 

decreased stride duration is their relatively smaller walking speed. Indeed, their walking speed is 

ranging from 0.93 m/s to 1.24 m/s and their mean value is about 1.06±0.11 m/s compare to the 

young (1.24±0.11 m/s).   

 

• Elderly fallers group (03, 10, 11, 12, 15 and 19):  

 

Variables Step 

Length 

(m) 

Step 

Frequency 

(HZ) 

Stride 

Length 

(m) 

Stride 

Frequency 

(HZ) 

Stride 

duration 

(s) 

Walking 

Speed 

(m/s) 

Mean 0.50 1.78 1.00 0.88 1.16 0.89 

SD 0.04 0.25 0.09 0.12 0.18 0.18 

 

Table 3.5: Spatial-temporal characteristics of elderly fallers group 

 

Comparatively to the spatial-temporal characteristics of the young group, the gait characteristics of 

the elderly fallers group differ extremely. The step length of the elderly fallers group is ranging 

from 0.45m to 0.54m and their mean value is equivalent to 0.50±0.04 m. All the elderly subjects 

who are at risk for falls hold the smallest values in the diagram of step length, which means that 

they have a much reduced step length compare to the young subjects (0.67±0.03 m). The standard 

deviation of their step length is small (0.04 m) which means that they do not exhibit step to step 
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variability, however, all the fallers group have a quite small step length. Furthermore, their step 

frequency is about 1.78±0.25 HZ and is smaller than that of the young people (1.85±0.16 HZ). The 

standard deviation of the step frequency is high (0.25 HZ) which indicates that the elderly fallers 

realize different number of steps per second in a gait cycle and this is indicator of gait instability. 

Furthermore, the stride length of the subjects is ranging from 0.92m to 1.10m and their mean value 

is equivalent to 1.00±0.09 m. All the elderly subjects who are at risk for falls hold the smallest 

values in the diagram of stride length, which means that they have a reduced stride length compare 

to the young subjects (1.34±0.05 m). The standard deviation of their stride length is high (0.09 m) 

compare to the young (0.05 m), which shows stride to stride fluctuations or instability in their gait. 

Their stride frequency is about 0.88±0.12 HZ and is almost equal compare to the young ones. The 

standard deviation of the stride frequency is high (0.12 HZ) which indicates that the elderly fallers 

realize different number of strides per second in a gait cycle and this is indicator of gait instability. 

Moreover, their stride duration is equivalent to 1.16±0.18 s. It is greater than that of the young 

subjects (1.09±0.09 s) and indicates that the elderly people who are at risk for falls exhibit more 

time to realize a gait cycle due to their instability. Their gait instability is also presented in the high 

standard deviation of their stride duration that they exhibit (0.18 s). This value shows time 

variability in their gait; as they spend more different time to realize a gait cycle compare to the 

young people. Finally, their walking speed is ranging from 0.62 m/s to 1.07 m/s and their mean 

value is about 0.89±0.18 m/s. The walking speed of the elderly fallers is quite smaller than that the 

young subjects (1.24±0.11 m/s) exhibit and present high standard deviation in their walking speed, 

thus this is indicator of instability in the ageing community compare to the young people. 

In general, these results indicate greater step/stride length and walking speed in the healthy 

elderly participants and smaller step frequency compare to the elderly people who are at risk 

for falls. Also, the healthy elderly participants present smaller stride duration and smaller 

stride frequency compare to the elderly people who are at risk for falls.  

Furthermore, the young people present much greater step/stride length, step/stride 

frequencies and walking speed but greater reduction in stride duration compared to the 

fallers group. The greater standard deviation in all the gait parameters of the elderly fallers 

indicates their gait instability compare to the young and healthy elderly groups. 

The results in the spatial temporal parameters of the three groups are based on the 

observation of the figures of spatial temporal parameters versus subjects. A statistical 

analysis using ANOVA will be held in order to give the level of significance of these 

differences and provide the indicators of fall risk level in terms of spatial-temporal 

parameters. 
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3.3    Joint angles and range of motion 

 

The following figures present each joint range of motion versus subjects and indicate for every 

subject his value for each joint range of motion. Same as previously the usefulness of these figures 

is that we can observe and compare the subjects according to their joint range of motion and 

separate them in a group of young participants and in a group of elderly participants and then in a 

group of healthy elderly whose range of motion is not so impaired according to young people and 

in a group of elderly people who are at risk for falls and their range of motion is very impaired 

according to young subjects. 
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Left ankle angle versus subjects
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Figure 3.6: Joint angles of the right and left foot versus subjects: a) right hip, b) left hip, c) right 

knee, d) left knee, e) right ankle, f) left ankle versus subjects. 

 

• Healthy young group (subjects 04, 05, 06, 07 and 08):  

 

Joint 

range of 

motion 

Right hip 

(degrees) 

Left hip 

(degrees) 

Right 

knee 

(degrees) 

Left knee 

(degrees) 

Right 

ankle 

(degrees) 

Left ankle 

(degrees) 

Mean 23.40 24.13 61.56 61.42 33.83 34.41 

SD 2.80 1.28 6.50 3.69 4.71 2.90 

 

Table 3.6: Joints active range of motion of the young group 

 

The hip range of motion in the young people in their right and left leg is about 23.40 ±2.80º and 

24.13±1.28º and is greater than the one of the elderly participants (21.80 ±1.91º and 21.94±2.61º). 

The standard deviation of the hip range of motion in both legs is small and indicates lack of joint 

range of motion variability. The knee range of motion in the young people in their right and left leg 

is about 61.56 ±6.50º and 61.42±3.69º and is greater compare to the elderly ones (57.57 ±4.32º and 

57.83±5.68º). The ankle range of motion in the young people in their right and left leg is about 
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33.83 ±1.35º and 34.41±2.39º and is smaller compare to the elderly subjects. The standard 

deviation of the ankle range of motion in both legs is small and indicates gait stability in the 

healthy young group. 

 

• Elderly participants’ group (subjects 03, 09, 10, 11, 12, 13, 15, 16, 17, 18, 19, 20, 21, 22, 

23, 24 and 25):  

 

Joint 

range of 

motion 

Right hip 

(degrees) 

Left hip 

(degrees) 

Right 

knee 

(degrees) 

Left knee 

(degrees) 

Right 

ankle 

(degrees) 

Left ankle 

(degrees) 

Mean 21.80 21.94 57.57 57.83 37.09 35.17 

SD 1.91 2.61 4.32 5.68 6.00 5.55 

 

Table 3.7: Joints active range of motion of the elderly participants 

 

The hip range of motion in the elderly participants in their right and left leg is about 21.80 ±1.91º 

and 21.94±2.61º and compare to the young subjects is smaller (23.40 ±2.80º and 24.13±1.28º). The 

knee range of motion in the elderly participants in their right and left leg is about 57.57 ±4.32º and 

57.83±5.68º and compare to the young subjects is smaller (61.56 ±6.50º and 61.42±3.69º). The 

standard deviation of the knee range of motion in the elderly group in both legs is high and 

indicates gait instability in terms of knee in the elderly community. The ankle range of motion in 

the elderly participants in their right and left leg is about 37.09 ±6.00º and 35.17±5.55º and is 

greater compare to the young ones (33.83 ±1.35º and 34.41±2.39º). Again, due to the high value of 

standard deviation in the ankle AROM at both legs shows gait instability in terms of ankle. 

Our results indicate that the elderly participants have smaller hip, knee but greater ankle 

range of motion in relation to the young participants with indicators of instability in terms of 

left hip, knee and ankle joint angle. 

 

• Healthy elderly group (09, 13, 16, 17, 18, 20, 21, 22, 23, 24 and 25): 

 

Joint 

range of 

motion 

Right hip 

(degrees) 

Left hip 

(degrees) 

Right 

knee 

(degrees) 

Left knee 

(degrees) 

Right 

ankle 

(degrees) 

Left ankle 

(degrees) 

Mean 21.70 22.45 58.98 60.08 37.02 34.37 
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SD 1.19 2.14 3.82 3.91 6.25 5.27 

 

Table 3.8: Joints active range of motion of the healthy elderly participants 

 

The hip range of motion in the healthy elderly participants in their right and left leg is about 21.70 

±1.19º and 22.45±2.14º and compare to the young subjects is smaller (23.40±2.80º and 

24.13±1.28º). The knee range of motion in the healthy elderly participants in their right and left leg 

is about 58.98 ±3.82º and 60.08±3.91º and compare to the young subjects is little smaller (61.56 

±6.50º and 61.42±3.69º). The standard deviation of the hip and knee range of motion in the elderly 

group in both legs is small and indicates gait stability in terms of hip and knee in the healthy 

elderly community. The ankle range of motion in the healthy elderly participants in their right and 

left leg is about 37.02 ±6.25º and 34.37±5.27º and is greater compare to the young ones (33.83 

±1.35º and 34.41±2.39º). Again, due to the high value of standard deviation in the ankle AROM at 

both legs shows gait instability in terms of ankle. 

Our results indicate that the healthy elderly participants have smaller hip, knee but greater 

ankle range of motion in relation to the young participants with indicators of instability in 

terms of ankle joint angle. 

 

• Elderly fallers group (03, 10, 11, 12, 15 and 19): 

 

Joint 

range of 

motion 

Right hip 

(degrees) 

Left hip 

(degrees) 

Right 

knee 

(degrees) 

Left knee 

(degrees) 

Right 

ankle 

(degrees) 

Left ankle 

(degrees) 

Mean 20.86 20.99 54.97 53.70 37.20 36.65 

SD 2.78 3.30 4.26 6.40 6.07 6.25 

 

Table 3.9: Joints active range of motion of the fallers elderly group 

 

The hip range of motion in the elderly fallers in their right and left leg is about 20.86 ±2.78º and 

20.99±3.30º and is quite smaller compare to the young people (23.40±2.80º and 24.13±1.28º). The 

standard deviation value of the hip joint range of motion is great at both legs and indicates a joint 

range of motion variability in terms of hip angle. The knee range of motion in the elderly fallers in 

their right and left leg is about 54.97 ±4.26º and 53.70±6.40º and is extreme smaller compare to the 

young (61.56 ±6.50º and 61.42±3.69º). The standard deviation value of the knee joint range of 
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motion is high at both legs and in combination with the limited knee AROM, the elderly fallers 

demonstrate gait instability in terms of knee. Furthermore, the ankle range of motion in the elderly 

fallers in their right and left leg is about 37.20 ±6.07º and 36.65±6.25º and is greater compare to 

the young (33.83 ±1.35º and 34.41±2.39º). The standard deviation value of the ankle joint range of 

motion is high at both legs indicates gait instability in terms of ankle. 

Our results indicate that the healthy elderly participants have greater hip, knee range of 

motion and smaller ankle range of motion in relation to the elderly participants who are at 

risk for falls. 

Also, the elderly participants who are at risk for falls have much smaller hip and knee range 

of motion and much greater ankle range of motion in relation to the young participants and 

show greater gait instability in terms of all the joints. 

 

The results in the joint range of motion of the three groups are based on the observation of 

the figures of joint range of motion versus subjects. A statistical analysis using ANOVA will 

be held in order to give the level of significance of these differences and provide the 

indicators of fall risk level in terms of joint range of motion. 

 

3.4 Results of the One-Way ANOVA 

 

The Lilliefors and Bartlett tests were calculated with matlab and were performed separately in each 

parameter (spatial-temporal or joint range of motion) for each of the groups: young people, elderly 

people, healthy elderly people and elderly people who are at risk for falls.  

 

� Lilliefors test for normality. 

 

The general idea is that if a specific parameter of the subjects in a group follow a normal 

distribution then the specific parameter will met the first assumption of normality and can be used 

(in case it meets and the second assumption) in ANOVA procedure. 

 

Ho: The assumption of normality is met. 

H1: The assumption of normality is not met. 

 

• The significance level (alpha) in order to accept the null hypothesis is 0.05.  
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• The test returns the logical value h. When h=1 it rejects the null hypothesis at significance 

level 0.05. When h=0 the test accepts the null hypothesis at significance level 0.05.  

 

The results of the normality test are: 

 

Healthy young group 

All the spatial-temporal parameters and the joints range of motion met the normality assumption 

(h=0). 

Elderly participants’ group 

All the spatial-temporal parameters and the joints range of motion met the normality assumption 

(h=0). 

Healthy elderly group  

All the spatial-temporal parameters and the joints range of motion met the normality assumption 

(h=0).  

Elderly fallers group  

Except for right knee range of motion (h=1), all the other spatial-temporal parameters and the 

joints range of motion met the normality assumption (h=0).    

 
� The Bartlett test for equality of the variance investigation: 

 

The general idea is that if a specific gait parameter of the subjects in a group have equal variances, 

then the gait parameter will met the first assumption of homogeneity and can be used (in case it 

meets and the first assumption) in ANOVA procedure. 

 

Ho: The assumption of homogeneity is met. 

H1: The assumption of homogeneity is not met. 

 

It reports the value of Bartlett's statistic with a P value that answers the previous questions: 

• The significance level (alpha) in order to accept the null hypothesis is 0.05.  

• The test returns the P-value. When P<0.05 it rejects the null hypothesis at significance level 

0.05. When P>0.05 the test accepts the null hypothesis at significance level 0.05.  

 

The results of equality of variance are: 
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Gait Parameters Healthy young group Elderly participants Healthy elderly Elderly fallers group 

Step length (m) 0.5128 0.2499 0.3728 0.0819 

Step frequency (hz) 0.3936 0.0442 0.5876 0.0975 

Stride length (m) 0.6413 0.0515 0.2660 0.0418 

Stride frequency (hz) 0.3763 0.0496 0.2583 0.1635 

Stride duration (s) 0.0416 0.0041 0.9298 0.2273 

Walking speed (m/s) 0.9664 0.0853 0.3938 0.5143 

Right hip AROM 

(degrees) 

0.7683 0.0557 0.0532 0.2177 

Left hip AROM 

(degrees) 
0.2488 0.5370 0.4382 0.9832  

Right knee AROM 

(degrees) 
0.4336 0.3260 0.0893 0.1084 

Left knee AROM 

(degrees) 
0.5297 0.4837 0.2178 0.0945 

Right ankle AROM 

(degrees) 
0.6484 0.4524 0.7231 0.4963 

Left ankle AROM 

(degrees) 
0.9040  0.3218 0.0807 0.3469 

 

Table 3.10: This table presents the P-values of the gait parameters in every group of subjects. 

 

The gait parameters with the blue P-values, which are smaller than the significance level 0.05, do 

not meet the assumption of homogeneity, while the gait parameter (right knee AROM) with the 

green P-value, meet the assumption of homogeneity (P>0.05) but it does not meet the assumption 

of normality. The test has been performed only on the spatial-temporal parameters and joints 

range of motion which met simultaneously the previous assumptions. 

 

� One way ANOVA: 

 

Through the analysis of variance (ANOVA), we see if the means of each gait variable between 

healthy young and elderly partcipants groups are all equal. The same procedure is done between 

the healthy elderly group and the elderly fallers group. 

 

Ho: The means of gait variables are equal for the different groups. 

H1: At least one mean of gait variables is different for the different groups. 
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• The significance level (alpha) in order to accept the null hypothesis is 0.05.  

• The test returns the P-value. When P<0.05 it rejects the null hypothesis at significance level 

0.05 and so, there is significant difference in the means of the gait variables between the 

considered groups. When P>0.05 the test accepts the null hypothesis at significance level 

0.05. 

 

The results of one way ANOVA are presented in the following tables: 

 

Healthy young group-elderly participants’ group 

 

Spatial-

Temporal 

Parameters 

Step Length 

(m) 

Walking 

Speed (m/s) 

Stride Length 

(m) 

   

P-value 0.003 0.0048 0.0029    

Joint range of 

motion 

Right hip 

(degrees) 

Left hip 

(degrees) 

Right knee 

(degrees) 

Left knee  

(degrees) 

Right ankle 

(degrees) 

Left ankle 

(degrees) 

P-value 0.0775 0.0651 0.1205 0.2006 0.2796 0.7727 

 

Table 3.11: The P-value for the spatial-temporal parameters and for the joints range of motion 

between the healthy young group and the elderly participants 

 

Healthy elderly group-elderly fallers group 

 

Spatial-

Temporal 

Parameters  

Step Length 

(m) 

Walking 

Speed (m/s) 

Stride 

Duration (s) 

Stride 

Frequency 

(HZ) 

Step 

Frequency 

(HZ) 

P-value 0.0000361 0.0271 0.9301 0.8327 0.6896 

Joint range of 

motion 

Right hip 

(degrees) 

Left hip 

(degrees) 

Left Knee 

(degrees) 

Right ankle 

(degrees) 

Left ankle 

(degrees) 

P-value 0.3936 0.2831 0.0212 0.9571 0.4353 

 

Table 3.12: The P-value for the spatial-temporal parameters and for the joints range of motion 

between the healthy elderly group and the elderly fallers group 

 
To summarize, significant differences (P<0.05) among groups have been found in: 
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 Step length Walking speed (m/s) Stride length (m) 

Healthy young group-

elderly participants’ 

group (P-value). 

 
0.003 

 
0.0048 

 
0.0029 

  Step length (m) Walking speed (m/s) Left knee AROM 

Healthy elderly group-

elderly fallers group 

(P-value). 

 
0.0000361 

 
0.0271 

 
0.0212 

 
Table 3.13: Significant differences (P<0.05) in the kinematic parameters between groups 

 

The table 3.12 presents the significant differences (P<0.05) in the spatial-temporal parameters and 

joints range of motion, that have been found through the analysis of one way ANOVA, between 

the healthy young group and the elderly subjects, as well as between the healthy elderly group and 

the elderly people who are at risk for falls. Thus, as far as the healthy young group and the elderly 

participants are concerned, significant differences have been found in the step length, in the stride 

length and in the walking speed (P<0.05), meaning that the mean value of each parameter of the 

young group differs significantly from the mean value of the considered parameter of the elderly 

group. According to our results, the elderly subjects present smaller step length, stride length and 

walking speed compare to the young subjects. After the analysis of the one way ANOVA, it is 

obvious that these differences are significant and show the most important gait changes between 

the young and the elderly subjects. As far as the healthy elderly group and the elderly fallers are 

concerned, significant differences have been found in the step length, in the walking speed and in 

the left knee (P<0.05). According to our results, the elderly fallers present smaller step length, 

walking speed and left knee range of motion compare to the healthy elderly. After the analysis of 

the one way ANOVA, it is obvious that these differences are significant and show the most 

important gait changes between the elderly fallers and the healthy elderly subjects resulting in the 

indicators of fall risk levels. 

 
Discussion and comments for the results are included in the following section 4. 
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Section 4                                          Discussion 
 
 
The aim of this study was to analyse the age-related changes in functional gait patterns in the 

elderly people compared to the young and identify the biomechanics indicators of locomotion 

alterations due to the aging process and thus, according to these biomechanics indicators, the fall 

risk levels in the ageing community. 

 

4.1     Spatial-temporal parameters   

 

The step length, the walking speed and the stride length were found to be significant smaller in the 

elderly people compared to the young people. Specifically, the young subjects had their step length 

to be 0.10 m more, their walking speed to be 0.24 m/s more and their stride length to be 0.20 m 

more compare to the elderly subjects. Our results are consistent to those of previous studies 

(Kimura et al., 2007; Winter et al., 1990, Murray et al., 1969; De Vita et al., 2000; Mills et al., 

2001; Paroczai et al., 1995), in which the young people have also greater stride length which was 

0.16 m more, greater step length which was 0.05 m more and greater walking speed which was 

0.25 m/s more than those the elderly people exhibited. Moreover, according to our results, the 

elderly people exhibited greater stride duration (0.04 s more) compare to the young subjects but 

this difference was not significant. The greater stride duration in the elderly indicates that they 

spent more time to realize a gait cycle due to their unstable gait compare to the young people. The 

elderly subjects also show smaller step (0.10 HZ less) and stride (0.05 HZ less) frequencies 

compare to the young ones, but these differences were not significant.  

The decreased stride (step) length, which is observed in the elderly people group can coincides 

with weakness in hip extensors and ankle plantar flexors, reduced push-off phase and a reduced 

ability to propel the body forward during gait as it is mentioned in the state of the art. The changes 

in walking speed and stride parameters with aging can also be explained by a reduction of energy 

cost, a compensation for muscle weakness, balance impairments, and the necessity to cope with 

increased variability in walking (Kimura et al., 2007; Winter et al., 1990, Murray et al., 1969; De 

Vita et al., 2000; Mills et al., 2001).  

According to our results, the standard deviation of the step length has been found 0.03 m in the 

young subjects compare to the elderly subjects 0.07 m. Furthermore, the standard deviation of the 

stride length is 0.05 m compare to the elderly 0.13 m; while the standard deviation of the walking 

speed in the young people was found 0.11 m/s compare to the elderly subjects 0.16 m/s. The 

standard deviation is an indicator of step-to-step (or stride-to-stride) fluctuations in the value of a 



 84 

gait parameter from one step to the next. Thus, the elderly people due to their increased standard 

deviation in their gait parameters compare to the young people, present increased gait variability in 

their step/stride length and in their gait speed. Such gait variability is an indicator of fall risk and 

constitutes a useful measure for identifying risk of falling among the elderly community. Also, the 

elderly subjects exhibited almost equal standard deviation in their step frequency which was 0.17 

HZ compare to the young 0.16 HZ, as well as almost equal standard deviation in their stride 

frequency which was 0.08 HZ compare to the young 0.07 HZ. On the contrary, the elderly subjects 

had greater standard deviation of their stride duration which was equal to 0.12 s compare to the 

young subjects, whose standard deviation of their stride duration was 0.09 s. The higher standard 

deviation of the stride duration in the elderly subjects shows that they present time variability in 

their gait. Such time variability shows that they spend different time to realize every stride, which 

is an indicator of gait instability in the elderly community. Our results show that the young 

subjects presented smaller standard deviation in their gait parameters (step/stride lengths, stride 

duration, walking speed) meaning that they have a more stable gait compare to the elderly.  Such 

spatial-temporal variability (step/stride length, stride speed and stride duration) in an elderly 

individual is abnormal and has pathological etiology (Gabell et al., (1984)), thus presenting a risk 

of falling. 

 

Our study also supports the idea that differences exist in the gait of elderly people who are at risk 

for falls (elderly-fallers) and healthy elderly people in terms of spatial-temporal parameters. 

Indeed, we found that the step length of the elderly fallers group is significantly smaller (0.11 m 

less) than the step length the healthy elderly people exhibit. Our results are consistent with those of 

the literature (Barak et al., 2006; Kimura et al., 2007; Guimaraes et al., 1980; Kerrigan et al., 

1999; Kemoun et al., 2002; Auvinet et al., 2003) in which the elderly people who are at risk for 

falls presented smaller step length (0.10 m less) in relation to the healthy elderly people. The 

reduction of the step length (and consequently of the stride length), can be explained as one of the 

strategies used to reduce walking velocity. So, the slowness of the elderly gait can be partially 

explained by the reduced step (or stride) length and this reduction of the step length is mostly 

observed in elderly subjects concerned about falls. A reduction in step length leads to instability of 

the head and pelvis in the forward direction. In situations of instability, the elderly subject protects 

himself by reducing his/her walking velocity. Such reduction is a compensatory strategy to 

maintain balance in the presence of age-related deficits in musculoskeletal function, particularly 

reduced lower limb strength. Thus, high concern about falls leads to a reduction in step length 

which contributes towards a more unstable gait and an even greater risk of falling. So, the reduced 
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step length can be a strong discriminant gait parameter for elderly people who are at risk for falls 

(Kirkwood et al., 2010). 

Furthermore, our results show that the stride length of the elderly subjects who are at risk for falls 

is smaller (0.22 m less) compare to the healthy elderly subjects. Even if this difference was not 

significant (P>0.9301), previous studies (Barak et al., 2006; Kimura et al., 2007; Guimaraes et al., 

1980; Kerrigan et al., 1999; Kemoun et al., 2002; Auvinet et al., 2003), have also shown smaller 

stride length (0.20 m less) for elderly subjects who are at risk for falls compare to the healthy ones. 

As it is shown in our results, the standard deviation of the stride length in the elderly fallers is high 

(0.09 m) compare to the healthy ones (0.07 m), which shows stride-to-stride fluctuations or 

instability in the elderly faller’s gait. According to Auvinet et al., (2003) this stride variability in 

spatiotemporal gait parameters is an indicator of gait abnormalities and could be a predictor of 

the likelihood of experiencing a future falls. The decreased stride length can coincides with muscle 

weakness, increased double stance phase, reduced push-off phase and a reduced ability to propel 

the body forward, thus a lack of balance leading to a fall. 

Our results have shown significantly smaller walking speed in the elderly fallers (0.17 m/s less) 

compare to the healthy subjects. According to the literature, the elderly fallers also walk slower 

(0.58 m/s less) compared to the healthy elderly (Barak et al., 2006; Kimura et al., 2007; Guimaraes 

et al., 1980; Kerrigan et al., 1999; Kemoun et al., 2002; Auvinet et al., 2003). Under conditions of 

normal gait, main causes of speed reduction are the reduced reaction time and the low quadriceps 

muscle strength. However, the elderly people who are at risk for falls feel more stable with a 

shorter step length or a lower walking velocity and with the associated more flat footed landing 

achieved by a weaker push off. The weaker push off is caused either by muscle weakness or by 

inherent instability. These age-related adaptations (shorter step length and walking speed) by the 

elderly are important to pinpoint changes attributable to the disorder and not to age (Winter et al., 

1990; Guimaraes et al., 1980; Barak et al., 2006). Furthermore, according to the figure 3.5 of the 

section 3 in our results, the elderly-fallers who exhibited the smaller step (ranging from 0.45 to 

0.47 m) and stride lengths (ranging from 0.92 to 0.94 m) presented the smaller walking speeds 

(ranging from 0.61 to 0.85 m/s). Such observation shows the great relation between the step 

(stride) length and the walking speed. 

In consistence to the stride length, the standard deviation of the walking speed in the elderly fallers 

was found greater 0.18 m/s than the one of the healthy elderly which was 0.11 m/s. The increased 

standard deviation of the gait speed constitutes an indicator of likelihood falls in the elderly fallers. 

In addition, according to our results, the elderly-fallers showed greater stride duration (0.10 s 

more), step (0.04 HZ more) and stride (0.01 HZ more) frequencies compare to the healthy ones. 
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None the less, these differences were not found significant. The increased stride/step frequency 

and the decreased step length have been observed in elderly people with limitations in muscle 

function, balance impairments and in the elderly fallers with increased gait unsteadiness and stride-

to-stride variations compare to the non fallers. The increased stride duration show that the elderly 

fallers spend more time to realize a gait cycle due to their greater instability compare to the healthy 

ones. Furthermore, the higher values in the standard deviation of the step/stride frequency and of 

the stride duration the elderly fallers’ exhibit show temporal variability in the elderly fallers gait. 

Such temporal variability is abnormal and contributes to an unstable gait (impairments associated 

with arthritis such as pain or decreased strength interfering with timing of steps). 

Also, according to our results, the elderly fallers with the greater step lengths had the higher step 

frequencies. Specifically, the elderly fallers with high step frequencies (ranging from 1.87 to 1.99 

Hz) presented step lengths ranging from 0.53 to 0.54 m which constitute the higher step lengths 

among our elderly fallers group. The elderly fallers with high stride frequencies (ranging from 0.94 

to 0.98 Hz) presented stride lengths ranging from 1.07 to 1.09 m which constitute the higher stride 

lengths among our elderly fallers group. It is obvious that they had increased step and stride 

lengths at high frequencies. Such observation is consistent with Barak et al., 2006. They noticed 

that the elderly fallers and the healthy elderly tended to increase their step and stride lengths at 

high frequencies. However, the effect of stride/step frequency on stride/step length was greater in 

the fallers compared with the non fallers.  

 

In general, our results indicate smaller mean values of step and stride lengths, walking speed, 

step and stride frequencies in the elderly participants but greater mean value of their stride 

duration compare to the young group. 

 

There were only significant differences between young and elderly participants group in: 

• the step length (P=0.003) which was found 0.57±0.07 m  

• the stride length (P=0.0029) which was found 1.14±0.13 m 

• the walking speed (P=0.0048) which was found 1.00±0.16 m/s  

 

Thus, these three gait parameters are the major age-related changes which impair the gait 

for the elderly people and their reduction can predispose the elderly people at fall risk. The 

standard deviation in the step/stride lengths, in the stride duration and in the walking speed 

is greater in the elderly people and this is an indicator of instability in the ageing community 

compare to the young people. Furthermore, the elderly people due to their increased 



 87 

standard deviation in their spatial-temporal parameters (step/stride length, gait speed, stride 

duration) compare to the young people, present increased stride-to-stride variability in their 

gait which is an indicator of fall risk. 

 

Then, the elderly fallers exhibited compare to the healthy elderly participants: 

• significantly smaller step length (P=0.0000361) which was 0.50±0.04 m  

• significantly smaller walking speed (P=0.0271) which was 0.89±0.18 m/s 

• smaller stride length (not significant)  

• greater step frequency (not significant)  

• greater stride duration and stride frequency (not significant)  

  

Reduce step length and walking speed constitute thus major gait parameters reductions that 

indicate a high risk of falling in terms of spatial-temporal parameters.  

From the values obtained on the elderly fallers group for these two parameters, thresholds 

values have been set (0.50±0.04 m and 0.89±0.18 m/s) that determine the high risk level. If an 

individual present this value, immediate actions must be implemented both in terms of 

rehabilitation and protection to avoid the fall.  

With the same spirit, the middle risk corresponds to gait features similar to the one of 

healthy elderly subjects, thus for a mean step length of 0.61±0.03 m and a mean walking 

speed of 1.06±0.11 m/s. For people that present this risk level, specific pro-actions can be 

implemented in term of physical activities to reduce or limit the impairment.  

Finally, the low risk of falling thresholds corresponds to gait features similar to the one of the 

healthy young subjects, thus for a mean step length of 0.67±0.03 m and a mean walking speed 

of 1.24±0.11 m/s. 

 

4.2     Joint range of motion  

 

According to our results, the elderly subjects, compare to the young, exhibited: 

• smaller hip range of motion at both legs (1.6º in the right leg less and 2.19 º in the left leg 

less)  

• greater left hip range of motion standard deviation (around 1.5 degrees more) 

• smaller knee range of motion at both legs (3.99º in the right leg less and 3.59º in the left leg 

less)  
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• greater left knee range of motion standard deviation (around 2 degrees) 

• greater ankle range of motion at both legs (3.26º in the right leg more and 0.76º in the left 

leg more)  

• greater standard deviation of the ankle range of motion for both legs (around 2 degrees)  

 

In the literature, smaller hip range of motion (around 8 degrees) has been reported in the young 

people compared to the elderly and greater ankle range of motion (around 5 degrees) has been 

reported in the young people compared to the elderly people (Judge et al,. 1996; Winter et al., 

1991; Paroczai et al., 1995; Ostrosky et al., 1994; Oberg et al., 1994). In our case even if reduced 

range of motion were observed for the hip and knee in the elderly subjects compare to the young 

subjects, as well as greater ankle range of motion, these differences were not significant (P-value 

of the ANOVA calculation greater than the significance level 0.05). The population of elderly 

people that has been tested through our experiment does not present the differences showed in the 

literature for the hip and ankle nevertheless, the standard deviation calculate for the left hip range 

of motion as well as for the ankle at both legs show instability for the elderly group. It can thus be 

testified an abnormal motion of these joints.  

Moreover, according to the literature, greater knee range of motion (around 4 degrees more) has 

been reported in the young people compared to the elderly during the gait cycle. The population of 

elderly people in our experiment presented such difference in the knee. This reduction of knee 

range of motion in our results can be explained by the fact that the elderly people demonstrate a 

slight knee flexion (or less knee extension) at the end of swing phase compared to the young who 

displayed almost a full knee extension. Such knee flexion in the elderly is performed to decrease 

the quadriceps demand during loading response and it correlates well with their significant shorter 

step length. The standard deviation of the left knee range of motion in the elderly subjects was 

greater compare to the young subjects, showing gait instability in terms of left knee joint in the 

elderly.  

 

According to our study, differences also existed in the joints range of motion between the elderly 

people who are at risk for falls (elderly-fallers) and the healthy elderly people. 

The elderly people who are at risk for falls had compared to our healthy elderly subjects: 

• smaller hip range of motion (0.85 degrees less in the right leg and 1.5 degrees less in the 

left leg),  

• smaller knee range of motion (4 degrees less in the right leg and 6 degrees less in the left 

leg) 
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• greater ankle range of motion (0.1 degrees more in the right leg and 2.2 degrees more in the 

left leg)  

 

Even if reduced range of motion were observed for the hip and knee in the elderly fallers compare 

to the healthy elderly, as well as greater ankle range of motion, these differences were not 

significant (P-value of the ANOVA calculation greater than the significance level 0.05). 

However, significant difference (P=0.0212) was found in the knee range of motion of the left foot, 

which was greater (6 degrees more) for the healthy elderly subjects compare to the elderly subjects 

who are at risk for falls and can be considered as another biomechanical indicator of fall risk level.  

Regarding the increased standard deviation of the hip, knee and ankle range of motion at both legs 

in the elderly fallers compare to the healthy elderly and in combination with their limited knee 

range of motion, it is obvious that the elderly fallers demonstrate gait instability in terms of hip, 

knee and ankle joints. These results are consistent with those of the literature, which indicate the 

elderly people who are at risk for falls with reduced hip and knee active range of motion in relation 

to the healthy elderly people (Barak et al., 2006; Kimura et al., 2007; Guimaraes et al., 1980; 

Kerrigan et al., 1999; Kemoun et al., 2002; Auvinet et al., 2003). As it is mentioned in the state of 

the art, at the level of the hip, they also observed a consistent reduction in the hip extension range 

of motion during walking and this tendency was exaggerated in fallers. The reduction in the hip 

and knee range of motion can be explained by losses of muscular strength, lower muscle weakness 

and the general stiffness in the elderly peoples’ joints resulting in a reduced flexibility. The lower 

limb muscle weakness and strength constitute major risk factors for falls in older people. Thus, it 

can cause limited range of motion in the hip and knee joints, impairing the gait in the ageing 

community (Albright et al., 2009; Load et al., 1994).  

The population of elderly fallers that has been tested through our experiment does not present such 

difference in the ankle. Nevertheless, the high standard deviation found for the ankle joint AROM 

show instability for the elderly fallers group that can be testified of an abnormal motion of this 

joint. 

 

In general, our results indicate that the elderly participants have smaller hip, knee but 

greater ankle range of motion in relation to the young participants but these differences were 

not significant. The standard deviation in the joints range of motion for the left hip, left knee 

and ankle at both legs was found greater in the elderly participants compare to the young 

group, showing gait instability in the elderly gait. Furthermore, the elderly fallers have 

smaller hip, knee range of motion and greater ankle range of motion compare to the healthy 
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elderly. However these differences were not significant. None the less, the left knee range of 

motion was significantly (P=0.0212) smaller and was equal to 53.70±6.40 degrees in the 

elderly fallers. As a result, it constitutes another biomechanical indicator of fall risk level.  

The mean value of the knee range of motion in the fallers has been used to set the high risk of 

falling threshold (53.70±6.40 degrees). If an elderly exhibit such a value immediate 

rehabilitation process should be provided to him/her. The low risk of falling threshold in 

terms of knee AROM was logically assume to be the one of the young subjects (61.42±3.69 

degrees) while the middle risk is similar to the one of the healthy elderly subjects (60.08±3.91 

degrees). Additionally, the elderly fallers exhibited greater standard deviation at both legs 

for all the joints, showing gait instability in their gait compare to the healthy elderly subjects. 
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Conclusion 

 

Changes in kinematic patterns due to aging process have been found in this study. The step length, 

stride length and walking speed were found to be significant smaller in the elderly subjects 

compared to the young. The changes in walking speed and stride parameters with aging can be 

explained by the necessity of a reduction of energy cost, by compensation for muscle weakness 

and balance impairments as well as for coping with increased variability in walking. Moreover, 

differences on the spatial-temporal parameters and joints range of motion were also found within 

the elderly subject sample. The step length, the walking velocity and the left knee range of motion 

were found to be significant smaller in the potential elderly-fallers compared to the healthy elderly. 

Thereby, the step length measure within an accurate protocol of assessment can be a strong 

discriminant gait parameter easy to determine in order to indicate a fall risk level. A reduction in 

step length, and consequently stride, is one of the strategies used to reduce walking velocity, so the 

slowness of the elderly gait can be partially explained by the reduced step length and this reduction 

of step length is mostly observed in potential elderly fallers. In situations of threat or instability, it 

is natural for them to protect themselves by reducing their walking velocity, which is likely to be a 

compensatory strategy to maintain balance in the presence of age-related deficits in 

musculoskeletal function, particularly reduced lower limb strength. Thus, although it may be a 

normal reaction to reduce the walking velocity, high concern about falls leads to a reduction of 

these parameters which contribute towards a more unstable gait and an even greater risk of falling. 

Furthermore, in this study we have been able to demonstrate significant differences between 

healthy elderly people and potential elderly fallers in their knee range of motion. This reduction of 

joint range of motion is a gait abnormality which is exaggerated in the elderly people who are 

prone to falls.  

This study has revealed thus three biomechanics indicators of fall risk e.g. the lower step length, 

walking speed and knee range of motion. According to our results and in the condition of the 

experiment, thresholds to determine fall risk levels have been defined. The low risk corresponds to 

gait features similar to the healthy young subjects, thus for a mean step length of 0.67±0.03 m, a 

mean walking speed of 1.24±0.11 m/s and a knee range of motion of 61.42±3.69 degrees. The 

middle risk corresponds to gait features similar to the healthy elderly subjects, thus for a mean step 

length of 0.61±0.03 m, a mean walking speed of 1.06±0.11 m/s and a knee range of motion of 

60.08±3.91 degrees. For people that present this risk level, specific pro-actions can be 

implemented in term of physical activities to reduce or limit the impairment. The high risk 
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corresponds to a mean step length of 0.50±0.04 m, a mean walking speed of 0.89±0.18 m/s and a 

knee range of motion of 53.70±6.40 degrees. For elderly people presenting this risk, immediate 

actions must be implemented both in terms of rehabilitation and protection (specific fitting of their 

apartment, fall detectors, providing assistive devices like cane etc). In the perspective of a life 

course approach for fall prevention, simple and regular measurement of this parameters should 

help diagnosis locomotive impairment earlier, define a risk level for fall, provide therapeutic 

strategies earlier and thus, limit the fall event. 
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