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Abstract 

Stair negotiation has been identified by older adults as one of the most 

challenging locomotor tasks, one that is associated with a high risk for falls and serious 

injury.  Currently lacking is a comprehensive understanding of the lower limb during stair 

negotiation in an older adult population.  It has been identified that more research is 

needed to determine key determinants of difficulty and safety on stairs.  The objective of 

this thesis was to investigate lower limb kinematics and kinetics during stair negotiation 

and evaluate the impact of handrail use on stair ambulation in young adults, older adults, 

and older adults with a fear of falling (FOF). 

The four studies that make up this dissertation provide a detailed picture of the 

lower limb joint kinematics and kinetics during stair ambulation, as well as provide 

insight into the role of handrail use and FOF in performance of stair negotiation. 

Specifically, in the first study principal component analysis (PCA) was used, of 

the scores generated from the PCA models four principal component (PC) scores were 

identified that could be used to correctly classify 95% of young and older adults.  The 

second study provided a comprehensive data set of lower limb joint kinematics and 

kinetics during stair negotiation. The third study identified comparable centre of pressure 

velocities (VCOP) between young adults and older adults during stair negotiation with 

and without a handrail. Whereas older adults with FOF demonstrated reduced VCOP 

during stair negotiation without a handrail and further reduced VCOP when using the 

handrail. Furthermore, no significant difference in lower limb moments during stair 

negotiation with and without a handrail were found in older adults, as was similar for 
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older adults with FOF. However, a gait assessment revealed that older adults with FOF 

demonstrated differences from ‘normal’ gait patterns during stair negotiation with and 

without a handrail. 

These studies provide a comprehensive normative dataset of the lower limb joint 

kinematics and kinetics during stair negotiation, as well as provide insight into the role of 

handrail use and fear of falling in performance of stair ambulation. It is important to 

appreciate the nature and extent of normal age-related adaption and compensatory 

strategies to identify unique patterns of movement due to the superimposition of 

pathology. 
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Chapter 1 

Introduction 

In 1996, the World Health Organization outlined a framework for achieving 

health across the lifespan and identified ageing and health to be a priority [1]. One of the 

most prevalent yet preventable forms of age-related risks to health is falling; the leading 

cause of unintentional injuries among older adults [2, 3]. Research consistently points to 

stairs as the most common location of falls, particularly occurring in the home [3, 4, 5, 6, 

7]. Despite this, older adults demonstrate similar patterns and frequency of stair use 

compared to their younger counterparts [4, 8]. 

Because stair climbing is a common activity of daily living, the ability to do it 

efficiently is important to an individual’s quality of life [9].  More demanding than level 

walking [10, 11], stair ambulation is performed with ease by healthy individuals; 

however, it is more difficult to do for those with decrements in motor function, balance 

impairments, and/or reduced lower limb function.  

Generally, healthy individuals use a traditional step-over-step (SOS) gait pattern 

during stair ambulation; however, patients, older adults, and disabled populations may be 

forced to adjust their stair gait pattern because of decrements in muscular strength [12 13 

14], decreases in proprioceptive acuity [12], and impaired balance [13 14] associated with 

age and disease [15 16].  Therefore, compensatory gait strategies are often adopted to 

counterbalance or offset a disability or perceived disability.  In general, alternate gait 

strategies such as increased handrail use, sideways motion, or a step-by-step (SBS) 

pattern (placing of both feet on the same step before ascending or descending) tend to  

deviate from the traditional SOS gait pattern [16, 17]. These deviations in stair gait 
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patterns result in higher energy costs, lower efficiency and an increased risk of falling 

during stair descent [16, 17, 18]. 

Compensations are generally defined as a particular strategy employed to 

counterbalance or offset a disability or perceived disability by exerting an opposite effect.   

Gait analysis, a key tool for understanding locomotor tasks, provides insight into the 

mechanical pathology and the compensation strategies used by various populations.  The 

mechanics of stair negotiation by young adults has received a great deal of attention [10, 

19, 20, 21], but few studies have analyzed these same mechanics for older adults [9, 22, 

23, 24].  Furthermore, even fewer studies have compared the biomechanics of young and 

older adults let alone provide a comprehensive analysis of the biomechanics of the lower 

limbs in a healthy older adult population during stair negotiation.  Limiting factors of the 

above studies, particularly for older adult population, are the small number of participants 

assessed, only one or two joints or planes are investigated, and/or the different 

methodological approaches applied. Startzell et al. [16] noted that more research is 

needed to determine key determinants of difficulty and safety on stairs. Studies needed 

include a comprehensive biomechanical analysis of the lower limb during stair 

negotiation in an older adult population as well as a comparative analysis of young and 

older adult populations.  Such analysis would aid in identifying or evaluating changes 

occurring in the lower limb due to pathologies or compensations.  

While a reduced number of studies is one reason for the lack of comparative 

information, another may be the analysis technique used.  Parameterization, one of the 

most common methods of data analysis, extracts predefined parameters such as ranges or 

peak values that represent events of the gait waveform.  This type of technique is 
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subjective and ignores the total pattern of movement, and while it is successfully applied 

to normal gait curves, it may be difficult to apply to populations with noticeably different 

waveforms.  If curve shapes differ between populations, it may be difficult to make valid 

comparisons. 

Due to the limitations of parameterization, several alternate techniques have been 

applied to the analysis of gait waveforms.  These include: Fourier series, cluster analysis, 

neural network classifiers, and principal component analysis (PCA) [25, 26, 27, 28, 29, 

30].  A technique such as PCA uses the entire waveform in its analysis and may provide 

better information regarding the quantitative and temporal differences between groups 

[25, 31, 32].  Recently, PCA has been used to detect differences in gait waveforms 

between normal, pathological, and age-related gait patterns during walking [25, 31, 32, 

34]. To date, no study has developed a PCA model to discriminate between young and 

older adult stair negotiation gait. 

As previously mentioned, while older adults modify and adapt their gait patterns 

to meet the kinematic demands of stair ambulation, little has been done to explore why 

particular stair gait strategies are employed.  Thus, it is unclear whether adaptations to 

age-related changes improve stability, safety, or ease of performance.  However, one idea 

that has emerged recently is the identification that physical modifications reflect low self-

efficacy [35, 36, 37, 38], otherwise known as fear of falling (FOF).  FOF has been 

identified as a key health issue amongst older adults [36, 37, 39, 40, 41], often associated 

with poor perception of health status, impaired balance, gait abnormalities, sex, and 

history of falls [41, 42, 43].  Self-efficacy may also mediate the relationship between fear 

of falling and functional ability in older adults [36, 37, 38], potentially influencing the 
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decline in physical function, independence, quality of life, activities of daily living, and 

activity restrictions [40, 39, 44, 45]. 

To date, little work has been completed in identifying why particular stair 

stepping strategies are employed.  Further research is needed to determine the mechanics 

and the role of the different stair stepping patterns in various populations. 

1.1 Dissertation Outline and Intent 

The preceding discussion demonstrated the limitations of current stair negotiation 

in an older adult population, identifying gaps in the literature and items requiring further 

investigation.  It also introduced the application of a fairly new technique in gait analysis, 

PCA, particularly in stair negotiation, for quantifying and defining quantitative and 

temporal differences in populations and suggested that this method may have potential 

for objective analysis of gait waveforms.  The aim of this thesis is to promote a better 

understanding of stair negotiation in an older adult population from a biomechanical 

perspective.  The intent of this thesis is to investigate lower limb joint kinematics and 

kinetics during stair negotiation and evaluate the impact of handrail use on stair 

ambulation in healthy older adult and adults with FOF populations.  Specifically, this 

dissertation will fill in the gaps in the current literature in an older adult population, 

providing a detailed analysis of the lower limb during stair ascent and descent, and 

identifying differences in gait patterns in healthy older adult and adults with FOF 

populations.  It will also illustrate that PCA may be a valuable analysis technique for 

distinguishing subtle differences in gait patterns, which may lead to a better 

understanding of differences between populations and stair strategies used. 
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Chapter 2 of this thesis provides a review of the current literature on stair 

mechanics in an older adult population, alternate stair ambulation strategies, impact of 

fear of falling, and a different method for analysis of gait waveforms. 

Several investigative studies were conducted that resulted in the four papers 

contained in this dissertation.  The first study was conducted to evaluate PCA as an 

objective, valuable analysis technique to compare knee joint kinematics and kinetics 

during stair ascent in young and older adults as described in Chapter 3: Differentiation of 

young and older adult stair climbing gait using principal component analysis. Features of 

gait waveforms that discriminated between the two populations were identified and were 

interpreted in terms of biomechanical gait measures. In addition the study highlights the 

value and application of PCA in stair gait analysis, a technique that had not yet been 

applied to stair gait.   

The second study was designed to provide a detailed analysis of stair ascent and 

descent in an older adult population, and is presented in Chapter 4: Kinematics and 

kinetics of the lower limb during stair ambulation in healthy older adults.  This paper 

provided a detailed biomechanical analysis of the lower limb (hip, knee, ankle) in both 

the frontal (responsible for medio-lateral stability) and sagittal (responsible for forward 

progression) planes, filling in  several of the gaps regarding the lower limb not yet 

documented in the literature for this population 

The third study was designed to assess stability during stair ambulation, 

specifically analyzing centre of pressure (COP) trajectories during stair descent and 

ascent with and without a handrail in healthy young adults, older adults, and adults with 

FOF populations. It is presented in Chapter 5: Relationship between stair ambulation 
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with and without a handrail and centre of pressure velocities during stair ascent and 

descent. Only a few studies have assessed joint kinematics and kinetics of stair 

ambulation with and without a handrail; however in order to gain a more complete 

understanding of the various strategies employed by populations, an analysis of other 

mechanisms, such as stability, is necessary.  This particular study provided a normative 

COP trajectory data set as well as insight into the role of the handrail as a strategy for 

providing more stability, adding to the current literature stair ambulation with a handrail. 

The fourth and final study of this dissertation was designed to complement the 

third study to gain further understanding of the role of the handrail during stair 

ambulation.  Specifically, this study analyzed lower limb joint kinetics with and without a 

handrail during stair ascent and stair descent in older adult and older adults with FOF 

populations using PCA.  This is presented in Chapter 6: Principal component analysis of 

the lower limb kinetics: Stair negotiation with and without a handrail in older adults and 

adults with fear of falling. To date, only a limited number of studies have examined the 

biomechanical effects of handrail use during stair ambulation; thus there is a lack of 

understanding of the role of the handrail.  This particular study is the first step in 

providing a detailed picture of the lower limb during stair ambulation with and without a 

handrail in both healthy older adults and older adults with FOF populations. 

 The dissertation concludes with a general discussion and summary chapter.   
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Chapter 2 

Literature Review 

Unintentional injuries are among the leading causes of death, accounting for 

approximately 20 percent of all injury deaths among older adults (65+ years), with falls1 

being the leading cause of unintentional injuries [1].  In Canada, one out of three older 

adults experiences a fall per year and of those, approximately 50 percent will experience 

repeated falls [1, 2].  Furthermore, falls account for 65 percent of all injuries and 84 

percent of injury-related hospital admissions among older adults [1, 3].  The incidence 

and severity of fall related injuries rises steadily after age 60 years and continues to 

increase with age; this is in both North America and Europe [2, 4, 5]. 

Research consistently points to stairs as the most common location of falls, which 

frequently occur in the home and during stair descent [6, 7, 8].  Furthermore, a study 

conducted in the UK (1998) noted that 20 000 hospitalizations and 900 deaths occurred 

each year due to falls on stairs in individuals over the age of 65 years [9].  However, 

despite both the physical and psychological hazard of stairs, older adults do not appear to 

be decreasing their use of stairs compared to their younger counterparts [6, 9]. 

In a review of stair negotiation in older adults, it was indicated that much basic 

research remains to be conducted to determine the key determinants of difficulty and 

safety on stairs [10]. Currently, there is a lack of complete information regarding the 

kinematics and kinetics at the lower limb joints (hip, knee, and ankle) during stair ascent 

and descent in a healthy older adult population.  This information is needed to be able to 

                                                   
1 Fall: “an event which results in a person coming to rest inadvertently on the ground or other lower level 
and other than a consequence of the following: sustaining a violent blow; loss of consciousness; sudden 
loss of paralysis, as in stroke, or an eplileptic seizure” [5]. 
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effectively identify and evaluate changes occurring in the lower limb due to pathologies 

or compensations, in an attempt to understand why falls occur on stairs to suggest 

prevention. 

2.1 Gait Cycle 

A key tool for communication and identifying and defining locomotor tasks such 

as stair ambulation is the gait cycle [11].   

During stair ascent and stair descent, the lower limbs move in a cyclical pattern 

similar to that of level walking, and the gait cycle for both tasks is divided into two 

distinct phases: the stance (support) phase and the swing phase.  Each of the phases is 

characterized by a distinct length of time spent in the swing and stance phases: stair 

ascent (66% stance: 34% swing) and stair descent (60% stance: 40% swing) [12].  

In terms of stair negotiation the stance and swing phases are further subdivided 

into three sub-phases during support and two sub-phases during swing.  The stance phase 

during stair ascent is subdivided into three specific sub-phases: 1) weight acceptance 

(WA: the initial movement of the body into an optimal position to be pulled up); 2) pull-

up (PU: the main progression of ascending from one step to the subsequent step); 3) and 

forward continuance (FC: the complete ascent of a step has occurred and continued 

progression forward occurs) [13]. The swing phase is subdivided into two specific sub-

phases: 1) foot clearance (FCL: the bringing of the leg up and over to the next step while 

keeping the foot clear of the intermediate step); and 2) foot placement (FP: simultaneous 

lifting of the swing leg and leg positioning for foot placement on step) [13] (Figure 2-1). 

Similar to ascent, the stance phase of descent is divided into three specific sub-

phases: 1) weight acceptance (WA); 2) forward continuance (FC: the commencement of 
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single leg support and the body begins to move forward); 3) controlled lowering (CL: the 

major portion of progression when descending from one step to the next) [13].  The 

swing phase of descent is subdivided into two specific sub-phases: 1) leg pull through 

(LP: the swing through of the leg); and 2) preparation for foot placement (FP) [13] 

(Figure 2-1). 

2.2 Stair Mechanics 

2.2.1 Kinematics and Kinetics 

The ability to perform the task of stair ambulation is both important and is a 

representative measure of an individual’s quality of life [14].  The task of stair 

negotiation is more demanding than level walking [15]; more specifically, greater forces 

[15], angles [16], powers [13, 17], moments [13, 15, 18], and ranges of motion (ROM) 

[14] have been consistently reported, with the majority of differences occurring at the 

knee joint.  

Joint Angles 

Studies of stair kinematics have revealed that the greatest ROM occurs in the sagittal 

plane [14, 15, 16, 17], with the amount of flexion, particularly at the knee, dependent on 

stair dimensions [12, 17].  Stair ambulation ROM at the knee requires approximately 10 

to 20 degrees more knee flexion compared to that of level walking [14, 16]; furthermore, 

descent requires about 5 to 10 degrees less ROM than ascent [16].  Similar to that of the 

knee, the hip joint has a ROM, requiring approximately 15 to 20 degrees more during 

stair climbing than level walking [14, 16].  During stair descent hip angles range from 20 
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to 30 degrees at the beginning of stance to 10 to 15 degrees of flexion at the end of stance 

[14, 13]. 

Similar to that of the hip and knee, the ankle too has a greater ROM in the stance 

phase. Studies have reported ankle plantarflexion ranging from 10 to 30 degrees and 

ankle dorsiflexion ranging from 20 to 30 degrees during stair ascent [13, 14, 16]; and 

ankle plantarflexion ranging from 25 to 40 degrees and dorsiflexion 20 degrees during 

stair descent [13, 16]. However, difference in the ROM between level walking and stair 

ambulation could be dependent on the characteristics of the staircase and the individual, 

with compensations primarily occurring at the knee, and secondary compensations 

occurring at the ankle and hip [12, 14, 17]. 

Unlike the sagittal plane, the range of movement in the frontal plane is quite small 

at all three joints with studies indicating less than 15 degrees ROM at the ankle and less 

than 10 degrees at the knee and hip joints compared to the maximum magnitudes in the 

sagittal plane during stair ascent stance [14].  The frontal plane is not always examined in 

studies, with only a few studies examining the kinematics during stair ascent [14, 15, 19]. 

Net Joint Moments 

Previous studies have indicated that knee moments are approximately 12 to 25 

percent greater than that of level walking, with the largest moments occurring in the 

sagittal plane [14, 16].  Costigan et al. [15] compared peak knee flexion moments during 

stair climbing from five previous studies, noting that peak knee flexion moments ranged 

from a low of 0.69 Nm/kg to a high of 1.50 Nm/kg.    
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Figure 2-1 A schematic of the ascent and descent gait cycle of traditional step-over-step     
stepping pattern. 
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Of those studies that have examined frontal plane, researchers have reported magnitudes 

from 0.42 Nm/kg to 0.46 Nm/kg [16, 15, 18] occurring at the knee joint.  Furthermore, 

Kowalk and colleagues [18] identified two key periods in which frontal plane moments 

were higher: 1) during late stance in stair ascent, and 2) early stance in stair descent. 

Costigan et al. [15] reported an external extensor moment occurring at the beginning of 

stance followed by an external flexor moment at the end of stance. 

Much variability in the hip moment patterns is reported in the literature during 

stair ascent and descent [13, 14, 15, 16, 17, 19, 20] and the observed variability could be 

due to difference in trunk positions. Position of the trunk could affect calculation of 

moments, as calculations of angular position depend on the orientation of the limbs 

relative to the axis of rotation and location of the joint centre defined within the limb’s 

local coordinate system (LCS).  The position of a joint centre determines the moment arm 

of the forces acting at the joint, thus affecting the magnitude of the calculated moment 

and the computed joint forces at each axis.  

During stair ascent, external flexor moments are reported, with Costigan et al. 

[15] reporting an external flexor moment of 0.8 Nm/kg. During stair descent, Andriacchi 

et al. [16] reported an external hip flexor moment with a short period of hip extensor 

moment at the end of stance.  

At the ankle, an internal plantarflexor moment is reported with maximum peak 

magnitude occurring during late stance [13, 14, 17, 20], with the maximum peak 

magnitude ranging from 1.2 to 1.5 Nm/kg. Similar to stair descent, an internal 

plantarflexor moment is reported; however the maximum peak magnitude occurs during 

early stance, ranging from 1.1 to 1.3 Nm/kg [13, 17]. 
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Frontal plane moments that provide medial-lateral stability during stair 

ambulation are not always examined in studies, with only the knee and hip joint during 

stair ascent being the focus.  To our knowledge, there is a lack of information reporting 

frontal plane moment during stair ambulation, particularly during stair descent and at the 

ankle joint. 

Another item to consider when comparing moments across studies is the different 

methods of reporting moments.  Moments can be reported as either external or internal 

moments, which indicate different actions occurring at the joint; however, confusion in 

the literature exists as often it is not stipulated whether internal or external moments are 

being examined. The external moment is the moment acting to move the limb.  For 

example, when ascending a step there is an external flexor moment that tends to flex your 

knee as you move up to the next step.  This external flexion moment is resisted by an 

internal extensor moment that stops you from collapsing back onto the previous step.  

This internal extensor moment is generated by the quadriceps acting to extend the knee.  

Joint Forces 

Net forces (ground reaction forces and accelerations) at the knee joint are similar 

in both level walking and stair ascent, with all three force direction curve profiles being 

comparative [15].  However, as in the case of the knee moments, the largest net forces 

occur during the stance phase while the knee is flexed at 60 degrees during ascent.  The 

increase in the load is due to knee flexion that changes the location of the body mass 

relative to the knee’s axis of rotation.  Hence, the higher the knee angle the more 

reduction in the contact area which results in higher stresses [15].  However, limited 
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research has examined the net joint forces across the joints in the sagittal and frontal 

planes during stair ambulation. 

The addition of muscle forces to the net forces allows for a better estimate of the 

contact forces.  Morrison [21] examined the joint contact forces during level walking, 

walking up and down a ramp, and descending and ascending stairs; reporting ascending 

stairs to be a more forceful activity with contact forces estimated at 4.2 times body 

weight [15].  Also, Costigan et al. [15] and Morrison [21] noted two distinct peaks of 

force during stair ascent, one before toe-off and one after foot strike. 

Joint Powers 

Another element examined is power.  While moments, identify the muscle(s) that 

are contracting, power identifies the function of the muscle contraction whether it be for 

absorbing energy to deaccelerate or brake, or to do external work [11].  During stair 

ascent, positive power/energy is produced at all joints, with a large amount of power 

being produced primarily at the knee joint during stance as well as at the hip; later in the 

stance phase, power production at the ankle occurs [13, 17].  On the other hand, during 

descent, joint powers are negative, representing energy absorption at the joints.  The 

negative energy associated with foot contact is absorbed at the ankle with moderate 

absorption occurring at the knee [17].  Following the ankle, the hip and knee also show 

power absorptions, with absorption occurring primarily at the knee joint during late 

stance (controlled lowering while the contralateral limb is being lowered from one step to 

the next) [13, 17].   
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2.2.2 Muscles 

Quantification of electromyographical (EMG) patterns during both locomotor 

tasks of level walking and stair ambulation have revealed that muscle activity for both 

tasks is quite stereotypic, with lower leg muscle activity peaking during the stance phase 

[11, 13, 16, 22, 23].  During stair ambulation, the knee joint has heavy demands placed 

on it, requiring both the knee flexors and extensors to take primary responsibility for knee 

joint stabilization [23].  In general, muscle activity for the lower limb is similar during 

both stair ascent and descent, with the primary differences being the role of the flexors, 

and extensors.  

During ascent, there is increased extensor activity as the extensors hoist the body 

vertically while battling gravity as the body progresses [13, 23].  Extensor activity is most 

pronounced from the beginning of stance to the end of stance and acts as a source of 

power [13, 14].  During the swing phase, extensor activity is reduced, becoming slightly 

more active during the final placement of the foot.  Flexor activity is increased during the 

swing phase, playing a key role in flexing the knee to allow for stair clearance, which is 

more important in stair ascent than descent [13].  

Stair descent is facilitated through the eccentric contraction of the rectus femoris, 

vastus lateralis, soleus, and medial gastrocnemius [13, 14].  Unlike ascent, there is a 

decrease in extensor (quadriceps) muscle activity in descent, with increased extensor 

activity occurring only during late swing to allow for extension of the leg at the knee to 

prepare for weight acceptance, and at early stance during controlled lowering, (the major 

portion of progression when descending from one step to the next), when absorption at 
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the knee occurs [13].  Flexor (hamstring) muscle activity is most active during the first 

half of the gait cycle, while it keeps the knee flexed for step clearance [13].  

2.3 Older Adults and Stair Ambulation 

As mentioned previously, the ability to perform the task of stair climbing is both 

important and representative of an individual’s quality of life, and it is required for the 

performance of normal activities of daily living [14].  Stair ambulation is performed with 

ease by young healthy persons; however, the task can be quite challenging for older 

adults due to the age-related biomechanical, physiological, and psychological changes 

that occur. 

Studies have identified several age-related changes or factors associated with 

compensations and difficulty in the performance of stair ambulation amongst older 

adults.  Hence, age-related factors associated with performance of stair ambulation have 

been examined, identifying potential compensatory mechanisms in older adult 

populations compared to their younger counterparts.    

The primary compensatory mechanism seen in older adults is in the 

neuromuscular system; specifically increased muscle activity occurs [24, 25]. In stair 

descent, James and Parker [24] identified uncharacteristic muscle activations in older 

adults compared to their younger counterparts.  Specifically, hamstrings showed 

consistent activity throughout the majority of the support phase; as well, co-activation of 

the muscles occurred during the transition to WA, thus, increasing support to the knee 

and ankle [24], whereas in younger adults hamstring activity occurred during the first half 

of the gait cycle only [13]. 
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During stair ascent, the biceps femoris showed high levels of atypical patterns, 

beginning and peaking earlier during the support phase [24].  As well, co-contraction of 

the gastrocnemius and tibialis anterior during WA was noted; this is not surprising, given 

that co-activation of antagonist muscles is generally a typical response to an increased 

need for joint stability [24]. 

The visual system is another system that undergoes age-related changes resulting 

in decreased visual acuity, potentially leading to an adoption of a more flexed trunk 

posture, in turn increasing muscle activity as well as instability [24, 26].  Specific age-

related changes are a reduction in retinal illuminance and contrast sensitivity that may 

impair ability to identify transitions and stair edges [26, 27].  However, results are mixed 

for the role of foot clearance, illumination, and age.  Hamel and colleagues [26] noted a 

risky behaviour displayed by older adults, reporting that older adults did not increase 

their minimum foot clearance in response to decreased illumination as did their younger 

counterparts, maintaining the same clearance heights over stairs.  Older adult foot 

clearance was below 5 mm, unlike the minimum 3.6 mm increase in response to reduced 

lighting displayed by younger adults [26].  By contrast, Simoneau et al. [27] noted that 

foot clearance under all visual conditions was 3.7 to 63.5 mm; however, when visual 

acuity was degraded significant adjustments to gait parameters were seen in older adults. 

Another characteristic more recently seen in older adults is the redistribution of 

joint moments to maintain tasks within ‘safe’ limits [28, 29, 30].  Devita and colleagues 

[28] first identified this idea of joint redistribution in the task of speeded gait, noting that 

older adults used their ankle plantarflexors and knee flexors less and their hip extensors 

more compared to their younger counterparts.  Recently, Reeves and Colleagues [29, 30] 
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investigated the idea of joint redistribution during stair ambulation to determine if joint 

redistribution was occurring to keep the task within ‘safe’ limits in an older adult 

population.  Reeves et al. [29] noted that older adults employed lower ankle moments and 

higher knee moments, which used a higher portion of their maximum capability during 

descent compared to younger adults.  During ascent different moment strategies at the 

ankle and knee were applied by older adults compared to their younger counterparts [30].  

Redistribution of joint moments and use of alternative strategies employed by older 

adults allow for meeting the demands of the task and keeping it within ‘safe’ limits [29, 

30]. Specifically, by altering the distribution of joint moments older adults maintain a 

larger moment reserve, rather than operating at the limits of joint moment capacity; thus 

adapting a number of alternative strategies to compensate for their reduced 

musculoskeletal capabilities older adults can successful achieve stair negotiation safely 

[28, 29, 30]. 

 Lastly, the impact of age-related changes on dynamic stability during stair 

ambulation has been receiving much attention to better understand factors behind 

increased incidence of falls on stairs in older adults. Dynamic stability during gait is the 

ability to control one’s centre of mass (COM) within a moving base of support (BOS) 

[31, 32, 33].  Centre of pressure (COP) has been defined as the neuromuscular response 

to shifts in the body’s COM and measures of COP have been used as an indicator of 

dynamic stability [31, 33]. Hence, COP is informative to the underlying control strategies 

occurring. 

 Previous studies have quantified displacement of the COM and COM-COP 

separation during level walking [34] and stair ambulation [32, 35]. It has been identified 
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that older adults have a small frontal COM-COP separation compared to their younger 

counterparts during stair ascent [30], while during stair descent it was observed that older 

adults demonstrate significantly less anterior-posterior and medio-lateral displacement of 

COP and velocity of COP compared to younger adults [33].  The velocity of COP 

indicates how an individual modulates gait; hence a slower speed of COP may be 

beneficial in maintaining dynamic stability while a faster speed of COP may be more 

difficult to maintain stability during stair ambulation. 

 Research is still needed to understand dynamic stability during stair ambulation in 

older adults as well as various other populations.  Furthermore, analysis of dynamic 

stability of different stair ambulation strategies employed by older adults may provide 

further insight for why these strategies are chosen and how they aid in the reduction of 

falls. 

2.3.1 Alternate Stair Ambulation Patterns 

Generally speaking, alternate gait patterns [use of handrail and/or step-by-step 

(SBS) pattern, placement of both feet on the same step prior to ascending or descending] 

adopted by older adults during stair ambulation tends to deviate from the traditional step-

over-step (SOS) pattern used by young healthy individuals.  As previously discussed, 

older adults are often forced to adjust their gait patterns due to decrements in muscular 

strength, proprioception, and balance mechanisms associated with age and disease.  

Alternate stair climbing patterns adopted to compensate for these functional limitations 

result in higher energy costs and lower efficiency, particularly during stair descent [10, 

36].  Most importantly, older adults who deviate from the traditional SOS gait patterns 
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for stair ambulation have a higher risk of falling than those who use the traditional SOS 

pattern [37]. 

There are several elements involved in the variation of stair climbing patterns of 

older adults, one of which is the role of the handrail during stair ascent and descent.  A 

handrail is a multipurpose tool that provides both physical and psychological support that 

may prevent falls after a trip or slip [37], decrease loads, and/or simply for assistance in 

negotiation of stairs [10].  Andriacchi et al. [16] investigated the biomechanics of stair 

climbing with a handrail and without a handrail, noting that there was no difference in the 

magnitude of the flexion-extension moments at the hip, knee, or ankle.  A more recent 

study noted that the use of the handrail during stair ascent reduced the ankle joint 

moment while increasing the knee joint moment [39], whereas, during stair descent the 

ankle moment increased [39]. However, in the case of both investigations, the amount of 

force applied was not controlled for nor was it measured, making it difficult to determine 

the role of the handrail during stair climbing: whether it be for balance or support. In 

addition, only a small number of participants was examined and only the sagittal plane 

was investigated.  

Other studies [10, 40] have also examined the role of grip strength and prevalence 

of falls amongst older persons, with one study noting decreased grip strength in fallers 

compared to their non-faller counterparts [40].  However to date, the magnitude of force 

applied by different populations, the application of varied amounts of force applied to the 

handrail and the effect of a handrail on the biomechanics of the lower limbs, have not 

been quantified during the task of stair negotiation. 
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Another compensation often exhibited by older adults is deviation in stair 

stepping patterns between the traditional SOS pattern and the compensatory SBS pattern, 

(Figure 2-2).  Distinct biomechanical differences between the two stepping patterns have 

been identified [19].  Specifically, both the SOS legs perform the same biomechanically, 

whereas, during the SBS gait pattern each leg (the lead and the trail leg) perform different 

functions.  The SBS lead leg during ascent and the SBS trail leg during descent were 

identified as the ‘working limbs’, characterized by the high anterior-posterior (AP) 

forces, flexion moments and powers at the knee joint, similar to those for ascent and 

descent of the SOS pattern [19].  Conversely, the ‘resting limbs’ were identified to be the 

trail leg during ascent and the lead leg during descent due to the lower AP forces, powers, 

and flexion moments experienced [19].  A potential reason for using the SBS gait pattern 

is due to the increased difficulty in stair ambulation associated with decrements in motor 

function (i.e., muscular strength, proprioception).  The SBS patterns allows for a shorter 

and slower stride that may increase feelings of stability and compensate for lower-limb 

weaknesses.  

Lastly, due to the increased danger and increased biomechanical stress of stair 

descent the alternate stair ambulation method of descending stairs backwards has been 

investigated [41].  Beaulieu and colleagues [41] noted that both forward and backward 

stair descent support moments were about 40 to 60 percent larger than compared to level 

walking; as were the location of the centre of pressure (COP) during backward descent 

was farther from the edge compared to forward descent [41]. Although this indicates that 

perhaps backward descent is safer, further investigation is required.  To date, it is unclear 

whether adaptations to age-related decrements improve stability, safety, and ease of  
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Figure 2-2 A schematic illustrating the gait cycles of (A) step-over-step (normal 
reciprocal stepping pattern) and (B) step-by-step (placement of both feet on the same step 
before ascending or descending) stepping pattern.  Step-over-step dotted leg is the lead 
leg, and step-by-step dotted leg is the trail leg. 
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performance; further investigation is warranted to quantify and understand alternate stair 

ambulation patterns in older adult populations. 

2.3.2 Fear of Falling 

While some modifications and adaptations used by older adults to meet the 

kinematic demands of stair ambulation have been identified, little has been done to 

explore why particular stair gait patterns are employed by older adults. Thus, it is unclear  

whether adaptations to age-related changes improve stability, safety, or ease of 

performance. Fear of falling2 has been identified as a key health issue amongst older 

adults, with an estimated prevalence of 55 to 65 percent [43, 44, 45, 46, 47].  Fear of 

falling is often associated with poor perception of health status, impaired balance, gait 

abnormalities, sex, and history of falls [47, 48, 49].  Table 2-1 provides an overview of 

the cross-sectional and prospective studies and the findings regarding fear of falling.  

Fear of falling may also mediate the relationship of functional ability in older adults [43, 

44, 50]; potentially influencing the decline in physical function, independence, quality of 

life, activities of daily living, and activity restriction [44, 46, 51, 52, 53].  As well, due to 

the health and social consequences of fear of falling, it has been targeted as a mechanism 

for intervention [51, 54, 55].  However, further research is needed to understand the role 

of fear of falling and its impact on stair biomechanics and its relationship to 

modifications employed during stair negotiation.

                                                   
2 Fear of falling: “a lasting concern about falling that can lead to individuals avoiding activities that he/she 

is capable of performing” [42]. 
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Table 2-1 An overview of prospective and cross sectional studies investigating variables associated with fear of falling.  

SF-36: Medical Outcomes Study Short Form 36-item Questionnaire; FF: Fear of Falling; ADLs: Activities of Daily Living;QOL: Quality of Life; ABC Scale: Activities Specific Balance Scale; HAP: Human 
Activity Profile; WHO: World Health Organization; MMSE: Mini Mental State Examination; ISAI: Iowa Self-Assessment Inventory; FES: Falls Efficacy Scale;WCCL-R: Ways of Coping Checklist-Revised; 
GDS15: Geriatric Depression Scale-15; STAI: State-Trait Anxiety Inventory-Form Y 

Howland et 
al. 1998 

Cross Sectional  M & F 
 62-93 y 
community 
dwelling  

266 Two groups: 
- fearful of falling 
- fearful of falling curtailing 
activity 
 

- demographics/fall history 
- fear of falling scale 
- SF-36 
- Social Integration Scale 
- Social Support Scale 

Logistic 
Regression 

Fearful of Falling Characteristics: 
- female 
- a previous fall 
- ↓ social integration 

Howland  et 
al. 1993 

Cross Sectional M & F 
> 58 y 
community 
dwelling 

196 Three groups: 
- very afraid 
- a little afraid 
- not afraid 

- Interview based measures 
- Questionnaire assessing FF, ADLs, 
demographics, health status,  fall 
history 

Linear 
Regression 

Those fearful of falling had: 
- lower self rated health 
- history of previous fall 

Arfken et al. 
1994 

Cross Sectional 
1 year study 

M & F 
66-81 y 
community 
dwelling 

888 Three groups: 
- no fear 
- moderately fearful 
- very fearful 

- Interview based measures 
- Geriatric Depression Scale 
- Frailty measures 
- Fall measures 

Logistic 
Regression 

Those who were fearful were: 
- women 
- increased age 
- frailty 
- impaired balance 
- history of falls 
- ↓ QOL 

Brouwer et 
al. 2004 

Cross Sectional >65 y 
community 
dwelling 

50 Two groups: 
- fearful of falling and 
curtailed activities 
- not fearful of falling 

- ABC scale 
- HAP 
- Limits of Stability 
- walking speed 
- lower extremity muscle strength 
- SF-36 

Stepwise 
Regression 
Model 

Those who were fearful had: 
- Low ABC scores 
- poorer physical performance 
- poorer perception of health status 

Drozdick & 
Edelstein 
2001 

Cross Sectional > 60 y 
community 
dwelling 

30 Two groups: 
- low fear 
- high fear 

- Fear of falling questionnaire 
- FES Scale 
- Philadelphia Geriatric Centre Pain 
Intensity Scale 
-WCCL-R/GDS15/STAI 

Analysis of 
Variance  

Highly fearful fallers had: 
- higher levels of pain 
- higher levels of anxiety 

Cumming et 
al. 2000 

Prospective  
12 month 
follow-up  

M & F 
Mean age 77 
y 
community 
dwelling 

418 Two groups: 
- high self-efficacy 
- low self-efficacy 

- FES Scale 
- SF-36 
- fall history 
- Spector Katz Index 
- Rosow Breslau Health Scale 

Multivariable 
models 

Those with low self-efficacy: 
- ↓ in ability to perform ADLS 
- deterioration on several SF-36 subscales 
- ↑ risk of future falls 

Vellas et al. 
1997 

Prospective  
2 y follow-up 
(1991-1992) 

M & F 
> 60 y 
community 
dwelling 

487 Two groups: 
- fearful after one fall 
- not fearful after a fall 

- Telephone interview  
- standardized WHO questionnaire for 
circumstances 
- Folstein’s MMSE 
- ISAI 
- fall history 
- fear of falling questionnaire 

Logistic 
Regressions 

Those fearful of falling: 
- female 
- ↑ age 
- balance and gait abnormalities 
- poor assessed physical & cognitive health 
 

de Leon et 
al. 1996 

Prospective 
18 month 
follow-up 

M & F 
> 72 y 
community 
dwelling 

1103 Three groups: 
- low self-efficacy 
- mid self-efficacy 
- high self-efficacy 

-Interview based measures 
-FES Scale 
-Katz ADL Scale 
-physical performance measures 

Linear 
Regression 

Those who had low self-efficacy: 
- decline in ability to perform activities of daily 
living 
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Currently, it is unclear if the process involved in stair negotiation compensations 

are related to specific risk factors associated with falls or fear of falling.   

Are these compensations present in the lower limb?  Are gait kinematic and kinetic 

differences a result of the pattern chosen or a result of compensations that are present?  In 

evaluating stair ambulation it is important to consider the method employed to negotiate 

stairs.  Further research is needed to determine the mechanics and the role of the different 

stair stepping patterns in various populations. 

2.4 Analyzing Gait Waveforms 

As previously mentioned, gait analysis is a non-invasive tool offering unique 

means of measuring biomechanical response to age-related changes  of the 

musculoskeletal system. However, one of the main issues with gait analysis is the large 

volume of data that is highly complex, correlated and multidimensional, hindering the 

interpretation of gait in a clinical setting due to the inability to successfully reduce the 

copious amounts of data [56, 57, 58]. 

Parameterization, one of the most commonly used methods for data reduction, 

extracts predefined parameters such as ranges or peak values that represent events from 

the gait waveform.  This type of technique can be subjective due to how the parameters 

are selected and it ignores the pattern of movement; thus this technique, while good for 

identification of normal gait curves, may be difficult to identify such parameters in the 

curve profiles of different populations. 

Due to the subjective nature of parameterization techniques, several alternate 

techniques to analyze a gait waveform in its entirety have been assessed.  Some of these 

techniques include: Fourier series, cluster analysis, neural network classifiers, and 

principal component analysis (PCA) [56, 59, 60, 61, 62, 63]. Non-parametric analysis 
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may be beneficial because the entire waveform is used in the analysis and it does not rely 

on individual parameters to represent the waveform.  PCA is a multivariate statistical 

technique that reduces the dimensionality of a set of correlated data (Figure 2-3) [64].  

PCA works by exploiting the correlation structure of the dataset; thus the greater the 

correlation within the dataset, the greater the potential for data reduction.  

Recently, PCA has been valuable in detecting differences between normal, 

pathological, and age-related gait patterns at specific times during the gait cycle [56, 57, 

58, 65, 66].  To date, no study has developed a PCA model to discriminate between 

young and older adult stair climbing gait. 
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Figure 2-3 A schematic of Principal Component Analysis (PCA). PCA can be applied to a 
dataset n x p where n are the observations and p are the variables. Each subject represents 
an observation and each data point in the waveform represents a variable.  
Mathematically, PCA consists of an orthogonal transformation that converts the original 
variables X=x1,x2,x3,…,xp into new uncorrelated principal components (PCs).  PCs are 
uncorrelated and arranged in decreasing order of their variance. Each subject receives a 
score for each direction of variation, thus scores are compared and measure the degree to 
which the shape of their waveform corresponds to each PC. Adapted from Deluzio KJ & 
Astephen JL 2007 [58]. 
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Chapter 3 

Differentiation of young and older adult stair climbing gait using 

principal component analysis 

A paper published in Gait & Posture 2010; 31(2):197-203. 

3.1 Abstract 

INTRODUCTION : Principal component analysis (PCA) has been used to reduce the 

volume of gait data and can also be used to identify the differences between populations.  

This approach has not been used on stair climbing gait data. Our objective was to use 

PCA to compare the gait patterns between young and older adults during stair climbing.  

METHODS: The knee joint mechanics of 30 healthy young adults (23.9 + 2.6 yrs) and 32 

healthy older adults (65.5 + 5.2 yrs) were analyzed while they ascended a custom 4-step 

staircase. The three-dimensional net knee joint forces, moments, and angles were 

calculated using typical inverse dynamics.  PCA models were created for the knee joint 

forces, moments and angles about the three axes. The principal component scores (PC 

scores) generated from the model were analyzed for group differences using independent 

samples t-tests. A stepwise discriminant procedure determined which principal 

components (PCs) were most successful in differentiating the two groups.  

RESULTS: The number of PCs retained for analysis was chosen using a 90% trace 

criterion.  Of the scores generated from the PCA models, nine were statistically different 

(p<.019) between the two groups, four of the nine PC scores could be used to correctly 

classify 95% of the original group.    

CONCLUSIONS: The PCA and discriminant function analysis applied in this investigation 

identified gait pattern differences between young and older adults.  Identification of stair 
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gait pattern differences between young and older adults could help in understanding age-

related changes associated in the performance of the locomotor task of stair climbing. 

3.2 Introduction 

One of the most prevalent, yet preventable, age-related health risks is falling - the 

leading cause of unintentional injuries among older adults [1, 2].  Research consistently 

points to stairs as the most common location of falls, which occur most frequently in the 

home [2, 3, 4, 5].  The mechanics of stair negotiation by young adults has received a 

great deal of attention [6, 7, 8, 9], but few studies have analyzed these same mechanics 

for older adults [10, 11, 12, 13].  Furthermore, even fewer studies have compared the 

biomechanics of young and older adults during stair negotiation.  Therefore, we do not 

have a comprehensive understanding of the biomechanical differences between the two 

populations. 

While a reduced number of studies is one reason for the lack of comparative 

information, another may be the analysis technique used. Parameterization, one of the 

most common methods of data analysis, extracts predefined parameters such as ranges or 

peak values that represent events of the gait waveform.  This type of technique is 

subjective and ignores the total pattern of movement, and while it is successfully applied 

to normal gait curves, it may be difficult to apply to populations with noticeably different 

waveforms.  If curve shapes differ between populations, it may be difficult to make valid 

comparisons.  

Due to the limitations of parameterization, several alternate techniques have been 

applied to the analysis of gait waveforms.  These include: Fourier series, cluster analysis, 

neural network classifiers, and principal component analysis (PCA) [14-19].  A technique 
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such as PCA uses the entire waveform in its analysis and may provide better information 

regarding the quantitative and temporal differences between groups [14, 20, 21].   

PCA is a multivariate, statistical technique that can reduce the dimensionality of a 

set of correlated data [22].  PCA transforms a set of variables into a smaller set of 

uncorrelated variables, called principal components (PCs), that are directed along the 

principle modes of variation in the data [22, 23, 24, 25].  PCA works by exploiting the 

correlation structure of the dataset; thus the greater the correlation, the greater the 

potential for data reduction.  Recently, PCA has detected differences in gait waveforms 

between normal, pathological, and age-related gait patterns during walking [14, 20, 21, 

23, 26]. 

Our objectives were to compare knee joint kinematics and kinetics during stair 

ascent in young and older adults using PCA and to identify the specific PCA variables 

that discriminate between the two groups.  

3.3 Methods 

3.3.1 Participants 

Thirty young adults (23.9 + 2.6 yrs) and 32 healthy older adults (65.5 + 5.2 yrs) 

without history or complaint of chronic pain, major injury, or surgery to the lower limbs 

or back were recruited for the study.  Mean height, mass, and stair ascent velocity for the 

young adults were 171.8 cm (SD 6.56) , 64.7 kg (SD 9.92), and 0.38 m/s (SD 0.10) , 

respectively.  Mean height, mass, and stair ascent velocity for the older adults were 

167.78 cm (SD 9.96), 72.32 kg (SD 15.42), and 0.45 m/s (SD 0.12), respectively. The 

University Research Ethics Board approved the procedures, and all participants provided 

informed, written consent. 
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3.3.2 Gait Analysis 

Participants completed five stair ascent trials at a self-selected pace in their 

regular running shoes.  Three dimensional gait patterns were assessed with an Optotrak 

3020 three-dimensional active tracking system (Northern Digital, Waterloo, Canada), 

while a force plate (AMTI, Newton, MA, USA) measured ground-reaction forces.  The 

force plate was mounted on concrete blocks and formed the middle of the second step of 

a standard dimension four-step staircase.  Standardized radiographs of each participant’s 

test leg were taken [27], and included a frontal view of the knee and hip and a sagittal 

view of the knee.  Calibration points embedded at precise locations in Plexiglas sheets 

were imaged along with the limb and served to correct for image magnification and 

distortion. In addition, lead beads were taped to the lateral aspect of the leg where the 

motion collection markers would be placed later.  These beads were imaged along with 

the knee’s internal structures and were attached at the greater trochanter, lateral femoral 

epicondyle, and the head of the fibula.  Distances between the imaged lead beads and 

specific bone landmarks were measured and corrected using calibration information 

derived from the radiograph procedure.  This allowed specific internal bone landmarks to 

be located with respect to the local limb coordinate systems developed from the surface 

markers.  The specific internal landmarks were the centre of the femoral head, the 

midpoint of the distal femur, the midpoint of the proximal tibia, and the midpoint of the 

ankle malleoli. 

During the stair ascent trials, the participants had four infrared emitting diode 

markers (IREDs) affixed to the lateral aspect of their test leg at the same locations as 

those of the lead beads used in the radiographs [28].  In addition, a single IRED was 
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attached to a forward-projecting probe strapped securely to the mid thigh, and another 

was strapped to the upper tibia just below the tibial tubercle [28].  To ascend the stairs, 

participants stood in front of the staircase and took an initial step on level ground; their 

next step was onto the staircase.  The gait cycle was defined from toe-off of the test leg to 

subsequent toe-off of the same test leg, forming a swing-stance sequence with the stance 

phase on the force plate step.  Final toe-off was determined using the force plate data, 

whereas the initial toe-off used an algorithm that matched the motion of the initial toe-off 

to that of final toe-off.  Motion and force plate data were sampled synchronously at 100 

Hz. 

The Queen’s Gait Analysis Three-Dimensional (QGAIT) system protocol, 

described and validated previously [29, 30], was used to process both the kinematic and 

kinetic data.  QGAIT uses information from the standardized radiographs, participant-

specific anthropometrics, and kinematic and kinetic data to calculate three dimensional 

angles, net forces, and net reaction moments at the knee.  The floating axis method [31] 

calculated three-dimensional knee angles and a standard link-segment model calculated 

the three-dimensional net forces and net reaction moments at the knee.  The forces and 

moments were defined using the right-hand rule in the tibial local coordinate system.  

The computed forces and moments were the net external forces and moments, not their 

internal counterparts.  For example, a positive flexion moment represents a net external 

flexor moment at the knee that is resisted by the knee extensors. 

The QGAIT system calculated three-dimensional knee angles, net forces, and net 

moments at the knee, as well as standard time-distance parameters such as stride length, 

time, velocity, and cadence.  For each participant, the knee force, angle, and moment 
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curves for the five trials were normalized to body weight and 100% of the gait cycle, and 

then they were ensemble averaged to give a single representative trial.  The knee angles, 

moments and forces were chosen because much of the functional impairment during stair 

negotiation is directly related to the knee [27, 6, 7, 8, 32] and is manifest in healthy 

people as they age. 

3.3.3 Statistical Methods 

Principal component analysis (PCA) was used to reduce the size of the data set. 

PCA is applied to a n x p matrix, where n are the observations and p are the variables.  In 

our application, observations are the subjects, and the variables refer to the time points in 

a waveform, a waveform time-normalized to 100% increment has 100 variables for each 

subject.  Mathematically, PCA applies an orthogonal transformation that converts the p 

variables X=x1,x2, x3,…,xp into p new uncorrelated variables called principal components 

(PCs), Z=z1,z2,z3,…,zp.  The PCs are arranged in decreasing order of the variance they 

explain [20, 23, 24, 33].  The PC model is Z=[UtX], where U is a transformation matrix 

that rotates the original observations into a new coordinate system, the columns of U are 

referred to as the loading vectors and are the eigenvectors of the correlation matrix of X.  

Loading vectors are the eigenvectors of the covariance matrix, whereas PC scores 

correspond to the degree in which the shape of each subject’s waveform differs from the 

mean waveform [23].   

Within the present study, principal component models were created for the knee 

joint moment, angle, and force curves about the three axes. The interpretation of PCs was 

accomplished by analyzing a series of loading vectors as well as individual gait 

waveforms that corresponded to high and low PC scores [34, 23, 35]. 
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A powerful property of PCA is that the majority of variation can be explained by 

the first few PCs, Z=z1, z2, z3…zk, where k<p, and the remaining PCs can be dropped 

from the model, thus achieving data reduction [33].  The number of PCs needed to 

adequately describe a data set can be determined using criteria based on the portion of 

explained variance [33].  For the purposes of this analysis, a 90% trace criteria was used 

to determine the number of PCs to keep in each model [23, 33].    

3.3.4 Analysis of Group Differences in the PC Scores 

The PC scores of the net knee joint forces, moments, and angles waveforms were 

analyzed for group differences using independent samples t-tests (α= .05) with 

Bonferroni adjustments for multiple comparisons (αcorrected= .05/ 26 comparisons = .019).  

A stepwise discriminant analysis (entry = .05 and exit = .06) was performed with 

all PC scores that were significantly different (p<.019) between groups.  The discriminant 

analysis was used to quantify overall group separation and determine which PCs could 

optimally separate the two groups [23, 35, 36].  In addition, velocity was forced into the 

discriminant model to ensure that speed was not driving the separation between the two 

groups. The accuracy of the discriminant model was assessed using cross validation [36].  

Lastly, as the focus of this investigation was to determine the key biomechanical 

differences between young and older adult stair climbing, only those PCs with significant 

discriminatory power were assessed in detail. 

3.4 Results 

Principal component models were created for the knee joint moment, angle, and 

force curves about the three axes (Table 3-1).  Table 1 summarizes the p-values 

corresponding to the t-tests, and the biomechanical interpretation of each significantly  
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Table 3-1 Description of the principal component models, biomechanical waveform 
features explained by each principal component, the p-values, and discriminant analysis 
summary. 

A 90% trace criteria was used to determine the number of PCs to keep in the model. The interpretation of each of the 9 PCs found to 
be significantly different (bolded) at p<0.019 is given below: 
a. PA force difference between early and mid-to-late stance 
b. Overall LM force magnitude during stance 
c. Overall DP force amplitude of second peak during stance 
d. Overall DP force amplitude of first peak during stance 
e. Overall flexion angle magnitude during swing 
f. Overall adduction moment magnitude throughout stance 
g. Overall magnitude of flexion moment during stance 
h. Differences between flexion moment peaks during stance 
i. Overall magnitude of internal rotation moment during stance 
† These four principal component scores were optimal in defining a discrimination model of the waveform data, correctly classifying 
95% of the original group. 
 

Mean and Standard Deviation         Z-

Score Results Gait Measure PC 

Variance 

Explained 

(%) Young Old 

p-Values 

1 44.8 -2.29 (±4.2) 2.14 (±3.3) < 0.001a † 

2 28.3 0.26 (±2.5) -0.25 (±4.2) 0.570 

3 14.7 -0.63 (±2.1) 0.59 (±2.8) 0.055 
Posterior-Anterior (PA) Force 

4 4.8 0.15 (±1.4) -0.14 (±1.5) 0.442 

1 88.3 3.02 (±3.7) -2.83 (±3.8) < 0.001b † 

Lateral-Medial (LM) Force 
2 4.8 -0.07 (±1.0) 0.07 (±1.2) 0.620 

1 41.7 -1.66 (±4.4) 1.56 (±5.9) 0.018 

2 20.5 -1.82 (±2.7) 1.71 (±3.9) < 0.001c 

3 13.9 -0.62 (±2.9) 0.59 (±3.2) 0.127 

4 7.9 1.30 (±1.7) -1.22 (±2.2) < 0.001d 

5 4.6 -0.04 (±1.5) 0.04 (±2.0) 0.875 

Distal-Proximal (DP) Force 

6 3.7 0.22 (±1.7) -0.21 (±1.6) 0.297 

Adduction Angle 1 90.9 -28.31 (±76.2) 26.54 (±75.9) 0.006 

1 60.0 2.87 (±82.7) -2.69 (±74.6) 0.782 

2 18.0 -17.60 (±33.3) 16.50 (±44.4) 0.001e Flexion Angle 

3 12.2 12.38 (±34.3) -11.60 (±32.2) 0.006 

1 76.0 -9.56 (±41.3) 8.96 (±53.4) 0.134 

2 13.8 -4.90 (±16.8) 4.59 (±23.1) 0.070 Internal Rotation Angle 

3 3.7 4.00 (±8.8) -3.75 (±11.0) 0.003 

Adduction Moment 1 94.1 -1.85 (±2.4) 1.79 (±0.9) < 0.001f † 

1 65.9 -1.06 (±2.6) 1.03 (±1.3) < 0.001g 

2 19.6 0.76 (±1.0) -0.73 (±1.1) < 0.001h † Flexion Moment 

3 6.8 0.08 (±0.7) -0.08 (±0.8) 0.414 

1 84.7 -0.27 (±0.3) 0.26 (±0.2) < 0.001i 
Internal Rotation Moment 

2 9.3 -0.02 (±0.1) 0.02 (±0.1) 0.138 
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Figure 3-1 The loading vectors for each of 9 PCs found to be significantly different at 

p<0.19. 
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different PC.  PCs were interpreted by visually inspecting the loading vectors (Figure 3-

1) as well as the select gait curves corresponding to the high and low PC scores.  The t- 

tests identified 9 PCs that were significantly different between the young and older adult 

groups (p<.019).   

Scatter plots (Figures 3-2d to 3-5d) of the PC scores revealed differences in the 

discrimination ability of each of the PCs.  The stepwise discriminant analysis 

differentiated the young and older adults based on 4 PCs, correctly classifying 95% of the 

original group (Table 3-1).  Velocity was not significant in the discriminant model and 

when assessed independently only correctly classified 59% of the original group, which 

is only slightly better than chance.  

The discriminatory model included the first principal component (PC1) of the 

postero-anterior (PA) shear force.  The loading vectors show that PC1 had small positive 

values during early stance and large negative values during mid-to-late stance (Figure 3-

2b).  The small positive values during early stance captured a temporal shift displayed by 

older adults, while the large negative values measured the magnitude of the PA force 

during mid-to-late stance.  The older adults had a lower PA force throughout the stance 

phase compared to their younger counterparts (p<0.001) (Figure 3-2). 

The second variable in the discriminant model was the first principal component 

of the lateral-medial (LM) force, PC1.  PC1 is a magnitude operator, which captures the 

differences in magnitude of the waveform over a specific interval, measuring the 

magnitude of the LM force during stance phase indicated by the positive loading vector 

during stance phase (Figure 3-3b).  Older adults had lower PC scores corresponding to a 

higher medial force during stance when compared to younger adults (Figure 3-3). 
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Figure 3-2 From top to bottom: a) mean postero-anterior (PA) force during stair ascent for young (solid) 
and older (dashed) adults, b) loading vector for the first PA force principal component, PC1, c) PA force 
curves for stair ascent trials that scored low (5th percentile) and high (95th percentile) on PC1, d) A scatter 
plot of the first two principal component scores for the PA force waveform data for the young (∆) and older 
(●) adults.  The plot reveals that group separation is primarily in the PC1 direction. 
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Figure 3-3 From top to bottom: a) mean lateral-medial (LM) force during stair ascent for young (solid) 
and older (dashed) adults, b) loading vector for the first LM force principal component, PC1,  c) LM force 
curves for stair ascent trials that scored low (5th percentile) and high (95th percentile) on PC1,  d) A scatter 
plot of the first two principal component scores for the LM force waveform data for the young (∆) and 
older (●) adults.  The plot reveals that group separation is primarily in the PC1 direction. 
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Figure 3-4 From top to bottom: a) mean adduction moment during stair ascent for young (solid) and older 
(dashed) adults, b) loading vector for the first adduction moment principal component, PC1,  c) Adduction 
moment curves for stair ascent trials that scored low (5th percentile) and high (95th percentile) on PC1,  d) A 
scatter plot of the first two principal component scores for the adduction moment waveform data for the 
young (∆) and older (●) adults.  The plot reveals that group separation is primarily in the PC1 direction. 
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Figure 3-5 From top to bottom: a) mean flexion moment during stair ascent for young (solid) and older 
(dashed) adults, b) loading vector for the second flexion moment principal component, PC2,  c) Flexion 
moment curves for stair ascent trials that scored low (5th percentile) and high (95th percentile) on PC2,  d) A 
scatter plot of the second and third principal component scores for the flexion moment waveform data for 
the young (∆) and older (●) adults.  The plot reveals that group separation is primarily in the PC2 direction. 
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The third variable in the discriminant model was the first component of the 

adduction moment, PC1.  PC1, a magnitude operator, measures the adduction moment 

magnitude during stance as indicated by the positive loading vector during stance  

 (Figure 3-4b).  Older adults had higher PC scores corresponding to higher adduction 

moment during stance compared to their younger counterparts (Figure 3-4). 

The final variable in the discriminant model was the second component of the 

knee flexion moment, PC2.  PC2’s loading vector had large negative values during early 

stance and large positive values during late stance (Figure 3-5b), representing a 

difference operator between the first and second flexion moment peaks during stance.  

Older adults were found to have a higher magnitude of positive flexion moment during 

early stance and a lower magnitude of flexion moment during late stance compared to 

their younger counterparts (Figure 3-5).  

3.5 Discussion 

Our purpose was to compare the biomechanical features of stair ascent between 

young and older adults using two multivariate techniques, PCA and discriminant 

analysis. 

Principal component models were created for the knee joint moment, angle, and 

force curves about the three axes.  Of the scores generated from these models nine were 

different between the two groups and of the nine PC scores four could be used to 

correctly classify 95% of the original group.  Velocity did not discriminate between the 

two groups, suggesting that the differences seen were not a result of different gait 

velocities.  However, the effect of velocity on gait, let alone stair mechanics, is not fully 

understood and further investigation is needed. 
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While only few studies have investigated stair ascent mechanics, those that have 

reported gait waveforms are similar to the four key waveforms reported here [28, 6, 7, 

37].  In this study, the first peak of the PA force waveform was smaller than the second 

peak, unlike the previous studies that report profiles with the first peak being larger than 

the second peak [28, 6, 7, 37].  Minor discrepancies such as this could be due to the 

different analysis techniques applied or the smaller number of participants assessed [28]. 

The PC scores that were the most discriminatory were PA force PC1, LM force 

PC1, adduction moment PC1, and flexion moment PC2.  These waveforms are associated 

with both the frontal and sagittal planes, and aspects of both planes play an integral role 

in stair climbing: aspects of the sagittal are responsible for forward progression, while 

aspects of the frontal planes are responsible for medio-lateral stability [28, 37].  In the 

frontal plane, older adults had higher medial force and a higher adduction moment; in the 

sagittal plane, older adults had a slight temporal shift during early stance and a lower PA 

force during mid-to-late stance, higher flexion moment during early stance, and a lower 

flexion moment during late stance.  This suggests a change in knee propulsion and 

medio-lateral stability with ageing.  

The biomechanical differences found between the two groups could be due to 

joint load redistribution.  Previous studies investigating older adult stair descent suggest 

that older adults may be redistributing their joint moments to maintain the task demands 

within ‘safe’ limits [38, 39].  This may also be the case during stair ascent: older adults 

could also be applying different strategies at the hip or ankle joints to keep stair ascent 

within ‘safe’ limits.  A comprehensive biomechanical analysis of the lower limb during 
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stair ascent in older adults is needed to further understand the changes adopted by this 

population. 

This study has presented the value and details of the objective methodological 

application of PCA and discriminant analysis for investigating differences in gait patterns 

between young and older adults, removing the need for subjective analysis of gait 

waveforms.  Features of gait waveforms that discriminated between the two groups were 

identified and were interpreted in terms of biomechanical gait measures.  The current 

study used healthy volunteers to determine gait pattern differences between young and 

old at the knee joint during stair climbing, and it should advance the knowledge of stair 

ascent mechanics of the knee joint. To the authors knowledge, this is the first study to do 

so, and it may be effective in evaluating age-related kinetic and kinematic changes. It is 

important to recognize that this was a cross-sectional study, and it is not possible to 

determine if differences are a result of ageing or other contributing factors.  There is a 

need for further investigation examining difference in joint mechanics during stair 

negotiation across the spectrum of age.  Further investigation should focus on using the 

multivariate techniques applied in this investigation to identify age-related changes in the 

mechanics of the lower limb, thus aid in the understanding of age-related changes 

associated in the performance of the locomotor task of stair climbing.  
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Chapter 4 

Kinematics and kinetics of the lower limb during stair ambulation in 

healthy older adults 

A paper submitted to Gait & Posture in March 2010. 

4.1 Abstract 

INTRODUCTION : The mechanics of stair negotiation by young adults has received much 

attention, while few studies have examined these same mechanics in an older adult 

population.  Consequently, a comprehensive understanding of the biomechanics of the 

lower limb in both the frontal and sagittal planes in an older adult population is lacking. 

The objective of this investigation was to provide normative profiles of the lower limb 

during stair ascent and descent in a healthy older adult population. 

METHODS: The lower limb mechanics of 28 healthy older adults (66.4 + 8.3 yrs) were 

analyzed while they ascended and descended a custom 4-step staircase.  The three-

dimensional net hip, knee, and ankle joint forces and moments were calculated using 

typical inverse dynamics, while net joint angles were calculated using a Cardan/Euler 

rotation. 

RESULTS: Mean ensemble sagittal and frontal plane waveform curve force, moment, and 

angle profiles + 1 SD at each of the three joints of the lower limb are presented, 

establishing normative profiles for stair ambulation in an older adult population. 

CONCLUSIONS: The study is a first step toward providing a detailed analysis of stair 

ambulation in an older adult population; it will aid in the continued understanding and 

evaluation of such tasks and in the evaluation of pathologies and compensations. 
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4.2 Introduction  

More demanding than level walking [1, 2], stair ambulation is performed with 

ease by healthy individuals; however, it is more difficult for older adults and those with 

decrements in motor function, balance impairments, and reduced lower limb functions. 

There are a limited number of investigations of stair ambulation, with much of the 

research focused on using stair ambulation as a tool for defining performance 

requirements during stair ambulation [1, 3] and for assessing abilities following anterior 

cruciate ligament deficiency [4, 5], patellofemoral pain [6, 7, 8], and knee replacement or 

arthroplasty [9].  The mechanics of stair negotiation by young adults has received much 

more attention [1, 3, 10, 11, 12, 13, 14, 15, 16, 17, 18], but few studies have analyzed 

these same mechanics in older adults [19, 20, 21, 22, 23, 24, 25, 26, 27].   These studies 

of the older adult population are limited by the small number of subjects assessed, and the 

examination of only one plane or one or two joints, therefore, a comprehensive overview 

of the biomechanics of stair ambulation has not been provided. 

Startzell et al. [28] noted that additional research is required to uncover the key 

determinants of difficulty and safety on stairs, particularly in an older adult population. 

Currently, lacking is a comprehensive understanding of the biomechanics of the lower 

limb across all joints in both the frontal and sagittal planes which both play an important 

role in stair negotiation in older adults. A detailed comprehensive study of healthy older 

adults is the key to establishing normative profiles for stair ambulation in this population, 

and it could aid in identifying and evaluating changes in the lower limb due to 

pathologies or compensations. 
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The objective of this investigation was to provide normative profiles of the lower 

limb during stair ascent and descent in a healthy older adult population. 

4.3 Methods 

4.3.1 Participants 

Twenty-eight (13M) (27 right dominant) healthy older adults (66.4 + 8.3 yrs, 

170.57 + 8.73 cm, 71.5 + 10.2 kg) were recruited for the study.  All participants were 

living independently in the community and were free of neurological and/or 

musculoskeletal problems that could affect gait. The University Research Ethics Board 

approved the procedures, and participants provided informed, written consent. 

4.3.2 Gait Analysis 

Participants completed three stair ascent trials and three stair descent trials at a 

self-selected pace in their regular running shoes.  An optoelectric camera (Northern 

Digital, Waterloo, Canada) tracked clusters of 3-4 infrared emitting diodes secured on the 

thigh, shank, and foot by elasticized straps, while a fin projecting from the pelvis was 

secured at the sacrum at the level of S2 (Figure 4-1).  Ground reaction forces were 

recorded with a force plate (AMTI, Newton, MA, USA) mounted on concrete blocks 

centred on the second step of a standard dimension four-step staircase (rise: 15 cm, run: 

26 cm, width 56 cm) [16].  Motion and force plate data were sampled synchronously at 

100Hz, filtered using a second order, low pass Butterworth filter with a cutoff frequency 

of 6 Hz, and processed using Visual 3D (C-motion, Inc., Germantown, MD).  The gait 

cycle was defined from foot contact of the test leg to subsequent foot contact of the same 

test leg, forming a stance-swing sequence  
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Figure 4-1 Standard configuration of lower limb and pelvis marker clusters during stair 
ambulation trials. Marker clusters were placed on the thigh, shank, foot, and at the 
sacrum at the level of S2. 
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with the stance phase on the force plate step.  Initial foot contact was determined using 

the force plate data, whereas the final foot contact used an algorithm that matched the 

motion of the initial contact to that of final contact.  To provide segment lengths, virtual 

anatomical landmarks were defined in static standing reference trials.  These landmarks 

approximated the first and fifth metatarsal heads, the medial and lateral malleoli, the 

medial and lateral epicondyles, the greater trochanter, and a point aligned with the greater 

trochanter at the level of the anterior superior iliac spine (ASIS).  The local coordinate 

system (LCS) for each segment was defined from these data.   

4.3.3 Joint Centre Locations 

To determine the location of each joint centre, two methods were applied 1) an 

anthropometric model for the ankle and knee joints, and 2) a functional model for the hip 

joint. For the ankle and knee, the joint centre was calculated as the midpoint between the 

malleoli and epicondyles, respectively [29].  The functional model for the hip tracked the 

motion of two segments spanning the hip to determine the axis of rotation between each 

pair of segment configurations and then determined the most common intersection 

(effective joint centre) and orientation (effective joint axis) [30].  The processing for this 

functional joint model is included in Visual 3D.    

4.3.4 Data Processing 

The Visual three-dimensional (3-D) motion analysis software (C-motion Inc., 

Germantown, MD) was used to process kinematic and kinetic data. Joint kinetics were 

calculated using an inverse-dynamics approach [31].  Forces and internal moments were 

calculated at the hip, knee, and ankle in the local coordinate system of the thigh, shank, 

and virtual foot segment, respectively. Joint angles were calculated using the 
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Cardan/Euler representation that finds the orientation of the distal segment with respect to 

the reference proximal segment using the x,y,z sequence of rotations [32, 33]. The three-

dimensional sign convention for the angles, forces, and moments followed an 

anatomically based coordinate system where the three principal axes were distal-proximal 

(DP), posterior-anterior (PA), and lateral-medial (LM) [34]. Abduction and flexion 

moments and forces directed from DP, PA, and LM are defined as positive.  For each 

participant, the force and moment curves were normalized to body weight; as well, the 

curves were normalized to 100% of the stance phase and then ensemble averaged to 

provide a single representative trial for each subject.  Only the sagittal and frontal planes 

were chosen for analysis only, as both planes play an integral role in stair ambulation; 

only the dominant leg was analyzed.  

Lastly, older adults completed three questionnaires: the Activities Specific 

Balance Confidence (ABC) Scale [35], the Human Activity Profile (HAP) [36, 37], and 

the Stair Self-Efficacy Scale (SSE) [38], to assess their balance confidence, activity 

levels, and self-efficacy, respectively. 

4.4 Results 

Participants 

Participant’s scored 93.5 (+ 5.39), 78.09 (+ 12.54), and 9 (+ 0.78) on the 

Activities Specific Balance (ABC) Scale [35]; Human Activity Profile (HAP) adjusted 

activity scores [36, 37]; and Stair Self Efficacy Scale (SSE) [38], respectively. The scores 

for each of these questionnaires are high indicating that the participants were high 

physical functioning older adults. 
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Gait Analysis 

Mean (+ 1SD) sagittal and frontal plane angle, moment, and force curve profiles 

of the hip, knee, and ankle during stair ascent and descent are presented in Figures 4-2 to 

4-7.  Mean (SD) stair ascent and stair descent cadence (steps/minute) were 95.1 (+ 13.91) 

and 103.01 (+ 17.4) steps/minute, respectively. Mean (SD) sagittal and frontal plane 

angles, moments, and forces at all three joints, during the stance phase of stair ascent and 

descent, see Appendix C. 

4.4.1 Stair Ascent 

Sagittal Plane 

At the onset of the stance phase, all three joints were flexed maximally and 

flexion decreased as they ascended the stair (Figure 4-2).  Within the first 20% of the 

stance phase, the knee extension moment increased sharply to 0.95 Nm/kg and returned 

to zero through late stance (Figure 4-3).  During this same time, the peak hip extensor 

moment occurred (0.35 Nm/kg) and returned to zero at mid-late stance, similar to the 

moment curve profile of the knee.  Unlike the knee and hip, the peak extension moment 

of the ankle does not occur until late stance, peaking at 1.2 Nm/kg (Figure 4-3). Hence, 

during early stance, both the hip and knee extensors are increasingly active while the 

plantarflexors are increasingly, active at the end of stance. Within the first 20% of the 

stance phase, the knee PA force increased sharply to 3.5 N/kg, with a second smaller 

burst of force occurring at late stance.  During this same time interval, the hip AP force 

peaked at 2.5 N/kg and then returned to zero at late stance. The ankle had two bursts of 

force, a small peak (0.75 N/kg) at early stance followed by a maximum peak (1.3 N/kg) 
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occurring during late stance: this pattern was complementary to that of the knee.  All 

three joints followed a similar PD force pattern, with two bursts of force occurring during 

early and late stance, the largest burst occurring at late stance (Figure 4-4).  

Frontal Plane 

At the onset of the stance phase, the hip was slightly abducted (4◦), and moved 

into adduction throughout the remainder of the stance phase.  Compared to the hip, both 

the ankle and knee have very little displacement occurring throughout the stance phase.  

Both the knee and ankle are adducted throughout the stance phase, with the ankle 

increasing sharply to 5◦ of abduction at the end of stance phase (Figure 4-2). Within the 

first 20% of the stance phase, the hip abductor moment increased sharply to 0.7 Nm/kg, 

and then a second smaller peak 0.5 Nm/kg occurred during late stance (Figure 4-3). 

During this same time interval, the knee followed a pattern similar to the hip moment  

profile with the abductor moment increasing sharply to 0.27 Nm/kg, followed by a 

second smaller peak (0.23 Nm/kg) during late stance.  Unlike the hip and knee, the mean 

ankle net joint moment was low, with a small adduction moment present (Figure 4-3). 

Hence, during the first phase of stance both the hip and knee abductors are increasingly 

active while the ankle adductors are slightly active throughout stance. Within the first 

20% of the stance phase, both the hip and knee ML force increased sharply to 1.0 N/kg 

and 1.3 N/kg, respectively with a second smaller burst of force in late stance.  Similar to 

the hip and knee, the ankle had two bursts of ML force, at early and late stance, unlike at 

the hip and knee, both bursts at the ankle were similar in magnitude (0.4 N/kg) (Figure 4-

4). 
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Figure 4-2 From the left to the right, hip, knee, and ankle mean (solid line) sagittal and frontal plane angular displacements 
during stair ascent.  The dashed lines represent + one standard deviation. Positive values of the Y axis refer to flexion or 
abduction. 
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Figure 4-3 From the left to the right, hip, knee, and ankle mean (solid line) joint sagittal and frontal plane moments during stair 
ascent.  The dashed lines represent + one standard deviation.  Positive values of the Y axis refer to flexion or abduction 
moments. 
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Figure 4-4 From the left to the right, hip, knee, and ankle mean (solid line) joint frontal and sagittal plane forces during stair 
ascent.  The dashed lines represent + one standard deviation.  Positive values of the Y axis refer to LM, PA, or DP forces. 
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4.4.2 Stair Descent 

Sagittal Plane 

At the onset of the stance phase, the hip joint is flexed at 13◦ flexion and remains 

at that angle until late stance, where the flexion angle increased sharply to 23◦, whereas, 

the knee joint at the start of the stance phase is flexed at 10◦ and continues to move 

through flexion to a maximum flexion peak (70◦) at the end of stance. Unlike the hip and 

knee joints, the ankle begins in plantarflexion (20◦) moving to dorsiflexion (30◦) at the 

end of stance (Figure 4-5). Both the knee and ankle moments follow a similar pattern 

throughout stance: two peak extension moments occurred during early and late stance.  

The maximum peak extensor moment for both joints occurred during late stance, and the 

onset of the first ankle moment peak began prior to the knee first peak moment.  In the 

case of the hip, at the start of the stance phase, a slight extensor moment occurred with 

the moment returning to zero, and a second flexion moment peak (0.3 Nm/kg) occurred 

in late stance (Figure 4-6).  Hence, during early stance, the knee extensor and ankle 

plantarflexors are increasingly active, whereas the hip flexors are increasingly active 

during stance.  Within the first 20% of the stance phase, the ankle PA force increased 

sharply to 1.2 N/kg, with a second burst of force at late stance similar in magnitude.  

Similarly the knee had two distinct peaks, one at early and late stance with max PA peak 

of 4.5 N/kg in late stance.  During this same time interval, the hip AP force was 1.3 N/kg, 

with a second burst of AP force (1.4 N/kg) at the end of the stance phase. During the 

course of stance all three joints followed a similar PD force pattern: two bursts of force 

occurring during early and late stance, the largest peak force occurring at early stance 

(Figure 4-7).  
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Frontal Plane 

Both the ankle and knee joint followed a similar angular displacement pattern.  

Throughout the stance phase, both the ankle and knee were adducted until late stance; 

when both joints moved towards abduction.  At the onset of stance, the hip joint was 

adducted at 10◦, and at late stance a second abduction peak occurred (Figure 4-5). Within 

the first 20% of the stance phase, the hip abductor moment increased to 0.8 Nm/kg, and 

then a second smaller peak 0.6 Nm/kg occurred at late stance. During this same time 

interval, the knee follows a pattern similar to the hip moment profile, with the abductor 

moment increasing to 0.33 Nm/kg  followed by a second smaller peak (0.2 Nm/kg).  

Unlike at the hip and knee, the mean ankle net joint moment was low, with a small 

adduction moment occurring at early stance (Figure 4-6). Hence, during the first phase of 

stance, both the hip and knee abductors are increasingly active, whereas the ankle 

adductors are slightly active throughout stance. ML force profiles of all three joints 

display similar curve profiles: an initial burst of force at the beginning of stance and a 

second burst of force during late stance, with the magnitudes of the forces varying across 

joints (Figure 4-7).  

4.5 Discussion 

This paper provides normative profiles of the lower limb during stair ascent and 

descent, data that has not been reported previously.  Understanding the normal, age-

related movement patterns during stair negotiation provides a benchmark against which 

to evaluate pathologies. 
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Cadence (steps/minute) during stair ascent were similar to those values previously 

reported [19, 25], whereas cadence during stair descent was higher in the current study 

compared to a recent study [26]. 

  The hip, knee, and ankle joint angles of the current study are similar in shape 

and magnitude to the previously reported values of Nadeau et al. [19], who investigated 

an older adult population.  McFadyen and Winter [1], and Reiner et al. [10] also reported 

similar angle waveforms across the three joints.  However, Reiner [10] reported a smaller  

ankle range of motion (ROM) throughout stance and higher hip and knee angle 

magnitudes during early stance, whereas McFadyen and Winter [1] reported higher hip 

angle magnitudes during early stance compared to the current study.  Different 

participant characteristics (i.e., age, height), step dimensions, marker placements, and 

motion analysis systems may be among the factors contributing to differences in results 

among studies.  Both Livingston et al. [18] and Reiner et al. [10] identified step 

dimension as a factor in joint kinematics and kinetics, especially at the knee. 

Furthermore, the size of the population examined in previous studies was small, 

particularly McFadyen and Winter [1] reported curves for only 3 subjects. 

The present study reported the internal moments during ascent, noting similar 

moment profile shape and magnitudes to those by Nadeau et al. [19]. Reiner et al. [10], 

Salsich et al. [6], McFadyen & Winter [1] also reported internal moments with all three 

studies indicating higher hip extensor moments compared to the current study.  The 

possible reasons for the observed differences at the hip could be the younger age 

composition of the participants in previous studies compared to the current one, thus 

highlighting age related differences, and/or a small subject sample size was examined (~ 
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n=10).  Another possibility could be the positioning of the trunk, affecting the calculation 

of the joint moments.  

A limited number of studies have examined joint forces occurring in both the 

frontal and sagittal planes. To our knowledge, Costigan et al. [15] and Reid et al. [16] are 

the only studies to report forces at the hip and/or knee joints during ascent in both the 

frontal and sagittal planes.  The current stud’s stair ascent sagittal and frontal hip and 

knee forces are similar in shape and magnitude of the values reported by Costigan et al. 

[15].  As well, knee PD forces during ascent are similar to values previously reported 

[15]. In the current study the hip ML force first peak occurred during early stance with a 

very slight second peak occurring during late stance.  However, Costigan et al. [15] 

reported a more pronounced second peak during late stance.   

During stair descent, sagittal plane hip, knee, and ankle angles of the current study 

are similar in shape and magnitude to those reported by McFadyen and Winter [1] and by 

Andriacchi et al. [3].  There are discrepancies across the studies in terms of the  

magnitudes reported, with Andriacchi et al. [3] reporting smaller ankle plantarflexion at 

the beginning of stance (12◦) and smaller dorsiflexion (10◦) at the end of stance compared 

to the current study.  Andriacchi et al. [3] and McFadyen and Winter [1] reported smaller 

knee flexion peak at the end of stance and a higher knee maximum flexion peak at the 

end of stance respectively.  

The reported descent sagittal internal moments of the current study are similar in 

shape to the moments reported by McFadyen and Winter [1], with differences in 

magnitudes between the current study and the aforementioned study.  
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Figure 4-5 From the left to the right, hip, knee, and ankle mean (solid line) sagittal and frontal plane angular displacements 
during stair descent.  The dashed lines represent + one standard deviation. Positive values of the Y axis refer to flexion or 
abduction. 
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Figure 4-6 From the left to the right, hip, knee, and ankle mean (solid line) joint sagittal and frontal plane moments during stair 
descent.  The dashed lines represent + one standard deviation.  Positive values of the Y axis refer to flexion or abduction 
moments. 
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Figure 4-7 From the left to the right, hip, knee, and ankle mean (solid line) joint frontal and sagittal plane forces during stair 
descent.  The dashed lines represent + one standard deviation.  Positive values of the Y axis refer to LM, PA, or DP forces.
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Unlike stair ascent, only a limited number of studies have examined the lower 

limb during stair descent in the frontal plane during stair descent.  To our knowledge, 

there is one study by Reid and colleagues [16] that reported knee joint frontal plane 

kinematics and kinetics during stair descent.  The frontal plane forces at the knee of the 

current study are similar in shape to those reported by Reid et al. [16]; however, the 

current study reported higher peak knee PA forces at early and late stance and higher LM 

peak forces during early stance. Again, differences could likely be due to the fact that the 

current study looked at an older adult population, whereas the previous study examined a 

younger population, further highlighting the need for documentation of normative values 

in an older adult population. 

A recent characteristic that has been noted in older adults is the redistribution of 

joint moments to keep the task of stair ambulation within ‘safe’ limits [24, 25]. In the 

current study, we have noted differences in the magnitudes of the moments reported 

during stair ascent and descent compared to previous studies that examined a young adult 

population, perhaps suggesting that joint redistribution is occurring and older adults are 

employing different strategies to maintain the task within ‘safe’ limits.  Further research 

is needed to understand this concept and to examine the complete lower limb in a wide 

age spectrum of older adults.  

The current study used healthy older adults to establish normative lower limb 

profiles for stair ascent and descent of an older adult population, adding to the current 

literature by providing detailed information that was lacking previously about the lower 

limb, particularly in the frontal plane and also at the ankle.  To the author’s knowledge, 

this is the first study to do so. It may be effective in evaluating changes that could be 
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occurring due to pathologies or compensations present in an older adult and patient 

populations.  It is important to recognize that while this study examined the kinematics 

and kinetics of the lower limb during stair ascent and descent in an older adult 

population, it is not possible to determine if differences are a result of ageing or other 

contributing factors.  There is a need for further investigations to understand the effects 

of ageing on the task of stair ambulation, to understand the roles of different methods 

(handrail use, stepping patterns) used to perform the task, and to examine the trunk 

during stair ambulation to evaluate its impact on the task.  This study is a first step in 

providing a detailed overview of stair ambulation in an older adult population, and it will 

aid in the continued understanding and evaluation of such a task, which could lead to 

improvements in task performance and safety. 
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Chapter 5 

Relationship between stair ambulation with and without a handrail and 

centre of pressure velocities during stair ascent and descent 

A paper submitted to Gait & Posture in July 2010. 

5.1 Abstract 

INTRODUCTION : Stair ambulation is one of the most challenging and hazardous types of 

locomotion for older adults and often requires the adoption of compensatory strategies 

such as increased handrail use to mitigate disability and increase stability.  Centre of 

pressure (COP) velocity describes the neuromuscular response to shifts of the body’s 

centre of mass and serves as an indicator of stability.  Knowledge of COP velocities may 

provide some understanding of strategies to improve measured and perceived stability 

during stair negotiation. The aim of this study was to compare COP velocities during stair 

ascent and descent with and without a handrail in healthy young, older and older adult 

with a fear of falling (FOF) populations.  

METHODS: COP velocities of 23 healthy young adults (23.7 + 3.0 yrs), 26 healthy older 

adults (66.4 + 8.3 yrs), and 3 older adults with FOF (80.2 + 8.0 yrs) were analyzed while 

they ascended and descended a custom 4-step staircase. COP velocities were obtained 

using a force plate mounted on concrete blocks centered on the second step of the 

staircase.  

RESULTS: During stair ascent and descent, with and without a handrail, the COP 

velocities between healthy young and older adults were comparable. The three adults 

with FOF demonstrated reduced COP velocities during ascent and descent without the 
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handrail and even slower COP velocities when ascending and descending stairs with the 

handrail. These results suggest that handrail use does not increase biomechanical stability 

for healthy, older adults.  However, in the presence of fear of falling the use of the 

handrail enhances dynamic stability, particularly during stair descent. 

CONCLUSIONS: This study provides the first detailed description of dynamic stability 

during stair ambulation with and without a handrail. Observations from those with FOF 

aid in understanding the nature of compensations to improve actual and perceived 

stability. 

5.2 Introduction 

Older adults are often forced to adjust their gait patterns during stair ambulation 

due to the decrements in muscular strength [1, 2, 3], decreases in proprioceptive acuity 

[1], and impaired balance [2, 3] associated with age and disease [4, 5].  As a result, 

compensatory gait strategies are often adopted to counterbalance or offset a disability or 

perceived disability. In general, alternate gait patterns [use of handrail and/or alternate 

stepping patterns] adopted by older adults during stair ambulation tend to deviate from 

the traditional step-over-step (SOS) pattern used by young, healthy individuals.  These 

deviations in stair gait patterns result in higher energy costs and lower efficiency 

particularly during stair descent [5, 6].  

There are several variations of stair climbing patterns, one of which is the use of 

the handrail. A handrail is a multipurpose tool that provides both physical and 

psychological support that may prevent falls after a trip or slip [7], decrease loads 

through the lower limb, or simply augment stability while negotiating stairs [5]. Only two 
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studies have investigated the joint kinematics and kinetics of stair ambulation with and 

without a handrail [8, 9]. However, they do not address the issue of stability, which is of 

concern among older adults. 

 Dynamic stability during gait is the ability to control one’s centre of mass (COM) 

within a moving base of support [10, 11, 12]. Centre of pressure (COP) has been defined 

as the neuromuscular response to shifts in the body’s COM, and measures of COP have 

been used as an indicator of dynamic stability [10, 12].  Previous studies have quantified 

COM and COM-COP displacements during level walking [13] and stair ambulation [11, 

14]. Only one study has assessed age-related changes of the COP trajectory during stair 

descent. Kim [12] reported that older adults displayed significantly less anterior-posterior  

and medio-lateral displacements of the COP and reduced COP velocity compared to their 

younger counterparts, indicating that a slower COP movement may be beneficial in 

maintaining dynamic stability whereas a faster COP motion may make it more difficult to 

maintain stability [12]. Currently, we have little understanding of stability during various 

stair negotiation strategies in older adults.   A detailed analysis of COP velocities 

associated with various strategies of stair descent in older adults is important in 

establishing normative data, understanding the relative merits of different stair 

negotiation strategies, and aiding in the identification of risk factors associated with falls 

during stair ambulation. 

 The objective of this investigation was to assess COP velocities during stair 

ascent and descent in healthy young and healthy older adult populations using the 

traditional SOS pattern with and without a handrail, to provide normative data as well as 
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identify which strategies of stair negotiation provide more stability. Observations from a 

few older adults with a fear of falling (FOF) are included to demonstrate the impact of 

fear of falling on measures of dynamic stability.  

5.3 Methods 

5.3.1  Participants 

Twenty-three (6M) young adults and twenty-six (13M) healthy older adults were 

recruited for the study.  In addition, three older adults with FOF were also examined.  All 

participants were free from any lower limb orthopaedic or neurological condition 

affecting their walking ability.  Participants with FOF responded yes to the question ‘do 

you have concerns about using the stairs’. The University Research Ethics Board 

approved the procedures, and all participants provided informed, written consent.  

5.3.2 Gait Analysis 

 Participants completed three stair ascent and three stair descent trials at a self-

selected pace with and without a handrail.  Ground reaction forces were recorded with a 

force plate (AMTI, Newton, MA, USA) mounted on concrete blocks centred on the 

second step of a standard dimension four-step staircase (rise: 15 cm, run: 26 cm, width: 

56 cm).  The removable handrail was placed on the left hand-side of the staircase for both 

ascent and descent and the right foot (their dominant leg) was tested in all participants.  

Participants were instructed to use the handrail simply for guidance rather than for 

assistance, specifically they were asked not to pull during ascent or to accept their body 

weight during descent. Force plate data were sampled at 100Hz, filtered using a second 
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order, low pass Butterworth filter with a cutoff frequency of 6 Hz, and processed using 

custom software developed using Matlab R2007a (The Math Works Inc., Natick, MA, 

USA). The gait cycle was defined from foot contact of the test leg to subsequent foot 

contact of the same test leg, forming a stance-swing sequence with the stance phase on 

the force plate step. Upon completion of the stair ascent and descent tasks older adults 

and adults with FOF were asked to identify which was their most preferred method for 

ascending and descending stairs. 

5.3.3 Data Processing 

Custom software, developed using Matlab R2007a (The Math Works Inc., Natick, 

MA, USA), was used to process the data. The COP was defined as the point of 

application of the ground reaction force (GRF) vector on the force platform [10]. For 

each participant, we calculated the location of the centre of pressure in the anterior-

posterior (COPAP) and medio-lateral directions (COPML), the corresponding velocities in 

those directions (VCOPAP and VCOPML respectively), and the velocity of the net center 

of pressure (VCOP).  For all these parameters, the average velocity computed over the 

stance phase was the outcome variable.  

Differences between conditions for the COP parameters were tested using a three-

way ANOVA with repeated measures of condition (no handrail/handrail), direction 

(ascent/descent), and a between subject factor (SPSS 17, SPSS, Chicago, IL, USA).  

Following the identification of a significant interaction effect, paired t-tests were used to 

identify the source of the difference. Statistics were not performed on older adults with 

FOF; due to the small sample size only observations were made.  
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Lastly, older adults and older adults with FOF completed three questionnaires: the 

Activities Specific Balance Confidence (ABC) Scale [15], the Human Activity Profile 

(HAP) [16, 17], and the Stair Self-Efficacy Scale (SSE) [18], to assess their balance 

confidence, activity levels, and self-efficacy, respectively. 

5.4  Results 

5.4.1 Participants 

 Participant characteristics are summarized in Table 5-1.  Additionally, both the 

healthy older adults and older adults with FOF chose handrail use as their most preferred 

method when ascending and descending the stairs. 

5.4.2 Cadence of stair ascent and descent 

Stair cadence was not different between the healthy groups (p=.16) but differed 

between directions (p=<.001), reflecting faster descent than ascent. There was no main 

effect of handrail use on cadence (p=.67); however, in the young adults only using the 

handrail reduced the cadence (p=.024). In comparison to the older adults, older adults 

with FOF appeared to ascend and descend the stairs with a lower cadence, and handrail 

use increased their stair cadence in both ascent and descent (Table 5-2). 

5.4.3 COP velocity: Healthy young and older adults 

There was no difference in VCOP during stair ascent between the healthy groups 

(young vs. older adults) (p=.143). However, there was interaction between handrail 

condition and direction (p=.024) and post hoc analysis revealed that handrail use  
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Table 5-1 Participant characteristics. 

 

 Age (yrs) Height (cm) Weight (kg) ABC HAP SSE 

Young Adults 23.7 (3.0) 171.2 (7.7) 62.7 (10.8) ----- ----- ----- 

Older Adults 66.4 (8.3) 170.57 (8.73) 71.5 (10.2) 93.5 (5.39) 78.09 (12.54) 9 (0.78) 

Older adults 

with FOF 
80.2 (8.0) 166.7 (3.57) 66.87 (16.0) 77 (10.67) 47.25 (17.74) 6 (0.31) 

All values are presented as means (SD). 

Older adults with FOF – older adults with a fear of falling 

ABC, Activities Specific Balance Scale [15]; HAP, Human Activity Profile (HAP) adjusted 

activity scores [16, 17]; SSE, Stair Self Efficacy Scale [18]. 

----- Young Adults did not complete ABC, HAP or SSE questionnaires. 
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increased VCOP by an average of 1.4 cm/s during ascent only. Similar to stair ascent, 

there was no difference between the healthy groups for stair descent (p=.143).  

Investigation of VCOPML and VCOPAP did not reveal any significant differences 

between groups or handrail conditions for either stair ascent or descent (p>.130, p>.053, 

respectively). 

Although there were no differences due to handrail use, there were differences 

between ascent and descent indicating a reduced VCOP during stair ascent (p<0.001). 

Data are summarized in Table 5-2 and Figure 5-1.  

5.4.4 COP velocity: Adults with a fear of falling 

The older adults with FOF show a reduced VCOP during stair ascent compared to 

the healthy young and older adults (Table 5-2; Figure 5-1) However, similar to the 

healthy groups, those with FOF demonstrated no change in VCOP during stair ascent 

with a handrail. Reduced VCOP during stair descent was also seen in adults with FOF 

when compared to the young and older adults, and this group appeared to further reduce 

their VCOP during stair descent with handrail use.  

5.5 Discussion 

This is the first study to report changes in centre of pressure velocity (VCOP) 

between healthy young, healthy older and older adults with FOF during stair negotiation 

with and without a handrail. The main findings indicated comparable VCOP between 

healthy young and older adults during stair ascent with and without a handrail and 

descent with and without a handrail (Figure 5-1). However, in general, stair ascent  
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Table 5-2 Mean (SD) cadence, net COP Velocity and COP Velocity in the M-L and A-P directions during stair ascent and descent for 
young, older, and older adults with a fear of falling. 

The values presented for COP velocity in the ML and AP directions are the absolute values. 
NH, stair negotiation without a handrail; H, stair negotiation with a handrail. 
* Refers to significant difference between directions (ascent vs. descent) 
†‡Refers to significant differences between stair conditions (handrail vs. no handrail) 

Measure Condition Young Adults Older Adults Older Adults  

with a fear of falling 

Cadence (steps/min) Ascent* 

 

Descent* 

NH  

H 

NH 

H 

101.88    (9.03)† 

  97.75    (7.78)† 

110. 78 (10.84)‡ 

105.41  (12.80)‡ 

  96.47  (13.89) 

  96.51  (13.35) 

103.88  (15.14) 

  90.48  (26.26) 

76.34  (15.45) 

81.53  (18.63) 

85.06  (10.5) 

90.48  (26.26) 

COP Velocity (cm/sec) Ascent* 

 

Descent* 

NH  

H 

NH 

H 

  28.57    (8.28) 

  29.94  (11.93) 

  42.63  (15.15) 

  40.51  (13.86) 

  25.49    (6.01) 

  26.82    (5.90) 

  36.36    (7.5) 

  37.67    (7.74) 

25.09    (6.71) 

25.42    (8.25) 

34.24    (8.29) 

27.96    (5.40) 

COP Velocity M-L Direction 

(cm/sec) 

Ascent 

 

Descent 

NH  

H 

NH 

H 

  12.18   (4.46) 

  11.87   (4.42) 

  17.90   (6.88) 

  16.90   (6.63) 

  11.95    (2.93) 

  12.13    (3.63) 

  17.43    (4.32) 

  16.93    (5.39) 

  9.94    (3.60) 

  9.33    (3.77) 

12.12    (5.80) 

  8.07    (4.84) 

COP Velocity A-P Direction (cm/sec) Ascent 

 

Descent 

NH  

H 

NH 

H 

  21.83   (6.81) 

  23.61   (9.96) 

  34.60  (12.96) 

  33.12  (12.37) 

  19.73    (5.71) 

  21.24    (5.71) 

  29.48    (6.88) 

  31.06    (7.95) 

21.69    (6.12) 

22.12    (6.88) 

30.75    (6.44) 

25.64    (5.15) 
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Figure 5-1 Centre of pressure velocity during stair descent and ascent with and without a 
handrail. Solid represents young adults, dotted represents older adults, and diagonal line 
represents fearful of falling older adults.     
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appeared to be an inherently more stable task than stair descent, as indicated by slower 

VCOP during stair ascent. The FOF adults demonstrated reduced VCOP during ascent 

and descent without the handrail and even slower VCOP when descending stairs with the 

handrail (Figure 1).  

Few researchers have directly investigated measures of stability or balance during 

stair negotiation in older adults. Studies that have used whole-body centre of mass 

(COM) and its interaction with COP to indicate stability during stair negotiation have 

reported no significant age-related changes [11, 14]. Our findings are comparable for 

VCOP, VCOPML and VCOPAP for a group of healthy, young and healthy, older adults. 

We further add that use of a handrail in either group does not significantly alter the 

measured dynamic stability, indicating that older adults were able to maintain adequate 

stability.  However, it is interesting to note that all older adults chose use of the handrail 

as their most preferred method of stair ascent and descent. Thus, the handrail may 

provide individuals with a greater perception of stability or balance confidence even in 

the absence of measured changes in COP velocities and reported fear of falling. Also, 

using the handrail reduced stepping cadences in the young adult population but not in the 

healthy older adult population.  The reduction may be because stepping and using the 

handrail was not the young adult’s preferred method and, therefore, felt less natural 

resulting in reduced cadences. 

From a motor control perspective, an increased COP velocity challenges the postural 

control system to respond rapidly and accurately to COP perturbations in order to 

maintain stability [19]. In contrast, slower COP velocity enables more graded responses 

as the destabilization forces are lower [19].   In the current study, COP velocity was 
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slower during stair ascent compared to stair descent.  This finding suggests that stair 

ascent is inherently more stable than stair descent. Considering the consequences of falls 

during stair descent and the self-reported difficulty with stair descent [5, 6, 20], this is an 

important finding since, compared to ascent, stair descent requires more neuromuscular  

control from the supporting limb to control lowering body to the next step [21]. 

Furthermore, it has been reported that older adults experience greater hip and pelvis 

motion in the frontal plane during stair descent [11, 22], suggesting that greater 

stabilization is needed to compensate for these movements compared to stair ascent [23], 

a finding supported by others [18, 24]. Even in adults with FOF, the COP velocities 

during stair ascent with and without handrail use were similar to those of the young and 

older adults, indicating that stair ascent is a more stable task for all groups.  

During stair descent, COP velocities of those with FOF were lower than those of 

healthy, older adults, and COP velocities were further reduced by approximately 6.28 

cm/sec with handrail use in the adults with FOF.  Considering that falls are 2-3 times 

more likely due to loss of stability during stair descent than ascent, handrail use may 

serve as an effective means of enhancing dynamic stability [25]. It could also be why 

adults with FOF reported that stair ambulation with a handrail was their preferred method 

and that they would not perform the task in the community or at home without a handrail; 

this behaviour is typical in older adults with reduced self-efficacy [18].  

In the case of the three older adults with FOF, slower stair cadences were observed 

compared to the healthy, older adults during both ascent and descent.  Furthermore, 

reduced VCOPML were observed, whereas VCOPAP were similar to values reported for 

the young and older adults. These observations may be indicative of a compensation or 
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cautionary behaviour to reduce the risk of falling.  Previous studies [14] have indicated 

that while stepping over an obstacle on the ground, frontal plane COP motion was 

increased in older adults with balance difficulties. Additionally, frontal plane instability 

has been reported in older adults [22, 24] and this, coupled with a reduction in hip 

abductor strength, may affect the ability to generate appropriate muscle moments to 

counter shifts in the frontal plane [22].  In adults with FOF, it was observed that handrail 

use caused a reduction in the VCOPML, likely for added stability during stair descent. 

This was accompanied by increased cadences of approximately 5.19 (steps/minute) and 

5.42 (steps/minute) respectively, suggesting that the handrail may provide individuals 

with a greater sense of perceived and actual stability. Further investigation is warranted to 

further explore these relationships.   

This study provides important insight into stability during stair negotiation; however, 

there are limitations.  Firstly, the older adults in our study were active with average HAP 

scores of 78, this is a high score representing a high physically functioning population 

and, therefore, may not be representative of all healthy, older adults.  Indeed, others have 

reported lower VCOP in older adults during unaided stair descent compared to young 

adults [12]. Subjects in Kim et al.’s study [12] were older (mean 73.1 years), but activity 

level, balance confidence or stair self-efficacy were not reported.  In the current study, 

adults with FOF, who were less active and fearful, also showed marked differences in 

their COP velocities; however, they were also older.  The interpretation of the findings 

associated with this group is limited because of the small sample size; however, the 

observations are sufficiently intriguing to warrant further study. 
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The current study adds to the literature by providing normative data about dynamic 

stability during stair ascent and descent and the influence of handrail use in healthy 

young and older adults and adults with FOF. Young and older adults demonstrated 

similar COP velocities during stair ascent and stair descent with and without a handrail, 

although with the handrail young subjects reduced their cadence.  Observations from 

older adults with FOF adults demonstrated reduced COP velocities during stair ascent 

and descent without a handrail and even slower COP velocities when ascending and 

descending stairs with a handrail, suggesting that handrail use provides a degree of 

dynamic stability, particularly during stair descent. The reduction in COP velocities 

demonstrated by the older adults with FOF may indicate a cautionary control strategy to 

optimize dynamic stability during the performance of stair ambulation. Further 

investigation is needed to explore the effects of self-efficacy and FOF on the task of stair 

ambulation including dynamic stability in relation to non-fearful, age-matched older 

adults.  

 

 

 

 

 

 

 

 

 

 

 

 



 

97 97 

5.6 References 

1. Duncan PW, Chandler J, Studenski S, Hughes M, Prescott B.  How do 
physiological components of balance affect mobility in elderly men?  Archives of 
Physical Medicine and Rehabilitation 1993; 74:1334-1429. 

 
2. Murphy MP, Kory RC, Clarkson BH.  Walking patterns in healthy old men. 

Journal of Gerontology 1969; 24:169-178. 
 

3. Trueblood PR, Rubenstein LZ.  Assessment of instability and gait in elderly 
persons.  Comprehensive Therapy 1991; 17(8):20-29. 

 
4. Prince F, Corriveau HC, Hebert R, Winter DA.  Review Article: gait in the 

elderly.  Gait and Posture 1997; 5:128-135. 
 

5. Startzell JK, Owens DA, Mulfinger LM, Cavanah PR.  Stair negotiation in older 
people: a review. Journal of the American Geriatrics Society 2000; 48:567-580. 

 
6. Shiomi T.  Effects of different patterns of stairclimbing on physiological cost and 

motor efficiency.  Journal of Human Ergology 1994; 23:111-120. 
 

7. Studenski S, Duncan PW, Chandler J, Samsa G, Prescott B, Hogue C, Bearon LB.  
Predicting falls: the role of mobility and non-physical factors.  Journal of the 
American Geriatrics Society 1994; 42:297-302. 

 
8. Andriacchi TP, Andersson GBJ, Fermier RW, Stern D, Galante JO.  A study of 

lower limb mechanics during stair-climbing.  The Journal of Bone and Joint 
Surgery 1980; 62A(5):749-757. 

 
9. Reeves N, Spanjaard M, Mohagheghi A, Baltzopoulos V, Maganaris C. Influence 

of light handrail use on the biomechanics of stair negotiation in old age 
Gait & Posture 2008; 28 (2):327-336. 

 
10. Winter DA. Human balance and posture control during standing and walking. 

Gait & Posture 1995; 3:193-214. 
 

11. Mian OS, Narici MV, Minetti AE, Baltzopoulos.  Centre of mass motion during 
stair negotiation in young and older men.  Gait & Posture 2007; 26:463-469. 

 
12. Kim HD.  A comparison of centre of pressure during stair descent in young and 

healthy elderly adults.  Journal Phys. Ther. Sci 2009; 21:129-134. 
 

13. Lee HJ, Chou LS.  Detection of gait instability using the centre of mass and centre 
of pressure inclination angles.  Archives of Physical Medicine and Rehabilitation 
2006; 87(4):569-575. 

 



 

98 98 

14. Lee HJ, Chou LS.  Balance control during stair negotiation in older adults. Journal 
of Biomechanics 2007; 40:2350-2536. 

 
15. Powell LE, Meyers AM.  The activities-specific balance confidence (ABC) scale.  

Journals of Gerontology Series A: Biological Sciences and Medical Sciences 
1995; 50(1):M28-M34. 

 
16. Daughton DM, Fix AJ, Kass I, Bell CW, Patil KD. Maximum oxygen 

consumption and the ADAPT quality of life scale.  Archives of Physical Medicine 
and Rehabilitation 1982; 63:620-622. 

 
17. Fix AJ, Daughton DM.  Human Activity Profile.  Professional manual, ed. 3. 

Odessa, Psychological Assessment Resources, 1988. 
 

18. Hamel KA, Cavanagh PR.  Stair performance in people aged 75 and older.  
Journal of the American Geriatrics Society 2004; 52:563-567. 

 
19. Duclos C, Desjardins P, Nadeau S, Delisle A, Gravel D, Brouwer B, Corriveau.  

Destabilizing and stabilizing forces to assess equilibrium during everyday 
activities.  Journal of Biomechanics 2009; 42:379-382. 

 
20. Verghese J, Wang C, Xue X, Holtzer R.  Self-reported difficulty in climbing up or 

down stairs in nondisabled elderly.  Archives of Physical Medicine and 
Rehabilitation 2008; 89:100-104. 

 
21. James B, Parker AW. Electromyography of stair locomotion in elderly men and 

women.  Electromyography & Clinical Neurophysiology 1989; 29:161-8. 
 

22. Nadeau S, McFadyen BJ, Malouin F.  Frontal and sagittal plane analyses of the 
stair climbing task in healthy adults aged over 40 years: what are the challenges 
compared to level walking?  Clinical Biomechanics 2003; 18:950-959. 

 
23. Krebs DE, Wong D, Jevesar D, Riley PO, Hodge WA.  Trunk kinematics during 

locomotor activities.  Physical Therapy 1992; 7:505-514. 
 

24. Reid SM, Graham RB, Costigan PA.  Differentiation of young and older adult 
stair climbing gait using principal component analysis.  Gait & Posture 2010; 
31(2):197-203. 

 
25. Svanstrom L. Falls on stairs: An epidemiological accident study.  Scandinavian 

Journal of Social Medicine 1974; 2:113-120. 



 

99 99 

Chapter 6 

Principal component analysis of the lower limb kinetics: Stair 

negotiation with and without a handrail in older adults and adults with 

fear of falling 

A paper in preparation to be submitted. 

6.1 Abstract  

INTRODUCTION : Stair ambulation is one of the most challenging and hazardous types of 

locomotion for older adults. The present study examined lower limb kinetics in older 

adults during stair ambulation with and without a handrail to determine if using a handrail 

alters lower limb mechanics.  As well, observations of older adults with a fear of falling 

(FOF) were made to assess the effect of using a handrail on their lower limb kinetics. 

METHODS: Lower limb joint kinetics of 28 healthy older adults (66.4 + 8.3 yrs) and 3 

older adults with FOF (80.25 + 8.0) were analyzed while they ascended and descended a 

custom 4-step staircase either using on not using a handrail. PCA models were created for 

the lower limb joint (hip, knee, ankle) moments in the sagittal and frontal planes. For the 

older adults, the principal component scores were analyzed across handrail conditions 

using a repeated measures analysis of variance (ANOVA). The statistical similarity of 

gait waveforms for each condition between the older adults and the older adults with FOF 

were assessed using T2 and Q values. 

RESULTS:  For the older adults, there were no significant differences in the lower limb 

moments during stair ambulation between handrail and no handrail condition.  Similarly, 

for older adults with FOF, there were no observed differences in the lower limb joint 
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moments with handrail use.  However, older adults with FOF demonstrated differences 

from ‘normal’ gait patterns during stair ambulation with and without a handrail. 

CONCLUSIONS: This study is the first step in providing a detailed picture of lower limb 

joint moments during stair ascent and descent with and without a handrail in older adults 

and older adults with a fear of falling populations.  Observations from those with FOF, 

may aid in understanding the nature of compensations to improve actual and perceived 

stability as well as in designing intervention strategies. 

6.2 Introduction 

 Because stair ambulation is a common activity of daily living, the ability to do it 

efficiently is important to an individual’s quality of life [1]. Older adults have identified 

stair negotiation as one of the most difficult tasks attributable to ageing [2,3,4], and 

research consistently points to stairs as the most common location of falls, which occur 

most frequently in the home [5, 6, 7]. Stair ambulation is performed with ease by young 

healthy persons; however, the task can be quite challenging for older adults due to age-

related biomechanical, physiological, and psychological changes.  Previous work has 

identified older adults use proportionately more of their muscle capacity to negotiate 

stairs and thus redistribute the joint moments to maintain muscle output within 

comfortable limits [8, 9].  These strategies could alter movement patterns which may be 

relevant if the overall (net) support is compromised, as the support moment prevents 

lower limb collapse during stance in level walking [10]. 

Generally, fear of falling (FOF), is analyzed within a self-efficacy frame work 

[11]; and has been identified as an issue affecting the health of older adults and the 

estimated prevalence of fear of falling is between 55 to 65 percent [12, 13, 14, 15]. 
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Previous research has concluded that FOF may lead to declines in physical function and 

avoidance of activities that an individual is capable of doing [16, 17, 18].  However, 

research is needed to understand the influence of fear of falling in a task such as stair 

ambulation.  

Persons with decrements in motor function or low self-efficacy often adopt 

compensatory gait strategies where a compensation is defined as a particular strategy 

employed to counterbalance or offset a disability or perceived disability by exerting an 

opposite effect. There are several variations of stair ambulation strategies, one of which is 

the use of a handrail.  A handrail is a multipurpose tool that provides both physical and 

psychological support that may prevent falls after a trip or a slip [19], decrease loads 

through the lower limb, or augment stability while negotiating stairs [2].  To date, few 

studies have examined the effects of handrail use during stair negotiation [20, 21]. Of 

those, Andriacchi et al. [20] investigated the biomechanics of stair climbing with and 

without a handrail in young adults, and found no differences in the magnitudes of the 

flexion-extension moments at the hip, knee, or ankle when a handrail was used.  A more 

recent study of older adults noted that the use of a handrail during stair ascent reduced the 

ankle joint moment while increasing the knee joint moment [21], whereas during stair 

descent the ankle moment increased [21].  However, in the case of both investigations, a 

small number of participants and only sagittal plane data were examined.  Therefore, we 

do not have a comprehensive understanding of the biomechanical effects of handrail use 

during stair ascent and descent, or an understanding of handrail use in older adults with a 

fear of falling (FOF).   
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While the small number of studies is one reason for the lack of comparative 

information, another may be the analysis technique used.  Parameterization, a common 

method of data analysis, extracts predefined parameters such as ranges or peak values 

that represent events of the gait waveform.  This type of analysis ignores the total pattern 

of movement, and if waveform shapes differ between populations it may be difficult to 

make valid comparisons. 

A multivariate statistical technique such as principal component analysis (PCA), 

which uses the entire waveform, may provide more objective information regarding the 

quantitative and temporal differences between groups [22, 23, 24]. Recently, PCA has 

been applied to stair climbing data and has identified differences between young and 

older adults [14], and it has also detected differences in gait waveforms between normal, 

pathological, and age-related gait waveforms during walking [22, 23, 24, 25, 26, 27]. 

Furthermore, the application of PCA can develop models from normative subject datasets 

that can subsequently be used to assess the gait of various populations relative to these 

normal models [23, 25]. 

Our objective was to provide normative lower limb kinetics for older adults 

during stair ascent and descent with and without a handrail to determine if using a 

handrail alters the lower limb kinetics.  Secondly, observations from three adults with 

FOF were included to assess the affect of using a handrail on their lower limb kinetics.   

6.3 Methods 

6.3.1 Participants 

Twenty-eight (13M) (27 right leg dominant) older adults and three older adults 

with FOF were recruited for the study. All participants were free from any lower limb 
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orthopaedic or neurological condition affecting their walking ability. Participants with a 

fear of falling responded yes to the question ‘do you have concerns about using the 

stairs’. The University Research Ethics Board approved the procedures, and all 

participants provided informed, written consent. 

6.3.2 Gait Analysis 

Participants completed three stair ascent trials and 3 stair descent trials at a self-

selected pace with and without a handrail.  An optoelectric camera (Northern Digital Inc., 

Waterloo, Canada) tracked clusters of 3-4 infrared emitting diodes secured on the thigh, 

shank, and foot using elasticized straps; a fin projecting from the pelvis was secured at 

the sacrum at the level of S2.  Ground reaction forces were recorded with a force plate 

(AMTI, Newton, MA, USA) mounted on concrete blocks centered on the second step of 

a standard dimension four-step staircase (rise: 15 cm, run: 26 cm, width: 56 cm).  

Participants were instructed to use the handrail simply for guidance rather than for 

assistance; specifically they were asked not to pull during ascent or to accept their body 

weight during descent. Motion and force plate data were sampled synchronously at 

100Hz, filtered using a second order, low pass Butterworth filter with a cutoff frequency 

of 6 Hz, and processed using Visual 3D (C-motion Inc., Germantown, MD).  The gait 

cycle was defined from foot contact of the test leg to subsequent foot contact of the same 

test leg, forming a stance-swing sequence with the stance phase on the force plate step.  

Initial foot contact was determined using the force plate data, whereas the final foot 

contact used an algorithm that matched the motion of the initial contact to that of the final 

contact.  To provide segment parameters, virtual anatomical landmarks were defined in 

static standing reference trials.  These landmarks approximated the first and fifth 
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metatarsal heads, the medial and lateral malleoli, the medial and lateral epicondyles, the 

greater trochanter, and a point aligned with the greater trochanter at the level of the 

anterior superior iliac spine (ASIS).  The local coordinate system (LCS) for each segment 

was defined from these data. Upon completion of the stair ascent and descent tasks, 

participants were asked which was their most preferred method of ascending and 

descending the stairs. 

6.3.3 Joint Centre Locations 

To determine the location of each joint centre, two methods were applied 1) an 

anthropometric model for the ankle and knee joints [28] and 2) a functional model for the 

hip joint [29].  

6.3.4 Data Processing 

Joint kinetics were calculated using an inverse-dynamics approach [30] for the 

hip, knee, and ankle, and the internal moments were calculated in the local coordinate 

system of the thigh, shank, and foot segments. The three-dimensional sign convention for 

the moments was anatomically based, where the three principal axes were distal-proximal 

(DP), posterior-anterior (PA), and lateral-medial (LM). A right-hand rule rotation about 

these axes defined the positive direction.  For each participant, the moment waveforms 

were normalized to body weight and from 0 to 100% of the stance phase, and then 

ensemble averaged to provide a single representative trial for each subject.  The sagittal 

and frontal planes were chosen for analysis as both planes play a primary role in stair 

ambulation.  
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6.3.5 Statistical Methods 

Principal component analysis (PCA) was used to reduce the size of the data set.  

PCA is applied to an n x p matrix, where n are the observations and p are the variables.  

In our application, observations were the subjects while the variables refer to the time 

points in a waveform; a waveform time-normalized to 100% increment has 100 variables 

for each subject. Mathematically, PCA applies an orthogonal transformation that converts 

the p variables X=x1,x2, x3,…,xn into n new uncorrelated variables called principal 

components (PCs), Z=z1,z2,z3,…,zn [24, 25].  The PCs are arranged in decreasing order of 

the variance they explain, determined by their corresponding eigenvalues [23, 24, 31, 32].  

The PC model is Z=[UtX], where U is a transformation matrix that rotates the original 

observations into a new coordinate system; the columns of U= U1, U2, U3,…, Un are 

referred to as the loading vectors and are the eigenvectors of the covariance matrix of X.  

PC scores correspond to the degree by which the shape of each subject’s waveform 

differs from the mean waveform [24].   

Principal component models were created for the hip, knee, and ankle joint 

moments in the sagittal and frontal planes for the older adults during stair ascent and 

descent, with and without a handrail. 

A powerful property of PCA is that the majority of variation can be explained by 

the first few PCs, Z=z1, z2, z3…zk, where k<n, and the remaining PCs can be dropped 

from the model, thus achieving data reduction [33].  The number of PCs needed to 

adequately describe a data set can be determined using criteria based on the portion of 

explained variance [33]. For the purposes of this analysis, a 90% trace criteria was used 

to determine the number of PCs to keep in each model [24, 33]. 



 

106 106 

6.3.6 Analysis of handrail use 

 The PC scores of the hip, knee, and ankle joint moment waveforms were analyzed 

for differences between conditions (no handrail vs. handrail) during stair ascent and 

descent using a repeated measures analysis of variance (ANOVA) (α= 0.05) with 

Bonferroni adjustments for multiple comparisons (α=0.05/18 comparisons= 0.0027) 

(SPSS 17, SPSS, Chicago, Il, USA). 

6.3.7 Analysis of older adults with a fear of falling 

First, due to the small sample size, observations of the lower limb joint moments 

during moments during stair ambulation with and without a handrail in older adults with 

FOF were made. 

Second, a gait assessment of the older adults with FOF was performed using a 

similar method to Deluzio et al. [23, 26]. The PCA models developed to describe the gait 

patterns of older adults were used to assess the gait patterns of the older adults with FOF 

[23, 26].  The gait data from older adults with FOF were introduced into the PCA model 

developed from the older adults.  This was achieved by applying the loading vectors, U, 

derived from the healthy older adults, to the individual FOF gait waveform data.  Each 

waveform was transformed into a set of PC scores that was then used to determine the 

corresponding T2 and Q values.  

The two statistical distance measures (T2 and Q values) were used to indicate the 

similarity of each older adult with FOF to the average trajectory of the healthy older 

adults. T2 measures the distance of each observation from the centre of the hyper-plane 

defined by the PCA model; T2 is obtained from the weighted sum of squares of the 

retained principal component scores [23, 26]. The Q value measures the perpendicular 
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distance of each observation from the hyper-plane defined by the PCA model; Q is the 

sum of the squares of the residuals comparing the predicted data set using the retained 

principal component scores and the principal components with the original data [23, 26]. 

Confidence intervals of 95% for the T2 and Q values were derived from the 

healthy older adults and were used as a reference when comparing the older adults with 

FOF. The T2 and Q values for the older adults with FOF were assessed as either within or 

not within the ‘normal’ range based on 95% confidence intervals for the healthy older 

adults. 

To assess older adult and older adults with FOF balance confidence, activity 

levels, and self-efficacy, they completed three questionnaires the Activities Specific 

Balances Confidence (ABC) Scale [34], Human Activity Profile (HAP) [35, 36], and the 

Stair Self-efficacy Scale (SSE) [37], respectively.  

6.4 Results 

6.4.1 Participants 

 Participant demographics are summarized in Table 6-1.  Both older adults and 

older adults with FOF chose handrail use as their preferred method when ascending or 

descending stairs. 

6.4.2 Cadence of stair ascent and stair descent 

 Stair cadence was not significantly different between conditions (no 

handrail/handrail), but it was significantly different between directions (ascent/descent), 

reflecting faster descent then ascent cadence for older adults. In comparison to older  
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Table 6-1 Participant Demographics 

 

 Age (yrs) Height (cm) Weight (kg) ABC HAP SSE Cadence (steps/min) 
Older Adults  

66.4 (8.3) 
 
170.57 (8.73) 

 
71.5 (10.2) 

 
93.5 (5.39) 

 
78.09 (12.54) 

 
9 (0.78) 

Ascent* 
 
Descent* 

NH    96.47 (13.89) 
H       96.51 (13.35) 
NH  103.88 (15.14 
H       90.48 (26.26) 

 Older adults  
with FOF 

80.2 (8.0) 166.7 (3.57) 66.87 (16.0) 77 (10.67) 47.25 (17.74) 6 (0.31) Ascent 
 
Descent 

NH    76.34 (15.45) 
H       81.53 (18.63) 
NH    85.06 (10.5) 
H       90.48 (26.26) 

All values are presented as means (SD). 
FOF, older adults with a fear of falling; NH, stair negotiation without a handrail; H, stair negotiation with a handrail 
* Refers to significant difference between directions (ascent vs. descent) 
ABC, Activities Specific Balance Scale [34]; 
HAP, Human Activity Profile (HAP) adjusted activity scores [35, 36]; SSE, Stair Self Efficacy Scale 
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Table 6-2  Description of the stair ascent and descent principal component models 

 

 
A 90% trace criteria was used to determine the number of PCs to keep in the model. 
 

 

 

 

 

 

 

 

 

 

 Ascent Descent 

PC 

 
Variance 
Explained 

(%) 
Gait Measure 

PC 
 

 
Variance 
Explained 

(%) 
   

Ankle     

1 80.90 1 67.20 

2 7.00 2 17.08 Flexion Moment 

3 6.21 3 7.06 

Abduction Moment 1 95.93 1 95.56 

Knee     

1 48.46 1 52.21 

2 25.49 2 20.67 

3 12.70 3 13.36 
Flexion Moment 

4 6.83 4 7.81 

1 88.85 1 88.03 
Abduction Moment 

2 6.05 2 7.43 

Hip     

1 69.32 1 80.24 

2 14.79 2 5.76 

3 4.85 3 4.03 
Flexion Moment 

4 3.49   

1 68.65 1 83.38 

2 17.61 2 8.53 Abduction Moment 

3 8.66   
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Figure 6-1This is an example graph of the T2 results for the knee flexion moment during stair 
ascent for older adults and older adults with a fear of falling (FOF). NHT: no handrail during stair 
ascent T2 values for older adults; NHTF: no handrail during stair ascent T2 values for older 
adults with FOF; HT: handrail use during stair ascent T2 values for older adults; HTF: handrail 
use during stair descent T2 values for older adults with FOF. 
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adults, older adults with FOF ascended and descended the stairs with a lower mean 

cadence; handrail use increased cadence in both directions (Table 6-1). 

6.4.3 Healthy Older Adults 

The principal component models for the ankle, knee, and hip joint moment 

waveforms in the sagittal and frontal planes are presented in Table 6-3. For the older 

adults there were no significant differences between handrail condition for either ascent 

or descent (Figures 6-2 & 6-3). 

6.4.4 Adults with a fear of falling 

 It appears that the joint moment waveforms did not differ between handrail 

conditions during stair ascent or descent for older adults with FOF (Figures 6-2 & 6-3). 

Although handrail use did not alter the joint moments, a gait assessment revealed that 

joint moments of the older adults with FOF were not in range of ‘normal’. Based on the 

gait assessment, older adults with FOF differed from ‘normal’ in most gait measures 

regardless of handrail use during stair ascent and stair descent. There were some minor 

exceptions as one older adult with FOF was within ‘normal’ limits for ankle abduction 

moments during stair descent without a handrail. During stair ascent and descent with a 

handrail, two older adults with FOF displayed ankle abduction moments within normal 

limits. 

6.5 Discussion 

 This is the first study to report sagittal and frontal ankle, knee, and hip joint 

moments in older adults and older adults with FOF during stair negotiation with and 

without a handrail.  The main findings indicated no differences between handrail use  



 

112 112 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-2 From top to bottom  ankle, knee, hip sagittal plane joint moment profiles during stair ascent and descent without a handrail (solid line) and with a 
handrail (dashed line) of older adults (black) and each older adult with a fear of falling (blue, red, and green).  Mean net support moment curve profiles during 
stair ascent and descent without a handrail (solid line) and with a handrail (dashed line) of older adults (black) and older adults with a fear of falling (blue). All 
curves are normalized to 100% of the stance phase.  Positive values represent internal flexion moments. 
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Figure 6-3 From top to bottom  ankle, knee, hip frontal plane joint moment profiles during stair ascent and descent without a handrail (solid line) and with a 
handrail (dashed line) of older adults (black) and each older adult with a fear of falling (blue, red, and green).  All curves are normalized to 100% of the stance 
phase.  Positive values represent internal abduction moments. 
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during stair negotiation for older adults.  Also, older adults with FOF appeared to have 

similar joint moments between conditions (handrail vs. no handrail).  Additionally, older 

adults with FOF demonstrated many differences from ‘normal’ gait patterns during stair 

ambulation with and without a handrail. 

 The present study analyzed the lower limb internal moments during stair 

ambulation with and without a handrail; as internal moments of force are generated to 

counter the external forces acting on the body throughout locomotion and represent the 

net effect of all agonist and antagonist muscle activity. As such, the investigation of 

muscle moments provides insight into the motor control strategies used during stair 

negotiation that cause the observed movement patterns.  In the case of the older adults 

assessed, joint moments remained the same regardless of handrail use during stair 

ambulation, indicating that their movement patterns remained the same.  Furthermore, the 

lower limb moment profiles were similar to those previously reported for the sagittal [1, 

10, 21] and frontal [1] planes. There were differences in the magnitudes of the moments 

reported, specifically McFayden and Winter [10] reported higher peak hip and ankle 

moments during ascent compared to the current study, which could be due to the small 

population (N=3) analyzed.  

 Of the few researchers who have investigated the effects of using a handrail on 

lower limb mechanics during stair ambulation, one reported that in young adults using the 

handrail did not change the lower limb mechanics [20], while a second study using older 

adults found that the handrail did alter the ankle and knee joint moments [21]. The results 

of this study agree most closely with those of Andriacchi et al. [20]; however, this is 

contrary to the findings reported by Reeves et al. [21]. The differences may be due to 
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differences in the groups studied. Subjects in Reeves et al.’s [21] study were older (mean 

age 74.9 years) than ours (66.4 + 8.3 years), and their activity level, balance confidence, 

and stair self-efficacy were not reported.  Thus, Reeves’ population is older and, perhaps, 

was less active.  It is also interesting to note that all older adults chose use of the handrail 

as their most preferred method of stair ascent and descent.  Thus, the handrail may 

provide individuals with a greater sense of perceived stability even in the absence of 

notably different joint moments and perceived fear of falling.   

 The lack of joint moment changes between handrail conditions in the older adults 

suggests that the older adults had sufficient lower limb strength to perform the task. This 

is further supported by previous findings [38, 39] for this particular older adult 

population. Specifically, it was found that older adults had similar support moment 

profiles to that of their younger counterparts; however, older adults used different lower 

limb joint moment contributions to construct their support moment profiles than those of 

young adults [38, 39].  Similarity in support moment profiles between young and older 

adults suggests that older adults maintain overall lower limb support during stair 

ambulation.  The differences in lower limb joint moment contributions seen in older 

adults compared to young adults may be indicative of a strategy to enhance stability 

during stair negotiation [40]. 

 The secondary aim of this study was to evaluate handrail use during stair 

negotiation in older adults with FOF. It was observed that handrail use did not alter the 

joint moments during stair negotiation in older adults with FOF.  Also, older adults with 

FOF reported that stair ambulation with a handrail was their preferred method and that 

they would not perform the task in the community or at home without a handrail; this 
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behaviour is typical in older adults with reduced self-efficacy [37]. These findings 

suggest that the role of the handrail might be more psychological to provide support to 

increase task self-efficacy. Furthermore handrail use increased cadence during both 

ascent and descent (Table 6-1), suggesting that the use of the handrail provides older 

adults with FOF with more confidence in their ability to perform the task of stair 

negotiation.   

 Lastly, the gait of older adults with FOF was assessed relative to that of the older 

adults. Regardless of handrail use, older adults with FOF joint moments were not in range 

of ‘normal’. However, older adults with FOF did produce similar support moment 

profiles with slight differences in magnitude of moment contributions. These findings 

suggest that older adults with FOF are able to maintain overall lower limb support during 

stair ambulation regardless of handrail use, despite individual joint compensations.  

Previous studies [21, 44] have indicated that a redistribution of joint moments may occur 

to maintain tasks demands within ‘safe’ limits.  This appears be the case with older adults 

with FOF during stair ambulation; they are applying different strategies at the joints to 

keep stair ambulation within ‘safe’ limits.  

 Previous research has suggested that self-efficacy mediates the relationship 

between fear of falling and functional ability in older adults [13, 42], potentially leading 

to declines in physical performance, perceived physical function, ability to perform 

activities of daily living, and activity restriction [14, 43].  As such, the notion of 

perceived physical functional ability and the ability to perform and participate in an 

activity are reciprocally linked [7, 17].  To some extent we saw this reciprocal 

relationship exhibited by older adults with FOF, as they reported reduced activity levels 
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(HAP scores).  Specifically, compared to older adults, older adults with FOF had reduced 

participation in physical activities, adopting a more sedentary lifestyle, potentially 

leading to physical deconditioning that could affect physical function and the ability to 

perform the task of stair ambulation.   Perhaps this is an explanation for the redistribution 

of joint moments exhibited by older adults with FOF. However, older adults with FOF 

were able to perform the task of stair ascent and descent regardless of handrail use, and 

perhaps fear is a limiting factor resulting in activity restriction or avoidance [44, 45]. 

Specifically, a review of stair negotiation suggests that older adults often perceive 

difficulty due to concern about falling which is intensified during descent [2, 7], this 

apprehension and anxiety could interfere with their participation in an activity [44, 45].  

This study provides important insight into lower limb joint kinetics during stair 

negotiation; however, there are a few limitations to be noted.  Firstly, the older adults in 

our study were active, with average HAP scores of 78, this is a high score representing a 

high physically functioning population and and, therefore may not be representative of all 

healthy, older adults.  In the current study, older adults with FOF were less active and 

fearful, showed marked differences in their lower limb joint moments compared to their 

older adult counterparts; however, they were older than the older adults examined.  The 

interpretation of the findings associated with this group is limited because of the small 

sample size; however, the observations are intriguing. Secondly, the amount of force 

applied to the handrail was not evaluated. While detailed instructions were provided to 

participants on handrail use, discrepancies in force application by each participant could 

have occurred. An instrumented handrail would not only quantify loads applied but also 
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identify subtle differences in handrail force applied in different populations and, perhaps, 

identify the optimal force to apply.  

This study has presented the value of the objective methodological application of 

PCA as a method of analyzing gait waveforms and of developing models from normative 

subject datasets to assess gait relative to ‘normal’ gait patterns. The current study adds to 

the literature by providing normative joint moment data during stair ascent and descent 

and the influence of handrail use in healthy older adults and older adults with FOF. 

Healthy older adults demonstrated no differences in lower limb joint moments during 

handrail use in stair ambulation.  Similarly, older adults with FOF demonstrated no 

observed differences in lower limb joint moments during handrail use in stair ambulation. 

However, older adults with FOF demonstrated differences to ‘normal’ in lower limb joint 

moments during stair ascent and descent with and without a handrail. The data provide a 

baseline of older adult moment patterns during stair ambulation with and without a 

handrail against which performance in the presence of impaired ability or disability can 

be compared. Furthermore, the observations of the older adults with FOF provide some 

insight into self-efficacy and may assist in the designing of intervention strategies to 

reduce falls on stairs. 
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Chapter 7 

General Discussion 

7.1 Background 

Stair negotiation has been identified by older adults as one of the most 

challenging locomotor tasks, and it is one that is associated with a high risk for falls and 

serious injury.  To compensate for age-related declines in physical function, individuals 

adapt their movement patterns to meet the biomechanical demands of the task. 

Independent mobility, a compound task, involves navigating over changing 

terrain, obstacle avoidance, modulation of speed and direction, and stair negotiation.  

Each task imposes different biomechanical and neuromuscular demands, and the ability 

to meet them is related to one’s functional capacity or peak system performance.  As 

individuals age strength declines, reducing biomechanical and neuromuscular system 

capacities, requiring altered or adapted movement patterns during ambulatory tasks [1].  

For more functionally demanding tasks, the implications of decreased capacity can be 

significant, particularly if community access and independence are affected. 

Older adults have identified stair negotiation as one of the most difficult tasks 

attributable to ageing [2, 3, 4].  In a sample of 310 nondisabled older adults, over 45% 

reported difficulties in climbing stairs, and about 30% reported difficulties in stair 

descent [5].  If physical disability is superimposed on normal ageing it follows that the 

ability to negotiate stairs safely could be seriously compromised: a critical factor in the 

loss of independence in older adults [6].  Understanding the normal, age-related 

alterations in movement control provides a benchmark against which rehabilitation 
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professionals, who work with people with range of physical limitations can gauge 

mobility. 

In that vein, the compilation of the four studies contained in this dissertation aims 

to provide much of the comprehensive normative data of stair ambulation in an older 

adult population needed to continue to understand age-related changes in movement.  

Specifically, the objectives of the body of work presented were to 1) to provide a 

comprehensive normative data set of lower limb joint kinematics and kinetics during stair 

negotiation with and without a handrail and 2) to explore the use of principal component 

analysis (PCA) as a method to analyze stair gait waveform profiles. A detailed analysis of 

lower limb joint kinematics and kinetics associated with various stair negotiation 

strategies in an older adult population is important in establishing normative data, 

understanding the relative merits of different stair negotiation strategies, and aiding in the 

identification of risk factors associated with falls during stair ambulation.  

7.2 Overview of Findings and Relevance 

The first analysis, in Chapter 3, used a previously collected data set to examine 

the knee joint kinematics and kinetics during stair ascent in young and older adults. Using 

the objective statistical tool of principal component analysis (PCA), it was found that 

nine PCs were statistically different between young and older adults, with four of the nine 

PCs being able to correctly classify 95% of the original group.  Specifically, older adults 

experienced higher medial force, adduction moment, and flexion moment during late 

stance, but experienced lower posterior-anterior (PA) force and flexion moment during 

late stance at the knee compared to their younger counterparts.  Taken together, these 

results suggest a change in knee propulsion and medio-lateral stability occurring in an 
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older adult population, and support the idea of joint load redistribution since those older 

than fifty years begin to experience muscle strength declines at a rate of about 10% per 

decade [7].  In terms of mobility, the impact would likely be negligible for many years 

with respect to walking because the strength requirements to accomplish walking are 

quite low relative to the force generating capacity of the muscles.  However, the same 

may not be the case with stair negotiation.  Reeves et al. [8, 9] reported that healthy, older 

adults adopted alternate kinetic strategies at the ankle and knee relative to their young 

counterparts as a means of recalibrating muscle workloads to within their comfortable 

limits while still meeting the demands of stair ascent and descent. The findings of the 

present study support this theory, and further add to the literature by examining the 

frontal plane, whereas most studies describing the kinetics of stair negotiation are limited 

to the sagittal plane [5, 6, 10, 11, 12, 13, 14]. Additionally, this was the first study to 

apply PCA to analyze stair gait, identifying the value of such a method in the application 

of stair gait and evaluation of age-related kinematics and kinetics. Specifically, PCA 

considers the waveform in its entirety as well as temporal aspects, which is key in 

identifying population differences.  A technique such as parameterization may be difficult 

to apply to populations with noticeably different waveforms; thus if curve shapes differ 

between populations, it may be difficult to make valid comparisons. 

Very few studies have analyzed the mechanics of stair negotiation in an older 

adult population [15, 16, 17, 18, 19, 20], and of these studies many are limited by the 

small number of subjects assessed, and by examining only one plane or one or two joints. 

Hence, in this study, a comprehensive dataset of 28 older adults (>55 years of age) was 

collected to assess the lower limb mechanics during both stair ascent and stair descent. 
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This dataset was used in the analysis in Chapter 4 to provide a comprehensive report of 

the normative profiles and to characterize the lower limb joint kinetics and kinematics in 

both the frontal and sagittal plane during stair ambulation in older adults. The data 

presented in this study provide a benchmark of normal older adult lower limb joint 

kinetics and kinematics against which performance in the presence of impairment, 

disability, or perceived disability can be compared. 

Using the same dataset, the second aspect of this thesis was to investigate how 

handrail use may affect lower limb mechanics during stair ascent and stair descent.  Older 

adults are often forced to adjust their gait patterns during stair negotiation due to the 

decrements in muscular strength [21, 22, 23], decreases in proprioceptive acuity [21], and 

impaired balance [22, 23] associated with age and disease [2, 24].  Thus, compensatory 

strategies are a result.  One strategy is the use of the handrail, which is a multipurpose 

tool that provides both physical and psychological support that may prevent falls after a 

trip or slip [25], decrease loads through the lower limb, or simply augment stability while 

negotiating stairs [24]. However, to date, only a few studies have examined handrail use 

during stair negotiation [10, 20] or have addressed the issue of stability. Thus, two studies 

were completed to examine handrail use during stair ambulation on lower limb joint 

kinetics as well as dynamic stability. The first study, discussed in Chapter 5, used centre 

of pressure (COP), an indicator of stability, to examine centre of pressure velocities 

(VCOP) during stair ascent and descent in healthy young and older adults with and 

without a handrail to provide a normative data set as well as to identify which strategies 

of stair negotiation provide more stability. The second study, discussed in Chapter 6, used 

PCA to examine the lower limb joint kinetics during handrail use in an older adult 
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population to provide normative data as well as to identify if different strategies 

employed during stair negotiation alter the kinetics of the lower limb. 

The main findings indicated comparable VCOP between young and older adults 

during stair ascent and descent, and the use of handrail in either group did not 

significantly alter the measured dynamic stability.  These findings are further supported 

by the second study, which found no significant difference between joint moments during 

stair ambulation with and without a handrail in an older adult population.  These findings 

of no change when using a handrail suggest that older adults have no difficulty with 

unaided stair negotiation in terms of joint moment production and are able to maintain 

adequate stability.  The results of these two studies are not surprising as previous studies 

have reported that older adults adopt alternate kinetic strategies at the lower limb joints 

relative to their young counterparts as a means of recalibrating muscle workloads to 

within comfortable limits while still meeting the demands of stair ascent and descent [8, 

9]. Thus, these older adults may use different moment contributions compared to young; 

however, similar support moment profiles between young and older adults indicate that 

older adults maintain overall lower limb support during stair ambulation [26, 27]. 

However, what was surprising was the fact that older adults preferred to ascend 

and descend the stairs with a handrail.  Thus, the handrail may provide individuals with a 

greater perception of stability or balance confidence even in the absence of measured 

changes in VCOP, lower limb joint moments, and fear of falling. 

Lastly, for both analyses found in Chapter 5 and 6, observations from a few older 

adults with a fear of falling (FOF) were made to demonstrate the impact of fear of falling 

on measures of dynamic stability and lower limb joint moments during stair negotiation 
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with and without a handrail.  Fear of falling has been identified as a key health issue 

among older adults with an estimated prevalence of 55 to 65 percent [28, 31].  Much 

work is still needed to understand the relationship of fear of falling and functional ability.  

Unlike the older adults examined, the three older adults with FOF demonstrated 

reduced VCOP during stair ascent and descent without the handrail and even slower 

VCOP during ascent and descent with the handrail.  From a motor control perspective, an 

increased VCOP challenges the postural control system to respond rapidly and accurately 

to COP perturbations in order to maintain stability [32].  In contrast, slower VCOP 

enables more graded responses as the destabilization forces are lower [32].  Thus, 

particularly during stair descent, observations would suggest that handrail use may serve 

as an effective means of enhancing dynamic stability in older adults with FOF.  

Furthermore, slower stair cadences and the reduction in medio-lateral centre of pressure 

velocity (VCOPML) were observed with handrail use and may indicate a compensation or 

cautionary behaviour to reduce the risk of falling during stair negotiation.  

However, upon examination of joint moments during stair ambulation, it was 

observed that joint moment waveforms did not differ between handrail conditions during 

ascent and descent.  Additionally, results revealed that regardless of handrail use, in older 

adults with FOF, joint moments differed from ‘normal’.  This finding is interesting 

because even thought their joint moments were different, older adults with a fear of 

falling produced support moment profiles similar to those of older adults, suggesting that 

while joint moment contributions might vary, older adults with FOF maintain overall 

lower limb support during stair ambulation similarly to older adults. This indicates that 

older adults with FOF are capable of ascending and descending stairs without a handrail, 
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producing sufficient joint moments. While joint moment profiles would suggest lack of 

differences with handrail use, older adults with FOF reported that stair ambulation with a 

handrail was their preferred method and that they would not perform the task in the 

community or at home without a handrail.  Furthermore, the use of a handrail increased 

the cadence of older adults with FOF during stair ambulation, suggesting that it may 

increase confidence to perform the task.  Further investigation is warranted to understand 

why results would suggest increased dynamic stability with handrail use in spite of 

observed lack of differences in joint moments regardless of handrail use. Specifically, 

both location of foot placement on the step and the path of centre of pressure should be 

examined and might provide more understanding.  

7.3 Limitations 

 While the current studies contained in this thesis provide insight into stair 

ambulation in older adults, there are some limitations.   

The older adults who comprised the large data set for Chapter 4,5,6 analysis were 

on the younger side of the older adult spectrum with the mean age of 66 years.  

Furthermore, they were quite active, with average HAP activity adjusted scores of 78; 

several of the participants were active in recreational and competitive athletic pursuits.  

Thus, they may not have been representative of all healthy older adults.  

A second limitation was handrail use.  While all participants were provided with 

detailed instructions on how to use the handrail during testing, there could have been 

discrepancies in the interpretation, and some individuals might have applied more force 

than others; this was not quantified.  Application of an instrumented handrail in future 

studies is warranted not only to quantify loads but also to identify an optimal force to 
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apply.  Along these same lines, although participants were asked to indicate their 

preferred method, either handrail or no handrail during stair negotiation, they were not 

asked how they generally used the handrail in everyday use.  Although this was a 

deliberate methodological decision, individuals may use the handrail very differently in 

the community and apply varying forces. 

Thirdly, the interpretation of the findings associated with older adults with FOF 

are limited because of the small sample size. However, the observations are sufficiently 

intriguing to warrant further study.  Furthermore, not only a larger sample size of older 

adults with FOF, but interviews, focus groups, or other mixed methods would be ideal in 

obtaining a more complete profile and understanding of fear, particularly given that 

participants would not negotiate stairs without a handrail, even though our results 

indicate they were capable of so doing. A larger sample would perhaps provide a more 

complete understanding of the nature of fear, restrictions, or reduced activity levels. 

7.4 Future Directions 

 The compilation of the four studies contained in this thesis have provided 

direction for future research in the area of stair biomechanics and ageing. Specifically, 

studies with older adults (>75 years) and varying activity levels (i.e., sedentary) are 

needed to understand age-related changes as well as the impact of one’s general level of 

activity on stair ambulation performance.  Examining a wide range of ages, activity 

levels, and levels of self-efficacy will provide a better understanding of the relationship 

of age, activity level, and self-efficacy on stair negotiation, as well as a continuum over 

which to evaluate older adults and older adult with disabilities or perceived disabilities. 

As has been previously mentioned, an instrumented handrail would be key in directly 
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quantifying the contribution of the upper limb, which in certain populations may be an 

integral part of stair ambulation.  To date there have been a few studies that have 

described a staircase with an instrumented handrail design to quantify both lower and 

upper limb contributions to stair negotiation [33, 34].  

 Another issue with regard to stair ambulation is trunk position.  Much of the 

variability in the hip moment patterns reported in the literature during stair ascent and 

descent [2, 24, 23, 35] may be due to stabilizing the trunk.  A detailed analysis of the 

trunk could assist in understanding both body positioning and of lower limb joint 

moments during stair ambulation in an older adult population.  

7.5 Conclusions 

 As has been mentioned throughout the thesis, much basic research remains to be 

conducted in the area of stair ambulation in older adult population.  The findings of this 

thesis are of great importance to the biomechanics and ageing communities. The 

biomechanical and neuromuscular demands of stair ascent and descent are significantly 

great than during level walking; consequently, adaptations during stair negotiation occur 

in association with normal ageing as strength and joint mobility decline.  These 

adaptations are important in order to successfully accomplish the task within safe limits 

of one’s physical capabilities.  Thus, it is important to appreciate the nature and extent of 

these adaptations as a natural progression with ageing in order to be able to identify 

unique alterations in kinematic or kinetic patterns due to the superimposition of physical 

impairments or physical disability. This thesis has provided both a comprehensive 

normative data set of the lower limb kinematics and kinetics, and an understanding of 

dynamic stability during stair negotiation in a population of older adult and older adults 
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with FOF; application of this normative data set can provide a useful starting point upon 

which to base targeted interventions. As well, this thesis has also indicated the value of 

the objective statistical tool of PCA, which will aid in future analysis in populations 

where gait waveforms may differ noticeably from ‘normal’. 
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Matlab Code for Principal Component Analysis (PCA) 

 
function [pcs, eigvalues,variance,Zscore]= princompcov(data,numpcs) 
  
%Figures out Principal Components using the Matlab 'princomp' and 'pcacov' functions 
%Data is a N-by-P matrix where rows correspond to observations (i.e. 
%subjects)and columns correspond to variables (i.e. trial data (101 points for gait)) 
 
PRINCOMP: 
COEFF = PRINCOMP(X) performs principal components analysis on the N-by-P data matrix X, and 
returns the principal component coefficients, also 
known as loadings.  Rows of X correspond to observations, columns to 
variables. COEFF is a P-by-P matrix, each column containing coefficients for one principal component.  
The columns are in order of decreasing component variance. 
  
PCACOV  Principal Components Analysis using a covariance matrix: 
COEFF = PCACOV(V) performs principal components analysis on the P-by-P 
covariance matrix V, and returns the principal component coefficients, 
also known as loadings.  COEFF is a P-by-P matrix, with each column 
containing coefficients for one principal component.  The columns are 
in order of decreasing component variance. 
  
-------------------------------------------------------------------------      
x = cov(data); 
  
[COEFF1, SCORE1, LATENT1] = princomp(data); 
[COEFF2, LATENT2, EXPLAINED2] = pcacov(x); 
  
pcs= COEFF1(:,1:numpcs); 
eigvalues= LATENT1(1:numpcs); 
variance= EXPLAINED2(1:numpcs); 
Zscore= SCORE1(:,1:numpcs); 
 
 
 
%% CLEAR ALL/ CLOSE ALL 
clear all; 
close all; 
 
%% READ IN DATA 
 
filename1= 'YoungNormalStairAscent_PCA_g1.xls'; 
filename2= 'ElderylNormalStairAscent_PCA_g1.xls'; 
FFXdatayoung = xlsread(filename1,'FF-X'); 
FFYdatayoung = xlsread(filename1,'FF-Y'); 
FFZdatayoung = xlsread(filename1,'FF-Z'); 
KAXdatayoung = xlsread(filename1,'KA-X'); 
KAYdatayoung = xlsread(filename1,'KA-Y'); 
KAZdatayoung = xlsread(filename1,'KA-Z'); 
FMXdatayoung = xlsread(filename1,'FM-X');  
FMYdatayoung = xlsread(filename1,'FM-Y'); 
FMZdatayoung = xlsread(filename1,'FM-Z');  
FFXdataelderly = xlsread(filename2,'FF-X'); 
FFYdataelderly = xlsread(filename2,'FF-Y'); 
FFZdataelderly = xlsread(filename2,'FF-Z'); 
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KAXdataelderly = xlsread(filename2,'KA-X'); 
KAYdataelderly = xlsread(filename2,'KA-Y'); 
KAZdataelderly = xlsread(filename2,'KA-Z'); 
FMXdataelderly = xlsread(filename2,'FM-X'); 
FMYdataelderly = xlsread(filename2,'FM-Y'); 
FMZdataelderly = xlsread(filename2,'FM-Z'); 
 
%% FIND THE NUMBER OF SUBJECTS IN EACH GROUP 
 
numyoungforces= size(FFXdatayoung) 
numyoungangles= size(KAXdatayoung) 
numyoungmoments= size(FMXdatayoung) 
numelderlyforces= size(FFXdataelderly) 
numelderlyangles= size(KAXdataelderly) 
numelderlymoments= size(FMXdataelderly) 
 
%% GROUP THE YOUNG AND OLD SUBJECTS 
 
%Forces 
FFXdata= [FFXdatayoung; FFXdataelderly]; 
FFYdata= [FFYdatayoung; FFYdataelderly]; 
FFZdata= [FFZdatayoung; FFZdataelderly]; 
 
%Angles 
KAXdata= [KAXdatayoung; KAXdataelderly]; 
KAYdata= [KAYdatayoung; KAYdataelderly]; 
KAZdata= [KAZdatayoung; KAZdataelderly]; 
 
%Moments 
FMXdata= [FMXdatayoung; FMXdataelderly]; 
FMYdata= [FMYdatayoung; FMYdataelderly]; 
FMZdata= [FMZdatayoung; FMZdataelderly]; 
 
%% PRINCIPAL COMPONENT ANALYSIS 
% The Number of PCs to Extract 
numpcs= 3; 
[pcs1, eigvalues1, variance1,Z1]= princompcov(FFXdata,numpcs); 
[pcs2, eigvalues2, variance2,Z2]= princompcov(FFYdata,numpcs); 
[pcs3, eigvalues3, variance3,Z3]= princompcov(FFZdata,numpcs); 
[pcs4, eigvalues4, variance4,Z4]= princompcov(KAXdata,numpcs); 
[pcs5, eigvalues5, variance5,Z5]= princompcov(KAYdata,numpcs); 
[pcs6, eigvalues6, variance6,Z6]= princompcov(KAZdata,numpcs); 
[pcs7, eigvalues7, variance7,Z7]= princompcov(FMXdata,numpcs); 
[pcs8, eigvalues8, variance8,Z8]= princompcov(FMYdata,numpcs); 
[pcs9, eigvalues9, variance9,Z9]= princompcov(FMZdata,numpcs); 
 
%% Variance account for by PCs 
variance= [variance1 variance2 variance3 variance4 variance5 variance6 ... 
    variance7  variance8  variance9]; 
 
%% GROUP PCS AND ZSCORES 
pcs1good= [pcs1(:,1),pcs1(:,2),pcs1(:,3)]; 
Z1good= [Z1(:,1),Z1(:,2),Z1(:,3)]; 
pcs2good= [pcs2(:,1),pcs2(:,2),pcs2(:,3)]; 
Z2good= [Z2(:,1),Z2(:,2),Z2(:,3)]; 
pcs3good= [pcs3(:,1),pcs3(:,2),pcs3(:,3)]; 
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Z3good= [Z3(:,1),Z3(:,2),Z3(:,3)]; 
pcs4good= [pcs4(:,1),pcs4(:,2),pcs4(:,3)]; 
Z4good= [Z4(:,1),Z4(:,2),Z4(:,3)]; 
pcs5good= [pcs5(:,1),pcs5(:,2),pcs5(:,3)]; 
Z5good= [Z5(:,1),Z5(:,2),Z5(:,3)]; 
pcs6good= [pcs6(:,1),pcs6(:,2),pcs6(:,3)]; 
Z6good= [Z6(:,1),Z6(:,2),Z6(:,3)]; 
pcs7good= [pcs7(:,1),pcs7(:,2),pcs7(:,3)]; 
Z7good= [Z7(:,1),Z7(:,2),Z7(:,3)]; 
pcs8good= [pcs8(:,1),pcs8(:,2),pcs8(:,3)]; 
Z8good= [Z8(:,1),Z8(:,2),Z8(:,3)]; 
pcs9good= [pcs9(:,1),pcs9(:,2),pcs9(:,3)]; 
Z9good= [Z9(:,1),Z9(:,2),Z9(:,3)]; 
%% SPLIT INTO YOUNG AND OLD 
Z1young=Z1(1:numyoungforces,:); 
Z1elderly=Z1(numyoungforces+1:numyoungforces+numelderlyforces,:); 
Z2young=Z2(1:numyoungforces,:); 
Z2elderly=Z2(numyoungforces+1:numyoungforces+numelderlyforces,:); 
Z3young=Z3(1:numyoungforces,:); 
Z3elderly=Z3(numyoungforces+1:numyoungforces+numelderlyforces,:); 
Z4young=Z4(1:numyoungangles,:); 
Z4elderly=Z4(numyoungangles+1:numyoungangles+numelderlyangles,:); 
Z5young=Z5(1:numyoungangles,:); 
Z5elderly=Z5(numyoungangles+1:numyoungangles+numelderlyangles,:); 
Z6young=Z6(1:numyoungangles,:); 
Z6elderly=Z6(numyoungangles+1:numyoungangles+numelderlyangles,:); 
Z7young=Z7(1:numyoungmoments,:); 
Z7elderly=Z7(numyoungmoments+1:numyoungmoments+numelderlymoments,:); 
Z8young=Z8(1:numyoungmoments,:); 
Z8elderly=Z8(numyoungmoments+1:numyoungmoments+numelderlymoments,:); 
Z9young=Z9(1:numyoungmoments,:); 
Z9elderly=Z9(numyoungmoments+1:numyoungmoments+numelderlymoments,:); 
 
%% PLOT THE FINAL GRAPHS 
Y1 = prctile(Z1,[5 95]); 
k1 = dsearchn(Z1(:,1),Y1(:,1)); % FFX PC1 
Y2 = prctile(Z2,[5 95]); 
k2 = dsearchn(Z2(:,1),Y2(:,1)); % FFY PC1 
Y3 = prctile(Z7,[5 95]); 
k3 = dsearchn(Z7(:,1),Y3(:,1)); % FMX PC1 
Y4 = prctile(Z8,[5 95]); 
k4 = dsearchn(Z8(:,2),Y4(:,2)); % FMY PC2 
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Matlab Code to Determine Centre of Pressure (COP) Parameters 
 
function [COPX, COPY, ndx,filtereddata]= forceplatestairs(data,rate) 
%% Enter calibration factors 
Calibration= [1.4973 0.0093 0.0009 -0.0090 0.0040 0.0020;... 
              0.0040 1.5066 -0.0280 -0.0070 -0.0060  0.0070; 
              0.0027 0.0191  5.8298  0.0270 -0.0220 -0.0060; 
              0.0010 -0.0020  0.0000  0.6113  0.0010 -0.0010; 
             -0.0020 0.0000  0.0000 -0.0010  0.6120 -0.0020; 
             -0.0010 0.0020  0.0010 -0.0010 -0.0001  0.3004]; 
          
Calibration2= 1/ (10 * 2000 * 1e-6); %10= excitation voltage, 2000=gain 
%% Calculate the ground reaction forces and moments 
data = data';  
converteddata = (Calibration * data * Calibration2)'; 
%% Filter the data at 60Hz using a 2nd order lowpass Butterworth filter 
% filtereddata= converteddata; 
cutoff= (20/(rate/2));  
[B,A] = butter(2,cutoff); 
filtereddata= filtfilt(B,A,converteddata);  
%% Split force and moment data and remove bias 
bias= mean(filtereddata(1:10,:)); 
FFX = filtereddata(:,1)-bias(1); 
FFY = filtereddata(:,2)-bias(2); 
FFZ = filtereddata(:,3)-bias(3); 
FMX = filtereddata(:,4)-bias(4); 
FMY = filtereddata(:,5)-bias(5); 
FMZ = filtereddata(:,6)-bias(6); 
 
 
%% Determine when subject is on force plate and index data 
ndx= find(FFZ>50); % Find when vertical force is greater than 50N 
% ndx1= ndx(1); % Find start - only finding the portion that is on the step 
% ndxend= ndx(end); % Find end 
 
FFX = FFX(ndx); 
FFY = FFY(ndx); 
FFZ = FFZ(ndx); 
FMX = FMX(ndx); 
FMY = FMY(ndx); 
FMZ = FMZ(ndx);  
%% Determine the centre of pressure (COP) location 
Xoffset= -.001;% -1mm 
Yoffset= -0.00022;% -0.22mm 
Zoffset= 0.039;% 39mm 
 
Y1= (FMX-(FFY*Zoffset))./FFZ;  
X1= (FMY-(FFX*Zoffset))./FFZ; 
COPX= X1-Xoffset; 
COPY= Y1-Yoffset; 
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function [param] = copparam(cp, samplerate) 
% [param] = copparam(cp, samplerate) 
% Computes select parameters from the centre of pressure data 
% 
% cp - a structure containing the X and Y centre of pressure values 
% samplerate - the data's sampling frequncy - needed to compute velocity 
% param - a structure holding the computed parameters 
 
% sd of ML & AP displacements  
param.sdy = std (cp.y); 
param.sdx = std (cp.x); 
 
% sd of ML & AP velocity 
dx = diff (cp.x); 
dy = diff (cp.y); 
 
velx = abs (dx * samplerate); %take the absolute (abs) values b/c velocity would cross zero several times (-
/+) 
vely = abs (dy * samplerate); %take the absolute (abs) values b/c velocity would cross zero several times (-
/+) 
 
param.meanvelx = mean (velx); 
param.meanvely = mean (vely); 
 
% path length 
dx2 = dx .^2; 
dy2 = dy .^2; 
dxy = dx2 + dy2; 
xy = dxy .^0.5; 
 
param.velocity= normalize(xy ./ (2*(1/samplerate)),100); 
param.length = sum(xy); 
 
% average velocity 
param.vel = param.length / (length(cp.x) / samplerate); 
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function [COPX, COPY, VELOCITY, velx, vely]= findanswer(data,rate) 
 
[COPX, COPY]= forceplatestairs(data,rate); 
cp.x= COPX; 
cp.y= COPY; 
 
COPX= normalize(COPX,100); %rate= 100Hz for older adults & FOF; rate= 200 Hz for young  
COPY= normalize(COPY,100); %rate= 100Hz for older adults & FOF; rate= 200 Hz for young 
 
[param] = copparam(cp,100);%rate= 100Hz for older adults & FOF; rate= 200 Hz for young 
 
velx=param.meanvelx; 
vely=param.meanvely; 
VELOCITY= param.vel; 
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Appendix B 

Participant Characteristics 
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Subject Code Education Marital Status Cigarette Smoking Alcohol Consumption Corrective Lenses Medications Suffer from 

E04 high school married never smoked 1-2 drinks/week N Y- caestor None 

E05 postgraduate divorced never smoked > 5 drinks/week Y-far sighted N None 

E07 university married never smoked 1-2 drinks/week N Y-other None 

E08 high school married quit >5 drinks/week Y-bifocals Y-met jormion (diabetic) None 

E09 high school married quit >7 drinks/week Y-bifocals Y-statin CVD 

E10 university married never smoked 1-2 drinks/week Y-reading Yes-anihypertensive ------------------- 

E12 high school married never smoked >7 drinks/week Y-far sighted Y-crestor, ramiprill, allopuranol, 80mg asprin CVD- previously 

E13 postgraduate single never smoked >7 drinks/week Y-far sighted N None 

E18 university divorced never smoked never Yes-bifocals Yes- seroquel/eltorkra/lithium None 

E19 college widowed regular smoker never Y-reading Yes-meformin & vitamins None 

E20 university married never smoked >7 drinks/week Y-bifocals Y-sleeping meds a few times a month lower limb arthritis 

E21 university married never smoked 1-2 drinks/week Y-reading N None 

E22 university divorced never smoked 1-2 drinks/week Y Y-cortisone, synthroid None 

E23 postgraduate married quit 1-2 drinks/week Y-bifocals N None 

E24 high school divorced quit never N Y-lipitor, cozair, aspirin CVD 

E25 college divorced never smoked 1-2 drinks/week Y-reading Y-thyroid None 

E27 university married never smoked never Y-bifocals N inner ear 

E28 university single never smoked 1-2 drinks/week N N None 

E29 postgraduate married never smoked 1-2 drinks/week Y-far sighted N None 

E30 postgraduate married quit > 7 drinks a week Y- near sighted N None 

E31 university married quit > 5 drinks/week Y-bifocals N None 

E32 high school married quit 1-2 drinks/week N Y-asprin None 

E34 high school married quit 1-2 drinks/week Y-bifocals Y-other None 

E35 postgraduate married never smoked 1-2 drinks/week Y-reading Y-lipitor None 

E36 university married never smoked > 5 drinks/week Y-bifocals N None 

E37 university married quit >7 drinks/week Y-reading Y-antidepressants, pantaloc None 

E38 high school married never smoked 1-2 drinks/week Y-bifocals N None 

E39 high school widowed never smoked never Y-near sighted N None 
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Subject Code Dizzy sit to stand Dizzy lying to standing #/week PA PA level duration of PA Fallen going up # of times Fallen going down # of times 

E04 N N >4 times/week moderate >30 minutes N 0 N 0 

E05 N N 3-4 times/week moderate >30 minutes N 0 N 0 

E07 N N 1-2 times/week moderate <20 minutes N 0 N 0 

E08 N N 1-2 times/week light >60 minutes N 0 N 0 

E09 N N > 4 times/week hard >60 minutes N 0 N 0 

E10 ---------------------- -------------------- --------------- ------------- ------------- -------------------- ----------- --------------------- ---------- 

E12 N N >4 times/week hard >60 minutes N 0 N 0 

E13 N N >4 times/week moderate >30 minutes N 0 Y 2 

E18 N N >4 times/week moderate > 60 minutes N 0 N 0 

E19 N sometimes-always since childhood 1-2 times/week moderate >60 minutes N 0 N 0 

E20 N N >4 times/week moderate >45 minutes Y 1 Y 1 

E21 N N >4 times/week moderate >60 minutes N 0 N 0 

E22 N N >4 times/week moderate >30 minutes N 0 N 0 

E23 N N >4 times/week moderate >20 minutes N 0 N 0 

E24 N N >4 times/week moderate >45 minutes N 0 N 0 

E25 N N >4 times/week moderate >45 minutes N 0 N 0 

E27 N N 3-4 times/week moderate >45 minutes Y 2 Y 4 

E28 N N > 4times/week hard >60 minutes N 0 N 0 

E29 N N > 4 times/week hard >45 minutes N 0 N 0 

E30 N N > 4 times/week moderate > 60 minutes N 0 N 0 

E31 N N > 4 times/week light > 60 minutes N 0 N 0 

E32 N N 1-2 times/week light >20 minutes N 0 N 0 

E34 N N > 4 times/week moderate > 60 minutes N 0 N 0 

E35 N N > 4 times/week moderate > 60 minutes N 0 N 0 

E36 N N > 4 times/week moderate > 60 minutes N 0 N 0 

E37 N N 3-4 times/week hard >60 N 0 N 0 

E38 N N > 4 times/week moderate >45 minutes N 0 N 0 

E39 N N > 4 times/week hard > 60 minutes N 0 N 0 
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Subject Code know people who have fallen Has ↓ your stair use difficulty walking down stairs difficult walking up stairs tye of home # of flights 

E04 Y- 4-5 persons N never never two storey 2 flights 

E05 N N never never two storey 1 flight 

E07 Y -1person N never never bungalow 1 flight 

E08 N N rarely rarely condo >3 flights 

E09 Y- 2 persons N rarely rarely two storey 2 flights 

E10 ----------------------------- ------------------ rarely rarely apartment 2 flights 

E12 Y- 3persons N never never bungalow 1 flight 

E13 Y- 2 persons N sometimes sometimes bungalow 1 flight 

E18 N N never never apartment >3 flights 

E19 Y-6 persons N never never other-split level 2 flights 

E20 Y-2 persons N never rarely two storey > 3 flights 

E21 Y- 2 persons N never never bungalow 1 flight 

E22 Y-1 person N never never two storey 2 flghts 

E23 N N sometimes never apartment >3 flights 

E24 Y-3 persons N never sometimes apartment 1 flight 

E25 N N never never apartment none 

E27 N N rarely rarely bungalow 2 flights 

E28 N N never most of the time bungalow none 

E29 Y-2 persons N never never other-split level >3 flights 

E30 N N never never apartment > 3 flights 

E31 Y- 4 persons N never rarely apartment > 3 flights 

E32 Y- 2 persons N never never bungalow 1 flight 

E34 N N rarely rarely bungalow 1 flight 

E35 Y- 1 persons N never never two storey 2 flights 

E36 N N never never two storey 2 flights 

E37 Y-several N never never other-split level 2 flights 

E38 N N never never two storey 2 flights 

E39 Y N sometimes sometimes apartment none 
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Subject Code location of stairs frequency of use pattern of use # stairs encountered outside of home pattern of use outside of the home # stairs climbed a day 

E04 between 2 main floors 3-4 times/day no particular time occasionally no particular time 8 to 15 

E05 between 2 main floors 1-2 times/day no particular time occasionally no particular time >40 

E07 between 2 main floors 3-4 times/day no particular time occasionally no particular time 31 to 40 

E08 Other 1-2 times/day no particular time occasionally no particular time 8 to 15 

E09 between 2 main floors > 5 times/day no particular time occasionally no particular time >40 

E10 between 2 main floors 1-2 times/day no particular time occasionally mostly in the morning 16-20 

E12 Cellar 1-2 times/day no particular time occasionally no particular time 31 to 40 

E13 attic and cellar 1-2 times/day no particular time always no particular time >40 

E18 between 2 main floors >5 times/day mostly in the afternoon occasionally no particular time >40 

E19 between 2 main floors > 5 times/day no particular time always no particular time 8 to 15 

E20 between 2 main floors > 5 times/day no particular time occasionally no particular time >40 

E21 between 2 main floors 3-4 times/day no particular time always no particular time 16 to 20 

E22 between 2 main floors >5 times/day no particular time always no particular time >40 

E23 Other twice weekly no particular time occasionally no particular time >40 

E24 between 2 main floors 3-4 times/day no particular time always no particular time >40 

E25 ------- never no particular time always no particular time 3 to 7 

E27 attic and cellar 3-4 times/day no particular time occasionally mostly in the morning 21 to 30 

E28 between 2 main floors 1-2 times/day no particular time  always no particular time None 

E29 between 2 main floors 3-4 times/day no particular time occasionally no particular time >40 

E30 other - inside condo building 1-2 times/day mostly in the morning occasionally no particular time > 40 

E31 outside stairs leading to home 1-2 times/day mostly in the morning occasionally no particular time > 40 

E32 Cellar >5 times/day no particular time occasionally no particular time 31 to 40 

E34 outside stairs leading to home > 5 times/day no particular time always no particular time 8 to 15 

E35 between 2 main floors > 5 times/day no particular time occasionally no particular time > 40 

E36 between 2 main floors 3-4 times/day no particular time always no particular time 31-40 

E37 between 2 main floors >5 times/day no particular time always no particular time >40 

E38 between 2 main floors >5 times/day no particular time always no particular time 31 to 40 

E39 ---- 1-2 times/day no particular time occasionally -- -- 
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Subject Code Handrail use handrail preference prefer to typical pattern ↑ stairs typical pattern ↓ stairs 

E04 Always right hand both SOS SOS 

E05 Occasionally one hand - no preference neither SOS SOS 

E07 Occasionally right hand ascend SOS SOS 

E08 only when descending right hand descend stairs SOS SOS 

E09 Occasionally use both on either side ascend SOS SOS 

E10 Occasionally one hand - no preference descend stairs SOS SOS 

E12 Occasionally right hand both SOS SOS 

E13 Occasionally right hand both SOS SOS 

E18 Occasionally left hand descend stairs SOS SOS 

E19 Never ------------- both SOS SOS 

E20 Occasionally right hand ascend stairs SOS SOS 

E21 Occasionally one hand - no preference neither SOS SOS 

E22 Occasionally left hand both SOS SOS 

E23 Always ------- ascend SOS SOS 

E24 Occasionally left hand both SOS SOS 

E25 Occasionally right hand descend stairs SOS SOS 

E27 Both right hand descend stairs SOS SOS 

E28 Occasionally right hand both SOS SOS 

E29 Occasionally one hand - no preference both SOS SOS 

E30 only when ascending left hand both  SOS SOS 

E31 only when descending right hand both  SOS SOS 

E32 Occasionally one hand - no preference both SOS SOS 

E34 Always right hand ascend SOS SOS 

E35 during boht ascent and descent one hand - no preference both SOS SOS 

E36 Occasionally right hand both SOS SOS 

E37 Occasionally right hand both SOS SOS 

E38 Occasionally right hand both  SOS SOS 

E39 Always right hand Neither SOS SOS 
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Appendix C 

Mean + 1 SD ascent and descent lower limb (hip, knee, ankle) moment, 

force, and angle waveform profile
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Data Set 

Provided is a detailed normative kinematic and kinetic data set of the lower limb (hip, knee, and 

ankle joint) in a healthy older adult population during stair ascent and descent. 

Mean and SD sagittal and frontal plane angle, moment, and force data of the hip, knee, and ankle 

during stair ascent and descent are presented. 

 

Participants 

Twenty-eight (13M) (27 right dominant) healthy older adults (66.4 + 8.3 yrs, 170.57 + 8.73 cm, 

71.5 + 10.2 kg) were recruited for the study. 

 

Gait Analysis 

Participants complete three stair ascent trials and three stair descent trials at a self-selected pace. 

An optoelectric camera (Northern Digital, Waterloo, Canada) tracked clusters of 3-4 infrared 

emitting diodes secured on the thigh, shank, and foot using elasticized straps while a fin 

projecting from the pelvis was secured at S2.  Ground reaction forces were recorded with a force 

plate (AMTI, Newton, MA, USA) mounted on concrete blocks centred on the second step of a 

standard dimension four-step staircase.  Motion and force plate data were sampled synchronously 

at 100Hz, filtered using a second order, low pass Butterworth filter with a cutoff frequency of 6 

Hz and processed using Visual 3D (C-motion, Inc., Germantown, MD). Anatomical landmarks 

were defined in static standing reference trials.  These landmarks were captured using a pointed 

probe fitted with 4 IRED markers, the tip of the probe was placed on specific bone landmarks. 

These landmarks approximated the first and fifth metatarsal 

heads of the foot, the medial and lateral malleoli of the ankle, the medial and lateral epicondyles 

of the knee, the greater trochater, and a point aligned with the greater trochanter at the level of the 

anterior superior iliac spine (ASIS).  The local coordinate system (LCS) for each segment was 

defined from these data. 

 

To determine the location of each joint centre, two methods were applied 1) an anthropometric 

model for the ankle and knee joints and 2) a functional model for the hip joint. For the ankle and 

knee, the joint centre was calculated as the midpoint between the malleoli and epicondyles, 

respectively (Hamill et al. 2004). For the hip a functional hip model based on Schwartz et al., 

(2005) which tracked the motion of two segments spanning the hip to determine the axis of 

rotation between each pair of segment configurations and then determined the most common 
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intersection (effective joint centre) and orientation (effective joint axis). The processing for this 

functional joint model is included in Visual 3D. 

 

Data Processing 

Visual 3D motion analysis software (C-motion Inc., Germantown, MD) was used to process 

kinematic and kinetic data.  Joint kinetics were calculated using an inverse dynamics approach.  

Forces and internal moments were calculated at the hip, knee, and ankle in the local coordinate 

system of the thigh, shank, and virtual foot, respectively. 

Joint angles were calculated using the Cardan/Euler representation that finds the orientation of the 

distal segment with respect to the reference proximal segment using the 

x,y,z sequence of rotations. The 3D sign convention for the angles, forces, and moments followed 

an anatomically based coordinate system where the three principal axes 

were distal-proximal (DP), posterior-anterior (PA), and lateral-medial (LM).  Abduction and 

flexion moments and forces directed from DP, PA, and LM are defined as positive. For each 

participant the force and moment curves were normalized to body weight, as well, the curves 

were normalized to 100% of the stance phase and then ensemble averaged to provide a single 

representative trial for each subject. 
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Table B-1. Mean (SD) sagittal and frontal angles about the ankle, knee, and hip joint during stair ascent.   

 

ASCENT            

Mean Ankle 

Flexion Angle 

(deg) SD  

Mean Ankle 

Abduction 

Angle (deg) SD 

Mean Knee 

Flexion 

Angle (deg) SD 

Mean Knee 

Abduction 

Angle (deg) SD 

Mean Hip 

Flexion 

Angle 

(deg) SD 

Mean Hip 

Abduction 

Angle (deg) SD 

15.76 1.42 0.17 1.67 58.76 1.55 -1.71 1.04 52.04  1.88  

15.76 1.38 -0.43 1.64 58.04 1.52 -1.65 1.03 51.23  2.02  

15.94 1.37 -1.08 1.61 57.39 1.50 -1.58 1.03 50.44  2.18  

16.28 1.34 -1.71 1.55 56.80 1.50 -1.50 1.02 49.64 1.52 2.39 1.06 

16.68 1.28 -2.25 1.48 56.25 1.53 -1.40 1.02 48.86 1.49 2.56 1.03 

17.10 1.23 -2.65 1.42 55.71 1.57 -1.27 1.01 48.09 1.45 2.75 1.00 

17.51 1.19 -2.94 1.37 55.18 1.62 -1.08 1.01 47.33 1.43 2.96 0.96 

17.87 1.15 -3.14 1.33 54.65 1.69 -0.85 1.00 46.58 1.43 3.16 0.92 

18.21 1.11 -3.26 1.30 54.11 1.75 -0.60 0.98 45.85 1.42 3.37 0.89 

18.52 1.10 -3.33 1.27 53.56 1.78 -0.35 0.93 45.16 1.45 3.53 0.88 

18.80 1.09 -3.38 1.26 52.99 1.78 -0.11 0.85 44.45 1.44 3.71 0.85 

19.06 1.07 -3.43 1.27 52.41 1.77 0.09 0.78 43.75 1.42 3.85 0.84 

19.30 1.05 -3.48 1.22 51.80 1.75 0.26 0.77 43.06 1.40 3.95 0.82 

19.50 1.02 -3.54 1.20 51.15 1.72 0.40 0.76 42.37 1.36 4.02 0.81 

19.67 0.99 -3.61 1.21 50.46 1.69 0.49 0.73 41.69 1.32 4.06 0.81 

19.80 0.96 -3.70 1.23 49.72 1.65 0.55 0.72 41.00 1.27 4.06 0.81 

19.88 0.95 -3.79 1.24 48.93 1.63 0.58 0.72 40.32 1.23 4.02 0.81 

19.92 0.95 -3.90 1.25 48.11 1.61 0.58 0.73 39.63 1.20 3.94 0.81 

19.92 0.95 -4.02 1.26 47.27 1.60 0.55 0.74 38.95 1.20 3.81 0.82 

19.91 0.96 -4.13 1.26 46.41 1.60 0.49 0.74 38.28 1.21 3.66 0.84 

19.87 0.98 -4.24 1.27 45.55 1.60 0.43 0.75 37.60 1.22 3.49 0.86 

19.83 0.99 -4.34 1.27 44.69 1.60 0.36 0.75 36.93 1.23 3.29 0.88 

19.78 1.00 -4.42 1.27 43.84 1.60 0.30 0.76 36.25 1.25 3.09 0.90 

19.72 1.01 -4.49 1.27 42.99 1.60 0.23 0.75 35.57 1.27 2.87 0.92 

19.64 1.02 -4.55 1.28 42.15 1.61 0.17 0.75 34.89 1.30 2.66 0.94 

19.56 1.02 -4.60 1.29 41.31 1.62 0.12 0.74 34.21 1.32 2.45 0.95 
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19.46 1.03 -4.63 1.30 40.48 1.63 0.07 0.73 33.52 1.35 2.25 0.96 

19.35 1.04 -4.66 1.31 39.66 1.64 0.04 0.72 32.84 1.37 2.06 0.97 

19.23 1.06 -4.68 1.32 38.84 1.66 0.01 0.71 32.15 1.40 1.87 0.98 

19.10 1.07 -4.69 1.33 38.02 1.68 0.00 0.71 31.47 1.42 1.69 0.99 

18.96 1.09 -4.70 1.33 37.21 1.71 -0.01 0.70 30.80 1.43 1.53 0.99 

18.80 1.11 -4.69 1.34 36.40 1.74 0.00 0.69 30.13 1.45 1.37 0.99 

18.64 1.13 -4.67 1.36 35.58 1.78 0.00 0.68 29.48 1.46 1.22 0.99 

18.47 1.14 -4.64 1.37 34.77 1.83 0.01 0.67 28.83 1.47 1.07 1.00 

18.29 1.16 -4.60 1.39 33.95 1.87 0.02 0.66 28.20 1.48 0.92 1.00 

18.11 1.19 -4.56 1.40 33.13 1.92 0.02 0.65 27.57 1.48 0.78 1.00 

17.91 1.21 -4.51 1.42 32.30 1.97 0.02 0.65 26.95 1.49 0.63 1.01 

17.71 1.24 -4.45 1.43 31.47 2.01 0.02 0.65 26.34 1.51 0.48 1.01 

17.50 1.27 -4.40 1.45 30.64 2.05 0.01 0.65 25.74 1.52 0.33 1.02 

17.28 1.30 -4.33 1.47 29.81 2.09 -0.01 0.65 25.15 1.54 0.17 1.03 

17.05 1.33 -4.27 1.48 28.98 2.12 -0.04 0.65 24.56 1.56 0.01 1.04 

16.82 1.36 -4.20 1.49 28.15 2.15 -0.08 0.66 23.98 1.57 -0.16 1.05 

16.59 1.38 -4.12 1.50 27.34 2.17 -0.13 0.66 23.41 1.59 -0.34 1.05 

16.35 1.40 -4.05 1.52 26.53 2.19 -0.19 0.67 22.86 1.60 -0.52 1.06 

16.11 1.42 -3.99 1.53 25.73 2.20 -0.26 0.68 22.31 1.62 -0.70 1.06 

15.88 1.43 -3.92 1.54 24.96 2.21 -0.33 0.68 21.79 1.63 -0.88 1.06 

15.64 1.45 -3.86 1.55 24.20 2.21 -0.41 0.68 21.28 1.64 -1.07 1.06 

15.41 1.46 -3.81 1.55 23.46 2.21 -0.49 0.69 20.78 1.65 -1.26 1.06 

15.18 1.47 -3.75 1.54 22.74 2.21 -0.57 0.69 20.31 1.66 -1.46 1.06 

14.96 1.47 -3.69 1.54 22.06 2.21 -0.66 0.68 19.85 1.68 -1.66 1.06 

14.75 1.48 -3.64 1.52 21.40 2.20 -0.74 0.68 19.41 1.69 -1.86 1.04 

14.55 1.48 -3.59 1.51 20.77 2.20 -0.82 0.67 18.99 1.71 -2.06 1.04 

14.37 1.48 -3.54 1.49 20.17 2.19 -0.90 0.66 18.58 1.72 -2.25 1.03 

14.19 1.48 -3.49 1.46 19.61 2.18 -0.98 0.66 18.19 1.73 -2.44 1.02 

14.04 1.47 -3.44 1.44 19.08 2.17 -1.05 0.65 17.81 1.74 -2.64 1.00 

13.90 1.46 -3.39 1.43 18.58 2.15 -1.12 0.65 17.44 1.75 -2.83 1.00 

13.78 1.45 -3.35 1.41 18.12 2.14 -1.19 0.64 17.09 1.76 -3.01 0.99 

13.68 1.44 -3.31 1.40 17.70 2.12 -1.25 0.63 16.74 1.76 -3.20 0.98 

13.59 1.43 -3.28 1.39 17.31 2.11 -1.32 0.62 16.40 1.77 -3.37 0.97 
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13.53 1.42 -3.25 1.39 16.95 2.10 -1.38 0.62 16.07 1.77 -3.54 0.95 

13.48 1.41 -3.22 1.40 16.63 2.08 -1.43 0.61 15.74 1.77 -3.70 0.94 

13.45 1.40 -3.19 1.40 16.34 2.06 -1.49 0.60 15.41 1.77 -3.85 0.93 

13.43 1.39 -3.16 1.41 16.08 2.04 -1.54 0.59 15.09 1.76 -3.99 0.92 

13.43 1.38 -3.12 1.40 15.85 2.02 -1.59 0.59 14.78 1.75 -4.12 0.91 

13.43 1.37 -3.09 1.40 15.65 2.00 -1.64 0.58 14.46 1.74 -4.25 0.90 

13.45 1.37 -3.05 1.39 15.47 1.98 -1.69 0.57 14.15 1.73 -4.35 0.89 

13.46 1.37 -3.02 1.37 15.32 1.96 -1.73 0.57 13.83 1.71 -4.45 0.88 

13.48 1.36 -2.98 1.36 15.18 1.93 -1.77 0.56 13.51 1.70 -4.54 0.87 

13.49 1.36 -2.94 1.36 15.05 1.91 -1.81 0.56 13.19 1.68 -4.62 0.86 

13.50 1.36 -2.91 1.34 14.93 1.88 -1.85 0.55 12.86 1.65 -4.68 0.86 

13.49 1.36 -2.87 1.31 14.81 1.85 -1.89 0.54 12.52 1.63 -4.73 0.86 

13.47 1.36 -2.82 1.30 14.69 1.81 -1.92 0.54 12.17 1.60 -4.77 0.86 

13.43 1.36 -2.76 1.29 14.56 1.78 -1.94 0.53 11.81 1.57 -4.80 0.86 

13.35 1.37 -2.70 1.27 14.42 1.74 -1.96 0.52 11.44 1.54 -4.82 0.86 

13.25 1.39 -2.64 1.25 14.28 1.71 -1.98 0.51 11.06 1.51 -4.84 0.85 

13.11 1.42 -2.55 1.23 14.11 1.67 -1.99 0.50 10.66 1.47 -4.85 0.85 

12.92 1.45 -2.44 1.20 13.93 1.63 -2.00 0.50 10.25 1.44 -4.86 0.85 

12.66 1.48 -2.31 1.19 13.73 1.60 -2.01 0.50 9.84 1.41 -4.87 0.85 

12.35 1.52 -2.17 1.17 13.50 1.57 -2.01 0.50 9.42 1.38 -4.89 0.86 

11.95 1.57 -2.00 1.17 13.27 1.54 -2.00 0.49 9.00 1.35 -4.93 0.86 

11.45 1.63 -1.78 1.16 13.02 1.51 -1.99 0.49 8.58 1.35 -4.96 0.87 

10.86 1.69 -1.53 1.16 12.77 1.49 -1.98 0.49 8.17 1.36 -5.02 0.88 

10.16 1.77 -1.28 1.16 12.53 1.48 -1.96 0.48 7.78 1.37 -5.09 0.89 

9.33 1.85 -0.99 1.16 12.31 1.46 -1.95 0.48 7.41 1.39 -5.18 0.90 

8.37 1.92 -0.66 1.18 12.12 1.44 -1.94 0.47 7.06 1.40 -5.28 0.91 

7.28 2.00 -0.32 1.19 11.98 1.42 -1.93 0.47 6.77 1.42 -5.41 0.92 

6.07 2.07 0.05 1.20 11.90 1.43 -1.92 0.47 6.52 1.44 -5.55 0.93 

4.72 2.13 0.44 1.21 11.90 1.45 -1.91 0.47 6.34 1.46 -5.70 0.95 

3.27 2.19 0.84 1.21 11.99 1.48 -1.92 0.47 6.23 1.48 -5.87 0.97 

1.70 2.22 1.24 1.20 12.18 1.51 -1.93 0.45 6.21 1.50 -6.04 0.99 

0.06 2.23 1.63 1.20 12.47 1.54 -1.95 0.44 6.29 1.51 -6.22 1.00 

-1.62 2.23 2.00 1.21 12.87 1.55 -1.98 0.44 6.47 1.51 -6.40 1.01 
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-3.30 2.21 2.34 1.22 13.41 1.56 -2.01 0.45 6.75 1.48 -6.59 1.02 

-4.93 2.17 2.67 1.23 14.09 1.57 -2.05 0.45 7.14 1.46 -6.76 1.02 

-6.46 2.12 2.96 1.25 14.93 1.58 -2.08 0.45 7.62 1.43 -6.94 1.03 

-7.83 2.07 3.23 1.27 15.96 1.61 -2.11 0.46 8.20 1.41 -7.11 1.04 

-8.99 2.01 3.47 1.29 17.17 1.66 -2.13 0.46 8.87 1.40 -7.26 1.03 

-9.93 1.95 3.69 1.35 18.59 1.72 -2.13 0.47 9.63 1.40 -7.40 1.03 

-10.68 1.93 3.85 1.44 20.22 1.77 -2.12 0.50 10.48 1.41 -7.53 1.03 

-11.19 1.96 3.93 1.48 22.08 1.82 -2.08 0.54 11.41 1.41 -7.65 1.03 

-11.45 1.99 3.94 1.49 24.14 1.85 -2.02 0.58 12.40 1.42 -7.74 1.02 
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Table B-2. Mean (SD) sagittal and frontal ankle, knee, and hip joint moments during stair ascent.   

 

ASCENT            

Mean Ankle 

Flexion 

Moment 

(Nm/kg) SD  

Mean Ankle 

Abduction 

Moment 

(Nm/kg) SD 

Mean Knee 

Flexion 

Moment 

(Nm/kg) SD 

Mean Knee 

Abduction 

Moment 

(Nm/kg) SD 

Mean Hip 

Flexion 

Moment 

(Nm/kg) SD 

Mean Hip 

Abduction 

Moment 

(Nm/kg) SD 

-0.05 0.02 -0.01 0.00 0.12 0.04 -0.01 0.02 -0.12 0.08 -0.04 0.04 

-0.08 0.02 -0.01 0.01 0.07 0.05 -0.01 0.02 -0.13 0.07 -0.02 0.04 

-0.11 0.03 -0.01 0.01 0.03 0.05 0.00 0.02 -0.13 0.07 -0.01 0.04 

-0.14 0.04 -0.02 0.01 -0.03 0.05 0.00 0.02 -0.14 0.07 0.00 0.04 

-0.18 0.04 -0.02 0.01 -0.09 0.06 0.00 0.02 -0.15 0.07 0.02 0.05 

-0.21 0.05 -0.02 0.01 -0.15 0.07 0.01 0.02 -0.17 0.07 0.05 0.05 

-0.26 0.06 -0.03 0.01 -0.21 0.08 0.01 0.03 -0.21 0.07 0.07 0.05 

-0.30 0.06 -0.03 0.01 -0.28 0.08 0.01 0.03 -0.25 0.07 0.10 0.06 

-0.34 0.07 -0.03 0.01 -0.35 0.08 0.02 0.03 -0.29 0.07 0.13 0.06 

-0.38 0.07 -0.04 0.02 -0.42 0.08 0.03 0.03 -0.33 0.07 0.17 0.07 

-0.42 0.07 -0.04 0.02 -0.50 0.09 0.04 0.03 -0.35 0.07 0.20 0.08 

-0.46 0.07 -0.04 0.02 -0.57 0.09 0.05 0.04 -0.36 0.07 0.24 0.08 

-0.50 0.08 -0.04 0.02 -0.64 0.08 0.07 0.03 -0.37 0.07 0.28 0.07 

-0.53 0.08 -0.04 0.02 -0.71 0.07 0.08 0.04 -0.37 0.06 0.32 0.08 

-0.56 0.08 -0.05 0.02 -0.77 0.07 0.10 0.03 -0.37 0.05 0.36 0.07 

-0.59 0.08 -0.05 0.02 -0.82 0.07 0.12 0.03 -0.37 0.05 0.40 0.07 

-0.62 0.08 -0.05 0.03 -0.86 0.06 0.13 0.04 -0.37 0.05 0.43 0.06 

-0.64 0.08 -0.05 0.03 -0.89 0.06 0.15 0.04 -0.36 0.05 0.47 0.06 

-0.66 0.08 -0.05 0.03 -0.92 0.06 0.17 0.04 -0.36 0.05 0.50 0.06 

-0.68 0.09 -0.05 0.03 -0.94 0.05 0.18 0.04 -0.35 0.05 0.54 0.05 

-0.70 0.09 -0.05 0.03 -0.95 0.05 0.20 0.04 -0.35 0.05 0.56 0.05 

-0.71 0.09 -0.05 0.03 -0.96 0.05 0.21 0.04 -0.34 0.05 0.59 0.05 

-0.72 0.09 -0.05 0.03 -0.97 0.05 0.22 0.04 -0.33 0.05 0.61 0.04 

-0.73 0.09 -0.05 0.04 -0.97 0.06 0.23 0.04 -0.33 0.05 0.63 0.04 

-0.74 0.09 -0.05 0.04 -0.96 0.06 0.24 0.04 -0.32 0.05 0.65 0.04 

-0.74 0.09 -0.05 0.04 -0.95 0.06 0.25 0.04 -0.31 0.04 0.66 0.04 
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-0.75 0.10 -0.05 0.04 -0.94 0.06 0.26 0.04 -0.30 0.04 0.68 0.04 

-0.75 0.10 -0.05 0.04 -0.93 0.06 0.27 0.04 -0.29 0.04 0.69 0.04 

-0.75 0.10 -0.05 0.04 -0.91 0.07 0.27 0.04 -0.28 0.04 0.70 0.04 

-0.75 0.10 -0.05 0.04 -0.89 0.07 0.28 0.04 -0.27 0.04 0.70 0.04 

-0.75 0.10 -0.05 0.04 -0.86 0.07 0.28 0.04 -0.26 0.04 0.71 0.04 

-0.75 0.10 -0.05 0.04 -0.83 0.08 0.29 0.04 -0.25 0.04 0.71 0.04 

-0.74 0.10 -0.05 0.04 -0.81 0.08 0.29 0.04 -0.24 0.04 0.71 0.04 

-0.74 0.10 -0.05 0.04 -0.78 0.08 0.29 0.04 -0.22 0.04 0.71 0.04 

-0.73 0.10 -0.05 0.04 -0.74 0.09 0.29 0.04 -0.21 0.04 0.71 0.04 

-0.72 0.10 -0.05 0.04 -0.71 0.09 0.29 0.04 -0.21 0.04 0.71 0.04 

-0.71 0.10 -0.05 0.04 -0.68 0.09 0.29 0.04 -0.20 0.04 0.70 0.04 

-0.71 0.10 -0.05 0.04 -0.64 0.10 0.28 0.04 -0.19 0.04 0.69 0.04 

-0.70 0.10 -0.05 0.04 -0.61 0.10 0.28 0.04 -0.18 0.04 0.68 0.04 

-0.69 0.10 -0.05 0.04 -0.58 0.10 0.27 0.04 -0.17 0.04 0.67 0.05 

-0.68 0.10 -0.05 0.04 -0.54 0.10 0.27 0.04 -0.17 0.05 0.66 0.05 

-0.67 0.10 -0.04 0.04 -0.51 0.10 0.26 0.03 -0.16 0.04 0.65 0.05 

-0.66 0.10 -0.04 0.04 -0.48 0.10 0.26 0.03 -0.15 0.04 0.64 0.05 

-0.65 0.09 -0.04 0.04 -0.45 0.09 0.25 0.03 -0.15 0.04 0.62 0.05 

-0.64 0.09 -0.04 0.04 -0.41 0.09 0.25 0.03 -0.14 0.04 0.61 0.05 

-0.63 0.09 -0.04 0.04 -0.39 0.09 0.24 0.03 -0.14 0.04 0.59 0.05 

-0.62 0.09 -0.04 0.03 -0.36 0.09 0.24 0.03 -0.13 0.04 0.58 0.05 

-0.62 0.09 -0.04 0.03 -0.33 0.08 0.23 0.03 -0.13 0.04 0.57 0.05 

-0.61 0.09 -0.04 0.03 -0.31 0.08 0.23 0.03 -0.12 0.04 0.55 0.05 

-0.61 0.09 -0.04 0.03 -0.29 0.08 0.22 0.03 -0.11 0.04 0.54 0.05 

-0.60 0.09 -0.04 0.03 -0.27 0.07 0.22 0.03 -0.11 0.04 0.53 0.05 

-0.60 0.09 -0.04 0.03 -0.25 0.07 0.21 0.03 -0.10 0.04 0.52 0.05 

-0.60 0.09 -0.04 0.03 -0.23 0.07 0.21 0.03 -0.10 0.04 0.51 0.05 

-0.60 0.09 -0.04 0.03 -0.22 0.07 0.21 0.03 -0.09 0.04 0.50 0.04 

-0.60 0.09 -0.04 0.04 -0.20 0.07 0.20 0.03 -0.09 0.04 0.49 0.04 

-0.60 0.09 -0.04 0.04 -0.19 0.06 0.20 0.03 -0.08 0.04 0.48 0.04 

-0.61 0.09 -0.03 0.04 -0.18 0.06 0.20 0.03 -0.07 0.04 0.47 0.04 

-0.61 0.09 -0.03 0.04 -0.17 0.06 0.19 0.02 -0.07 0.04 0.47 0.04 

-0.62 0.09 -0.03 0.04 -0.16 0.06 0.19 0.02 -0.06 0.04 0.46 0.04 
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-0.63 0.09 -0.03 0.04 -0.16 0.06 0.19 0.02 -0.05 0.04 0.46 0.04 

-0.64 0.09 -0.03 0.04 -0.15 0.06 0.19 0.02 -0.04 0.04 0.46 0.03 

-0.65 0.09 -0.03 0.04 -0.15 0.06 0.19 0.02 -0.04 0.04 0.46 0.03 

-0.67 0.09 -0.03 0.04 -0.14 0.06 0.19 0.02 -0.03 0.04 0.46 0.03 

-0.69 0.09 -0.03 0.04 -0.14 0.06 0.19 0.02 -0.02 0.04 0.46 0.04 

-0.71 0.09 -0.03 0.04 -0.14 0.06 0.20 0.03 -0.02 0.04 0.46 0.03 

-0.73 0.09 -0.03 0.04 -0.14 0.06 0.20 0.03 -0.01 0.04 0.47 0.03 

-0.75 0.09 -0.03 0.04 -0.14 0.06 0.20 0.03 0.00 0.04 0.47 0.04 

-0.78 0.09 -0.03 0.04 -0.14 0.06 0.20 0.03 0.01 0.04 0.47 0.04 

-0.81 0.09 -0.03 0.04 -0.13 0.06 0.20 0.03 0.01 0.04 0.48 0.04 

-0.84 0.09 -0.02 0.04 -0.13 0.07 0.21 0.03 0.02 0.03 0.48 0.04 

-0.88 0.09 -0.02 0.04 -0.13 0.07 0.21 0.03 0.03 0.03 0.48 0.04 

-0.91 0.09 -0.02 0.04 -0.13 0.07 0.21 0.03 0.04 0.03 0.48 0.04 

-0.94 0.09 -0.02 0.04 -0.12 0.07 0.21 0.03 0.05 0.03 0.48 0.04 

-0.98 0.09 -0.02 0.04 -0.12 0.07 0.21 0.03 0.06 0.03 0.48 0.04 

-1.01 0.08 -0.02 0.04 -0.11 0.07 0.20 0.03 0.07 0.04 0.48 0.04 

-1.05 0.08 -0.01 0.04 -0.10 0.07 0.20 0.04 0.08 0.03 0.47 0.05 

-1.08 0.08 -0.01 0.04 -0.09 0.07 0.20 0.03 0.09 0.04 0.47 0.05 

-1.11 0.07 -0.01 0.04 -0.08 0.07 0.19 0.04 0.10 0.04 0.46 0.05 

-1.13 0.07 -0.01 0.04 -0.06 0.07 0.19 0.04 0.11 0.04 0.45 0.05 

-1.14 0.06 0.00 0.04 -0.05 0.07 0.18 0.04 0.12 0.04 0.43 0.05 

-1.15 0.06 0.00 0.04 -0.03 0.07 0.17 0.04 0.13 0.04 0.41 0.05 

-1.15 0.06 0.00 0.04 -0.01 0.07 0.16 0.04 0.14 0.04 0.39 0.05 

-1.14 0.05 0.01 0.04 0.00 0.07 0.15 0.03 0.15 0.05 0.37 0.05 

-1.12 0.05 0.01 0.03 0.02 0.06 0.14 0.03 0.16 0.05 0.34 0.05 

-1.09 0.05 0.01 0.03 0.04 0.06 0.12 0.03 0.16 0.05 0.31 0.05 

-1.04 0.06 0.02 0.03 0.05 0.05 0.11 0.03 0.16 0.05 0.28 0.05 

-0.98 0.06 0.02 0.03 0.06 0.05 0.09 0.03 0.16 0.05 0.24 0.05 

-0.92 0.06 0.02 0.03 0.07 0.05 0.08 0.03 0.16 0.05 0.20 0.05 

-0.84 0.06 0.02 0.02 0.07 0.04 0.06 0.03 0.15 0.05 0.16 0.05 

-0.75 0.06 0.02 0.02 0.08 0.04 0.05 0.03 0.14 0.05 0.13 0.05 

-0.66 0.06 0.02 0.02 0.09 0.04 0.03 0.03 0.12 0.05 0.09 0.05 

-0.57 0.06 0.02 0.02 0.09 0.04 0.02 0.03 0.09 0.05 0.05 0.05 
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-0.48 0.06 0.02 0.01 0.10 0.03 0.01 0.02 0.07 0.05 0.02 0.05 

-0.40 0.05 0.01 0.01 0.11 0.03 0.00 0.02 0.04 0.05 -0.01 0.04 

-0.32 0.04 0.01 0.01 0.12 0.03 -0.01 0.02 0.01 0.04 -0.03 0.04 

-0.25 0.04 0.01 0.01 0.13 0.03 -0.01 0.02 -0.02 0.04 -0.04 0.04 

-0.19 0.03 0.01 0.01 0.15 0.02 -0.02 0.02 -0.04 0.04 -0.06 0.04 

-0.13 0.02 0.01 0.01 0.16 0.02 -0.02 0.02 -0.06 0.03 -0.06 0.04 

-0.09 0.02 0.00 0.00 0.16 0.02 -0.02 0.01 -0.07 0.03 -0.06 0.03 

-0.06 0.01 0.00 0.00 0.16 0.01 -0.02 0.01 -0.06 0.03 -0.06 0.03 

-0.02 0.01 0.00 0.00 0.14 0.02 -0.02 0.01 -0.01 0.04 -0.06 0.03 
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Table B-3. Mean (SD) sagittal and frontal ankle, knee, and hip joint forces during stair ascent.   

 
ASCENT                  

Mean Ankle 

LM Force 

(N/kg) 

SD  Mean 

Ankle 

PA 

Force 

(N/kg) 

SD Mean 

Ankle 

DP 

Force 

(N/kg) 

SD Mean 

Knee LM 

Force 

(N/kg) 

SD Mean 

Knee PA 

Force 

(N/kg) 

SD Mean 

Knee DP 

Force 

(N/kg) 

SD Mean 

Hip LM 

Force 

(N/kg) 

SD Mean 

Hip PA 

Force 

(N/kg) 

SD Mean 

Hip DP 

Force 

(N/kg) 

SD 

-0.03 0.05 -0.10 0.09 -0.51 0.21 0.04 0.06 -0.40 0.14 -0.13 0.23 0.11 0.08 0.43 0.19 1.14 0.17 

-0.05 0.07 -0.05 0.09 -0.82 0.26 -0.01 0.07 -0.23 0.16 -0.36 0.27 0.07 0.09 0.34 0.20 0.95 0.21 

-0.04 0.07 0.01 0.10 -1.18 0.33 -0.03 0.07 -0.05 0.17 -0.62 0.29 0.05 0.09 0.22 0.21 0.72 0.25 

-0.03 0.07 0.07 0.10 -1.59 0.39 -0.07 0.07 0.18 0.20 -0.94 0.33 0.03 0.08 0.09 0.23 0.42 0.31 

-0.01 0.08 0.13 0.11 -2.02 0.46 -0.11 0.08 0.42 0.23 -1.29 0.40 -0.01 0.09 -0.08 0.26 0.07 0.37 

0.01 0.09 0.19 0.13 -2.48 0.53 -0.16 0.08 0.67 0.25 -1.69 0.45 -0.04 0.09 -0.30 0.27 -0.31 0.44 

0.01 0.10 0.26 0.14 -2.96 0.59 -0.21 0.09 0.91 0.29 -2.12 0.50 -0.10 0.11 -0.55 0.29 -0.74 0.50 

0.02 0.11 0.35 0.14 -3.45 0.64 -0.24 0.10 1.15 0.32 -2.58 0.54 -0.15 0.12 -0.84 0.30 -1.22 0.55 

0.02 0.11 0.44 0.15 -3.96 0.67 -0.28 0.11 1.41 0.33 -3.07 0.55 -0.23 0.12 -1.13 0.29 -1.76 0.57 

0.01 0.12 0.53 0.15 -4.47 0.69 -0.33 0.12 1.67 0.33 -3.56 0.58 -0.30 0.13 -1.39 0.29 -2.32 0.59 

0.00 0.12 0.62 0.15 -4.99 0.70 -0.39 0.13 1.93 0.36 -4.05 0.64 -0.37 0.15 -1.62 0.29 -2.89 0.67 

-0.02 0.14 0.70 0.16 -5.50 0.70 -0.45 0.14 2.19 0.37 -4.52 0.66 -0.44 0.17 -1.81 0.27 -3.45 0.71 

-0.04 0.14 0.77 0.16 -6.00 0.68 -0.51 0.12 2.45 0.32 -4.97 0.61 -0.52 0.14 -1.97 0.25 -3.98 0.66 

-0.06 0.15 0.82 0.17 -6.49 0.66 -0.57 0.13 2.67 0.31 -5.39 0.60 -0.58 0.16 -2.13 0.23 -4.46 0.66 

-0.09 0.16 0.86 0.17 -6.95 0.64 -0.65 0.13 2.89 0.30 -5.80 0.58 -0.65 0.16 -2.25 0.20 -4.94 0.65 

-0.11 0.17 0.88 0.17 -7.37 0.61 -0.72 0.12 3.07 0.28 -6.18 0.55 -0.71 0.16 -2.36 0.18 -5.37 0.63 

-0.14 0.17 0.89 0.17 -7.77 0.57 -0.78 0.12 3.23 0.27 -6.53 0.52 -0.76 0.14 -2.45 0.16 -5.76 0.59 

-0.16 0.18 0.90 0.17 -8.13 0.53 -0.84 0.12 3.36 0.25 -6.86 0.49 -0.81 0.13 -2.52 0.15 -6.12 0.56 

-0.18 0.19 0.89 0.18 -8.45 0.49 -0.91 0.11 3.47 0.24 -7.16 0.46 -0.85 0.13 -2.56 0.14 -6.45 0.52 

-0.20 0.19 0.88 0.18 -8.74 0.45 -0.96 0.11 3.56 0.23 -7.43 0.42 -0.89 0.12 -2.59 0.14 -6.74 0.48 

-0.22 0.20 0.86 0.18 -9.00 0.42 -1.01 0.11 3.62 0.23 -7.68 0.39 -0.92 0.11 -2.61 0.14 -7.01 0.44 

-0.24 0.20 0.83 0.18 -9.23 0.39 -1.05 0.10 3.67 0.22 -7.89 0.36 -0.94 0.10 -2.61 0.14 -7.25 0.40 

-0.26 0.20 0.80 0.19 -9.42 0.36 -1.09 0.10 3.70 0.21 -8.09 0.33 -0.96 0.09 -2.60 0.14 -7.45 0.36 

-0.28 0.21 0.77 0.19 -9.58 0.33 -1.12 0.10 3.72 0.21 -8.25 0.31 -0.98 0.08 -2.58 0.14 -7.63 0.32 

-0.30 0.21 0.74 0.19 -9.71 0.30 -1.15 0.10 3.73 0.20 -8.39 0.28 -0.99 0.08 -2.55 0.14 -7.78 0.30 

-0.31 0.22 0.71 0.20 -9.81 0.28 -1.17 0.10 3.72 0.20 -8.50 0.26 -0.99 0.07 -2.51 0.14 -7.89 0.27 
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-0.33 0.22 0.68 0.20 -9.88 0.26 -1.19 0.10 3.70 0.20 -8.58 0.24 -1.00 0.07 -2.46 0.15 -7.98 0.25 

-0.35 0.22 0.65 0.20 -9.93 0.25 -1.21 0.10 3.66 0.20 -8.64 0.23 -0.99 0.07 -2.40 0.15 -8.05 0.23 

-0.36 0.22 0.62 0.20 -9.94 0.24 -1.22 0.09 3.62 0.21 -8.68 0.21 -1.00 0.07 -2.34 0.15 -8.08 0.21 

-0.38 0.23 0.59 0.21 -9.94 0.22 -1.23 0.09 3.57 0.21 -8.69 0.20 -0.99 0.07 -2.27 0.16 -8.10 0.20 

-0.39 0.23 0.56 0.21 -9.90 0.22 -1.24 0.09 3.51 0.22 -8.68 0.19 -0.99 0.08 -2.19 0.17 -8.09 0.19 

-0.41 0.23 0.53 0.21 -9.85 0.22 -1.24 0.08 3.44 0.24 -8.65 0.19 -0.98 0.08 -2.11 0.18 -8.06 0.19 

-0.42 0.23 0.50 0.21 -9.78 0.24 -1.24 0.08 3.37 0.24 -8.60 0.19 -0.97 0.08 -2.03 0.18 -8.01 0.20 

-0.43 0.23 0.47 0.21 -9.69 0.26 -1.23 0.08 3.29 0.25 -8.53 0.20 -0.96 0.08 -1.94 0.19 -7.94 0.21 

-0.44 0.23 0.45 0.21 -9.58 0.28 -1.22 0.08 3.21 0.26 -8.46 0.21 -0.95 0.09 -1.86 0.19 -7.87 0.22 

-0.44 0.23 0.42 0.21 -9.47 0.30 -1.21 0.08 3.12 0.26 -8.37 0.23 -0.93 0.09 -1.77 0.20 -7.77 0.24 

-0.45 0.22 0.39 0.21 -9.34 0.32 -1.19 0.08 3.03 0.26 -8.27 0.25 -0.91 0.08 -1.69 0.20 -7.67 0.26 

-0.45 0.23 0.36 0.21 -9.20 0.33 -1.17 0.08 2.94 0.27 -8.16 0.26 -0.89 0.09 -1.60 0.21 -7.55 0.27 

-0.45 0.23 0.33 0.21 -9.06 0.35 -1.15 0.08 2.84 0.27 -8.04 0.28 -0.88 0.09 -1.51 0.21 -7.43 0.29 

-0.45 0.22 0.31 0.21 -8.91 0.36 -1.13 0.09 2.75 0.27 -7.92 0.29 -0.86 0.09 -1.43 0.21 -7.31 0.30 

-0.44 0.22 0.28 0.21 -8.76 0.37 -1.10 0.09 2.66 0.27 -7.79 0.30 -0.84 0.10 -1.34 0.21 -7.19 0.31 

-0.44 0.22 0.25 0.21 -8.61 0.38 -1.08 0.08 2.57 0.27 -7.67 0.31 -0.81 0.09 -1.25 0.20 -7.07 0.32 

-0.44 0.22 0.23 0.21 -8.46 0.38 -1.05 0.09 2.48 0.26 -7.55 0.32 -0.79 0.09 -1.17 0.20 -6.94 0.32 

-0.44 0.22 0.20 0.21 -8.31 0.38 -1.03 0.09 2.39 0.26 -7.43 0.32 -0.76 0.09 -1.08 0.20 -6.81 0.32 

-0.43 0.21 0.18 0.21 -8.17 0.38 -1.00 0.09 2.31 0.26 -7.31 0.31 -0.73 0.09 -1.01 0.18 -6.70 0.32 

-0.43 0.21 0.16 0.21 -8.04 0.37 -0.98 0.09 2.23 0.25 -7.20 0.31 -0.70 0.09 -0.93 0.18 -6.59 0.31 

-0.42 0.21 0.14 0.21 -7.92 0.35 -0.96 0.08 2.16 0.24 -7.10 0.30 -0.67 0.09 -0.85 0.18 -6.49 0.30 

-0.42 0.21 0.12 0.21 -7.80 0.33 -0.93 0.08 2.09 0.24 -7.01 0.28 -0.65 0.09 -0.78 0.17 -6.40 0.29 

-0.41 0.20 0.11 0.21 -7.70 0.31 -0.91 0.08 2.02 0.23 -6.93 0.26 -0.62 0.08 -0.71 0.17 -6.31 0.27 

-0.41 0.20 0.09 0.21 -7.61 0.29 -0.89 0.08 1.97 0.22 -6.85 0.24 -0.59 0.08 -0.64 0.16 -6.23 0.25 

-0.40 0.20 0.08 0.21 -7.54 0.27 -0.87 0.08 1.91 0.22 -6.80 0.23 -0.57 0.08 -0.58 0.16 -6.17 0.23 

-0.40 0.19 0.07 0.21 -7.48 0.25 -0.86 0.08 1.87 0.21 -6.75 0.22 -0.55 0.08 -0.52 0.16 -6.12 0.22 

-0.39 0.19 0.06 0.21 -7.44 0.24 -0.84 0.07 1.83 0.21 -6.72 0.21 -0.53 0.08 -0.46 0.15 -6.09 0.21 

-0.39 0.18 0.06 0.21 -7.41 0.23 -0.82 0.07 1.80 0.21 -6.70 0.20 -0.51 0.07 -0.41 0.15 -6.07 0.20 

-0.38 0.18 0.05 0.21 -7.40 0.23 -0.81 0.07 1.77 0.20 -6.70 0.20 -0.50 0.07 -0.36 0.14 -6.06 0.19 

-0.38 0.18 0.05 0.21 -7.41 0.23 -0.80 0.07 1.75 0.20 -6.72 0.21 -0.48 0.07 -0.31 0.14 -6.07 0.20 

-0.37 0.17 0.04 0.21 -7.43 0.24 -0.79 0.07 1.74 0.20 -6.74 0.22 -0.47 0.07 -0.27 0.14 -6.10 0.21 

-0.37 0.17 0.04 0.21 -7.47 0.25 -0.79 0.07 1.74 0.20 -6.79 0.23 -0.46 0.06 -0.23 0.13 -6.13 0.22 

-0.37 0.17 0.04 0.21 -7.53 0.26 -0.78 0.07 1.74 0.19 -6.85 0.24 -0.45 0.07 -0.19 0.13 -6.19 0.23 

-0.37 0.17 0.04 0.22 -7.61 0.28 -0.78 0.07 1.74 0.20 -6.92 0.26 -0.45 0.07 -0.16 0.13 -6.26 0.24 
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-0.37 0.18 0.04 0.22 -7.70 0.29 -0.78 0.07 1.76 0.20 -7.01 0.28 -0.45 0.06 -0.13 0.13 -6.34 0.26 

-0.37 0.18 0.04 0.22 -7.81 0.31 -0.78 0.07 1.78 0.20 -7.11 0.29 -0.44 0.06 -0.10 0.13 -6.44 0.27 

-0.37 0.18 0.04 0.23 -7.93 0.32 -0.79 0.07 1.81 0.20 -7.23 0.30 -0.44 0.06 -0.08 0.13 -6.56 0.29 

-0.37 0.18 0.05 0.23 -8.07 0.33 -0.80 0.07 1.84 0.21 -7.37 0.31 -0.44 0.06 -0.05 0.13 -6.68 0.30 

-0.38 0.19 0.06 0.24 -8.22 0.33 -0.80 0.07 1.88 0.21 -7.52 0.31 -0.44 0.06 -0.04 0.13 -6.83 0.30 

-0.39 0.19 0.07 0.25 -8.39 0.33 -0.81 0.08 1.93 0.22 -7.68 0.32 -0.44 0.06 -0.02 0.13 -6.98 0.30 

-0.39 0.19 0.08 0.26 -8.57 0.34 -0.82 0.08 1.98 0.22 -7.85 0.32 -0.45 0.06 0.01 0.13 -7.15 0.30 

-0.40 0.19 0.10 0.27 -8.76 0.34 -0.84 0.08 2.04 0.22 -8.03 0.31 -0.45 0.07 0.03 0.13 -7.33 0.30 

-0.41 0.20 0.11 0.28 -8.96 0.33 -0.85 0.08 2.10 0.23 -8.22 0.31 -0.45 0.06 0.05 0.13 -7.51 0.29 

-0.41 0.20 0.14 0.28 -9.17 0.32 -0.86 0.09 2.16 0.23 -8.41 0.30 -0.46 0.06 0.07 0.13 -7.69 0.28 

-0.42 0.20 0.17 0.30 -9.37 0.32 -0.88 0.09 2.23 0.23 -8.60 0.29 -0.46 0.07 0.10 0.14 -7.87 0.27 

-0.42 0.20 0.20 0.30 -9.57 0.31 -0.89 0.09 2.30 0.23 -8.78 0.28 -0.46 0.07 0.12 0.14 -8.05 0.26 

-0.43 0.20 0.24 0.31 -9.76 0.29 -0.89 0.09 2.37 0.23 -8.95 0.27 -0.47 0.07 0.14 0.15 -8.21 0.25 

-0.43 0.21 0.28 0.32 -9.94 0.28 -0.90 0.09 2.43 0.22 -9.11 0.26 -0.47 0.07 0.17 0.15 -8.36 0.24 

-0.43 0.20 0.33 0.32 -10.10 0.28 -0.90 0.09 2.49 0.22 -9.25 0.25 -0.46 0.07 0.21 0.16 -8.48 0.24 

-0.43 0.21 0.38 0.33 -10.23 0.28 -0.91 0.09 2.55 0.21 -9.36 0.26 -0.46 0.08 0.24 0.16 -8.58 0.24 

-0.43 0.21 0.44 0.33 -10.33 0.29 -0.90 0.09 2.60 0.21 -9.44 0.27 -0.46 0.08 0.28 0.17 -8.64 0.25 

-0.43 0.21 0.51 0.33 -10.39 0.30 -0.90 0.09 2.64 0.20 -9.49 0.28 -0.45 0.07 0.33 0.16 -8.67 0.26 

-0.43 0.21 0.58 0.33 -10.40 0.31 -0.88 0.09 2.66 0.19 -9.49 0.28 -0.44 0.08 0.38 0.16 -8.65 0.27 

-0.43 0.21 0.66 0.33 -10.37 0.32 -0.86 0.09 2.67 0.18 -9.45 0.28 -0.43 0.08 0.42 0.15 -8.58 0.28 

-0.43 0.21 0.74 0.33 -10.27 0.32 -0.83 0.09 2.67 0.17 -9.35 0.29 -0.41 0.08 0.48 0.15 -8.45 0.28 

-0.43 0.21 0.83 0.32 -10.12 0.34 -0.79 0.09 2.65 0.17 -9.19 0.30 -0.40 0.08 0.53 0.15 -8.27 0.30 

-0.42 0.20 0.93 0.32 -9.89 0.35 -0.75 0.09 2.61 0.16 -8.97 0.32 -0.38 0.07 0.58 0.16 -8.03 0.32 

-0.41 0.19 1.02 0.31 -9.58 0.38 -0.69 0.09 2.55 0.15 -8.67 0.34 -0.36 0.08 0.63 0.15 -7.72 0.35 

-0.40 0.18 1.12 0.30 -9.20 0.40 -0.63 0.09 2.47 0.15 -8.31 0.37 -0.34 0.07 0.66 0.15 -7.34 0.38 

-0.38 0.17 1.20 0.28 -8.73 0.43 -0.57 0.09 2.36 0.15 -7.87 0.40 -0.31 0.08 0.70 0.14 -6.89 0.41 

-0.37 0.16 1.28 0.27 -8.19 0.46 -0.49 0.08 2.23 0.15 -7.37 0.42 -0.29 0.07 0.72 0.14 -6.38 0.42 

-0.35 0.15 1.34 0.25 -7.58 0.49 -0.41 0.08 2.09 0.15 -6.80 0.43 -0.25 0.07 0.74 0.13 -5.81 0.42 

-0.32 0.14 1.37 0.22 -6.90 0.50 -0.33 0.08 1.92 0.16 -6.18 0.45 -0.21 0.07 0.74 0.13 -5.19 0.43 

-0.31 0.13 1.36 0.20 -6.17 0.51 -0.26 0.08 1.73 0.17 -5.51 0.46 -0.18 0.07 0.72 0.14 -4.53 0.45 

-0.28 0.12 1.32 0.18 -5.41 0.50 -0.18 0.07 1.52 0.17 -4.79 0.46 -0.13 0.06 0.68 0.14 -3.83 0.46 

-0.25 0.10 1.23 0.16 -4.64 0.49 -0.11 0.07 1.30 0.17 -4.05 0.45 -0.09 0.07 0.64 0.13 -3.11 0.46 

-0.22 0.09 1.10 0.14 -3.87 0.45 -0.05 0.06 1.07 0.16 -3.30 0.44 -0.06 0.07 0.59 0.13 -2.36 0.45 

-0.18 0.07 0.94 0.14 -3.14 0.41 0.00 0.06 0.84 0.16 -2.57 0.41 -0.04 0.07 0.53 0.11 -1.63 0.42 



 

164 164 

-0.15 0.06 0.75 0.13 -2.45 0.36 0.04 0.06 0.61 0.14 -1.87 0.37 -0.01 0.06 0.48 0.10 -0.91 0.38 

-0.12 0.05 0.54 0.13 -1.84 0.30 0.07 0.05 0.38 0.13 -1.22 0.33 0.01 0.07 0.44 0.09 -0.25 0.33 

-0.08 0.05 0.34 0.11 -1.31 0.25 0.08 0.05 0.18 0.11 -0.66 0.28 0.02 0.07 0.41 0.09 0.35 0.30 

-0.05 0.04 0.15 0.10 -0.85 0.20 0.09 0.04 0.00 0.09 -0.16 0.24 0.03 0.06 0.40 0.08 0.89 0.26 

-0.03 0.03 -0.01 0.08 -0.48 0.15 0.09 0.04 -0.16 0.08 0.25 0.20 0.03 0.06 0.39 0.07 1.34 0.22 

-0.01 0.03 -0.13 0.06 -0.19 0.11 0.09 0.04 -0.29 0.07 0.58 0.16 0.04 0.07 0.40 0.07 1.70 0.18 

0.02 0.02 -0.21 0.04 0.08 0.09 0.09 0.03 -0.36 0.05 0.86 0.13 0.05 0.07 0.45 0.08 2.00 0.16 
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Table B-4. Mean (SD) sagittal and frontal angles about the ankle, knee, and hip joint during stair descent.   

 

DESCENT            

Mean Ankle 

Flexion Angle 

(deg) SD  

Mean Ankle 

Abduction 

Angle(deg) SD 

Mean 

Knee 

Flexion 

Angle 

(deg) SD 

Mean Knee 

Abduction 

Angle (deg) SD 

Mean Hip 

Flexion 

Angle 

(deg) SD 

Mean Hip 

Abduction 

Angle (deg) SD 

-16.77 2.20 3.69 1.46 11.30 1.81 -2.60 0.54 13.73 1.84 -8.64 1.22 

-15.45 2.24 2.95 1.41 11.37 1.78 -2.55 0.54 13.20 1.85 -8.54 1.21 

-13.90 2.28 2.13 1.33 11.49 1.75 -2.48 0.54 12.70 1.86 -8.40 1.19 

-12.13 2.30 1.30 1.29 11.67 1.73 -2.41 0.55 12.28 1.88 -8.28 1.23 

-10.21 2.28 0.56 1.25 11.89 1.71 -2.33 0.56 11.88 1.88 -8.06 1.21 

-8.26 2.23 -0.14 1.21 12.18 1.69 -2.25 0.56 11.54 1.87 -7.81 1.20 

-6.32 2.17 -0.76 1.20 12.52 1.70 -2.16 0.56 11.27 1.87 -7.54 1.19 

-4.43 2.09 -1.29 1.16 12.92 1.71 -2.07 0.56 11.07 1.87 -7.26 1.18 

-2.65 1.98 -1.76 1.13 13.37 1.73 -2.00 0.55 10.93 1.88 -6.98 1.18 

-0.99 1.86 -2.19 1.10 13.88 1.74 -1.94 0.55 10.87 1.89 -6.70 1.17 

0.54 1.73 -2.56 1.08 14.43 1.77 -1.90 0.54 10.85 1.90 -6.42 1.16 

1.94 1.60 -2.89 1.06 15.02 1.79 -1.88 0.53 10.88 1.89 -6.16 1.14 

3.21 1.47 -3.17 1.06 15.65 1.82 -1.86 0.53 10.94 1.88 -5.89 1.13 

4.36 1.36 -3.40 1.07 16.29 1.84 -1.84 0.54 11.03 1.85 -5.62 1.12 

5.40 1.27 -3.59 1.08 16.95 1.85 -1.83 0.56 11.13 1.82 -5.37 1.10 

6.35 1.22 -3.76 1.09 17.61 1.86 -1.82 0.57 11.24 1.80 -5.11 1.10 

7.21 1.18 -3.90 1.10 18.26 1.87 -1.82 0.59 11.35 1.77 -4.88 1.10 

7.99 1.14 -4.03 1.10 18.90 1.87 -1.82 0.60 11.46 1.75 -4.67 1.11 

8.70 1.12 -4.14 1.11 19.52 1.87 -1.82 0.62 11.56 1.73 -4.47 1.12 

9.35 1.10 -4.24 1.10 20.10 1.87 -1.83 0.63 11.64 1.72 -4.28 1.14 

9.95 1.08 -4.33 1.11 20.65 1.86 -1.85 0.64 11.70 1.69 -4.10 1.15 

10.49 1.07 -4.42 1.11 21.14 1.85 -1.87 0.66 11.75 1.67 -3.94 1.16 

11.00 1.05 -4.50 1.12 21.59 1.84 -1.89 0.69 11.77 1.65 -3.78 1.17 

11.46 1.04 -4.56 1.13 21.98 1.83 -1.92 0.72 11.79 1.62 -3.65 1.18 

11.89 1.03 -4.62 1.14 22.31 1.82 -1.94 0.74 11.78 1.61 -3.52 1.19 
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12.29 1.03 -4.67 1.15 22.60 1.81 -1.96 0.77 11.77 1.60 -3.42 1.20 

12.66 1.03 -4.72 1.16 22.84 1.81 -1.99 0.78 11.75 1.60 -3.32 1.20 

12.99 1.04 -4.76 1.17 23.04 1.82 -2.01 0.79 11.73 1.59 -3.23 1.19 

13.31 1.07 -4.79 1.18 23.19 1.82 -2.02 0.79 11.71 1.58 -3.15 1.18 

13.60 1.10 -4.82 1.20 23.31 1.83 -2.04 0.79 11.69 1.58 -3.07 1.18 

13.87 1.13 -4.85 1.21 23.40 1.82 -2.05 0.80 11.67 1.57 -2.99 1.16 

14.12 1.16 -4.88 1.22 23.47 1.82 -2.06 0.80 11.64 1.56 -2.91 1.14 

14.36 1.20 -4.91 1.23 23.53 1.82 -2.07 0.79 11.62 1.56 -2.83 1.13 

14.60 1.23 -4.93 1.24 23.57 1.82 -2.09 0.79 11.59 1.55 -2.75 1.13 

14.83 1.26 -4.96 1.24 23.61 1.83 -2.10 0.78 11.56 1.54 -2.68 1.12 

15.06 1.30 -4.99 1.25 23.65 1.86 -2.12 0.78 11.52 1.53 -2.61 1.12 

15.29 1.33 -5.02 1.25 23.70 1.90 -2.14 0.77 11.48 1.53 -2.54 1.14 

15.52 1.36 -5.04 1.25 23.77 1.95 -2.17 0.77 11.43 1.52 -2.49 1.15 

15.76 1.39 -5.07 1.26 23.85 1.99 -2.21 0.77 11.38 1.52 -2.43 1.15 

16.02 1.43 -5.09 1.26 23.95 2.04 -2.24 0.79 11.32 1.52 -2.37 1.15 

16.28 1.45 -5.11 1.27 24.08 2.09 -2.28 0.80 11.26 1.52 -2.32 1.16 

16.56 1.48 -5.12 1.28 24.23 2.14 -2.33 0.82 11.19 1.51 -2.27 1.16 

16.85 1.50 -5.13 1.29 24.41 2.18 -2.38 0.83 11.12 1.49 -2.22 1.16 

17.16 1.53 -5.13 1.29 24.62 2.22 -2.43 0.85 11.05 1.47 -2.17 1.16 

17.48 1.54 -5.13 1.30 24.87 2.26 -2.48 0.86 10.98 1.44 -2.11 1.15 

17.83 1.56 -5.13 1.31 25.15 2.29 -2.53 0.87 10.91 1.41 -2.05 1.15 

18.19 1.57 -5.12 1.31 25.46 2.31 -2.59 0.88 10.83 1.38 -1.98 1.15 

18.57 1.59 -5.12 1.32 25.81 2.33 -2.66 0.88 10.76 1.35 -1.91 1.14 

18.98 1.60 -5.11 1.31 26.19 2.34 -2.72 0.88 10.68 1.33 -1.83 1.13 

19.40 1.61 -5.10 1.31 26.61 2.35 -2.78 0.88 10.60 1.32 -1.75 1.13 

19.85 1.62 -5.09 1.30 27.06 2.35 -2.84 0.88 10.52 1.31 -1.67 1.12 

20.31 1.62 -5.08 1.29 27.55 2.36 -2.90 0.89 10.45 1.31 -1.57 1.11 

20.80 1.62 -5.07 1.28 28.07 2.35 -2.95 0.89 10.37 1.31 -1.46 1.10 

21.30 1.62 -5.05 1.27 28.62 2.34 -3.00 0.90 10.30 1.31 -1.35 1.09 

21.82 1.62 -5.04 1.26 29.20 2.33 -3.04 0.90 10.23 1.31 -1.23 1.08 

22.36 1.62 -5.04 1.25 29.81 2.33 -3.08 0.92 10.17 1.30 -1.11 1.06 

22.91 1.62 -5.03 1.24 30.45 2.32 -3.10 0.93 10.11 1.30 -0.98 1.05 

23.48 1.61 -5.01 1.24 31.12 2.31 -3.12 0.94 10.06 1.29 -0.84 1.05 
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24.06 1.61 -5.00 1.23 31.81 2.30 -3.14 0.95 10.01 1.28 -0.71 1.05 

24.65 1.60 -4.99 1.22 32.53 2.29 -3.14 0.95 9.96 1.28 -0.57 1.05 

25.25 1.60 -4.98 1.22 33.26 2.28 -3.15 0.96 9.92 1.28 -0.44 1.05 

25.86 1.59 -4.96 1.21 34.01 2.27 -3.14 0.96 9.88 1.28 -0.30 1.05 

26.48 1.58 -4.94 1.21 34.78 2.26 -3.13 0.97 9.84 1.28 -0.16 1.06 

27.10 1.57 -4.92 1.22 35.55 2.26 -3.12 0.97 9.80 1.28 -0.02 1.06 

27.72 1.56 -4.88 1.22 36.35 2.25 -3.11 0.96 9.76 1.28 0.10 1.06 

28.34 1.55 -4.85 1.23 37.15 2.25 -3.11 0.96 9.73 1.28 0.22 1.06 

28.97 1.54 -4.80 1.24 37.96 2.24 -3.10 0.95 9.69 1.28 0.34 1.05 

29.60 1.53 -4.74 1.24 38.79 2.24 -3.09 0.94 9.65 1.28 0.44 1.05 

30.23 1.52 -4.68 1.25 39.63 2.25 -3.10 0.94 9.62 1.28 0.52 1.09 

30.85 1.51 -4.60 1.27 40.47 2.26 -3.11 0.94 9.58 1.28 0.60 1.12 

31.46 1.50 -4.51 1.27 41.33 2.27 -3.12 0.94 9.54 1.28 0.66 1.15 

32.05 1.49 -4.40 1.28 42.20 2.29 -3.14 0.95 9.51 1.27 0.71 1.18 

32.62 1.49 -4.30 1.27 43.08 2.32 -3.16 0.96 9.47 1.28 0.75 1.20 

33.16 1.49 -4.18 1.27 43.97 2.35 -3.19 0.97 9.44 1.28 0.77 1.22 

33.66 1.50 -4.05 1.28 44.88 2.39 -3.23 0.99 9.41 1.30 0.77 1.23 

34.11 1.52 -3.91 1.29 45.82 2.43 -3.27 1.01 9.39 1.32 0.75 1.24 

34.48 1.55 -3.75 1.31 46.77 2.48 -3.32 1.03 9.39 1.34 0.71 1.25 

34.77 1.59 -3.58 1.32 47.76 2.53 -3.36 1.06 9.42 1.36 0.64 1.24 

34.96 1.65 -3.37 1.34 48.79 2.58 -3.41 1.07 9.47 1.38 0.54 1.24 

35.02 1.73 -3.14 1.37 49.86 2.63 -3.45 1.09 9.56 1.39 0.40 1.25 

34.94 1.82 -2.88 1.40 51.00 2.68 -3.49 1.09 9.70 1.40 0.23 1.26 

34.71 1.93 -2.58 1.42 52.19 2.74 -3.53 1.10 9.90 1.40 0.02 1.27 

34.30 2.05 -2.27 1.45 53.46 2.79 -3.56 1.10 10.15 1.39 -0.23 1.28 

33.71 2.18 -1.96 1.48 54.82 2.84 -3.58 1.10 10.48 1.39 -0.53 1.28 

32.92 2.32 -1.66 1.51 56.26 2.89 -3.60 1.11 10.87 1.39 -0.87 1.27 

31.94 2.45 -1.37 1.56 57.79 2.94 -3.59 1.13 11.33 1.38 -1.25 1.26 

30.78 2.58 -1.10 1.60 59.41 3.00 -3.58 1.16 11.87 1.38 -1.68 1.25 

29.45 2.68 -0.87 1.63 61.11 3.05 -3.55 1.19 12.48 1.37 -2.13 1.23 

27.96 2.77 -0.71 1.66 62.88 3.10 -3.50 1.22 13.15 1.38 -2.61 1.21 

26.35 2.83 -0.62 1.70 64.70 3.13 -3.43 1.25 13.88 1.43 -3.12 1.19 

24.65 2.87 -0.59 1.74 66.56 3.15 -3.33 1.28 14.65 1.47 -3.62 1.18 
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22.91 2.88 -0.63 1.77 68.43 3.15 -3.21 1.31 15.47 1.51 -4.13 1.18 

21.18 2.85 -0.72 1.78 70.28 3.15 -3.07 1.34 16.31 1.53 -4.62 1.18 

19.49 2.79 -0.85 1.81 72.08 3.14 -2.89 1.36 17.17 1.56 -5.10 1.17 

17.89 2.73 -1.03 1.84 73.80 3.13 -2.68 1.38 18.03 1.57 -5.56 1.17 

16.43 2.65 -1.26 1.83 75.40 3.10 -2.45 1.39 18.88 1.58 -5.98 1.16 

15.14 2.59 -1.52 1.82 76.86 3.06 -2.20 1.39 19.72 1.58 -6.38 1.14 

14.06 2.57 -1.79 1.82 78.14 3.02 -1.91 1.37 20.52 1.57 -6.75 1.12 

13.22 2.58 -2.04 1.81 79.24 2.98 -1.60 1.35 21.29 1.54 -7.07 1.11 

12.60 2.58 -2.26 1.80 80.09 2.96 -1.27 1.32 22.01 1.52 -7.34 1.10 

12.14 2.58 -2.45 1.79 80.75 2.93 -0.94 1.28 22.70 1.51 -7.57 1.08 
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Table B-5. Mean (SD) sagittal and frontal ankle, knee, and hip joint moments during stair descent.   

 

DESCENT            

Mean Ankle 

Flexion 

Moment 

(Nm/kg) SD  

Mean Ankle 

Abduction 

Moment 

(Nm/kg) SD 

Mean Knee 

Flexion 

Moment 

(Nm/kg) SD 

Mean Knee 

Abduction 

Moment 

(Nm/kg) SD 

Mean Hip 

Flexion 

Moment 

(Nm/kg) SD 

Mean Hip 

Abduction 

Moment 

(Nm/kg) SD 

-0.05 0.01 -0.01 0.00 0.02 0.03 -0.01 0.01 0.13 0.05 -0.01 0.03 

-0.08 0.02 -0.01 0.00 0.02 0.03 0.00 0.01 0.13 0.05 0.00 0.03 

-0.11 0.02 -0.02 0.01 0.03 0.03 0.01 0.02 0.13 0.05 0.03 0.03 

-0.16 0.03 -0.02 0.01 0.03 0.03 0.02 0.02 0.12 0.05 0.06 0.03 

-0.20 0.03 -0.03 0.01 0.03 0.03 0.02 0.02 0.12 0.05 0.08 0.04 

-0.26 0.04 -0.03 0.01 0.02 0.03 0.03 0.02 0.11 0.05 0.12 0.04 

-0.31 0.05 -0.04 0.01 0.02 0.03 0.04 0.03 0.09 0.06 0.16 0.04 

-0.37 0.05 -0.05 0.01 0.01 0.04 0.05 0.03 0.07 0.06 0.19 0.05 

-0.42 0.06 -0.05 0.02 0.00 0.04 0.06 0.03 0.04 0.06 0.23 0.05 

-0.48 0.06 -0.06 0.02 -0.03 0.05 0.07 0.03 0.01 0.06 0.27 0.05 

-0.53 0.07 -0.07 0.02 -0.06 0.06 0.08 0.04 0.00 0.06 0.30 0.06 

-0.57 0.07 -0.08 0.02 -0.11 0.07 0.10 0.04 -0.01 0.07 0.34 0.06 

-0.61 0.07 -0.08 0.03 -0.16 0.07 0.12 0.04 -0.02 0.07 0.37 0.07 

-0.64 0.08 -0.09 0.03 -0.21 0.08 0.14 0.04 -0.02 0.07 0.42 0.08 

-0.67 0.08 -0.09 0.03 -0.27 0.09 0.16 0.04 -0.02 0.07 0.46 0.08 

-0.68 0.09 -0.09 0.03 -0.33 0.10 0.18 0.05 -0.01 0.07 0.50 0.08 

-0.70 0.10 -0.10 0.04 -0.39 0.10 0.21 0.05 0.00 0.07 0.54 0.08 

-0.70 0.10 -0.10 0.04 -0.45 0.11 0.23 0.05 0.00 0.08 0.58 0.08 

-0.70 0.10 -0.10 0.04 -0.51 0.11 0.25 0.05 0.01 0.08 0.61 0.08 

-0.70 0.11 -0.10 0.04 -0.56 0.11 0.27 0.05 0.02 0.08 0.65 0.08 

-0.69 0.11 -0.10 0.04 -0.61 0.12 0.29 0.05 0.04 0.08 0.68 0.08 

-0.68 0.11 -0.10 0.04 -0.65 0.11 0.31 0.05 0.05 0.08 0.70 0.07 

-0.67 0.11 -0.10 0.04 -0.69 0.11 0.32 0.05 0.06 0.08 0.72 0.07 

-0.66 0.12 -0.09 0.04 -0.71 0.11 0.32 0.05 0.08 0.08 0.74 0.07 

-0.64 0.12 -0.09 0.04 -0.74 0.11 0.33 0.05 0.09 0.08 0.75 0.07 

-0.63 0.12 -0.09 0.04 -0.75 0.11 0.33 0.05 0.10 0.08 0.75 0.07 
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-0.61 0.12 -0.09 0.04 -0.76 0.11 0.33 0.05 0.11 0.08 0.75 0.07 

-0.60 0.12 -0.09 0.05 -0.76 0.11 0.32 0.05 0.12 0.08 0.74 0.07 

-0.58 0.12 -0.08 0.05 -0.76 0.11 0.32 0.05 0.13 0.08 0.73 0.07 

-0.56 0.12 -0.08 0.05 -0.75 0.11 0.31 0.05 0.13 0.08 0.72 0.07 

-0.55 0.12 -0.08 0.05 -0.74 0.11 0.30 0.05 0.14 0.08 0.71 0.07 

-0.53 0.12 -0.08 0.05 -0.73 0.11 0.29 0.05 0.14 0.08 0.69 0.08 

-0.51 0.12 -0.07 0.05 -0.72 0.11 0.28 0.05 0.15 0.08 0.68 0.08 

-0.50 0.11 -0.07 0.05 -0.70 0.11 0.27 0.05 0.15 0.08 0.66 0.08 

-0.49 0.11 -0.07 0.05 -0.69 0.11 0.26 0.05 0.15 0.08 0.64 0.08 

-0.47 0.11 -0.07 0.05 -0.67 0.11 0.26 0.05 0.16 0.08 0.62 0.08 

-0.46 0.11 -0.06 0.04 -0.65 0.11 0.25 0.05 0.16 0.08 0.60 0.07 

-0.45 0.11 -0.06 0.04 -0.64 0.11 0.24 0.05 0.16 0.08 0.59 0.07 

-0.44 0.10 -0.06 0.04 -0.62 0.11 0.23 0.05 0.16 0.08 0.57 0.07 

-0.43 0.10 -0.06 0.04 -0.61 0.11 0.22 0.05 0.16 0.07 0.55 0.07 

-0.43 0.10 -0.05 0.04 -0.60 0.10 0.21 0.04 0.16 0.07 0.54 0.07 

-0.42 0.10 -0.05 0.04 -0.59 0.10 0.21 0.04 0.17 0.07 0.52 0.06 

-0.42 0.10 -0.05 0.04 -0.59 0.10 0.20 0.04 0.17 0.07 0.51 0.06 

-0.41 0.10 -0.05 0.04 -0.59 0.10 0.19 0.04 0.17 0.07 0.50 0.06 

-0.41 0.10 -0.05 0.04 -0.58 0.10 0.19 0.04 0.18 0.07 0.49 0.06 

-0.41 0.10 -0.05 0.04 -0.58 0.10 0.18 0.04 0.18 0.07 0.48 0.06 

-0.42 0.10 -0.04 0.04 -0.59 0.10 0.18 0.04 0.19 0.07 0.47 0.06 

-0.42 0.10 -0.04 0.04 -0.59 0.11 0.17 0.04 0.19 0.06 0.47 0.06 

-0.42 0.10 -0.04 0.04 -0.60 0.11 0.17 0.04 0.19 0.06 0.47 0.06 

-0.43 0.10 -0.04 0.04 -0.61 0.11 0.17 0.04 0.20 0.06 0.46 0.06 

-0.44 0.10 -0.04 0.04 -0.62 0.11 0.17 0.04 0.20 0.06 0.46 0.06 

-0.45 0.10 -0.04 0.04 -0.63 0.12 0.17 0.04 0.21 0.06 0.47 0.06 

-0.46 0.10 -0.04 0.04 -0.65 0.12 0.17 0.04 0.21 0.06 0.47 0.06 

-0.47 0.11 -0.04 0.04 -0.66 0.12 0.17 0.04 0.22 0.06 0.47 0.06 

-0.48 0.11 -0.04 0.04 -0.68 0.12 0.17 0.04 0.22 0.06 0.48 0.06 

-0.50 0.11 -0.04 0.04 -0.69 0.12 0.17 0.04 0.23 0.06 0.48 0.06 

-0.51 0.11 -0.04 0.04 -0.71 0.12 0.17 0.04 0.23 0.06 0.49 0.06 

-0.53 0.11 -0.04 0.04 -0.73 0.12 0.17 0.04 0.24 0.06 0.50 0.06 

-0.55 0.11 -0.04 0.04 -0.75 0.12 0.17 0.04 0.25 0.06 0.50 0.06 
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-0.57 0.11 -0.04 0.04 -0.77 0.12 0.17 0.04 0.25 0.06 0.51 0.06 

-0.59 0.11 -0.04 0.04 -0.79 0.12 0.18 0.04 0.26 0.06 0.52 0.06 

-0.61 0.11 -0.04 0.04 -0.81 0.12 0.18 0.04 0.26 0.06 0.53 0.06 

-0.63 0.11 -0.04 0.04 -0.83 0.12 0.18 0.04 0.27 0.05 0.54 0.06 

-0.66 0.11 -0.04 0.04 -0.85 0.12 0.18 0.04 0.27 0.05 0.55 0.06 

-0.68 0.10 -0.03 0.04 -0.88 0.11 0.18 0.04 0.28 0.05 0.55 0.06 

-0.71 0.10 -0.03 0.04 -0.90 0.11 0.18 0.04 0.28 0.05 0.56 0.06 

-0.73 0.10 -0.03 0.04 -0.92 0.11 0.18 0.04 0.29 0.05 0.57 0.06 

-0.76 0.10 -0.03 0.04 -0.94 0.11 0.18 0.04 0.29 0.05 0.58 0.06 

-0.78 0.10 -0.03 0.04 -0.97 0.11 0.18 0.04 0.30 0.05 0.59 0.06 

-0.81 0.10 -0.03 0.04 -0.99 0.11 0.18 0.04 0.30 0.05 0.60 0.06 

-0.83 0.09 -0.03 0.04 -1.01 0.11 0.18 0.04 0.31 0.05 0.60 0.06 

-0.86 0.09 -0.03 0.04 -1.03 0.10 0.17 0.04 0.32 0.05 0.61 0.06 

-0.88 0.09 -0.03 0.04 -1.05 0.10 0.17 0.04 0.32 0.05 0.61 0.06 

-0.90 0.09 -0.03 0.04 -1.07 0.10 0.17 0.04 0.33 0.05 0.61 0.06 

-0.92 0.08 -0.02 0.04 -1.08 0.09 0.17 0.04 0.33 0.05 0.62 0.05 

-0.94 0.08 -0.02 0.04 -1.09 0.09 0.16 0.04 0.34 0.05 0.61 0.05 

-0.96 0.08 -0.02 0.04 -1.10 0.09 0.16 0.03 0.34 0.05 0.61 0.05 

-0.97 0.07 -0.02 0.04 -1.11 0.09 0.15 0.03 0.34 0.06 0.60 0.05 

-0.97 0.07 -0.01 0.04 -1.11 0.09 0.15 0.03 0.34 0.06 0.59 0.05 

-0.97 0.07 -0.01 0.03 -1.10 0.08 0.14 0.03 0.34 0.05 0.57 0.05 

-0.96 0.06 -0.01 0.03 -1.09 0.08 0.13 0.03 0.34 0.05 0.55 0.05 

-0.94 0.06 -0.01 0.03 -1.07 0.08 0.12 0.03 0.33 0.06 0.53 0.05 

-0.92 0.07 0.00 0.03 -1.05 0.08 0.11 0.03 0.32 0.05 0.50 0.05 

-0.88 0.07 0.00 0.03 -1.02 0.08 0.10 0.03 0.31 0.05 0.47 0.06 

-0.84 0.07 0.00 0.03 -0.98 0.08 0.09 0.03 0.29 0.05 0.43 0.06 

-0.79 0.07 0.01 0.03 -0.94 0.09 0.08 0.03 0.28 0.05 0.39 0.06 

-0.73 0.07 0.01 0.02 -0.89 0.09 0.07 0.03 0.26 0.05 0.35 0.06 

-0.66 0.07 0.01 0.02 -0.83 0.09 0.06 0.03 0.24 0.05 0.30 0.06 

-0.59 0.07 0.01 0.02 -0.78 0.08 0.05 0.03 0.22 0.05 0.26 0.06 

-0.52 0.07 0.01 0.02 -0.72 0.08 0.04 0.03 0.20 0.04 0.22 0.06 

-0.44 0.07 0.01 0.02 -0.66 0.08 0.03 0.02 0.19 0.04 0.18 0.05 

-0.37 0.07 0.01 0.01 -0.60 0.08 0.03 0.02 0.17 0.04 0.14 0.05 
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-0.30 0.06 0.00 0.01 -0.53 0.07 0.02 0.02 0.15 0.03 0.11 0.05 

-0.24 0.05 0.00 0.01 -0.47 0.07 0.02 0.02 0.14 0.03 0.08 0.04 

-0.18 0.05 0.00 0.01 -0.42 0.06 0.02 0.02 0.14 0.03 0.06 0.04 

-0.13 0.04 0.00 0.01 -0.36 0.06 0.01 0.02 0.13 0.03 0.04 0.04 

-0.09 0.03 0.00 0.01 -0.31 0.06 0.01 0.02 0.13 0.03 0.02 0.04 

-0.05 0.03 0.00 0.01 -0.26 0.05 0.01 0.02 0.13 0.03 0.01 0.03 

-0.03 0.02 0.00 0.00 -0.22 0.04 0.00 0.02 0.12 0.04 -0.01 0.03 

-0.01 0.01 0.00 0.00 -0.18 0.04 0.00 0.01 0.12 0.04 -0.02 0.03 

0.00 0.01 0.00 0.00 -0.13 0.04 -0.01 0.01 0.11 0.04 -0.03 0.03 
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Table B-6. Mean (SD) sagittal and frontal ankle, knee, and hip joint forces during stair descent.   

 
STAIR 

DESCENT 

                 

Mean Ankle 

LM Force 

(N/kg) 

SD  Mean 

Ankle 

PA 

Force 

(N/kg) 

SD Mean 

Ankle 

DP 

Force 

(N/kg) 

SD Mean 

Knee 

LM 

Force 

(N/kg) 

SD Mean 

Knee PA 

Force 

(N/kg) 

SD Mean 

Knee DP 

Force 

(N/kg) 

SD Mean 

Hip LM 

Force 

(N/kg) 

SD Mean 

Hip PA 

Force 

(N/kg) 

SD Mean 

Hip DP 

Force 

(N/kg) 

SD 

-0.07 0.04 0.14 0.08 -0.33 0.13 0.04 0.04 0.12 0.07 0.22 0.14 -0.06 0.07 0.59 0.09 1.28 0.14 

-0.10 0.05 0.27 0.10 -0.65 0.18 0.01 0.04 0.20 0.07 -0.09 0.19 -0.08 0.07 0.59 0.10 1.01 0.18 

-0.14 0.05 0.40 0.11 -1.03 0.23 -0.03 0.04 0.30 0.08 -0.47 0.24 -0.11 0.07 0.59 0.09 0.66 0.23 

-0.17 0.06 0.54 0.13 -1.52 0.30 -0.08 0.04 0.41 0.09 -0.95 0.29 -0.15 0.06 0.59 0.09 0.22 0.28 

-0.18 0.07 0.68 0.13 -2.08 0.36 -0.13 0.04 0.55 0.10 -1.50 0.35 -0.19 0.07 0.58 0.10 -0.32 0.34 

-0.19 0.09 0.80 0.14 -2.71 0.45 -0.20 0.05 0.69 0.11 -2.11 0.43 -0.25 0.07 0.55 0.11 -0.93 0.42 

-0.18 0.09 0.90 0.15 -3.41 0.54 -0.27 0.06 0.83 0.12 -2.79 0.51 -0.30 0.07 0.50 0.12 -1.60 0.49 

-0.17 0.10 0.99 0.16 -4.15 0.63 -0.35 0.06 0.97 0.13 -3.51 0.58 -0.35 0.07 0.44 0.13 -2.33 0.57 

-0.16 0.11 1.06 0.16 -4.91 0.72 -0.42 0.07 1.12 0.14 -4.25 0.66 -0.40 0.07 0.36 0.14 -3.09 0.64 

-0.15 0.12 1.11 0.17 -5.69 0.79 -0.50 0.08 1.27 0.16 -5.00 0.73 -0.44 0.07 0.26 0.15 -3.87 0.72 

-0.14 0.13 1.16 0.17 -6.45 0.85 -0.57 0.09 1.45 0.18 -5.74 0.78 -0.49 0.08 0.16 0.17 -4.64 0.78 

-0.14 0.14 1.19 0.17 -7.19 0.89 -0.64 0.09 1.62 0.19 -6.45 0.81 -0.52 0.08 0.04 0.19 -5.38 0.81 

-0.15 0.15 1.21 0.18 -7.89 0.91 -0.72 0.10 1.80 0.20 -7.12 0.83 -0.56 0.09 -0.08 0.22 -6.08 0.83 

-0.17 0.16 1.22 0.18 -8.54 0.91 -0.80 0.11 1.97 0.21 -7.74 0.84 -0.59 0.09 -0.21 0.25 -6.73 0.84 

-0.19 0.18 1.23 0.19 -9.13 0.89 -0.88 0.11 2.13 0.22 -8.31 0.83 -0.61 0.10 -0.34 0.26 -7.33 0.84 

-0.22 0.19 1.22 0.20 -9.66 0.86 -0.95 0.11 2.29 0.23 -8.81 0.82 -0.63 0.10 -0.47 0.26 -7.86 0.83 

-0.26 0.20 1.21 0.20 -10.11 0.83 -1.02 0.11 2.43 0.24 -9.24 0.80 -0.65 0.10 -0.61 0.28 -8.33 0.81 

-0.30 0.21 1.20 0.21 -10.50 0.79 -1.08 0.11 2.56 0.26 -9.61 0.76 -0.67 0.11 -0.74 0.29 -8.71 0.77 

-0.33 0.21 1.18 0.21 -10.81 0.76 -1.14 0.11 2.67 0.27 -9.90 0.73 -0.70 0.10 -0.86 0.28 -9.03 0.74 

-0.36 0.22 1.15 0.21 -11.06 0.74 -1.20 0.11 2.77 0.27 -10.14 0.70 -0.72 0.09 -0.97 0.27 -9.28 0.71 

-0.39 0.22 1.11 0.22 -11.24 0.71 -1.24 0.11 2.85 0.28 -10.30 0.67 -0.74 0.09 -1.06 0.25 -9.46 0.68 

-0.40 0.22 1.07 0.22 -11.36 0.67 -1.28 0.11 2.92 0.28 -10.41 0.63 -0.76 0.08 -1.12 0.23 -9.59 0.64 

-0.41 0.22 1.02 0.22 -11.43 0.62 -1.31 0.11 2.96 0.29 -10.47 0.59 -0.77 0.09 -1.17 0.23 -9.66 0.60 

-0.42 0.22 0.97 0.22 -11.44 0.57 -1.33 0.11 2.99 0.29 -10.47 0.54 -0.78 0.09 -1.20 0.23 -9.67 0.55 

-0.42 0.22 0.91 0.21 -11.40 0.52 -1.33 0.10 3.01 0.30 -10.42 0.49 -0.78 0.09 -1.21 0.23 -9.64 0.50 
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-0.42 0.22 0.85 0.21 -11.33 0.49 -1.33 0.10 3.01 0.31 -10.34 0.46 -0.79 0.09 -1.22 0.22 -9.57 0.47 

-0.41 0.21 0.79 0.21 -11.21 0.47 -1.32 0.10 2.99 0.32 -10.22 0.44 -0.79 0.09 -1.21 0.21 -9.46 0.44 

-0.40 0.21 0.73 0.21 -11.05 0.46 -1.30 0.10 2.97 0.32 -10.07 0.42 -0.78 0.09 -1.20 0.21 -9.32 0.42 

-0.38 0.21 0.66 0.21 -10.87 0.46 -1.28 0.10 2.93 0.33 -9.89 0.43 -0.78 0.09 -1.17 0.21 -9.16 0.41 

-0.37 0.21 0.60 0.21 -10.66 0.47 -1.25 0.10 2.89 0.33 -9.69 0.43 -0.77 0.09 -1.14 0.21 -8.98 0.42 

-0.35 0.20 0.55 0.20 -10.44 0.47 -1.22 0.10 2.84 0.33 -9.47 0.44 -0.76 0.09 -1.10 0.20 -8.78 0.42 

-0.34 0.20 0.49 0.20 -10.20 0.47 -1.19 0.10 2.78 0.34 -9.24 0.43 -0.74 0.09 -1.06 0.20 -8.57 0.42 

-0.32 0.19 0.44 0.19 -9.95 0.47 -1.16 0.10 2.72 0.33 -9.01 0.43 -0.72 0.10 -1.01 0.20 -8.35 0.42 

-0.31 0.19 0.38 0.19 -9.70 0.46 -1.13 0.10 2.66 0.33 -8.77 0.42 -0.70 0.10 -0.97 0.19 -8.14 0.41 

-0.30 0.18 0.34 0.18 -9.45 0.45 -1.09 0.10 2.60 0.33 -8.54 0.41 -0.69 0.10 -0.92 0.19 -7.92 0.41 

-0.28 0.18 0.29 0.18 -9.21 0.43 -1.06 0.10 2.54 0.33 -8.31 0.39 -0.67 0.10 -0.87 0.19 -7.71 0.39 

-0.26 0.17 0.25 0.18 -8.97 0.41 -1.03 0.10 2.49 0.32 -8.09 0.37 -0.65 0.10 -0.83 0.18 -7.50 0.38 

-0.25 0.17 0.21 0.17 -8.75 0.39 -1.00 0.09 2.43 0.31 -7.88 0.35 -0.63 0.10 -0.79 0.17 -7.31 0.36 

-0.23 0.17 0.17 0.17 -8.54 0.37 -0.98 0.09 2.39 0.31 -7.69 0.33 -0.62 0.09 -0.75 0.17 -7.13 0.34 

-0.22 0.16 0.14 0.17 -8.35 0.35 -0.95 0.09 2.35 0.30 -7.51 0.31 -0.60 0.08 -0.71 0.16 -6.96 0.31 

-0.20 0.16 0.11 0.16 -8.18 0.33 -0.93 0.09 2.31 0.29 -7.35 0.29 -0.58 0.08 -0.68 0.16 -6.81 0.29 

-0.19 0.16 0.08 0.16 -8.03 0.31 -0.90 0.09 2.29 0.29 -7.20 0.28 -0.57 0.08 -0.65 0.16 -6.68 0.28 

-0.18 0.16 0.05 0.16 -7.89 0.30 -0.88 0.09 2.27 0.28 -7.07 0.28 -0.56 0.08 -0.63 0.16 -6.56 0.26 

-0.17 0.16 0.03 0.15 -7.78 0.29 -0.86 0.09 2.25 0.27 -6.96 0.28 -0.54 0.08 -0.61 0.16 -6.47 0.25 

-0.16 0.16 0.01 0.15 -7.68 0.29 -0.85 0.09 2.25 0.27 -6.86 0.29 -0.53 0.08 -0.60 0.16 -6.39 0.25 

-0.15 0.15 -0.01 0.15 -7.60 0.31 -0.83 0.09 2.25 0.26 -6.78 0.30 -0.52 0.08 -0.58 0.16 -6.32 0.26 

-0.15 0.15 -0.02 0.15 -7.54 0.32 -0.82 0.09 2.27 0.25 -6.71 0.32 -0.51 0.08 -0.58 0.16 -6.27 0.28 

-0.14 0.16 -0.04 0.15 -7.50 0.34 -0.81 0.09 2.29 0.25 -6.66 0.34 -0.51 0.09 -0.58 0.17 -6.24 0.30 

-0.14 0.16 -0.05 0.15 -7.47 0.35 -0.81 0.09 2.31 0.25 -6.62 0.35 -0.50 0.09 -0.58 0.17 -6.22 0.31 

-0.14 0.15 -0.06 0.15 -7.46 0.36 -0.80 0.09 2.34 0.26 -6.60 0.37 -0.50 0.09 -0.60 0.17 -6.21 0.33 

-0.15 0.15 -0.06 0.15 -7.45 0.38 -0.80 0.09 2.38 0.26 -6.58 0.38 -0.50 0.09 -0.61 0.18 -6.21 0.34 

-0.15 0.15 -0.07 0.15 -7.46 0.39 -0.81 0.09 2.43 0.26 -6.57 0.38 -0.50 0.10 -0.63 0.18 -6.22 0.35 

-0.16 0.15 -0.08 0.15 -7.48 0.40 -0.81 0.09 2.48 0.27 -6.57 0.38 -0.51 0.10 -0.66 0.18 -6.24 0.36 

-0.17 0.15 -0.08 0.15 -7.50 0.40 -0.82 0.09 2.54 0.27 -6.57 0.38 -0.51 0.10 -0.69 0.19 -6.26 0.36 

-0.18 0.15 -0.08 0.14 -7.54 0.40 -0.82 0.09 2.60 0.27 -6.58 0.38 -0.51 0.09 -0.71 0.19 -6.29 0.35 

-0.19 0.15 -0.08 0.14 -7.58 0.40 -0.83 0.09 2.67 0.28 -6.60 0.38 -0.52 0.09 -0.75 0.20 -6.32 0.35 

-0.20 0.15 -0.09 0.14 -7.62 0.40 -0.84 0.09 2.74 0.28 -6.61 0.38 -0.53 0.09 -0.79 0.20 -6.36 0.35 

-0.21 0.15 -0.09 0.14 -7.67 0.39 -0.86 0.10 2.82 0.29 -6.63 0.37 -0.53 0.08 -0.82 0.20 -6.40 0.34 

-0.23 0.15 -0.09 0.14 -7.73 0.39 -0.87 0.10 2.91 0.29 -6.66 0.36 -0.54 0.08 -0.86 0.21 -6.45 0.34 
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-0.24 0.15 -0.09 0.15 -7.79 0.38 -0.88 0.09 2.99 0.28 -6.68 0.35 -0.56 0.08 -0.90 0.21 -6.49 0.33 

-0.25 0.15 -0.09 0.15 -7.85 0.37 -0.90 0.09 3.08 0.28 -6.71 0.34 -0.57 0.08 -0.94 0.21 -6.55 0.32 

-0.27 0.15 -0.08 0.15 -7.92 0.35 -0.92 0.10 3.18 0.28 -6.74 0.34 -0.59 0.08 -0.99 0.21 -6.61 0.30 

-0.28 0.15 -0.08 0.15 -8.00 0.35 -0.93 0.10 3.28 0.28 -6.77 0.33 -0.60 0.08 -1.03 0.21 -6.67 0.30 

-0.30 0.15 -0.08 0.15 -8.07 0.34 -0.95 0.10 3.38 0.28 -6.81 0.33 -0.62 0.08 -1.07 0.21 -6.73 0.29 

-0.31 0.15 -0.09 0.15 -8.15 0.33 -0.96 0.10 3.48 0.28 -6.84 0.33 -0.63 0.09 -1.12 0.20 -6.80 0.28 

-0.32 0.15 -0.09 0.16 -8.23 0.32 -0.98 0.10 3.59 0.28 -6.87 0.33 -0.65 0.09 -1.16 0.20 -6.87 0.27 

-0.34 0.15 -0.09 0.16 -8.31 0.32 -0.99 0.10 3.69 0.28 -6.90 0.33 -0.67 0.09 -1.21 0.20 -6.94 0.27 

-0.35 0.16 -0.09 0.16 -8.39 0.32 -1.00 0.10 3.80 0.28 -6.93 0.33 -0.69 0.09 -1.25 0.20 -7.00 0.27 

-0.37 0.16 -0.09 0.16 -8.47 0.32 -1.02 0.11 3.91 0.28 -6.95 0.33 -0.71 0.08 -1.30 0.20 -7.06 0.27 

-0.39 0.16 -0.09 0.17 -8.54 0.32 -1.03 0.11 4.02 0.28 -6.97 0.33 -0.73 0.08 -1.34 0.20 -7.12 0.27 

-0.41 0.17 -0.09 0.17 -8.61 0.33 -1.04 0.11 4.13 0.28 -6.98 0.34 -0.74 0.08 -1.37 0.20 -7.17 0.28 

-0.42 0.17 -0.09 0.17 -8.68 0.33 -1.05 0.11 4.23 0.28 -6.97 0.35 -0.76 0.08 -1.40 0.20 -7.21 0.29 

-0.44 0.17 -0.09 0.17 -8.73 0.34 -1.06 0.11 4.34 0.29 -6.96 0.35 -0.77 0.09 -1.44 0.20 -7.24 0.30 

-0.46 0.17 -0.08 0.17 -8.77 0.35 -1.06 0.11 4.43 0.29 -6.94 0.36 -0.79 0.09 -1.46 0.19 -7.27 0.32 

-0.47 0.17 -0.07 0.18 -8.80 0.36 -1.06 0.11 4.52 0.29 -6.90 0.36 -0.80 0.09 -1.48 0.19 -7.26 0.33 

-0.49 0.17 -0.06 0.18 -8.81 0.36 -1.06 0.10 4.60 0.29 -6.83 0.37 -0.81 0.09 -1.50 0.19 -7.23 0.33 

-0.49 0.17 -0.04 0.19 -8.79 0.37 -1.05 0.10 4.66 0.29 -6.75 0.37 -0.81 0.09 -1.51 0.18 -7.18 0.34 

-0.50 0.17 0.00 0.20 -8.74 0.38 -1.04 0.10 4.70 0.30 -6.64 0.38 -0.81 0.09 -1.51 0.18 -7.09 0.36 

-0.51 0.18 0.04 0.21 -8.65 0.40 -1.01 0.10 4.72 0.30 -6.49 0.39 -0.80 0.09 -1.50 0.17 -6.96 0.39 

-0.51 0.18 0.10 0.22 -8.52 0.43 -0.98 0.10 4.70 0.29 -6.31 0.42 -0.79 0.10 -1.49 0.18 -6.78 0.42 

-0.50 0.18 0.18 0.23 -8.35 0.46 -0.94 0.10 4.66 0.29 -6.10 0.44 -0.78 0.10 -1.47 0.17 -6.54 0.46 

-0.49 0.18 0.27 0.25 -8.12 0.49 -0.89 0.10 4.58 0.30 -5.84 0.46 -0.76 0.10 -1.45 0.16 -6.25 0.50 

-0.48 0.17 0.37 0.26 -7.83 0.53 -0.84 0.10 4.46 0.31 -5.54 0.48 -0.73 0.10 -1.42 0.16 -5.89 0.53 

-0.46 0.17 0.49 0.27 -7.49 0.56 -0.77 0.10 4.30 0.31 -5.21 0.50 -0.71 0.09 -1.38 0.16 -5.48 0.56 

-0.42 0.17 0.62 0.28 -7.09 0.58 -0.70 0.11 4.10 0.32 -4.84 0.52 -0.67 0.09 -1.33 0.16 -5.02 0.59 

-0.38 0.16 0.75 0.28 -6.64 0.61 -0.63 0.10 3.87 0.33 -4.46 0.52 -0.62 0.09 -1.27 0.16 -4.52 0.61 

-0.33 0.16 0.87 0.28 -6.15 0.62 -0.55 0.10 3.61 0.33 -4.05 0.52 -0.58 0.09 -1.21 0.15 -3.99 0.62 

-0.29 0.15 0.98 0.26 -5.61 0.62 -0.48 0.10 3.32 0.33 -3.64 0.51 -0.53 0.10 -1.13 0.15 -3.43 0.61 

-0.23 0.14 1.08 0.25 -5.05 0.62 -0.40 0.10 3.02 0.33 -3.23 0.49 -0.47 0.10 -1.05 0.15 -2.87 0.59 

-0.18 0.14 1.14 0.23 -4.47 0.60 -0.34 0.09 2.70 0.32 -2.83 0.46 -0.42 0.10 -0.97 0.15 -2.32 0.56 

-0.12 0.13 1.17 0.21 -3.89 0.57 -0.27 0.09 2.38 0.30 -2.44 0.43 -0.37 0.11 -0.88 0.15 -1.79 0.53 

-0.08 0.12 1.17 0.19 -3.33 0.54 -0.21 0.08 2.06 0.28 -2.07 0.39 -0.31 0.11 -0.78 0.15 -1.28 0.48 

-0.04 0.11 1.14 0.17 -2.78 0.49 -0.16 0.08 1.74 0.27 -1.72 0.35 -0.25 0.11 -0.68 0.14 -0.81 0.45 
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-0.01 0.10 1.07 0.15 -2.27 0.44 -0.12 0.07 1.45 0.24 -1.41 0.31 -0.20 0.10 -0.57 0.14 -0.40 0.40 

0.01 0.10 0.98 0.14 -1.81 0.38 -0.10 0.06 1.19 0.22 -1.13 0.27 -0.17 0.10 -0.46 0.14 -0.04 0.35 

0.03 0.08 0.87 0.14 -1.39 0.33 -0.07 0.06 0.95 0.20 -0.88 0.23 -0.13 0.10 -0.35 0.14 0.28 0.31 

0.04 0.07 0.75 0.12 -1.03 0.28 -0.04 0.06 0.73 0.18 -0.66 0.20 -0.09 0.09 -0.24 0.13 0.54 0.26 

0.04 0.06 0.63 0.11 -0.72 0.22 -0.02 0.05 0.55 0.15 -0.47 0.17 -0.05 0.09 -0.13 0.12 0.76 0.22 

0.04 0.05 0.51 0.10 -0.47 0.17 0.00 0.05 0.40 0.13 -0.32 0.14 -0.02 0.09 -0.05 0.14 0.94 0.19 

0.03 0.03 0.40 0.08 -0.27 0.13 0.01 0.05 0.27 0.10 -0.19 0.11 0.00 0.08 0.04 0.13 1.06 0.16 

0.03 0.03 0.28 0.07 -0.11 0.09 0.03 0.04 0.13 0.09 -0.08 0.09 0.03 0.09 0.15 0.12 1.18 0.14 
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Appendix D 

Ethics 
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Appendix E 

Letter of Information and Consent Form 
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Letter of Information 

& 

Consent Form 

 

Biomechanical Analysis of Stair Descent Stepping Patterns 

in Older Adults 

 

         

   Date:________________________ 

 

Dear____________________________________, 

 
You are invited to participate in a research study examining the effects of different stair stepping 
patterns during stair descent on the lower limbs and trunk.   The study’s primary goal is to rank 
the preference of the different stair descent stepping patterns in older adults; and also to 
investigate the differences between the patterns. It is hoped that this comparison will indentify 
why particular stair stepping patterns are chosen and aid in the development of fall prevention 
protocols. This investigation is being conducted by the Biomechanics & Ergonomics Laboratory 
in the School of Kinesiology and Health Studies at Queen’s University.  We will read through 
this consent form with you and describe the procedures in detail.  You will be given time to read 
it yourself and are encouraged to ask questions at anytime. This study has been reviewed for 
ethical compliance by the Queen’s University Health Sciences and Affiliated Teaching Hospitals 
Ethics Board. 
 

Investigators 
 
Samantha Reid  613 533-2658 (School of Kinesiology and Health Studies) 
Dr. Patrick Costigan    613 533 6601 (School of Kinesiology and Health Studies) 
 
 
 
DETAILS OF THE STUDY:     
1. Aim and Purpose of the Study: 

Stair climbing is a common activity of daily living and the ability to perform the activity 
is important to an individual’s quality of life.  More demanding than level walking, stair 
ambulation is performed with ease by healthy individuals; however, those populations 
with decrements in motor function often adopt compensatory gait patterns to meet the 
demands of the task. This study is developing a Stair Stepping Preference Index (SSPI) 
for stair descent to understand why a particular stair stepping pattern is used.  To account 
for preparation and all measurements 2 hours of your time will be required. 

2. Procedures: 
Questionnaires. You will be asked to fill out some questionnaires concerning your 
general health, current activity level, self efficacy, perceived exertion, and rank your stair 
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stepping preferences.   You will also be asked some general questions regarding the stair 
methods used. Some simple body measurements, such as height and weight, will also be 
measured. 
Gait Assessment. You will be asked to descend the specially constructed four step 
staircase with rigid marker plates attached to your leg, pelvis, and trunk. The rigid marker 
plates will be attached to you using Velcro straps and sticky tape. Neither the Velcro 
straps nor the tape are harmful, unless you have an allergy to adhesives. If you have such 
an allergy you will be excused from the study. 

3. Exclusion Criteria: 
To minimize the risks and reduce variation in the participant characteristics, only self 
determined healthy adults between the ages of  55-80 years are being recruited to 
participate in this study.  Therefore, you will not be considered for this study if you: 

- are not between the ages of 55-80 years 
- have had lower limb surgery or trauma 
- have any coronary, neurological or any other related problems that prevent 

you from performing the task of stair climbing 
- are unable to ascend and descend stairs independently 

4. Statement of Risks Involved 
Discomfort or incapacity is minimal and only associated with the physical exertion 
involved in performing the stair descent trials. The gait assessment is not harmful and 
will not cause pain. The amount of stair descent is not enough to cause excessive fatigue. 
There will also be ample opportunity for you to rest between trials. No long-term 
discomfort is expected. Also, during stair descent you will be closely monitored to ensure 
your safety.  In the event that you are injured as a result of the study procedures, medical 
care will be provided to you until resolution of the medical problem. By signing this 
consent form, you do not waive your legal rights nor release the investigator(s) and 
sponsors. 

5. Maintenance of confidentiality 
Your identity is recorded only once by the research assistant at the time of filing the 
participant’s consent form. These files are accessible only to the research assistant and 
principal investigators. All participants are assigned a record number that is linked to this 
file. All data recorded in computer files, through interviews, and on written 
questionnaires contain this number, rather than your name. The written documents are 
kept in a secure location to which only the principal investigator and researcher have 
access and the computer files are kept on a password protected computer. In all cases of 
publication, only summary data are used and this is done in such a way that no individual 
can be identified. 

6. Expected Benefits 
No direct personal benefits are expected.  In the future persons may be aided by the 
results of this study. 

7. Right to Withdraw from Study 
Participation in the study is voluntary. You may withdraw from the study at any point 
without affecting your present or future care. You are also not obliged to answer all the 
questions in the clinical interview and activity questionnaires. 

8. Withdrawal of subject by principal investigator: 
You may be withdrawn from this study by the principal investigator if the principal 
investigatory feels that you are unable to safely continue the session. 
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CONSENT FORM       

 CODE:____________________ 

 

I ____________________________________________________________, have read and 
understand the consent form for this study.  I have had the purposes, procedures and technical 
language of this study explained to me.  I have been given sufficient time to consider the above 
information and to seek advice if I chose to do so.  I have had the opportunity to ask questions 
which have been answered to my satisfaction.  I am voluntarily signing this form.  I will receive a 
copy of this consent form for my information.  
 
 If at any time I have further questions, problems or adverse events, I can contact 
 Dr. Elaine Power, School of Kinesiology and Health Studies at 613 533 6000 ext. 74690 
 If I have questions regarding my rights as a research subject I can contact 
 Dr. Albert Clark, Chair, Queen’s University Health Sciences and Affiliated Teaching 

Hospitals Research Ethics Board at 613 533-6081 
  
 By signing this consent form, I am indicating that I agree to participate in this study. 
 
 _______________________  _________________ 
 Signature of Patient   Date 
 
 _______________________  _________________ 
 Signature of Witness   Date 
 
STATEMENT OF INVESTIGATOR : 
 
I, or one of my colleagues, have carefully explained to the subject the nature of the above 
research study.  I certify that, to the best of my knowledge, the subject understands clearly the 
nature of the study and demands, benefits, and risks involved to participants in this study.  
 
 ____________________________  _________________ 
 Signature of Principal Investigator  Date 
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Appendix F 

Balance and Health Status Questionnaires Administered and details 

about Interpretation of the Questionnaires Administered 
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Interpretation of Questionnaire Results 

Human Activity Profile 

 The Human Activity Profile (HAP) is a self-administered questionnaire developed 
consisting of 94 activities ranked in order of increasing metabolic demands required to perform 
them.  The HAP is composed of questions in activities related to self-care, socialization, home 
maintenance, and mobility and physical activity, and has been used to assess activity levels in 
both healthy and impaired populations. Below is a table of maximum adjusted scores (MAS) and 
adjusted activity scores (AAS) for various populations completing the HAP questionnaire. 
[Daughton et al. 1982; Fix et al. 1988). 
 

Description of Research Samples 

 
Sample 

  
 N 

Age 
Range 

MAS 
M/SD 

AAS 
M/SD 

 
                 Description of Sample 

  IE 102 60-88 75.7/6.2 71.6/7.1 Elderly subjects living independently 
  HF 137 20-59 84.8/7.6 82.6/8.0 Health fair participants 
  CS 157 18-60 87.3/6.1 85.1/7.1 College students from two universities 
  
 PAIN 

  
83 

 
16-65 

 
63.3/13.1 

 
51.6/16.2 

Chronic pain patients treated in a pain 
center 

 
HEALTHY 

 
654 

 
 9-88 

 
84.8/7.8 

 
82.2/8.9 

Combined samples of AD, IE, HF, CS, 
TE, NU, PA, SW 

NORM 477 20-79 85.3/7.0 83.2/7.8 Normative sample; subset of HEALTHY 
subjects between ages 20 and 79 

YA 167 20-29 88.6/5.8 86.3/6.7 Young adult subset of HEALTHY 
subjects (ages 20-29) 

 

 

Activities- Specific Balance Confidence (ABC) Scale 

 The ABC scale is a 16-item scale requiring subjects to rate on a continuum ranging from 
0 (no confidence) to 100 (completely confident) their level of balance confidence with 
performing specific activities of daily living. The interpretation of the scores are as follows:  

• 80% = high level of physical functioning 
• 50-80% = moderate level of physical functioning 
• < 50% = low level of physical functioning [Myers AM 1998 
• < 67% = older adults at risk for falling; predictive of future fall [LaJoie Y 2004] 

                                
Demographic and Stair Experience Information 

 A detailed 27-item comprehensive questionnaire covering physical, environmental, and 
psychological aspects adapted from previously published questionnaires [Huang et al. 2003] 
(Appendix A).  This questionnaire was developed specifically for this study, and therefore has not 
been validated, although the checklist developed by Huang et al. [2003] has good reliability 
(Cronbach alpha= approximately 0.80).   
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Stair Self-Efficacy 
 
 The Stair Self Efficacy Scale (SSE) developed by Hamel and colleagues (2004).  The 
SSE is domain specific, as it was designed to assess the task of stair negotiation independent of 
other activities of daily living.  The SSE is an 8-item questionnaire requiring participants to assess 
their level of confidence on a continuum ranging from 0 (no confidence) to 10 (complete 
confidence) while carrying out the task of stair negotiation under various 
circumstances/situations.  The scale has good reliability (Cronbach alpha=0.79) (Hamel et al. 
2004).  
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The Activities-specific Balance Confidence (ABC) Scale* 

Instructions to Participants:  
For each of the following, please indicate your level of confidence in doing the activity without 
losing your balance or becoming unsteady from choosing one of the percentage points on the 
scale form 0% to 100%. If you do not currently do the activity in question, try and imagine how 
confident you would be if you had to do the activity. If you normally use a walking aid to do the 
activity or hold onto someone, rate your confidence as it you were using these supports. If you 
have any questions about answering any of these items, please ask the administrator. 
 

Acquisition information:  This assessment tool is free and can be found in many textbooks and 
online. 
References:  
 
1. Powell LE, Myers AM. The activities-specific balance confidence (ABC) scale. J Gerontol A 

Biol Sci Med Sci. 1995;50:M28-M34. 
2. Botner EM, Miller WC, ENG JJ. Measurement properties of the Activites-Specific Balance 

Confidence Scale among individuals with stroke.  Disability and Rehabilitation. 
2005;27:156-163. 

3. Talley KMC, Wyman JF, Gross CR. Psychometric Properties of the Activities-Specific 
Balance Confidence Scale and the Survey of Activities and Fear of Falling in Older Women. 
JAGS. 2008;56:328-333. 

4. Lajoie Y, Gallagher SP. Predicting falls within the elderly community: comparison of 
postural sway, reaction time, the Berg balance scale and ABC scale for comparing fallers and 
non-fallers. Arch Gerontol Geriatr. 2004;38:11-26. 

5. Myers AM, Fletcher PC, Myers AN, Sherk W. Discriminative and evaluative properties of 
the ABC Scale. J Gerontol A Biol Sci Med Sci. 1998;53:M287-M294. 

6. Filiatrault J, Gauvin L, Fournier M, Parisien M, Robitaille Y, et al. Evidence of the 
Psychometric Qualities of a Simplified Version of the Activities-specific Balance Confidence 
Scale for Community-Dwelling Seniors. 
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The Activities-specific Balance Confidence (ABC) Scale 
For each of the following activities, please indicate your level of self-confidence by choosing a 

corresponding number from the following rating scale: 

0% 10 20 30 40 50 60 70 80 90 100% 

no confidence     completely confident 

 

“How confident are you that you will not lose your balance or become unsteady when you… 

1. …walk around the house? ____% 
 

2. …walk up or down stairs? ____% 
 

3. …bend over and pick up a slipper from the front of a closet floor ____% 
 

4. …reach for a small can off a shelf at eye level? ____% 
 

5. …stand on your tiptoes and reach for something above your head? ____% 
 

6. …stand on a chair and reach for something? ____% 
 

7. …sweep the floor? ____% 
 

8. …walk outside the house to a car parked in the driveway? ____% 
 

9. …get into or out of a car? ____% 
 

10. …walk across a parking lot to the mall? ____% 
 

11. …walk up or down a ramp? ____% 
 

12. …walk in a crowded mall where people rapidly walk past you? ____% 
 

13. …are bumped into by people as you walk through the mall?____% 
 

14. … step onto or off an escalator while you are holding onto a railing? ____% 
 

15. … step onto or off an escalator while holding onto parcels such that you   
 cannot hold onto the railing? ____% 
 

16. …walk outside on icy sidewalks? ____% 
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Stair Stepping Preference 

 

Rank in order of most preferred (1) to least preferred (4) method of descending the stairs. 
 
 
Step-over-Step: Normal reciprocal stepping pattern 
Step-by-Step: Placement of both feet on the same step before ascending or descending 
 
1 being MOST preferred 
4 being LEAST preferred  
 
 
__________ Step-By-Step No Handrail 
 
__________ Step-By-Step With Handrail 
 
__________ Step-Over-Step No Handrail 
 
__________ Step-Over-Step With Handrail 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

**This questionnaire was developed specifically for this study by the investigators. 
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Demographics Questionnaire 
 

Please check the box that applies or is most representative of you. 
 
Education (last level completed) 

� Elementary 
� Junior High 
� High School 
� University 
� Postgraduate 

 
Marital Status 

� Single 
� Married 
� Divorced 
� Widowed 
 

Cigarette Smoking 
� Never Smoked 
� Occasional Smoker  
� Regular Smoker  
� Quit 

 
Alcohol Consumption 

� Never 
� 1-2 drinks a week 
� > 5 drinks a week 
� > 7 drinks a week 

 
Do you wear corrective lenses? 

� No 
� Yes 

o Type 
� Reading 
� Near sighted 
� Far sighted 
� Bifocals 
 

Are you currently taking any medications? 
� No 
� Yes 

o Type 
� Tranquillizers 
� Antidepressants 
� Antihypertensive 
� Other _____________________ 
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Do you suffer from one or more of the following: 

� Inner ear diseases 
� Lower limb arthritis 
� Balance Problems 
� Cardiovascular Diseases 
� None 

 
Do you feel dizzy moving from a sitting to standing position? 

� No 
� Yes 

 
Do you feel dizzy moving from a lying to standing position? 

� No 
� Yes 

 
How often do you exercise/perform physical activities? 

� Never 
� 1- 2 times a week 
� 3-4 times a week 
� > 4 times a week 
 

What is your level of physical activity? 
� Light 
� Moderate 
� Hard 

 
What is the duration of your physical activity? 

� < 20 minutes 
� > 20 minutes 
� > 30 minutes 
� > 45 minutes 
� > 60 minutes 
 

Have you fallen whilst going up the stairs? 
� No 
� Yes 

o How many times? ___________________ 
 
Have you fallen whilst going down the stairs? 

� No 
� Yes 

o How many times? ___________________ 
 
Do you know people who have fallen in the past 5 years? 

� No 
� Yes  # of people_________________ 

o Has this decreased your use of stairs   
� Yes 
� Somewhat 
� No 
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Do you experience any difficulty walking down stairs? 

� Always 
� Most of the time 
� Sometimes 
� Rarely 
� Never 

 
Do you experience any difficulty walking up stairs? 

� Always 
� Most of the time 
� Sometimes 
� Rarely 
� Never 

 
What type of home do you currently reside in? 

� Apartment 
� Bungalow 
� Two storey house 
� Other  

 
How many flights of stairs are found in your home? (Avg # of stairs in one flight ~ 10 ) 

� None 
� 1 flight of stairs 
� 2 flights of stairs 
� > 3 flights of stairs 

 
Location of stairs found in your home 

� Between two main floors 
� Attic and cellar 
� Outside stairs leading to home 
� other 

 
Frequency of use of stairs at home 

� Never/avoid 
� 1-2 times a day 
� 3-4 times a day 
� > 5 times a day 

 
Pattern of use of stairs at home 

� Mostly in the morning 
� Mostly in the afternoon 
� No particular time of the day 
� Avoid using stairs whenever possible 
 

How often do you encounter stairs outside of your home? 
� Never/avoid 
� Occasionally 
� Always 
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Pattern of use of stairs outside of the home 
� Mostly in the morning 
� Mostly in the afternoon 
� No particular time of the day 
� Avoid using stairs whenever possible 

 
On average how many stairs do you climb in a day? 

� None 
� 3-7 
� 8-15 
� 16-20 
� 21-30 
� 31-40 
� > 40 
� other__________________________ 

 
Handrail Use 

� Never 
� Occasionally 
� Always 
� Only when ascending 
� Only when descending 
� During both ascent and descent 

 
Handrail Preference 

� Left hand on handrail 
� Right hand on handrail 
� One hand 
� Two hands 
� Use both handrails on either side 

 
Do you prefer to 

� Ascend stairs 
� Descend stairs 
� Neither 
� Both 
 

Describe the pattern you typically use when walking up the stairs: 
� Alternate stepping (step-over-step) 
� Step-by-step (two feet on each step) 
 

Describe the pattern you typically use when walking down the stairs: 
� Alternate stepping (step-over-step) 
� Step-by-step (two feet on each step) 

 
 

* This questionnaire was adapted from previously published questionnaires, developed 
specifically for this study. Huang et al. 2003; Gill et al. 1994; Reeves, ND et al.2008)  

 
 


