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Abstract 

Epidemiological studies have identified kneeling as an occupational risk factor for knee 

joint osteoarthritis (KOA), but direct biomechanical evidence for this relationship is lacking. We 

hypothesize one mechanism by which prolonged static kneeling may cause KOA is by 

compromising the integrity of the knee joint thereby increasing knee joint instability, which 

manifests as altered ambulatory loading profiles. Therefore, the purpose of this exploratory study 

was to investigate the effect of sustained static kneeling on knee joint gait parameters.  

Ten healthy male subjects (24.1 years ± 3.5) volunteered for this study. Each subject’s 

dominant leg was instrumented with markers to track lower limb motion and with surface 

electromyography electrodes to record quadriceps, hamstrings, and gastrocnemius muscle 

activity. Subjects performed ten walking trials at a self-selected normal pace over a force plate 

embedded in the floor. They then performed a kneeling protocol of three bouts of ten minutes of 

kneeling, each separated by a five minute seated rest period. Subsequently, a set of ten walking 

trials were performed after a short rest and equipment verification period.  

The ground reaction force and motion data were used to calculate the peak knee 

adduction moments, knee flexion moments, and knee flexion angles during the stance phase. The 

total muscle activity for each muscle during a single gait cycle as well as the co-contraction of the 

medial thigh muscles and the lateral thigh muscles were calculated from the surface 

electromyography data. One-sample t-tests were run on the absolute value of the pre- and post-

kneeling outcome measures. All outcome measures were different across conditions indicating 

that the loading patterns were altered, in no specific direction, as a result of the static kneeling 

protocol.  

These results offer preliminary evidence to support the epidemiological findings that 

thirty minutes of daily occupational kneeling is associated with a higher prevalence of KOA. 
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Further investigation is required to explore the importance of post-kneeling recovery, posture-

induced blood occlusion, and cartilage stress due to cumulative loading while kneeling, as well as 

to test the clinical significance of the present findings. 
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Chapter 1 

Introduction 

Osteoarthritis (OA) is considered the most common joint disorder in the world (Arden & 

Nevitt, 2006). While many joints can be affected by OA, the weight-bearing joints of the ankle, 

knee, hip, and back are the most frequently affected. Knee joint osteoarthritis (KOA), in 

particular, has been reported to affect a large portion of the population and is the leading cause of 

chronic disability in the middle aged and elderly (Felson et al., 2000). OA is primarily diagnosed 

in people during their senior years, with 44% of those over the age of 80 showing evidence of 

radiographic KOA, and 19% with symptomatic KOA (Felson et al., 1989). Overall, an estimated 

12% of Americans between the ages of 25 and 75 have symptomatic KOA (Lawrence et al., 

1998). Of those in their working years, 5% are reported to have radiographic KOA (Petersson et 

al., 1997), with the prevalence increasing 2 to 10 fold between the ages of 30 to 65 (Garstang & 

Stitik, 2006). While it was once thought to be a disease of the elderly, OA is an age-related 

dynamic reaction to joint insult or injury (Arden & Nevitt, 2006).  

This increase in prevalence with age is largely due to the long “lag-effect” between 

disease initiation, disease progression, and severe disability (Andriacchi et al., 2004). The disease 

begins with an “initiation phase” characterized by changes in joint loading patterns due to altered 

kinematics, which is followed by the “progression phase” where the rate of cartilage breakdown 

is dependent on numerous mechanical, biological, and neuromuscular changes (Andriacchi et al., 

2004; Andriacchi & Mundermann, 2006; Chaudhari et al., 2008). The time delay between these 

stages can be as short as a few years or as long as several decades, depending on how many 

converging factors (e.g. age, body mass, joint alignment, and physical activity) are present and 

how they interact with one another. While KOA can occur as a result of acute injuries to the knee 

joint, this disease more commonly develops as the result of years of cumulative mechanical 
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insults to the cartilage (Baker et al., 2002). With time, the integrity of the cartilage is reduced and 

degeneration occurs. Currently, much of the biomechanical research related to KOA has 

compared the mechanics of healthy knees to knees in either the radiographic or symptomatic 

stages of KOA. However, there is little information concerning both the modifiable risk factors 

and the biomechanical mechanisms responsible for the initiation phase (Felson, D.T., 1993; 

Rossignol, 2004).  

With the recent surge in work-related musculoskeletal disorders, occupational postures 

have surfaced as important risk factors for KOA (Baker et al., 2002; Miranda et al., 2002). In fact, 

work-related OA costs between $3.41 and 13.23 billion US a year (Buckwalter et al., 2004), 

which is approximately 9% of the total costs for all OA. Occupation as a risk factor is of concern 

primarily for manual laborers, such as farmers, construction workers, carpenters, floor layers, and 

general blue collar workers (Cooper et al., 1994).  These workers have twice the incidence rate of 

KOA as their non-manual worker counterparts (Rossignol et al., 2003). This discrepancy in 

incidence rates is suspected to be because manual workers typically have lower task diversity 

resulting in more repetitive tasks, as well as awkward postures that result in increased joint stress 

(Rossignol et al., 2005). Additionally, manual workers typically endure a greater amount of joint 

stress through daily exposure to high physical demands, such as manually handling heavy loads 

(Felson et al., 1991; Jensen, 2007).  

Despite the growing body of epidemiological evidence that certain occupations place 

workers at a greater risk of KOA, biomechanical support for the link between occupational 

postures and KOA is lacking (Vignon et al., 2006). However, epidemiologists have identified 

common high risk postures, namely kneeling, squatting, and stair climbing (Baker et al., 2002; 

Cooper et al., 1994). Occupational biomechanists now have the responsibility of examining these 

postures to uncover the mechanisms responsible for causing the onset of KOA in these workers. 
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Since altered loading patterns at the knee joint during ambulation are a known risk factor for 

KOA (Andriacchi et al., 2004; Andriacchi & Mundermann, 2006; Chaudhari et al., 2008), the 

present exploratory investigation was designed to test for an effect of static kneeling on changes 

in loading profiles during subsequent walking trials. This was achieved by examining the kinetic, 

kinematic, and neuromuscular changes that occur at the knee joint during gait after kneeling for 

thirty minutes in three ten minute bouts.  
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Chapter 2 

Literature Review 

2.1 Etiology and Pathology of Knee Osteoarthritis 

Knee osteoarthritis (KOA) is a complex disease that, through a combination of structural, 

mechanical, and biological pathways, causes degeneration of the knee’s articular cartilage 

(Andriacchi et al., 2004). These pathways drive the disease through two phases: the initiation 

phase and the progression phase. Until recently, most of the research has explored KOA in the 

progression phase. These studies have contributed a great deal to our understanding of the nature 

of the disease by comparing the diseased population to the normal healthy population and by 

identifying the main attributes of this disease. There is now a push towards understanding the 

mechanisms behind the initiation of KOA so that the risk factors can be effectively addressed. 

Recent work has identified abnormal kinematics at the knee joint as the primary cause for 

the initiation of KOA (Andriacchi et al., 2004; Andriacchi & Mundermann, 2006; Chaudhari et 

al., 2008). Cartilage can adapt in that it becomes accustomed to typical loading patterns applied to 

it (Andriacchi et al., 2004; Seedhom, 2006). However, when the location of the load changes, the 

cartilage either reacts positively by thickening or negatively by breaking down. Negative cartilage 

adaptations typically occur if the location of the load is changed to an area that is not conditioned 

to the load (Andriacchi et al., 2004; Andriacchi & Mundermann, 2006; Chaudhari et al., 2008) 

(Figure 2.1). These changes in loading patterns can either be traumatic or chronic (Andriacchi & 

Mundermann, 2006). For some, instantaneous changes in loading patterns, such as in acute sport 

or work-related injuries, can cause irreparable damage to the cartilage (Baker et al., 2002; 

Sharma, 2001). For others, constant abnormal loading of the knee joint under activities of daily 

living can cumulatively stress the cartilage beyond its tolerance limits (Thambyah et al., 2005) 
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such that the body can no longer repair the damaged cartilage (Andriacchi et al., 2004). In both 

acute and chronic cases, the integrity of the cartilage is compromised, resulting in the cartilage 

breakdown associated with KOA. 

Unfortunately, once the balance between cartilage damage and repair fails, deterioration 

of the cartilage is inevitable. The rate of progression of the cartilage deterioration is mediated by 

the amount of load applied to the damaged cartilage (Andriacchi et al., 2004). For this reason, 

interventions aimed at slowing the rate of progression are aimed at reducing the amount of load 

imposed on the joint, such as weight reduction (Abu-Abeid et al., 2005), and adopting an out-

toeing gait profile (Lynn et al., 2007). 

An important consideration with respect to KOA is that once the disease has been 

initiated there are very few effective treatments to slow its progression, and none offer a cure. 

Typical treatments for KOA include vitamin and mineral supplements, anti-inflammatory and 

pain relief medication, exercise and weight management, orthopedic bracing, and, in more severe 

cases, joint replacement. However, these treatments are often ineffective and/or expensive, or 

their effect is short in duration (Felson et al., 2000). While trying to slow progression should 

remain a key objective, we should also try to identify the risk factors and implement interventions 

to reduce the incidence of KOA. To do so, the postures and activities that are responsible for 

causing the abnormal loading patterns associated with KOA must first be better understood. 
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Figure 2.1 A diagram illustrating the development of knee osteoarthritis from a healthy knee 

through the initiation and progression phases of KOA (Adapted from Andriacchi & Mundermann, 

2006). 
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2.2 Risk Factors 

There are two types of risk factors related to the development of KOA: systemic and 

local. The systemic risk factors include age, sex, joint alignment, and a family history of KOA 

(Arden & Newitt, 2006). For example, the incidence of KOA is higher in those over the age of 

65, and females are nearly twice as likely to suffer from KOA as males (Arden & Nevitt, 2006). 

In addition to the non-modifiable systemic risk factors, modifiable local risk factors include 

physically demanding activities, such as manual labour occupations, knee joint injuries, and body 

mass (Baker et al., 2002; Garstang & Stitik, 2006; Jackson et al., 2004; Jensen, 2007; Roos & 

Dahlberg, 2005; Sharma et al., 2001). Other local risk factors include muscle strength (Garstang 

& Stitik, 2006), joint laxity, and proprioception (Baker et al., 2002; Sharma, 2001; Sharma, 1999; 

Sharma et al., 1999).  

2.2.1 Occupational Risk Factors 

Recently, light has been shed on occupational risk factors related to the onset of KOA 

(Baker et al., 2002; Birchfield, 2001; Roos & Dahlberg, 2005; Sharma, 2001). Through 

epidemiological studies, specific postures, including kneeling, squatting, and stair climbing have 

been highlighted as the key postures responsible for the onset of KOA in workers (Baker et al., 

2002; Coggon et al., 2000; Cooper et al., 1994). However, the biomechanical mechanisms for the 

relationship between occupational postures and KOA are not well understood. Several potential 

mechanisms have been hypothesized. The first is that knee injuries, which occur at a higher rate 

in more physically demanding occupations, can, with time, lead to the development of KOA. In 

fact, 5% of those between the ages of 35-54 years have radiographic KOA, with joint injury 

identified as the leading cause of KOA in this age bracket (Petersson et al., 1997). Secondly, 

direct loading of the cartilage in deep knee flexion postures may excessively load regions of the 

joint that are weaker or less capable of adapting to the mechanical loads applied to them. As a 
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result, the cartilage may become damaged and eventually begin to deteriorate. Finally, 

maintaining a sustained deep knee flexion posture may alter the structural integrity of the joint, 

either temporarily or permanently, thereby altering knee joint mechanics during subsequent 

activities, making the joint susceptible to cartilage damage (Solomonow, 2004). Andriacchi et al. 

(2004) suggest that ligament deficiencies, such as stretching or tearing, produce passive joint 

instability that alters joint kinematics and also that dynamic joint instability can result from 

decreases in muscle force. The altered joint loads arising due to joint instability are a known 

precursor to KOA (Andriacchi et al., 2004).  

 The relationship between KOA and knee injuries and cumulative loading will be 

explored briefly in this review of literature. However, more emphasis will be placed on KOA’s 

relationship with joint stability. 

2.2.2 Knee Injuries 

In people of working age, joint injury is the leading cause of KOA. In fact, a longitudinal 

study found that those who sustained a self-reported knee injury over a 36 year time frame (mean 

starting age, 22 years) had a relative risk of 5.17 of developing KOA (Gelber et al., 2000). More 

specifically, meniscal injuries lead to a fourfold increase in the rate of KOA incidence (Roos et 

al., 1998). These results suggest that an insult to the knee joint, either acute or chronic, can cause 

damage that, over time, develops into KOA.  

 Injuries to the knee joint can either be acute or develop as a result of cumulative trauma. 

With acute meniscal or cartilage injuries, a high shear or compressive force, or a combination of 

the two, is the likely cause. When meniscal or cartilage injuries develop as a result of chronic 

insults, the force applied to the joint is typically less than for an acute injury, but, over time, the 

cumulative insults can exceed the body’s ability to repair the damage, eventually leading to 

cartilage degeneration (Andriacchi et al., 2004). Regardless of whether meniscal injuries are a 
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result of acute or cumulative trauma, it has been established that meniscal damage is increased in 

occupations that require knee-straining activities (Baker et al., 2002). Occupational physical 

activities, such as kneeling, squatting, driving, lifting, and stair climbing, are strongly associated 

with meniscal injuries, while less physically demanding tasks such as sitting and standing are not 

(Baker et al., 2002; Coggon et al., 2000; Cooper et al., 1998). In fact, the kneeling posture alone 

was shown to yield four times as many degenerative meniscal lesions and 2.3 times as many 

acute injuries (Baker et al., 2002). While the role of acute and chronic knee injuries in OA needs 

to be addressed, we must also address the role of cumulative exposure to occupational kneeling in 

decreasing the integrity of the knee joint. 

2.2.3 Cumulative Load 

 Walking has been widely studied in the KOA population because cumulative load has 

been identified as a risk factor for KOA and walking is a highly repetitive joint loading task. As 

such, walking is regarded as a key contributor to the onset and progression of the disease 

(Andriacchi & Mundermann, 2006). The stance phase of walking results in contact forces that are 

2-4 times one’s body weight (Taylor et al., 2004); therefore, over the course of a day, the articular 

cartilage undergoes a significant amount of loading. Over a lifetime, walking can result in 

substantial cumulative loading; however, walking alone is not responsible for the development of 

KOA. In fact, while running induces even greater loads on the knee joint than does walking, if 

done in moderation, running is associated with healthier articular cartilage (Roos & Dahlberg, 

2005). This is because moderate loads generate adaptive mechanisms that work to strengthen the 

surrounding structures of the knee joint and thicken the articular cartilage to reduce the incidence 

of injury (Felson et al., 2007). However, these adaptive mechanisms can be overloaded. Elite 

athletes, for example, have a higher incidence of KOA than those who enjoy more moderate 

involvement in physical activity (Cheng et al., 2000).  
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 Similarly, an excessive amount of daily exposure to occupational knee-straining activities 

may overload the knee joint’s ability to adapt to the applied load. Epidemiological evidence 

supporting the relationship between deep knee flexion postures and KOA indicates that there is a 

dose-response relationship between deep knee flexion and KOA (Engholm & Holmstrom, 2005; 

Jensen, 2005). For example, kneeling postures become a risk for KOA if performed for more than 

a total of 30 minutes a day (Cooper et al., 1994). Thirty minutes of total daily occupational 

kneeling results in 3.4 times the incidence of KOA compared to those with sedentary occupations 

(Cooper et al., 1994), while workers with a full work day of kneeling activities, such as in floor 

layers, have upwards of 7 times the incidence of KOA (Jensen, 2005). It is clear that the amount 

of exposure in occupational settings is an important factor in the relationship between kneeling 

and KOA. While the mechanisms for this relationship are unknown, it is possible that this 

exposure to kneeling increases the cumulative load on the joint or reduces joint integrity, or 

perhaps both mechanisms are at work. 

 While cumulative loading is one pathway by which static kneeling may lead to KOA, 

other consequences such as decreased structural integrity due to kneeling for an extended period 

of time also warrants investigation. In either case, the stresses induced by this posture must be 

understood. 

 

2.3 The Kneeling Posture 

 To understand the role that contact forces play in kneeling, it is important to understand 

the mechanics of this posture. First, the deep-knee flexion kneeling posture (Figure 2.2) requires 

between 150
o
 and 165

o
 of knee flexion (Hefzy et al, 1998; Hemmerich et al., 2006; Nagura et al., 

2002). Such extreme knee flexion angles are associated with posterior femoral translation and 

internal tibial rotation, resulting in posterior subluxation of the lateral femoral condyle so that the 
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femoral condyle comes to rest on the most posterior portion of the tibial plateau (Li et al., 2004; 

Nagura et al;, 2002; Nakagawa et al., 2000). This posture results in decreased tibiofemoral 

contact area that shifts to the posterior aspect of the medial compartment (Hefzy et al., 1998) such 

that much of the contact pressure lies primarily on the back edge of the medial meniscus (Nagura 

et al., 2006). Furthermore, the peak joint compressive, posterior shear, and quadriceps forces at 

knee flexion angles greater than 120
o
 exceed those during walking (Nagura et al., 2006; 

Thambyah et al., 2005). With an increased force on the knee joint combined with a decrease in 

contact area, the stresses on the cartilage during deep knee flexion tasks can exceed the tolerance 

limits of the cartilage (Thambyah et al., 2005). While these results may help to explain the higher 

incidence of medial compartment KOA in those who adopt deep knee flexion postures, the effect 

of ligament strain during sustained static kneeling postures is also an important consideration. 

 Ligaments contribute to the passive stability of the knee joint during sustained static 

kneeling, when muscle activity is often minimal. During static kneeling, the ligaments serve as 

the primary passive elements that oppose and limit joint movements (Amiri et al., 2007; 

Johansson et al., 2000). Therefore, ligaments, with the aide of other soft tissues of the knee joint, 

such as the menisci, must limit the posterior femoral translation and internal tibial rotation 

associated with deep knee flexion (Li et al., 2004). As part of their contribution to joint stability, 

at 150
o
 of knee flexion the anterior cruciate ligament (ACL) and the posterior cruciate ligament 

(PCL) are loaded to approximately 40% of their maximal load where the peak force was achieved 

at approximately 30
o
 and 90

o
 of knee flexion, respectively (Li et al., 2004). However, the PCL 

carries a relatively greater amount of load during deep knee flexion. The deep medial collateral 

ligament (MCL) and lateral collateral ligament (LCL) are also under tension in deep knee flexion 

postures (Amiri et al., 2007; Park et al., 2005); more specifically, only the anterior portions of 
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these collateral ligaments are strained, while the other portions decrease in length with increasing 

knee flexion (Park et al., 2005).  

 It is clear that ligamentous structures play an important role in stabilizing the knee joint 

during kneeling postures. As a result of the constant static loading during sustained kneeling, 

these ligaments are at risk of becoming victims of structural changes or injury. As primary joint 

stabilizers, changes in ligament integrity can compromise the stability of the joint in subsequent 

activities (Solomonow, 2004).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 A deep knee flexion kneeling posture performed unilaterally (right knee) by a mason. 

(Photograph taken with permission at Queen’s University, Kingston, Ontario, 2008) 
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2.4 Joint Instability in Knee Osteoarthritis 

 The role of ligament integrity in KOA has been highlighted in studies exploring the long-

term effects of ACL injuries. Between 60-90% of those with an ACL injury develop KOA within 

10 to 15 years of sustaining the injury (Beynnon et al., 2005). It is suspected that KOA is caused 

by altered joint mechanics due to functional joint instability, resulting from ligament deficiency 

(Andriacchi & Dyrby, 2005; Chaudhari et al., 2008; Noyes et al., 1992). Functional stability is 

characterized by the interaction of ligamentous passive restraint, joint geometry, cartilage surface 

friction, and joint loading caused by internal and external compressive forces, with the imposed 

load considered the most significant factor (Johansson et al., 2000). Joint instability occurs when 

one of these components fails, yielding aberrant joint loading patterns that, with time, can cause 

osteoarthritis (Figure 2.3).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Joint stability paradigm.  (Adapted from Lephart et al., 1996 and Nagal et al., 2007). 
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 In the unstable osteoarthritic knee, altered joint mechanics include changes in the 

knee adduction moment, flexion moment, and flexion angle (Deluzio & Astephen, 2007).  

During gait, the line of action of the ground reaction force acting at the foot during the 

stance phases crosses medially to the centre of the knee joint. In an osteoarthritic knee, 

this ground reaction force typically passes even more medially to the knee joint centre, 

thus increasing the length of the moment arm from the joint centre, which result in an 

increased knee adduction moment (Sharma et al., 1998). The combination of change in 

load location and magnitude over the medial compartment is what drives the KOA 

initiation and progression phases (Andriacchi et al., 2004). The changes in the flexion 

moment and flexion angle are thought to be associated with joint protection mechanisms, 

one of which is joint stiffening (Childs et al., 2004).  

 Muscle activity has been shown to play a large role in maintaining dynamic joint stability 

(Wojtys et al., 1996). Interestingly, several different neuromuscular stabilizing mechanisms have 

been reported in response to the frontal plane laxity associated with KOA. In sufferers of medial 

compartment KOA and genu varum, or bow-leggedness, frontal plane laxity is caused by 

increased laxity on the medial side of the knee (Lewek et al., 2004; Lewek et al., 2005). In 

response to this laxity, co-contraction of the medial muscle groups increases, which results in 

greater joint stability. This stabilization strategy results in increased joint stiffness of the medial 

side of the joint. However, associated with this increase in stiffness is an increase in tibiofemoral 

contact force over the diseased medial compartment that may increase the rate of disease 

progression.  

 Conversely, another stabilizing strategy employed by high functioning medial 

compartment KOA sufferers is increased activation of the lateral knee muscle groups (Hubley-

Kozey et al., 2006). This strategy was rationalized as a protective mechanism to unload the 
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diseased medial compartment. Hubley-Kozey et al., (2006) suggest that this stabilizing 

mechanism is a response to the altered loading patterns, or mechanical environment, and not a 

function of any form of neuromuscular dysfunction. This is an important consideration because as 

the disease progresses and disability ensues, proprioceptive deficits develop. Such deficits are 

known to alter neuromuscular responses by inhibiting neurosensory pathways. These deficits are 

explained in greater detail later in this section. 

 A final neuromuscular knee-stabilizing strategy serves to explain the decreased knee 

flexion angle during gait that is characteristic of the KOA population (Childs et al., 2004; Deluzio 

& Astephen., 2007). This kinematic change in gait patterns is thought to be a strategy used by 

KOA sufferers to protect the knee joint. More specifically, Childs et al. (2004) reported decreased 

knee angle excursion between heel strike and the peak knee flexion angle achieved during the 

stance phase of the gait cycle. Associated with this change in knee angle, the vastus lateralis, 

medial hamstrings, tibialis anterior, and medial gastrocnemius muscles demonstrated a longer 

activation period during the gait cycle in comparison to healthy controls. Furthermore, increases 

in co-activation of the vastus lateralis and medial hamstrings, as well as the tibialis anterior and 

gastrocnemius were also reported. While these muscle activity increases may serve to stabilize 

the joint, the authors also warn that such strategies may increase joint stiffness and, consequently, 

joint compression forces. Again, this study was conducted on subjects with no history of ligament 

damage, which suggests that the mechanical and neuromuscular strategies reported are not a 

consequence of neuromuscular dysfunction. 

Increased muscular activity has been identified as a stabilizing mechanism for unstable 

joints (Childs et al., 2004; Deluzio & Astephen, 2007; Hubley-Kozey et al., 2006; Lewek et al., 

2004; Lewek et al., 2005). However, joint injury can cause proprioceptive deficits that result in 

decreased muscular activity, making the joint further susceptible to injury (Sharma et al., 1999). 
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Proprioception is defined as an awareness of limb position and movement (Sharma, 1999). And 

so, proprioceptive input is important in the central nervous system’s ability to control movement. 

Receptors that mediate proprioceptive input are found in muscles, tendons, ligaments, joint 

ncapsules, menisci, and the skin (Sharma et al., 1999). When these structures are damaged, so is 

their ability to properly detect joint position and movement. KOA, as a progressive, degenerative 

disease of knee cartilage and surrounding structures, causes proprioceptive deficits (Sharma et al., 

1999). These deficits can manifest as muscle inhibition and the consequent inability to properly 

dynamically stabilize the diseased joint. Clearly, there is a cyclical pattern between joint 

degeneration, proprioceptive deficits, and decreased dynamic stability whereby decreases in joint 

stability due to proprioceptive deficits and the associated neuromuscular impairments result in 

further joint degeneration (Figure 2.4).  

 While proprioceptive deficits are a know consequence of KOA, they can also be a cause 

(Sharma et al., 1999). For example, proprioceptive deficits are a well-known consequence of 

aging (Bullock-Saxton et al., 2001; Pai et al., 1997). These proprioceptive deficits can inhibit the 

neuromuscular responses, causing abnormal joint loading patterns that then initiate KOA. 

Proprioceptive deficits are also known to occur as a result of ligament deficiencies. The ACL-

deficient knee is the most common example of ligament deficiencies yielding proprioceptive 

deficits (Friden et al., 2001; Katayama et al., 2004). Neuromuscular impairments during gait, 

such as decreased quadriceps activity and increased hamstring activity, are reported in the ACL-

deficient population (Hurd & Snyder-Mackler, 2007) and may be a result of proprioceptive 

deficits caused by the ligament injury (Sharma, 1999). As a result of quadriceps weakness and the 

decreased structural integrity of the ACL ligament, abnormal loading patterns are very common 

(Chaudhari et al., 2008). Consequently, the incidence of KOA is also quite high. This outcome 

warrants the investigation of postures and activities that may compromise the structural integrity 
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of the knee joint ligaments, thereby causing proprioceptive deficits that may initiate KOA through 

abnormal loading patterns.  

 

 

Figure 2.4 Model for the proprioceptive pathway relating ligament deficiencies and KOA 

(adapted from Sharma, 1999). 
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2.5 Ligament Creep 

Ligament creep is a temporary form of ligament laxity that is characterized by a time-

dependent deformation of the viscoelastic material under a constant load (Solomonow, 2004). 

Initially, the ligament will elongate in response to the load, but if this load is held constant the 

ligament will exponentially increase in length (Figure 2.5). While the ligament is in this elongated 

state, it is considered to be less effective at stabilizing the joint (Solomonow, 2004). Repetitive 

tasks have similar effects: With each repeated cycle, the ligament stress decreases as the ligament 

elongates, resulting in a different stress-strain curve with each cycle (Claude et al., 2003). This 

phenomenon is known as hysteresis. Conversely, if a ligament is stretched to a constant length 

and held at this length, the tension, or stress, on this ligament will decrease with time from the 

initial tension level (Solomonow, 2004). This phenomenon is known as stress-relaxation (Figure 

2.6). 

 

 

 

 

Figure 2.5 Ligament Creep: Elongation of a ligament due to a constant load. 

 



 

  19 

 

 

 

Figure 2.6 Stress-Relaxation Phenomenon: Decrease in tension due to a constant elongation of a 

ligament. 

 

 

Relatively short bouts of ligament-straining postures can cause prolonged effects of 

ligament creep. A study on ligament creep in the lumbar region of felines found that changes in 

supraspinous ligament creep had not normalized after 7 hours of rest following 20 minutes of 

prolonged anterior lumbar flexion (Jackson et al., 2001). More specifically, after this 7 hour rest 

period, the L4/L5 supraspinous ligament had only achieved 79% of its pre-stretch tension, with 

36% of this recovery occurring during the first 10 minutes of the post-stress rest period. In that 

study, muscle activation patterns of the multifidus were also recorded and were reported to have 

achieved only 80% of pre-flexion activity after the resting period. Thus, 7 hours of rest were 

insufficient to fully recover from 20 minutes of prolonged static flexion. This suggests that there 

was at least a seven-hour window during which the feline lumbar region lacked the ability to be 
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fully stabilized, and was therefore at risk of injury (Solomonow, 2004). In fact, static joint flexion 

has been linked to cumulative trauma disorders (National Academy of Sciences, 2001).  

Another study of ligament creep was conducted by Courville et al (2005) who examined 

the effect in felines of a 2:1 work-to-rest ratio, where work was defined as 10 minutes of static 

lumbar flexion. Repeating this cycle only three times, for a total of 30 minutes of static lumbar 

flexion, resulted in signs of a neuromuscular disorder and ligament creep lasting over seven 

hours. While this research, along with several other similar studies, was conducted on lumbar 

ligaments of felines, we hypothesize that similar trends might be seen in the human knee joint 

despite differences in the structural properties of the ligaments. In fact, Chu et al. (2003) induced 

ligament creep and associated neuromuscular disorders in the human ACL by applying a constant 

tibial load for a period of ten minutes. While ligament creep was reported immediately after the 

loading protocol, they did not report the duration of residual creep. 

Based on the above-mentioned studies it is hypothesized that workers whose occupations 

require durations of static knee-ligament-straining postures of more than thirty minutes or 

repetitive static postures with work-to-rest ratios of 2:1 where the work is performed for three 10 

minute static sessions could potentially have lax ligaments for long periods of time after the 

repetitive static posture. As a result, any posture that induces ligament strain, even for a short 

time, will likely cause some degree of ligament creep and associated joint instability (Courville et 

al., 2005). During this period of ligament creep, whether it is minutes, hours, or days, the 

mechanical stability of the joint is compromised, and abnormal loading patterns may result during 

activities performed immediately after ligament loading. As previously mentioned, these 

abnormal loading patterns are precursors to the initiation of KOA (Figure 2.1). 

 In addition to causing joint instability, ligament creep also affects proprioception. 

Proprioceptive deficits are elicited through ligament creep because of desensitization of the 
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afferents found in viscoelastic joint tissues, such as ligaments and capsules (Little & Khalsa, 

2005), and in periarticular structures of the knee joint (Roberts et al., 2004). Mechanoreceptors 

within these structures have the ability to detect joint position and motion caused by applied 

pressure or tissue deformation (Sharma, 1999), and through sensory feedback they work to 

modulate and activate the muscles acting on the joint (Hurley, 2003). When a ligament is lax, 

neuromuscular responses may be delayed or inhibited because the ligament’s mechanoreceptor 

thresholds are activated only at greater joint excursions (Fernandes et al., 2000; Jackson et al., 

2001). Thus, under conditions of ligament laxity, the protective role of the mechanoreceptors is 

inhibited, and, consequently, so too is the stabilizing role of the surrounding muscles.  

 

2.6 Static Kneeling as a Risk Factor for KOA: A Proposed Pathological Pathway 

 Sustained static kneeling might lead to KOA in one of two ways. First, direct cumulative 

loading at a single contact pressure location during a kneeling posture may, over time, result in 

cartilage degeneration at that location. Alternatively, and more relevant to the present study, 

sustained static kneeling may induce ligament creep and proprioceptive deficits. Such changes 

may compromise joint integrity, causing reduced joint stability. This reduced joint stability, 

although potentially only temporary, may reduce the joint’s adaptive mechanisms or cause an 

irregular tibiofemoral joint-loading pattern that may result in damage to the joint during any task 

performed subsequent to the sustained kneeling posture. In fact, decreased joint stability, as 

caused by ligament laxity, proprioceptive deficits, or neuromuscular impairments, is a risk factor 

for KOA (Sharma, 2001) (Figure 2.3).    

 There is little research related to ligament straining during deep knee flexion angles 

greater than 90
o
. However, based on the fact that ligaments are considered primary joint 

stabilizers (Solomonow, 2004), it is likely that at least some ligament loading will occur at the 
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extreme angles required in kneeling postures. This hypothesis is strengthened by the fact that 

muscles contribute minimally to knee joint stability in static deep knee flexion postures because 

no joint motion is required (Jackson et al., 2001). Thus, the knee must be stabilized by other joint 

structures including ligaments, bones, and the meniscus. Of these structures, ligaments have been 

identified as the primary passive stabilizers (Markolf et al., 1981). Therefore, knee-straining 

postures, such as kneeling, can excessively strain the stabilizing ligamentous tissues of the joint, 

thereby inducing ligament creep. This ligament creep can manifest as temporary ligament laxity 

(Solomonow, 2006) that results in abnormal loading of the tibiofemoral joint, and sets up the 

associated potential for the onset of KOA (Sharma, 1999). This hypothesized model for the 

mechanisms responsible for the initiation of KOA from static kneeling postures is presented in 

Figure 2.7. 
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Figure 2.7 A hypothesized model of the relationship between static kneeling and KOA, which 

suggests that static kneeling may lead to KOA through a pathway that begins with ligament strain 

leading to functional joint instability causing abnormal joint loading patterns. 
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2.7 Gait Analysis: A Measurement Tool for Knee Osteoarthritis 

The concept of residual ligament creep has important implications when considering the 

activities performed over a work day (Solomonow, 2004). This is because activities performed 

immediately after completion of a joint-straining posture, where ligament creep was induced, may 

be performed under unstable joint conditions with abnormal loading patterns. Therefore, the 

integrity of the knee joint during subsequent activities, such as walking, must be explored to 

understand the effects of knee-straining postures. As a result, gait analysis techniques can be a 

useful means to capture both the short- and long-term effects that knee-straining postures have on 

the knee joint by measuring changes in gait parameters.  Furthermore, gait may serve as a tool to 

determine if these postures can predict the onset of KOA. 

2.7.1 Kinetic and Kinematic Gait Parameters 

OA in the knee is most prevalent in the medial compartment of the tibiofemoral joint, but 

can also occur in the lateral compartment and patellofemoral joint. Biomechanical analysis shows 

that during the late stance phase of the gait cycle the medial compartment of the knee joint 

endures 2.5–3.5 times the load of the lateral side in a normal healthy subject (Schipplein & 

Andriacchi, 1991; Zhao et al., 2007). This medial compartment loading is caused by a high knee 

adduction moment during the late stance. The higher knee adduction moment seen in medial 

compartment KOA sufferers during gait has been positively correlated to both the high loads on 

the medial compartment of the knee joint (Schipplein & Andriacchi, 1991) as well as to the varus 

alignment of the knee joint (Andrews et al., 1996). High knee adduction moments have been 

associated with both KOA initiation and progression and are therefore an important characteristic 

of the disease (Deluzio & Astephen, 2007; Hurwitz et al., 1998; Landry et al., 2007; Lewek et al., 

2004; Sharma et al., 1998). Furthermore, the amplitude and magnitude of the flexion moment and 

flexion angle range of motion in the early stance phase have also been reported to be lower in the 
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KOA population (Deluzio & Astephen, 2007; Landry et al., 2007) and are thought to be a 

mechanism employed to reduce joint compression forces (Hurwitz et al., 1999). These changes in 

kinetic and kinematic parameters are easily captured through gait analysis techniques and, 

therefore, provide good indicators by which to gain a better understanding of KOA pathology. 

2.7.2 Neuromuscular Gait Parameters 

Typical neuromuscular characteristics of KOA include increased joint stiffness, 

decreased muscular strength, and changes in muscle activation patterns during gait (Schmitt & 

Rudolph, 2007). Associated with this increased joint stiffness is an increased co-contraction of 

the leg muscles as they contract through the eccentric and concentric phases of the gait cycle 

(Childs et al., 2004; Hubley-Kozey et al., 2006; Lewek et al., 2004; Schmitt & Rudolph, 2007). 

The increased muscle activity is a stabilizing mechanism likely required in the absence of 

adequate passive restraint from the ligaments and joint capsule. More specifically, the medial 

quadriceps and gastrocnemius muscles have been shown to be more active in subjects with 

medial compartment KOA to compensate for laxity of the medial ligaments (Lewek et al., 2004; 

Schmitt & Rudolph, 2007). However, the result of this compensatory increased muscle 

contraction is an increase in the contact force, which acts to further the disease.  

Conversely, the lateral muscles groups, namely the biceps femoris, vastus lateralis, and 

lateral gastrocnemius, are more active in patients with high-functioning mild to moderate medial 

compartment KOA (Childs et al., 2004; Hubley-Kozey et al., 2006). This increased muscle 

activation is thought to be a protective mechanism that results in unloading of the damaged 

medial compartment. It is speculated that the discrepancy between the two findings may be a 

reflection of either the disease severity or coping mechanisms between subject samples.   

Furthermore, healthy people exhibit co-contraction of the quadriceps and hamstrings to 

stabilize the knee joint during the gait cycle (Childs et al., 2004; Lewek et al., 2004; Schmitt & 
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Rudolph, 2007). However, quadriceps weakness has been reported in sufferers of both 

symptomatic and asymptomatic KOA (Slemenda et al., 1997). In the KOA population, there is an 

increased risk of damage to the knee’s articular cartilage if the quadriceps cannot control the 

lower leg’s deceleration at the end of the swing phase (Fisher et al., 1993). One explanation for 

this phenomenon, termed arthrogenous muscle inhibition, is related to altered proprioceptive 

mechanisms caused by deficient afferent input and, consequently, reduced efferent motor neuron 

stimulation (Felson et al., 1989). In other words, quadriceps weakness in KOA sufferers can 

occur as a result of proprioceptive deficits. 

2.7.3 The Role of Ligaments in Gait 

Ligaments contribute to knee joint stability during the gait cycle. While in vivo 

measurement of ligament forces is difficult in live human subjects, these forces have been 

predicted through modeling techniques (Shelburne et al., 2005). In these models, ligaments have 

been shown to provide resistance to external moments during the gait cycle, primarily during 

periods of lower muscle force production. The posterior lateral corner ligaments (PLC), made up 

of the lateral collateral ligament (LCL) and the popliteofibular ligament (PFL), provide joint 

stability immediately after heel strike as well as during the midstance phase (Shelburne et al., 

2005). During these phases, these two ligaments are the primary resistors of lateral joint opening, 

with the LCL yielding the greatest contribution to this resistive passive force. Interestingly, even 

in cases where higher knee adduction moments are reported, such as with medial compartment 

KOA sufferers, the LCL has the same laxity as in healthy controls (Lewek et al., 2004).  

Furthermore, joint stability in the frontal plane is also achieved through the MCL. The 

primary role of the MCL is to restrain abduction and its secondary roles are to control internal-

external rotation and anterior-posterior translation (Robinson et al., 2006). Laxity of the MCL has 

been linked to medial compartment KOA (Lewek et al., 2004; Schmitt & Rudolph, 2007). The 
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cause of MCL laxity in medial compartment KOA sufferers has not yet been determined; 

however, the consequences of such laxity are well understood and include increased varus 

alignment (Sharma et al., 1999) and increased medial muscle co-contraction (Lewek et al., 2004; 

Schmitt and Rudolph, 2007), both of which have been associated with the increased loading 

patterns that are characteristic of KOA.  

The MCL also serves to assist the ACL. The ACL, while contributing mildly to the 

resistance of the external adduction moment, is a key player in resisting anterior tibial translation 

during the stance phase of the gait cycle (Shelburne et al., 2005). In knees with intact ACLs, the 

MCL contributes approximately half as much anterior tibial translation restraint as does the ACL 

during the stance phase (Shelburne et al., 2005). However, in ACL-deficient knees, the MCL has 

a fourfold load increase in its role of counteracting anterior tibial translation. Nonetheless, the 

intact ACL is the most heavily loaded ligament during the gait cycle, reaching its peak load 

during contralateral toe-off (Shelburne et al., 2005). During this phase, an anterior shear force is 

produced by a combination of muscle forces, joint contact forces, and ground reaction forces 

acting on the leg, which is resisted primarily by the ACL, or the MCL in ACL deficient knees. 

Despite its important role during the stance phase, the ACL becomes less of a joint stabilizer as 

the knee flexes. Conversely, the PCL becomes more important in joint stability as the knee flexes 

and posterior tibial translation occurs and is typically unloaded when the knee is in extension 

(Shelburne et al., 2005). 

With this knowledge of ligament loading profiles during both gait and deep knee flexion 

postures, it is clear that ligaments play an important role in joint stability. When ligaments are 

damaged and unable to play their stabilization roles, changes in kinetic and kinematic profiles 

develop (Chaudhari et al., 2008). This has been frequently documented in research exploring 

ACL deficiencies. Most research on ligaments acting on the knee joint has focused on ruptured 
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ligaments. There is very little known about the biomechanical effect of ligament creep in knee-

stabilizing ligaments. However, this topic has been covered in feline lumbar ligaments (Courville 

et al., 2005; Jackson et al., 2001; Solomonow, 2004). Although the structural properties of feline 

lumbar and human knee ligaments may be slightly different, the general effects of ligament 

laxity, or more specifically ligament creep, are likely similar, as indicated by research involving 

the human ACL (Chu et al., 2003).  Therefore, it can be assumed that static knee-straining 

postures, such as kneeling, will decrease joint stability in a similar way that static lumbar flexion 

postures decrease lumbar stability (Jackson et al., 2001). With the study of ligament laxity in its 

infancy, such a generalization provides a starting point for research in knee ligament laxity.  This 

knowledge can then contribute to the study of knee joint pathologies that involve increased 

ligament laxity and decreased joint stability, such as KOA. 

 

2.8 Conclusion 

Epidemiologists have identified a relationship between deep knee flexion postures, such 

as kneeling, and KOA. While there is evidence to suggest that the duration and frequency of 

performing this posture in occupational settings are important factors in the incidence on KOA in 

workers, the mechanisms by which these factors predispose workers to KOA are still unclear. 

Three possible mechanisms are: direct acute articular or meniscal damage may occur from 

excessive contact pressure while in a kneeling posture; cumulative mechanical insults may result 

in a decreased adaptive repair mechanism causes breakdown of the articular cartilage over time; 

or the integrity of the joint may be compromised as a result of the ligament creep, proprioceptive 

deficits, or neuromuscular changes that may develop after maintaining the static kneeling posture 

for a known period of time. This latter mechanism was the focus of the present study. It was 
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hypothesized that a static kneeling protocol would induce joint instability (Figure 2.7) and that 

this instability could be captured using gait analysis techniques. Although not measured in the 

present study, this joint instability would likely be an effect of posture-induced ligament creep 

and its associated proprioceptive deficits and neuromuscular changes. This study, the first of its 

kind, aimed to uncover some of the biomechanical mechanisms responsible for the relationship 

between sustained static kneeling and KOA. Since this is a posture adopted frequently in certain 

occupations, a greater understanding of its mechanical effect on the knee joint will eventually 

allow for interventions to be designed that will increase the health and safety of workers and 

prolong the quality of their working and non-working lifespan.   
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Chapter 3 

Purpose 

 

The purpose of this study was to determine the effect of sustained static kneeling on the 

kinetic, kinematic, and neuromuscular gait parameters. It was hypothesized that static kneeling, a 

deep knee flexion posture, would compromise the integrity of the structures within the knee joint 

in such a way as to alter ambulatory loading profiles. The gait parameters of interest were those 

previously reported as being different between normal healthy people and those diagnosed with 

KOA. These findings may provide biomechanical evidence to support the pathogenesis of KOA 

through deep knee flexion postures.  

3.1 Experimental Protocol Overview 

After consenting to participate in the experiment, subjects were equipped with devices to 

track both motion and muscle activity of the lower limb as they walked over a force plate that 

recorded ground reaction forces. Two sets of walking trials were performed during the 

experiment: one before and one after a static kneeling protocol (Figure 3.1). Each walking set 

consisted of ten walking trials at a self-selected normal speed. After the first walking session 

subjects performed three cycles of ten minutes of static heels-down kneeling. Two five minute 

seated rest periods were provided after the first two kneeling sessions. Upon completion of the 

final kneeling session, an additional rest period was provided that included 1 minute of seated 

rest, followed by equipment verification. The equipment, including motion markers and surface 

electrodes, was checked to ensure that it had not moved during the kneeling protocol and that it 

was functioning and ready for testing. Once this equipment was verified, the final ten gait trials 

were immediately performed.  
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Figure 3.1 A diagram of the experimental timeline where the experiment started with ten gait trials, followed by three sets of ten minutes of static 

kneeling that were separated by two five minute resting periods. The kneeling protocol concluded with a short rest and equipment verification 

followed immediately by a final session of ten gait trials.  
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Chapter 4 

Methods 

 

4.1 Subjects 

The subjects were ten male volunteers aged 20-31 (mean age 24.1 ± 3.5). Their mean 

height and weight were 1.80 m (± 0.06) and 77.66 kg (± 7.68) respectively. Individual subject 

anthropometric data are presented in Appendix A. Subject selection was limited to young (aged 

18-35), healthy male subjects who had no history of knee ligament or meniscal injury, connective 

tissue disorders, or neurological disorders; additionally, no other injuries to the lower limbs must 

have occurred within the previous six months. Selected subjects were asked not to perform 

vigorous activity resulting in excessive fatigue or strain of the lower limb muscles and joints for 

at least 24 hours prior to testing.  

4.1.1 Consent 

Subjects were provided with a verbal and written explanation of the study’s protocol 

followed by a tour of the experiment set-up. After this briefing, subjects were given the option to 

continue with the study or to withdraw. Those wishing to continue signed the Queen’s University 

Research Ethics Board approved consent form (Appendix B).  

 

4.2 Instrumentation 

Several pieces of equipment were used to collect the data required to calculate the gait 

parameters: a force plate and an optical motion tracking device for kinetic and kinematic 

measures and a surface electromyography (SEMG) system for muscle activation patterns of the 
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lower limb muscles. This study was conducted in the Gait Laboratory of the Human Mobility 

Research Centre at Queen’s University (Kingston, ON).   

4.2.1 Force Plate 

The ground reaction force data were collected using a force plate (AMTI, Watertown, 

MA, USA) mounted flush with the floor (Figure 4.1). Six channels of data were collected from 

the force plate to give forces in all three directions and moments about all three axes. The force 

plate data were collected at 1000 Hz using a 16-channel Optotrak Data Acquisition Unit 

(Northern Digital Inc., Ontario, Canada).  

 

 

Figure 4.1 The AMTI in-ground force plate viewed along the length of the walkway. 
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4.2.2 Optoelectronic Motion Tracking System 

Motion data were collected using an Optotrak motion tracking camera system (Northern 

Digital Inc., Ontario, Canada). Infrared-emitting diodes (IREDs) were used to track the three-

dimensional motion of the dominant leg as the subject passed through the area surrounding the 

force plate (Figure 4.2). A 16-channel strober was used to activate the IREDs. Two Optotrak 

cameras were strategically positioned along the perimeter of the laboratory to capture the motion 

data from the subject’s IRED-instrumented leg over an area ranging from one stride length before 

contact with the force plate to one stride length after contact with the force plate (Figure 4.3). 

Motion data were collected at 75Hz.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 a) A single infrared-emitting diode (IRED) marker with the b) 16-channel strober used 

to power the IREDs. 

a) b) 
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   a)      b) 

Figure 4.3 Two Optotrak cameras: a) horizontal unit and a b) vertical unit.  

 

 

 

 

  



 

  36 

4.2.3 Surface Electromyography 

SEMG data of seven lower limb muscles of the dominant leg were collected using a 

Bortec AMT-8 (Bortec Biomedical Ltd., Calgary AB) EMG system (Figure 4.4). Disposable 

bipolar Ag-AgCl surface EMG electrodes (MediTrace 133 adhesive electrodes), with an inter-

electrode distance of 30 mm, were placed on a line parallel to the orientation of the muscle fibers 

of the desired muscles. A reference electrode was placed over the tibial crest approximately 6-8 

cm below the distal aspect of the patella (Bilodeau et al., 2003). The raw EMG data were 

differentially amplified with a gain set to between 1000 and 5000, depending on the subject and 

the muscle. The amplifier had a common mode rejection ratio of 115 dB (at 60 Hz), input 

impedance of 10 GOhm, and a band pass filter of 10 – 1000 Hz. The raw EMG data were A/D 

converted by the Optotrak Data Acquisition Unit at 1000 Hz. 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Bortec EMG System, including the a) portable unit, b) leads to attach to surface EMG 

electrodes, and c) the main amplifier.  

 
a) b) c) 
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4.2.4 Lab Coordinate System Set-Up 

Once the equipment was set up, the force plate and Optotrak system were calibrated to 

orient their coordinate systems. To achieve this, a 30-second trial was recorded while a cube 

(Figure 4.5) with an IRED located at each corner of each face was rotated through the space of 

the intended data collection volume. (The volume spanned the width of the walkway, the length 

of approximately one meter before and after the force plate in the direction of the walkway and 

the height of approximately 1.5 meters from the floor). Next, the origins of both the force plate 

and lab coordinate systems were set by aligning the cube with one edge of the force plate and 

collecting a 1-second trial. The cube was positioned such that the positive X direction was in the 

walking direction, the positive Y direction was in the lateral-medial direction, and the positive Z 

direction was in the down-up direction.  

 

  

 

 

 

 

 

 

 

 

 

Figure 4.5 A diagram of the calibration cube used to define the coordinate system within the 

testing environment. 
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4.3 Experimental Protocol 

4.3.1 Subject Preparation 

Subjects wore shorts and t-shirts, but removed their shoes. Anthropometric data, 

including height, weight, and age were recorded. Subjects then familiarized themselves with the 

surroundings and with walking barefoot. Once comfortable with the environment, subjects were 

equipped with surface electrodes for EMG and IREDs for Optotrak data collection. 

 

Surface Electromyography 

SEMG data were recorded from the medial and lateral gastrocnemius, vastus medialis, 

rectus femoris, and vastus lateralis muscles, and medial and lateral hamstrings of the dominant 

leg. (Figure 4.6). As is commonly done in the literature, a single set of bipolar electrodes was 

used to collect combined SEMG readings from the long and short heads of the biceps femoris 

(henceforth referred to as the lateral hamstrings) due to the close proximity of the muscles and the 

consequent difficulty in differentiating between them with SEMG techniques (Hubley-Kozey, 

2006). Similarly, the medial hamstring group represented the semimembranosus and the 

semitendinosus muscles.  

Prior to electrode placement, the skin surface over the mid region of each of the muscles 

of interest was cleaned with alcohol and lightly abraded to reduce signal impedance. The 

electrode locations were determined using SENIAM guidelines (SENIAM, 1999). These 

locations were marked with a water-soluble pen so that it could later be verified that the 

electrodes had not moved between initial and final gait trials. 

SEMG electrode placement over the gastrocnemius and hamstring muscles required that 

subjects lie prone with their thighs flat on ground and their dominant leg’s knee slightly flexed. 

The medial gastrocnemius electrode was placed over the most prominent bulge of the medial 
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gastrocnemius muscle, while the lateral gastrocnemius electrode was placed one third of the 

distance from the head of the fibula to the heel. The medial and lateral hamstring electrodes were 

placed at the midpoint of the line between the ischial tuberosity and the medial and lateral 

epicondyles of the tibia, respectively, with the hip slightly internally rotated for the medial 

hamstring and externally rotated for the lateral hamstring. Placement of the electrodes over the 

quadriceps muscles required that the subject sit up, with the hip flexed to less than 90 degrees, 

and that the knee be in slight flexion. The rectus femoris electrode was placed at the midpoint of 

the line between the anterior superior iliac spine (ASIS) and the superior aspect of the patella, 

while the vastus lateralis electrode was placed 2/3 of the distance from the ASIS to the lateral 

aspect of the patella. Finally, the vastus medialis electrode was placed 80% of the distance from 

the ASIS to the anterior border of the MCL. The reference electrode was placed on the tibial crest 

approximately 6-8 cm below the distal aspect of the patella (Bilodeau et al., 2003). Surface 

electrodes were placed over the treated skin surface along a line parallel to each muscles’ fiber 

orientation and line of action.  
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Figure 4.6 Placement of the surface electrodes over a) the vastus lateralis, rectus femoris, vastus 

medialis, and reference electrode, b) the lateral hamstring, vastus lateralis, and lateral 

gastrocnemius, and c) the vastus medialis, medial gastrocnemius, and tibial crest of the dominant 

leg (muscles are reported in a clockwise direction from the top left corner of the image).

 

  

b) c) 

a) 
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Optotrak Motion Markers 

Following the placement of the SEMG electrodes, non-collinear IRED clusters affixed to 

rigid bodies were secured to the subject’s foot, shank, thigh, and pelvis to track the motion of the 

respective segments. Because they limit skin-motion artifact, rigid body marker sets are more 

reliable than applying the IREDs directly to the skin surface (Cappozzo et al., 1997; Manal et al., 

2000). The foot, shank, and thigh clusters consisted of discs, each containing three IREDs, and 

were placed on the lateral side of the dominant lower limb (Figure 4.7). To ensure that there was 

no slippage during the walking sessions, neoprene bands were strapped tightly to the shank and 

thigh, and the discs were secured to these bands using Velcro. The foot disc was placed on the 

lateral portion of the midfoot, taped to a strap that was itself secured around the foot by tape and a 

tight knot. The shank and thigh discs were placed above the bulge of the gastrocnemius muscles 

and over the thickest portion of the thigh, respectively. The final IRED cluster, marking the pelvic 

region, consisted of a fin attached to the midpoint of the posterior pelvis by a waist belt; the distal 

tip of the fin contained three IREDs.  
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Figure 4.7 Rigid body clusters located on the foot, shank, thigh, and pelvis. Each cluster contains 

infrared-emitting diodes used to track segment motion during gait. 
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4.3.2 Equipment Verification 

With the SEMG electrodes and motion markers in place, subjects were asked to walk 

around the room to ensure that there was no tugging or movement of the electrodes or markers. 

Subjects then systematically contracted their hamstring, quadriceps, and gastrocnemius muscles 

to ensure proper location and functioning of the electrodes. The necessary alterations were made 

at this stage to ensure that appropriate muscle activity was being recorded by adjusting the 

amplifier gain. Again, subjects performed several practice walking trials to ensure that the EMG 

signals were clear and free of unwanted noise.  

Once it was ensured that the surface electrodes and motion markers were securely placed, 

subjects practised walking in accordance with the gait test protocol. With the lateral side of their 

instrumented leg facing the motion-tracking cameras, subjects walked the entire length of the 

walkway without stopping or changing speed. The walk was considered successful only if the 

entire foot of the test leg struck the force plate. The starting location on the floor that allowed for 

consistent successful walking was marked with tape. This practice session also served to allow 

subjects to become comfortable with the equipment set-up to ensure a natural gait pattern during 

data collection. A minimum of five successful practice trials were performed prior to 

commencing the study. 

A final check ensured that all markers were visible during one full gait cycle, starting 

with a pre-force plate toe-off of the instrumented leg and ending with toe-off of this same leg 

from the force plate.  

4.3.3 Pre-kneeling Walking Trials 

Once the subjects were comfortable with the walking protocol, data collection trials 

began. Subjects performed ten walking trials, as practised, at their natural self-selected pace. 

These walking trials consisted of walking approximately five meters to the force plate, landing on 
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the force plate such that only the foot of the dominant test leg touched and landed squarely on the 

force plate, and then continuing to walk normally for approximately another five meters. Trials 

were monitored to ensure that all IRED markers were visible, with no more than ten consecutive 

missing data points for a given marker, and that the EMG signals were clear of noise. Data were 

collected for five seconds to ensure that a full gait cycle was recorded.  

4.3.4 Reference Position and Rest Trial 

After the completion of ten successful walking trials, ten individual anatomical bone 

landmarks were indentified through palpation and marked with a pen. The anatomical landmarks 

of interest on the dominant lower limb included the head of the first and fifth metatarsals, the 

medial and lateral malleoli, the medial and lateral epicondyles, the head of the greater trochanter, 

and the anterior superior iliac spine (Figure 4.8). The locations of the head of the greater 

trochanter and anterior superior iliac spine of the non-dominant leg were also determined.  

 The locations of these landmarks were identified using the tip of a six-IRED probe 

(Figure 4.9). A 1-second trial was recorded for each anatomical landmark. During these trials, the 

subject was asked to stand on the force plate in a neutral posture facing the walking direction so 

that each IRED on the anatomical segment clusters, and the IREDs on the probe were visible to 

the cameras. 

Each subject’s neutral position was then recorded as he stood motionless in a neutral 

posture on the force plate facing the walking direction. This posture required that each subject 

stand with his feet shoulder-width apart, his weight evenly distributed over his feet, his arms 

crossed over his chest to ensure the visibility of the pelvis IREDs, and his eyes looking forward.  

 A final trial was recorded to determine the resting noise in each SEMG channel. This trial 

was recorded as the subject lay prone on a cushioned mat. The resting trial was recorded once the 
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subject was fully relaxed and the SEMG signal, as displayed on the computer screen, showed a 

quiet signal with consistently minimal muscle activity. 

 

 

 

Figure 4.8 Location of anatomical landmarks used to construct the one-sided lower limb model. 

The selected landmarks are for a right-side dominant subject. 
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Figure 4.9 A six-IRED probe used to determine the location of the anatomical landmarks within 

the local coordinate system. 

 

4.3.5 Static Kneeling Protocol 

Following the initial set of gait and reference position trials, the static kneeling protocol 

was performed. Subjects adopted a kneeling posture such that the dorsal aspect of their feet were 

in full contact with the floor surface and their torso was perpendicular to the ground with their 

weight distributed evenly over their bare feet (Figure 4.10). To reduce the contact stress from the 

hard floor surface, their feet and knees rested on a foam mat. An additional piece of foam was 
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placed under the ankles to decrease discomfort to the ankle caused by excessive pressure on this 

region.  

 The kneeling protocol consisted of a total of 30 minutes of static kneeling divided into 

three ten-minute bouts. Each of the first two kneeling bouts was followed by a five minute rest 

period. This work-to-rest ratio has been shown to induce ligament creep in the feline 

supraspinous ligament under static flexion (Courville et al., 2005). Therefore, it was hypothesized 

that ligament creep may similarly occur in human knee ligaments using the same protocol. This 

protocol was also expected to be more tolerable to subjects than thirty minutes of continuous 

kneeling, which is the minimum amount of daily occupational kneeling that has been identified as 

a risk factor for KOA (Cooper et al., 1994). 

To ensure the subject’s comfort and safety, pain was assessed using the Universal Pain 

Assessment Tool (Faulds & Moore, 2006, Appendix C). If subjects had reported discomfort that 

exceeded a “moderate amount of pain” (or five out of ten on the self-report scale) the testing 

would have been stopped immediately. No subjects reported such pain or discomfort., and 

consequently, they all performed the study to completion.  

During the rest periods, subjects were seated on a chair with their feet resting on the floor 

and were asked to refrain from performing excessive movement of their lower limbs. The kneel-

rest cycle was repeated three times with the final rest period scheduled to last for a minimum of 1 

minute. This last rest period served two purposes. First, it was used to reduce the likelihood of 

having interference from high lactate concentrations in the SEMG signal resulting from potential 

blood occlusion during the kneeling posture (Moritani et al., 1992). Second, while it was essential 

that the subjects begin the subsequent walking trials immediately after the final resting period so 

as to capture the true effect of the kneeling protocol, it was also necessary that the researchers 

ensure that the equipment was in working order. After one minute of seated rest, a quick scan of 
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the equipment was performed to ensure that all IREDs were visible and had not moved during the 

kneeling protocol. Likewise, SEMG signals were verified to ensure that unwanted noise was not 

affecting the signal and that the electrode locations had not been altered. Immediately after the 

equipment was checked the final gait trials were performed. The time between the end of the last 

kneeling session and the start of the post-kneeling was recorded. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 A sample diagram illustrating the posture used in the kneeling protocol. 

 



 

  49 

4.3.6 Post-kneeling Trials 

After completing the static kneeling protocol, subjects performed a second set of walking 

trials. These trials were recorded in the same way as the pre-condition gait analysis, with ten 

successful trials being kept and all others discarded. Unlike the first gait analysis session, limited 

time between walking trials was critical in this post-kneeling walking session. Subjects were 

asked to return to the start of the walkway immediately after the completion of each trial for 

commencement of the subsequent trial. However, care was taken to ensure that subjects did not 

feel hurried and that they maintained their natural gait speed.  

Upon completion of the gait trials, the anatomical landmark and reference position trials 

were repeated (refer to section 4.3.5). This was done to account for any possible change in marker 

location resulting from the kneeling protocol. The selected anatomical landmarks, which had been 

marked in pen, were used in this final set of landmark trials. 

 

4.4 Data Processing 

The ground reaction force, motion, and SEMG data sets each required processing prior to 

analysis. An outline of the total data treatment is presented in Figure 4.11. The data processing 

steps are described in greater detail in this section. Please refer to section 4.5 for further 

information regarding the calculation of the outcome measures.  
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Figure 4.11 Summary of data processing and analysis steps.  
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4.4.1 Ground Reaction Force and Motion Data Processing 

The ground reaction force and motion data were processed using Visual 3D software 

(Visual 3D, version 3.9, C-Motion Inc., MD, USA). The steps required to process these data are 

outlined below: 

1. Upload ground reaction force and motion data from the walking trials. 

2. Upload anatomical landmark trials. 

3. Determine the location of the anatomical landmarks relative to the location of an 

assigned segment IRED cluster.  

4. Determine the lower limb joint centres using the anatomical landmarks. 

5. Construct a lower limb model using the proximal and distal joint segment endpoints. 

6. Input subject height and weight to calculate segment masses and moments of inertia. 

7. Assign the lower limb model to the uploaded motion data.  

8. Interpolate the motion data for missing markers and filter the force plate and motion 

data using a double-pass Butterworth filter. 

9. Compute kinetic and kinematic gait parameters using inverse dynamics. 

10. Determine gait events such as toe-off and heel strike.  

11. Export gait events and stance phase waveforms for the calculated knee adduction 

moment, knee flexion moment, and knee flexion angle. 

 

Once the required ground reaction force and motion data were uploaded into Visual 3D, 

the anatomical virtual landmark trials were uploaded and used to create a lower limb model. To 

create this model, the anatomical landmark locations were first determined within the local 

coordinate system, as defined from the neutral reference position trial, using an algorithm that 

related the tip of the landmarking probe to its six IREDs. This allowed for the location of each 
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anatomical landmark to be determined relative to the anatomical segment that defines it. The 

locations of the 1
st
 and 5

th
 metatarsals were defined by the foot IRED cluster. The medial and 

lateral malleoli were defined using the shank IRED cluster. The medial and lateral epicondyles 

were defined using the thigh IRED cluster, as were the right and left greater trochanters. Finally, 

the right and left ASIS locations were defined using the pelvis IRED fin. 

These anatomical landmarks were then used to define the proximal and distal end of their 

respective anatomical segments (e.g; the medial and lateral epicondyles defined the proximal end 

of the shank and the distal end of the thigh). The anatomical landmarks were also used to locate 

the joint centres of the ankle, knee, and hip. Visual 3D automatically determined the joint centres 

of the ankle and knee to be the midpoint of the medial and lateral malleoli and medial and lateral 

epicondyles, respectively. The joint centre of the hip, however, was calculated to be one quarter 

of the distance between each of the greater trochanters (Visual 3D 3.9, C-Motion Inc). Segment 

mass and moments of inertia were calculated from the subject’s height and weight using the 

default database (Dempster, 1955) within the Visual 3D program. Using the computed segment 

properties, a 3-D lower limb model was created and applied to the motion data (Figure 4.12). 

The raw motion and force plate data were then processed. First, the motion data were 

linearly interpolated to replace any missing marker data points, to a maximum of 10 consecutive 

frames. These data were then filtered using a second-order low pass Butterworth filter with a 6 

Hz cut-off frequency. Similarly, the force plate data were low pass filtered using a second-order 

Butterworth filter with a cut-off frequency of 25 Hz, as determined by the residual analysis 

technique proposed by Winter (1990). 

Using this processed data, the kinetic and kinematic gait parameters of the dominant 

lower limb were computed. Inverse dynamics was used to calculate the internal joint forces and 

moments in the coordinate system of the proximal joint segment (Visual 3D v. 3.9, C-Motion 
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Inc.).  The joint angles were computed using the cardan sequence where the orientation of the 

distal segment was determined relative to the proximal segment through a sequence of x,y,z, 

rotations, where x = flexion/extension, y = abduction/adduction, and z = axial rotation.  

Visual 3D’s automatic gait detection function identified the gait cycle that occurred over 

the force plate. This function identified both heel strike and toe-off on the force plate and then ran 

an automatic target pattern recognition function to identify all other heel strike and toe-off events 

based on the motion data. This automatic gait detection function used a threshold value of 5% of 

the peak vertical ground reaction force over a window of eight frames to identify the heel strike 

and toe-off events. The events of interest included toe-off prior to the force plate, heel strike on 

the force plate, and toe-off on the force plate. The frame numbers between the first and second 

toe-off events were recorded and used to identify a complete gait cycle; the heel strike and second 

toe-off event frame numbers were used to identify the stance phase.  

 All gait kinematic and kinetic parameter waveforms were then trimmed to the stance 

phase of the gait cycle. These waveforms were normalized to body weight and presented as 100% 

of the stance phase.  
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Figure 4.12 Diagram of the a) single lower limb model created in Visual 3D using the anatomical 

markers. The model was then assigned to b) the gait motion data and used to compute the kinetic 

and kinematic gait parameters. 
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4.4.2 Electromyographic Data Processing 

The SEMG data from the gait trials were processed in the time domain using a custom-

built computer program (Labview 8.0, National Instruments, TX, USA) (Appendix D). The data 

were first processed with an 8
th
 order bandstop Butterworth filter with a cutoff frequency from 

59.5-60.5Hz to remove any 60Hz noise, followed by a 4
th
 order bandpass Butterworth filter 

between 50-450Hz to remove low and high frequency signals not associated with muscle activity. 

The data were then linear enveloped by full-wave rectifing the data and applying a 2
nd

 order low 

pass Butterworth filter at a cut-off frequency of 3Hz (Winter, 1990). The resting SEMG trial was 

filtered in the same manner and averaged to yield a noise value for each muscle for each subject. 

This value was then subtracted from the SEMG gait data for the respective muscle. The SEMG 

gait data were then amplitude normalized to the peak SEMG of the ensemble average for each 

muscle from the pre-kneeling gait trials (Burden et al., 2003).  

 

4.5 Outcome Measures 

A custom-built computer program (Matlab 6.1, Mathworks, Natick, MA, USA) was used 

to select the kinetic, kinematic, and neuromuscular outcome measures using the exported kinetic, 

kinematic, and temporal gait curves from Visual 3D and the processed SEMG data (Refer to 

Figure 4.11 for an overview of the analysis process). The outcome measures of interest are 

outlined in Table 4.1 and described in greater detail below. 
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Table 4.1 Summary of kinetic, kinematic, and neuromuscular outcome measures and the 

respective gait cycle phases of interest.  

% Stance 

Phase 

Outcome Measures 

Kinetic Kinematic Neuromuscular 

0-50% 

(Early 

Stance) 

Peak Adduction 

Moment 

Peak Flexion Moment 

Peak Flexion Angle 

 
 

30-80% 

(Mid Stance) 

Peak Flexion Moment 

Peak Adduction 

Moment 

Peak Flexion Angle 

 

 

50-100% 

(Late Stance) 

Peak Adduction 

Moment 
 

 

Total Gait 

Cycle 

  Co-contraction Values:  

     VMMH, VLLH 

Total Muscle Activity (total 

area under waveform):  

     VM, RF, VL, MH, LH, 

MG, LG 

 

CG - Gait cycle, 

VMMH -Vastus medialis medial hamstring,  

VLLH -Vastus lateralis lateral hamstring, 

VM - Vastus medialis, 

RF - Rectus femoris, 

VL - Vastus lateralis, 

MH - Medial hamstring, 

LH - Lateral hamstring, 

MG - Medial gastrocnemius, 

LG - Lateral gastrocnemius, 
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4.5.1 Kinematic and Kinetic Outcome Measures 

Locations of known discrepancies between healthy and KOA populations in gait 

parameters were selected for comparison between pre and post condition gait cycles. These 

include the peak internal knee adduction and flexion moments and the peak knee flexion angles. 

KOA patients have been shown to have increased peak knee adduction moments during the entire 

stance phase (Deluzio & Astephen, 2007; Childs et al., 2004: Hurwitz et al., 1998; Schipplein & 

Andriacchi, 1991) and decreased peak knee flexion moment during the early stance phase 

(Deluzio & Astephen, 2007). Additionally, the KOA population was reported to have decreased 

knee flexion angles throughout the early stance phase of the gait cycle (Deluzio & Astephen, 

2007; Childs et al., 2004). These same variables were explored in the present study (Table 4.1). 

This was achieved by identifying the early and mid stance peaks of the adduction moment, 

flexion moment, and flexion angle, as well as the late stance peak for the adduction moment 

(Figure 4.13). These peaks were then averaged within each pre- and post-kneeling gait session to 

yield two comparable averaged values for each outcome variable for each subject.  
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Figure 4.13 Graphs of sample time-normalized stance-phase pre-kneeling gait trials of the a) 

knee adduction moment, b) knee flexion moment, and c) knee flexion angle. Outcome measures 

from each waveform are encircled. 
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4.5.2 Electromyography Data Analysis 

SEMG outcome measures included both muscle co-contraction as well as total individual 

muscle activity levels (Table 4.1). Prior to analysis, the SEMG data were cut to one full gait cycle 

using temporal data exported from Visual 3D and time normalized to 100% of the gait cycle 

(DeVita, 1994).  

A muscle co-contraction value (Equation 1, Schmitt & Rudolph, 2007) was calculated 

between the vastus medialis and medial hamstring (VMMH) and the vastus lateralis and lateral 

hamstring (VLLH) at each data point of the time-normalized gait cycle for each trial for each 

subject. The co-contraction values were then averaged across each trial, and then the average of 

all ten pre- and post-kneeling gait trials was calculated for each subject. 

 

 

 

 

 

 

 

 

Equation 1: Co-contraction value equation using SEMG activity averaged across a single gait 

cycle that has been normalized to 101 data points, where i is the sample number. The less active 

and more active of the two normalized muscle activation patterns are inputted as the lower EMG 

and higher EMG values respectively.  

101 

Co-contraction value =  [ ] 
101 

∑ lower EMGj 

higher EMGj 

 

 

 

x (lower EMGj + higher EMGj) 

i  = 1 (1) 
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Individual muscle activity during the single gait cycle was calculated for each trial using 

the total area under each SEMG waveform (Figure 4.14). The average area for each muscle was 

calculated for both the pre- and post-kneeling gait sessions. The area was calculated as the sum of 

each of the data points in the 100% time-normalized muscle activity waveform. Since each data 

point in the waveform is amplitude normalized to the peak value of the ensemble average of the 

pre-kneeling gait session muscle activity, the computed area is presented with arbitrary units.  
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Figure 4.14 Sample graphs of the area under the muscle activity waveforms for a pre-kneeling 

walking trial for one subject. The muscles displayed include the a) rectus femoris, b) vastus 

medialis, c) vastus lateralis, d) medial hamstring, e) lateral hamstring, f) medial gastrocnemius, 

and the g) lateral gastrocnemius.  

-10

10

30

50

70

90

110

130

150

0 10 20 30 40 50 60 70 80 90 100

% Gait Cycle

%
 E

M
G

-10

10

30

50

70

90

110

130

150

0 10 20 30 40 50 60 70 80 90 100

% Gait Cycle

%
 E

M
G

-10

10

30

50

70

90

110

130

150

0 10 20 30 40 50 60 70 80 90 100

% Gait Cycle

%
 E

M
G

-10

10

30

50

70

90

110

130

150

0 10 20 30 40 50 60 70 80 90 100

% Gait Cycle

%
 E

M
G

-10

10

30

50

70

90

110

130

150

0 10 20 30 40 50 60 70 80 90 100

% Gait Cycle

%
 E

M
G

-10

10

30

50

70

90

110

130

150

0 10 20 30 40 50 60 70 80 90 100

% Gait Cycle

%
 E

M
G

-10

10

30

50

70

90

110

130

150

0 10 20 30 40 50 60 70 80 90 100

% Gait Cycle

%
 E

M
G

a) 

b) c) 

d) e) 

f) g) 

%
E

M
G

 
%

E
M

G
 

%
E

M
G

 

%
E

M
G

 

%
E

M
G

 
%

E
M

G
 

%
E

M
G

 



 

  62 

4.6 Statistical Analysis 

The means and standard deviations for each of the kinetic, kinematic and neuromuscular 

outcome measures were calculated for the pre- and post-kneeling sessions for each subject (See 

Table 4.1 for a list of the outcome measures). Because changes in knee joint loading patterns, 

irrespective of the direction of this change, are thought to be responsible for the initiation of KOA 

(Chaudhari et al., 2008), the absolute value of the difference between the reported means for each 

gait session was the value of interest for all outcome measures. These absolute differences were 

analyzed with a one-sample t-test to test for changes after kneeling (SPSS 11.5, Chicago, IL.). 

The absolute value of the difference in muscle activity for each subject between the pre-kneeling 

and post-kneeling gait trials was entered into a one-way ANOVA to test for a difference in 

muscle activity among muscles groups. 

Statistical analysis was also performed on the total gait cycle time of the pre- and post 

kneeling walking trials. This data set was examined two ways. First, the absolute difference 

between pre- and post-kneeling trials was analyzed using a one-sample t-test. Each of the 

individual total gait cycle times were then plotted against its respective trial number for the pre- 

and post-kneeling gait sessions for each subject. The slopes of the linear trend lines for these 

relationships were recorded, and a paired t-test was run. This was done to test for a change in the 

trends of the gait cycle time between the pre- and post-kneeling gait sessions.  

All outcome measures were predicted a priori. A level of significance of  α  = 0.05 was 

used for all statistical tests and a post-hoc power analysis was performed on the results from each 

t-test test to ensure that sufficient power was achieved with the sample size of ten (G Power 3, 

Dusseldorf, Germany). 

Descriptive statistics were also calculated for the timing of events occurring after the 

final bout of kneeling, including total rest time and total post-kneeling gait session time.  
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Chapter 5 

Results 

 

All kinetic and kinematic outcome measures were statistically significant (p<0.05) (Table 

5.1), suggesting that kneeling changes these measures. However, these results do not speak to the 

direction of the changes, only that changes occur. 

 

Table 5.1 Results from a one-sample t-test on the absolute value of the differences between the 

pre- and post-kneeling kinetic and kinematic outcome measures at the critical locations along the 

stance phase of the gait cycle.  

Gait Parameter % Stance Phase 

∆  

Mean SD SE 

t 

value 

p 

(1-tailed) 

Internal Knee 

Adduction 

Moment 

(Nm/kg) 

0-50%  

(Early Stance) 
0.052 0.047 0.015 3.455 0.004* 

30-80% 

(Mid Stance) 
0.046 0.027 0.009 5.320 0.000* 

50-100% 

(Late Stance) 
0.061 0.051 0.016 3.760 0.002* 

Internal Knee 

Flexion 

Moment 

(Nm/kg) 

0-50% 

(Early Stance) 
0.105 0.065 0.021 5.121 0.000* 

30-80% 

(Mid Stance) 
0.106 0.044 0.014 7.708 0.000* 

Knee Flexion 

Angle 

(degrees) 

0-50% 

(Early Stance) 
1.875 1.291 0.408 4.59 0.001* 

30-80% 

(Mid Stance) 
3.093 2.171 0.687 4.51 0.001* 

∆ Mean - Absolute value of the differences before and after kneeling 

SD - Standard deviation of the mean 

SE - Standard error of the mean 
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 The neuromuscular outcome measures included two co-contraction values and the total 

muscle activity of all tested muscles. The results showed that all these measures differed as a 

result of the kneeling protocol (Table 5.2).  

 

 

Table 5.2 Results from a one-sample t-test for the absolute value of the differences between the 

pre- and post-kneeling neuromuscular gait parameters.  

Gait Parameter Muscle(s) 
∆  

Mean 
SD SE t value 

p 

(1-tailed) 

Co-contraction 

Value 

VMMH 5.37 3.33 1.05 5.09 0.001* 

VLLH 8.91 7.65 2.42 3.66 0.003* 

Total Muscle 

Activity  

(arbitrary units) 

Vastus Medialis 441.27 569.06 179.95 2.45 0.019* 

Rectus Femoris 1149.63 687.36 217.36 5.29 0.001* 

Vastus Lateralis 532.16 809.67 256.04 2.08 0.034* 

Medial Hamstring 689.66 539.44 170.59 4.04 0.002* 

Lateral Hamstring 875.40 418.66 132.39 6.61 0.000* 

Medial Gastrocnemius 588.07 467.43 147.81 3.98 0.002* 

Lateral Gastrocnemius 969.64 741.92 234.61 4.13 0.002* 

VMMH - The co-contraction value of the vastus medialis and medial hamstring 

VLLH - The co-contraction value of the vastus lateralis and lateral hamstring 

∆ Mean - Absolute value of the differences before and after kneeling 

SD – Standard deviation of the mean 

SE – Standard error of the mean 
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Further analysis of the total muscle activity was performed to test for differences between 

the changes in muscle activity, as represented by the absolute difference in the total muscle 

activity between the pre- and post-kneeling gait sessions. A one-way analysis of variance failed to 

show differences (p = 0.066) in the muscle activity changes across muscles (Table 5.3).  

 

 

Table 5.3 Results from a one-way analysis of variance to test for a differences total muscle 

activity changes between the ensemble averaged pre- and post-kneeling gait sessions within 

subjects.  

Muscle 
∆ Mean 

Total Activity 
SD SE F value 

p 
(1-tailed) 

Vastus Medialis 441.27 569.06 179.95   

Rectus Femoris 1149.66 687.36 217.36   

Vastus Lateralis 532.16 809.67 256.04   

Medial Hamstring 689.66 539.44 170.59   

Lateral Hamstring 875.40 418.66 132.39   

Medial Gastrocnemius 588.07 467.43 147.81   

Lateral Gastrocnemius 969.64 741.92 234.61   

Total 749.40 638.69 76.34 1.72 0.066 

∆ Mean - Absolute value of the differences before and after kneeling 

SD – Standard deviation of the mean 

SE – Standard error of the mean 
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The total gait cycle time was used to assess differences in the temporal gait parameters. 

This data set was analyzed two ways. First, the absolute differences between the pre- and post-

kneeling gait sessions were analyzed using a one-sample t-test. (Complete gait cycle time data is 

available in Appendix E.) The results show a significant difference (p=0.003) in the change in 

gait cycle time. Again, this test makes no assumptions about the direction of the change in gait 

cycle time, but it does show that subjects alter their gait speed as a result of the kneeling protocol.  

The total gait cycle times for the pre- and post-kneeling gait sessions were analyzed for 

trends within subjects. For each subject, gait cycle time was plotted against trial number with a 

linear trend line representing the direction and magnitude of the changes across the gait session. 

The slopes of these trend lines were compared using a paired t-test (Table 5.4). The results show 

no significant difference (p = 0.311) between the slopes of the pre- and post-kneeling trend lines. 

While no significance difference in slope of the total gait cycle time versus trial number was seen, 

Figure 5.1. shows a weak trend that suggests that total gait cycle time increases immediately after 

the prolonged kneeling protocol but normalizes within the 10 collected gait trials to a level 

similar to that of the pre-kneeling total gait cycle time. 

While the pre-kneeling gait trials were not time dependent, an attempt was made to 

capture the post-kneeling gait trials as quickly as possible after the final rest period. The final rest 

and equipment verification period lasted 2.60 minutes (± 0.97) and all ten post-kneeling trials 

were captured in an average time of 4.00 minutes (± 1.15). (See Appendix F for individual 

subject times).  
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Table 5.4 The mean slopes of the linear trend line for the total gait cycle time vs. trial number 

plots for each gait session for each subject.  

  Mean Slope 

Subject Number 
Pre-Kneeling 

Gait Session 

Post-Kneeling 

Gait Session 

1 -0.004 0.001 

2 0.001 -0.007 

3 0.007 -0.027 

4 -0.002 -0.004 

5 -0.004 0.000 

6 0.002 -0.003 

7 -0.012 -0.006 

8 0.003 -0.002 

9 0.002 0.009 

10 0.003 -0.006 

Average -0.0004 -0.0053 

SD 0.0045 0.0092 
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Figure 5.1 Graph of the gait cycle times averaged across subjects plotted against the respective 

trial number. The pre-kneeling gait cycle times and respective linear trend line (thick) are 

represented by a solid line, while the post-kneeling gait cycle times and respective linear trend 

line (thick) are represented by a dotted line.   

 

 

 A post-hoc power analysis was performed to test that sufficient power was achieved 

using a level of significance of  α  = 0.05 with a sample size of ten. The results of the analysis 

show that more than 0.94 power was achieved across all outcome measures with the exception of 

the total muscle activity in the vastus medialis and vastus lateralis, which had powers of 0.731 

and 0.608, respectively (Table 5.5). Additionally, a power of 0.161 was achieved for the paired t-

test of the within-subject slopes for the total gait cycle time versus frame number plots. Where a 

power value of less than 0.8 is reported there is an increased chance for the statistical test to 

produce a false negative result, where a statistical difference actually exists but the test fails to 

detect it due to the lack of power.  
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Table 5.5 Results from a post-hoc power analysis using a level of significance of α = 0.05 with a 

sample size of ten. 

Outcome 

Measure 
Critical Value 

∆ 

Mean 
SD Power 

Knee Adduction 

Moment 

Min at 0-50% SP 0.050 0.051 0.942 

Max at 30-70% SP 0.097 0.074 1.000 

Min at 50-100% SP 0.111 0.051 0.967 

Knee Flexion 

Moment 

Max at 0-50% SP 3.707 3.120 0.999 

Min at 30-100% SP 3.953 3.616 1.000 

Knee Flexion 

Angle 

Min at 0-50% SP 1.875 1.291 0.995 

Max at 30-80% SP 3.093 2.171 0.994 

Cocontraction 

Value 

VMMH 5.369 3.334 0.999 

VLLH 8.910 7.652 0.959 

Total Muscle 

Activity  

(Total Area) 

Vastus Medialis 441.27 569.06 0.731 

Rectus Femoris 1149.63 687.36 0.999 

Vastus Lateralis 532.16 809.67 0.608 

Medial Hamstring 689.66 539.44 0.981 

Lateral Hamstring 875.40 418.66 1.000 

Medial Gastrocnemius 588.07 467.43 0.978 

Lateral Gastrocnemius 969.64 741.92 0.984 

Time 

Total Gait Cycle Time 0.044 0.039 0.949 

Slope of GC Time vs 

Time Number 
0.004 0.012 0.161 

 SD - Standard deviation of the mean 

 SE - Standard error of the mean  

 SP -  Stance phase 

 VMMH - Vastus medialis medial hamstring 

 VLLH - Vastus lateralis lateral hamstring 

 GC - Gait cycle 
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Chapter 6 

Discussion 

 

Occupational kneeling has been identified as a risk factor for KOA (Baker et al., 2002; 

Coggon et al., 2000; Cooper et al.. 1994). Changes in knee joint loading patterns during gait are a 

known cause for the initiation of KOA (Andriacchi et al., 2004; Andriacchi & Mundermann, 

2006; Chaudhari et al., 2008). Therefore, the purpose of the present study was to determine if 

kinematic, kinetic, and neuromuscular changes occur during gait as a result of a prolonged static 

kneeling protocol. The results of the present study show that changes in peak knee adduction 

moments, peak knee flexion moments, peak knee flexion angles, and knee muscle activity were 

observed during post-kneeling ambulation. Therefore, these results provide evidence to support 

the contention that prolonged static kneeling results in pathological changes in kinetic, kinematic, 

and neuromuscular gait that are indicative of the initiation of KOA.  

The gait parameter changes observed are consistent with the hypothesized model for the 

biomechanical relationship between prolonged static kneeling and KOA (Figure 2. 7). In this 

model, we hypothesized that structural changes occur within the knee joint as a result of the non-

neutral, knee-straining, deep flexion kneeling posture, and that these changes cause functional 

joint instability that manifests during gait as the reported changes in kinetic and kinematic 

profiles. Abnormal kinetic and kinematic gait parameters (Andriacchi et al. 2004; Andriacchi & 

Mundermann, 2006; Chaudhari et al., 2008), including the knee adduction moment (Deluzio & 

Astephen, 2007; Hurwitz et al., 1998; Lewek et al., 2004; Sharma et al., 1998), knee flexion 

moment, and knee flexion angle (Deluzio and Astephen, 2007), have been widely published in 

the KOA literature. Increased peak knee adduction moment is the most commonly reported of 

these parameters. Lewek et al. (2004) have shown that 21% of the variability in the knee 
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adduction moment was explained by frontal plane laxity, which they assessed using stress 

radiography. This frontal plane instability has been shown to be an integral element in the KOA 

disease process. 

With respect to the kneeling posture, components of each of the four major knee 

ligaments (ACL, PCL, MCL, and LCL) undergo tension as a result of the relative positions of the 

tibia and femur at deep knee flexion angles (Amiri et al., 2007). Of particular importance to the 

frontal plane is the increase in anterior bundle LCL and deep MCL strain reported as the knee 

flexion angle approaches 120 degrees (Amiri et al., 2007). Such strain, if held constant for a 

period of time may induce ligament creep. This creep may result in frontal plane laxity that would 

explain the change in knee adduction moment observed in the present study.  

Amiri et al. (2007) also reported a substantial amount of strain at 120 degrees of knee 

flexion in the anterior bundle of the PCL and, to a lesser extent, the posterior bundle of the ACL. 

Again, if held at a constant load for a period of time, ligament creep will likely develop causing 

sagittal plane laxity. This laxity may be responsible for the changes observed in the knee flexion 

moment and knee flexion angle as a result of prolonged kneeling. 

Muscle activity is a form of dynamic joint stabilization. In the face of functional 

instability, such as in an osteoarthritic knee, muscles acting on the knee are recruited over a 

longer portion of the gait cycle to improve joint stability (Childs et al., 2004). Changes in co-

contraction of antagonist knee musculature during gait is another mechanism employed to 

improve joint stability in the KOA population; however, no unique strategy has been reported 

(Childs et al., 2004; Hubley-Kozey et al., 2006; Lewek et al., 2005). Some KOA patients increase 

medial muscle co-contraction in an attempt to increase joint stiffness in response to medial joint 

laxity (Lewek et al., 2005), while others increase lateral muscle co-contraction to offload the 

diseased medial compartment (Hubley-Kozey et al., 2005). Despite these inconsistent reports in 
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neuromuscular joint stabilization strategies, it is clear that neuromuscular responses are adopted 

as a result of changes in joint loading and/or instability.  

When Kim et al. (1995) independently stimulated the collateral ligaments of the knee, 

they found selective activation of the vastus medialis upon MCL stimulation and the vastus 

lateralis upon LCL stimulation. This suggests that mechanoreceptors within healthy collateral 

ligaments may selectively activate the medial and lateral quadriceps muscles as reflex mechanism 

to stabilize the knee joint against valgus and varus loads. However, in the case of damaged 

ligaments, the neurosensory reflex arc seen in healthy ligaments may be inhibited (Lephart et al., 

1997). A good example of this is the quadriceps inhibition frequently reported in ACL-deficient 

knees (Hurd & Snyder-Mackler, 2007).  

While it is known that portions of the ACL, PCL, LCL, and MCL ligaments become 

strained in deep knee flexion postures (Amiri et al., 2007), the precise effect of this strain on the 

neurosensory role of the ligaments is unknown. Such strain, however, may have influenced the 

activity of the knee musculature in the present study in one of two ways. First, the ligament strain 

induced by the deep knee flexion posture may have activated the neurosensory reflex arc 

described by Kim et al. (1995). In doing so, muscles acting on the knee joint may have become 

active during the kneeling protocol. Depending on the duration of muscle activity caused by this 

reflex arc, muscle fatigue may have been induced. Muscle fatigue has been shown to decrease 

muscle activity (Padua et al., 2006) and force production (Wojtys et al., 1996). Furthermore, 

muscle fatigue of the quadriceps and hamstring muscles has also been shown to alter tibial 

translation during an anterior tibial stress test suggesting increased knee joint instability with 

thigh muscle fatigue (Wojtys et al., 1996). Therefore, if fatigue was induced as a result of the 

present kneeling protocol, then it may have caused the changes in the muscle activity and co-

contraction values observed. This fatigue may also have been responsible for some of the 
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kinematic changes observed in the post-kneeling gait session, independant of other decreases in 

structural integrity of the knee joint (Wojtys et al., 1996). To test for muscle fatigue, an analysis 

of the frequency spectrum would be required. Fatigue has been shown to manifest as a decrease 

in the mean power frequency in static SEMG signals (Bigland-Ritchie et al., 1981). In this study, 

such an analysis could not be performed due to the dynamic nature of the post-kneeling SEMG 

signals collected, which do not have stable frequency spectrums (DeLuca, 1997).  

The second potential effect that the posture-induced ligament strain may have caused is 

ligament creep. Ligament creep may have been induced as a result of the constant load applied to 

the ligaments during the static kneeling posture. In addition to potentially causing an unstable 

joint due to ligament laxity, this ligament creep may have resulted in proprioceptive deficits 

(Sharma, 1999; Solomonow, 2004). The ability of the mechanoreceptor to detect movement 

during the post-kneeling gait trials may have been inhibited, thereby hindering the stabilizing 

mechanics of the muscles acting on the joint (Johansson et al., 1991). However, Chu et al. (2003) 

found increases in neuromuscular activity in the quadriceps and hamstring muscles during 

isometric flexion and extension maximal contractions, respectively, after inducing creep in the 

ACL for a period of ten minutes; there were no changes in antagonist contraction during the 

extension and flexion exercises. Additionally, muscle spasms were observed during the tibial 

loading protocol leading the authors to conclude that a neuromuscular disorder may be induced 

alongside joint laxity caused by the induced ligament creep (Chu et al., 2003). Based on their 

results, there is reason to believe that a prolonged static kneeling protocol composed of three 10 

minute bouts of static kneeling where ACL, PCL, LCL, and MCL are strained may likewise 

induce ligament creep and subsequent neuromuscular changes.  

It is important to note, however, that it is likely that not all ligaments underwent the same 

strain in the present study, and therefore, not all ligaments would have reacted in the same way to 
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the kneeling protocol. In fact, it is possible that some of the ligaments underwent enough stress to 

initiate the neurosensory reflex arc but as creep set in this reflex arc become inhibited. Without 

knowing exactly how each ligament reacted to the kneeling protocol, it is impossible to predict 

the precise neuromuscular response. However, a relevant finding is that neuromuscular changes 

were observed between the pre- and post-kneeling gait between gait sessions, either by an 

increase or a decrease with respect to the pre-kneeling muscle activity, in the quadriceps, 

hamstring and gastrocnemius muscle groups. Furthermore, the fact that all tested knee 

musculature showed changes in muscle activity suggests that if a neuromuscular disorder was 

indeed induced as a result of the kneeling protocol, all major muscles acting on the knee joint 

were likely affected to some degree. 

However, it should be emphasized that only the change in total muscle activity over the 

entire gait cycle was examined in the present study. This change, being the absolute difference 

between the muscle activity documented during the pre- and post-kneeling gait trials, implies 

nothing about the direction of the change in muscle activity or the timing of the muscle activity. 

Therefore, no overall increase or decrease in muscle activity can be inferred. Similarly, no 

conclusions can be drawn with respect to the timing of the muscle activity over the gait cycle 

caused by the kneeling protocol. However, the present results are sufficient for this preliminary 

investigation as they suggest that there is an effect of prolonged static kneeling on total muscle 

activity during gait. These changes in muscle activity, and consequential internal muscle force 

production, may be responsible for altering the loading patterns at the knee joint during activities 

performed immediately after prolonged kneeling, thus increasing the potential for the initiation of 

cartilage breakdown leading to KOA. 

The one-sample t-tests show that there was a significant change in total muscle activity 

during a gait cycle within muscles as a result of the kneeling protocol (Table 5.2), and the one-
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way ANOVA shows that there was no difference in the amount of change between muscles 

(Table 5.3). However, there appears to be a trend showing a smaller change in the vastus medialis 

and vastus lateralis total muscle activity in comparison to the other muscles. This trend is of 

interest because it shows that while all muscles were affected by the kneeling protocol, those 

serving as knee flexors were primarily affected. This observation may help to explain the 

significant changes in co-contraction of the medial and lateral thigh muscles. 

The co-contraction values were calculated in such a way as to not make any reference to 

a dominant muscle between the two muscles involved in the equation (Equation 1, Section 4.5.2). 

Thus, the co-contraction values serve merely to demonstrate that there is a change in the sum of 

the simultaneous activity of two antagonist muscles over a single gait cycle (Lewek et al., 2004). 

In this study, two co-contraction values were calculated: the vastus medialis-medial hamstring 

(VMMH) co-contraction value and the vastus lateralis-lateral hamstring (VLLH) co-contraction 

value. For both sets of values, significant changes were observed between the pre- and post-

kneeling gait cycles. The above-mentioned trend towards reduced changes in medial and lateral 

quadriceps activity in comparison to hamstring activity may be responsible for driving the change 

in co-contraction values between pre- and post-kneeling gait sessions, suggesting that the 

hamstring muscle groups primarily influenced the outcome of the co-contraction values.  

Despite our failure to quantify the direction of change, it is clear from the results that 

neuromuscular changes did occur as a result of the kneeling protocol. The cause of these changes 

may be due to joint stabilization requirements, muscle fatigue, or proprioceptive deficits. Further 

investigation is required to elucidate the influence of these mechanisms on post-kneeling 

ambulation.  

The final finding from the present study was the change in total gait cycle time as a result 

of the kneeling protocol. While this is considered a secondary outcome measure due to the small 
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changes observed, the results from this time analysis show trends that warrant further 

investigation. A significant effect in gait cycle time was found between the pre- and post kneeling 

gait sessions. This finding merely demonstrates that an overall change in the within-subject 

ensemble averages of each gait session was observed in the total gait cycle time in response to the 

kneeling protocol. However, when gait cycle time was further investigated to test for a recovery 

effect in the post-kneeling gait session relative to the pre-kneeling gait session, the results show 

no significant recovery effect. However, Figure 5.1 shows that there may be an overall trend 

towards re-establishing pre-kneeling gait cycle time. While this trend was observed for the 

subject ensemble average, it was more variable within each subject. 

 

6.1 Study Limitations 

Several limitations existed both within the study design and within the interpretation of 

the results. First, one of the largest limiting factors of this study was the sample size (10 subjects). 

As a result of the small sample size, a more thorough analysis of the results could not be 

performed. This was one of the major reasons supporting our decision to perform our statistical 

analysis on the absolute difference between pre- and post-kneeling outcome measures. A 

preliminary analysis of the results showed that there were no predicable trends in the direction of 

the changes in outcome measures. While in most cases, subjects demonstrated large deviations 

from the pre-kneeling outcome measure, there appeared to be neither a well defined overall 

change nor a predictable trend based on the other within-subject outcome measures. This may be 

due, in part, to the fact that precise mechanics of deep knee flexion postures are subject-specific, 

due to their dependency on bone geometry and size (Yao et al., 2008). These subject-specific 

posture differences could result in different straining patterns of the tissues within the knee joint, 
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which, ultimately, alter the functional ability of the knee joint in post- kneeling activities in a 

likewise subject-specific way. 

However, inspection of the KOA initiation model (Andriacchi et al., 2004; Chaudhari et 

al., 2008) shows that no direction in altered loading patterns identified as precursors to KOA is 

specified. This is because the direction of the change is inconsequential to the initiation of KOA. 

What is important in the KOA initiation model is that an area in the cartilage that is 

unconditioned to the applied load fails to adapt in a healthy manner and begins to break down. 

Therefore, for the purpose of the current exploratory study, we are only interested in determining 

that a change in the loading patterns exists, as this change may eventually precipitate the cartilage 

breakdown that leads to KOA.  

The non-directional analysis used in the present study offers a very general explanation 

for the relationship between prolonged static kneeling and KOA. This analysis also offers a very 

limited understanding of the posture-induced structural changes to the knee joint. A larger sample 

size might have demonstrated distinct trends in the kinetic, kinematic, and neuromuscular 

parameters reported. Additionally, a larger sample size would have allowed for the construction 

of a regression model to predict which outcome measures were most influenced by the kneeling 

protocol. Furthermore, a regression model could have been used to determine if the 

neuromuscular gait parameters could predict the changes observed in the kinetic and kinematic 

parameters. However, as a result of the small sample size, the statistical analysis was limited 

primarily to a one-sample t-test.  

While a greater number of subjects would have allowed for a more thorough analysis of 

the data, the sample size used was sufficient for the type of analysis employed. A post-hoc 

analysis of power was performed using the means and standard deviations of the absolute values 

of the differences of the outcome measures between subjects. The results show that over 0.94 
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power was achieved for all outcome measures ( α = 0.05), except for the total muscle activity in 

the vastus medialis and vastus lateralis, which showed a power of 0.731 and 0.608 respectively. 

This weak power suggests that there is a greater chance of obtaining a false negative result, or a 

type II error, in the statistical analysis. However, since the null hypothesis was rejected in all 

cases for the primary outcome measures, this type of error did not occur. A type I error, or a false 

positive, would have been a more likely scenario. However, the reduced power for vastus medial 

and vastus lateralis total muscle activity scores may have been responsible for the failure to detect 

a significant change between the muscle groups in the one-way ANOVA. A greater sample size 

would have enabled a stronger test. Where secondary outcome measures are concerned, the mean 

slope of the total gait cycle time versus frame number showed the least amount of overall power 

(β = 0.161). Since the test failed to show differences between the pre- and post-kneeling time 

slopes, either there truly was no change or this result was incorrectly produced (i.e; a false 

negative type II error) due to the low power achieved in the tested measure. Again, a larger 

sample size would have been required to accurately test for a recovery effect in this way.  

The lack of control over the time between the kneeling and the start of the first post-

kneeling gait trial is a further limitation. An attempt was made to control the amount of rest 

provided upon completion of the final kneeling session; however, the amount of rest was not the 

same for all subjects because the amount of time required to ensure that the equipment was 

functioning properly varied by subject. In addition, for some subjects, several practice trials were 

required before they determined a starting location that ensured proper contact of the test leg on 

the force plate. While this delayed the time when the first usable gait trial was recorded, it also 

resulted in us not being able to capture the true immediate effect of the kneeling protocol. For 

some subjects, once the post-kneeling gait session had begun, trials had to be discarded and 

recollected due to lost markers or imperfect force plate contact. As a result, the timing of the 
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collection of each trial differs across subjects. Furthermore, only one gait cycle is captured per 

trial; all other gait cycles during the trial and those required to walk back to the start of the 

walkway were not used. Therefore, any recovery effect can not be quantified using the current 

data. A more accurate method of capturing the post-kneeling effects would be to use a treadmill 

that is retrofitted with a force plate. Using this technique, each gait cycle could be captured.  

The results from the present study suggest that the static kneeling protocol used 

compromises the integrity of the knee joint in such a way as to alter the loading patterns at the 

knee joint during subsequent ambulation. However, the post-kneeling gait trials were collected in 

an average time of less than 6 minutes from the end of the final kneeling session; therefore, the 

duration of the effect of the kneeling protocol was not examined. In order for long-term 

deleterious effects on the cartilage to occur, a substantial amount of abnormal loading over the 

unconditioned areas must occur. This is one of the premises supporting our hypothesized model 

for the relationship between occupational kneeling and KOA – the effects of the kneeling posture 

must be substantial enough, over the course of the worker’s career, to overload the cartilage’s 

repair mechanisms. In felines, ligament creep induced in the supraspinous ligament during lumbar 

flexion over the same strain-to-rest ratio as used in the present study results in over 7 hours of 

residual creep (Courville et al., 2005). Jackson et al. (2001) caution that the risk of 

musculoskeletal injury during this period is heightened due to the joint instability induced by the 

residual creep (Solomonow, 2004). Therefore, in order to more accurately conclude that the 

results from the present study suggest a potential mechanism by which kneeling may be a risk 

factor for KOA, the duration of the effects of the prolonged static kneeling protocol would need 

to be quantified. Therefore, the applications of the current results are limited. They do, however, 

serve as a starting point for future investigations. 
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6.2 Future Directions 

Epidemiological studies show that kneeling (Baker et al., 2002; Coggon et al., 2000) as 

performed in an occupational setting for more that 30 minutes a day (Cooper et al., 1994) is a risk 

factor for KOA. The results from the current study show altered ambulatory loading patterns, a 

known risk factor in the initiation of KOA (Chaudhari et al., 2008), caused by a single dose of a 

total of 30 minutes of kneeling. However, it is expected that greater or more long-term changes 

would be observed if this kneeling protocol were repeated daily over a longer period of time, such 

as would be the case in the occupations identified as having a higher prevalence of KOA 

sufferers. A dose-response for knee-straining work activities and radiographic KOA has 

previously been identified (Jensen, 2005). Jensen (2005) quantified the time spent in knee-

straining postures, such as kneeling and squatting, in floor layers, carpenters, and compositors 

while taking into consideration the number of years spent in the trade, and he found that a 

correlation exists between the amount of time spent in such postures and KOA. Kivimaki et al. 

(1992) suggested a similar relationship between kneeling and carpet and floor layers and painters, 

where the amount of kneeling work was shown to increase the risk of knee disorders and 

osteoarthritic radiographic changes. A subsequent study by Kivimaki et al. (1994) showed that in 

this same population, knee laxity, a known risk factor for KOA, was reported to be greater in 

carpet and floor layers than in painters. This finding lends further evidence to the dose-response 

effect of occupational kneeling postures. Therefore, a single dose of static kneeling, as performed 

in the present study, sheds only a little light on the true relationship between occupational 

kneeling and KOA. A longitudinal study would be required to determine if kneeling results in a 

cumulative decrease in the structural integrity of the knee joint. In other words, future 

investigations should determine if the knee joint suffers negative residual effects because of 

kneeling or if the joint adapts over time to the stresses imposed from the knee-straining posture. 
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To accomplish this, workers from a variety of occupations should be tested longitudinally over 

the course of their careers to identify progressive changes in joint integrity as a result of their 

working postures.  

 Before embarking on a longitudinal study, a better understanding of the pathways by 

which the kneeling posture compromises the integrity of the structures within the knee joint is 

required. In the present exploratory study, we have hypothesized a pathway that infers that 

prolonged static kneeling induces ligament creep and proprioceptive deficits resulting in 

functional joint instability that is quantified by changes in kinetic, kinematic, and neuromuscular 

gait parameters (Figure 2.7). It should be noted, however, that this pathway is hypothesized based 

on the amalgamation of literature pertaining to deep knee flexion postures, static postures, joint 

instability caused by ACL-deficiencies, and the pathomechanics of KOA. The results of the 

current study do not directly support each stage of the proposed pathway. The results merely 

demonstrate that a prolonged static kneeling posture can induce the same changes in kinetic, 

kinematic, and neuromuscular loading patterns proposed by the hypothesized pathway. Further 

work is required to investigate each step of the pathway, including the effect of kneeling-induced 

ligament strain on ligament creep, the effect of this ligament creep on joint instability and 

neuromuscular impairments, and the consequences of these on functional joint stability. 

Furthermore, to use this proposed pathway to definitively conclude that prolonged kneeling is a 

viable risk factor for KOA, the clinical significance of the kinetic and kinematic changes 

observed requires investigation.  

 Two other pathways by which kneeling may lead to KOA also warrant further 

investigation. The first pathway is associated with the neuromuscular component of the 

hypothesized pathway but is concerned with posture-induced blood occlusion. This pathway was 

not explored in great detail in the present study as no attempt was made to measure blood 
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occlusion resulting from the kneeling posture. Blood occlusion, however, is known to affect 

neuromuscular responses during activity (Moritani et al., 1992). These neuromuscular responses 

may alter the internal forces at the knee joint causing changes in both the kinetic and kinematic 

loading patterns.  

The second pathway that warrants further investigation is the effect of cumulative joint 

loading. The kneeling posture itself may induce excessive stress on the cartilage that, with time, 

might exceed the tolerance limits of the cartilage. This stress would then initiate the negative 

cartilage adaptation process (Figure 2.1), resulting in the cartilage breakdown that leads to the 

onset of KOA.  

With respect to the application of the results of the current study, it is important to 

consider that the findings are likely only applicable to the kneeling protocol implemented. Since 

the effect of strain on viscoelastic structures has a time-dependent element, it is expected that 

different combinations of time spent in kneeling and rest periods will result in different 

magnitudes of the changes seen in the post-kneeling loading patterns (Courville et al., 2005).  

Subsequent testing should also explore changes in kneeling frequency, total duration, and external 

loads. Additionally, future work should investigate all other knee-straining occupational postures. 

While kneeling has been identified as one of the greater occupational risk factors for KOA, others 

such as squatting, and ladder climbing have also been highlighted (Baker et al., 2002; Coggon et 

al., 2000; Cooper et al., 1994). 

Finally, a greater challenge for the future would be to develop a dynamic knee joint 

model that could output the location and magnitude of the internal tibiofemoral contact force 

during both deep knee flexion postures and all activities performed subsequent to completion of 

the posture. Information gained from such a model would enable a much more accurate 
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prediction of deep knee flexion characteristics related to KOA and would offer more insight into 

the pathways by which these postures initiate the disease process.  

Once we have a achieved a better understanding of the mechanisms by which 

occupational deep knee flexion postures are related to KOA, we can turn our focus towards 

designing ergonomic interventions to ensure that safe working postures are adopted. Ergonomic 

interventions might include the development of a set of standards that include tolerance durations 

for static knee flexion postures, maximal repetitions for cyclic knee flexion activities, work-to-

rest ratios, and safe loads for manual materials handling when combined with knee-straining 

postures. With no long-term cures available for KOA and incidence rates on the rise, working 

towards preventing the disease is a much more efficient use of our resources. However, there is 

still much to be learned about the pathomechanics of KOA. This exploratory study has offered 

some insight into the occupational risk factors for KOA, but, more importantly, it sheds light on 

future investigations.  
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Chapter 7 

Conclusion 

 

The proposed study determined that static kneeling produces kinetic, kinematic, and 

neuromuscular changes, even if only temporary, can be captured through gait analysis 

parameters. Changes were found in the knee adduction moment, knee flexion moment, knee 

flexion angle, total muscle activity, and muscle co-contraction within the medial thigh muscle 

groups and the lateral thigh muscles groups. Gait alterations similar to these have been linked to 

the initiation of KOA, suggesting a possible mechanism by which kneeling may be a risk factor 

for KOA. To explain the cause of these altered gait parameters, we hypothesize that static 

kneeling alters the structural integrity of the knee joint by decreasing joint stability. It is well 

documented that knee joint instability can result from ligament laxity or injury, proprioceptive 

deficits, or neuromuscular disorders, and that altered knee joint loading profiles are a 

consequence of these insufficiencies. Therefore, this study offers evidence to support the 

epidemiological research showing that occupational kneeling for more than 30 minutesa day may 

lead to the development of KOA (Cooper et al., 1994). However, the findings of this study offer 

only a starting point in understanding the mechanisms that relate knee-straining occupational 

postures to KOA. A more in-depth analysis of posture-induced joint instability, proprioceptive 

deficits, cumulative loading, and blood occlusion is needed.  
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Table A 1. Anthropometric data for each subject including leg dominancy, age, height, and 

weight. 

Subject Number Dominant Leg 
Age 

(years) 

Height 

(m) 

Weight 

(kg) 

1 Right 24 1.85 89.80 

2 Right 21 1.86 83.07 

3 Right 21 1.79 73.00 

4 Right 27 1.73 70.31 

5 Right 22 1.78 82.00 

6 Right 25 1.83 81.91 

7 Right 22 1.83 85.41 

8 Left 30 1.81 73.31 

9 Right 29 1.69 66.80 

10 Right 20 1.90 70.94 

Average  24.1 (±3.5) 1.80 (±0.06) 77.66 (±7.68) 
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Letter of Information 

& Consent Form 

 

 

The Effect of Sustained Static Kneeling on Knee Joint Stability 

 

Dear_________________ 

 

 

You are being invited to participate in a research study directed by Tara Kajaks (Principal 

Investigator) and Dr. P. Costigan (Faculty Advisor) that will explore the effects of sustained static 

kneeling on knee joint stability during gait. You are under no obligation to accept this invitation. 

The following letter of information will be reviewed with you and the procedures of the study 

described to you. Please feel free to ask questions at any time. This study has been reviewed for 

ethical compliance by the Queen’s University Health Sciences and Affiliated Teaching Hospitals 

Research Ethics Board.  

 

Purpose and Aims of the Study 

 

 Sustained static kneeling, if performed cumulatively such as is required in some manual 

labour occupations, has been identified as a risk factor for knee osteoarthritis. However, 

biomechanical evidence to support this relationship is lacking. Therefore, the purpose of the 

present study is to determine if sustained static kneeling alters the loading profile at the knee 

joint, thus creating an unstable knee joint. This knee instability will be tested in subjects with 

healthy knees (i.e; no history of knee trauma, ligament or meniscal injury and no neurological 

disorders) by comparing kinetic, kinematic, and neuromuscular gait parameters before and 

immediately after a 30 minute kneeling protocol.  

 

Objectives 

 

The objectives of the present single-visit study are: 

1) To determine if a total of 30 minutes of sustained static kneeling (3 sets of 10 minute 

kneeling sessions separated by 5 minutes rest periods) alters the kinematic and 

kinetic gait parameters. 

2) To determine if a total of 30 minutes of sustained static kneeling (3 sets of 10 minute 

kneeling sessions separated by 5 minutes rest periods) alters the muscle activity 

patterns of the muscles that cross the knee joint during gait. 

3) To determine the effectiveness of gait as an outcome measure for joint stability 

following sustained static kneeling protocol. 

 

School of Kinesiology and 

Health Studies 

Physical Education Centre 

Kingston, Ontario, Canada 

K7L 3N6 
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Procedures during Testing 
 

 If you accept this invitation to participate in the present study, you will be asked to wear 

shorts that will allow for the exposure of the lower portion of your thigh. You will then be asked 

to remove your shoes and walk around the laboratory for two minutes to become familiar with the 

surroundings and barefoot walking. Anthropometric data including height, weight, and dominant 

leg measurements (width of the ankle and knee, circumference of the widest part of the shank and 

thigh, and length of both the greater trocanter and the head of the tibia to the floor) will be 

recorded once you are comfortable with the environment. This information will be used during 

data processing to calculate the location of the centre of gravity and the kinetic properties of each 

segment. 

 You will then be equipped with seven surface electromyography (SEMG) electrodes and 

1 reference electrode on the dominant leg, and five clusters of infrared-emitting diodes (IREDs) 

on the same leg and torso. The SEMG electrodes will be placed on the three quadriceps muscles 

(vastus medialis, vastus lateralis, and rectus femoris), two hamstring muscles (biceps femoris, and 

semimembranosus), and the gastrocnemius muscles (medial and lateral), with the reference 

electrode placed on a bony landmark on the proximal tibia. The clusters of IREDS will be secured 

to the foot, shank, and thigh using discs attached to neoprene bands strapped to your leg, and 

probes will be secured to your pelvis and thoracic spine using a belt and medical tape, 

respectively.  

 Once equipped, you will be asked to practise walking along the gait analysis walkway 

such that the foot of your dominant leg falls squarely on the force plate while maintaining a 

normal cadence. From these practice trials, an appropriate starting point will be determined. You 

will then be asked to stand in a reference position so that the location of the IREDs can be 

determined. This will be followed by a series of virtual landmarking trials that will be used to 

determine your joint centres.  

You will then be asked to perform 10 perfect walking trials. Then, you will be asked to 

adopt a heel-up kneeling posture such that your toes are curled below them and your torso is 

perpendicular to the ground with your weight distributed evenly over your bare feet. Both feet 

and knees will be resting on a foam mat to reduce the contact stress from the hard floor surface. 

This kneeling posture will be maintained for 10 minutes, followed by a 5 minute rest period. 

Every two minutes your time you will also be asked to evaluate your level of pain using the 

Universal Assessment Pain Tool. This protocol is not designed to be painful; therefore, even a 

moderate level of pain (pain scale of five) will result in termination of the study.  

During the rest period, you will be seated on a chair with your thighs perpendicular to the 

floor and knees bent to 90
o
. You will be asked to refrain from performing excessive movement of 

your lower limbs. The kneel:rest cycle will be repeated three times, with the final gait-analysis 

session taking place during the final rest period. Again, you will be asked to perform 10 perfect 

walking trials. This will be followed by a second set of the reference position and virtual 

landmarking trials. The total procedure is expected to take approximately 1.5 hours. 
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Risk of Participation 

 

 The duration of kneeling required in this study is designed to approximate daily exposure 

of workers in many manual labour positions; it is not designed to exceed normal limits. However, 

physiological side effects may surface as a result of the sustained static kneeling posture. Should 

severe discomfort or pain develop, the study will be terminated immediately.  

 Should pain or discomfort develop or persist after two days of performing the study, 

please contact the principal investigator and/or faculty advisor immediately.  

 

Benefits of participation 

 

 While you may not benefit directly from this study, results from this study may improve 

the understanding of the occupational risk factors associated with knee osteoarthritis and may 

benefit patients in the future. 

 

Exclusion Criteria 

 

 To minimize the risk of injury, subject selection will be limited to only healthy subjects 

who have no history of knee ligament or meniscal injury, of connective tissue disorders such as 

lupus or rheumatoid arthritis that affect the lower limb, or of neurological disorders such as 

muscular dystrophy or Parkinson’s disease. Additionally, no other injuries to the lower limbs 

must have occurred within the last 6 months. Furthermore, you will be asked not to perform 

vigorous activity requiring excessive fatigue or strain of the lower limb muscles and joints for a 

least 24 hrs prior to testing.  

 By signing the consent form you agree that, to the best of your knowledge, you meet 

these exclusion criteria. 

 

Confidentiality 

 

 All information obtained during the course of this study is strictly confidential and your 

anonymity will be protected at all times. You will be identified by a subject number on all data 

files. The data will remain on a secured computer for use by the principal investigator and the 

faculty advisor only. You will not be identified in any publication or reports.  

 

Voluntary Nature of this Study 

 

 Your participation in this study is completely voluntary. Stopping the testing protocol 

will always be under your control. You may withdraw from this study at any time without penalty 

or coercion. Your data will be removed if you wish it to be withdrawn.  

 

Liability 

 

 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 the consent form, you do 

NOT waive your legal rights nor release the investigator from her legal and professional 

responsibilities.  
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Subject Statement and Signature: 

 

 As a volunteer participant, I have read and understand the consent form for this study. 

The purposes, procedures, and technical language have been explained to me. I have been given 

sufficient time to consider the above information and withdraw if I choose to do so. I have had 

the opportunity to ask questions, which have been answered to my satisfaction. I understand that I 

can withdraw at any time. I am voluntarily signing this consent form below. I will receive a copy 

of this consent form for future reference.  

 

 If I am dissatisfied with any aspect of the study, or have questions, concerns or adverse 

events, I have been encouraged to contact: 

 

Tara Kajaks (Principal Investigator) at    (613) 533-2658   (9tk17@queensu.ca) 

or 

Dr Patrick Costigan (Faculty Advisor) at   (613) 533-6603   (pat.costigan@queensu.ca) 

or 

Dr. Jean Cote (Director of PHED) at   (613) 533-6601   (jc46@queensu.ca)  

 

 

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 Subject                       Date 

 

 By signing this consent form, I confirm that I have carefully explained the nature of the 

above research study to the subject. I certify that, to the best of my knowledge, the subject 

understands clearly the nature of the study and the demands, benefits, and risks involved to 

participants in this study.  

  

 

__________________________________   _____________________ 

     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 the demands, benefits, and risks involved to participants in this study.  

 

 

____________________________    _____________________ 

Signature of Principal Investigator          Date 
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Universal Pain Assessment Tool 
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Figure C 1. The Universal Pain Assessment Tool (Faulds, S., Moore, J., 2006) used to assess the 

comfort level while kneeling. 
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Surface Electromyography Processing Program 
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Figure D 1. Image of the custom-built SEMG processing program interface. The interface shows 

a sample SEMG signal in the time and frequency domains through the processing steps. The top 

row of graphs shows the raw time and frequency-domain data. The second row of graphs show 

the time-domain data after the bandstop filter (8
th
 order Butterwrth, 59.5-60.5 Hz cutoff) and the 

bandpass filter (4
th
 order Butterwrth, 5-450 Hz cutoff), and the frequency-domain data after the 

bandstop filter. The third row of graphs show the time domain-data of the linear envelope (2
nd

 

order Butterworth filter, 3 Hz cutoff) and the frequency spectrum of the data after the bandpass 

filter. The yellow cursors identify the start and stop of one full gait cycle. 
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Figure D 2. The block diagram of the custom-made Labview showing the key elements of the 

program used to process the SEMG data. 
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Table E 1. Minimum knee adduction moment during the early stance phase of the gait cycle (0-50%) expressed as the average and standard 

deviation for each of the pre- and post-kneeling sessions as well as the early stance minimum knee adduction moment for each individual trial of 

the post-kneeling session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(Nm/kg) 
SD 

Average 

(Nm/kg) 
SD 1 2 3 4 5 6 7 8 9 10 

1 -0.43 0.02 -0.47 0.03 -0.49 -0.45 -0.53 -0.49 -0.42 -0.49 -0.47 -0.47 -0.47 -0.47 

2 -0.41 0.03 -0.25 0.04 -0.21 -0.23 -0.23 -0.25 -0.21 -0.25 -0.22 -0.33 -0.30 -0.24 

3 -0.27 0.06 -0.23 0.04 -0.23 -0.17 -0.28 -0.13 -0.25 -0.24 -0.24 -0.26 -0.24 -0.25 

4 -0.38 0.03 -0.37 0.05 -0.39 -0.29 -0.36 -0.32 -0.40 -0.36 -0.43 -0.43 -0.34 -0.39 

5 -0.41 0.04 -0.40 0.05 -0.38 -0.43 -0.37 -0.39 -0.34 -0.43 -0.37 -0.48 -0.32 -0.47 

6 -0.56 0.07 -0.52 0.06 -0.64 -0.54 -0.54 -0.46 -0.44 -0.60 -0.52 -0.45 -0.48 -0.52 

7 -0.55 0.05 -0.58 0.05 -0.50 -0.52 -0.62 -0.60 -0.68 -0.57 -0.58 -0.55 -0.63 -0.57 

8 -0.04 0.02 -0.05 0.02 -0.05 -0.05 -0.06 -0.03 -0.03 -0.05 -0.06 -0.05 -0.08 -0.07 

9 -0.41 0.03 -0.32 0.03 -0.28 -0.31 -0.32 -0.31 -0.34 -0.33 -0.29 -0.38 -0.34 -0.28 

10 -0.35 0.06 -0.44 0.07 -0.38 -0.38 -0.38 -0.51 -0.47 -0.49 -0.33 -0.41 -0.56 -0.49 

Average -0.38 0.04 -0.36 0.05 -0.35 -0.34 -0.37 -0.35 -0.36 -0.38 -0.35 -0.38 -0.38 -0.37 

SD 0.15 0.02 0.16 0.02 0.17 0.16 0.16 0.18 0.17 0.17 0.16 0.14 0.16 0.16 
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Table E 2. Maximum knee adduction moment during the mid stance phase of the gait cycle (30-80%) expressed as the average and standard 

deviation for each of the pre- and post-kneeling sessions as well as the maximum knee adduction moment for each individual trial of the post-

kneeling session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(Nm/kg) 
SD 

Average 

(Nm/kg) 
SD 1 2 3 4 5 6 7 8 9 10 

1 -0.19 0.02 -0.15 0.01 -0.16 -0.16 -0.16 -0.15 -0.15 -0.15 -0.18 -0.14 -0.13 -0.14 

2 -0.20 0.02 -0.09 0.03 -0.10 -0.06 -0.10 -0.08 -0.03 -0.10 -0.07 -0.13 -0.09 -0.10 

3 -0.12 0.04 -0.08 0.02 -0.11 -0.05 -0.07 -0.06 -0.11 -0.07 -0.08 -0.10 -0.08 -0.07 

4 -0.21 0.02 -0.24 0.03 -0.25 -0.22 -0.25 -0.20 -0.23 -0.21 -0.26 -0.28 -0.19 -0.28 

5 -0.18 0.04 -0.15 0.03 -0.11 -0.16 -0.16 -0.15 -0.20 -0.18 -0.13 -0.18 -0.13 -0.14 

6 -0.13 0.01 -0.10 0.02 -0.13 -0.09 -0.09 -0.07 -0.08 -0.10 -0.10 -0.11 -0.10 -0.11 

7 -0.13 0.02 -0.16 0.03 -0.14 -0.14 -0.18 -0.15 -0.20 -0.20 -0.16 -0.14 -0.19 -0.12 

8 0.54 0.03 0.47 0.02 0.47 0.43 0.49 0.47 0.48 0.49 0.46 0.50 0.47 0.48 

9 -0.12 0.02 -0.09 0.01 -0.09 -0.11 -0.06 -0.09 -0.10 -0.08 -0.07 -0.11 -0.09 -0.08 

10 -0.19 0.02 -0.13 0.03 -0.12 -0.15 -0.11 -0.13 -0.10 -0.12 -0.09 -0.12 -0.18 -0.16 

Average -0.09 0.02 -0.07 0.02 -0.07 -0.07 -0.07 -0.06 -0.07 -0.07 -0.07 -0.08 -0.07 -0.07 

SD 0.22 0.01 0.20 0.01 0.20 0.18 0.20 0.19 0.20 0.20 0.19 0.21 0.20 0.20 
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Table E 3. Minimum knee adduction moment during the late stance phase of the gait cycle (50-100%) expressed as the average and standard 

deviation for each of the pre- and post-kneeling sessions as well as the late stance minimum knee adduction moment for each individual trial of the 

post-kneeling session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(Nm/kg) 
SD 

Average 

(Nm/kg) 
SD 1 2 3 4 5 6 7 8 9 10 

1 -0.56 0.03 -0.44 0.05 -0.39 -0.49 -0.39 -0.44 -0.39 -0.43 -0.55 -0.42 -0.42 -0.47 

2 -0.32 0.02 -0.15 0.03 -0.15 -0.14 -0.14 -0.14 -0.09 -0.15 -0.17 -0.17 -0.16 -0.19 

3 -0.29 0.06 -0.23 0.08 -0.15 -0.12 -0.28 -0.12 -0.22 -0.19 -0.36 -0.30 -0.23 -0.30 

4 -0.38 0.02 -0.35 0.03 -0.35 -0.32 -0.38 -0.32 -0.35 -0.36 -0.34 -0.40 -0.30 -0.39 

5 -0.33 0.03 -0.37 0.04 -0.32 -0.33 -0.39 -0.37 -0.34 -0.45 -0.37 -0.39 -0.38 -0.33 

6 -0.42 0.02 -0.33 0.04 -0.34 -0.30 -0.30 -0.26 -0.35 -0.37 -0.34 -0.36 -0.36 -0.37 

7 -0.33 0.04 -0.32 0.04 -0.34 -0.28 -0.32 -0.30 -0.38 -0.33 -0.28 -0.29 -0.39 -0.33 

8 -0.04 0.01 -0.03 0.01 -0.02 -0.03 -0.04 -0.01 -0.05 -0.03 -0.04 -0.04 -0.03 -0.04 

9 -0.20 0.03 -0.14 0.02 -0.11 -0.15 -0.12 -0.12 -0.18 -0.11 -0.16 -0.14 -0.15 -0.12 

10 -0.40 0.04 -0.37 0.04 -0.29 -0.36 -0.40 -0.42 -0.33 -0.39 -0.35 -0.40 -0.38 -0.42 

Average -0.33 0.03 -0.27 0.04 -0.25 -0.25 -0.28 -0.25 -0.27 -0.28 -0.30 -0.29 -0.28 -0.30 

SD 0.14 0.01 0.13 0.02 0.13 0.14 0.13 0.14 0.13 0.15 0.14 0.13 0.13 0.14 
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Table E 4. Maximum knee flexion moment during the early stance phase of the gait cycle (0-50%) expressed as the average and standard 

deviation for each of the pre- and post-kneeling sessions as well as the early stance maximum knee flexion moment for each individual trial of the 

post-kneeling session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(Nm/kg) 
SD 

Average 

(Nm/kg) 
SD 1 2 3 4 5 6 7 8 9 10 

1 0.87 0.06 0.67 0.07 0.64 0.59 0.83 0.68 0.68 0.68 0.59 0.73 0.61 0.68 

2 0.43 0.06 0.46 0.05 0.39 0.44 0.50 0.41 0.48 0.54 0.47 0.51 0.48 0.42 

3 0.59 0.07 0.64 0.09 0.72 0.81 0.58 0.61 0.56 0.68 0.58 0.55 0.57 0.74 

4 0.58 0.07 0.51 0.05 0.47 0.49 0.59 0.50 0.48 0.51 0.49 0.45 0.59 0.53 

5 0.97 0.09 0.98 0.10 1.13 1.05 0.90 0.89 0.83 1.03 0.99 0.99 0.91 1.08 

6 0.74 0.07 0.90 0.06 0.92 1.00 1.00 0.84 0.86 0.87 0.87 0.81 0.89 0.90 

7 0.68 0.09 0.78 0.06 0.75 0.73 0.76 0.68 0.84 0.84 0.79 0.75 0.90 0.80 

8 0.38 0.06 0.24 0.03 0.27 0.25 0.23 0.19 0.25 0.20 0.27 0.21 0.27 0.22 

9 0.51 0.08 0.70 0.09 0.65 0.55 0.70 0.82 0.69 0.82 0.65 0.65 0.68 0.79 

10 0.43 0.06 0.51 0.12 0.34 0.45 0.45 0.61 0.51 0.59 0.37 0.47 0.70 0.64 

Average 0.62 0.07 0.64 0.07 0.63 0.64 0.65 0.62 0.62 0.68 0.61 0.61 0.66 0.68 

SD 0.20 0.01 0.22 0.03 0.27 0.26 0.23 0.21 0.20 0.23 0.22 0.22 0.20 0.25 
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Table E 5. Minimum knee flexion moment during the mid stance phase of the gait cycle expressed as the average and standard deviation for each 

of the pre- and post-kneeling sessions as well as the mid stance minimum knee flexion moment for each individual trial of the post-kneeling 

session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(Nm/kg) 
SD 

Average 

(Nm/kg) 
SD 1 2 3 4 5 6 7 8 9 10 

1 -0.28 0.05 -0.45 0.05 -0.38 -0.49 -0.41 -0.50 -0.40 -0.41 -0.52 -0.51 -0.50 -0.43 

2 -0.28 0.05 -0.18 0.05 -0.21 -0.11 -0.14 -0.24 -0.16 -0.16 -0.12 -0.18 -0.25 -0.21 

3 -0.11 0.03 0.03 0.05 0.06 0.07 0.09 0.09 0.00 0.08 0.02 -0.04 -0.06 0.03 

4 -0.08 0.04 -0.03 0.06 -0.01 0.04 0.10 -0.01 -0.09 -0.05 -0.08 -0.11 -0.07 -0.04 

5 0.06 0.05 -0.05 0.05 -0.03 -0.02 0.00 -0.08 0.02 -0.08 -0.10 -0.08 -0.13 -0.02 

6 -0.27 0.05 -0.18 0.02 -0.20 -0.18 -0.17 -0.22 -0.15 -0.19 -0.17 -0.16 -0.15 -0.16 

7 -0.14 0.05 -0.10 0.07 -0.02 0.04 -0.08 -0.10 -0.13 -0.10 -0.11 -0.12 -0.18 -0.17 

8 -0.35 0.07 -0.50 0.06 -0.49 -0.43 -0.47 -0.62 -0.58 -0.46 -0.45 -0.50 -0.54 -0.51 

9 -0.26 0.06 -0.19 0.02 -0.20 -0.19 -0.19 -0.21 -0.17 -0.20 -0.23 -0.17 -0.20 -0.14 

10 -0.31 0.04 -0.20 0.05 -0.25 -0.29 -0.19 -0.20 -0.22 -0.18 -0.21 -0.19 -0.14 -0.13 

Average -0.20 0.05 -0.19 0.05 -0.17 -0.16 -0.15 -0.21 -0.19 -0.17 -0.20 -0.21 -0.22 -0.18 

SD 0.13 0.01 0.17 0.01 0.17 0.20 0.19 0.21 0.18 0.16 0.17 0.16 0.17 0.17 
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Table E 6. Minimum knee flexion angle during the early stance phase of the gait cycle expressed as the average and standard deviation for each of 

the pre- and post-kneeling sessions as well as the early stance minimum knee flexion angle for each individual trial of the post-kneeling session for 

each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(degres) 
SD 

Average 

(degres) 
SD 1 2 3 4 5 6 7 8 9 10 

1 -18.88 0.51 -19.48 1.02 -19.45 -18.46 -21.36 -19.02 -20.14 -19.46 -18.03 -19.77 -18.32 -20.77 

2 -15.44 0.75 -15.94 1.56 -13.41 -16.68 -16.23 -13.16 -17.88 -17.90 -16.52 -16.95 -15.35 -15.32 

3 -13.19 0.98 -15.29 2.43 -16.32 -21.73 -14.69 -14.84 -12.73 -13.60 -13.51 -14.18 -14.64 -16.69 

4 -22.81 1.41 -19.89 1.43 -19.86 -20.35 -22.81 -17.91 -19.91 -19.08 -18.91 -18.06 -21.47 -20.52 

5 -28.79 1.39 -27.31 1.26 -28.45 -29.05 -27.33 -26.16 -24.64 -27.88 -27.14 -27.26 -26.50 -28.71 

6 -25.80 1.13 -27.66 0.96 -27.25 -27.37 -28.58 -27.47 -29.47 -25.59 -27.33 -27.84 -27.52 -28.21 

7 -15.09 0.95 -15.47 0.64 -15.22 -16.12 -14.45 -14.55 -15.73 -15.40 -14.89 -15.91 -16.34 -16.08 

8 -12.04 1.59 -16.23 1.44 -16.04 -15.15 -16.03 -18.65 -19.16 -16.49 -15.18 -14.52 -15.29 -15.82 

9 -19.30 1.26 -22.68 1.75 -20.69 -19.72 -23.45 -25.57 -23.88 -23.60 -23.60 -20.77 -21.70 -23.83 

10 -14.66 1.46 -15.99 1.57 -13.09 -16.62 -14.93 -17.11 -15.53 -19.19 -15.10 -14.92 -16.92 -16.45 

Average -18.60 1.14 -19.59 1.41 -18.98 -20.13 -19.99 -19.44 -19.91 -19.82 -19.02 -19.02 -19.40 -20.24 

SD 5.62 0.35 4.80 0.49 5.35 4.74 5.41 5.17 4.97 4.55 5.17 5.00 4.70 5.13 
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Table E 7. Maximum knee flexion angle during the mid stance phase of the gait cycle expressed as the average and standard deviation for each of 

the pre- and post-kneeling sessions as well as the mid stance maximum knee flexion angle for each individual trial of the post-kneeling session for 

each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(degres) 
SD 

Average 

(degres) 
SD 1 2 3 4 5 6 7 8 9 10 

1 -0.05 0.88 -2.83 1.02 -3.98 -2.65 -4.09 -1.86 -3.90 -3.42 -0.91 -2.07 -2.13 -3.25 

2 -7.30 1.03 -11.65 1.82 -8.29 -14.67 -12.02 -10.07 -13.38 -12.16 -13.38 -11.11 -9.79 -11.64 

3 -6.54 1.74 -11.12 1.77 -11.82 -14.06 -10.19 -9.45 -8.01 -9.49 -10.68 -12.83 -12.16 -12.52 

4 -14.65 1.51 -14.70 2.08 -16.11 -16.15 -19.80 -13.67 -14.28 -13.66 -12.98 -12.41 -13.13 -14.84 

5 -15.73 0.99 -13.07 1.57 -12.61 -14.01 -14.91 -11.98 -16.34 -13.15 -11.76 -12.32 -10.62 -13.03 

6 -4.49 1.12 -7.83 0.94 -8.37 -7.99 -9.32 -5.58 -7.64 -7.11 -7.97 -8.47 -8.25 -7.59 

7 -5.24 1.26 -5.70 1.73 -6.89 -9.85 -6.47 -5.89 -4.96 -5.41 -4.49 -5.75 -3.66 -3.58 

8 -5.13 0.98 -12.35 1.25 -13.25 -12.88 -14.11 -14.06 -13.20 -11.90 -11.06 -11.51 -10.77 -10.73 

9 -9.09 0.91 -10.28 1.09 -8.69 -10.93 -9.97 -10.13 -12.44 -8.89 -10.83 -9.73 -9.72 -11.45 

10 -6.51 1.61 -10.82 1.24 -9.31 -9.49 -9.04 -10.11 -10.48 -12.49 -11.25 -12.20 -11.56 -12.31 

Average -7.47 1.20 -10.03 1.45 -9.93 -11.27 -10.99 -9.28 -10.46 -9.77 -9.53 -9.84 -9.18 -10.09 

SD 4.70 0.31 3.60 0.39 3.52 3.99 4.47 3.83 4.17 3.52 3.97 3.51 3.60 3.97 
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Table E 8. Co-contraction value (in arbitrary units) between the vastus medialis and the medial hamstring during a single gait cycle expressed as 

the average and standard deviation for each of the pre- and post-kneeling sessions as well as for each individual trial of the post-kneeling session 

for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(arb.units) 
SD 

Average 

(arb. Units) 
SD 1 2 3 4 5 6 7 8 9 10 

1 35.28 7.46 36.92 5.19 42.10 38.81 41.02 29.49 36.68 39.96 41.20 25.60 34.82 39.51 

2 33.63 10.42 26.88 6.51 19.42 40.51 32.87 24.19 25.89 29.92 22.72 28.45 16.53 28.34 

3 28.46 7.37 28.46 11.00 21.35 16.96 26.71 15.24 40.78 23.54 36.29 52.66 27.83 23.25 

4 43.64 8.47 34.79 6.42 39.58 30.29 35.23 21.30 43.77 38.80 32.77 40.29 27.97 37.86 

5 35.96 3.27 39.37 5.18 39.05 37.14 36.72 37.20 47.67 44.33 32.75 47.37 39.16 32.27 

6 19.14 5.57 22.27 2.79 17.51 20.17 21.42 24.42 28.57 22.82 23.44 22.68 21.11 20.61 

7 18.85 2.94 11.47 3.03 11.19 9.35 8.09 9.65 15.23 8.67 10.81 11.21 12.02 18.51 

8 31.68 5.84 24.09 5.55 24.55 35.93 25.92 14.12 21.31 21.60 25.69 21.42 20.75 29.59 

9 44.35 11.42 39.79 7.60 29.83 46.79 50.78 41.58 36.58 33.48 40.81 42.24 48.86 26.92 

10 16.36 2.09 26.71 7.76 35.18 37.77 29.56 32.99 20.08 35.05 21.78 20.49 17.55 16.69 

Average 30.74 6.48 29.08 6.10 27.98 31.37 30.83 25.02 31.66 29.82 28.83 31.24 26.66 27.36 

SD 9.98 3.15 8.86 2.40 10.71 11.98 11.59 10.39 11.00 10.74 9.63 13.53 11.47 7.77 
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Table E 9. Co-contraction value (in arbitrary units) between the vastus lateralis and the lateral hamstring during a single gait cycle expressed as 

the average and standard deviation for each of the pre- and post-kneeling sessions as well as for each individual trial of the post-kneeling session 

for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(arb.units) 
SD 

Average 

(arb. Units) 
SD 1 2 3 4 5 6 7 8 9 10 

1 28.90 5.76 24.84 3.32 24.61 28.39 32.98 22.64 23.62 22.45 24.87 20.59 24.46 23.75 

2 33.64 9.23 31.82 7.70 33.09 42.46 33.02 42.56 30.06 28.62 18.29 37.83 20.48 31.79 

3 30.51 6.90 36.38 21.70 32.09 14.45 35.87 38.57 91.46 52.77 31.31 31.54 8.72 27.05 

4 26.63 6.89 32.05 8.46 46.87 37.57 38.05 20.37 33.33 38.22 19.66 27.33 23.83 35.25 

5 46.34 5.58 48.18 4.55 46.81 59.51 47.61 44.86 52.27 48.34 46.34 43.00 49.05 43.98 

6 30.55 5.50 22.77 4.13 15.26 19.66 31.30 23.69 19.44 22.95 23.06 21.97 23.26 27.11 

7 32.74 5.67 29.26 2.69 32.53 33.06 31.56 29.28 25.94 26.19 30.90 24.90 28.91 29.32 

8 33.46 9.05 31.68 9.84 40.88 54.36 30.00 30.85 37.88 22.68 27.68 26.13 28.42 17.91 

9 41.50 5.60 45.33 5.08 48.00 43.35 50.12 52.53 43.76 50.50 47.25 35.52 43.18 39.12 

10 39.69 5.11 47.69 6.46 46.16 58.13 53.10 47.17 34.59 56.65 46.14 44.96 44.32 45.72 

Average 34.40 6.53 35.00 7.39 36.63 39.09 38.36 35.25 39.23 36.94 31.55 31.38 29.46 32.10 

SD 6.20 1.49 9.18 5.53 11.04 15.56 8.63 11.38 20.74 13.94 11.19 8.62 12.47 8.91 
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Table E 10. Total muscle activity (in arbitrary units) for the vastus medialis during a single gait cycle expressed as the average and standard 

deviation of the area under the muscle activity (SEMG) waveform for each of the pre- and post-kneeling sessions as well as for each individual 

trial of the post-kneeling session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

  Average 

(arb. units) 
SD 

Average 

(arb. units) 
SD 1 2 3 4 5 6 7 8 9 10 

1 3034.8 265.2 3005.5 382.6 3002.8 2838.9 4018.6 2634.1 3085.8 2945.9 2659.0 2705.2 2941.8 3223.0 

2 2782.5 1221.1 2290.6 654.8 1400.7 3385.6 2647.2 1915.9 1695.5 1812.5 2647.1 3142.9 1609.5 2648.8 

3 3047.8 411.6 4470.2 1347.0 6472.8 6751.6 3108.7 3790.0 2732.3 3560.5 3228.8 4759.9 5479.1 4818.7 

4 2886.6 721.3 2864.5 354.8 2967.2 2757.5 3701.5 2915.5 2834.4 2756.2 2311.3 2449.3 2882.2 3070.3 

5 2374.2 186.1 2648.7 267.3 2446.4 2598.6 2466.7 2549.9 2901.1 2897.0 2145.2 3056.6 2519.9 2906.0 

6 2373.1 171.7 2313.2 160.0 2155.8 2590.1 2144.1 2449.9 2451.0 2170.4 2167.5 2246.1 2249.1 2508.4 

7 2732.0 788.8 1220.5 359.5 781.5 978.1 1036.2 1143.7 1711.4 1109.3 971.2 935.3 1803.5 1734.3 

8 2331.8 445.1 2227.8 450.8 2911.8 2751.5 1905.3 2354.1 2912.9 2075.8 1719.1 1810.1 1755.9 2081.9 

9 3040.7 262.1 3012.3 292.1 2732.9 2985.3 2936.2 3321.5 2802.5 3031.8 2722.4 2852.2 3005.4 3732.8 

10 2180.3 233.8 2649.2 228.0 2330.5 2657.1 2432.0 2867.7 2369.7 2794.8 2888.0 2946.6 2795.3 2409.8 

Average 2678.4 470.7 2670.3 449.7 2720.3 3029.4 2639.6 2594.2 2549.7 2515.4 2346.0 2690.4 2704.2 2913.4 

SD 334.3 340.5 821.7 343.2 1502.0 1449.0 867.1 729.0 493.9 715.6 646.3 990.2 1107.4 881.4 
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Table E 11. Total muscle activity (in arbitrary units) for the rectus femoris during a single gait cycle expressed as the average and standard 

deviation of the area under the muscle activity (SEMG) waveform for each of the pre- and post-kneeling sessions as well as for each individual 

trial of the post-kneeling session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(arb.units) 
SD 

Average 

(arb. Units) 
SD 1 2 3 4 5 6 7 8 9 10 

1 2275.0 232.1 2310.4 269.2 2006.5 2616.2 2619.1 2288.5 2180.3 2603.5 1961.8 2607.0 1951.1 2269.7 

2 3563.8 1115.1 1985.4 435.9 1944.8 2787.5 1601.5 1821.8 1302.7 2512.1 1817.0 2473.1 1802.8 1790.6 

3 2866.2 228.6 4599.3 809.8 6152.3 5045.1 4333.9 4897.0 5420.1 4596.2 3993.0 4622.9 3167.5 3765.3 

4 3835.7 383.8 1823.9 321.2 1817.6 1845.3 2306.6 1830.9 1665.5 1599.2 1402.1 1371.5 2031.9 2368.7 

5 3584.0 719.7 4342.1 744.7 4494.4 5923.2 4937.6 3315.7 4602.8 4483.8 3883.7 3223.0 4445.4 4111.2 

6 4714.1 377.0 2830.9 501.2 1986.3 2466.3 3876.4 3432.7 2813.3 2490.4 2724.1 2626.4 3031.6 2861.2 

7 4222.8 706.4 5021.5 772.7 4516.2 4172.7 4955.9 4198.9 5516.9 4960.5 4269.8 5129.6 6738.4 5756.4 

8 2398.6 375.8 2597.0 497.8 3155.8 3271.6 2730.6 3351.8 2655.3 1920.8 2057.4 2193.4 2156.9 2476.0 

9 3918.3 394.3 5126.6 664.2 5052.1 5427.6 5259.6 5895.1 3921.8 5129.6 5841.7 4861.4 4043.1 5833.6 

10 4142.5 515.2 5433.6 679.7 4856.4 5313.3 5178.2 4729.9 5130.9 6379.5 4847.8 4958.9 6528.0 6412.8 

Average 3552.1 504.8 3607.1 569.6 3598.2 3886.9 3779.9 3576.2 3521.0 3667.5 3279.8 3406.7 3589.6 3764.5 

SD 802.5 272.8 1425.3 191.6 1602.0 1466.9 1356.0 1364.7 1596.0 1628.7 1493.7 1363.9 1835.8 1697.6 
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Table E 12. Total muscle activity (in arbitrary units) for the vastus lateralis during a single gait cycle expressed as the average and standard 

deviation of the area under the muscle activity (SEMG) waveform for each of the pre- and post-kneeling sessions as well as for each individual 

trial of the post-kneeling session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(arb.units) 
SD 

Average 

(arb. Units) 
SD 1 2 3 4 5 6 7 8 9 10 

1 2559.9 159.0 2189.5 307.7 2212.7 2692.1 2789.1 2105.1 2296.6 1903.7 1827.4 1927.9 2124.4 2016.2 

2 3057.7 849.6 2613.1 454.6 2159.1 3290.5 2564.8 2902.4 2007.1 1946.0 3051.1 3024.1 2326.6 2859.6 

3 2972.0 498.3 5768.3 1887.7 8691.2 8604.5 5101.7 7458.5 7015.1 5012.6 4038.8 4425.6 3683.4 3651.8 

4 2488.7 471.5 2712.6 625.7 3256.4 3344.4 3920.8 2797.2 2180.1 2513.0 1908.6 1841.0 2785.3 2579.3 

5 2998.4 290.6 3202.1 273.0 3121.0 3600.4 3027.9 2890.2 3583.4 3483.6 3133.1 2732.4 3196.4 3252.5 

6 2453.3 336.3 2710.6 444.0 2424.4 2202.2 3669.8 2798.4 2070.1 2474.2 2758.8 3162.1 2666.6 2879.6 

7 3077.2 518.4 3184.9 260.1 3177.6 3400.1 3245.3 2947.6 3013.5 2998.0 3350.6 2867.2 3787.0 3062.2 

8 2594.4 444.8 2637.3 538.3 3741.0 3507.5 2527.6 2758.7 2390.1 2677.2 2202.2 2043.5 2334.8 2190.4 

9 3218.4 409.6 3546.6 348.7 4127.4 3197.6 4055.8 3801.1 3184.0 3482.9 3494.8 3573.0 3004.7 3545.2 

10 2912.3 348.3 3458.8 468.2 3046.4 3751.1 4001.4 2974.3 3443.2 3696.8 2765.0 3350.2 4350.3 3208.9 

Average 2833.2 432.6 3202.4 560.8 3595.7 3759.0 3490.4 3343.4 3118.3 3018.8 2853.0 2894.7 3026.0 2924.6 

SD 280.0 182.3 996.8 480.9 1898.4 1762.7 812.7 1502.1 1488.5 938.7 712.4 809.4 727.4 538.6 
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Table E 13. Total muscle activity (in arbitrary units) for the medial hamstring during a single gait cycle expressed as the average and standard 

deviation of the area under the muscle activity (SEMG) waveform for each of the pre- and post-kneeling sessions as well as for each individual 

trial of the post-kneeling session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(arb.units) 
SD 

Average 

(arb. Units) 
SD 1 2 3 4 5 6 7 8 9 10 

1 3615.5 525.3 4028.0 1001.1 4951.7 4134.4 4559.9 3322.0 3564.5 3545.2 6445.6 2873.1 3264.8 3618.7 

2 3281.6 545.4 3328.8 1236.8 6446.4 3665.4 3126.9 2737.3 3207.6 4445.3 2076.8 2295.5 2298.8 2988.2 

3 3077.8 821.9 2815.0 1294.7 2103.2 1523.1 3120.8 1499.3 5648.6 2061.4 3296.7 4567.4 2255.2 2074.0 

4 4016.9 647.0 3179.9 620.9 4261.3 2857.1 3272.1 2005.8 4052.8 3296.6 3218.5 3334.5 2639.0 2861.6 

5 3869.7 606.0 5599.3 759.7 5237.4 6724.2 5660.3 6369.4 4531.8 5221.8 5665.8 6795.5 5073.6 4713.6 

6 3027.8 1006.6 4232.5 838.0 2762.3 3392.2 3651.9 5552.6 5311.8 4262.7 4958.6 4398.5 3655.6 4378.7 

7 3360.3 369.7 2783.0 463.2 2159.8 3177.8 2869.6 3052.4 2483.8 2445.4 2467.3 3237.4 2281.5 3654.6 

8 3146.4 466.3 1981.4 469.3 2003.0 2515.8 2633.1 1022.4 1633.1 1744.7 2004.0 1687.5 2036.4 2533.8 

9 3760.8 1197.4 3228.5 1061.4 2348.0 4291.2 4090.3 2872.2 2305.2 2299.6 5561.0 3278.6 3162.8 2076.2 

10 3752.7 465.8 3624.6 910.4 4952.4 4111.5 3838.1 5049.6 2729.3 4081.9 3685.3 2448.2 2743.4 2606.3 

Average 3491.0 665.1 3480.1 865.5 3722.6 3639.3 3682.3 3348.3 3546.9 3340.5 3938.0 3491.6 2941.1 3150.6 

SD 356.2 264.3 984.8 292.8 1628.2 1375.9 908.5 1770.1 1328.2 1167.7 1609.3 1460.1 911.6 914.4 
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Table E 14.Total muscle activity (in arbitrary units) for the lateral hamstring during a single gait cycle expressed as the average and standard 

deviation of the area under the muscle activity (SEMG) waveform for each of the pre- and post-kneeling sessions as well as for each individual 

trial of the post-kneeling session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(arb.unit

s) 

SD 
Average 

(arb. Units) 
SD 1 2 3 4 5 6 7 8 9 10 

1 3671.2 966.7 3738.9 1583.0 3353.8 3688.0 8252.5 2857.6 2713.6 2698.0 4112.1 2688.0 3139.4 3886.2 

2 4044.8 3697.3 5171.5 3882.0 14230.4 3672.8 5888.0 9066.5 2149.3 7344.4 1259.9 4159.9 1802.6 2141.7 

3 3604.3 882.3 2938.4 1785.1 2401.7 1245.5 2609.0 3644.5 7164.4 4905.3 2544.6 2115.2 799.1 1955.2 

4 2447.4 2230.4 3048.3 1134.1 3336.3 3279.6 3981.2 1405.0 3150.7 4203.2 1532.0 4900.5 1606.3 3088.2 

5 3579.0 605.8 4988.9 1449.2 3841.1 5622.4 3881.5 5153.0 3862.1 5441.4 5323.4 4455.9 8746.7 3561.6 

6 3264.4 686.1 1890.2 441.5 1183.0 1588.9 2410.8 1885.5 1476.2 2145.0 2664.6 1613.1 1682.1 2252.8 

7 4232.2 443.0 3169.5 407.2 3326.0 2692.6 3285.0 2962.1 3236.7 3006.8 2857.3 2667.8 3611.3 4049.5 

8 3228.1 1073.4 4332.6 1835.4 4023.6 8231.9 4941.7 4046.9 6400.3 2206.6 4651.2 3897.2 3427.8 1498.7 

9 4868.8 2073.0 5675.3 1470.2 5620.0 3712.1 5164.1 7975.2 4427.7 6925.6 5113.5 3913.6 5851.8 8049.7 

10 2679.7 419.7 3214.7 436.4 3030.6 3654.0 3366.1 4011.7 2492.2 3548.2 3293.8 3052.6 3056.3 2641.7 

Average 3562.0 1307.8 3816.8 1442.4 4434.6 3738.8 4378.0 4300.8 3707.3 4242.5 3335.2 3346.4 3372.3 3312.5 

SD 716.8 1049.6 1192.1 1023.3 3623.4 1997.1 1759.1 2485.8 1830.2 1874.9 1426.5 1076.7 2364.3 1870.9 
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Table E 15. Total muscle activity (in arbitrary units) for the medial gastrocnemius during a single gait cycle expressed as the average and standard 

deviation of the area under the muscle activity (SEMG) waveform for each of the pre- and post-kneeling sessions as well as for each individual 

trial of the post-kneeling session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(arb.units) 
SD 

Average 

(arb. Units) 
SD 1 2 3 4 5 6 7 8 9 10 

1 3304.2 189.2 2608.0 146.7 2572.7 2908.3 2427.0 2765.8 2372.8 2614.6 2576.6 2678.2 2540.1 2624.1 

2 3791.8 523.2 2412.3 418.5 1584.5 1889.4 2799.0 2541.8 2490.4 2214.7 2292.8 2577.2 3118.3 2615.0 

3 3585.9 576.6 2855.3 811.0 1781.7 1904.4 1950.7 3251.0 2704.5 3088.4 2949.5 4560.7 3592.4 2769.3 

4 3580.4 273.9 3041.5 333.6 3057.7 3071.0 2452.8 3178.0 2629.2 3355.3 3379.1 3571.2 2766.9 2953.6 

5 2408.5 228.8 3769.4 534.2 3522.8 3488.7 3034.3 4085.6 3092.0 3510.0 3797.0 4246.1 4888.1 4029.2 

6 3056.2 372.1 3253.3 453.3 2206.3 2791.0 3252.8 3248.3 3761.5 3745.5 3347.4 3694.7 3100.7 3385.2 

7 2920.6 302.2 2911.3 254.1 2693.0 3037.3 2831.1 2600.7 2859.9 2775.7 2836.3 2918.8 2979.7 3580.4 

8 3786.4 419.0 3542.2 351.7 3648.8 3523.0 4387.4 3273.9 3516.9 3794.1 3539.2 3519.1 3129.8 3090.2 

9 4132.9 503.9 4499.2 240.1 4691.1 4625.1 4564.2 4298.8 4228.9 4585.6 4885.1 4634.4 4459.1 4019.4 

10 3061.4 282.3 2703.8 478.5 2830.1 3216.4 2451.0 2384.4 2195.2 2621.3 3431.6 3453.3 2357.1 2097.1 

Average 3362.8 367.1 3159.6 402.2 2858.9 3045.5 3015.0 3162.8 2985.1 3230.5 3303.5 3585.4 3293.2 3116.4 

SD 510.8 133.5 629.0 186.8 929.9 793.8 852.0 635.5 659.0 708.8 724.0 730.8 810.1 633.9 
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Table E 16. Total muscle activity (in arbitrary units) for the lateral gastrocnemius during a single gait cycle expressed as the average and standard 

deviation of the area under the muscle activity (SEMG) waveform for each of the pre- and post-kneeling sessions as well as for each individual 

trial of the post-kneeling session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(arb.units) 
SD 

Average 

(arb. Units) 
SD 1 2 3 4 5 6 7 8 9 10 

1 2312.6 429.7 1821.0 345.7 1932.6 2093.4 1340.8 1930.0 1311.4 1933.6 2534.4 1883.2 1581.1 1669.1 

2 3364.0 1004.5 4353.5 732.8 5358.1 4306.7 3175.6 5520.4 3387.2 4867.9 3906.6 4149.6 4150.9 4711.8 

3 3573.4 867.3 3672.1 1041.0 2573.0 3006.7 3174.3 3631.8 5520.4 2794.8 4986.6 5036.4 2642.6 3354.7 

4 4309.4 498.7 3942.6 467.4 4233.3 4268.6 3659.6 4638.3 3841.4 3432.9 4081.9 4017.9 2942.4 4309.3 

5 2906.6 297.2 4682.1 638.8 4307.2 4498.1 3996.2 4097.7 4153.2 5717.2 4064.8 5062.9 5483.5 5440.5 

6 3297.2 435.5 3908.6 718.5 4793.9 5237.1 3830.0 4465.9 4069.3 2944.5 3262.1 3982.5 3411.7 3089.1 

7 4572.6 718.5 7117.0 1819.8 3368.8 5243.7 6564.1 7059.1 7243.3 6195.6 7770.8 9711.1 9213.3 8800.3 

8 3789.9 227.1 2374.2 288.7 1832.4 2813.8 2342.2 1925.2 2344.0 2697.7 2427.6 2475.3 2532.0 2351.9 

9 3599.0 255.4 4264.9 419.9 3729.0 3971.5 3944.6 5112.4 4228.8 4110.8 4047.1 4034.7 4708.3 4761.9 

10 4156.5 319.7 4893.2 495.4 4583.5 4673.5 4306.9 5197.9 4692.6 5875.9 5667.6 4597.5 4867.2 4469.6 

Average 3588.1 505.4 4102.9 696.8 3671.2 4011.3 3633.4 4357.9 4079.1 4057.1 4275.0 4495.1 4153.3 4295.8 

SD 673.3 269.6 1436.8 452.7 1218.5 1052.7 1360.3 1578.3 1622.8 1523.0 1577.7 2096.4 2153.4 1973.2 
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Table E 17: Total gait cycle time expressed as the average and standard deviation for each of the pre- and post-kneeling sessions as well as the 

gait cycle time for each individual trial of the post-kneeling session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(seconds) 
SD 

Average 

(seconds) 
SD 1 2 3 4 5 6 7 8 9 10 

1 1.05 0.02 1.09 0.02 1.07 1.08 1.11 1.13 1.07 1.11 1.09 1.09 1.09 1.09 

2 1.20 0.02 1.24 0.02 1.29 1.24 1.27 1.24 1.24 1.25 1.23 1.23 1.21 1.21 

3 1.18 0.03 1.33 0.09 1.40 1.49 1.43 1.36 1.32 1.29 1.28 1.27 1.23 1.23 

4 1.23 0.02 1.27 0.02 1.29 1.32 1.27 1.25 1.24 1.24 1.25 1.27 1.27 1.27 

5 1.11 0.03 1.07 0.03 1.04 1.11 1.11 1.05 1.11 1.09 1.07 1.03 1.04 1.05 

6 1.07 0.02 1.05 0.02 1.08 1.07 1.07 1.07 1.01 1.05 1.05 1.03 1.08 1.04 

7 0.97 0.04 0.98 0.03 1.04 0.96 0.99 0.97 0.97 0.97 0.97 0.96 0.99 0.93 

8 1.08 0.02 1.11 0.02 1.12 1.08 1.13 1.15 1.12 1.12 1.11 1.09 1.12 1.09 

9 1.12 0.03 1.09 0.02 1.08 1.09 1.05 1.09 1.11 1.08 1.07 1.12 1.11 1.08 

10 1.06 0.02 1.02 0.02 1.00 1.01 1.04 1.00 1.03 1.01 1.00 1.03 1.03 1.05 

Average 1.11 0.01 1.13 0.02 1.13 1.13 1.14 1.12 1.11 1.11 1.10 1.10 1.11 1.10 

SD 0.08 0.01 0.12 0.02 0.14 0.16 0.13 0.12 0.11 0.11 0.11 0.11 0.09 0.10 
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Table E 18: Total swing phase time expressed as the average and standard deviation for each of the pre- and post-kneeling sessions as well as the 

swing phase time for each individual trial of the post-kneeling session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(seconds) 
SD 

Average 

(seconds) 
SD 1 2 3 4 5 6 7 8 9 10 

1 0.40 0.02 0.44 0.02 0.43 0.43 0.45 0.49 0.41 0.45 0.43 0.45 0.43 0.44 

2 0.45 0.01 0.47 0.01 0.49 0.48 0.48 0.47 0.48 0.47 0.47 0.47 0.45 0.47 

3 0.46 0.01 0.53 0.04 0.55 0.59 0.56 0.56 0.55 0.51 0.49 0.49 0.49 0.49 

4 0.47 0.01 0.48 0.02 0.49 0.49 0.49 0.47 0.44 0.47 0.47 0.48 0.48 0.48 

5 0.45 0.02 0.43 0.02 0.43 0.47 0.45 0.41 0.43 0.45 0.43 0.40 0.40 0.43 

6 0.40 0.02 0.40 0.02 0.41 0.41 0.40 0.41 0.37 0.40 0.39 0.36 0.43 0.39 

7 0.38 0.01 0.39 0.02 0.43 0.37 0.40 0.39 0.39 0.39 0.41 0.39 0.39 0.36 

8 0.39 0.01 0.41 0.01 0.41 0.41 0.43 0.43 0.41 0.41 0.40 0.40 0.43 0.41 

9 0.45 0.03 0.42 0.02 0.41 0.43 0.40 0.40 0.44 0.43 0.41 0.45 0.43 0.40 

10 0.39 0.02 0.39 0.01 0.37 0.39 0.40 0.37 0.39 0.39 0.36 0.39 0.40 0.40 

Average 0.42 0.01 0.44 0.01 0.44 0.44 0.44 0.43 0.43 0.43 0.42 0.42 0.43 0.42 

SD 0.04 0.01 0.05 0.01 0.05 0.06 0.05 0.06 0.05 0.04 0.04 0.05 0.03 0.04 
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Table E 19. Total stance phase time expressed as the average and standard deviation for each of the pre- and post-kneeling sessions as well as the 

stance phase time for each individual trial of the post-kneeling session for each subject. 

Subject 

Pre-kneeling Post-kneeling Trial Number 

Average 

(seconds) 
SD 

Average 

(seconds) 
SD 1 2 3 4 5 6 7 8 9 10 

1 0.65 0.02 0.65 0.01 0.64 0.65 0.65 0.64 0.65 0.65 0.67 0.64 0.67 0.65 

2 0.75 0.02 0.77 0.02 0.80 0.76 0.79 0.77 0.76 0.79 0.76 0.76 0.76 0.75 

3 0.72 0.02 0.80 0.06 0.85 0.91 0.87 0.80 0.77 0.79 0.79 0.77 0.73 0.73 

4 0.76 0.01 0.79 0.02 0.80 0.83 0.77 0.79 0.80 0.77 0.79 0.79 0.79 0.79 

5 0.65 0.02 0.64 0.02 0.61 0.64 0.65 0.64 0.68 0.64 0.64 0.63 0.64 0.63 

6 0.67 0.01 0.66 0.01 0.67 0.65 0.67 0.65 0.64 0.65 0.67 0.67 0.65 0.65 

7 0.59 0.03 0.59 0.01 0.61 0.59 0.59 0.59 0.59 0.59 0.56 0.57 0.60 0.57 

8 0.68 0.01 0.70 0.02 0.71 0.67 0.71 0.72 0.71 0.71 0.71 0.69 0.69 0.68 

9 0.67 0.01 0.67 0.01 0.67 0.67 0.65 0.69 0.67 0.65 0.65 0.67 0.68 0.68 

10 0.66 0.01 0.63 0.01 0.63 0.63 0.64 0.63 0.64 0.63 0.64 0.64 0.63 0.65 

Average 0.68 0.01 0.69 0.01 0.69 0.69 0.69 0.69 0.69 0.68 0.68 0.68 0.68 0.68 

SD 0.05 0.01 0.08 0.01 0.09 0.10 0.08 0.07 0.07 0.07 0.07 0.07 0.06 0.06 
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Appendix F 

Post-kneeling Rest and Gait Session Timeline
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Table F 1. Time line for the kneeling protocol and post-kneeling walking trials showing the amount of rest provided to each subject after the 

kneeling protocol as well as the time interval between post-kneeling trials. Times were recorded, in minutes, from the file time-stamp made 

automatically upon file creation by the Optotrak data collection software. 

  Subject Number     

  1 2 3 4 5 6 7 8 9 10 Average SD 

Total Kneeling Time (minutes) 
(expected = 30min) 

30 30 30 30 30 30 30 30 30 30 30.00 0.00 

Total Rest + Kneeling Protocol (minutes) 
(expected = 41 min) 

44 42 42 43 43 42 41 42 43 43 42.50 0.85 

Post-Kneeling Rest before 1st Walking 
Trial (minutes) (expected 1 min) 

4 2 2 3 4 2 1 2 3 3 2.60 0.97 

Time elapsed since end of kneeling 
session (minutes) 

0 0 0 0 0 0 0 0 0 0 0.00 0.00 

 Trial 1 4 2 2 3 4 2 1 2 3 3 2.60 0.97 

 Trial 2 5 2 2 3 4 2 1 2 4 3 2.80 1.23 

 Trial 3 5 2 3 3 5 3 1 3 5 4 3.40 1.35 

 Trial 4 5 3 3 4 5 3 2 3 5 4 3.70 1.06 

 Trial 5 5 3 3 4 5 3 2 3 6 4 3.80 1.23 

 Trial 6 6 3 5 4 5 4 2 4 6 5 4.40 1.26 

 Trial 7 6 4 5 5 6 4 3 4 6 5 4.80 1.03 

 Trial 8 6 4 6 5 6 4 3 4 7 5 5.00 1.25 

 Trial 9 7 4 6 5 6 4 3 4 7 6 5.20 1.40 

 Trial 10 7 4 7 5 6 4 4 5 8 6 5.60 1.43 

Total Time Elapsed for 10 Walking 
Trials (minutes) 

4 3 6 3 3 3 4 4 6 4 4.00 1.15 

Total time Since Final Kneeling Trial 
(minutes) 

7 4 7 5 6 4 4 5 8 6 5.60 1.43 

 


