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ABSTRACT 

 
Differences in gait biomechanics have been observed between obese and 

healthy weight adults.  It is possible that body segment parameters, particularly 

the thigh, contribute to the differences in knee biomechanics observed during gait 

between obese and healthy weight adults.  The purpose of this study was to 

determine if increases in thigh circumference and/or mass associated with 

obesity alter walking biomechanics in healthy weight males and females.  Thigh 

mass and circumference were increased proportional to a 10 unit increase in 

body mass index.  Frontal and sagittal plane knee angles and moments, and 

temporospatial variables were recorded.   For all dependent variables no main 

effect for gender was observed.  Peak knee flexion angle was similar across 

conditions with no interaction.  There was an interaction for peak internal knee 

extension moment however post hoc comparisons did not reveal differences in 

condition among males or females.  A main effect for condition was observed for 

peak knee adduction angle, however post hoc comparisons did not reveal 

differences among conditions.  Peak internal knee abduction moment was similar 

across conditions with no interaction.  Stance time and step width increased 

during the experimental conditions compared to the control.  A interaction was 

observed for stance time.  Females had a longer stance time during the 

circumference only condition compared to the control condition.  A greater step 

width was observed in conditions that increased thigh circumference.  Overall, 

thigh segment parameters altered gait temporospatial variables.  Increases in 
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stance time and step width in obese adults compared to healthy weight adults 

could be a result of their larger thigh segment parameters. 
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INTRODUCTION 
 

Obesity and Gait 

 Differences in gait biomechanics have been observed in obese adults 

compared to healthy weight adults (Browning & Kram, 2007; DeVita & 

Hortobagyi, 2003; Ko, Stenholm, & Ferrucci, 2010; Lai, Leung, Li, & Zhang, 

2008a; Spyropoulos, Pisciotta, Pavlou, Cairns, & Simon, 1991).  It has been 

suggested that these differences in gait biomechanics between obese and 

healthy weight adults are due to a larger body mass in obese adults (Browning & 

Kram, 2007; DeVita & Hortobagyi, 2003; Ko, Stenholm, & Ferrucci, 2010; Lai, 

Leung, Li, & Zhang, 2008a; Spyropoulos, Pisciotta, Pavlou, Cairns, & Simon, 

1991).  Additionally, differences in body segment parameters between obese and 

healthy weight adults have been observed (Davids, Huskamp, & Bagley, 1996; 

Segal, Yack, & Khole, 2009).  These differences may contribute to the 

differences in gait biomechanics found between obese adults and healthy weight 

adults (Davids, et al., 1996; Segal, et al., 2009).  Specifically, increases in thigh 

circumference and mass have been of interest due to the thigh’s involvement in 

gait (Browning, Modica, Kram, & Goswami, 2007; Segal, et al., 2009).  The larger 

mass and circumference of the thigh compared to the shank could have a large 

influence on gait biomechanics.  It seems logical that increases in thigh 

circumference will affect foot placement during gait more than increases in shank 

circumference.  Also, thigh mass is a larger proportion of body mass compared to 

shank mass (de Leva, 1996). 
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Sagittal Plane 

Differences have been observed between obese and healthy weight 

adults in sagittal plane knee biomechanics during gait (Browning, et al., 2006; 

Browning & Kram, 2007; DeVita & Hortobagyi, 2003; Ko, et al., 2010; Lai, et al., 

2008a; Russell, Braun, & Hamill, 2010; Segal, et al., 2009; Spyropoulos, et al., 

1991).  Obese adults found exhibited smaller peak knee flexion angles during 

stance in obese adults when compared to healthy weight adults (DeVita & 

Hortobagyi, 2003).  However, some studies have not found differences in sagittal 

plane knee angles during the stance phase of walking between healthy weight 

and obese adults (Browning & Kram, 2007; Ko, et al., 2010; Spyropoulos, et al., 

1991).  Additionally, obese adults have demonstrated larger absolute internal 

peak knee extension moments during stance compared to healthy weight adults 

(Browning & Kram, 2007; Ko, et al., 2010).  Some studies found that normalized 

knee extension moment was similar in obese adults compared to healthy weight 

adults (Ko, et al., 2010; Lai, et al., 2008a).  DeVita et al. (DeVita & Hortobagyi, 

2003) found smaller normalized internal peak knee extension moments amongst 

obese participants compared to healthy weight participants.  Browning et al. 

(Browning & Kram, 2007) suggest that analyzing absolute moments provides 

information on the actual loads applied to the joint surface.  It is assumed that 

knee joint surface area remains constant when healthy weight adults gain weight.  

Therefore, normalizing knee moments to body mass does not indicate the actual 

loads being placed on the knee (Browning & Kram, 2007).  Instead, it is likely to 

result in apparently lower moments in obese adults.  Due to conflicting results 
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from previous studies, it is unclear whether knee angles and moments in the 

sagittal plane differ between healthy weight and obese adults. 

Frontal Plane 

Few studies have analyzed frontal plane knee biomechanics during gait 

between obese and healthy weight adults.  Those studies that have focused on 

frontal plane kinetics and kinematics observed differences between obese and 

healthy weight populations (Lai, et al., 2008a; Russell, et al., 2010; Segal, et al., 

2009).  Obese adults and adolescents exhibit larger peak knee adduction angles 

(Lai, et al., 2008a).  Furthermore, absolute internal knee abduction moments are 

larger for obese adults compared to healthy weight adults (Segal, et al., 2009).  

Although not statistically different, other studies noted a general trend of larger 

internal knee abduction moments in obese adults compared to healthy weight 

adults (Russell, et al., 2010).  More comprehensive research comparing frontal 

plane knee biomechanics between obese and healthy weight adults is needed.  

Ground reaction forces 

Differences in ground reaction forces between obese and healthy weight 

adults have been observed (Browning & Kram, 2007; Messier, et al., 1996).  

Larger absolute ground reaction forces are seen in obese adults compared to 

healthy weight adults.  This could be due to the larger overall body mass found 

amongst obese adults compared to healthy weight adults (Browning & Kram, 

2007; Messier, et al., 1996).  Furthermore, slower walking velocities decrease 

vertical ground reaction forces and joint moments (Browning & Kram, 2007; 

Kirtley, Whittle, & Jefferson, 1985; Lelas, Merriman, Riley, & Kerrigan, 2003).  
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Since obese adults prefer a slower walking velocity compared to healthy weight 

adults (DeVita & Hortobagyi, 2003; Ko, et al., 2010; Lai, et al., 2008a; 

Spyropoulos, et al., 1991), it could be concluded that walking at a slower velocity 

is a tactic used by obese adults to reduce ground reaction forces and joint 

moments.  Using a standardized walking velocity will decrease the influence of 

velocity on gait, allowing for a clearer comparison of knee biomechanics between 

groups.  

Temporospatial 

Along with ground reaction forces, knee kinetics, and knee kinematics; 

temporospatial variables differ between obese and healthy weight adults 

(Browning & Kram, 2007; DeVita & Hortobagyi, 2003; Ko, et al., 2010; Lai, et al., 

2008a; Spyropoulos, et al., 1991).  Specifically, obese adults have demonstrated 

a larger step width compared to healthy weight adults (Browning & Kram, 2007; 

Ko, et al., 2010; Spyropoulos, et al., 1991).  This could be due to larger thigh 

circumferences found in obese adults compared to healthy weight adults.  Foot 

placement during the gait cycle may be influenced by thigh circumference 

(Browning, McGowan, & Kram, 2009).  Additionally, obese adults have 

demonstrated a longer stance time compared to healthy weight adults (Browning 

& Kram, 2007; Ko, et al., 2010; Lai, et al., 2008a; McGraw, McClenaghan, 

Williams, Dickerson, & Ward, 2000; Spyropoulos, et al., 1991).  It has been 

suggested that a longer stance time corresponds with a slower walking velocity 

(Lai, et al., 2008a), aids in balance control, and allows time for an increased 

propulsive force at toe off (Spyropoulos, et al., 1991).    
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 Added Mass 

 
Obese adults have a larger overall body mass as well as larger individual 

body segment masses compared to healthy weight adults.  Particular attention 

has been paid to the larger thigh segment mass of obese adults compared to 

healthy weight adults.  This could be to the thigh’s direct influence on gait.  The 

larger mass and circumference of the thigh compared to the shank could have a 

large influence on gait biomechanics.  Research has attempted to simulate 

obesity by adding mass to the torso (Chow, Kwok et al. 2005; Smith, Roan et al. 

2010) or thigh (Browning, Modica et al. 2007).  In the sagittal plane, some studies 

did not find differences in knee kinematics (Browning, Modica et al. 2007; Smith, 

Roan et al. 2010) or kinetics (Browning, Modica et al. 2007) after adding mass to 

a healthy weight adult.  However, Chow et al. (Chow, Kwok et al. 2005) found 

increased peak knee flexion angles and increased normalized knee internal 

extension moments after a percentage of body mass was added to the torso.  

Chow et al. (Chow, Kwok et al. 2005) also found increased internal knee valgus 

moments during the added mass conditions.  The differing results amongst these 

studies could be due to the amount of mass added as well as the location of the 

added mass.  Future research adding a proportion of body mass to the thigh that 

represents a known increase in overall body mass may shed light on the 

differences seen in gait biomechanics between obese and healthy weight adults.  
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Added Thigh Circumference 

 Another body segment parameter that differs between obese and healthy 

weight adults is thigh circumference (Segal, et al., 2009).  Davids et al. (Davids, 

et al., 1996) used foam to simulate increases in thigh circumference amongst 

healthy weight adolescents.  Peak knee internal valgus moment was not shown 

to change after increasing the thigh to 175% of its original circumference (Davids, 

et al., 1996).  However, increases in hip abduction were observed during the 

increased thigh circumference condition (Davids, et al., 1996).  It was suggested 

that increases in hip abduction could cause an increase in medial knee 

compartment loads of the stance limb (Davids, et al., 1996).  Extending the mass 

of the swing limb further away from the knee joint center of the stance limb could 

increase the loads on the medial side of the stance limb knee (Davids, et al., 

1996).  Segal et al. (Segal, et al., 2009) found thigh circumference was a 

predictor of absolute external peak knee adduction moments.  Lower body obese 

adults (BMI between 30 and 37 kg/m2, waist to hip ratio less than 0.85 for women 

and less than 0.95 for men) were found to have larger external peak knee 

adduction moment when compared to healthy weight adults (Segal, et al., 2009).  

Research increasing thigh circumference proportional to a known increase in 

overall body mass and geometry rather than an arbitrary amount may be a more 

accurate way to simulate obesity. 

Gender and Gait 
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 Gender may also affect gait.  Several studies comparing healthy weight 

adults have shown that females exhibit a smaller knee range of motion in both 

the sagittal and frontal planes when compared to males (Hurd, Chmielewski, 

Axe, Davis, & Snyder-Mackler, 2004; Nigg, Fisher, & Ronsky, 1994).  However, 

there is disagreement as to whether gender differences in vertical ground 

reaction forces exist.  Some studies have observed lower vertical ground reaction 

forces for females compared to males during the stance phase of walking (Keller, 

et al., 1996; Nigg, et al., 1994).  Other studies have found that females exhibit 

higher ground reaction forces during heel strike, toe-off (Chung & Wang, 2010) 

and loading response (Chiu & Wang, 2007) compared to males.  Henriksen et al. 

(Henriksen, et al., 2008) found females demonstrated a reduced loading rate 

compared to males.  It was suggested that the reduced loading rate could be 

linked to a larger attenuation of impact forces found in females compared to 

males (Henriksen, et al., 2008).  Currently, it is unknown if gender differences in 

gait biomechanics exist amongst obese adults.  Further research should take 

gender into consideration when comparing gait biomechanics in obese adults.     

Purpose 

 
The purpose of this study is to determine if changes in thigh segment 

parameters, specifically increases in thigh mass and radius associated with an 

increase of ten body mass index units, alter gait biomechanics in healthy weight 

adults. 
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Hypotheses    

 
1. Peak knee flexion angle during walking will be similar among thigh 

segment parameter conditions in males and females. 

2. Peak internal knee extension moments will be similar among thigh 

segment parameter conditions in males and females. 

3. Peak knee adduction angle will be similar among thigh segment 

parameter conditions in males and females. 

4. Peak internal abduction moment will be similar among thigh segment 

parameter conditions in males and females. 

5. Stance time will be similar among thigh segment parameter conditions in 

males and females. 

6. Step width will be similar among thigh segment parameter conditions in 

males and females.  
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PART 1 
CHAPTER I - II 

LITERATURE REVIEW, METHODS 
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ABSTRACT  
 

 Differences in knee biomechanics between obese and healthy weight 

adults have been observed during walking.  The larger thigh segment parameters 

in obese adults compared to healthy weight adults may contribute to the 

differences in knee biomechanics observed.  This study examined the effects of 

increases in thigh mass and circumference of healthy weight adults on knee 

biomechanics and gait temporospatial variables.  Preferred walking velocity was 

maintained through four conditions, control, increased circumference, increased 

mass and a combination of increased mass and circumference.  For the 

experimental conditions, foam and weights equivalent to a 10 unit increase in 

BMI were attached bilaterally to the thighs.    
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CHAPTER I 
LITERATURE REVIEW 

        

Obesity has become the focus of many health related fields due to the 

high percentage of obese adults in the United States (Flegal, Carroll, Ogden, & 

Curtin, 2010) .  Also, numerous health risks have been related to obesity 

including osteoarthritis (Al-Arfaj, 2002; Cooper, et al., 2000; Davis, et al., 1990; 

Felson, 1996, 2005; Oliveria, Felson, Cirillo, Reed, & Walker, 1999; Powell, 

Teichtahl, Wluka, & Cicuttini, 2005; Spector, et al., 1994; Sturmer, Gunther, & 

Brenner, 2000).  The association between obesity and knee osteoarthritis stems 

from the notion that obesity increases loads on the knee joint (Sturmer, et al., 

2000).  Studies have been done to determine if these increased loads are due to 

increased body mass and/or specific gait patterns (Browning, et al., 2006; 

Browning & Kram, 2007; DeVita & Hortobagyi, 2003; Ko, et al., 2010; Lai, et al., 

2008a; McGraw, et al., 2000; Russell, et al., 2010; Spyropoulos, et al., 1991).  

With an increase in total body mass it is assumed there are increases in 

individual body segment masses as well as changes in body segment 

parameters.  Obese individuals have shown differences in body segment 

parameters when compared to healthy weight individuals, particularly in thigh 

circumference (Segal, et al., 2009).  Previous research has investigated the 

effect of increases in thigh circumference on gait biomechanics (Davids, et al., 

1996).  To explore the effects of increased body segment masses, researchers 

have investigated differences in gait biomechanics after adding mass to healthy 
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weight adults (Browning, et al., 2007; Martin, 1985; Royer & Martin, 2005; Smith, 

Roan, & Lee, 2010).  All of this research will be discussed in detail below.  

Obesity and Gait 

 
Several kinematic and kinetic gait variables have been identified as 

differing between healthy weight and obese adults (Browning, et al., 2006; 

Browning & Kram, 2007; DeVita & Hortobagyi, 2003; Ko, et al., 2010; Lai, et al., 

2008a; McGraw, et al., 2000; Russell, et al., 2010; Segal, et al., 2009; 

Spyropoulos, et al., 1991).  Since obesity has been associated with knee 

osteoarthritis incidence and progression (Al-Arfaj, 2002; Cooper, et al., 2000; 

Davis, et al., 1990; Felson, 1996, 2005; Oliveria, et al., 1999; Spector, et al., 

1994; Sturmer, et al., 2000), knee kinematic and kinetic variables have been of 

interest. 

In interpreting the results of studies which have compared gait 

biomechanics in obese and healthy weight adults, close attention must be paid to 

the methods used.  In particular, it is important to understand some key 

methodological differences that may influence study results.  Participant 

characteristics and normalization methods for kinetic variables are two main 

differences found in studies focusing on obesity and gait.  Most studies used The 

National Institute of Health (NIH) classification for obesity; a body mass index 

over 30kg/m2.  However, Lai et al. (Lai, et al., 2008a) used the Asian 

Classification of obesity from the World Health Organization, the International 

Association for Obesity, and the International Obesity Task Force.  These 
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organizations classified obesity as a body mass index over 25kg/m2.  

Spyropoulos et al. (Spyropoulos, et al., 1991) classified obesity according to the 

1956 Metropolitan Life Insurance Tables.   

Normalization methods also differed between studies.  Some studies 

normalized joint moments to body mass (DeVita & Hortobagyi, 2003; Ko, et al., 

2010; Lai, et al., 2008a) while others did not (Browning & Kram, 2007; Russell, et 

al., 2010; Segal, et al., 2009) .  Normalizing to body mass reduces the influence 

of varying body masses being a factor when comparing different groups.  

However, it is possible that normalization causes joint moments for obese adults 

to appear lower due to the higher body mass of obese adults compared to 

healthy weight adults.  Browning et al. (Browning & Kram, 2007) argues that 

using absolute moment values allows for analysis of the actual load placed on 

the joint.  Since the joint surfaces remain constant when healthy weight adults 

gain weight, the absolute load on the joint is comparable between participants 

with different body masses.    

Sagittal plane gait biomechanics 

In the sagittal plane, an 8° decrease in maximum knee flexion angle 

during early stance was found in obese adults (-17.3˚ ± 4.6) when compared to 

healthy weight adults (-25.2˚ ± 5.3) (DeVita & Hortobagyi, 2003).  However, some 

studies did not find knee angular kinematic differences when comparing obese to 

healthy weight adults (Browning & Kram, 2007; Ko, et al., 2010; Spyropoulos, et 

al., 1991).  Browning et al. (Browning & Kram, 2007) analyzed gait biomechanics 

at six different walking velocities ranging from 0.5 m/s to 1.75m/s.  No significant 
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differences were found between obese (flexion angle range of 11˚-21˚) and 

healthy weight adults (flexion angle range of 13˚-20˚).  Spyropoulos et al. 

(Spyropoulos, et al., 1991) did not find significant differences in knee angle at 

mid-stance between obese (12.03° ± 5.65) and healthy weight (6.61° ± 6.29) 

adults.  Ko et al. (Ko, et al., 2010) did not find significant differences in total knee 

range of motion during stance comparing obese and healthy weight adults.  

Obese adults had a knee range of motion throughout their whole stride of 54.08° 

± 0.92 and healthy weight adults had 54.70° ± 0.74 (Ko, et al., 2010).  It is 

possible that the differences found in DeVita et al.(DeVita & Hortobagyi, 2003) 

are due to a higher average body mass index of the obese adults compared to 

the other studies.  The average body mass index for obese adults in DeVita et al. 

(DeVita & Hortobagyi, 2003) was 42.3 kg/m2 ± 7.7 while average body mass 

index for obese adults in other studies ranged from 30 kg/m2 to 37 kg/m2.   

Additionally, differences in sagittal plane knee moments have been 

observed between obese and healthy weight adults (Browning & Kram, 2007; 

DeVita & Hortobagyi, 2003). When observing absolute moments, Browning et al. 

(Browning & Kram, 2007) noted a larger absolute peak internal knee extension 

moment for obese adults compared to healthy weight adults across different 

speeds.  Obese adults’ peak internal knee extension moment ranged from 

42.1Nm at 0.50 m/s to 143.1Nm at 1.75m/s.  Healthy weight adults’ peak internal 

knee extension moments ranged from 28.1Nm at 0.50m/s to 96.3Nm at 1.75m/s.  

However, a smaller normalized internal knee extensor moment of 0.52Nm/kg ± 

0.21 was observed in obese participants compared to 0.97Nm/kg ± 0.31 of 
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healthy weight adults (DeVita & Hortobagyi, 2003).  Alternatively, Lai et al. (Lai, 

et al., 2008a) and Ko et al. (Ko, et al., 2010) did not find differences in normalized 

sagittal plane knee moments at the knee between healthy weight and obese 

adults.  Ko et al. (Ko, et al., 2010) reported a peak internal knee extension 

moment of 0.65 Nm/kg ± 0.02 for healthy weight adults and 0.70 Nm/kg ± 0.03 

for obese adults.  Lai et al. (Lai, et al., 2008a) did not report values for variables 

not found to be significantly different.  Approximate absolute knee moments from 

Ko et al. (Ko, et al., 2010) agreed with the findings from Browning et al. 

(Browning & Kram, 2007).  Obese adults had larger approximate peak absolute 

knee moments compared to healthy weight adults (64.5Nm and 40.7Nm 

respectively) (Ko, et al., 2010).  DeVita et al. (DeVita & Hortobagyi, 2003) found 

smaller internal peak knee extension moments when comparing obese adults at 

their preferred velocity (1.29m/s ± 0.15, approximate absolute moment of 

48.1Nm) to healthy weight adults at a standard velocity (1.50m/s ± 0.07, 

approximate absolute moment of 64.2Nm).  Although, differences in peak internal 

knee extension moment were not observed between obese (approximate 

absolute moment of 64.0Nm) and healthy weight adults (approximate absolute 

moment 64.2Nm) when walking velocity was matched at1.50m/s ± 0.07 (DeVita 

& Hortobagyi, 2003).  

Differences in walking velocity could account for differences found 

between obese and healthy weight adults.  DeVita et al. (DeVita & Hortobagyi, 

2003) observed obese adults at their preferred walking velocity (1.29m/s ± 0.15) 

and at a standard walking velocity (1.5m/s ± 0.07), while healthy weight adults 
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were only observed at the standard velocity (DeVita & Hortobagyi, 2003).  Other 

studies have shown that preferred walking velocity is slower for obese adults 

than healthy weight adults (Ko, et al., 2010; Lai, et al., 2008a; Spyropoulos, et al., 

1991).  Spyropoulos et al. (Spyropoulos, et al., 1991) found healthy weight adults 

walked at 1.64 m/s ± 0.29 while obese adults walking velocity was 1.09m/s ± 

0.14.  Lia et al. (Lai, et al., 2008a) observed a walking velocity of 1.27m/s ± 0.17 

for healthy weight adults and 1.12 m/s ± 0.10 for obese adults.  Ko et al. (Ko, et 

al., 2010) noted healthy weight adults walked at a velocity of 1.20 m/s ± 0.03 and 

obese adults walked at 1.06 m/s ± 0.03.  At slower velocities, obese adults were 

observed to have similar peak knee moments compared to healthy weight adults 

(Ko, et al., 2010; Lai, et al., 2008a).  Browning et al. (Browning & Kram, 2007) 

compared different walking velocities in both obese and healthy weight adults.  

As speed increased, peak internal knee extension moment increased (Browning 

& Kram, 2007).  Since obese adults exhibited higher peak internal knee moments 

compared to healthy weight adults at similar velocities (Browning & Kram, 2007), 

it is possible that obese adults prefer a slower walking velocity to reduce peak 

moments at the knee.  These contrasting results between studies could be due to 

differences in classifications of obesity.  Having a body mass index below 40 

kg/m2 may not result in significant differences in knee kinetics and kinematics in 

the sagittal plane.  It has been suggested that net knee moments become 

coupled with obesity at a body mass index of 30 kg/m2 (DeVita & Hortobagyi, 

2003).  DeVita et al. (DeVita & Hortobagyi, 2003) also suggests that alterations 

made by obese adults during gait are due to neuromuscular adaptations that help 
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decrease loads on the knee.  It is possible that obese adults adapt other 

elements of their gait to reduce loads on the knee. 

Frontal plane gait biomechanics 

Several differences in frontal plane variables have been reported when 

comparing healthy weight and obese populations.  A larger peak knee adduction 

angle was found in obese adults (6.96˚ ± 6.96) when compared to healthy weight 

adults (2.18˚ ± 2.13) (Lai, et al., 2008a).  Ko et al. (Ko, et al., 2010) did not find 

differences in frontal plane knee range of motions between obese and healthy 

weight adults.  Obese adults had a frontal plane knee range of motion of 11.47° ± 

0.71 while healthy participants had 10.82° ± 0.57.  Furthermore, a larger absolute 

internal knee abduction moment was observed amongst obese adults when 

compared to healthy weight adults (Segal, et al., 2009).  Segal et al. (Segal, et 

al., 2009) found a first peak internal abduction moment of -43.28Nm ± 20.03 for 

centrally obese adults (defined as waist to hip ratio greater than or equal to 0.85) 

and -33.01Nm ± 11.31 for lower obese adults (defined as waist to hip ratio 

greater less than 0.85).  Both these values were significantly larger than the 

healthy weight adults, -21.61Nm ± 8.88. Russell et al. (Russell, et al., 2010) did 

not find differences in absolute peak internal knee abduction moment between 

obese (40.17 Nm ± 13.79) and healthy weight adults (31.94 Nm ± 7.68).  

Although Russell et al. (Russell, et al., 2010) did not find significant differences 

between obese and healthy weight adults in frontal plane knee moments, these 

results do agree with the general trend of increases in peak  internal knee 

abduction moments amongst the obese population.  Lai et al. (Lai, et al., 2008a) 
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did not find a difference in normalized peak internal knee abduction moments 

between healthy weight and obese adults and did not provide moment values.     

Ground reaction forces and speed during gait  

Ground reaction forces (Browning & Kram, 2007; Messier, et al., 1996) 

have been shown to differ between obese and healthy weight adults.  Both 

Messier et al. (Messier, et al., 1996) and Browning et al. (Browning & Kram, 

2007) found larger absolute vertical ground reaction forces in obese adults 

(797.01N to 1080N) compared to healthy  weight adults (581N to 874N).  These 

larger values have been attributed to higher body masses found amongst obese 

adults compared to healthy weight adults (Browning & Kram, 2007; Messier, et 

al., 1996).  Browning et al. (Browning & Kram, 2007) observed obese adults to 

have a 61% greater body mass than healthy weight adults.  Yet, the obese adults 

had a 91% greater mediolateral ground reaction force compared to the healthy 

weight adults.  This is attributed to the increased step width amongst the obese 

adults compared to the healthy weight adults.  A positive correlation was found 

between step width and absolute mediolateral ground reaction forces (Browning 

& Kram, 2007). 

  Additionally, obese adults have a slower self-selected walking velocity 

(1.09m/s to 1.33m/s) when compared to healthy weight adults (1.20m/s to 

1.64m/s) (DeVita & Hortobagyi, 2003; Ko, et al., 2010; Lai, et al., 2008a; 

Malatesta, et al., 2009; Russell, et al., 2010; Spyropoulos, et al., 1991).  Other 

studies have found that the walking velocity of healthy weight adults ranges from 

1.3 to 1.63m/s (Browning, et al., 2006; Hurd, et al., 2004; Kang & Dingwell, 2008; 
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Laufer, 2003, 2005) In general, slower walking velocities have been linked to 

reductions in vertical ground reaction forces  (Browning & Kram, 2007) as well as 

peak internal knee extension moments, peak knee flexion angles, and peak 

internal knee adduction moments during stance when compared to faster 

velocities (Browning & Kram, 2007; Kirtley, et al., 1985; Lelas, et al., 2003).  

Browning et al. (Browning & Kram, 2007) observed decreases in vertical ground 

reaction force for both obese and healthy weight adults as walking velocity 

decreased.  For obese adults, vertical ground reaction force decreased from 

1383N at a velocity of 1.75m/s to 1094N at a velocity of 0.50m/s.  For healthy 

weight adults, vertical ground reaction force decreased from 874N at a velocity of 

1.75 m/s to 676N at a velocity of 0.50m/s.  Peak normalized internal knee 

extension moment during loading response was shown to increase as walking 

velocity increased above an individual’s preferred walking velocity (R2= 0.7267) 

(Lelas, et al., 2003).  In the frontal plane, Browning et al. (Browning & Kram, 

2007) observed an increase in peak internal knee abduction moment with 

increases in walking velocity.  Healthy weight adults increased about 15Nm when 

velocity was increased 1.25m/s.  Obese adults increased about 30Nm when 

velocity was increased 1.25m/s.  Decreasing walking velocity could be a tactic 

used by obese individuals to reduce loads on the knee (Browning & Kram, 2007) 

and aid in balance control (Spyropoulos, et al., 1991).  Browning et al. (Browning, 

et al., 2006) however did not find a significant difference in preferred walking 

velocity between obese (women 1.41m/s ± 0.02 and men 1.42m/s ± 0.06) and 

healthy weight adults (women 1.47m/s ± 0.04 and men 1.41m/s ± 0.03). 
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 However, they did discover that all participants selected a walking velocity close 

to that which would minimize energy cost (Obese women 1.24m/s ± 0.02, normal 

weight women 1.33m/s ± 0.03, obese men 1.32m/s ± 0.02, and normal weight 

men 1.38m/s ± 0.01).  Minimizing energy costs might be a significant contributing 

factor to alterations in gait. 

Temporospatial gait variables 

Step width (Browning & Kram, 2007; Browning, et al., 2009; Ko, et al., 

2010; Spyropoulos, et al., 1991) and stance time (Browning & Kram, 2007; 

DeVita & Hortobagyi, 2003; Ko, et al., 2010; Lai, et al., 2008a; McGraw, et al., 

2000; Spyropoulos, et al., 1991) also differ between obese and healthy weight 

adults.  It has been proposed that preferred step width is a step width that 

minimizes metabolic cost (Donelan, Kram, & Kuo, 2001).  However, obese adults 

demonstrate a wider step width (0.16m to 0.12m) compared to healthy weight 

adults (0.08m to 0.115m) (Browning & Kram, 2007; Ko, et al., 2010; Spyropoulos, 

et al., 1991).  It is possible that differences in body segment parameters between 

obese and healthy weight adults contribute to alterations in step width (Browning, 

et al., 2009).  Increased thigh circumference could force foot placement laterally, 

thereby increasing step width.  More research may be needed to investigate the 

effects of increases in thigh circumference and its effects on gait biomechanics. 

Furthermore, obese adults were observed to spend a larger portion of 

their gait cycle in the stance phase when compared to normal weight adults.  

Sixty to 72% of the gait cycle is spent in the stance phase amongst obese adults 

compared to 58-67% amongst healthy weight adults (Browning & Kram, 2007; 
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Ko, et al., 2010; Lai, et al., 2008a; McGraw, et al., 2000; Spyropoulos, et al., 

1991).  A greater percentage of gait cycle spent in the stance phase might aid in 

balance control (Spyropoulos, et al., 1991)  Also, longer stance periods along 

with slower walking velocities could allow for a lower energy expenditure with 

respect to time for obese individuals (Lai, et al., 2008a).  Additionally, it is 

possible that longer stance periods and slower walking velocities aid in reducing 

moments at the knee for obese adults (Lai, et al., 2008a) .  Spyropoulos et al. 

(Spyropoulos, et al., 1991) suggests that the longer stance time provides obese 

adults time to generate enough force to push-off the stance limb.  A larger force 

is needed to surmount the inertia related to a larger stance limb mass in obese 

adults compared to healthy weight adults (Spyropoulos, et al., 1991). 

 Approximate absolute anterior-posterior (propulsive) ground reaction forces are 

larger for obese adults (15Nm) compared to healthy weight adults (12Nm) (Lai, 

Leung, Li, & Zhang, 2008b).  This larger force needed may also contribute to the 

greater absolute vertical ground reaction forces seen in obese adults compared 

to healthy weight adults (Browning & Kram, 2007; Messier, et al., 1996).   

 Conclusion 

It is clear that gait biomechanics differs between obese and healthy weight 

adults.  In the sagittal plane, obese adults, in particular with a body mass index 

greater than 40kg/m2, demonstrate a smaller knee flexion angle when compared 

to healthy weight adults (DeVita & Hortobagyi, 2003).  Also absolute knee 

internal extension moment is larger in obese adults compared to healthy weight 

adults (Browning & Kram, 2007).  In the frontal plane, obese adults demonstrated 
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a larger knee adduction angle (Lai, et al., 2008a) and a larger absolute internal 

knee abduction moment when compared to healthy weight adults (Segal, et al., 

2009).  When comparing gait biomechanics between obese and healthy weight 

adults it is important to consider the magnitude of the body mass index.  Obesity 

is broken up into different classes based on body mass index values (class I 30-

34.9 kg/m2, class II 35-40 kg/m2, class III over 40 kg/m2).  It is possible that gait 

biomechanics is altered differently in each class of obesity.  Normalization 

methods should also be considered when comparing gait biomechanics between 

obese and healthy weight adults.  It has been shown that obese adults exhibit 

higher vertical ground reaction forces when compared to healthy weight adults 

(Browning & Kram, 2007; Messier, et al., 1996).  Temporospatial gait 

characteristics, such as increased step width (Browning & Kram, 2007; Ko, et al., 

2010; Spyropoulos, et al., 1991), increased percent stance time (Browning & 

Kram, 2007; DeVita & Hortobagyi, 2003; Ko, et al., 2010; Lai, et al., 2008a; 

McGraw, et al., 2000; Spyropoulos, et al., 1991), and decreased walking velocity 

(DeVita & Hortobagyi, 2003; Ko, et al., 2010; Lai, et al., 2008a; Malatesta, et al., 

2009; Russell, et al., 2010; Spyropoulos, et al., 1991), have also been observed 

amongst obese adults compared healthy weight adults.   

Effect of Adding Mass on Gait 

 

Increases in body mass and body mass distribution could explain the 

differences in gait characteristics observed amongst  obese adults and healthy 

weight adults.  Previous research has taken healthy weight adults and added 
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mass to the torso and/or the lower extremities to examine deviations in gait 

(Browning, et al., 2007; Chow, et al., 2005; Smith, et al., 2010).   The location of 

where external loads were carried differed across these studies.  Smith et al. 

(Smith, et al., 2010) and Chow et al. (Chow, et al., 2005) added loads to the torso 

while Browning et al. (Browning, et al., 2007) added lead weights to the thigh, 

shank and foot separately.  Loads carried further away from the center of mass 

of the body have been shown to increase metabolic cost (Browning, et al., 2007).  

It is possible that loads carried further away from the center of mass result in 

different alterations of gait biomechanics than loads carried closer to the center 

of mass.  

 Sagittal plane gait biomechanics 

Peak knee flexion angle increased as loads ranging from 0-15% body 

mass were added to the participant’s torso, although actual values were not 

reported  (Chow, et al., 2005).  Smith et al. (Smith, et al., 2010) did not find 

significant difference in knee range of motion when a 12.5 kg was added to the 

torso.  Knee range of motion during the unloaded condition was 60.36° ± 5.00 

and 57.98° ± 6.48 for the loaded condition.  Chow et al. (Chow, et al., 2005) 

found increases in normalized internal knee extension moment as loads were 

increased from 0-15% of body mass.  Normalized peak internal knee extension 

moment increased from 0.29Nm/kg with 0% body weight added to 0.34Nm/kg 

with an increase of 15% body mass.  Smith et al. (Smith, et al., 2010) did not 

investigate joint moments.  Differences in results between these two studies 

could be due to the distribution of weight on the torso.  Smith et al. (Smith, et al., 
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2010) used a vest that evenly distributed the mass around the torso while Chow 

et al. (Chow, et al., 2005) added mass using a backpack.  Adding weight to the 

posterior aspect of the torso could cause individuals to alter their gait differently 

than when weight is distributed evenly and/or attached more securely to the 

torso.  It is also possible that the amount of weight added contributed to the 

difference in results for these two studies.  Chow et al. (Chow, et al., 2005) used 

percentage intervals of each participants body mass (0%, 7.5%, 10%, 12.5%, 

and 15% of body mass) while Smith et al. (Smith, et al., 2010) placed an 

absolute amount of mass (12.5kg) to each participant despite their individual 

body mass.  For some participants, 12.5kg may be a small percentage of their 

body mass, where as for others it might be a large percentage.  Therefore, 

individuals could have compensated differently depending on the percentage of 

body mass that was added.  

Although obese adults have a higher thigh mass to body mass ratio than 

healthy weight adults (Browning, et al., 2006), no differences in sagittal plane 

knee kinematics (mid-stance flexion angle around 5°) and kinetics (net extension 

moment ranging from 0.8-1.0 Nm/kg) were found when mass was added to the 

thigh (Browning, et al., 2007).  Browning et al. (Browning, et al., 2007) added 4 

and 8 kg to each thigh, shank, and foot using 0.125 inch thick lead weights.  The 

weights were evenly distributed around the circumference of each segment and 

at the height of the segments’ center of mass.  Adding mass to the lower 

extremities and not the torso could have contributed to the different results found 
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by Browning et al. (Browning, et al., 2007) compared to the other studies (Chow, 

et al., 2005; Smith, et al., 2010).   

Frontal plane gait biomechanics 

In the frontal plane, increased internal knee valgus moments were found 

when 0-15% body mass was added to the torso (Chow, et al., 2005).  Chow et al. 

(Chow, et al., 2005), however, did not report moment values.  Other studies did 

not look at frontal plane variables.    

 Temporospatial gait biomechanics 

Chow et al. (Chow, et al., 2005) found decreases in walking velocity as 

load increased from 0-15% body mass.  Walking velocity decreased 0.054m/s 

from baseline trials (1.152m/s ± 0.008 ) to added 15% body mass trials 

(1.206m/s ± 0.004).  Chow et al. (Chow, et al., 2005) also found increases in 

percent double support time as added torso mass increased.  The amount of 

time spent in double support went from 11% at 0% body mass to 12.5% at an 

additional 15% body mass.   Browning et al. (Browning, et al., 2007) also found 

increases in double support time when loads were added to the torso (no load 

0.30s ± 0.02 and waist load 0.33s ± 0.02).  However, no differences were found 

in double support time when load was added to the lower extremities (averages 

between 0.30-0.32s).  Additionally, Royer et al. (Royer & Martin, 2005) and 

Browning et al. (Browning, et al., 2007) did not find differences in percent stance 

time as load was increased (0.601-0.605s and 0.70-0.73s respectively).  The 

balance of the literature shows that with added mass there were no changes in 

stance time, however walking velocity did decrease.  



 

 26 

Conclusion 

Due to differing methods and populations used, it is unclear as to the 

specific effects on gait biomechanics after adding external mass to the torso 

and/or the lower extremities.  These conflicting results make it difficult to draw 

conclusions about the differing gait biomechanics observed between obese 

adults and healthy weight adults.  It is possible that altered gait biomechanics in 

obese adults is a combination of factors including added mass, walking velocity, 

and different body segment parameters when compared to healthy weight adults.   

Effect of Added Thigh Circumference on Gait 

Obese adults have a larger thigh circumference compared to normal 

weight individuals (Segal, et al., 2009).  It has been suggested that increases in 

thigh circumference, specifically on the medial aspect of the thigh, can affect gait 

biomechanics (Browning, et al., 2007; Davids, et al., 1996).  Alterations in gait 

amongst obese adults compared to healthy weight adults may be due to the 

need to accommodate for a greater thigh circumference.  Two methods have 

been used to evaluate gait biomechanics relating to thigh circumference; adding 

artificial circumference and classifying individuals based on body mass 

distribution.  Davids et al. (Davids, et al., 1996) added artificial thigh 

circumference to six adolescent boys by layering and wrapping half inch foam 

around each thigh.  The foam was held in place by modified pantyhose.  Each 

thigh was increased to 175% of its normal radius, although there was no reported 

rationale for this percentage.  Adults in the study by Segal et al. (Segal, et al., 
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Appendix A 

Informed Consent Form 

 

 



 

 71 

 
 

  



 

 72 

Appendix B 

 Flyer 
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Appendix C 

Physical Activity Readiness Questionnaire 
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Appendix D 

 Results 

 

Demographics 

Subject Gender 
Age 

(years) 
Height 

(m) 
Body Mass 

(kg) 
BMI 

(kg/m2) 

1 Female 23 1.6 61.8 24.9 

2 Male 26 1.8 74.5 24.3 

4 Female 23 1.7 61.4 20.9 

5 Female 24 1.6 64.1 24.6 

6 Male 27 1.8 80.5 24.7 

8 Male 21 1.7 65.9 23.5 

9 Female 23 1.7 64.1 22.8 

10 Female 22 1.7 63.6 22.8 

11 Female 20 1.6 56.8 22.2 

15 Male 24 1.8 74.1 23.1 

16 Male 24 1.7 71.4 23.6 

17 Female 21 1.6 52.3 19.9 

18 Male 24 1.8 71.4 22.6 

20 Male 23 1.7 72.3 25.0 

21 Female 23 1.8 69.5 22.0 

22 Male 21 1.7 57.3 20.1 

23 Female 21 1.7 57.3 19.1 

25 Male 22 1.8 74.1 23.1 

26 Female 20 1.6 65.9 24.4 

27 Male 21 1.7 65.9 23.8 
Mean 

(standard 
deviation)  22.7 (1.9) 1.7 (0.1) 66.2 (7.2) 22.9 (1.7) 
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Peak Knee Flexion Angle 

 

 

Peak Knee Flexion Angle 

Subject Control 
Circumference 

only Mass only Combination 

1 -12.1 -11.1 -10.8 -15.9 

2 -22.1 -21.9 -19.1 -24.7 

4 -15.9 -22.4 -20.8 -17.8 

5 -10.5 -9.4 -11.2 -13.5 

6 -14.0 -18.0 -13.1 -11.7 

8 -24.9 -22.6 -25.3 -29.4 

9 -11.0 -14.1 -11.5 -14.6 

10 -14.1 -14.7 -15.8 -16.9 

11 -12.6 -10.5 -9.1 -14.6 

15 -16.1 -15.0 -12.1 -9.4 

16 -4.9 -2.2 -7.7 -4.3 

17 -8.2 -9.4 -4.6 0.1 

18 5.6 -0.2 4.0 5.1 

20 -13.3 -10.7 -5.5 -4.7 

21 -12.6 -10.9 -15.4 -16.2 

22 -14.3 -14.3 -13.5 -11.2 

23 -10.1 -9.3 -15.1 -10.9 

25 -18.6 -18.9 -14.2 -17.0 

26 -10.9 -11.8 -10.6 -12.5 

27 3.4 3.3 3.3 2.0 
Mean 

(standard 
deviation) -11.8 (7.2) -12.2 (7.0) -11.4 (7.1) 11.9 (8.4) 
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Peak Internal Knee Extension Moment  

 
  

Peak Internal Knee Extension Moment 

Subject Control 
Circumference 

only Mass only Combination 

1 14.5 15.9 14.9 15.6 

2 34.7 34.0 26.3 39.7 

4 7.7 18.5 22.9 27.4 

5 -0.2 0.9 0.1 3.9 

6 8.9 25.3 2.0 12.0 

8 25.1 25.1 22.3 17.0 

9 5.4 18.6 4.9 7.3 

10 13.3 22.7 23.2 27.4 

11 2.6 3.5 -0.6 8.4 

15 19.1 21.6 9.1 5.2 

16 -12.6 -11.8 -8.2 -12.9 

17 -2.9 0.1 -3.1 -3.3 

18 -11.7 -6.1 -7.4 -9.9 

20 18.5 18.8 2.4 4.9 

21 14.8 7.5 15.8 23.0 

22 9.9 10.8 14.3 14.0 

23 7.2 11.9 18.6 14.0 

25 27.1 39.2 30.1 33.2 

26 11.4 13.9 12.0 13.2 

27 -4.9 -5.8 -6.6 -8.5 
Mean 

(standard 
deviation) 9.4 (12.3) 13.2 (13.5) 9.7 (12.0) 11.6 (14.2) 
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Peak Knee Adduction Angle  

Peak Knee Adduction Angle 

Subject Control 
Circumference 

only Mass only Combination 

1 4.0 5.2 1.0 3.9 

2 2.9 4.2 6.7 7.8 

4 5.7 8.1 3.8 2.7 

5 1.0 2.6 0.8 -2.8 

6 11.9 8.5 7.0 8.4 

8 2.0 2.2 2.3 7.4 

9 3.3 4.4 4.7 3.2 

10 0.7 4.4 -0.7 -0.4 

11 1.4 0.0 -1.5 0.0 

15 1.7 4.1 -0.1 -3.0 

16 3.6 2.6 -1.0 -0.1 

17 0.1 0.0 -1.0 -0.5 

18 4.3 4.9 -0.7 2.1 

20 6.1 5.7 1.9 3.6 

21 5.2 7.7 4.7 5.2 

22 3.9 2.4 4.9 3.5 

23 4.2 4.7 5.2 5.3 

25 5.1 3.8 4.4 1.1 

26 7.6 6.0 6.3 4.6 

27 8.2 11.0 11.5 10.7 
Mean 

(standard 
deviation) 4.1 (2.9) 4.6 (2.7) 3.0 (3.5) 3.1 (3.7) 
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Peak Internal Knee Abduction Moment 

  

Peak Internal Knee Abduction Moment 

Subject Control 
Circumference 

only Mass only Combination 

1 -31.8 -35.5 -33.0 -30.1 

2 -36.4 -35.0 -35.9 -37.6 

4 -27.9 -29.0 -25.1 -30.2 

5 -24.3 -24.3 -26.1 -25.2 

6 -53.2 -44.7 -51.8 -54.1 

8 -21.4 -23.1 -22.4 -23.9 

9 -32.7 -37.6 -36.5 -37.1 

10 -28.5 -33.6 -35.5 -32.5 

11 -22.2 -24.2 -23.8 -20.3 

15 -25.6 -26.8 -32.0 -26.7 

16 -30.6 -26.7 -29.8 -29.0 

17 -13.0 -13.8 -14.8 -15.4 

18 -26.9 -27.9 -28.8 -32.9 

20 -37.4 -37.5 -33.6 -30.6 

21 -44.8 -42.9 -39.6 -43.4 

22 -24.0 -24.8 -25.4 -28.2 

23 -37.0 -40.2 -41.3 -47.0 

25 -37.4 -39.9 -43.8 -43.5 

26 -34.8 -31.5 -33.4 -33.0 

27 -38.2 -44.4 -46.2 -46.9 
Mean 

(standard 
deviation) -31.4 (9.0) -32.2 (8.3) -32.9 (8.9) -33.4 (9.7) 
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Stance Time 

 
  

Stance Time 

Subject Control 
Circumference 

only Mass only Combination 

1 0.63 0.64 0.65 0.63 

2 0.69 0.70 0.71 0.70 

4 0.68 0.69 0.68 0.67 

5 0.62 0.62 0.62 0.62 

6 0.69 0.73 0.70 0.74 

8 0.78 0.80 0.79 0.80 

9 0.62 0.64 0.65 0.63 

10 0.68 0.69 0.68 0.69 

11 0.68 0.69 0.70 0.67 

15 0.69 0.74 0.72 0.73 

16 0.67 0.67 0.68 0.69 

17 0.72 0.72 0.71 0.72 

18 0.80 0.85 0.84 0.89 

20 0.66 0.65 0.65 0.66 

21 0.67 0.67 0.68 0.67 

22 0.88 0.93 0.90 0.89 

23 0.77 0.79 0.80 0.79 

25 0.75 0.72 0.73 0.74 

26 0.77 0.77 0.78 0.78 

27 0.76 0.78 0.79 0.77 
Mean 

(standard 
deviation) 0.71 (0.07) 0.73 (0.08) 0.72 (0.07) 0.72 (0.08) 
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Step Width 

  

Step Width 

Subject Control 
Circumference 

only Mass only Combination 

1 0.11 0.10 0.09 0.13 

2 0.08 0.14 0.11 0.16 

4 0.08 0.14 0.11 0.11 

5 0.10 0.10 0.10 0.11 

6 0.13 0.18 0.11 0.14 

8 0.04 0.08 0.08 0.08 

9 0.09 0.16 0.13 0.12 

10 0.08 0.12 0.07 0.11 

11 0.05 0.12 0.07 0.10 

15 0.03 0.13 0.06 0.11 

16 0.08 0.14 0.09 0.12 

17 0.08 0.10 0.08 0.11 

18 0.08 0.13 0.09 0.13 

20 0.10 0.11 0.07 0.12 

21 0.05 0.06 0.04 0.08 

22 0.06 0.10 0.06 0.09 

23 0.07 0.09 0.10 0.14 

25 0.09 0.14 0.13 0.10 

26 0.11 0.13 0.13 0.13 

27 0.06 0.10 0.04 0.05 
Mean 

(standard 
deviation) 0.08 (0.02) 0.12 (0.03) 0.09 (0.03) 0.11 (0.02) 
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Appendix E 

 Statistical Analysis 

Peak Knee Flexion Angle 

 

Mauchly's Test of Sphericity
b
 

Measure:MEASURE_1 

Within 

Subjects 

Effect 

Mauchly's 

W 

Approx. Chi-

Square df Sig. 

Epsilon
a
 

Greenhouse-

Geisser 

Huynh-

Feldt 

Lower-

bound 

condition .631 7.713 5 .173 .756 .919 .333 

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed 

dependent variables is proportional to an identity matrix. 

a. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected 

tests are displayed in the Tests of Within-Subjects Effects table. 

b. Design: Intercept + gender  

 Within Subjects Design: condition 

 

 

Tests of Within-Subjects Effects 

Measure:MEASURE_1 

Source 

Type III Sum 

of Squares df 

Mean 

Square F Sig. 

condition Sphericity Assumed 6.567 3 2.189 .348 .791 

Greenhouse-Geisser 6.567 2.268 2.896 .348 .735 

Huynh-Feldt 6.567 2.756 2.383 .348 .774 

Lower-bound 6.567 1.000 6.567 .348 .563 

condition * 

gender 

Sphericity Assumed 29.608 3 9.869 1.568 .208 

Greenhouse-Geisser 29.608 2.268 13.057 1.568 .219 

Huynh-Feldt 29.608 2.756 10.744 1.568 .212 

Lower-bound 29.608 1.000 29.608 1.568 .227 

Error(condition) Sphericity Assumed 339.983 54 6.296   

Greenhouse-Geisser 339.983 40.818 8.329   

Huynh-Feldt 339.983 49.603 6.854   

Lower-bound 339.983 18.000 18.888   
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Tests of Between-Subjects Effects 

Measure:MEASURE_1 

Transformed Variable:Average 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Intercept 11220.560 1 11220.560 52.890 .000 

gender 32.640 1 32.640 .154 .699 

Error 3818.674 18 212.149   
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Peak Internal Knee Extension Moment 

 

Mauchly's Test of Sphericity
b
 

Measure:MEASURE_1 

Within 

Subjects 

Effect 

Mauchly's 

W 

Approx. Chi-

Square df Sig. 

Epsilon
a
 

Greenhouse-

Geisser 

Huynh-

Feldt 

Lower-

bound 

condition .749 4.838 5 .437 .833 1.000 .333 

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed 

dependent variables is proportional to an identity matrix. 

a. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected 

tests are displayed in the Tests of Within-Subjects Effects table. 

b. Design: Intercept + gender  

 Within Subjects Design: condition 

 

 

Tests of Within-Subjects Effects 

Measure:MEASURE_1 

Source 

Type III Sum 

of Squares df 

Mean 

Square F Sig. 

condition Sphericity Assumed 194.313 3 64.771 2.904 .043 

Greenhouse-Geisser 194.313 2.498 77.783 2.904 .054 

Huynh-Feldt 194.313 3.000 64.771 2.904 .043 

Lower-bound 194.313 1.000 194.313 2.904 .106 

condition * 

gender 

Sphericity Assumed 269.843 3 89.948 4.033 .012 

Greenhouse-Geisser 269.843 2.498 108.018 4.033 .017 

Huynh-Feldt 269.843 3.000 89.948 4.033 .012 

Lower-bound 269.843 1.000 269.843 4.033 .060 

Error(condition) Sphericity Assumed 1204.271 54 22.301   

Greenhouse-Geisser 1204.271 44.966 26.782   

Huynh-Feldt 1204.271 54.000 22.301   

Lower-bound 1204.271 18.000 66.904   
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Tests of Between-Subjects Effects 

Measure:MEASURE_1 

Transformed Variable:Average 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Intercept 9617.337 1 9617.337 15.110 .001 

gender 1.562 1 1.562 .002 .961 

Error 11456.730 18 636.485   
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Female Peak Internal Knee Extension Moment 

 

Mauchly's Test of Sphericity
b
 

Measure:MEASURE_1 

Within 

Subjects 

Effect 

Mauchly's 

W 

Approx. Chi-

Square df Sig. 

Epsilon
a
 

Greenhouse

-Geisser 

Huynh-

Feldt 

Lower-

bound 

condition .587 4.110 5 .537 .779 1.000 .333 

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed 

dependent variables is proportional to an identity matrix. 

a. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected 

tests are displayed in the Tests of Within-Subjects Effects table. 

b. Design: Intercept  

 Within Subjects Design: condition 

 

 

Tests of Within-Subjects Effects 

Measure:MEASURE_1 

Source Type III Sum 

of Squares df 

Mean 

Square F Sig. 

condition Sphericity Assumed 204.612 3 68.204 3.721 .023 

Greenhouse-Geisser 204.612 2.338 87.498 3.721 .036 

Huynh-Feldt 204.612 3.000 68.204 3.721 .023 

Lower-bound 204.612 1.000 204.612 3.721 .086 

Error(condition) Sphericity Assumed 494.858 27 18.328   

Greenhouse-Geisser 494.858 21.046 23.513   

Huynh-Feldt 494.858 27.000 18.328   

Lower-bound 494.858 9.000 54.984   
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Pairwise Comparisons 

Measure:MEASURE_1 

(I) condition (J) condition Mean 

Difference (I-

J) Std. Error Sig.
a
 

95% Confidence Interval for 

Difference
a
 

Lower Bound Upper Bound 

 

1 

 

2 -3.991 1.879 .063 -8.241 .259 

3 -6.324 1.996 .011 -10.839 -1.810 

4 -3.515 1.975 .109 -7.984 .953 

2 

 

1 3.991 1.879 .063 -.259 8.241 

3 -2.333 2.268 .330 -7.464 2.797 

4 .476 1.983 .816 -4.011 4.963 

3 

 

1 6.324 1.996 .011 1.810 10.839 

2 2.333 2.268 .330 -2.797 7.464 

4 2.809 1.225 .048 .037 5.581 

4 

 

1 3.515 1.975 .109 -.953 7.984 

2 -.476 1.983 .816 -4.963 4.011 

3 -2.809 1.225 .048 -5.581 -.037 

Based on estimated marginal means 

a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments). 

*. The mean difference is significant at the .008 level. 
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Male Peak Internal Knee Extension Moment 

 

Mauchly's Test of Sphericity
b
 

Measure:MEASURE_1 

Within 

Subjects 

Effect 

Mauchly's 

W 

Approx. Chi-

Square df Sig. 

Epsilon
a
 

Greenhouse-

Geisser 

Huynh-

Feldt 

Lower-

bound 

 

condition 

.664 3.163 5 .677 .807 1.000 .333 

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed 

dependent variables is proportional to an identity matrix. 

a. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected 

tests are displayed in the Tests of Within-Subjects Effects table. 

b. Design: Intercept  

 Within Subjects Design: condition 

 

 

Tests of Within-Subjects Effects 

Measure:MEASURE_1 

Source Type III Sum 

of Squares df 

Mean 

Square F Sig. 

condition Sphericity Assumed 259.544 3 86.515 3.293 .036 

Greenhouse-Geisser 259.544 2.420 107.258 3.293 .048 

Huynh-Feldt 259.544 3.000 86.515 3.293 .036 

Lower-bound 259.544 1.000 259.544 3.293 .103 

Error(condition) Sphericity Assumed 709.413 27 26.275   

Greenhouse-Geisser 709.413 21.778 32.574   

Huynh-Feldt 709.413 27.000 26.275   

Lower-bound 709.413 9.000 78.824   
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Pairwise Comparisons 

Measure:MEASURE_1 

(I) condition (J) condition Mean 

Difference (I-

J) Std. Error Sig.
a
 

95% Confidence Interval for 

Difference
a
 

Lower Bound Upper Bound 

 

1 

 

2 -3.713 1.878 .079 -7.962 .536 

3 1.949 2.385 .435 -3.445 7.343 

4 2.953 2.268 .225 -2.177 8.083 

2 

 

1 3.713 1.878 .079 -.536 7.962 

3 5.662 2.329 .038 .394 10.930 

4 6.666 2.786 .040 .365 12.968 

3 

 

1 -1.949 2.385 .435 -7.343 3.445 

2 -5.662 2.329 .038 -10.930 -.394 

4 1.004 1.998 .627 -3.515 5.524 

4 

 

1 -2.953 2.268 .225 -8.083 2.177 

2 -6.666 2.786 .040 -12.968 -.365 

3 -1.004 1.998 .627 -5.524 3.515 

Based on estimated marginal means 

a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments). 

*. The mean difference is significant at the .008 level. 
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Peak Knee Adduction Angle 

 

Mauchly's Test of Sphericity
b
 

Measure:MEASURE_1 

Within 

Subjects 

Effect 

Mauchly's 

W 

Approx. Chi-

Square df Sig. 

Epsilon
a
 

Greenhouse-

Geisser 

Huynh-

Feldt 

Lower-

bound 

condition .640 7.467 5 .189 .765 .932 .333 

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed 

dependent variables is proportional to an identity matrix. 

a. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected 

tests are displayed in the Tests of Within-Subjects Effects table. 

b. Design: Intercept + gender  

 Within Subjects Design: condition 

 

 

Tests of Within-Subjects Effects 

Measure:MEASURE_1 

Source 

Type III Sum 

of Squares df 

Mean 

Square F Sig. 

condition Sphericity Assumed 36.911 3 12.304 3.834 .015 

Greenhouse-Geisser 36.911 2.296 16.080 3.834 .025 

Huynh-Feldt 36.911 2.796 13.201 3.834 .017 

Lower-bound 36.911 1.000 36.911 3.834 .066 

condition * 

gender 

Sphericity Assumed 5.354 3 1.785 .556 .646 

Greenhouse-Geisser 5.354 2.296 2.332 .556 .601 

Huynh-Feldt 5.354 2.796 1.915 .556 .634 

Lower-bound 5.354 1.000 5.354 .556 .465 

Error(condition) Sphericity Assumed 173.293 54 3.209   

Greenhouse-Geisser 173.293 41.319 4.194   

Huynh-Feldt 173.293 50.329 3.443   

Lower-bound 173.293 18.000 9.627   
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Tests of Between-Subjects Effects 

Measure:MEASURE_1 

Transformed Variable:Average 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Intercept 1113.088 1 1113.088 35.074 .000 

gender 40.329 1 40.329 1.271 .274 

Error 571.237 18 31.735   

 
 

Pairwise Comparisons 

Measure:MEASURE_1 

(I) 

conditi

on 

(J) 

conditi

on 

Mean Difference 

(I-J) Std. Error Sig.
a
 

95% Confidence Interval for 

Difference
a
 

Lower Bound Upper Bound 

1 2 -.485 .399 .240 -1.324 .353 

3 1.011 .648 .136 -.351 2.373 

4 1.128 .581 .068 -.093 2.348 

2 1 .485 .399 .240 -.353 1.324 

3 1.496 .661 .036 .106 2.886 

4 1.613 .565 .010 .427 2.799 

3 1 -1.011 .648 .136 -2.373 .351 

2 -1.496 .661 .036 -2.886 -.106 

4 .117 .502 .818 -.938 1.172 

4 1 -1.128 .581 .068 -2.348 .093 

2 -1.613 .565 .010 -2.799 -.427 

3 -.117 .502 .818 -1.172 .938 

Based on estimated marginal means 

a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments). 

*. The mean difference is significant at the .008 level. 
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Peak Internal Knee Abduction Moment 

 

Mauchly's Test of Sphericity
b
 

Measure:MEASURE_1 

Within 

Subjects 

Effect 

Mauchly's 

W 

Approx. Chi-

Square df Sig. 

Epsilon
a
 

Greenhouse-

Geisser 

Huynh-

Feldt 

Lower-

bound 

condition .762 4.546 5 .474 .865 1.000 .333 

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed 

dependent variables is proportional to an identity matrix. 

a. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected 

tests are displayed in the Tests of Within-Subjects Effects table. 

b. Design: Intercept + gender  

 Within Subjects Design: condition 

 

 

Tests of Within-Subjects Effects 

Measure:MEASURE_1 

Source 

Type III Sum 

of Squares df 

Mean 

Square F Sig. 

condition Sphericity Assumed 45.331 3 15.110 2.469 .072 

Greenhouse-Geisser 45.331 2.596 17.461 2.469 .082 

Huynh-Feldt 45.331 3.000 15.110 2.469 .072 

Lower-bound 45.331 1.000 45.331 2.469 .134 

condition * 

gender 

Sphericity Assumed 15.745 3 5.248 .857 .469 

Greenhouse-Geisser 15.745 2.596 6.065 .857 .456 

Huynh-Feldt 15.745 3.000 5.248 .857 .469 

Lower-bound 15.745 1.000 15.745 .857 .367 

Error(condition) Sphericity Assumed 330.548 54 6.121   

Greenhouse-Geisser 330.548 46.731 7.073   

Huynh-Feldt 330.548 54.000 6.121   

Lower-bound 330.548 18.000 18.364   
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Tests of Between-Subjects Effects 

Measure:MEASURE_1 

Transformed Variable:Average 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Intercept 84352.254 1 84352.254 271.124 .000 

gender 218.652 1 218.652 .703 .413 

Error 5600.163 18 311.120   
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Stance Time 

 

Mauchly's Test of Sphericity
b
 

Measure:MEASURE_1 

Within 

Subjects 

Effect 

Mauchly's 

W 

Approx. Chi-

Square df Sig. 

Epsilon
a
 

Greenhouse-

Geisser 

Huynh-

Feldt 

Lower-

bound 

condition .533 10.530 5 .062 .770 .939 .333 

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed 

dependent variables is proportional to an identity matrix. 

a. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected 

tests are displayed in the Tests of Within-Subjects Effects table. 

b. Design: Intercept + gender  

 Within Subjects Design: condition 

 

 

Tests of Within-Subjects Effects 

Measure:MEASURE_1 

Source 

Type III Sum 

of Squares df 

Mean 

Square F Sig. 

condition Sphericity Assumed .003 3 .001 6.208 .001 

Greenhouse-Geisser .003 2.309 .001 6.208 .003 

Huynh-Feldt .003 2.816 .001 6.208 .001 

Lower-bound .003 1.000 .003 6.208 .023 

condition * 

gender 

Sphericity Assumed .001 3 .000 2.860 .045 

Greenhouse-Geisser .001 2.309 .001 2.860 .061 

Huynh-Feldt .001 2.816 .000 2.860 .049 

Lower-bound .001 1.000 .001 2.860 .108 

Error(condition) Sphericity Assumed .008 54 .000   

Greenhouse-Geisser .008 41.563 .000   

Huynh-Feldt .008 50.683 .000   

Lower-bound .008 18.000 .000   
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Tests of Between-Subjects Effects 

Measure:MEASURE_1 

Transformed Variable:Average 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Intercept 41.582 1 41.582 2324.687 .000 

gender .077 1 .077 4.315 .052 

Error .322 18 .018   
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Female Stance Time 

 

Mauchly's Test of Sphericity
b
 

Measure:MEASURE_1 

Within 

Subjects 

Effect 

Mauchly's 

W 

Approx. Chi-

Square df Sig. 

Epsilon
a
 

Greenhouse

-Geisser 

Huynh-

Feldt 

Lower-

bound 

 

condition 

.188 12.906 5 .025 .641 .811 .333 

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed 

dependent variables is proportional to an identity matrix. 

a. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected 

tests are displayed in the Tests of Within-Subjects Effects table. 

b. Design: Intercept  

 Within Subjects Design: condition 

 

 

Tests of Within-Subjects Effects 

Measure:MEASURE_1 

Source Type III Sum 

of Squares df 

Mean 

Square F Sig. 

condition Sphericity Assumed .001 3 .000 4.337 .013 

Greenhouse-Geisser .001 1.922 .000 4.337 .031 

Huynh-Feldt .001 2.433 .000 4.337 .020 

Lower-bound .001 1.000 .001 4.337 .067 

Error(condition) Sphericity Assumed .001 27 5.443E-5   

Greenhouse-Geisser .001 17.297 8.496E-5   

Huynh-Feldt .001 21.893 6.712E-5   

Lower-bound .001 9.000 .000   
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Pairwise Comparisons 

Measure:MEASURE_1 

(I) condition (J) condition Mean 

Difference (I-

J) Std. Error Sig.
a
 

95% Confidence Interval for 

Difference
a
 

Lower Bound Upper Bound 

 

1 

 

2 -.009
*
 .002 .004 -.014 -.004 

3 -.003 .003 .415 -.010 .005 

4 -.010 .004 .017 -.018 -.002 

2 

 

1 .009
*
 .002 .004 .004 .014 

3 .006 .004 .168 -.003 .015 

4 -.001 .002 .530 -.006 .003 

3 

 

1 .003 .003 .415 -.005 .010 

2 -.006 .004 .168 -.015 .003 

4 -.007 .004 .106 -.017 .002 

4 

 

1 .010 .004 .017 .002 .018 

2 .001 .002 .530 -.003 .006 

3 .007 .004 .106 -.002 .017 

Based on estimated marginal means 

*. The mean difference is significant at the .008 level. 

a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments). 
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Male Stance Time 

 

Mauchly's Test of Sphericity
b
 

Measure:MEASURE_1 

Within Subjects 

Effect Mauchly's 

W 

Approx. 

Chi-Square df Sig. 

Epsilon
a
 

Greenhous

e-Geisser 

Huynh-

Feldt 

Lower-

bound 

 

Condition 

.354 8.011 5 .159 .669 .861 .333 

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed 

dependent variables is proportional to an identity matrix. 

a. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected 

tests are displayed in the Tests of Within-Subjects Effects table. 

b. Design: Intercept  

 Within Subjects Design: condition 

 

 

Tests of Within-Subjects Effects 

Measure:MEASURE_1 

Source Type III Sum 

of Squares df 

Mean 

Square F Sig. 

condition Sphericity Assumed .003 3 .001 4.580 .010 

Greenhouse-Geisser .003 2.006 .002 4.580 .025 

Huynh-Feldt .003 2.582 .001 4.580 .015 

Lower-bound .003 1.000 .003 4.580 .061 

Error(condition) Sphericity Assumed .006 27 .000   

Greenhouse-Geisser .006 18.052 .000   

Huynh-Feldt .006 23.236 .000   

Lower-bound .006 9.000 .001   
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Pairwise Comparisons 

Measure:MEASURE_1 

(I) condition (J) condition Mean 

Difference (I-

J) Std. Error Sig.
a
 

95% Confidence Interval for 

Difference
a
 

Lower Bound Upper Bound 

 

1 

 

2 -.021 .009 .041 -.041 -.001 

3 -.023 .009 .026 -.043 -.003 

4 -.013 .005 .033 -.025 -.001 

2 

 

1 .021 .009 .041 .001 .041 

3 -.002 .006 .730 -.016 .012 

4 .008 .005 .169 -.004 .019 

3 

 

1 .023 .009 .026 .003 .043 

2 .002 .006 .730 -.012 .016 

4 .010 .006 .165 -.005 .024 

4 

 

1 .013 .005 .033 .001 .025 

2 -.008 .005 .169 -.019 .004 

3 -.010 .006 .165 -.024 .005 

Based on estimated marginal means 

*. The mean difference is significant at the .008 level. 

a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments). 
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Step Width 

 

Mauchly's Test of Sphericity
b
 

Measure:MEASURE_1 

Within 

Subjects 

Effect 

Mauchly's 

W 

Approx. Chi-

Square df Sig. 

Epsilon
a
 

Greenhouse

-Geisser 

Huynh-

Feldt 

Lower-

bound 

 

condition 

.952 .816 5 .976 .967 1.000 .333 

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed 

dependent variables is proportional to an identity matrix. 

a. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected 

tests are displayed in the Tests of Within-Subjects Effects table. 

b. Design: Intercept + gender  

 Within Subjects Design: condition 

 

 

Tests of Within-Subjects Effects 

Measure:MEASURE_1 

Source Type III Sum 

of Squares df 

Mean 

Square F Sig. 

condition Sphericity Assumed .021 3 .007 24.708 .000 

Greenhouse-Geisser .021 2.901 .007 24.708 .000 

Huynh-Feldt .021 3.000 .007 24.708 .000 

Lower-bound .021 1.000 .021 24.708 .000 

condition * 

gender 

Sphericity Assumed .001 3 .000 1.762 .165 

Greenhouse-Geisser .001 2.901 .001 1.762 .167 

Huynh-Feldt .001 3.000 .000 1.762 .165 

Lower-bound .001 1.000 .001 1.762 .201 

Error(condition) Sphericity Assumed .015 54 .000   

Greenhouse-Geisser .015 52.218 .000   

Huynh-Feldt .015 54.000 .000   

Lower-bound .015 18.000 .001   

 

 
 



 

 100 

 

Tests of Between-Subjects Effects 

Measure:MEASURE_1 

Transformed Variable:Average 

Source Type III Sum of 

Squares df Mean Square F Sig. 

Intercept .794 1 .794 404.775 .000 

gender .000 1 .000 .101 .755 

Error .035 18 .002   

 
 

Pairwise Comparisons 

Measure:MEASURE_1 

(I) condition (J) condition Mean 

Difference (I-

J) Std. Error Sig.
a
 

95% Confidence Interval for 

Difference
a
 

Lower Bound Upper Bound 

 

1 

 

2 -.039
*
 .006 .000 -.051 -.028 

3 -.034
*
 .005 .000 -.045 -.023 

4 -.011 .005 .044 -.022 .000 

2 

 

1 .039
*
 .006 .000 .028 .051 

3 .006 .006 .342 -.006 .018 

4 .028
*
 .005 .000 .018 .039 

3 

 

1 .034
*
 .005 .000 .023 .045 

2 -.006 .006 .342 -.018 .006 

4 .023
*
 .005 .001 .011 .034 

4 

 

1 .011 .005 .044 .000 .022 

2 -.028
*
 .005 .000 -.039 -.018 

3 -.023
*
 .005 .001 -.034 -.011 

Based on estimated marginal means 

*. The mean difference is significant at the .008 level. 

a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments). 
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