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Abstract 

In exploring the relationship between the kinematics of gait and speed of progression individual 

variation in patterns and gender differences have not always been adequately taken into account.   

In the current study mixed linear modelling was used to isolate changes with speed from those 

associated with individual variation and gender.  Three-dimensional motion analysis of 20 

participants (10M/10F, 25.7±5.1 years) walking at a wide range of speeds (normalised speeds 0.10-

0.55 ~0.41-2.26m/s) was recorded (775 walks). Spatiotemporal (speed, cadence, step length, 

percentage of single and double support) and kinematic characteristics (pelvis through ankle) were 

determined. 

Significant between participant differences were highlighted in both intercept and slope of 

relationships.  In addition females exhibiting different peak pelvic tilt and obliquity, hip flexion and 

internal rotation and ankle dorsiflexion compared to males.  Spatiotemporal parameters exhibited 

non-linear relationships with normalised speed (R2>0.5).  Kinematic features exhibited significant 

relationships with normalised speed, varying from linear to cubic, from very weak to strong in fit 

(0.010>R2>0.672). 

Mixed linear modelling highlighted gender dependent, speed related changes in addition to inter-

individual variation.  Gender and speed are both important determinants of gait patterns, however, 

individual variations remain. 

  



Introduction 

It is well known that changes in walking speed change spatiotemporal characteristics and the joint 

angles used [1-6].  The exploration of the relationship between characteristics of gait and speed has 

been accomplished using various methods. For example asking people to walk at ‘slow’, ‘normal’ and 

‘fast’ speeds has been used to derive parameters related to a normal speed and a speed lower and 

higher than this normal speed [2-4,7-9].  This allows the comparison of the outcomes between these 

groups, providing evidence that there are changes with speed.  Alternatively participants in a study 

have been allowed to walk at their own self-selected speeds and then the speed range covered by 

the sample has been subdivided into bands of speed and the average results of these bands used to 

demonstrate speed related changes [10,11].  In other studies the range of speeds has been extended 

by asking people to walk for multiple walks at a range of speeds both overground [1,5,12-15] and on 

a treadmill [16-21].  In some of these analyses outcomes have been grouped by speed/speed band 

and differences used to characterise speed related changes [12,14,15,20,21].  Overcoming the need 

to use sub-groupings by speed, regression analysis has been presented examining the relationship 

between speed of walking and gait characteristics [1,5,10,11,16].  Using regression analysis the 

continuous relationship between an outcome and speed can be assessed.  Whilst these methods 

have provided additional insight into speed related changes these have not necessarily taken gender 

based differences and individual variation into account.  Techniques such as the use of mixed linear 

modelling can be used to explore the relationship between outcomes and speed whilst factoring in 

gender differences and allowing for variation between individuals within the analysis [22,23].   

Within the current study mixed linear modelling was used to further define the relationship between 

speed of walking and spatiotemporal and kinematic characteristics for healthy adults while taking 

into account both gender and individual differences in movement patterns.  The hypothesis was that 

there would be significant speed related changes in gait characteristics and that gender and 

individual variation would also be important. 



 

 

Methods 

Participants 

Eighteen to sixty year olds (equal numbers of males and females) without lower limb impairment or 

neurological condition were recruited from staff and students at a UK higher education institution.  

All participants gave written informed consent based on institutional ethical approval.  

Motion tracking 

Three-dimensional motion of participants was tracked using 20 individual markers and 4 clusters 

(thighs and shanks) of markers attached to the lower limbs (16 camera, 120Hz) (Qualisys AB, 

Goteborg, Sweden).  This model has been described in detail elsewhere [23].  Segment locations 

were defined using the markers: Pelvis – bilateral posterior and anterior superior iliac spine markers, 

thigh – hip joint centre and medial and lateral knee markers, shank – knee joint centre and medial 

and lateral ankle markers, foot – heel and heads of metatarsals 1 and 5 markers.  An ordered 

sequence of rotations (flexion/extension, adduction/abduction, internal/external rotation) was used 

to calculate joint rotations from the proximal to the distal segment coordinate system.   

A static trial was used to define the relationship between the clusters of markers and markers 

located on anatomical features, allowing the clusters to be used to track dynamic movements.  

Calculation of all joint angles was accomplished in Visual 3D Professional (C-Motion Inc., MD, USA). 

Data collection protocol 

Participants walked along a 6m carpeted walk way, wearing shorts and bare foot, from a standing 

start to a designated stopping area.  Participants were allowed several walks to become familiar with 

the set up before data was recorded.  For each walk one complete right and left gait cycle were 



identified over the middle section of the walk way.  This maximised the chance of characterising 

steady state walking by avoiding any speeding up or slowing down at the beginning or end of the 

walk way. 

Participants were required to follow a set protocol in terms of walking speed. First participants 

walked for three walks at a self-selected normal walking pace.  Then participants were asked to walk 

incrementally slower for a further 7 walks.  These started from slightly slower than their self-

selected normal walking pace and ended with a walk as slow as they were comfortable walking.  

Following this participants again walked at their self-selected pace for three walks and then 

incrementally faster until reaching their fastest walking pace after 7 additional trials.  A total of 20 

walking trials were therefore undertaken: 6 at self-selected normal walking speed, 7 slower than this 

and 7 faster than this.  The speed of walking adopted covered the entire range of speeds that the 

participants felt was possible whilst still walking.   

 

Data analysis 

Consecutive left and right strides were identified within the mid-section of the walk way and time 

points of heel strikes and foot offs determined. Step length was defined as the distance between the 

heel markers (HEE) at the points of heel strike.  Step time was determined as the time between the 

relevant heel strike time points.  Cadence of stepping was defined as 1/step time. Gait speed was 

defined as the stepping speed, i.e. (step length)/(step time).  100% of the gait cycle was defined as 

from first to second heel strike on the ipsilateral side.  The percentages of the gait cycle in single 

support, double support and swing were calculated using the relevant heel strike and foot off 

timings in relation to the gait cycle.  Both left and right side outcomes were used within the analysis 

with appropriate adaptation of outcomes to allow combination of results. 



Following methods previously advocated to take into account differences in size of participants, 

normalisation of data was implemented [24,25].  To achieve this, variables were multiplied by 

appropriate quantities relating to the size of the participants (Equations 1-4):  

Normalised length = length x (1/Height);     Equation 1 

Normalised cadence = cadence x (√(Height/g);     Equation 2 

Normalised speed = speed x (1/(√(Height x g)));     Equation 3 

Normalised time = time x (1/(√(Height/g)))     Equation 4 

Where g=acceleration due to gravity = 9.81m/s2.   

The speed of gait was characterised by the normalised speed of walking. 

Changes in outcomes with normalised gait speed were explored using mixed linear modelling.  

Sequential introduction of terms within the models was used to establish the significance of the 

contribution of the term to the model.  The maximum likelihood was used to estimate coefficients to 

allow unbiased estimates of -2*logLikelihood (-2LnL).  Changes in -2LnL were examined to establish 

improvements in the model at the level of p<0.05.  This required a reduction of 3.84 in -2LnL.  

Random effects were used at the participant level, allowing differences between participants in 

intercepts and slopes within the models to be assessed.  This allowed unique curves to be generated 

for each participant, splitting variation between participants at the higher level and speed of 

progression at the lower level.  Gender was introduced as a fixed effect.  An unstructured covariance 

structure was used.  Speed, the square of speed and the cube of speed were introduced sequentially 

and maintained in the model if their introduction improved the model.  Random slope by participant 

was introduced for the highest power of speed as long as a significant improvement in the model 

was achieved.  Once the model had been optimised the restricted maximum likelihood method was 



used to allow the calculation of unbiased estimates of the model coefficients.  To quantify the final 

model fit R2 was calculated using the fixed parameters. 

The relationships between normalised gait speed and spatiotemporal characteristics of gait including 

cadence, step length, first double support, single support, second double support and swing 

percentages of gait were characterised. 

Joint kinematics were first examined by graphical presentation of the changes in outcomes across 

the gait cycle. This was achieved by dividing all results from all participants into 0.05 normalised 

speed bands from 0.10 to 0.55.  From the graphical patterns of the joint angles minima and maxima 

that followed clear trends with normalised speed were identified.  The range of percentage of the 

gait cycle within which these occurred was defined visually.  Each range was selected to allow the 

identification of the value of the outcome within a particular phase of the gait cycle.  Where 

appropriate both the value and timing of these points was extracted and characterised using the 

mixed linear modelling method detailed previously.   

All analysis was conducted in SPSS v23 (SPSS Inc, Chicago, IL) and used a level of significance of 

p<0.05.  To characterise the level of fit of the final model for each parameter the value of R2 was 

evaluated against a pragmatic set of criteria: <0.1 very weak, 0.1-0.3 weak, 0.3-0.5 moderate, 0.5-0.7 

strong, >0.7 very strong.  



Results 

Twenty participants (10M/10F, age 25.7±5.1 range 22-44 years, height 1.72±0.11m, weight 

69.4±14.6kg) were successfully recruited.  This study reports results using normalised quantities to 

take into account the size of participants within the analysis.  To allow comparison with other studies 

that do not do this the data may be converted to non-normalised quantities using the following 

values for a person of height 1.72m (average height of the current study participants):   

length = normalised length x Height  = normalised length x 1.72     (length, m) 

cadence = normalised cadence x (1/√(Height/g) = normalised cadence x 2.39 (cadence, steps/s) 

speed = normalised speed x (√(Height x g))) = normalised speed x 4.11 (speed, m/s) 

A total of 800 (400 right and 400 left side) trials were recorded.  Fourteen trials were discarded due 

to unresolvable marker tracking difficulties.  No trials were successfully recorded below a normalised 

gait speed of 0.05, 6 from 0.05-0.10, 18 from 0.10-0.15, 49 from 0.15-0.20, 106 from 0.20-0.25, 150 

from 0.25-0.30, 171 from 0.30-0.35, 152 from 0.35-0.40, 73 from 0.40-0.45, 40 from 0.45-0.50, 16 

from 0.50-0.55, 4 from 0.55-0.60 and 1 from 0.60-0.65.  As there were so few trials outside the 

normalised gait speed of 0.10-0.55 further analysis was restricted to this range with 775 trials.  The 

normalised gait speed range of 0.10-0.55 is equivalent to 0.41 to 2.26m/s for a person of height 

1.72m.   

For all outcomes introducing random intercepts into the model gave a significant improvement in 

the fit, indicating that there was variation between individuals.  Additionally several variables 

(including all spatiotemporal outcomes) were significantly explained by variation in the slope of the 

relationship with the highest power of speed (Table 1).  Therefore, both an offset in the best fit lines 

and a variation in the slope of the lines between individuals helped to explain the variation in 

outcomes. 



Gender did not contribute significantly to any of the models for the spatiotemporal outcomes 

(Figure 1, Table 1).  However, there were significant effects of gender in the kinematic outcomes 

(Figure 3) with females having 6 degrees higher pelvic anterior tilt, 2 degrees higher side up pelvic 

obliquity 0-50% (stance), 7 degrees less hip extension (pre-swing), 9 degrees greater hip flexion at 

100% (heel strike), 6 degrees higher hip internal rotation 20-50% (stance), 5 degrees higher knee 

flexion 0-40% (early stance) and 2 degrees higher ankle dorsiflexion 0-70% (mid-late stance) (Figure 

3, Table 1). 

All spatiotemporal parameters demonstrated significant strong to very strong (R2>0.5) squared or 

cubic relationships with normalised gait speed.  Changes across the normalised speed range 

suggested more rapid changes in cadence at lower and higher speeds and more rapid changes in 

step length at lower speeds.  In general periods of support (both double and single) changed more 

rapidly at the lower speeds with increasing speed than at the higher speeds.  Observation of the 

kinematic graphs (Figure 2) highlighted minima and maxima that changed with normalised gait 

speed. These are characterised and presented in Figure 3.  The scatter plots highlighted differences 

between individuals with some clustering of outcomes at the more extreme ranges of the data, 

which were associated with individual participants. These differences are confirmed by the 

significance of the random parameter of intercept in the model (Table 1).  For kinematic outcomes 

there were a variety of linear, squared and cubic models for changes with normalised gait speed 

(Table 1).  All kinematic parameters demonstrated some significant relationship with speed of 

progression, although these ranged in strength from very weak (e.g. maximum hip internal rotation 

20-50% R2= 0.010 females and 0.012 males, hip internal rotation at 100% R2=0.019) to moderate 

(minimum hip flexion 0-100% timing R2=0.413, minimum knee extension 0-40% R2=0.442 males and 

0.432 females, maximum ankle dorsiflexion 0-70% timing R2=0.520) and strong (minimum ankle 

dorsiflexion 40-80% timing R2=0.672).  In general kinematic outcomes exhibited a greater range of 

motion at higher speeds and timings changed to be earlier in the gait cycle.  One exception to the 

timing change was the timing of the minimum pelvic obliquity 0-50%, which at lower cadences 



appeared to exhibit two distinct patterns with representation in each from male and female 

participants.  Non-linear (normalised speed squared and cubed terms) parts of the models did not 

appear to follow consistent patterns between kinematic parameters. For some the non-linearity 

exhibited was for larger changes with speed at lower speeds (e.g. minimum ankle dorsiflexion 40-

80%), but for others there were larger changes with speed at higher speeds (e.g. minimum ankle 

dorsiflexion 0-20%).   

  



Discussion 

Using mixed linear modelling it was possible to explore gender dependent speed related changes in 

gait.  A wide range of gait speeds (0.10-0.55) is presented covering the full range that is possible 

within participants’ slowest to fastest walking speed range.  Inter-individual variation was identified 

in the mixed linear model across all outcome variables indicating that three-dimensional motion 

analysis results of walking differ between individuals independent of speed and gender.  Gender 

based differences were not seen in spatiotemporal outcomes suggesting that males and females use 

the same combinations of cadence and step length to achieve speed and maintain the same 

proportions of double, single and swing phases in the gait cycle across the range of speeds studied.  

There were, however, distinct differences between males and females in joint kinematics and 

significant non-linear trends with changing speed.  These findings emphasise the need for speed to 

be taken into account in describing normal walking patterns and that these relationships are non-

linear. 

There have been previous reports of changes with speed of both the spatiotemporal and kinematic 

characteristics of gait (e.g. [1-6]).  However, these reports have not used a mixed linear modelling 

approach to develop model parameters, have often used a limited range of speeds, used data that 

has not been normalised or grouped results across genders.  There are, therefore no reports to 

directly compare with the outcomes of the current study. However, the outcomes presented in 

other studies can be used to examine similarities in trends presented and the proportion of changes 

in variables that might be explained by speed.   

 

Very similar patterns of changes in spatiotemporal parameters have been reported [5,18] giving 

regression equations for relationships with speed with similar high levels of correlation or R2.  For 

example Kirtley et al [1] report correlation coefficients for speed with stride length and phase 



durations from 0.64-0.95, Hirokawa [7] reported a correlation coefficient of over 0.99 between 

speed and cadence, Stansfield et al [16] report R2 for cadence and step length of greater than 0.99 

for grouped results for treadmill walking. However, several of these previous studies [1,5] have not 

fully normalised their outcomes possibly leading to trends being affected by the relative height of 

participants travelling fast and slow in their studies.  Patterns of kinematic changes with speed have 

also been previously reported graphically with very similar trends to the current study being 

highlighted between speed band grouped data [14,15,17,18].  Graphical representation of scatter of 

data about the best fit lines [3,10] and descriptors of fit (e.g. R2) have also been previously reported 

and are generally in agreement with the current study.  These indicate that there are trends for 

increasing joint ranges of motion with higher speeds, that there are some joint angles that are best 

described with non-linear fit [13] and that the changes of kinematic variables with speed are not as 

clearly related (lower R2) to speed in comparison to the spatiotemporal characteristics [10,11,13].   

So, whilst previous reports are available which present trends in both spatiotemporal and kinematic 

characteristics which are in agreement with the current study none has used fully normalised data 

analysis, incorporated the widest possible range of speeds, ensured gender has been taken into 

account and incorporated an allowance of variation between participants in the fitting of models to 

the data.   

A wide range of speeds was achieved by the participants in this study. However, this range was 

achieved by asking participants to walk faster and slower than their self-selected normal walking 

pace.  An alternative method of collecting data across a wide range would be to only collect data at 

self-selected normal speed, but for a very large population of healthy adults. This would have 

provided examples or walking across a range of speeds without forced adjustment of speed.  Whilst 

this would have had the beneficial effect of representing self-selected walking speeds, it is unlikely 

that such results would have covered such a wide range of walking speed as reported here. 



The mixed linear modelling highlighted elements of the model that produced significant 

improvement in description of the relationship between outcomes and speed.  However, to gain an 

overall impression of the amount of variation in the data described by the models the R2 values must 

be examined.  For the specific kinematic minima and maxima the R2 values illustrated that the model 

fitted outcomes at the pelvis, only very weakly or weakly; at the hip weakly to moderately for 

sagittal plane motion, but only weakly for motion in the other planes; at the knee weakly to 

moderately in the sagittal plane and at the ankle only weakly to very weakly.  These levels of fit were 

similar to previous reports [1,10,11,13].  So whilst the models were developed identifying 

statistically significant improvements in the model fit to the data, the proportion of overall variation 

in the data described by the models was low in many cases.  This suggests that there remains a high 

level of variation within individuals for a number of kinematic characteristics that is not explained by 

changes with speed.  This was confirmed by the significance of random intercept and slope within 

the models for many outcomes. 

Gender differences may be related to differences in proportions of the body between men and 

women (e.g. women have relatively higher inter-hip joint dimensions).  Also differences in muscular 

strength, or muscular configuration related to anatomical differences may have been important in 

determining outcomes between genders across the speed range.  Non-linear relationships between 

speed and joint angles may be related to the optimisation of energy consumption through the use of 

the most efficient muscle activation strategy.  These hypotheses would have to be further tested.  

Between gender differences in joint kinematics were not reflected in differences in spatiotemporal 

outcomes. This indicates that the differences in joint kinematics effectively combined to result in no 

significant differences in spatiotemporal parameters. 

 

Conclusion 



Mixed linear modelling was used, within a fully normalised analysis, to explore the relationship 

between speed of walking and spatiotemporal and kinematic characteristics of gait, while taking into 

account gender and individual variation.  Non-linear relationships between speed and 

spatiotemporal and kinematic characteristics were identified with individual variation being 

significant across all characteristics and gender in a number of kinematic characteristics.  Speed was 

a significant predictor of all gait characteristics analysed, however, the proportion of variation 

described by the models was not always high.  The non-linear relationships highlighted suggest that 

changing strategies are used to accomplish speeds at different points across the range of self-

selected speeds possible.   
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Figure 1 Spatiotemporal characteristics against normalised gait speed.  Male (open square), female 

(closed circle) individual data and model outcomes (solid line) are shown (Table 1) with R2 for the 

fixed parameter models. 

 

 

 

 

 

 

 

 

 

 

 

 

  

a)                                                               b)                                                                c) 

d)                                                               e)                                                                f) 

R2=0.842 

R2=0.554 

R2=0.570 

R2=0.579 

R2=0.559 

R2=0.873 



Figure 2 Joint angles across gait cycle (100%). Mean curves of all trials within 0.05 normalised speed 

bands. Vertical lines represent the end of stance phase.  Specific features characterised are 

highlighted with dashed lines/arrows (see Table 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

a)                                                               b)                                                                c) 

d)                                                               e)                                                                f) 

g)                                                               h)                                                                



Figure 3 Specific features of joint kinematics against normalised gait speed.  Male (open square, 

dashed line), female (closed circle, solid line) individual data and model outcomes are shown (Table 

1) with R2 for the fixed parameter models.  Where there was no difference between model 

outcomes for males and females a solid line is used.  All participants’ data for all trials are shown.  

min = minimum, max = maximum, percentages refer to gait cycle.   

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

a)                                                               b)                                                                c) 

d)                                                               e)                                                                f) 

h)                                                               i)                                                                j) 

k)                                                               l)                                                                m) 

n)                                                               o)                                                               p)    

R2=0.019 

R2=0.141 

R2=0.012 R2=0.056 

R2=0.155 

R2=0.160 

R2=0.249 

R2=0.371 
R2=0.413 

R2=0.232 

R2=0.264 R2=0.284 
R2=0.079 

R2=0.019 R2=0.010 

R2=0.012 

R2=0.097 

R2=0.432 

R2=0.196 

R2=0.243 R2=0.442 



Figure 3 (continued)  

 

 

 

 

 

 

 

 

 

 

 

q)                                                               r)                                                                s) 

t)                                                               u)                                                                 

R2=0.672 

R2=0.081 

R2=0.127 

R2=0.106 

R2=0.266 

R2=0.520 



Table 1 Model parameters for normalised spatiotemporal outcomes and kinematic features.  Coefficients which were not statistically significant are highlighted in bold, but 

are included as their sequential inclusion improved the level of model fit. P values are given in square brackets and 95% confidence intervals are given below coefficients.  

For the kinematic outcomes the relevant phase of the gait cycle is indicated. 

Outcome Fixed parameters Random Parameters R2 

Intercept Slope of 
highest power 

of speed 

Gender (F) Intercept NormS NormS2 NormS3 Covariance Covariance Male Female 

Spatiotemporal outcomes          
Step cadence (normalised)  0.211 [<0.001] 2.966 [<0.001] -4.396 [<0.001] 3.218 [0.001] 0.0020 [0.003] 0.4677 [0.005] 0.842 [<0.001] 

 0.153,0.269 2.409,3.522 -6.202,-2.590 1.322,5.115 0.0010,0.0039 0.2320,0.9431   
Step length (normalised)  0.141 [<0.001] 0.939 [<0.001] -0.413 [<0.001]  0.0006 [0.003] 0.0258 [0.004] 0.873 [<0.001] 

 0.126,0.156 0.876,1.001 -0.535,-0.292  0.0003,0.0012 0.0131,0.0507   
First double support (%)  22.0 [<0.001] -76.2 [<0.001] 149.4 [<0.001] -130.2 [0.003] 1.494 [0.004] 128.0 [0.041] 0.570 [<0.001] 

 19.4,24.6 -102.1,-50.3 65.6,233.2 -216.8,-43.6 0.759,2.940 49.1,333.8   
Single support (%)  27.4 [<0.001] 82.9 [<0.001] -172.4 [<0.001] 155.4 [0.001] 1.460 [0.004] 129.7 [0.051] 0.554 [<0.001] 

 24.5,30.2 54.5,111.3 -264.2,-80.5 60.7,250.2 0.737,2.892 47.6,353.5   
Second double support (%)  1.460 [0.004] 129.7 [0.051] 1.460 [0.004] 129.7 [0.051] 1.546 [0.004] 144.5 [0.028] 0.559 [<0.001] 

 0.737,2.892 47.6,353.5 0.737,2.892 47.6,353.5 0.789,3.029 59.1,353.1   
Swing phase (%)  28.9 [<0.001] 67.8 [<0.001] -125.6 [0.003] 110.0 [0.012] 1.538 [0.004] 164.2 [0.027] 0.579 [<0.001] 

 26.3,31.4 42.3,93.3 -208.1,-43.1 24.6,195.4 0.781,3.030 67.7,398.5   

Kinematic outcomes          
Pelvic posterior tilt mean -5.96 [0.006] -8.82 [<0.001] 23.55 [<0.001] -45.83 [<0.001]  18.44 [0.003] 158.1 [0.003] 0.056  0.019  

-10.00,-1.92 -11.73,-5.91 19.62,27.48 -54.20,-37.46  9.56,35.56 81.7,305.8 [<0.001] [<0.001] 
Min. pelvic obliquity 
0-50% (stance) 

-1.78 [<0.001] -0.23 [0.518] -9.38 [<0.001]   0.62 [0.008]  0.160  0.155 

-2.56,-0.99 -0.94,0.48 -10.89,-7.88   0.30,1.29  [<0.001] [<0.001] 
Min. pelvic obliquity 
0-50% timing (%) 

 13.002 [<0.001] 3.606 [0.281]   30.09 [0.003] 194.6 [0.004] 0.012 [0.002] 

 10.361,15.643 -3.190,10.403   15.39,58.82 98.2,385.4   
Pelvic rotation at 100% 
(heel strike) 

 0.571 [0.635] 6.752 [0.345] 25.234 [0.031]  3.801 [0.012] 244.2 [0.017] 0.249 [<0.001] 

 -1.791,2.933 -7.280,20.784 2.313,48.155  1.750,8.260 107.1,556.7   
          
Min. hip flexion 0-100% 
(pre-swing) 

7.078 [0.011] -1.410 [0.451] -38.390 [<0.001] 14.993 [0.015]  30.75 [0.003] 171.1 [0.005] 0.371 0.141 

1.848,12.308 -5.222,2.403 -45.141,-31.639 2.941,27.044  15.90,59.46 84.5,346.5 [<0.001] [<0.001] 
Min. hip flexion 0-100% 
timing (%) 

 59.7 [<0.001] -56.4 [<0.001] 125.4 [0.003] -115.7 [0.009] 0.957 [0.005] 184.0 [0.033] 0.413 [<0.001] 

 57.1,62.2 -82.1,-30.6 42.0,208.9 -202.1,-29.4 0.474,1.934 73.5,460.4   
Hip flexion at 100% 
(heel strike) 

8.99 [0.001] 14.61 [<0.001] 33.03 [<0.001]   26.45 [0.005] 121.8 [0.007] 0.264 0.232 

4.02,13.96 11.09,18.12 27.54,38.51   13.25,52.81 59.2,250.5 [<0.001] [<0.001] 
Min. hip adduction 40-80% 
(early-swing) 

 -2.35 [<0.001] -10.44 [<0.001]   3.14 [0.003]  0.079 [<0.001] 

 -3.43,-1.27 -12.64,-8.23   1.61,6.13    
Min. hip adduction 40-80% 
timing (%) 

 80.1 [<0.001] -103.5 [<0.001] 229.7 [<0.001] -177.5 [0.003] 4.483 [0.003] 550.4 [0.011] 0.284 [<0.001] 

 76.5,83.7 -138.7,-68.3 115.6,343.7 -295.9,-59.1 2.298,8.748 254.1,1192.6   
Hip adduction at 100% 
(heel strike) 

 4.41 [<0.001] -13.17 [<0.001]   4.61 [0.003]  0.097 [<0.001] 

 3.16,5.66 -15.55,-10.78   2.38,8.94    
Max. hip internal rotation 
20-50% (stance) 

6.14 [0.041] 1.82 [0.386] 7.84 [<0.001]   38.46 [0.003]  0.012 0.010 

0.28,12.00 -2.45,6.08 4.28,11.39   19.85,74.51  [0.009] [0.021] 
Hip internal rotation at 
100% (heel strike) 

 8.40 [<0.001] -10.94 [<0.001]   26.13 [0.003]  0.019 [<0.001] 

 5.62,11.17 -15.45,-6.43   13.58,50.27    
          
Min. knee extension 0-40% 
(early stance) 

-4.85 [0.012] 6.14 [0.001] -62.97 [<0.001] 25.99 [0.043]  14.03 [0.005] 476.2 [0.009] 0.442 0.432 

-8.49,-1.21 2.79,9.49 -77.82,-48.11 0.88,51.10  6.99,28.17 224.1,1011.6 [<0.001] [<0.001] 
Min. knee extension 50-
100% (swing) 

 -39.72 [<0.001] -73.98 [<0.001] 74.36 [<0.001]  21.34 [0.003] 514.8 [0.006] 0.196 [<0.001] 

 -42.64,-36.80 -86.96,-60.99 51.71,97.01  11.01,41.35 252.0,1051.8   
Min. knee extension 50-
100% timing (%) 

 73.63 [<0.001] -9.66 [<0.001]   3.69 [0.009] 24.5 [0.014] 0.243 [<0.001] 

 72.65,74.61 -12.25,-7.06   1.75,7.80 11.0,54.3   
          
Min. ankle dorsiflexion 0-  -5.26 [<0.001] -18.98 [<0.001] 41.56 [<0.001]  4.159 [0.005] 61.1 [0.037] 0.081 [<0.001] 



20% (loading response)  -6.91,-3.62 -27.70,-10.25 27.58,55.54  2.072,8.347 23.91,156.14   
Max. ankle dorsiflexion 0-
70% (mid-late stance) 

1.80 [0.030] 10.97 [<0.001] 13.23 [0.004] -34.24 [<0.001]  2.519 [0.009] 233.9 [0.009] 0.106 0.127 

0.20,3.40 9.24,12.70 4.27,22.19 -49.81,-18.67  1.186,5.350 110.6,494.8 [<0.001] [<0.001] 
Max. ankle dorsiflexion 0-
70% timing (%) 

 70.8 [<0.001] -188.8 [<0.001] 517.1 [<0.001] -554.0 [<0.001] 2.962 [0.009] 1680.6 [0.011] 0.520 [<0.001] 

 64.9,76.6 -247.5,-130.0 326.6,707.6 -752.0,-356.1 1.406,6.242 779.8,3621.8   
Min. ankle dorsiflexion 40-
80% (early-swing) 

 7.6 [0.001] -121.4 [<0.001] 131.5 [<0.001]  40.176 [0.003] 1125.0 [0.008] 0.266 [<0.001] 

 3.4,11.9 -141.7,-101.2 96.6,166.5  20.58,78.42 538.6,2349.8   
Min. ankle dorsiflexion 40-
80% timing (%) 

 75.4 [<0.001] -77.0 [<0.001] 168.8 [<0.001] -162.7 [<0.001] 1.041 [0.004] 99.4 [0.036] 0.672 [<0.001] 

 73.0,77.8 -100.8,-53.1 91.7,245.9 -242.3,-83.1 0.524,2.069 39.0,253.3   

NormS = normalised gait speed.  Min. = minimum, max. = maximum. % refers to percentage of the gait cycle. 

 


