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SUMMARY 

Introduction: Foot length alters during stance; the foot 

lengthens after heel strike and shortens during push off. 

Although it is to be expected that walking speed affects this 

mechanism, foot lengthening at different walking speeds has 

not yet been investigated.  

Methods: The foot length of 34 subjects at 3 velocities 

(preferred (PREF), low (PREF -0.4m/s) and fast (PREF 

+0.4m/s) speed was investigated with a 3D motion analysis 

system (VICON ®). Foot length was calculated as the distance 

between the marker at the heel and the 2nd metatarsal head. 

Foot lengthening and shortening was defined as the difference 

between the length at heel strike and the maximal and minimal 

length during stance, respectively. A GLM for repeated 

measures was used to detect significant changes in foot length 

between different walking speeds.  

Results: Although we found significant alterations in foot 

lengthening and shortening due to speed alterations, the 

changes were very small. The foot shortened significantly 

more with increased walking speed. Unexpectedly however,  

the elongation of the foot was less when walking speed 

increased.  

Conclusion: Although walking speed should be taken into 

consideration when comparing kinematic data of patients with 

data of healthy controls, the effect of speed seems limited. 

 
 

INTRODUCTION 

Hicks was the first to describe the role of the plantar 

aponeurosis as a windlass mechanism and thereby explained 

the relation between passive extension of the toes and the rise 

of the medial arch, supination of the rearfoot and external 

rotation of the leg [1]. During gait, the windlass mechanism 

comes to expression in two ways: it prevents the medial arch 

to collapse when the foot has to manage downward forces at 

stance (reversed windlass mechanism) and it causes the foot to 

shorten and the medial arch to rise at late stance, as the plantar 

fascia tightens at toe off.  

Foot lengthening and shortening might be different for 

particular patient groups. For example, it is to be expected that 

the feet of patients with Rheumatoid Arthritis are less dynamic 

compared to healthy controls. A problem when investigating 

such patient groups is, however, that the preferred walking 

speed of the patients is lower than the walking speed of 

controls. As this might influence foot kinematics as well, it is 

unclear to what extend differences in foot kinematics can be 

explained by the disorder. Therefore, the aim of this study was 

to determine the effect of speed by measuring foot lengthening 

and shortening and arch rising at 3 different walking speeds 

(low, normal, and fast). Furthermore the question was asked 

whether groups with different preferred speed behave different 

with respect to changes in foot length during gait. 

 

 

METHODS 

Thirty-four subjects (18 males and 16 females (mean age 44 

(range 19-77) years) without foot disorders were included in 

this study. Three reflecting markers were placed on each foot; 

on the heel (HEEL), the second metatarsophalangeal joint 

(TOE), and the navicular tuberculum (NAV). With the use of 

a motion analysis system with eight cameras (VICON, 

Oxford, United Kingdom) the exact place of the markers in 

space and time was determined. A Kistler force plate (Kistler, 

Wintherthur, Switzerland), embedded in the ground, was used 

to determine heel strike and toe off. Walking speed was 

defined as the ratio of the distance and time of the HEEL 

marker of the last heel contact in front of the force plate to the 

first heel contact after the force plate of the contra-lateral leg. 

Before subjects were tested, the preferred walking speed 

(PREF) was assessed for each subject by asking the subject to 

walk at its most comfortable speed back and forth in the lab. 

The PREF was determined from five trials. After determining 

the PREF, participants were tested in three speed conditions:  

PREF, slow (SLOW), and fast speed (FAST). For the SLOW 

and FAST condition, the subjects had to walk 0.4 m/s slower 

or faster than their PREF, respectively. For every condition, 

deviations up to 0.05 m/s were tolerated. The foot length 

during stance was calculated as the distance between TOE and 

HEEL marker for each percent of the stance phase, in which 

the stance phase for each person was normalized for time. 

Subsequently, lengthening was considered as the maximal 

length minus the length at heel strike, shortening as the length 

at heel strike minus the minimal length during stance, and 

range as the maximum minus the minimum foot length during 

stance. Differences in speed, foot lengthening, shortening, and 

range were tested by a general linear model for repeated 

measures with factor speed (3 conditions). To test if preferred 

speed affected the outcome variables range, lengthening, and 

shortening, the subjects were divided into 3 groups based on 

their preferred walking speed; slowPREF (< 1.31 m/s), 
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normalPREF (1.31 – 1.45 m/s) and fastPREF (> 1.45 m/s). A 

one-way ANOVA for each parameter with grouping factor 

preferred waking speed was performed to detect group 

differences. 

 

 

RESULTS AND DISCUSSION 

The results of this study showed that the movement of the 

medial arch, as a measure of the windlass mechanism, is 

affected by walking speed. The mean walking speed (SD) was 

1.0 (0.18) m/s for the SLOW group, 1.39 (0.17) m/s for the 

PREF group and 1.78 (0.18) m/s for the FAST group. The foot 

shortening and range increased significantly with increasing 

walking speed (F(1.6, 52.4) = 21.0, p<0.01, and F(1.7, 

57.4)=11.2, p<0.01, respectively ) whereas the lengthening 

decreased significantly with increasing walking speed (F(1.65, 

54.7)=10.1, p< 0.01). Although the alterations in foot 

lengthening and shortening due to speed alterations were 

significant, the alterations were very small (Figure 1).  

Figure 1:   

Mean with standard deviation of the total range (total), 

lengthening and shortening of the foot for the 3 walking speed 

conditions. 

 

From a biomechanical point of view, one would expect an 

increase in elongation and shortening of the foot with higher 

walking speeds being accompanied by an increase in impact 

force and propulsion of the foot. As shown, this was indeed 

the case for the total range and the shortening of the foot, but 

not for the foot elongation. Although it is hard to explain this 

remarkable result based on the data of our study, muscle 

activity and plantar fascia behaviour might explain why we 

found less elongation of the foot with increased impact forces. 

Gefen, who found that the fascia elongated most rapidly 

during the weight acceptance phase of gait, showed that there 

was an increased stiffness of the fascia at the early stages of 

weight acceptance [2]. He ascribed this finding to the activity 

of the intrinsic muscles, which contract to prevent for arch 

collapsing.  

The mean walking speed of the preferred walking speed 

groups was for the slowPREF 1.21(0.05) m/s, for the 

normalPREF 1.37 (0.04) m/s, and for the fastPREF 1.58 (0.1) 

m/s. With respect to these groups, the one-way ANOVA 

revealed that total range (F(2,31) = 1.61, p = 0.21), 

lengthening ( F(2,31) = 0.37, p = 0.69) and shortening (F(2,31) 

= 0.94,  p = 0.40) were not affected by the preferred walking 

speed ( Figure 2). 

 
Figure 2:   

Mean with standard deviation of the total range (total), 

lengthening and shortening of the foot for the slowPREF 

normalPREF and fastPREF group. 

  

 

CONCLUSIONS 

Although the changes in foot length are small, it is clear 

that they exist and should be taken into account in 

detailed studies of foot kinematics. On the other hand, 

there is no reason to correct for the factor walking speed 

when comparing groups of patients with slightly 

different preferred walking speeds (in the range of 1.14 

m/s  to 1.8 m/s) 
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