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Abstract. It is generally accepted that improper footwear design causes injuries 
and illnesses. Existing literature indicated that mostly static footwear fit has 
been studied to some extent, even though we are well aware that dynamic 
footwear fit is different. In addition to static fit, illnesses and injuries will occur 
due to dynamic pressure, friction, and foot movement beyond the normal range 
of motion. This study proposes a method for dynamic foot shape computation. 
The dynamic foot is generated by using multi-dimensional transformation of the 
3D static foot based on the angular values of the foot movement. This provides 
a simple algorithm to deform the foot to create dynamic 3D foot shape. Result 
of this study is essential to build a model for dynamic fit computation.  

1   Introduction 

The human foot, an unsymmetrical object, consists of complex arrangements of 26 
bones and other tissues namely cartilage, muscles, tendons, ligaments, nerves and 
blood vessels [1, 2]. Even though footwear has become more specialized these days, 
research on fit, especially during dynamic situation, have often been neglected [3], 
leading to foot-related problems such as bunions, calluses, corns, plantar forefoot 
pain, hallux valgus, metatarsalgia, and ankle sprain [4, 5].  

The foot has size, shape and proportion variations within a person and among 
persons [6]. For specific individual there is considerable difference between right and 
left foot, weight-bearing, dynamic and thermal conditions [7]. Apart from the variation 
of the feet within a person, there are variations depending on gender [3-5, 8-9], age [4, 
8] and race [5, 9]. In order to better understand the foot shape, feet have been classified 
[10] according to racial differences [5-7], arch type [11-12], flare angle [13-14], rear 
foot position [10, 15-20], big toe length [1] and foot print indices [20-24].  

The variation in foot clearly indicates that development of better fitting footwear is 
a challenge. It is very important to understand the 3D foot shape. Currently footwear is 
produced in different sizes based on foot length and girth (or width). Since foot length 
and width are somewhat correlated and therefore current sizing methods are not 
optimal. Some studies have shown the importance of foot curvature (or flare angle) 
[25-27] and therefore an accurate and reliable method has been developed to quantify 
foot curvature (or foot flare) using principle component method [26]. Moreover 
analysis of footwear outline and footwear fit perception showed that differences in 
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footwear curvature can have differences in perception [25]. There should be a match 
between foot curvature and footwear curvature [27-29] Since foot outline and foot 
pressure distribution are important shapes that can influence fitting and foot outline 
was represented accurately using eight specially chosen landmarks [30] The accuracy 
was calculated based on dimensional differences [30] In addition to 2D shapes, 3D foot 
shape was predicted using three methods [25, 31-32]. The first method uses foot 
length, foot width, foot height, foot curvature and a standard foot shape to predict the 
complete food shape [31]. The second method uses foot outline, foot height, and a 
standard foot shape and the third method uses foot outline, foot profile and a standard 
foot shape [32]. The third method can predict foot shape to an accuracy of around 
1mm. These techniques show that better foot prediction can be used for future 
developments of sizing based on 3D foot shape. Many of these studies are done using 
static foot shape data, dynamic foot data is still missing for better fitting footwear 
development.  

Several studies have been done for better quantification of foot shape and use of 
computational tools to capture foot shape. The foot height [33] and mid-foot shape 
[34] have been modeled to develop footwear without laces [35], boots [36] and ladies 
shoes [37]. The plantar foot shape changes under different load-bearing conditions 
have also been quantified [38-39]. The foot types (normal, pes cavus, and pes planus) 
were evaluated based on dynamic foot pressure distributions [40]. The foot contact 
properties were analyzed based on footprints and dynamic foot pressure distributions 
[41]. Recent studies have been aimed to develop comfortable plantar support for high 
heel shoes [42-43]. 

In dynamic situation such as normal gait, the foot is undergoes different stages 
including pronation during heel strike and supination during push-off. Supination is a 
combination of inward rotation at the ankle, adduction of the hindfoot, inversion of 
the forefoot, and plantarflexion, while pronation is a combination of abduction of 
forefoot, eversion of hindfoot and dorsiflexion [44]. The foot has 28±6.9° abduction 
and 28±4.8° adduction [44]; 37±4.5° inversion and 21±5.0° eversion; and 13±4.4° 
dorsiflexion and 56±6.1° plantarflexion [45]. The dorsiflexion/plantarflexion is 
different for gender and age group [46]. The foot range of motion is used for foot 
evaluation [47], and it is widely accepted that foot movement beyond the normal 
range causes foot injury, mainly ankle sprains [48]. Van Rijn [49] provides a detailed 
review of ankle sprain injury. Therefore knowledge of dynamic and static foot shape 
is essential, in medical as well as footwear design.  

During the last decade, emergence of 3D laser scanners and digital imaging 
technologies [50-51] are enabling the quantification of 3D foot shape. Even though 3D 
laser scanning technology is widely used [52], capture of dynamic foot shape is still at 
its infancy. So far, few studies used projection pattern and digital camera to capture 
dynamic foot shape while walking [53-54]. This study uses simple multi-dimensional 
deformation to model dynamic foot shape. Once the dynamic foot has been generated, 
it can be used for fit evaluation and for complex computational models.  

2   Dynamic Fit Model 

Let P be the data point set representing 3D foot shape. The points pi is the ith  

data point denoted as { }niPzyxp iiii ,...1where,),,( =∈= . In order to have 
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non-linear ‘shear’ or deformation, an interface plane is required. The interface plane 
separates two regions. One region will be deformed while the other is not deformed. 
Let assume the interface plane is plane A. The equation of the plane A is given by 
Equation (1). If we want to consider the toe side, then S is the point set of the selected 

part is denoted as { }siiiisisisi nihgzfyexPzyxs ,...1,|),,( ,,, =<++∈= . 

For a given point si, the point ai is computed, where isd ,  is the shortest distance from 

point si to the plane A (Equation (2)). The vector st  indicates the shear direction. The 

offset of the point si is iso ,  and is influenced by st  and isd , . If a cubic hermite spline 

function is used, the relationship between isd ,  and iso ,  is given in Equation (3). 

Osmax is the maximum offset for iso ,  and Dmax is the maximum of isd , . The new 

position *
is of the point si after a non-linear shear transformation along vector st  is 

given in Equation (4). The shear transformation will be used to calculate plantar-
flexion/dorsiflexion, and with some modifications foot shape for different heel height 
and shank curve. Similar to non-linear shear, non-linear rotation can be used to 
calculate forefoot or rear foot everted/inverted foot shape. Non-linear scaling will be 
used to generate changes to foot shape due to different weight bearing. Preliminary 
results are shown in Figure 1. Currently the data has not been validated. The 
prediction error between predicted and measured foot can be calculated using average 
and standard deviation of dimensional differences [30-32].  

   

               (a) Original digital 3D foot          (b) Eversion (20°)/ Inversion (20°) 

 

(c) Plantar-flexion (20°)/ Dorsi-flexion (20°)        (d) Abduction (5°)/ Adduction (20°) 

Fig. 1. Preliminary results for 3D dynamic shape prediction using non-linear multidimensional 
transformation 

hgzfyex =++  (1)
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3   Discussion and Conclusion 

This study attempts to generate dynamic foot shape using static foot shape and simple 
multi-dimensional scaling. Further research is needed to create a comprehensive 
model, but the results seem promising. Although dynamic foot scanners are being 
developed, there will be a need for developing a model for dynamic foot shape that 
can be generated from static foot shape. Currently foot scanner can capture the 3D 
foot shape, usually in static state. Similarly, it is fairly easy to capture location of 
landmarks on the foot in dynamic situation (for example in normal gait or running) 
using motion capture systems. Using motion capture system landmarks on the foot 
can be located in dynamic situation. The relative position of the landmarks can be 
used to find angular values of the foot movement in terms of plantar-flexion/dorsi-
flexion; eversion/inversion; and adduction/abduction. The dynamic foot is generated 
by using multi-dimensional transformation of the 3D static foot based on the 
calculated angular values of the foot movement. Preliminary results indicate that the 
static foot shape can be deformed. Further studies are still required to validate our 
results.  
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