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Abstract: Knowledge about the development of children’s feet is important 
for those who design and construct children’s shoes. in contrast to adult 
feet, children’s feet are still maturing with regard to their size and shape. 
Ill-fitting shoes can cause problems in the maturing foot. Therefore structural 
maturation as well as functional aspects are discussed based on current 
literature. additionally, changes of foot shape are comprehensively analyzed 
by means of cluster analyses which also consider influences of gender and 
body composition. all discussed aspects should be seen as principles for 
shoe construction and extend common knowledge on footwear design.

Key words: children’s feet, maturation of foot shape, construction of 
children’s shoes.

3.1 Introduction

the development of a child’s foot, including the high variability of foot 
shapes, is important for professionals such as podiatrists, orthopaedics, and 
paediatricians, who have to assess, diagnose and possibly treat children’s 
feet; and for parents, who are concerned about their children’s development. 
additionally, knowledge about the development of children’s feet is important 
for those who design and construct children’s shoes. 
 in contrast to adult feet, children’s feet (Fig. 3.1) are still maturing with 
regard to their size and shape. Due to this maturing process, they are more 
prone to negative external influences. Investigations on children’s feet have 

3.1 Foot of a two-week old girl. 
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shown that a high percentage of children wear ill-fitting shoes. This is alarming, 
as ill-fitting shoes can cause problems in the maturing foot (Rao and Joseph, 
1992). To create shoes that properly fit as many children as possible, it is 
necessary to know more about foot dimensions, foot shapes and about foot 
development. if footwear is to support the foot in its physiological function, 
the shape and dimensions of the shoe’s internal space must correspond to the 
foot. additionally, factors that may affect foot shape should be considered 
when observing the development of children’s feet.
 this chapter highlights foot growth in different age groups regarding 
selected foot dimensions, as well as functional aspects in the development 
of the foot. Foot growth comprises different levels. therefore, structural 
and functional aspects are discussed in terms of the beginning and ending 
of several processes.
 in the following sections, the development of children’s feet is regarded 
with respect to their comprehensive foot shape. Therefore, a classification of 
children’s feet is introduced that comprises different foot types based on 3D 
foot measurments. Finally, influences, such as age, gender and Body Mass 
index (BMi), are described that affect the maturation of a child’s foot.

3.2 Development of the foot during childhood and 
adolescence

the development of feet takes place on different levels. these levels comprise 
structural and functional maturation processes (Fig. 3.2 and table 3.1). the 
main processes are described in Sections 3.2 and 3.3. the results of the 
maturation are changes in different foot measures and these are therefore 
relevant for shoe construction and the allocation of fitting shoes. An overview 
of foot measures, usually used in clinical studies, and their changes according 
to age is given in Section 3.3.

3.2.1 Structural maturation

Growing processes, and therefore morphogenesis, are subject to anatomical 
basics. these anatomical changes are described in this section. in terms of 
shoe wear, two aspects are important – where are stiff and where are soft 
tissues? and how do they develop? in the following, a short view is given 
of the maturation of bony structures and soft tissues.

Bony development

the growth process is based on bony changes. Bony maturation includes 
changes of form as well as hardening processes. at the time of birth, 
children’s feet consist, in large part, of soft tissue (hennig and rosenbaum, 
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1991; hennig et al., 1994; Pfeiffer et al. 2006) (Fig. 3.1). The ossification 
of chondral anlages begins in the late embryonic period and a considerable 
part continues postnatally (Drennan, 1992). hereby, endochondral centres 
of ossification serve as starting points for further ossification. This process 
begins in the distal phalanx of the big toe followed by the metatarsals, distal 
phalanges of lesser toes and proximal phalanges, and ends with the middle 
phalanges (anetzberger and von Liebe, 2000; Maier and Killmann, 2003; 
Sarrafian and Kelikian, 2011). Ossification of the forefoot is completed 
between the third and fifth prenatal months and for this reason before the 
hind foot (Matthews, 1998; Sarrafian and Kelikian, 2011). The ossification 
of the hind foot starts also prenatal, beginning in the calcaneus, following by 
talus, talar and cuboid, as the last part. at the time of birth, these bones are 
in the majority of cases ossified (Sarrafian and Kelikian, 2011). Complete 
ossification of the feet occurs throughout the first ten years of life. The centres 
of ossification in the navicular emerge around the age of three years, with 
a high variance (Walther et al., 2005). Epiphyseal and apophyseal centres 
of ossification also occur at the end of the first decade (Matthews, 1998). 
Closure occurs with ossification of the epiphyseal plate at the end of growth, 
between the ages of 15 to 21 years (Drenckhahn, 2003; Drennan, 1992).

Maturation of soft tissues

all soft tissue structures, such as muscles, tendons, fatty and connective 
tissues, are already differentiated in newborns. however, complete stiffness 
and resistance is not reached until adulthood (Fig. 3.2). therefore, dense 
connective tissue in children’s feet differs from that of adults. the tendons 
and ligaments have less crosslinks in their collagen fibres, which means that 
they are more flexible. Increasing crosslinks improve the mechanical rigidity 
and do not occur until school age. although consolidation of dense soft tissues 
begins between the ages of two and four, complete maturation is not reached 
until adolescence (Maier and Killmann, 2003; Walther et al., 2005).

Table 3.1 Summary of foot growth rates

Age (Years) Foot growth rate (per year)

0–3 Approx. 24 mm
3–5 Approx. 12 mm
5–12 Approx. 8–10 mm
	  gender dependent
	  2 mm longer feet in boys on average
12–13 Girls: Foot growth slows down and finally stops
13–15 Boys: Foot growth stops

(Anderson et al., 1956; Cheng et al., 1997; Gould et al., 1990; Maier and 
Killmann, 2003; Mauch, 2007; Rabl and Nyga, 1944; Walther et al., 2005)
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 Muscles are already visible in week eight of pregnancy, but only partially 
delineated; this is completed at the time of birth (Drennan, 1992; Kelikian 
and Sarrafian, 2011). The foetal muscles conduct uncoordinated motions 
starting around the tenth week of gestation. Strengthening of the muscles 
has an effect after birth, when gravity and motion become relevant. the 
characteristics of muscles in the feet are that they use about 80% of their 
strength for tension and only 20% for motion (Matthews, 1998).
 Subcutaneous connective and fatty tissues form the plantar or walking 
pads (cummins, 1929). these pads appear during the embryonic period 
on the plantar side of the foot. the ‘hallucal pad’ and interdigital pads are 
visible after birth. the fatty pad beneath the longitudinal arch increases 
during the first weeks and does not decrease until late childhood (Sarrafian 
and Kelikian, 2011; Schilling, 1985).

3.2.2 Functional aspects in the development of the foot

In this section, functional aspects of foot changes are specified. Firstly, the 
important developmental stages and their consequences are outlined. in the 
second sub-section the development of the longitudinal arch is represented. 
(the separate section on the morphogenesis of the arch highlights the 
importance of its development in terms of foot function.)

Functional morphogenesis

The musculoskeletal system has to fulfil the structural adaptations that are 
required for bipedal gait. these adaptations are the result of well-regulated 
and coordinated sequences that start in the embryonic period and continue 
until maturation of the skeleton (DiMeglio, 2001). the sequences are subject 
to a genetic program which is divided into open and closed programs see Fig. 
3.3. Closed programs are independent of external influences – for example 
the colour of eyes or hair, the contour of the face and the skin surface on 
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3.3 Foot growth. Simplified illustration of the importance of external 
influences on foot growth as well as resulting changes in foot 
measurements.
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hands and feet. In contrast, open programs are influenced by the environment 
and therefore by different usage. For example, seeing, listening and speaking 
improve through practice, just as morphology changes according to different 
requirements (Maier and Killmann, 2003; Mayr, 1982).
 in prenatal and partly in postnatal development, the foot converts from 
an organ for grabbing to an organ for weight bearing. therefore, several 
closed programs take place as described above. One such closed program 
results in a reduction of the number of bones. the remaining bones become 
larger and stronger, especially in the rear foot (Koebke, 1993). Without any 
biomechanical or functional influences, the foot looks like an adult’s foot 
at the time of birth. however, feet of newborns and of children differ in 
functional anatomy and in their physical capacity (Walther et al., 2005). the 
morphogenesis is the consequence of changing forces. roux has stated that 
morphogenesis is the outcome of functional adaption that occurs through 
performing the functions (Sander, 1991).
 at about ten weeks of prenatal life, the foetal muscles contract for the 
first uncoordinated movements. After birth, with the force of gravity, the 
requirements on muscles change and become more important. compressive 
and stretching forces, which are generated by primary coordinated movements, 
are important for bony and articular changes (tittel, 2003). the stages of 
crawling and initial walking change the operating strength and, as a result, 
muscles and ligaments become stronger, connective tissues tighten and the 
malleoli of the ankles rotate externally (Maier and Killmann, 2003).
 the development processes are initiated in the hip, where growing and 
loading cause internal rotation of the hip (Jani, 1986). At the same time, the 
genuvarum of the legs (which is pronounced in early childhood) changes 
gradually to a straight position (Jani, 1986; Hefti and Brunner, 1999). 
Before a straight position is reached, most children have a more or less genu 
valgum, which could be seen as an intermediate phase. resultant changes in 
compressive loads on the medial side induce increased growth of the medial 
epiphyseal cartilage (hefti, 2000; Maier and Killmann, 2003). therefore the 
femur and tibia become longer on the medial side. at about the same time, 
the malleoli of the ankles rotate outward. these interactive processes cause 
straightening of the legs. the processes are in a functional relationship with 
changes of the foot.
 important changes of foot function occur in the hind foot. the talus of an 
infant is in a more pronated and medial position compared with an adult foot 
(Koebke, 1993; Jani, 1986). The talus is gradually undercut by the calcaneus, 
which is due to the asymmetric growth of these two bones. the lines of 
influence of the epiphysis do not converge vertically and therefore cause a 
more medial growth (Maier and Killmann, 2003; Walther et al., 2005). On 
the other hand, the calcaneus rotates in a longitudinal and pronated manner 
(Koebke, 1993).
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 all essential maturation processes take place in the course of upright 
standing and walking (Maier et al., 1980). the axial ratio of the foot changes 
rapidly during the first two years. Thereafter, the changes are more stepwise 
and spontaneous. at about the age of three years, the ankle has a neutral 
position (Nakai et al., 2000). the hindfoot straightens up later. at the age 
of four, there is still a genu valgum of the hindfoot of 15–20° (Jani, 1986). 
The rotation of the malleoli of the ankles complete around the age of five 
or six years. chronologically, the torsion of the upper tibia within the range 
of the femur can last up to the closure of the epiphyseal plates (Maier et al., 
1980).

Development of the longitudinal arch

the longitudinal arch enables the foot to adapt to the ground surface in different 
positions and to absorb weight during walking and standing (Drennan, 1992). 
this arch is formed by bones along the medial edge of the foot, comprising 
calcaneus, talus, navicular, cuneiformia and the medial metatarsals. the bony 
structures of the foot cannot compensate all influential forces, which leads 
other structures to tighten in an active or passive manner.
 the development of the longitudinal arch due to increasing age is conditioned 
by genetic disposition and exogenic factors such as body weight, physical 
activity and footwear. however, the precise developmental process is still a 
matter of controversy. Some authors assume that the arch already exists before 
birth. Furthermore, they argue that the longitudinal arch is clinically visible 
at the age of two years (Baehler, 1986; Jani, 1986). However, most authors 
currently assume that children are born with a pesplanovalgus, meaning the 
longitudinal arch is incomplete and the medial edge is lined with a fat pad 
(Fixsen, 1998; Sullivan, 1999).
 Current research findings vary widely in the timing to significant changes 
to the longitudinal arch. Some authors assume that these changes occur 
between the ages of two to three years, others suggest that they occur up 
to pre-school age or up to the age of ten years (Fixsen, 1998; hefti and 
Brunner, 1999; Stavlas et al., 2005; Volpon, 1994). in a cross-sectional 
study examining different index measures for the arch, Mauch found that 
the longitudinal arch straightens quickly up to the age of five to six years. 
The development subsequently truncates, but could still be identified up to 
the age of 12 to 13 years (Mauch, 2007). Bosch and rosenbaum compared 
the arch index between children and adults, and detected only slightly higher 
data in children. they reasoned that development is initiated early and at the 
age of ten years the inter-individual differences are similar to adults (Bosch 
and rosenbaum, 2010).
 Most authors agree that the onset of bipedal gait causes the arch to 
develop in this manner (Baehler, 1986; Jani, 1986). The changing forces 
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and resultant strengthening of muscles and ligaments could be the reason. 
With these changes, the fat pad begins to decrease whereas the genuvalgum 
of the hindfoot still remains (Fixsen, 1998). the so-called Spitzy’s fat pad 
fulfils different functions. It ensures uniform pressure distribution and reduces 
forces under the talonavicular joint to protect the developing chondral anlagen 
(anetzberger and von Liebe, 2000; hefti and Brunner, 1999). the Spitzy’s fat 
pad complicates the detection of the longitudinal arch and its current state of 
development. First with its reduction, the longitudinal arch becomes visible 
(Staheli, 1991). The measurement categories used also make it difficult to 
detect longitudinal arch development, as mainly indirect measurements are 
implemented (see chapter 4).
 Severe inter-individual differences in the development process can be 
explained by the different thicknesses of Spitzy’s fat pad. Mickle et al. found 
that boys have statistically significant thicker fat pads than girls (Mickle et 
al., 2006b). They also found that the fat pad is still present at the age of five 
years. Other factors are additionally responsible for flat feet. As mentioned 
before, the genuvalgum of the hindfoot remains and a skew position of the 
ankles intensifies this position and provide solid support during standing and 
walking (Fixsen, 1998). Therefore, flat feet are considered as a physiological 
transitional phase in paediatric development, and their prevalence diminishes 
with increasing age (Bertani et al., 1999; Gould et al., 1990; Morley, 1957; 
Pfeiffer et al., 2006). 

3.2.3 Change of foot dimensions

to understand the form and function of an adult foot, it is important 
to understand the phases a foot passes through to attain its adult shape. 
Morphogenesis begins in the embryonic and foetal states and largely continues 
in childhood and adolescence. Until feet show the characteristics of adults, 
all dimensions alter according to a predefined genetic program and also 
environmental influences, such as shoes and individual behaviour (Hennig 
and rosenbaum, 1991; hennig et al., 1994).
 in shoe construction, the measurement of foot dimensions is widely used. 
therefore some typical anatomical measures have been developed. these 
measures are highlighted in the following subsection to understand the 
documented changes in foot morphology. in the second subsection, changes 
of foot length are exclusively described because of the importance of this 
foot measure for the construction of footwear, as well as the selection of 
well-fitting shoes. Changes in foot length might be the most obvious and 
important change in the development process, particularly in the opinion 
of parents who have to buy new shoes for their children. Finally, other 
measurements are illustrated that have become more important by current 
three-dimensional measurement methods.
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Different measures of the foot

the most common length measurement of the foot is the foot length (see Fig. 
3.4). the distance between the very back point of the heel and the metatarsals 
one (MTH 1) and five (MTH 5) give more details of the proportions of 
fore- and hind-foot. 
 the width of the forefoot is, worldwide, only in parts considered when 
constructing footwear or fitting shoes. In clinical research, width measurements 
have also not been collected by default. there are still differences in gathering 
the magnitude of the ball width, dependant upon which distance is exactly 
measured (see Fig. 3.5). additionally, the width of the heel is measured 
whereas different definitions exist side-by side. Sometimes this measurement is 
captured orthogonally or parallel to the line of Mth 1 and 5 (see Fig. 3.5).
 Other measurements give information about the volume of the foot. For 
example, the girth is evaluated. this measurement has also an historical 
background and shoemakers have usually used this dimension. 
 another typical measurement of clinical research is the instep height that 
is commonly measured at 50% of the foot length (see Fig. 3.6).
 the development of the longitudinal arch is an interesting topic. in general, 
the changes are attached to the height of the arch. typical measurements for 
the height of the longitudinal arch are indirectly calculated via foot prints. 
in many cases, two indices are used; the chippaux–Smirak and the Staheli 
index (see Fig. 3.7).

Development of foot length

Foot length is the distance of the foremost point of the longest toe to the 
very back point of the heel (see Fig. 3.4). in shoe construction, as well as 

MTH5L
MTH1L

FL
FL = Foot length Distance between the back point of the heel and 

the foremost point of the longest toe.
MTH1L = MTH 1 Length Distance between the back point of the heel and 

MTH 1.
MTH5L = MTH 5 Length Distance between the back point of the heel and 

MTH 5.

3.4 Overview of common foot length measurements.
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alignment of shoes this measurement is very important. the foot is usually 
measured in millimetres even if shoes have their own scales according to 
the historical developments of countries.
 intrauterine feet are proportionally long compared to the whole body 
(anderson et al., 1956). at the point of birth, the foot’s length comprises 
about one third of its final length (DiMeglio, 2001; Maier and Killmann, 
2003). and the ratio between foot length and body height is about 16% in 
boys and 15.7% in girls (Wetz and Debrunner, 2001).

MTH 5

MTH 1

14 to 20% 
of Foot 
Length

61.8% 
of Foot 
Length

ABW

TBW

THW

AHW

ABW = Anatomical Ball Width Distance between MTH 1 
and MTH 5.

TBW = Technical Ball Width Orthogonal distance 
between the most 
medial and lateral point 
at 61.8% of foot length.

AHW = Anatomical Heel Width Widest distance of the 
heel on a line parallel to 
the line between MTH 1 
and 5.

THW = Technical Heel Width Orthogonal distance 
between the most 
medial and lateral points 
of the heel.

3.5 Overview of common foot width measurements.

IH
TBG

ABG

MTH 1
61.8% of Foot Length

50% of Foot Length

Medial Stop Angle = Line where the foot is arranged
ABG = Anatomical Ball Girth Through MTH 1 and MTH 5.
TBG = Technical Ball Girth Measured orthogonal to the medial stop 

angle at 61.8% of foot length.
IH = Instep Height Height measured at 50% of the foot length.

3.6 Overview of common foot girth and height measurements. 
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 The major part of foot growth occurs within the first three years. The feet 
of three-year old children have already achieved two-thirds of their final 
length (Maier and Killmann, 2003; Volpon, 1994). the growth of feet, and 
also hands, hurries ahead in relation to the changes of body height. this 
represents an inherent human characteristic to prepare the feet for carrying 
the quickly increasing body weight when reaching puberty (Debrunner, 1965; 
Maier and Killmann, 2003).
 Until the age of three years, foot length increases about 2mm a month. 
Between the age of three and five years, the foot length growth slows down 
to 1mm a month (anderson et al., 1956; Gould et al., 1990; rabl and Nyga, 
1944; Walther et al., 2005).
 The primary linear growth slows in both genders after the age of five. 
In the period between five to twelve years, the increasing length comprises 
about 0.8 to 1 cm in one year (anderson et al., 1956; cheng et al., 1997; 
Mauch, 2007). During this period, there are already differences in foot length 
according to sex, where boy’s feet are on average 2mm longer than the feet 
of girls (Walther et al., 2005).
 This continuous growth is verified by other cross-sectional studies in 
various countries (anderson et al., 1956; Bosch and rosenbaum, 2010; 
Kristen et al., 1998; Mauch, 2007), as well as longitudinal research (Bosch 
and rosenbaum, 2010) which came to the same conclusion (see table 3.1). 
Further, the assumed excursive increase in foot length is not verified. It is 

M
T

H
 5

a

b

c

MTH 1

Chippaux–Smirak Index b/a; ratio of the smallest distance 
of the midfoot (b) and the distance 
between MTH 1 and MTH 5 (a = 
Anatomical Ball Width).

Staheli Index b/c; ratio of the smallest distance 
of the midfoot (b) and the longest 
distance of the heel parallel to the line 
between MTH 1 and 5 (c = Anatomical 
Heel Width).

3.7 Overview of two common arch measurements. 
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assumed that prepubertal advance of foot growth exists (Maier et al., 1980; 
Wetz and Debrunner, 2001). 
 after the age of twelve years, the gender differences become more obvious. 
at the age of 12 years, foot growth of girls slows down and stops for most 
girls. For boys, it continues and stops about two years later (anderson et al., 
1956; cheng et al., 1997; Gould et al., 1990; Maier and Killmann, 2003; 
Walther et al., 2005). The foot is the first body segment to complete the 
growth process (DiMeglio, 2001). a mature foot comprises 15% relative to 
body height (DiMeglio, 2001; Wetz and Debrunner, 2001).

Changing proportions of the foot

the proportions of feet are represented mostly by various width, girth and 
height measures. additionally, clinical studies use ball width and heel width 
for describing the width of the fore foot, as well as ball girth and instep 
height for describing the volume of feet (see Figures 3.5 and 3.6).
 children’s feet are not like those of adults; this is widely accepted in shoe 
construction (Maier and Killmann, 2003; Walther et al., 2005). the shape, 
and therefore the proportions of the foot, alter with age. 
 the changing proportions of foot dimensions are documented by foot 
measures conducted for shoe construction. therefore, especially ball width 
and ball girth, heel width and instep height are measured and documented 
in terms of age. Ball width, ball girth and instep height grow larger with 
increasing foot length (Debrunner, 1965; Kouchi, 1998; Kristen et al., 1998; 
Mauch, 2007). Normalization of the different foot measures to foot length 
makes the interpretation and comparison of different foot measures easier. 
 relative ball width measures decrease until the age of 11 years, and 
subsequently a facile increase occurs (Kouchi, 1998; Mauch, 2007). Similarly, 
relative ball girth diminishes with increasing age. this means that smaller 
feet are more voluminous than larger feet (Debrunner, 1965; Gould et al., 
1990; Kouchi, 1998; Kristen, 1968; Mauch, 2007). all ball measures show 
high inter-individual variances (Debrunner, 1965; Maier and Killmann, 2003; 
Mauch, 2007).
 the width of the hind foot is represented with the measurement of heel 
width. relative heel width also decreases with age up to 11 years old. 
thereafter, the relation stays at a similar level with only small increases 
(Kouchi, 1998; Mauch, 2007). Foot height also alters during the process of 
development. instep height diminishes absolutely and relatively with age 
but also presents a high variance (Mauch, 2007).
 the proportions for the forefoot and rear foot do not alter meaningfully 
(Debrunner, 1965). In addition, the ball line, defined as the line between 
Mth 1 and Mth 5, stays at a similar level, although the variance is again 
very broad (Kouchi, 1998; Mauch, 2007; Stracker, 1966). comparing the 

Footwear-Luximon-03.indd   60 8/13/13   9:47:44 AM

�� �� �� �� �� ��



61Foot development in childhood and adolescence

© Woodhead Publishing Limited, 2013

feet of adults and children, the most obvious differences are found in the 
shape of the forefoot. the toes of children are more curved whereas toe 
lines of adults are more pointed. Due to the faster growth of the first toe and 
the diminishing growing tendency up to the lateral toes, the foot achieves 
a more pointed shape with increasing foot length (Stracker, 1966). there 
is no evidence that other factors influence this more pointed shape of the 
forefoot because the angles of the first and fifth toe are similar in all age 
groups. There are contradicting analysis results for the angle of the fifth toe. 
Some studies show small increases, whereas others show decreases. Since all 
studies have high variances, no absolute results are available, thus motivating 
further research (Kouchi, 1998; Mauch et al., 2008; Stracker, 1966).

3.3 Grouping foot types 

in Section 3.2 we discussed the development of the child’s foot with regard 
to single dimensions and the changing proportions of the foot. however, 
for footwear design it is important to track variations in whole-foot shapes, 
not just single dimensions. to consider the whole foot shape it is useful to 
group feet with similar morphological structures into foot types; for example, 
using cluster analysis. applying this method, homogenous groups (clusters) 
are generated from a multiplicity of objects (feet). there are different well-
established algorithms to classify these objects. to get as valid as possible 
results, it is useful to adopt a combination of hierarchical and non-hierarchical 
methods. First, Ward’s method (hierarchical technique) establishes the number 
of clusters, and profiles the cluster centres. Then, the results are optimised 
using a non-hierarchical method (QUicK cLUStEr). Using cluster analysis, 
it is first necessary to reduce the wide range of variables (foot measures) 
into a smaller number of independent and standardized variables (factors), 
e.g. using factor analysis. After that, the feet are classified applying cluster 
analysis so that each foot is similar to others in the same cluster regarding 
the predetermined criteria (factors). this section will describe one way that 
children’s feet are classified and discuss foot development in different age 
groups. Gender-specific differences and the influence of body composition 
on the feet will also be reviewed.

3.3.1 Foot type classification 

the following twelve foot measures from the forefoot, midfoot and hindfoot 
region were recorded: foot length, ball-of-foot length, outside ball-of-foot 
length, toe length, ball-of-foot width and circumference, heel width, ball 
angle, dorsal arch height, arch angle, chippaux–Smirak index (cSi) and 
Staheli index (Si) (see Figures 3.4–3.7). Eleven measures, normalised to foot 
length, were reduced into four principal components (factors) using factor 
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analysis. these account for 88% of the variance. Semantically, the four 
factors can be described as (i) ‘arch’, including the measures of arch angle, 
cSi and Si, (ii) ‘volume’, including ball-of-foot width and circumference, 
heel width and dorsal arch height, (iii) ‘angle’, including outside ball-of-
foot length and ball angle, and (iv) ‘length’, including ball-of-foot length 
and toe length. the factor (iii) ‘angle’ was excluded from further cluster 
analysis because it yielded no statistically significant differences between 
the calculated clusters.
 as described above, for cluster analysis it is necessary to use variables 
that correlate as little as possible. For this reason, the three previously 
standardized and independent factors arch, volume and length were used for 
the following analysis. Five clusters, which represent the different foot types, 
were identified. The profiles of the different foot types are shown in Fig. 
3.8. Each is described by its optimised cluster centre (QUicK cLUStEr) 
as follows: 
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3.8 Profiles of the five foot types. The x-axis shows the three 
principal components (ball angle was excluded, see text), the 
y-axis shows z-values of the cluster centres of each cluster: large 
positive (negative) z-values correspond to an increased (decreased) 
dominance of the factor characteristic within the particular foot 
clusters, whereas a value around zero represents a medium 
characteristic (Mauch et al. 2008). 
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– Flat Feet: This foot type is mainly characterised by its flattened MLA; 
the volume and length proportions show medium characteristics.

– Slender Feet: the feet in this cluster are characterized by their small 
volume, which means they are narrow in ball and heel width and have 
a low dorsal arch height. they also show long toes and a relatively high 
arch.

– robust Feet: in contrast to Slender Feet, this foot type has a relatively 
large volume and rather short toes with average MLa characteristics.

– Short Feet: this cluster represents a foot type with a short hind foot 
proportion and a long forefoot. compared with other clusters it displays 
a relatively high arch and a rather high volume.

– Long Feet: the feet in this cluster are characterised by a long hind foot 
proportion and short toes. in ‘volume’ and ‘arch’, the feet represent 
medium characteristics (Mauch et al., 2008).

3.3.2 Foot types in different age groups

Figure 3.9 presents the distribution of the five foot types in the different age 
groups. it illustrates how children’s foot shapes change throughout growth. a 
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3.9 Distribution of foot types within different age groups.

Footwear-Luximon-03.indd   63 8/13/13   9:47:45 AM

�� �� �� �� �� ��



64 Handbook of footwear design and manufacture

© Woodhead Publishing Limited, 2013

large number of two-year-old children (59%) show Flat Feet, whereas none of 
them display Long Feet, and only a small percentage has Slender Feet (3%). 
Overall survey of the figures shows that the proportion of children with Flat 
Feet decreases with age. at the same time, there is a contrary development in 
Slender and robust Feet. as expected, there are more robust Feet in young 
children, and Slender Feet are increasingly found in older children. there 
are hardly any Long Feet until the age of five, but a noticeable increase from 
the ages seven to thirteen, up to a total of 35-43%.
 considering these foot types in the different age groups allows us to 
understand more about the development of children’s feet as a whole. there 
is a shift in the occurrence of robust and Slender Feet that is associated 
with the children’s age. This complements previous findings by Debrunner, 
who examined the ball width normalised to foot length to see the relative 
changes during growth: normalised foot width decreased with increasing foot 
length (Debrunner, 1965). Similar results were found by Gajeweski et al., 
who noticed differentiated relative variability in foot and shank features, and 
Stástná, who found dimensional foot types (Gajeweski, 1999; Stástná, 1999). 
they all concluded that the shape of a child’s foot varies with age, but their 
findings are based on only two dimensions: foot length and ball girth.
 Long Feet are found predominantly in the age groups older than 6 
years. This finding was unexpected, as Long Feet are mainly characterised 
according to their long hindfoot proportions. Previous studies found no 
change in relative ball length with increasing foot length (Debrunner, 1965), 
resulting in no alteration of the ball-line in the shoe design across ages. 
the discrepancies in previous studies of the foot types could be caused 
by taking all foot dimensions into consideration – not only ball length. in 
addition, a great number of Flat Feet, but less Long Feet were measured in 
the younger age group (< 6 years). the high percentage of Flat Feet in the 
younger children, which are characterised mainly by a flat arch, is supported 
by the findings of previous studies, such as that conducted by Echarri and 
Forriol (2003). They found most feet morphologically flat at the ages of 
3 and 4 years, and identified age as the primary predictive factor for flat 
feet next to gender and wearing shoes. however, their data showed Short 
Feet to be equally distributed throughout all age groups, which is widely 
consistent with the results regarding the foot types. in contrast to previous 
studies, the classification of foot types gives new scientific findings regarding 
foot morphology, which have great impact on footwear design in children’s 
shoes. 

3.3.3 Influence of gender

Several authors investigated the influence of gender with respect to different 
foot dimensions in different age groups. Kouchi reported that, in general, 
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foot dimensions of boys alter until the age of 18 years, while in girls they 
stay unchanged from the age of 13 years (Kouchi, 1998).
 For ball width, values for girls were an average of 2–3mm smaller than 
those for boys (Debrunner, 1965; Kouchi, 1998). the same was shown for 
heel width. in ball length, heel width and ball height, Debrunner found no 
significant differences between boys and girls (Debrunner, 1965).
 Dowling et al. reported significant differences between 7- and 12-year 
old boys and girls with respect to their foot shape: Boys generally showed 
greater foot dimensions compared with girls of the same age (Dowling et al., 
2005). From the age of 8 years, especially boys displayed a broader midfoot. 
this was also found for 1- to 2-year old children by Unger and rosenbaum, 
who reported a smaller midfoot in girls (Unger and rosenbaum, 2004).
 Other studies have examined the development of the longitudinal arch of 
children’s feet with regard to age and gender mainly based on footprints. 
these studies were able to show that arch height increases with increasing 
age – in girls more than in boys: boys tend to have more flat feet (Echarri 
and Forriol, 2003; Pfeiffer et al., 2006). Considering the influence of gender 
on the prevalence of the different foot types, there are small differences 
between boys and girls. across all age groups, the most obvious differences 
are found in the Slender Feet cluster, including 62% girls and 38% boys. in 
contrast, at 59%, boys are slightly overrepresented in the Flat Feet cluster, 
as well as at 54% in the robust Feet cluster. 
 Figure 3.10 illustrates the development of children’s foot shape in the 
course of childhood for boys and girls. a higher proportion of Flat and robust 
Feet is observed in boys, particularly in the 3- and 4-year olds. Girls, on the 
other hand, show a higher proportion of Slender Feet, particularly starting 
around the age of six years.

3.3.4 Influence of body composition

Several authors have examined the influence of body mass on the characteristics 
of foot dimensions and the forming of the medial longitudinal arch (MLa) 
of the foot. They found significantly larger foot dimensions as a result of 
increased body mass in terms of broader, taller and thicker feet compared 
to normal-weight counterparts (Dowling et al., 2005; riddiford-harland et 
al., 2000). In addition, flatter feet were observed in obese children as well as 
an increased mechanical loading in plantar pressures (Dowling et al. 2001, 
2004; hills et al., 2002; Mickle et al., 2006a, 2006b).
 regarding the previously described foot types, an analysis regarding the 
influence of BMI on foot types showed that 26% of underweight children 
displayed Slender Feet, whereas only 7% of the overweight children had this 
foot type. as expected, robust Feet showed just the opposite trend: 27% 
were with overweight children, and only 4% of the underweight children had 
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this foot type. regarding the Flat Feet cluster, only 10% of the underweight 
children had this foot type, whereas 21% of the Flat Feet cluster consisted of 
overweight children. Short Feet and Long Feet were distributed approximately 
equally across underweight and overweight children.
 Figure 3.11 illustrates the development of foot shape in three age categories 
for underweight, normal weight and overweight children. in normal weight 
children, there is a shift in the prevalence of foot types: with increasing age, 
the proportion of Slender and Long Feet increases, whereas the proportion of 
Flat, Robust and Short Feet decreases. This finding corresponds to the findings 
in Fig. 3.10. the development of the foot in underweight and overweight 
children occurs differently. the prevalence of Slender Feet in overweight 
children varies between 3% and 15%, and for underweight children between 
11% and 50% in the different age groups. in contrast, there are no robust 
Feet in the underweight children aged between 7 and 14 years. additionally, 
Flat Feet (between 4% and 30%) and Short Feet (between 2% and 30%) are 
rarely measured in underweight children. in contrast, overweight children 
display fewer Long Feet and more Short Feet compared with their underweight 
counterparts. the differences between underweight and overweight children 
are more noticeable in the age groups 7–10 years and 11–14 years (Mauch 
et al., 2008).
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3.10 Foot types of boys and girls in the course of childhood. 
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3.4 Conclusion

this chapter has given an overview of the growth and development of 
children’s feet. thereby, the focus is on changes in single foot dimensions, 
including the bony development, the maturity of soft tissues and the foot 
proportions throughout childhood. in this context, functional aspects of the 
development have been discussed. in the second part, the development of 
a child’s comprehensive foot shape was considered. hereby, differences 
between boys and girls as well as with respect to body composition (BMi) 
were presented.
 Knowledge of structural and functional developmental processes should 
be seen as giving principles of constructing shoes for certain age groups. as 
mentioned above, the foot’s maturation follows a specific genetic program. 
this open program is responsible for the resultant foot morphology, but 
external influences can cause deviations or demand adaptations. Therefore, 
this knowledge should be the basis of constructing footwear. Furthermore, 
it should be identified at which age several processes take place and are 
therefore more sensitive relative to external influences. And more research 
should focus on the nature of external influences that cause remarkable 
deviations.
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 Special flexible and elastic materials could be used as preventive factors to 
avoid deviations and enable healthy growth. With regard to the development 
of soft tissues, these materials, for uppers as well as soles, are important in 
two ways. On the one hand the flexibility is required to support strengthening 
of muscles and ligaments. On the other hand it will allow more natural 
conditions of foot morphology.
 the maturation of soft tissues becomes likewise important when regarding 
the fact that most children’s shoes are manufactured up to size EU 39. 
Especially boys reach this shoe size long before their feet are mature and 
are therefore able to tolerate high mechanical loads. in the majority of cases, 
this size leads girls perfectly to the adult foot. But regarding the fact that 
often the forefoot of girl’s shoes is shortened and the heel is heightened, the 
supply of adequate shoes for girls is not better. these aspects regard only 
foot length as the most important measurement for the alignment of shoes. 
Nevertheless, other measurements are, when regarding a healthy maturation, 
also important.
 this chapter has also shown that not only single foot dimension – such 
as foot length – but also the comprehensive foot shape alters throughout 
childhood. this has direct impact on footwear design. Knowing about the 
maturation of a child’s foot, it is imperative to allow for these differences 
in foot dimensions and foot shape when constructing well-fitting shoes. 
Particularly in the grading of shoes, the alteration of foot shape has to be 
taken into account. Shoes in different sizes are degraded and upgraded 
from a masterpiece, for example in size EU 37, based on grading scales. 
however, a shoe in size EU 37 degraded to size EU 27 will not necessarily 
fit that child in its proportions. If the proportions of the shoe features are 
not matched to the functional aspects of the foot, this can be harmful for 
the maturing foot. For example, if the ball line of a shoe does not match 
the metatarsal–phalanges–joint (ball line) of the foot, the foot is forced to 
flex in a wrong region of the foot, which again can cause foot problems and 
disorders. if the shoe is too wide or too high, the foot does not get a good 
grip and therefore is again prone to develop problems based on excessive 
movement of the foot. this review has shown that not only age, but also 
gender and body mass influence foot shape and development. These are 
additional factors, which have to be considered in the design of children’s 
shoes to allow for unimpaired development.
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The anatomy of the human foot
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Abstract: This chapter describes the anatomy of the human foot; first the 
bones and joints, followed by muscles and tendons. The arches of the human 
foot are then dealt with. Finally, the chapter describes the neurovasculature 
and surface anatomy of the foot.

Key words: bones, joints, muscles, tendons, arches, neurovasculature, 
surface anatomy.

1.1 Introduction

The primary purpose of the human foot is supporting weight. The human 
foot is never used for grasping, unlike the feet of many other primates. This 
specialization is reflected in its anatomy. The following sections describe 
parts and aspects of the foot anatomy:

– Bones
– Joints
– Muscles and tendons
– arches
– neurovasculature
– Surface anatomy.

1.2 The bones of the human foot

The bones of the foot can be divided into three groups: the tarsal bones, the 
metatarsals, and the phalanges (see Fig. 1.1).

1.2.1 The tarsal bones

The tibia and fibula in the leg articulate with only the talus of the foot, at the 
ankle joint. The talus thus receives the weight of the whole body. The talus 
sits on the calcaneus, which touches the ground at its posterior tuberosity, 
and therefore part of the body weight is transmitted through the calcaneus 
to the ground. The body weight is further distributed from the talus and 
calcaneus, through other tarsal bones, and then to the metatarsals, the heads 
of which also touch the ground and support the body weight.
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The calcaneus

Of all the seven tarsal bones, the calcaneous is the largest and is the only 
one that touches the ground (see Fig. 1.1b and 1.1c). It articulates with the 
talus above it and the cuboid anterior to it. It is shaped somewhat like a 
rectangular box, with a shelf-like protrusion from the medial upper surface 
called the sustentaculum tali, which is partly responsible for supporting the 
talus (see Fig. 1.2a and 1.2b). The inferior surface of the sustentaculum tali 
is grooved by the tendon of the flexor hallucis longus, the long flexor of the 
big toe (see Fig. 1.2b).
 The superior surface of the calcaneus has three articular surfaces, all of 
which are located on its anterior half (see Fig. 1.2a):

– The anterior talar articular surface. a small concave articular surface 

Ant Ant
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talar articular 
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1.2 The right calcaneus. (a) Superior view. (b) Inferior view.  
 (c) Lateral view.
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on the superior surface of the anteromedial corner of the calcaneus.
– The middle talar articular surface. a concave articular surface on the 

superior surface of sustentaculum tali, close to or even fused with the 
anterior talar articular surface. The anterior and middle talar articular 
surfaces articulate with the head of the talus, in the talocalcaneonavicular 
joint, a ball-and-socket synovial joint formed by the head of the talus 
(the ball) and the calcaneus and navicular (the socket).

– The posterior talar articular surface. a convex articulating surface, for 
articulating with a concave articular surface on the inferior aspect of 
the talus. The joint thus formed is the subtalar joint. 

The calcaneal sulcus is the deep groove separating the anterior and middle 
articular surfaces from the posterior articular surface. The calcaneal sulcus, 
together with the talar sulcus on the inferior surface of the talus, forms the 
tarsal canal, which widens laterally into the tarsal sinus. The two bones are 
firmly attached to each other by the talocalcaneal interosseous ligament in 
the talar canal and the ligamentum cervicis tali in the tarsal sinus (see Fig. 
1.3).
 The part of the calcaneus posterior to the articulations with the talus is the 
calcaneal tuberosity (see Fig. 1.1b). The posterior surface of the tuberosity 
receives the calcaneal tendon (achilles tendon). Superior to the attachment 
of the calcaneal tendon, there may be a smooth area for a bursa between the 
deep surface of the tendon and the calcaneus. On the inferior surface of the 

1.3 Dorsolateral view of an osteoligamentous specimen of the 
human right foot, with all tendons and muscles on the foot dorsum 
removed. 
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calcaneal tuberosity are medial and lateral tubercles or processes, separated 
by a V-shaped notch (see Fig. 1.2b). These are the weight-bearing areas of 
the calcaneus. Further anteriorly, on the inferior surface of the most anterior 
part of the calcaneus, is the calcaneal tubercle, to which the longer plantar 
ligament attaches, on its way from the medial and lateral calcaneal tubercles 
to the inferior surfaces of the middle three metatarsals.
 On the lateral surface of the calcaneus (see Fig. 1.2c), there is a small 
bony prominence, the peroneal trochlea. The peroneus brevis tendon passes 
above the trochlea with the peroneus longus tendon below it, and is bound 
down to the calcaneus by the inferior peroneal retinaculum.

The talus

The talus receives the weight of the whole body from the tibia and fibula, 
and transmits the weight to the calcaneus and navicular. It has a body, which 
is projected anteriorly into the talar head. Between the body and the head is 
a short neck (see Fig. 1.4a).
 The body has large articular surfaces on its superior and inferior surfaces. 
The inferior articular surface, called the posterior calcaneal articular surface, 
articulates with the convex, posterior talar articular surface on the superior 
surface of the calcaneus (see Fig. 1.4b). The superior articular surface, 
called the trochlea, is a dome-shaped surface for articulating with the tibia 
(see Fig. 1.1). The trochlea is broader anteriorly than posteriorly. It extends 
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1.4 The right talus. (a) Medial view. (b) Inferior view. 
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onto the medial and lateral side of the body for articulating with the medial 
(from the tibia) and the lateral malleoli (from the fibula). The surface on the 
medial side of the body is comma-shaped, with the tail directed posteriorly 
(see Fig. 1.4a). The surface on the lateral side is triangular in shape, much 
larger, and covers almost the entire lateral surface of the body.
 The body is projected posteriorly as the posterior process, which is 
grooved by the tendon of the flexor hallucis longus (see Fig. 1.4a,b). The 
bony prominences of the medial and lateral side of the groove are called the 
medial and lateral tubercles, respectively.
 The head of the talus is covered by a large articular surface which is 
subdivided into different parts for articulating with different structures (see 
Fig. 1.4b). The anterior part of the head is convex and articulates with the 
concave, posterior surface of the navicular. The very lateral part of this 
convex surface also articulates with the medial band of the bifurcate ligament 
(both the medial and lateral bands arise from the superior surface of the 
calcaneus just behind the calcaneocuboid joint, with the medial band going 
to the navicular and the lateral band to the cuboid) (see Fig. 1.3).
 The inferior part of the head bears two small, flat articular areas for the 
anterior and middle talar articular surfaces on the body of the calcaneus 
and the sustentaculum tali (see Fig. 1.4b). They are respectively called the 
anterior and middle calcaneal articular surfaces. Between the navicular surface 
and the calcaneal surfaces on the talar head is another triangular articular 
surface for the spring (or calcaneonavicular) ligament (see Fig. 1.4b), which 
closes the gap between the calcaneus and navicular (see Fig. 1.1c), so that 
the weight-bearing talus will not separate the two bones, and touches the 
group. 

The navicular

navicular means ‘boat-shaped’, and this bone is so named because of its 
anterior convexity and posterior concavity. The posterior surface of the 
navicular is covered by articular cartilage and receives the convex head of 
the talus (see Fig. 1.1a, c). The anterior surface is also completely covered 
by articular cartilage, which can be divided into three articular surfaces, one 
for each of the three cuneiform bones (see Fig. 1.1a). The articular surface 
for the lateral cuneiform occasionally extends onto the lateral surface on the 
navicular for articulating with the cuboid. 
 The inferior margin of the navicular receives the spring (or calcaneonavicular) 
ligament from the anterior margin of the sustentaculum tali of the calcaneus. 
The medial band of the bifurcate ligament is also attached to the inferior 
margin of the navicular (see Fig. 1.3). The navicular tubercle is on the 
medial side near the plantar surface. It receives the tendon of the tibialis 
posterior.
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The cuboid

The cuboid is approximately shaped like a cube, hence its name (Fig. 1.1). 
Posteriorly, the cuboid articulates with the calcaneus at the calcaneocuboid 
joint, the articulating surfaces of which are undulating. anteriorly, the cuboid 
articulates with the fourth and fifth metatarsals. The anterior articular surface 
of the cuboid thus bears two facets, one for the fourth metatarsal and the 
other for the fifth. Medially, the cuboid articulates with the lateral cuneiform 
bone and occasionally with the navicular as well.
 The lateral margin of the bone is free. Two bony prominences can be 
observed here (see Fig. 1.1). The smaller anterior and larger posterior tubercles 
extend onto the inferior surface of the cuboid to form two oblique bony 
ridges, with the posterior one more prominent than the anterior, sandwiching 
a deep groove between them. The tendon of peroneus longus turns around 
at the lateral margin of the cuboid between the anterior and the posterior 
tubercles to enter the sole (see Fig. 1.3).

The cuneiform bones

There are three cuneiform bones, named according to their relative positions: 
medial, intermediate and lateral (see Fig. 1.1). They are all wedge shaped, 
although the direction of wedging differs among the three. The base of the 
medial cuneiform faces inferiorly, while those of the intermediate and lateral 
cuneiforms face superiorly. They articulate with each other by synovial joints 
and strong interosseous ligaments. The lateral cuneiform bone articulates 
with the cuboid laterally.
 all three cuneiform bones articulate with the navicular posteriorly. 
anteriorly, each of the three cuneiform bones articulates with its own 
metatarsal, from the first to the third. The intermediate cuneiform is the 
shortest among the three (in the longitudinal direction of the foot), which 
together form a mortise into which the base of the second metatarsal fits 
(see Fig. 1.1).

1.2.2 The metatarsals

There are five metatarsals. The first is the most medial, and the fifth most 
lateral. Each metatarsal has a base, a shaft and a head. The shaft of the first 
metatarsal is the thickest and has a longitudinal ridge on its inferior surface 
that mechanically reinforces it.
 The bases of the metatarsals articulate with tarsal bones: the first with 
the medial cuneiform, second with the intermediate cuneiform, the third 
with lateral cuneiform, and the fourth and fifth with the cuboid. The bases 
of the second to fifth metatarsals also articulate with each other. The base 
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of the fifth metatarsal expands laterally into a tubercle, onto which the 
tendon of peroneus brevis attaches (see Fig. 1.3). The superior surface of 
the fifth metatarsal is flat, and receives the tendon of peroneus tertius (see 
Fig. 1.5).
 The heads of all five metatarsals are round, and bear an articular surface 
for articulating with the proximal phalanx of their respective toe. The heads 
are bound together by the strong deep transverse metatarsal ligaments. The 
articular surface on the head of the first metatarsal is special in that it has 
two parallel longitudinal grooves for the sesamoid bones, to which the short 
muscles of the sole are attached, and from which the tendons of these muscles 
pass to the proximal phalanx of the big toe. The heads of the metatarsals 
touch the ground and are thus weight-bearing.

1.2.3 The phalanges

The big toe has two phalanges, the proximal and the distal. The proximal 
phalanx articulates with the first metatarsal at the first metatarsophalangeal joint, 
and with the distal phalanx at the interphaleangeal joint. all the other toes have 
three phalanges: proximal, middle, and distal. The proximal ones articulate 
with their respective metatarsals at their respective metatarsophalangeal joints. 
The joint between the proximal and the middle phalanges is the proximal 
interphalangeal joint, and the one between the middle and distal phalanges 
is the distal interphalangeal joint.

Tibilais anterior

Extensor hallucis longus

Dorsalis pedia

Peroneus tertius

Extensor digitorum 
brevis

Sup
MedLat

Inf

Extensor digitorum longus

1.5 Dorsolateral view of an osteoligamentous specimen of the human 
right foot, to show tendons and muscles on the foot dorsum.
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1.3 The joints of the human foot

The joints in the human foot are characterized by stability rather than by 
mobility, unlike the joints in the hand. Some joints have already been described 
in Section 1.2, and some will be described in this section.

1.3.1 The subtalar joint

The subtalar joint is a ball-and-socket synovial joint, formed by the convex 
posterior talar articular surface on the superior surface of the calcaneus and 
the concave posterior calcaneal articular surface on the inferior surface of 
the talus. The capsule of this synovial joint is thickened at various places to 
form ligaments, the most notable of which is the thickening at the anterior 
aspect of the joint. This thickening is the posterior band of the interosseous 
talocalcaneal ligament. The anterior band is, in fact, the thickened posterior 
capsule of the talocalcaneonavicular joint. The anterior and posterior bands 
of the interosseous talocalcaneal ligament diverge from the floor (on the 
superior surface of the calcaneus) to the roof of the tarsal canal (on the 
inferior surface of the talus).

1.3.2 The talocalcaneonavicular joint

The talocalcaneonavicular joint is a ball-and-socket synovial joint. The 
convex side (the ball) consists of just the talar head. however, the concave 
side of the joint (the socket) has several different structures taking part in 
its formation, with corresponding subdivisions of the articular surface on 
the talar head. The posterior surface of the navicular and the anterior and 
middle talar articular surfaces (on the calcaneal body and sustentaculum tali, 
respectively) form the bony part of the socket of the talocalcaneonavicular 
joint. The gap between navicular and calcaneus is bridged medially by the 
spring (or calcaneonavicular) ligament, and laterally by the medial band of 
the bifurcate ligament (which goes from calcaneus to the navicular). These 
two ligaments also form part of the socket of the talocalcaneonavicular joint 
in articulating with the talar head.

1.3.3 The calcaneocuboid joint

The calcaneocuboid joint is a synovial joint formed by the undulating 
articulating surfaces on the anterior end of the calcaneus and the posterior 
surface of the cuboid. On the superior medial aspect, the capsule is reinforced 
by the lateral band of the bifurcate ligament (which runs between calcaneus 
and cuboid) (see Fig. 1.3). The joint is further reinforced inferiorly by the 
short and longer plantar ligaments. The short plantar ligament, or the plantar 
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calcaneocuboid ligament, attaches posteriorly on the calcaneal tubercle on 
the inferior surface of the calcaneus and anteriorly on the inferior surface of 
the cuboid. The long plantar ligament covers the short plantar ligament and 
is much longer. It orginates posteriorly from the medial and lateral tubercles 
on the inferior surface of the calcaneus. It passes anteriorly, attaches to the 
calcaneal tubercle on its way, crosses the calcaneocuboid joint, attaches to 
the oblique bony ridges on the inferior surface of the cuboid thus converting 
the bony groove for the tendon of peroneus longus into a tunnel, and finally 
attaches to the bases of the second, third and fourth metatarsals.

1.3.4 The mid-tarsal joint

The mid-tarsal joint is a functional concept. It consists of the calcanocuboid 
joint, which is a distinct joint by itself, and the talonavicular part of the 
talocalcaneonavicular joint (see Fig. 1.1). These two joints lie alongside 
each other, across the middle of the tarsal bones, and are therefore referred 
together as the mid-tarsal joint.

1.3.5 The tarsometatarsal, metatarsophalangeal, and 
interphalangeal joints

The tarsometatarsal joints are plane synovial joints that allow limited gliding 
movements only, except for the one between the first metatarsal and the 
medial cuneiform (see Fig. 1.1).
 The metatarsophalangeal joints are ellipsoid synovial joints formed between 
the head of a metatarsal and the base of the proximal phalanx (see Fig. 1.1). 
They allow flexion, extension, abduction and adduction. They are reinforced 
medially and laterally by collateral ligaments, and inferiorly by the plantar 
ligament, which is grooved for the flexor tendons. The plantar ligaments of 
the five toes are all connected by the deep transverse metatarsal ligaments to 
those of the adjacent toes, so that the five toes cannot spread apart. Although 
the first metatarsal has slightly more mobility at the first tarsometatarsal 
joint, its mobility is still very much lower than its counterpart in the hand, 
the thumb, which is free to move independently of the other fingers. The 
interphalangeal joints are hinge synovial joints that allow flexion and extension. 
They are reinforced medially and laterally by collateral ligaments.

1.4 The muscles and tendons of the human foot

1.4.1 The foot dorsum

Long tendons from four muscles that arise in the front of the leg cross the 
foot dorsum. There is just one muscle that arises from the foot dorsum. The 
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muscles from the front of the leg as well as the single muscle on the foot 
dorsum are all supplied by the deep peroneal nerve (deep fibular nerve).

The tendons on the foot dorsum

The tibialis anterior muscle arises from the proximal tibia and an adjacent 
part of the interosseous membrane between the tibia and fibula. It passes 
vertically down, pierces the superior extensor retinaculum, bound down by the 
inferior extensor retinaculum, enters the foot dorsum, and finally inserts onto 
the medial cuneiform and the base of the first metatarsal (see Fig. 1.5). 
 The extensor digitorum longus (see Fig. 1.5) arises from the fibula, a 
small area of the tibia, and the anterior intermuscular septum of the leg. It 
divides into four tendons before it reaches the foot. The four tendons are 
bound down by the superior and inferior extensor retinacula, travel on the 
foot dorsum superficial to the tendons of extensor digitorum brevis, and insert 
onto the lateral four toes. The tendon to each toe breaks into three slips. The 
middle one inserts onto the base of the middle phalanx, while the other two 
meet dorsal to the middle phalanx, after being joined by the tendons of the 
lumbrials and interossei, and insert onto the base of the distal phalanx.
 The extensor hallucis longus (see Fig. 1.5) arises from the fibula and an 
adjacent area of the interosseous membrane. It was originally deep in the 
front of the leg, but emerges between the tibialis anterior muscle and extensor 
digitorum longus muscle anterior to the ankle joint. It is bound down by 
the superior and inferior extensor retinacula, travels on the medial side of 
the foot dorsum, and inserts onto the base of the distal phalanx of the big  
toe. 
 The peroneus tertius (also called fibularis tertius) is a slender muscle 
arising from the lower anterior surface of the fibula, the adjacent interosseous 
membrane and the intermuscular septum between the anterior and lateral 
compartments in the leg. The tendon passes inferiorly deep to the superior 
and inferior extensor retinaculum, enters the foot dorsum, and inserts onto 
the dorsal surface of the base of the fifth metatarsal (see Fig. 1.5).
 as the long extensor tendons cross anterior to the ankle joint, they are 
stabilized by the superior and inferior extensor retinacula. The superior 
extensor retinaculum is a transverse thickening of the fascia lata (deep 
fascia) of the lower limb, medially attached to the lower tibia and laterally 
to lower fibula. It serves to bind down the tendons of the extensor digitorum 
longus, extensor hallucis longus, and peroneus tertius, as well as the anterior 
tibial vessels and the deep peroneal nerve. The tendon of the tibialis anterior 
perforates the retinaculum along the retinacular plane and is thus enclosed 
in a fibrous tunnel. The inferior extensor retinaculum is Y-shaped, with the 
stem attached laterally to the calcaneus, the two limbs of the Y attaching 
to the lower tibia and the medial border of the plantar aponeurosis (after it 
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has wrapped around the medial border of the foot). The extensor digitorum 
longus and the peroneus tertius pass through a tunnel through the stem of the 
inferior retinaculum. The other extensor tendons pass deep to the retinaculum, 
which prevents the bowstringing of these tendons.

The muscle on the foot dorsum

The extensor digitorum brevis is the only muscle that arises from the foot 
dorsum (see Fig. 1.5). It is attached proximally to the calcaneus lateral, to 
the tarsal sinus and from the inferior extensor retinaculum. Its muscle bulk 
can be observed under the skin. The muscle passes obliquely across the 
foot dorsum and breaks out into four tendons that go to the medial four toes 
(note that the extensor digitorum longus inserts onto the lateral four toes). 
The part that goes to the big toe is different in that it is attached to the base 
of the proximal phalanx of the big toe while the tendons to the three other 
toes are attached to the tendon of the extensor digitorum longus of each 
toe. The part that goes to the big toe is therefore also called the extensor 
hallucis brevis.

1.4.2 The sole

The muscles and tendons in the sole are arranged in four layers, from 
superficial to deep.

The first layer

This is the most superficial layer, consisting of three muscles lying 
longitudinally in the sole. The short flexor of the lateral four toes lies in the 
middle, sandwiched by the abductor of the big toe on the medial side and 
the abductor of the fifth toe on the lateral side (see Fig. 1.6).
 The short flexor of the lateral four toes, or the flexor digitorium brevis, 
arises from the medial tubercle on the inferior surface of the calcaneal 
tuberosity. The flexor digitorium brevis covers the tendons of the flexor 
digitorium longus (in the second layer of muscles in the sole). The flexor 
digitorium brevis muscle bulk gives rise to four tendons, which pass to the 
lateral four toes (see Fig. 1.6). The flexor digitorium brevis tendon for each 
toe splits and goes around the tendon of the flexor digitorium longus to 
attach to the two sides of the middle phalanx.
 The abductor of the big toe, or the abductor hallucis, arises from the medial 
tubercle of the calcaneus, passes anteriorly along the medial margin of the 
sole and inserts onto the medial side of the base of the proximal phalanx of 
the big toe (see Fig. 1.6). It accounts for the soft tissue on the medial side 
of the sole.
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 The abductor of the fifth toe, or the abductor digiti minimi, has a wide 
origin, from both the medial and lateral tubercles of the calcaneus, deep to 
the origin of the flexor digitorium brevis. It passes along the lateral margin 
of the sole, and accounts for the soft tissue bulge there (see Fig. 1.6). It 
inserts onto the lateral side of the proximal phalanx of the fifth toe.
 Strictly speaking, the plantar aponeurosis does not belong to the first layer 
of muscles of the sole, but it is closely related to the muscles in that layer. 
The plantar aponeurosis is a tough fibrous structure just deep to the skin of 
the sole, attached posteriorly to the medial tubercle of the calcaneus (see 
Fig. 1.6). Its longitudinal fibers diverge as they pass anteriorly, eventually 
breaking up into five short slips, one for each toe. Each digital slip splits 
to allow for the passage of the tendons of the flexor digitorium brevis and 
longus into the toe, and eventually inserts onto the fibrous sheath of each toe 
(which surrounds the flexor tendons to each toe) and onto the deep transverse 
metatarsal ligaments. These digital extensions of the plantar aponeurosis 
are interconnected by transverse running fibres that are called superficial 
transverse metatarsal ligaments. From the medial and lateral edge of the 
plantar aponeurosis, a fibrous septum passes more or less perpendicular to 
the skin, to attach to the first and fifth metatarsals, thus separating the flexor 
digitorium brevis in the middle from the abductor hallucis on the medial side 
and the abductor digiti minimi on the lateral side. The plantar aponeurosis 
thus covers the flexor digitorium brevis, but not the abductor hallucis and 
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1.6 (a) Sole of the right foot after removal of skin. (b) First layer of 
the sole.
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the abductor digiti minimi. The deep fascia covering these two muscles are 
much thinner than the plantar aponeurosis.

The second layer

The second layer of muscles in the sole consists of the tendons of the two 
long flexors of the toes and five small muscles attached to them.
 The flexor hallucis longus is a muscle arising in the calf. Its tendon passes 
behind the medial malleolus of the ankle, and enters the sole in its medial side. 
It lies in the bony groove on the inferior surface of sustentaculum tali of the 
calcaneus as it enters the sole (see Fig. 1.2b). The tendon travels anteriorly 
on the medial side of the sole towards the big toe (see Fig. 1.7a). On its way, 
it is crossed by the oblique tendons of the flexor digitorum longus. Further 
anteriorly, the tendon lies between two sesamoid bones beneath the head of 
the first metatarsal. The tendon then enters the big toe and inserts onto the 
base of its distal phalanx.
 The flexor digitorum longus is another muscle arising in the calf. Its tendon 
also goes behind the medial malleolus and enters the sole in its medial side. 
It crosses the sole obliquely, crossing the tendon of the flexor hallucis longus, 
receiving a contribution from that tendon as it does so. The tendon splits into 
four tendons, which lie deep to the four tendon of the flexor digitorum brevis 
of the first layer of sole muscles. A tendon of flexor digitorum longus and a 
tendon of flexor digitorum brevis pass into each toe, with the brevis tendon 
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1.7 Deep dissections of the right foot. (a) Some structures in the 
second layer of the sole. (b) Structures in the fourth layer of the sole.
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lying superficial to the longus tendon. The flexor digitorum brevis tendon 
splits to go around the longus tendon, and then attaches to the sides of the 
middle phalanx. The longus tendon, passing between the two halves of the 
brevis tendon, continues its anterior course and eventually attaches to the 
base of the distal phalanx. This relationship between the flexor digitorium 
brevis and longus in the human foot is the same as that between the flexor 
digitorum superficialis and profundus in the hand.
 There are five short muscles associated with the tendons of the flexor 
digitorum longus. The flexor accessorius or quadratus plantae is a flat muscle 
entirely in the sole. It arises by two heads. The fleshy medial head arises from 
the medial surface of the calcaneus and from the medial calcaneal tubercle, 
and the tendinous lateral head from the lateral calcaneal tubercle. The two 
heads merge and the muscle passes anteriorly to insert onto the tendon of 
the flexor digitorum longus along where it divides into four tendons. This 
muscle helps to pull the tendons of the flexor digitorum longus, thus flexing 
the lateral four toes, even when the flexor digitorum longus is shortened and 
thus weakened in full plantar flexion.
 There are four lumbrical muscles in each foot, one for each of the four 
lateral toes. They arise from the tendons of the flexor digitorum longus 
and pass on the medial side of the tendon. The tendons of the lumbricals 
are originally plantar to the deep transverse metatarsal ligaments, but they 
pass dorsally to insert onto the dorsal expansion. They cause flexion of the 
metatarsophalangeal joints and extension of the interphalangeal joints.

The third layer

The third layer consists of three muscles, two of which are for the big toe 
and the remaining one for the fifth toe.
 The flexor hallucis brevis, lying in contact with the undersurface of the 
first metatarsal, is divided into a medial and a lateral belly, inserting as a 
tendon onto the medial and lateral side of the base of the proximal phalanx of 
the big toe. Each tendon contains a sesamoid bone under the first metatarsal 
head. The tendon of the flexor hallucis longus lies between the two sesamoid 
bones. The medial tendon fuses with the tendon of the abductor hallucis, 
and the lateral tendon with the tendon of the adductor hallucis.
 The adductor hallucis muscle, the second muscle in the third layer of 
sole muscles, has a large oblique head and a small transverse head. The two 
heads join to form a short tendon that inserts onto the lateral sesamoid of 
the flexor hallucis brevis muscle.
 The flexor digiti minimi brevis arises from the inferior surface of the base 
of the fifth metatarsal and the adjacent fibrous sheet of the peroneus longus 
tendon. It inserts onto the lateral side of the base of the proximal phalanx 
of the fifth toe.

Footwear-Luximon-01.indd   17 8/13/13   9:47:04 AM

�� �� �� �� �� ��



18 Handbook of footwear design and manufacture

© Woodhead Publishing Limited, 2013

The fourth layer

The fourth layer of sole muscles consists of the tendons of the peroneus longus 
and tibialis posterior, and two groups of small muscles that lie between the 
metatarsals. The peroneus longus (also called fibularis longus) arises from the 
head of the fibula, the lateral surface of the fibula, and the adjacent deep fascia  
and intermuscular septa. Its tendon passes posterior to the lateral malleolus, 
held in place here by the superior peroneal retinaculum that stretches  
between the posterior edge of the lateral malleolus and the calcaneus. The 
tendon then appears on the lateral surface of the calcaneus, onto which 
it is bound down by the inferior peroneal retinaculum attached to the 
trochlea, a low bony evaluation on the lateral surface of the calcaneus 
(see Fig. 1.4c). The tendon then makes an acute turn at the lateral border 
of the cuboid to go into the sole (see Fig. 1.3), where it travels obliquely 
to its attachment on the medial cuneiform and the base of the first 
metatarsal (see Fig. 1.7b). In the sole, it lies in a tunnel formed by the 
bony groove on the inferior surface of the cuboid and the long plantar  
ligament.
 The tibialis posterior muscle is another muscle that arises in the calf and 
whose tendon passes posterior to the medial malleolus (the other two are the 
flexor digitorum longus and the flexor hallucis longus). In the sole, it travels 
anteriorly in the fourth layer of sole muscles, and attaches to the navicular 
tubercle, from which a fibrous expansion radiates out to other tarsal bones 
and metatarsals (see Fig. 1.7b).
 The four dorsal interossei muscles and the three plantar interossei muscles 
lie between the metatarsals, and thus belong to the fourth, the deepest, 
of the four layers of sole muscles (see Fig. 1.7b). The plantar interossei 
are for adduction, while the dorsal interossei are for abduction. This is 
similar to the interossei in the palm except that the axis of abduction and 
adduction is the second digit in the foot but is the third (middle) digit in the  
hand.

1.5 The arches of the human foot

The bones in the human foot do not lie in a horizontal plan. The middle of 
the foot is raised off the ground. In the sagittal plane, the curvature of the 
foot bones is called the longitudinal arch, which is higher on the medial 
side than on the lateral side. There is also a curvature in the coronal plane. 
It is called the transverse arch and is most curved at the base of the five 
metatarsals and their associated cuneiforms and cuboid. The transverse arch 
at the heads of the metatarsals is negligible.
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1.5.1 Longitudinal arches

The medial longitudinal arch consists of the following bones: the calcaneus, 
the talus, the navicular, the three cuneiforms, and the medial three metatarsals 
(see Fig. 1.1c). Of these, only the posterior tuberosity of the calcaneus and 
the head of the three metatarsals touch the ground in a normal foot, i.e. the 
two ends of the arch. The medial longitudinal arch is maintained not by the 
shape of the bones forming it, but by ligaments and tendons.
 One important ligament contributing to the stability of the medial 
longitudinal arch is the plantar aponeurosis, which spans between the 
bases of the arch, i.e. the calcaneal posterior tuberosity and the head of 
the metatarsals. It is as if the aponeurosis is too short to accommodate all 
the foot bones, and the bones need to bulge superiorly so as to fit onto the 
aponeurosis. another important ligament is the spring ligament, connecting 
the sustentaculum tali and the navicular. If this ligament fails, the head of 
the talus will sink, separating the sustentaculum tali and the navicular, to 
reach the floor, i.e. the arch collapses. 
 The tendon of the flexor hallucis longus is also important in maintaining 
the medial longitudinal arch. It is a thick tendon running on the medial 
side of the sole, bridging the two ends of the medial longitudinal arch. Its 
contraction thus offers a dynamic stability to the medial arch. The tibialis 
anterior helps to maintain the medial longitudinal arch using a different 
mechanism. It inserts onto the medial cuneiform and the base of the first 
metatarsal, which lie along the raised part of the arch. The tibialis anterior 
thus helps to maintain the arch by pulling up the raised part of the arch. 
Other less significant factors in maintaining the medial longitudinal arch 
include the flexor digitorum longus tendons to the second and third toes and 
the short longitudinal muscles in the medial side of the sole.
 The lateral longitudinal arch consists of the following bones: the calcaneus, 
the cuboid, and the lateral two metatarsals (see Fig. 1.1b). Just as in the 
medial longitudinal arch, bony factors play very little part in maintaining 
the arch. Once again, ligaments and muscles are much more important. The 
plantar aponeurosis also helps to maintain the lateral longitudinal arch, just 
as it maintains the medial arch. The long and the short plantar ligaments lie 
on the inferior surface of the tarsal and metatarsal bones, and thus resist the 
inferior opening of their intervening joints that will occur in the flattening 
of the lateral arch. The long tendon of the peroneus longus curves around 
the lateral edge of the foot at the cuboid bone, thus helping to maintain the 
curvature of the lateral longitudinal arch by raising the middle of the arch. 
The tendons of the flexor digitorum longus to the fourth and fifth toes, 
as well as the short muscles on the lateral side of the sole, also help to 
maintain the lateral longitudinal arch, by pulling together the two ends of the  
arch.
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1.5.2 Transverse arch

The bones forming the transverse arch include the three cuneiforms, the 
cuboid, and the five metatarsals (see Fig. 1.1a). Although the intermediate 
and lateral cuneiform bones are wedge-shaped with their superior surfaces 
larger than their inferior surfaces, thus contributing to the transverse arch, 
the medial cuneiform is wedge-shaped in the opposite direction. Therefore 
the bony factor is much less important than the ligaments and muscles in the 
maintenance of the transverse arch. The tendon of the peroneus longus goes 
obliquely across the sole from the cuboid on the lateral side of the sole to the 
medial cuneiform and base of first metatarsal on the medial side of the sole. 
Contraction of that muscle will cause the two sides of the foot to come closer 
together and thus maintain the transverse arch. Other transversely running 
soft tissue across the sole can also offer support to the transverse arch, such 
as the ligaments connecting the cuneiforms and cuboid, the deep transverse 
metatarsal ligaments, the superficial transverse metatarsal ligaments, and 
even the transverse head of the adductor hallucis muscle.

1.6 The neurovasculature of the human foot

1.6.1 The neurovasculature of the foot dorsum

The anterior tibial artery in the anterior compartment of the leg passes 
into the foot dorsum, where it is called the dorsalis pedis artery. It passes 
anteriorly on the foot dorsum between the tendon of the extensor hallucis 
longus and the most medial tendon of the extensor digitorum longus (see 
Fig. 1.5), on the bony floor formed by the tarsal bones. It is easily palpable 
in most people on the foot dorsum, just lateral to the tendon of the extensor 
hallucis longus. It continues towards the first intermetatarsal space, where it 
dives deep to join the lateral plantar artery, thus completing the plantar arch 
anastomosis. It gives out the arcuate artery that crosses the dorsum of the 
bases of the metatarsals. The arcuate artery gives out the dorsal metatarsal 
arteries. There are perforating arteries that connect the plantar arch with the 
arcuate artery, and the dorsal metatarsal arteries with the plantar metatarsal  
arteries.
 The deep peroneal nerve (or the deep fibular nerve) descends with the 
anterior tibial artery, anterior to the interosseous membrane in the leg. It 
enters the foot dorsum by crossing anterior to the ankle joint. It divides into a 
medial and a lateral branch. The lateral branch supplies the extensor digitorum 
brevis and the extensor hallucis brevis, while the medial branch supplies 
the skin of the first web. The superficial peroneal nerve (or the superficial 
fibular nerve) pierces the deep fasicia in the lower leg. Its branches supply 
the skin of the foot dorsum except for the first web.
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1.6.2 The neurovasculature of the sole

The tibial nerve and the posterior tibial artery are the nerve and artery for 
the sole. They enter the sole by passing though the tarsal tunnel behind the 
medial malleolus.
 The tarsal tunnel should not be confused with the tarsal canal, which is a 
completely bony canal formed between the talus and the calcaneus. The tarsal 
tunnel is only partly bony. The bony part is a groove formed by the posterior 
surface of the medial malleolus, the posterior part of the talus, the adjacent 
part of calcaneal tuberosity and the inferior surface of sustentaculum tali. 
The flexor retinaculum spans the bony groove, which is thus converted into 
an osteoligamentous tunnel. The tarsal tunnel is thus an osteoligamentous 
tunnel posterior to and inferior to the medial malleolus, guiding tendons, 
nerves and vessels from the calf into the foot. The tendons of the tibialis 
posterior, flexor digitorum longus, and flexor hallucis longus go though the 
tarsal tunnel to go into the sole. Their sliding movement inside the tunnel 
is facilitated by synovial sheaths surrounding the tendons. The posterior 
tibial artery and the tibial nerve also go though the tarsal tunnel, between 
the tendons of the flexor digitorum longus and the flexor hallucis longus. 
Thus the pulsation of the posterior tibial artery can be felt behind the medial 
malleolus. The tibial nerve gives rise to the medial calcaneal branches in 
the tunnel and they go through the flexor retinaculum to supply the skin of 
the heel.
 Both the posterior tibial artery and the tibial nerve divide into a medial 
and a lateral plantar branch. These plantar nerves and arteries travel between 
the first and second layer of sole muscles. The medial plantar nerve and 
artery run along the medial margin of the foot, giving out branches which 
emerge between the flexor digitorum brevis and abductor hallucis to supply 
the skin on the medial side of the sole. The medial plantar artery supplies 
structures on the medial side of the sole and the big toe. The medial plantar 
nerve supplies four muscles: the flexor digitorum brevis, the abductor hallucis 
muscles (both in the first layer), the first lumbrical (in the second layer) 
and the flexor hallucis brevis (in the third layer). It also supplies cutaneous 
branches (plantar digital nerves) to the medial three and a half toes.
 The lateral plantar nerve and artery (see Fig. 1.7) cross the sole obliquely 
between the first and second layers of the sole. Just like their medial 
counterparts, the lateral plantar nerve and artery give rise to cutaneous 
branches that emerge close to the flexor digitorum brevis (between that muscle 
and the abductor digiti minimi) to reach the skin of the sole. The lateral 
plantar nerve supplies the abductor digiti minimi and the quadratus plantae, 
before it divides into a superficial and a deep branch. The superficial branch 
supplies the skin of the lateral one and half toes, the flexor digiti minimi (in 
the third layer) and the dorsal and plantar interossei muscles between the 
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fourth and fifth metatarsals (i.e. the third plantar interosseous, and the fourth 
dorsal interosseous muscle). The deep branch is entirely motor and supplies 
the second to fourth lumbricals, the adductor hallucis, the first and second 
plantar interossei, and the first to the third dorsal interossei muscles.
 The lateral plantar artery accompanies the deep branch of the lateral plantar 
nerve to curve back from the lateral side of the sole to form the plantar arch 
(see Fig. 1.7). In the palm there are two arterial arches, but in the sole there 
is just one. The plantar arch crosses the base of the second, third, and fourth 
metatarsals, and ends at the proximal part of the first intermetatarsal space by 
joining with the dorsalis pedis artery. It gives rise to the plantar metatarsal 
arteries for the webspaces. Perforating arteries connect the plantar arch with 
the arcuate artery of the dorsalis pedis artery, and the plantar metatarsal 
arteries with the dorsal metatarsal arteries.

1.7 The surface anatomy of the human foot

The following sections list some of the structures that can be observed or 
palpated on different aspects of the foot. 

1.7.1 Lateral aspect

The following features can be observed on the lateral aspect of the foot 
(see Fig. 1.8):

– Lateral malleolus: the bony prominence on the lateral side of the ankle 
joint. It is formed by the inferior end of the fibula.
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1.8 Lateral aspect of the right foot.
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– The tubercle of the fifth metatarsal: the most prominent bony structure, 
approximately at the middle of the lateral border of the foot. It can also 
be found by tracing back along the shaft of the fifth metatarsal from its 
head, which can be uncovered by plantar flexion of the fifth toe at its 
metatarsophalangeal joint.

– The cuboid: once the tubercle of the fifth metatarsal is palpated, the 
cuboid can be located by moving the palpating fingers slightly posteriorly 
along the lateral border of the foot. The tendon of the peroneus longus 
curves around the cuboid to enter the sole.

– The calcaneus: the posterior tuberosity of the calcaneus forms the bone 
inside the heel. The peroneal trochlea, which separates the tendons of 
the peroneus longus and brevis, lies on the lateral surface, and can be 
palpated at a short distance distal to the tip of the lateral malleolus.

– The tarsal sinus: this can be felt as a depression anterior to the lateral 
malleolus. anterior and lateral to the depression, the extensor digitorum 
brevis can also be palpated (and be observed in feet with less subcutaneous 
fat).

– The tendons of the peroneus longus and brevis: if a subject is asked to 
evert the foot or to raise the lateral border of the foot, a tendon can be 
seen under the skin travelling from the lateral malleolus to the tubercle of 
the fifth metatarsal. This is the tendon of the peroneus brevis. Sometimes 
the tendon of the peroneus longus can also be seen, travelling from the 
lateral malleolus to the cuboid. The examiner can make these tendons 
more prominent if the movement of the subject’s foot is resisted by 
placing a few fingers on the lateral border of the foot. 

1.7.2 Medial aspect

The following features can be observed in the medial aspect of the foot 
(see Fig. 1.9):

– Medial malleolus: the bony prominence on the medial side of the ankle 
joint. It is part of the tibia.

– The calcaneus: the posterior tuberosity of the calcaneus is palpable on 
the medial side of the heel. The sustentaculum tali can be palpated at a 
finger-breadth distance distal to the tip of the medial malleolus.

– The tendon of tibialis posterior: this passes posterior to the medial 
malleolus to insert onto the tubercle of the navicular. It can be made to 
stand out underneath the skin by asking the subject to adduct the foot 
against resistance.

– The tubercle of the navicular: this is a bony prominence that can be 
seen on some people. Tracing along the tendon of the tibialis posterior 
is another way of localizing this bony landmark.
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– The tendon of the tibialis anterior: this tendon will stand out underneath 
the skin when the subject dorsiflexes the foot against resistance (see Fig. 
1.10).

– The medial cuneiform: this traces the tendon of the tibialis anterior. The 
medial cuneiform is the tarsal bone to which it attaches.

First metatarsal

Medial malleolus

Tubercle of the 
navicular

Tendon of 
tibialis posterior

Calcaneus

1.9 Medial aspect of the right foot.

Tendon 
of tibialis 
anterior

Tendon of 
extensor hallucis 

longus

Tendons of 
extensor 

digitorum 
longus

(a) (b)

1.10 Dorsum of the right foot. (a) When not dorsiflexing the ankle.  
(b) When dorsiflexing the ankle.
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– The first metatarsal: the bony structure anterior to the medial cuneiform 
is the first metatarsal.

– The talar neck: between the tendon of tibialis posterior and that of tibialis 
anterior is the talar neck.

1.7.3 Foot dorsum

The following features can be observed on the foot dorsum (see Fig. 
1.10):

– The tendon of tibialis anterior 
– The tendons of the extensor digitorum longus: if a subject is asked to 

dorsiflex the ankle and extend against resistance the lateral four toes at 
their metatarsophalangeal and interphalangeal joints, the four tendons 
to the lateral four toes can be seen standing out underneath the skin.

– The tendon of the extensor hallucis longus: If a subject is asked to 
extend the big toe at its metatarsophalangeal and interphalangeal joints, 
the tendon can be seen travelling from the medial side at the front of 
the ankle joint to the dorsum of the big toe.

– The dorsalis pedis artery: the pulsation of this artery can be felt just 
lateral to the tendon of the extensor hallucis longus and medial to the 
tendon of the extensor digitorum longus to the second toe.

1.7.4 Posterior aspect

The following features can be observed on the posterior aspect of the foot 
and ankle (see Fig. 1.11):

– The medial and lateral malleoli.
– The achilles tendon: this is the thick longitudinal tendon in the posterior 

aspect of the foot and it can be palpated easily just under the skin. It can 
be traced inferiorly to insert onto the posterior surface of the calcaneal 
tuberosity. 

1.7.5 Sole

The following features can be observed on the sole of the foot:

– The calcaneal tuberosity: The bony prominence in the plantar surface 
of the heel is the weight-bearing part of the calcaneal tuberosity. The 
medial tubercles can be palpated to be larger than the lateral tubercle.

– The plantar aponeurosis: this can be palpated when it is drawn tight by 
the forced dorsiflexion of all the toes by an examiner. The medial and 
lateral border of the plantar aponeurosis can be felt to diverge from the 
medial tubercle of the calcaneal tuberosity.
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1.8 Conclusion

This chapter gives a brief account of the anatomy of the human foot. Footwear 
for comfort, protection, and functionality needs to be designed around the 
anatomy of the foot and accommodate individual variations. For example, 
design of footwear needs to take into consideration the palpable bony 
prominences, since they are the sites where pressure can build up, leading 
to discomfort or even abrasions with potentially serious effects, especially 
in patients with poor sensation or circulation.

1.9 Sources of further information

Drake R L, Vogl a W, Mitchell a W M (2010), Gray’s Anatomy for Students 
(second edition), Philadelphia, Churchill Livingstone, Elsevier.

Kelikian a S (editor) (2011), Sarrafian’s Anatomy of the Foot and Ankle: 
Descriptive, Topographic, Functional (third edition), Philadelphia, Wolters 
Kluwer health, Lippincott Williams & Wilkins.

Sinnatamby C S (2011), Last’s Anatomy, Regional and Applied (twelfth 
edition), Edinburgh, Churchill Livingstone, Elsevier.

Archilles tendon

Medial malleolus Lateral malleolus

1.11 Posterior aspect of the right foot and ankle.

Footwear-Luximon-01.indd   26 8/13/13   9:47:05 AM

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

117

6
Shoe design development

O. Pelizzari, Nuova academia Di Belle arti Milan, italy

DOI: 10.1533/9780857098795.2.117

Abstract: Good shoe design is about building and sustaining a successful 
brand. ‘a strong brand commands intense consumer loyalty’. Making a 
good project for shoes takes into account the evolution of the consumer 
as an integral part of the creation and construction of each shoe. Fashion 
brands need to reflect the identity of different ‘tribes’ that may exist both 
geographically, in particular locations, and virtually. The contents of this 
chapter explore the key points of developing a good shoe design – briefing, 
research, consumer focus, shoe comfort criteria and, last but not least, 
unique design. 

Key words: shoe design, style, comfortable, consumer identity, brand equity, 
brand positioning, product value.

6.1 Introduction

Good shoe design is about building and sustaining a successful brand. ‘at the 
heart of a successful brand is a great product or service, backed by careful 
planning, a great deal of long-term commitment, and creatively designed and 
executed marketing. A strong brand commands intense consumer loyalty’ 
(Kotler and Keller, 2009). This chapter looks at some of the ways shoe 
design can contribute to brand identity.

6.2 Fashion trends

roach-Higgins et al., 1995 have highlighted the challenge of ‘unravelling 
the mysteries of the evolving fashion system that [has] reached out both 
nationally and internationally.’ Nowadays people believe fashion must be 
‘glocal’, i.e. simultaneously global and local. Fashion needs to reflect the 
identity of different ‘tribes’ that may exist both geographically, in particular 
locations, and virtually, e.g. in representations of a tribe’s identity in the 
media. individuals in many different locations can all identify with a particular 
tribal identity expressed e.g. in advertising. People feel they need to belong 
to a group, which means that developing an identity permeates all social 
expression.
 How can we understand the dynamics of tribes? ‘if psychology is the study 
of individual behaviour, and sociology is the study of group behaviour, subject 
matter that falls within the overlapping areas between these two disciplines 
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constitutes a third field of study, social psychology’ (Kawamura, 2005). The 
study of social psychology helps to explain the role of fashion in people’s 
lives. ‘On the basis of social psychological research, as well as on the points 
of agreement found in some early writings concerning the interpretation of 
clothing behaviour, we see that clothing is a symbol of crucial importance 
to the individual. as a non-verbal language, it communicates to others an 
impression of social status, occupation, role, self-confidence, intelligence, 
conformity, individuality, and other personality characteristics.’ (Horn and 
Gurel, 1975). 
 The search for identity in a changing world manifests itself in changing 
fashion trends. The key territory in which trends are born and acquire 
shape is the street. The fashion industry picks up these trends and tries to 
define them in particular styles of clothing or footwear. To track emerging 
trends, it can be helpful to follow developments in popular music, which 
are often accompanied by new trends in fashion that start to appear at street 
level. It can also be useful to visit contemporary art exhibitions or music 
festivals. Keeping an eye on developments in urban architecture is also  
valuable. 

6.3 Stages of the design process

6.3.1 The brief

a good brief is essential to the design process. in a dictionary, to brief is to 
give someone instructions or information about what to do or say. a brief 
needs to strike a balance between providing the right level of information 
to help a designer, and not restricting her/his creativity. a brief usually 
starts with the company’s goals and its brand identity. a brief provides a 
checklist of key issues from the marketing plan for the collection. These  
include:

– Brand equity: who is your client, what is the client’s brand identity and 
position in the market?

– Brand positioning: what kind of shoes are customers of the client’s brand 
looking for?

– Target market positioning: what is the value of the product (e.g. price 
range)?

The brief may identify a particular target group of customers. it will list 
customer characteristics, such as age, status, professional profile, lifestyle 
preferences and purchasing power. it will usually set a budget for the collection. 
A brief may also provide specific information, for example on textures, fabrics 
or materials (e.g. type of leather). it may also specify colours.
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6.3.2 Research

research is the key to every design project. ‘research is formalised curiosity’ 
(Seivewight, 2007). it involves the investigation and recording of information. 
research notes and images were traditionally recorded in a sketchbook. Now 
they can be located and assembled on a laptop or via social networking sites 
such as instagram, which allows sharing of photographs. ‘There are two 
types of research. The first is gathering the tangible and practical materials 
for your collection – for example, fabrics, trims, buttons. The other is about 
the visual inspiration for the collection. This will often help to set the theme, 
mood or concept that is essential in developing an identity for your creative 
work.’ (Seivewright, 2007). research on materials includes: 

– Fabrics
– Textures and surfaces
– Structures and shapes
– Colours, prints and patterns

As well as the specific features of the design, research will be about the 
mood or concept underlying the design. if it is to succeed, a good design 
must create a strong identity which reinforces the overall brand identity. The 
designer must be familiar with the client’s brand identity, as described in 
the brief. This will involve becoming familiar with the company’s product 
range and may involve research in the archives on previous designs and 
what inspired them. Historical research can be valuable. Understanding the 
origin and development of classic designs helps to create a context for new 
designs. New designs may need to echo the designs of previous periods 
where a ‘retro’ feel is required. it may also be necessary to conduct market 
research to identify the values and lifestyles of the customer segments that 
the brand is targeting, their aspirations and style preferences. research also 
needs to take account of competing brands, their design features and what 
makes them successful. 

6.3.3 Developing the design

The designer will start by drawing rough sketches of initial ideas (Fig. 6.1). 
These will culminate in drawing or painting images of the mètier d’art shoe 
design. Drawings should communicate shapes, volumes, textures, lines, 
patterns and colours, both of the heel and body. They should show the overall 
structure and dimensions of the shoe and the relative proportions of the shoe 
components (Fig. 6.2). The components include (Fig. 6.3):

– Body
– Heel
– Insole
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6.1 Initial sketch.

6.2 Technical design.

– Sole
– Platform.

The illustrations must also express the mood and the feel of the design in 
matching customer expectations. The designer may also develop style concept 
drawings (e.g. Fig. 6.4) which capture what the design is trying to express 
to the target market (e.g. informality or glamour).
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 From the initial sketches, a selection of the best is made. They can then be 
redrawn or refined to develop the mètier d’art design (Fig. 6.4). a technical 
design may be produced to help in constructing a prototype (Fig. 6.2). at this 
point, a final selection should be made of shoe body and accessory materials 
(e.g. leather, fabric, fur or metal). After that a, technical file card is prepared 
with specific instructions on shoe construction and the incorporation of 
accessories (e.g. sewing instructions).
 a key drawing is that for the dimensions and shape of the last. it is often 
the case that the designer and the pattern cutter work together on what will 
work best, both in aesthetic terms and as a practical structure. any design 
has to be wearable in terms of stability and comfort in a range of positions, 
whether standing, sitting or walking. it must be able to withstand the 
repeated load imposed by walking. Once the design is agreed, a prototype 
is manufactured as a test (Fig. 6.5). Typically the final colour selection is 
left to the last stage. 

6.4  Case studies

6.4.1 Fornarina

An excellent example of tapping into fashion trends from the street is the 
italian shoe manufacturer Fornarina. Fornarina was founded in 1947 by 

6.3 Identifying components.
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6.4 Finished illustration.

6.5 The first sample.
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Gianfranco Fornari. Picking up and then shaping a trend, it developed the 
precursor of what is now widely known as ‘street wear’. its shoe designs 
combine glamour, femininity and a sense of humour (Fig. 6.6). Designs 
draw on themes from folk and rock music, as well as cartoons. They retain 
a distinctive colour range. in doing so, the Fornarina range has come to 
embody the fashion trend that originally inspired it. The company’s marketing 
reinforces this image, drawing on ideas from surrealist pop art. in doing 
so, Fornarina has continued to innovate, but has maintained its core street 
brand identity, reflecting an international style (the ‘Fornarina attitude’) that 
is feminine, self-assured and streetwise (Fig. 6.7 and 6.8).

6.4.2 Stonefly

Stonefly embodies a particular style of comfortable, casual city shoe (Figures 
6.9 and 6.10). All product designs must conform to Stonefly’s absolute 
comfort philosophy. This includes its patented BluSoft® technology. BluSoft 
is a special gel insert placed in the sole, either in the front of the sole, within 
the shoe heel or both, to ensure comfort. 
 The company starts by identifying emerging trends which suggest potential 

6.6 Fornarina Lyla design sketch.
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6.7 Fornarina Lyla design sample.

6.8 Style concept drawing (Alice Starck).
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6.9 Stonefly design.

6.10 Stonefly design – detail.
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new products to add to its collections. Part of this process involves analysing 
the sales of lines from the previous season, both in individual countries and 
internationally. This is done by a team from production, marketing and sales, 
with the aim of identifying both successful products and those that have been 
less successful. images of target customers are placed on the walls of the 
meeting rooms used by the team, to help them focus on customer lifestyles 
and needs. One room focuses on shoe designs for men, whilst another is 
used to analyse women’s shoes. The team looks at the factors determining 
either success or failure. it also reviews competing products from the same 
period. The result is a marketing plan identifying potential new products. 
 The marketing plan includes a collection matrix into which all products 
must fit. This matrix defines particular customer lifestyle groups, each with 
its own comfort requirements. individual lines in the overall collection target 
these different groups. These lines include successful existing products 
(known as ‘product heroes’), which may need to be updated stylistically, 
as well as new products to be added to the collection. The various comfort 
categories are:

– Extra comfort
– Soft comfort
– Regular comfort
– Action comfort.

Extra comfort is targeted at the 40+ years adult market. This market looks 
for maximum comfort. Shoes are built to help wearers who may do a lot of 
standing or walking, e.g. because of their work. Shoes in this range have a 
very large instep and very soft leathers. The look is casual and plain.
 The soft comfort range is targeted at those who work in offices. The look 
is more formal and sophisticated. The collection includes wedges and heels, 
but with a consistent emphasis on comfort. Designs often use a slip last to 
guarantee softness and flexibility.
 The regular comfort range is meant for people who want to feel comfortable 
but who do not require the high levels of comfort in the extra comfort 
range. 
 Finally, the action comfort range is targeted at adults who enjoy a more 
active lifestyle, e.g. weekend leisure activities. This market wants shoes 
that still have a sophisticated, urban look, e.g. sneakers. For women in this 
customer group, insoles may have a heel lift of 3cm to enhance their look, 
whilst still being sporty and practical.
 a designer is given responsibility for a particular product area. Using 
the brief supplied for new products within the range, the designer suggests 
new designs for men’s or women’s shoes. Drawings of these designs are 
posted up on the walls of the meeting rooms, together with the corresponding 
colour palette and materials. The team looks for designs that it feels meet 
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customer needs best and which best communicate the Stonefly brand. The 
marketing plan is then updated and reviewed by the team. A final selection of 
designs is made and prototypes manufactured. Stonefly’s comfort laboratory 
analyses each prototype to ensure it meets Stonefly’s comfort criteria. Once 
the prototypes are made, representatives of sales forces from countries with 
the highest sales turnover are brought together to review all the prototypes 
and agree a selection for the final collection.

6.5 Conclusion

a good shoe design supports a brand in embodying the lifestyle of a 
particular customer group. it starts with a design brief. The designer then 
needs to conduct research both into the materials required for the design 
and the mood or image the design needs to convey. research provides the 
foundation for developing the design itself. This includes drawings, materials 
and technical data. 
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Abstract: The importance of footwear fit and comfort motivates researchers 
and practitioners to attempt various approaches for achieving good foot–
shoe compatibility. To improve foot–shoe compatibility, a fundamental 
understanding of foot dimensions and important shape features is needed. 
This study systematically describes and discusses various approaches 
on measuring foot dimensions and modeling foot shape so that the 
characteristics of foot anthropometry and foot shape can be understood and 
further be built into shoes that are comfortable to wear. 

Key words: foot anthropometry, footwear fit and comfort, shape modeling, 
finite element (FE) model, sizing.

4.1 Introduction

Ill-fitting footwear has been reported as a major cause of discomfort, pain, 
foot deformities and even injuries (Cheskin, 1987; Clarks, 1989). As a result, 
proper fit and comfort, as well as shoe fashion and style, are becoming 
important selling points for modern footwear manufacturers (Cheskin, 1987; 
Pheasant, 1988; Au and Goonetilleke, 2007; Rout et al., 2010). Foot–shoe 
compatibility is a primary determinant of good fit and comfort. To improve 
compatibility, a fundamental understanding of foot dimensions and shape 
is needed (Liu et al., 1999). Traditionally, foot dimensions were generally 
used to investigate foot–shoe compatibility. With the recent development of 
foot digitalization technologies, especially 3D foot laser scanning technology 
and the development of footwear specific CAD/CAM systems (Xiong et 
al., 2009b), different models have also been proposed to describe important 
features of the complex foot shape.
 The main purpose of this chapter is to describe foot measurements and 
foot shape models so that the characteristics of foot anthropometry and foot 
shape can be understood and built into shoes that are comfortable to wear. 
The remainder of this chapter is organized as follows. In Section 4.2, we 
introduce foot anthropometric measurements, their variations according to 
different factors, and anthropometrical types of foot classification. Section 
4.3 describes three types of foot shape modeling (2D, 3D and 4D), followed 
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by a summary of the chapter in Section 4.4. Finally, Section 4.5 outlines 
sources of further information.

4.2 Foot anthropometric measurements, foot 
variations and classifications of foot types

4.2.1 Foot anthropometric measurements

Many researchers have studied foot variations using size-related anthropometric 
measurements (Baba, 1975; Rossi, 1983; Clarks, 1989; Venkatappaiah, 1997; 
Luximon, 2001; Witana et al., 2006; Xiong et al., 2008, 2009a), probably 
due to easy-acquisition and direct application of this kind of data to the 
design of footwear and its sizing system. Anthropometric measurements such 
as lengths, widths, heights and girths directly acquired by rulers, calipers, 
cloth tapes and other special devices such as the Brannock device (Fig. 
4.1) or indirectly measured from footprints or foot laser scans (generally 
in the form of 3D points cloud) etc. are frequently reported in many foot 
anthropometry studies (Freedman et al., 1946; Rossi, 1983; Bunch, 1988; 
Hawes and Sovak, 1994; Goonetilleke et al., 1997; Liu et al., 1999; Kouchi, 
2003; Witana et al., 2006).
 Freedman et al. (1946) conducted an extensive foot anthropometric study, 
using 7559 US male army subjects. They measured 27 foot dimensions, including 

Moveable arch 
length pointer

Width adjuster

Heel cup

4.1 The Brannock device for measuring the foot.
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7 lengths, 5 widths, 6 heights, 4 girths, 4 shape contour measures and 1 foot 
flare measure. In their study, length and width dimensions were derived from 
a photographic image of the foot; height and girth dimensions were measured 
by a sliding caliper and a cloth tape respectively; while shape contours were 
derived from cardboard templates (Liu et al., 1999). Results showed that the 
error between repeated measures can be large for some dimensions such as 
toe length (Luximon and Goonetilleke, 2008). Rossi (1983) also conducted a 
large survey of foot dimensions on 6800 adults (male: 2800; female: 4000). 
Many shop assistants across the USA were involved in collecting two lengths 
and two widths by a ruler and a Brannock device. However, the measuring 
position was not standardized and foot load bearing condition varied from 
non-weight-bearing to full-weight-bearing (Rossi, 1983; Liu et al., 1999).
 a recent study conducted by Witana et al. (2006) highlighted the importance 
of good definitions and registration procedures so that the measurements can 
be reproducible and repeatable. Witana et al. compared eighteen basic foot 
measurements obtained from three methods: (i) traditional manual measures 
(MM) using simple devices such as rulers, calipers and cloth tapes; (ii) 
commercial software generated measures (CP) from foot laser scans; and 
(iii) the simulated measures (SM) obtained from their coded algorithms. 
All manual foot dimensions were clearly defined (Fig. 4.2 and Table 4.1) 
and the standard measuring protocols were given at first; they were then 
measured by two operators twice and the intraclass correlation coefficients 
(ICC) (Shrout and Fleiss, 1979) were used to evaluate inter-operator and 
intra-operator reliabilities. All ICCs were higher than 0.84, demonstrating 
that good measurement reliability can be achieved if the definitions of the 
foot dimensions and the measuring protocols are well established. More 
importantly, the comparison results showed there were significant differences 
on most foot dimensions between CP and MM, CP and SM, but there were 
no significant differences between SM and MM. They hypothesized that 
those differences may be primarily attributed to differences in definitions 
and the alignment procedures since SM and MM were based on the same 
definitions and similar measuring protocols for foot dimensions, while CP 
may be different since the detail definitions and the algorithms about how 
to align a foot scan and derive those foot dimensions were confidential 
information kept by the commercial company.
 Unfortunately, many organizations and researchers use their own sets of 
standards of measurements, which differ from each other. Even for one of 
the most fundamental foot dimensions – foot length – different definitions 
have been used (Table 4.2). Physical measurements are highly dependent 
on the way they are defined and measured. This dilemma highlights the 
necessity for developing a set of acceptable and meaningful definitions for 
the measurement of feet that would be useful to all footwear manufacturers 
(Witana et al., 2006).

Footwear-Luximon-04.indd   74 8/13/13   9:48:07 AM

�� �� �� �� �� ��



75Foot models and measurements

© Woodhead Publishing Limited, 2013

1

3

8

2

9
13

6

4
5

17

16
15

40 mm

14

10
11

7

12 18

50% Foot length
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Bottom view
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4.2 Eighteen foot dimensions measured in the study of Witana et al. 
1–5: foot length, arch length, heel to medial malleolus, heel to lateral 
malleolus, heel to 5th toe; 6–9: foot width, heel width, bimalleolar 
width, mid-foot width; 10–12: medial malleolus height, lateral 
malleolus height, mid-foot height; 13–18: ball girth, instep girth, long 
heel girth, short heel girth, ankle and waist girth. (Reproduced from 
Witana et al., 2006 with permissions from Elsevier.)

Footwear-Luximon-04.indd   75 8/13/13   9:48:07 AM

�� �� �� �� �� ��



76 Handbook of footwear design and manufacture

© Woodhead Publishing Limited, 2013

Table 4.1 Definitions of 18 foot dimensions as shown in Fig. 4.2. (Reproduced and 
adapted from Witana et al., 2006 with permissions from Elsevier)

5 lengths  1. Foot length: The distance along the Brannock axis (X-direction) 
from pternion to the tip of the longest toe.

 2. Arch length: The distance along the Brannock axis from 
pternion to the most medially prominent point on the 1st 
metatarsal head.

 3. Heel to medial malleolus: Length from pternion to the most 
medially protruding point of the Medial Malleolus, measured 
along the Brannock axis. 

 4. Heel to lateral malleolus: Length from pternion to the most 
laterally protruding point of the Lateral Malleolus measured 
along the Brannock axis. 

 5. Heel to 5th toe: The distance along the Brannock axis from 
pternion to the anterior 5th toe tip.

4 widths  6. Foot width: Maximum horizontal breadth (Y-direction), across 
the foot perpendicular to the Brannock axis in the region 
in front of the most laterally prominent point on the 5th 
metatarsal head.

 7. Heel width: Breadth of the heel 40 mm forward of the 
pternion. 

 8. Bimalleolar width: Distance between the most medially 
protruding point on the medial malleolus and the most 
laterally protruding point on the lateral malleolus measured 
along a line perpendicular to the Brannock axis.

 9. Mid-foot width: Maximum horizontal breadth, across the foot 
perpendicular to the Brannock axis at 50% of foot length from 
the pternion.

3 heights  10. Medial malleolus height: Vertical (Z-direction) distance from 
the floor to the most prominent point on the medial malleolus. 

 11. Lateral malleolus height: Vertical (Z-direction) distance from 
the floor to the most prominent point on the lateral malleolus.

 12. Height at 50% foot length: Maximum height of the vertical 
cross-section at 50% of foot length from the pternion.

6 girths 13. Ball girth: Circumference of foot, measured with a tape 
touching the medial margin of the head of the 1st metatarsal 
bone, top of the 1st metatarsal bone and the lateral margin of 
the head of the 5th metatarsal bone.

 14. Instep girth: Smallest girth over middle cuneiform prominence. 

 15. Long heel girth: Girth from instep point around back heel 
point. 

 16. Short heel girth: Minimum girth around back heel point and 
dorsal foot surface.

 17. Ankle girth: Horizontal girth at the foot and leg intersection

 18. Waist girth: Circumference at the approximate center of the 
metatarsal, measured in a vertical plane, perpendicular to the 
Brannock axis.
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4.2.2 Variations on foot anthropometric measurements

Various factors have been reported in anthropometry studies that can cause 
significant variations, including within-subject factors such as age (Hill and 
Isherwood, 1948; Clapham, 1950; Dick, 1952; Anderson et al., 1956; Hill, 
2005), load-bearing condition (Cheng et al., 1997; Tsung et al., 2003; Xiong 
et al., 2009a) and foot side (left vs. right) (Rys and Konz, 1989; Cheng et 
al., 1997; Xiong et al., 2009a), and between-subject factors such as ethnicity 
(Cheskin, 1987; Golding, 1902; Kouchi, 1998; Luximon, 2001), gender (Rys 
and Konz, 1989; Wunderlich and Cavanagh, 2001; Krauss et al., 2008) and 
growth environment (Jackson, 1990; Rossi and Tennant, 2000).

Age

Hill and Isherwood (1948) reported the average length growth of South 
african schoolboys’ feet to be 0.32 inches per year between the ages of 
approximately 6 and 16, but after 16, the growth rate fell off dramatically. 
Similarly, Clapham (1950) reported cessation of growth in length at 17 for 
males and 15 for females. a later study conducted by anderson et al. (1956) 
showed that feet stop growing in length in 75% of girls after 14 years, even 
if their statures are still increasing. Dick (1952) conducted a survey of girls’ 
feet in New Zealand and confirmed earlier observations on foot length, at the 
same time; it was found that joint girths continue to increase for a further 18 
months after cessation of foot length growth. Hill (2005) conducted a more 
comprehensive study by recording 11 foot measurements, including length, 
width, height and girth measurements, of 41 girls’ feet. The results showed 
that there was no significant change in the foot width ratio (heel width to 
joint width) with increasing age, but the forefoot part became broader relative 
to the foot length with increasing age. additionally, both the height of the 

Table 4.2 Various definitions used for measuring foot length

No. Definition for foot length Source

1 The length from the heel to the longest toe tip 
along rectilinear ordinates.

Freedman et al. (1946)

2 The distance from the most posteriorly projecting 
point on the heel (pternion) to the tip of the most 
anteriorly projecting toe (usually the tip of the big 
or second toe)

Baba (1975)

3 The length parallel to the long axis of the foot, 
from the back of the heel to the tip of the longest 
toe.

Pheasant (1988)

4. The distance along the Brannock axis (X-direction) 
from pternion to the tip of the longest toe.

Witana et al. (2006)
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instep and the joint girth became significantly larger relative to the foot 
length, with increasing age. 

Load-bearing

Different load-bearing conditions can significantly change the foot shape. 
Based on nine foot measurements of thirty Hong Kong Chinese under three 
different load-bearing conditions, Xiong et al. (2009a) reported that the foot 
becomes significantly longer, wider, and reduced in height while rotating to 
the medial side (everting) with increased loading on the foot. When the full 
bodyweight acts on each foot, the foot stretches by more than 3mm relative 
to its ‘unloaded’ condition, in hong Kong Chinese adults. however, the 
dimensional changes (in percentage) are relatively small and within 3.0% for 
all investigated measurements except two (the midfoot height and midfoot 
width) in the midfoot. Similar results have been reported by Cheng et al. 
(1997) and Tsung et al. (2003).

Foot side

Even though there are no statistically significant differences between the 
left and right feet in terms of foot length, width and girth (Cheng et al., 
1997; Xiong et al., 2009a), the difference between the left and right foot of 
the same person can be relatively large. it has been reported that 15% of 
the population have differences in foot length of more than 5mm (Rys and 
Konz, 1989), other considerable foot side differences in foot width, ball 
girth, medial malleolus height, and lateral malleolus height are also found 
(Xiong et al., 2009a). Hence, it is always good practice to check the fit of 
both shoes prior to purchasing footwear.

Ethnicity

Based on an unsubstantiated observation, Cheskin (1987) grouped feet into 
three main groups, namely negroid feet, oriental feet and Caucasoid feet. 
The negroid foot is broad at the forefoot and narrow at the heel. The oriental 
foot is short and broad in both the forefoot and the heel. The Caucasoid foot 
is broad with straight toes (Golding, 1902; Luximon, 2001). Furthermore, 
Golding (1902) stated that, in general, the feet of the Scotch are large, flat 
and bony, while the feet of the Irish are short and chubby. The English have 
broad feet at the instep and joints, the French have long and high-arched 
feet and the German have chubby and arched feet. Kouchi (1998) showed 
that compared with Caucasoid and Australoid populations, Mongoloid 
populations, including Japanese, have wider feet for a given foot length. 
East Asian populations have a smaller foot length for height compared to 
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southeast Asian and Africans. Ethnic and/or sub-group differences in foot 
morphology have demonstrated that unique shoe lasts (moulds) for each 
population group are necessary for better fit and comfort.

Gender

Even though the average female foot is shorter and more slender compared 
with the male foot (its length is approximately 91% of that of the male and 
its volume is around 81% of that of the male), the female foot is not just 
a scaled-down version of the male foot. Different shape characteristics are 
found; for example, it has been reported that the female foot has larger calf 
height, plantar arch height, ankle circumference and calf circumference than 
the male foot after being normalized by foot length (Rys and Konz, 1989; 
Wunderlich and Cavanagh, 2001). Additionally, using radiography technique, 
Igbigbi and Nanono-Igbigbi (2003) reported that the African female group 
has a significantly higher calcaneal angle than that of the male group. All 
these evidences indicate that, if possible, the shoe last should be designed 
separately for each gender group (Krauss et al., 2008). 

Growth environment

While the extreme deforming and growth-inhibiting effects of ancient 
practices such as Chinese foot binding have been documented (Jackson, 
1990), other environmental factors such as nutritional states (Kouchi, 1998), 
heat and moisture can affect the size and the shape of the foot. Even within 
the same day, due to different thermal conditions at the end of the day 
when compared to early morning, foot volume can differ by 5% (Rossi and 
Tennant, 2000).

4.2.3 Anthropometry-based foot type classification

Even though various criteria and techniques (foot arch structure based, relative 
lengths of toe digits based, foot anthropometry based, etc.) have been proposed 
to classify human feet into different types, only anthropometry based foot 
type classification approaches are covered as the focus of this chapter. 
 Researchers have proposed to group foot shapes into different types, 
directly based on some dimensions of the foot (Bataller et al., 2001; Jung et 
al., 2001; Mauch et al., 2009). Jung et al. (2001) proposed to use a simple 
ratio (R) of foot width to foot length to classify the foot shapes into three 
types: slender type (Rx < R – SD), standard type (R – SD ≤ Rx < R + SD) 
and broad type (Rx ≥ R + SD). Bataller et al. (2001) and Mauch et al. (2009) 
proposed applying cluster analysis to classify feet into three foot types: slender 
foot type (small middle and rear foot width with a long ball-of-foot length), 
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intermediate foot type and robust foot type (wide forefoot combined with 
a short ball-of-foot length). Similarly, Krauss et al. (2008) applied cluster 
analysis technique on ten foot measurements of 398 European men and 397 
women; the results showed that feet can be classified into three types, namely, 
voluminous feet, flat and pointed feet, and slender feet. A voluminous foot 
is characterized by a high instep length, a large ball and heel width, and a 
squared forefoot shape. A flat and pointed foot represents a type of foot with 
a low instep length, an average ball width, a narrow heel, a long medial ball 
length and a large ball angle. a slender foot is featured by very small ball 
and heel width, short medial ball length and a small ball angle.

4.3 Foot shape modeling

Foot anthropometry, which involves measurement using calipers, tapes, rulers 
and other types of measuring devices for linear and angular measurements, 
basically provides one-dimensional data. Since the foot is a 3D object, this 
is critical to make the shoe last (a shoe mold which approximates to the 
shape of a human foot); a few, limited dimensions alone are not sufficient 
to represent its complex shape. Therefore, different foot-shape modeling 
approaches, including 2D, 3D and even 4D modeling, have been proposed 
to provide more insights into foot shape.

4.3.1 Two-dimensional modeling

In general, two-dimensional modeling is used to acquire or predict the 2D 
footprint and/or foot outline (see Fig. 4.3 for a typical example). General 
information on 2D foot outlines/footprints of the targeted population should 
be considered for designing industrial standards of shoes (Mochimaru and 
Kouchi, 1997). Furthermore, combined with a few height or girth dimensions, 
the 2D footprint and foot outline can be used to make customized footwear. 
a proper shoe last should be designed with the bottom being slightly smaller 
than the foot outline while larger than the footprint (Witana et al., 2004; 
Luximon and Goonetilleke, 2008). The detail information on how to make 
custom shoe lasts using the foot outline and the footprint is given in the 
Chinese shoe-last design system (Xing et al., 2000).
 Various ways can be utilized to acquire the 2D foot outline and/or footprint. 
Traditionally, a foot outline and a footprint can be manually obtained by 
tracing the foot boundary with a scriber (Mochimaru and Kouchi, 1997) and 
an ink footprint paper, respectively, in a convenient, low-cost way (Xiong et 
al., 2010). Recently, photographic approaches have been proposed by Tang 
(2007) to extract the foot outlines from four digital images taken from side 
and bottom views through mirror reflections when the subject is standing on 
a specially designed platform. additionally, with recent advanced computer 
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and sensor technologies, sensor-based computerized pressure measurement 
systems, such as the F-scan by Tekscan, Inc. (Boston, MA, USA) and RS 
scan systems by RSscan international, have been widely used to measure 
foot plantar pressure in static and dynamic situations. The patterns of plantar 
pressure measurements can be taken as static and dynamic footprints in 
electronic form. Researchers have showed that, even though electronic 
pressure footprints generally resemble traditional ink footprints, there are 
significant differences between them, such as on certain area measurements 
(Urry and Wearing, 2001; Xiong et al., 2010).
 Aside from the aforementioned methods, Luximon et al. (2003) has 
proposed a 2D foot outline modeling approach which is based on a set of 
landmarks located on the foot outline. Based on the experimental results on 

4.3 A sample of an ink footprint with the foot outline (boundary 
denoted by the solid line).
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the left feet of 50 hong Kong Chinese participants, they showed that the 
2D foot outline can be modeled by the generated NURBS curve from 18 
landmarks (Fig. 4.4a) to an accuracy of the averaged mean absolute overall 
errors of 0.90mm (SD = 0.10mm). Furthermore, they adopted a step-wise 
procedure to reduce the chosen 18 landmarks to a minimum set of 8 landmarks 
(Fig. 4.4b), such that the average of mean absolute errors between the foot 
outline and the modelled curve was 1.61 mm (SD = 0.25mm). This study 
demonstrated that a 2D foot outline, an important component for footwear 
functionality and fitting, may be modelled using relatively few but critical 
points (eight landmarks). Witana et al. (2004) have further proposed a method 
for quantifying footwear fit based on dimensional differences between the 
foot and shoe-last outline.

4.3.2 Three-dimensional modeling

Three-dimensional foot surface shape can be captured by laser-scanning based 
measurement systems quickly and accurately. For example, the YETI‘ laser 
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4.4 Foot landmark locations: (a) original 18 landmarks, (b) minimum 
set of eight landmarks. The thick line shows an example of a foot 
outline and the dashed line is the modelled curve when using the 
corresponding set of landmarks. (Reproduced and adapted from 
Luximon et al., 2003 with permission from Taylor & Francis.)
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foot scanner by Vorum Research Corporation can obtain completed surface 
data of the human foot within 10 seconds, with the error of less than 1mm. 
When a YETI laser foot scanner is used, four lasers shine a line of light on 
the foot surface; eight cameras then capture images of the reflected laser light 
as the light advances along the scanned surface. The camera information is 
then used to create the 3D coordinates of 360 points in each section, spaced 
at a certain interval (normally 1.0mm), along the length of the foot (Fig. 4.5) 
(Zhao et al., 2008). In general, the key techniques for laser-scanning based 
3D foot shape measurement systems include laser stripe extraction, laser 
stripe coordinate transformation from cameras image coordinates system 
to a laser plane coordinates system, laser stripe assembly of cameras and 
elimination of image noise and disturbance (Liu et al., 2008).
 Considering the relatively high cost of laser-scanning based 3D foot shape 
measurement systems, a few practical and economical approaches have been 
proposed to model or predict the 3D foot shape (Luximon and Goonetilleke, 
2004; Luximon et al. 2005; Tang, 2007). Luximon and Goonetilleke (2004) 
used a parameterized approach to generate an individual 3D foot shape from 
a standard/average foot, based on four foot dimensions (foot length, foot 
width, foot height, and foot curvature). The experimental results showed 

4.5 Laser-scanned foot in the form of the points cloud: the points are 
arranged in several parallel slices spaced by 1 mm.
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that this approach can achieve a mean absolute modeling error of less than 
2.5mm for both left and right feet. The accuracy can be further improved 
if the foot outline and the foot height are used as the prediction parameters 
(mean absolute errors were less than 1.4mm for both left and right feet). 
Tang (2007) further improved this kind of approach based on extracted 
foot profiles from four 2D foot digital images. The extracted profiles were 
compared with the feet in a huge database through the turning function, and 
those shapes similar to the target foot were selected to generate the predicted 
shape. The result showed, on average, a prediction error of 1.05mm (SD = 
1mm).

4.3.3 Four-dimensional modeling

Due to the complexity of the biomechanics of feet and footwear, and the 
limitations of the experimental approaches (high setup cost and replicating 
patient trials, etc.), finite element (FE) models have been proposed recently 
to conduct foot biomechanical investigations such as the prediction of plantar 
pressure and joint movement, as well as the contact stresses and the internal 
stress/strain of the foot structure under various loading and supporting 
conditions (Gefen, 2002; Cheung and Zhang, 2006). A 3D foot FE model 
is capable of generating 3D foot shape changes over time to create a four-
dimensional foot model (Luximon and Goonetilleke, 2008). Due to foot FE 
modeling having the capability of modeling complex foot structures and 
simulating complicated boundary and loading conditions between the foot 
and footwear, it is efficient for evaluating the effects of footwear design 
modifications without the prerequisite of fabricated footwear and replicating 
experimental trials (Cheung and Zhang, 2006).
 Many foot FE models (Gefen, 2002; Cheung et al., 2005; Cheung and 
Zhang, 2006) have been developed. To build the FE model, the geometry of 
a human foot, including both the surface shape and the inner structure, should 
be obtained first through magnetic resonance imaging (MRI) or computed 
tomography (CT) scans. The 3D model of bones can be reconstructed 
afterwards by combining a series of computed 2D outlines of MRI/CT 
images. Then, the 3D model of bones and whole foot shape are converted 
into small elements, usually 3D-tetrahedral or hexahedral elements (Cheung 
et al., 2005; Cheung and Zhang, 2006; Luximon and Goonetilleke, 2008). 
Adding the biomechanical properties of each tissue and bone, such as Young’s 
modulus and Poisson’s ratio, a foot FE model can be built. Once the foot FE 
model has been successfully built and its loading and boundary conditions 
have been clearly specified, it can be used to conduct many biomechanical 
investigations. Figure 4.6 shows an FE model for simulating the foot–support 
interface with predicted plantar pressure distributions.
 Foot FE models do have some limitations. Firstly, they lack external validity 
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since most FE models are built based on MRI or CT scans of one participant’s 
foot. Additionally, the parameters used to characterize biomechanical 
properties of each tissue and bone of the foot are usually estimated from the 
existing literature and these may not be similar to the foot being investigated. 
Secondly, foot FE models generally involve certain simplifications and 
assumptions such as simplified foot shape/structure, assumptions of linear 
material properties, no friction and slip boundary conditions, etc. (Cheung 
and Zhang, 2006). Thirdly, even though pressure measurements have been 
widely used to validate the developed foot FE models, slight adjustments 
in the biomechanical parameters or boundary conditions of the FE model 
may generate similar pressure patterns (Luximon and Goonetilleke, 2008). 
Nevertheless, if properly conducted, foot FE modeling could be used to 
gain better understanding of the interactions between the human foot and 
footwear, thus enabling better footwear design and development.

4.4 Conclusion

Due to the complex shape of the human foot and the primary importance of 
having good foot–shoe compatibility, a basic understanding the characteristics 
of foot anthropometry and foot shape is critical for the design of footwear 
with improved comfort. Regarding foot anthropometry, it is necessary to 
develop unambiguous and meaningful definitions and standard protocols 
for measuring the critical foot dimensions so that the information from foot 
anthropometry studies can be shared and used by all footwear manufacturers. 

(a) (b)

Peak  
0.23 MPa

MPa
+2.30e-01
+1.50e-01
+1.38e-01
+1.27e-01
+1.15e-01
+1.04e-01
+9.23e-02
+8.07e-02
+6.92e-02
+5.76e-02
+4.61e-02
+3.45e-02
+2.30e-02
+1.14e-02
+0.00e+00

4.6 The FE model for simulating (a) the foot–support interface 
during balanced standing and (b) the FE predicted plantar pressure 
distributions. (Reproduced and adapted from Cheung et al., 2005 
with permissions from Elsevier.)
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As to foot shape, since dimensions alone are not sufficient to represent the 
3D complex shape of the foot, different foot shape modeling approaches, 
including 2D, 3D and 4D modeling, can provide more insights of foot shape 
features for the improved design of footwear, especially for making the shoe 
last. Furthermore, along with the recent trend among the shoe manufacturers 
to advance shoe customization for improved customer satisfaction levels, 
the developed foot shape models can be used to generate customized shoe 
lasts to develop comfortable footwear.

4.5 Sources of further information

Representative values of foot anthropometric measurements can be checked 
through foot anthropometric databases for Chinese adults (Xing et al., 2000) 
and children (Ran et al., 2011), respectively. For details of arch structure 
based foot type classification techniques, interested readers can refer to related 
review papers (Razeghi and Batt, 2002; Xiong et al., 2010). General shoe 
fitting tips and instructions for using the Brannock device for measuring the 
foot can be found on the website of http://www.brannock.com/.

4.6 Acknowledgements

This study was supported by the Basic Science Research Program through 
the National Research Foundation of Korea (NRF 2011-0022185). Support 
from the PhD Programs Foundation from The Ministry of Education of China 
(20100073120046) and NSFC (No. 71001066) was also appreciated.

4.7 References
Anderson M, Blais M and Green WT (1956), ‘Growth of the normal foot during childhood 

and adolescence; length of the foot and interrelations of foot, stature, and lower 
extremity as seen in serial records of children between 1-18 years of age’, American 
Journal of Physical Anthropology, 14, 287–308.

Au EYL and Goonetilleke RS (2007), ‘A qualitative study on the comfort and fit of 
ladies’ dress shoes’, Applied Ergonomics, 38(6), 687–696.

Baba K (1975), ‘Foot measurement for shoe construction with reference to the relationship 
between foot length, foot breadth, and ball girth’, Journal of Human Ergology, 3, 
149–156.

Bataller A, Alcantara E, Gonzalez JC, Garcia AC and Alemany S (2001), ‘Morphological 
grouping of Spanish feet using clustering technique’, Proceedings of the 5th Symposium 
on Footwear Biomechanics. Zuerich/Switzerland, pp 12–13.

Bunch RP (1988), ‘Foot measurement strategies for fitting athletes’, Journal of Testing 
and Evaluation, 16(4), 407–411.

Cheng J, Leung S, Leung A, Guo X, Sher A and Mak A (1997), ‘Change of foot size with 
weightbearing: a study of 2829 children 3 to 18 years of age’, Clinical Orthopaedics 
and Related Research, 342, 123–131.

Footwear-Luximon-04.indd   86 8/13/13   9:48:09 AM

�� �� �� �� �� ��



87Foot models and measurements

© Woodhead Publishing Limited, 2013

Cheskin MP (1987), The Complete Handbook of Athletic Footwear, New York, Fairchild 
Publications.

Cheung JT, Zhang M, Leung AK and Fan Y (2005), ‘Three-dimensional finite element 
analysis of the foot during standing – a material sensitivity study’, Journal of 
Biomechanics, 38, 1045–1054.

Cheung JT and Zhang M (2006), ‘Finite element modeling of the human foot and 
footwear’, 2006 ABAQUS Users’ Conference, pp 145–159.

Clapham JCR (1950), ‘Children’s and adolescents’ foot measurements’. B.B.S.A.T.R.A. 
Research Report No. 114. Kettering, England.

Clarks Ltd. Training Dept. (1989), Manual of Shoe Making, Training Department 
Clarks.

Dick ID (1952), ‘Foot measurements of New Zealand children’, New Zealand Journal 
of Science and Technology, Section B, SS: 415–429.

Freedman A, Huntington EC, Davis GC, Magee RB, Milstead VM and Kirkpatrick CM 
(1946), ‘Foot dimensions of soldiers’, Third Partial Report Project NT-13. Fort Knox: 
Armored Medical Research Laboratory.

Gefen A (2002), ‘Stress analysis of the standing foot following surgical plantar fascia 
release’, Journal of Biomechanics. 35, 629–637.

Golding FY (1902), The Manufacture of Boots and Shoes: Being a Modern Treatise of  
all the Processes of Making and Manufacturing Footgear. Kessinger Publishing, 
LLC.

Goonetilleke RS, Ho ECF and So RHY (1997), ‘Foot anthropometry in Hong Kong’, In: 
Proceedings of the ASEAN 97 Conference. Kuala Lumpur, Malaysia, pp 81–88. 

Hawes MR and Sovak D (1994), ‘Quantitative morphology of the human foot in a North 
american population’, Ergonomics, 37(7), 1213–1226.

Hill LM and Isherwood JE (1948), ‘Measurements of length, width and girth of South 
african boys’ feet’, L.I.R.I Research Bulletin No.52. grahamstown, S. africa.

Hill LM (2005), ‘Changes in the proportions of the female foot during growth’, American 
Journal of Physical Anthropology, 16(3), 350–366.

Igbigbi PS and Nanono-Igbigbi AM (2003), ‘Determination of sex and race from the 
subpubic angle in Ugandan subjects’, American Journal of Forensic Medicine and 
Pathology, 24(2), 168–171.

Jackson R (1990), ‘The Chinese foot-binding syndrome: observations on the history and 
sequelae of wearing ill-fitting shoes’, International Journal of Dermatology, 29(5), 
322–328.

Jung S, Lee S, Boo J and Park J (2001), ‘A classification of foot types for designing 
footwear of the Korean elderly’, Proceedings of the 5th Symposium on Footwear 
Biomechanics, Zuerich/Switzerland, pp 48–49.

Kouchi M (1998), ‘Foot dimensions and foot shape: differences due to growth, generation 
and ethnic origin’, Anthropological Science, 106 (supplement), 161–188.

Kouchi M (2003), ‘Inter-generation differences in foot morphology: aging or secular 
change?’, Journal of Human Ergology, 32, 23–48.

Krauss I, Grau S, Mauch M, Maiwald C and Horstmann T (2008), ‘Sex-related differences 
in foot shape’, Ergonomics, 51(11), 1693–1709.

Liu G, Li P, Wang B, Shi H and Luo X (2008), ‘Image processing techniques in 3-D 
foot shape measurement system’, Seventh International Symposium on Instrumentation 
and Control Technology: Optoelectronic Technology and Instruments, Control Theory 
and Automation, and Space Exploration, Jiancheng Fang, Zhongyu Wang, Eds., 
Proceedings of SPIE Vol. 7129, 71290E.

Footwear-Luximon-04.indd   87 8/13/13   9:48:09 AM

�� �� �� �� �� ��



88 Handbook of footwear design and manufacture

© Woodhead Publishing Limited, 2013

Liu W, Miller J, Stefanyshyn D and Nigg BM (1999), ‘Accuracy and reliability of 
a technique for quantifying foot shape, dimensions and structural characteristics’, 
Ergonomics, 42(2), 346–358.

Luximon A (2001), Foot Shape Evaluation for Footwear Fitting, Ph.D Thesis, Hong 
Kong University of Science and Technology.

Luximon A, Goonetilleke RS and Tsui KL (2003), ‘Foot landmarking for footwear 
customization’, Ergonomics, 46(4), 364–383.

Luximon A and Goonetilleke RS (2004), ‘Foot shape modelling’, Human Factors, 46(2), 
304–315.

Luximon A, Goonetilleke RS and Zhang M (2005), ‘3D foot shape generation from 2D 
information’, Ergonomics, 48(6), 625–641.

Luximon A and Goonetilleke RS (2008), ‘Foot modeling and footwear development’. In: 
Handbook of Digital Human Modeling (Ed. VG. Duffy), CRC Press.

Mauch M, Grau S, Krauss I, Maiwald C and Horstmann T (2009), ‘A new approach 
to children’s footwear based on foot type classification’, Ergonomics, 52(8), 999–
1008.

Mochimaru M and Kouchi M. (1997), ‘A new method for evaluating similarity and the 
classification of the 3D human body shape based on the FFD technique’, Proceedings 
of the 13th Triennial Congress of the International Ergonomics Association, Vol 2, 
Tampere, Finland, July (Helsinki: Finish Institute of Occupational Health Publication 
Office), pp 382–384.

Pheasant S (1988), ‘Bodyspace: Anthropometry, Ergonomics and Design’, Taylor and 
Francis, New York. Philadelphia. London.

Ran L, Zhang X, Chao C and Liu Ta (2011), ‘Anthropometric measurement of the feet 
of Chinese children’. In: V.G. Duffy (Ed.): Digital Human Modeling, hCii 2011, 
LNCS 6777, pp. 30–36.

Razeghi M and Batt ME (2002), ‘Foot type classification: a critical review of current 
methods’, Gait and Posture, 15, 282–291.

Rossi WA (1983), ‘The high incidence of mismatched feet in population’, Foot and 
Ankle, 4, 105–12.

Rossi WA and Tennant R (2000), ‘Professional Shoe Fitting’, New York, Pedorthic Footwear 
Association with acknowledgement to the National Shoe Retail Association.

Rout N, Zhang YP, Khandual A and Luximon A (2010), ‘3D foot scan to custom shoe 
last’, Special Issue of IJCCT Vol. 1; International Conference [ACCTA-2010], 3–5 
august 2010.

Rys M and Konz S (1989), ‘Adult foot dimensions’, in A. Mital (ed.) Advances in 
Industrial Ergonomics and Safety I, Taylor and Francis, London, 189–193.

Shrout PE and Fleiss JL (1979), ‘Intraclass correlations: use in assessing operator 
reliability’, Psychological Bulletin. 86(2), 420–428.

Tang YK (2007), ‘Foot Shape Prediction from Digital Images’, Thesis (M.Phil.) of Hong 
Kong University of Science and Technology.

Tsung BYS, Zhang M, Fan YB and Boone DA (2003), ‘Quantitative comparison of 
plantar foot shapes under three weighting-bearing conditions’, Journal of Rehabilitation 
Research and Development, 40(6), 517–526.

Urry SR and Wearing SC (2001), ‘A comparison of footprint indexes calculated from 
ink and electronic footprints’, Journal of the American Pediatric Medical Association, 
91(4), 203–209.

Venkatappaiah B (1997). Introduction to the Modern Footwear Technology, Chennai, 
India: B. Sita.

Footwear-Luximon-04.indd   88 8/13/13   9:48:09 AM

�� �� �� �� �� ��



89Foot models and measurements

© Woodhead Publishing Limited, 2013

Witana CP, Goonetilleke RS and Feng J (2004), ‘Dimensional differences for evaluating 
the quality of footwear fit’, Ergonomics, 47(12), 1301–1317.

Witana CP, Xiong S, Zhao J and Goonetilleke RS (2006), ‘Foot measurements from three-
dimensional scans: a comparison and evaluation of different methods’, International 
Journal of Industrial Ergonomics, 36(9), 789–807.

Wunderlich RE and Cavanagh PR (2001), ‘Gender differences in adult foot shape: 
implications for shoe design’, Medicine and Science in Sports and Exercise, 33(4), 
605–611. 

Xing DH, Deng QM, Ling SL, Chen WL and Shen DL (2000), Handbook of Chinese 
Shoe Making: Design, Techniques and Equipment, Press of Chemical Industry, Beijing, 
China (In Chinese).

Xiong S, Goonetilleke RS, Witana CP and Au E (2008), ‘Modelling foot height and foot 
shape-related dimensions’, Ergonomics, 51(8), 1272–1289.

Xiong S, Goonetilleke RS, Zhao J, Li W and Witana CP (2009a), ‘Foot deformations 
under different load-bearing conditions and their relationships to stature and body 
weight’, Anthropological Science, 117(2), 77–88.

Xiong S, Zhao J, Jiang Z and Dong M (2009b), ‘A computer-aided design system 
for foot-feature based shoe last customization’, International Journal of Advanced 
Manufacturing Technology, 46, 11–19. 

Xiong S, Goonetilleke RS, Witana CP and Au EYL (2010), ‘Foot-arch characterization: 
a review, a new metric and a comparison’, Journal of the American Podiatric Medical 
Association, 100(1), 14–24.

Zhao J, Xiong S, Bu Y and Goonetilleke RS (2008), ‘Computerized girth determination 
for custom footwear manufacture’, Computers and Industrial Engineering, 54(3), 
359–373.

Footwear-Luximon-04.indd   89 8/13/13   9:48:09 AM

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

197

10
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Abstract: The ideal means of achieving perfect fit is to produce individual, 
tailor-made shoes. However, this method is expensive and unaffordable for 
most people. At the opposite end of the scale, companies would prefer to be 
able to make shoes in only very few sizes, but this would lead to poor fit for 
the majority of customers. Many sizes of shoe are therefore required to meet 
consumer requirements while still ensuring that the business is profitable. 
The exact number of sizes is decided according to the costs of production 
and raw materials, as well as the fitting requirements, while the sizes 
themselves are determined principally on the basis of shoe-last sizes. This 
chapter introduces the sizing of shoe lasts, and consequently also footwear, 
as well as grading, a process used to modify the standard shoe last to 
create different sizes. A number of different standard systems for sizing and 
grading are used worldwide; this chapter compares the differences among 
the systems and discusses new research on sizing and grading. 

Key words: sizing, grading, shoe last, sizing system.

10.1 Introduction

Although there are few records, we believe that in the past footwear was 
made on customized shoe lasts or forms based on an individual foot shape. 
With industrialization came a need to make shoes cheaply and quickly for 
a larger population. Though customized for style, mass market shoes were 
made on a few shoe lasts which, initially, took only the length of the foot 
into account. In 1807 in Philadelphia (Pennsylvania, USA), William Young 
was the first to patent a shoe-last for wider use (Quimby, 1944). Until about 
the 1860s there was no difference between right and left shoes. The shoe 
last was also straight in shape. Before 1880, shoes were made in full sizes 
and seldom more than three widths. Half sizes were introduced after 1880, 
followed by quarter sizes; the latter was soon abandoned due to inventory 
costs. In 1940, slim and fat shoe lasts were created by adding a pad over the 
front of the shoe. Shoe lasts are currently produced in half sizes and several 
widths. However, many shoe shops carry only selected sizes, especially the 
most common ones, to reduce inventory costs. The current shoe-last design 
and sizing system used worldwide is to, some extent, a variation of the 
AKA64 system, which originated in Germany (Adrian, 1991; Pivecka and 
Laure, 1995).
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10.2 Sizing and grading 

10.2.1 Sizing

Sizing determines how large the product is; shoe sizes are based on the size 
of the shoe last. Although early shoes were custom-made, standard sizing 
systems were invented to enable mass production. These systems have only 
a limited number of discrete sizes, although foot size itself is continuous. 
Shoe sizing must be appropriate for the foot characteristics of a country or 
region in order to achieve best fit. 
 Most current sizing systems are based on two parameters: length and 
width. Instead of width, ball girth is sometime used. The length determines 
the primary size, with different width sizes generally available for each 
length size. The different sizing systems in use can be separated into two 
main groups: those using shoe-last length and width as sizing dimensions, 
and those using foot length and width as sizing dimensions. The principal 
advantage of using shoe-last dimensions is ease of measurement and 
checking during the manufacturing process. However, different shoe styles 
can have different toe allowances and hence different lengths and sizes, 
which can cause confusion for customers since they have to buy different 
sizes in different styles. Using foot dimensions is one way of avoiding this 
problem, thereby making the buying process simpler, since the shoe size is 
clearly representative of the foot size. This is highly desirable for consumers 
but is more difficult for manufacturers, who are accustomed to shoe-last  
sizing. 

10.2.2 Grading

Grading is a method used to enlarge or reduce the size of the model shoe last 
to create a whole set. The shoe-last factory normally creates a master model 
last for each new shoe style, usually European size 36 or 37 for women’s 
shoes and European size 40 or 41 for men’s shoes (using the French scale, 
further discussed in Section 10.3). Once the master model last has been 
created, the step size (or size increment) is applied to create the different 
sizes to be used for manufacturing. A variety of different techniques are used 
in the application of the size increment; these techniques are determined by 
the grading rule used.
 There are three types of grading rule: geometric, proportional, and 
arithmetic. Using the geometric grading system, different sizes are a specified 
percentage of a standard shoe-last. The size increment will therefore vary 
according to the size. In the proportional grading system, sizes are increased 
by a set of proportion in all dimensions to create new sizes. Finally, the 
arithmetic grading system involves increasing all dimensions by a constant 
(Clarks, 1989), meaning that the size increment will be the same, regardless 
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of the size of the last. The arithmetic grading system is the easiest and is 
commonly used for grading shoe lasts in factories. 

10.3 Common sizing and grading scales

Many different sizing and grading scales are used in different countries or 
regions of the world. This section offers a comparison of several of the more 
common footwear sizing scales, namely the Mondopoint scale, French scale, 
British scale, American scale, Japanese scale and Chinese scale. Figure 10.1 
shows the comparative length scales for normal shoe sizes. Some extreme 
sizes are not included. The Mondopoint scale, the Chinese scale and the 
Japanese new scale are based on foot length while the other sizing scales 
are based on shoe-last length. Some scales use the metric system, measuring 
in centimeters or millimeters (Mondopoint scale, Chinese scale, Japanese 
scale and French scale), while some use inches (British scale and American 
scale). Scales also differ in the placement of the zero point, i.e. where size 
0 is placed, as shown in Fig. 10.1. Some, such as the Mondopoint scale, 
start from zero length, while others, such as the English scale, start from a 
minimal length. In some scales, there are different sizing systems for infants 
and children, and women and men, as is the case in the American scale. 
There are also differences in width scales and step sizes. These scales have 
been developed to provide a better fit for different local population, but they 
create confusion for manufacturers and users alike. The details are discussed 
in the following sections.

10.3.1 Mondopoint scale – ISO standard 

The Mondopoint scale is recommended by the International Organization 
for Standardization (ISO 9407, 1991). In this scale, millimeters are used to 
grade the length and width of the footwear, based on the length and width of 
the foot. Table 10.1 shows an example of the Mondopoint scale. Foot length 
in the table means the length of the average foot that fits in the footwear, 
while estimated last length means the approximate shoe-last length for a 
given shoe style. The difference (or allowance) between the estimated last 
length and the foot length can vary from 5mm to 30mm or more, depending 
on the style of the shoe. In general, styles having long toe shapes require 
greater toe allowance than styles having rounded toe shapes with ample toe 
space. The allowance used in the table is 15mm. The step sizes are 5, 7, or 
7.5mm for length, while width increases with length by 2, 2.8, and 3mm 
respectively. In the table, the step size for length is 5mm and the step size 
for width between length sizes is 2mm. Within each length size, there is a 
width step size of 4mm. The scale has different sizing for children, women 
and men. The shoe size is usually displayed as ‘(foot length/foot width)’: 
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for example, Mondopoint size (250/96) means that the foot length is 250mm 
and the foot width is 96mm. 

10.3.2 Chinese scale

In the Chinese scale, length and girth sizes are graded in millimeters, based 
on the foot length and the foot ball girth (National Footwear Research 
Institute, 1984; GB/T 3293, 2007). Table 10.2 displays an example of the 
Chinese scale. Length sizes start with children’s sizes, from 90 to 230, 
followed by women’s sizes, from 210 to 265, and men’s sizes from 235 to 
300. The step size for length is 10mm, with a half size increment of 5mm. 
There are five girth sizes, numbered from 1 to 5. The step size for girth is 
7mm, both between length sizes and between girth sizes, with a half size 
increment of 3.5mm. The girth sizes shown in Table 10.2 are for a leather 
shoe for children (90 to 230) and for men (235 to 300). The shoe size is 
usually displayed as ‘length (code of foot ball girth)’, so for instance ‘260 
(2.5)’ means that foot length is 260mm and the foot ball girth code is 2.5. 
Chinese shoe sizes are also sometimes shown as (foot length/foot width) to 
be consistent with the Mondopoint scale (GB/T 3293.1, 1998). They may 
also be displayed using centimeters for the length size, following a former 
standard usage (GB 3293-82, 1982). 

10.3.3 Japanese scale

Japan currently uses both an old and a new scale (National Footwear Research 
Institute, 1984). The old Japanese scale uses centimeters to grade length 
based on shoe-last length, with length size 0 meaning that the shoe length 
is zero. Length sizes start from 4.5 for children (last length 108mm) and 
end at 13 for adults (last length 312mm). The step size for length is 24mm, 
with a half size increment of 12mm. 
 The new Japanese scale uses centimeters to grade length, based on foot 
length. Girth is graded based on foot ball girth. This is a similar method to 
that used in the Chinese scale (JIS S5037, 1998). Table 10.3 shows the new 
Japanese scale, with length sizes of 10.5–26 (children), 19.5–27 (women) 
and 20–30 (men). The step size for length is 1cm or 10mm, with a half size 
increment of 5mm. Girth increases with length by 6, 7 or 8mm, while the 
step size for girth for one length size is 6mm. The girth sizes shown in Table 
10.3 are for a leather shoe for children (105 to 195) and men (200 to 300).

10.3.4 French scale 

The French scale is widely used in European countries such as Germany, 
Italy and Spain. In the French scale, length and girth sizes are graded based 
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Table 10.1 Mondopoint scale 

Length 
size

Est. last 
length 
(mm)

Foot length 
(mm)

Width size – Foot width (mm)

Baby/Kids Women Men

110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290

125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305

110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290

49.4
50.9
52.3
53.7
55.1
56.6
58.0
59.4
60.9
62.3
63.7
65.1
66.6
68.0
69.4
70.9
72.3
73.7
75.1
76.6
78.0
79.4
80.9
82.3
83.7
85.1
–
–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

82
84
86
88
90
92
94
96
98

100
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

82
84
86
88
90
92
94
96
98

100
102
104
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

86
88
90
92
94
96
98

100
102
104
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

88
90
92
94
96
98

100
102
104
106

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

90
92
94
96
98

100
102
104
106
108
110

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

94
96
98

100
102
104
106
108
110
–
–

Note: Estimated last length is 15mm more than the foot length. The step size for 
length is 5mm. The step size for width between length sizes is 2mm for women and 
men and 1.45mm for baby/kids. 

on the shoe-last length and shoe-last ball girth, in millimeters. Table 10.4 
shows an example of the French scale (National Footwear Research Institute, 
1984). Estimated foot length means the approximate foot length that will 
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Table 10.4 French scale

Length 
size

Last 
length 
(mm)

Est. foot 
length 
(mm)

Girth size – Last ball girth (mm)

A B C D E F G

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

106.7
113.3
120.0
126.7
133.4
140.0
146.7
153.4
160.0
166.7
173.4
180.0
186.7
193.4
200.1
206.7
213.4
220.1
226.7
233.4
240.1
246.7
253.4
260.1
266.8
273.4
280.1
286.8
293.4
300.1
306.8
313.4
320.1

91.7
98.3
105.0
111.7
118.4
125.0
131.7
138.4
145.0
151.7
158.4
165.0
171.7
178.4
185.1
191.7
198.4
205.1
211.7
218.4
225.1
231.7
238.4
245.1
251.8
258.4
265.1
271.8
278.4
285.1
291.8
298.4
305.1

105
110
114
118
122
126
131
135
139
143
147
152
156
160
164
168
173
177
181
185
189
194
198
202
206
210
215
219
223
227
231
236
240

110
115
119
123
127
131
136
140
144
148
152
157
161
165
169
173
178
182
186
190
194
199
203
207
211
215
220
224
228
232
236
241
245

115
120
124
128
132
136
141
145
149
153
157
162
166
170
174
178
183
187
191
195
199
204
208
212
216
220
225
229
233
237
241
246
250

120
125
129
133
137
141
146
150
154
158
162
167
171
175
179
183
188
192
196
200
204
209
213
217
221
225
230
234
238
242
246
251
255

125
130
134
138
142
146
151
155
159
163
167
172
176
180
184
188
193
197
201
205
209
214
218
222
226
230
235
239
243
247
251
256
260

130
135
139
143
147
151
156
160
164
168
172
177
181
185
189
193
198
202
206
210
214
219
223
227
231
235
240
244
248
252
256
261
265

135
140
144
148
152
156
161
165
169
173
177
182
186
190
194
198
203
207
211
215
219
224
228
232
236
240
245
249
253
257
261
266
270

Note: Estimated foot length is 15mm less than the last length. The step size for girth 
between length sizes is 5mm.

best fit the size, and is 15mm less than the last length. The scale starts 
with children’s sizes from 16 to 39, corresponding to a shoe-last length of 
106.7mm. Women’s sizes go from 34 to 42, while men’s range from 38 to 
48. The step size for length is 6.67mm (2/3cm), while girth increases with 
length by 4 or 5mm. There are seven girth sizes for each length size, labeled 
A to G, which increase in increments of 5mm. 
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Table 10.5 British scale 

Length 
size

Last 
length 
(inch)

Last 
length 
(mm)

Est. foot 
length 
(mm)

Girth size – Last ball girth (mm)

B C D E F G

0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5
7
7.5
8
8.5
9
9.5

10
10.5
11
11.5
12
12.5
13
13.5

1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5
7
7.5
8
8.5
9
9.5

10
10.5
11

4.17
4.33
4.50
4.67
4.83
5.00
5.17
5.33
5.50
5.67
5.83
6.00
6.17
6.33
6.50
6.67
6.83
7.00
7.17
7.33
7.50
7.67
7.83
8.00
8.17
8.33
8.50
8.67
8.83
9.00
9.17
9.33
9.50
9.67
9.83

10.00
10.17
10.33
10.50
10.67
10.83
11.00
11.17
11.33
11.50
11.67
11.83
12.00

105.8
110.1
114.3
118.5
122.8
127.0
131.2
135.5
139.7
143.9
148.2
152.4
156.6
160.9
165.1
169.3
173.6
177.8
182.0
186.3
190.5
194.7
199.0
203.2
207.4
211.7
215.9
220.1
224.4
228.6
232.8
237.1
241.3
245.5
249.8
254.0
258.2
262.5
266.7
270.9
275.2
279.4
283.6
287.9
292.1
296.3
300.6
304.8

90.8
95.1
99.3

103.5
107.8
112.0
116.2
120.5
124.7
128.9
133.2
137.4
141.6
145.9
150.1
154.3
158.6
162.8
167.0
171.3
175.5
179.7
184.0
188.2
192.4
196.7
200.9
205.1
209.4
213.6
217.8
222.1
226.3
230.5
234.8
239.0
243.2
247.5
251.7
255.9
260.2
264.4
268.6
272.9
277.1
281.3
285.6
289.8

110.5
113
115.5
118
121
124
126.5
129
131.5
134
137
140
142.5
145
147.5
150
153
156
158.5
161
163.5
166
169
172
174.5
177
179.5
182
185
188
190.5
193
195.5
198
201
204
206.5
209
211.5
214
217
220
222.5
225
227.5
230
233
236

115.5
118
120.5
123
126
129
131.5
134
136.5
139
142
145
147.5
150
152.5
155
158
161
163.5
166
168.5
171
174
177
179.5
182
184.5
187
190
193
195.5
198
200.5
203
206
209
211.5
214
216.5
219
222
225
227.5
230
232.5
235
238
241

120.5
123
125.5
128
131
134
136.5
139
141.5
144
147
150
152.5
155
157.5
160
163
166
168.5
171
173.5
176
179
182
184.5
187
189.5
192
195
198
200.5
203
205.5
208
211
214
216.5
219
221.5
224
227
230
232.5
235
237.5
240
243
246

125.5
128
130.5
133
136
139
141.5
144
146.5
149
152
155
157.5
160
162.5
165
168
171
173.5
176
178.5
181
184
187
189.5
192
194.5
197
200
203
205.5
208
210.5
213
216
219
221.5
224
226.5
229
232
235
237.5
240
242.5
245
248
251

130.5
133
135.5
138
141
144
146.5
149
151.5
154
157
160
162.5
165
167.5
170
173
176
178.5
181
183.5
186
189
192
194.5
197
199.5
202
205
208
210.5
213
215.5
218
221
224
226.5
229
231.5
234
237
240
242.5
245
247.5
250
253
256

135.5
138
140.5
143
146
149
151.5
154
156.5
159
162
165
167.5
170
172.5
175
178
181
183.5
186
188.5
191
194
197
199.5
202
204.5
207
210
213
215.5
218
220.5
223
226
229
231.5
234
236.5
239
242
245
247.5
250
252.5
255
258
261
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10.3.5 British scale

The British scale determines sizes in inches based on the shoe-last length. 
The scale starts at 4 inches (101.6mm); children’s Size 1 corresponds to a 
shoe-last length of 4.33 inches (110.1mm). Table 10.5 shows an example 
of the British scale (National Footwear Research Institute, 1984). The step 
size for length is 0.33 inches (8.46mm), with a half size increment of 0.17 
inches (4.23mm). Size 13.5 (8.50 inches or 215.9mm) is the largest children’s 
size. Adult sizes start from 1, which is equivalent to children’s Size 13, and 
corresponds to a shoe-last length of 8.67 inches (220.1mm). Adult Size 14 
corresponds to a shoe-last length of 12.67 inches (321.6mm). Girth size 
based on the shoe-last ball girth increases with length size in increments 
of 5 or 6mm. There are seven girth sizes from A to G within a length size, 
with increments of 5mm. 

10.3.6  American scale

The American scale is similar to the English scale, using inches and shoe-
last measurements. Table 10.6 shows an example of the American scale 
(Adrian, 1991). Length sizes start from 3.92 inches (99.6mm); children’s 
Size 1 corresponds to a shoe-last length of 4.25 inches (108.0mm), with 
Size 13.5 (8.42 inches or 213.8mm) the largest children’s size. Women’s 
sizes also start at 1, which corresponds to children’s Size 13, and go up to 
13. Men’s Size 1 corresponds to children’s Size 14, and has a shoe-last size 
of 8.58 inches (218.0mm), while the maximum men’s size is 13 and has a 
shoe-last length of 12.58 inches (319.6mm). The step size for length is 0.33 
inches (8.46mm), with half size increments of 0.17 inches (4.23mm). There 
are ten ball girth-sizes from AAAA to EEE, which have step sizes of 3/16 
inch (4.76mm) or 1/4 inch (6.35mm), both between length sizes and between 
girth sizes, depending on the length and style of shoe. The American system 
also has step sizes for shoe-last waist girth and instep girth, with similar 
increments to those used for ball girth. 

Length 
size

Last 
length 
(inch)

Last 
length 
(mm)

Est. foot 
length 
(mm)

Girth size – Last ball girth (mm)

B C D E F G

11.5
12
12.5
13

12.17
12.33
12.50
12.67

309.0
313.3
317.5
321.7

294.0
298.3
302.5
306.7

238.5
241
243.5
246

243.5
246
248.5
251

248.5
251
253.5
256

253.5
256
258.5
261

258.5
261
263.5
266

263.5
266
268.5
271

Note: Estimated foot length is 15mm less than the last length. The step size for 
girth between length sizes is 5mm.

Table 10.5 Continued
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10.4 Future trends

10.4.1 Technological advances in sizing and  
customization

Increased use of computer technology and internet shopping is making 
the task of sizing and grading a more difficult challenge. Recent advances 
in technology have provided a platform for the automation of a number 
of processes, such as sizing and grading (Luximon and Luximon, 2009) 
and shoe-last manufacturing (Bao et al., 1994; Paris and Handley, 2004; 
Denkena and Scherger, 2005; Nemec and Žlajpah, 2006), as well as allowing 
computer-aided shoe-last modification and design (Mitchell and Jones, 1995; 
Leng and Du, 2005, 2006; Luximon and Luximon, 2009), the creation of 
shoe-last databases and selection systems (Hwang et al., 2005), and an 
increased understanding of sizing and measurement methods (Luximon and 
Goonetilleke, 2003a; Cheng and Perng, 1999). 
 Future e-shopping systems will have a fit customization feature that will 
be able to determine the level of fit and hence the desired size, which may 
not follow existing sizing systems. Consumers may be able to provide their 
3D foot shape, which will then be entered into a shoe-last selection system 
to identify the best fitting shoe-last available for the selected style. Custom-
made shoe lasts can be manufactured as they are required, thereby reducing 
inventory costs. It will eventually be possible to produce a custom-made 
shoe with both fit and esthetic customization; these custom-made shoes 
could render sizing and grading systems effectively obsolete, depending on 
cost considerations and consumer demand. 

10.4.2 New research on sizing and grading 

This chapter has aimed to answer a number of questions, such as: 

– How many sizes are necessary? 
– Which regions and countries use which sizes/sizing systems?
– What are the differences between the sizes? 
– What parameters should be used for sizing? 

The answers to these have in fact raised new questions, including: 

– Should sizes be based on foot length and width for optimal fit? 
– Which sizing system is the best? 
– What is the optimal size step for length and width? 

A number of studies are currently being carried out by research teams 
worldwide with the aim of finding answers to these questions. Research has 
indicated that sizing and grading can be improved (Goonetilleke et al., 1997; 
Luximon et al., 2012): foot length and foot width are related (Goonetilleke 
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et al., 1997), hence sizing based on these two parameters is inefficient, 
meaning that length sizing alone is often used. Luximon and Goonetilleke 
(2003b) analyzed 25 anthropometric measurements, including foot length, 
height, width and flare, using the principal component analysis method, and 
found that improved fit could be achieved by using foot length and flare 
instead of foot length and width in a two-parameter sizing system (see also 
Goonetilleke and Luximon, 1997). In order to find a relationship between 
sizing parameters and 3D foot shape, Luximon and Goonetilleke (2004) 
modeled a 3D foot shape based on four parameters in an attempt to find the 
most suitable parameters for sizing. 
 In some cases, a system to predict fit for different sizing methods is 
required. Luximon and Goonetilleke (2003b) proposed a system of sizing and 
shoe-last selection to obtain different levels of fit. More recently, Luximon 
et al. (2012) used principle component analysis to analyze the whole foot, 
based on 35 640 measuring points, and showed that different sizing and 
grading parameters can give different levels of accuracy. The new proposed 
sizing system, based on foot length and flare, is 35% more accurate than 
existing sizing systems based on foot length and width. However, a number 
of questions have yet to be answered, and further research is required to 
determine the optimal sizing systems for different populations. 

10.5 Conclusion

Shoe sizing and grading systems based on the distribution of foot shapes 
is essential for the production of well-fitting footwear for consumers. The 
current systems have all been established based on years of experience of a 
particular population. Due to differences in foot shape, the systems used in 
different parts of the world have different step sizes for length and width. 
However, this creates a great deal of confusion on the global scale. The use of 
foot measurements rather than shoe-last measurements to determine the size 
would make the process simpler. In addition, new research and development 
has found that new foot measures could be introduced to further improve the 
fit. These new developments can be expected to help in the production of 
better fitting footwear, reduce inventory costs, and simplify the complexity 
of the existing systems.
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Abstract: This chapter contains the fundamentals of foot sketching through 
a study of the constructive anatomy of the foot, foot templates, drawing 
materials and skills. a diversity of foot sketches from artists, illustrators and 
fashion designers is illustrated to graphically describe how to sketch feet. 
These sketches can be readily consulted by those interested in life drawing 
and, particularly, in the shoe design field.

Key words: foot sketch, template, sketching materials.

7.1 Introduction

apart from being an artistic way of drawing and illustrating, foot sketches 
are a start to understanding the gist of shoe design. The human foot, the 
foundation for bipedal locomotion, is a complex adaptation that has evolved 
through extensive remodeling of the hind appendage of our arboreal primate 
forebears (Susman, 1983). For nearly a century, scholars have examined the 
anthropometry of the foot and its relationship with other parts of the body. 
The knowledge has received particular attention in the fields of ergonomics 
and forensic science, the former to serve in footwear design improvements, 
the latter in order to guide reconstructions derived from either footprints 
or limb fragments (Fessler et al., 2005). This chapter will introduce foot 
sketches that have elaborated on the basic idea of foot drawing and practical 
drawing skills. The chapter is divided into different sections to describe 
the foot anatomy, materials and tools, and features of the sketches. Some 
sketches and drawings by artists, illustrators and fashion designers are also 
used to illustrate a diversity of sketching approaches; a collection of ideas 
that will inspire and propel shoe design forward.

7.2 Anatomy of the human foot

Foot sketching requires anatomy knowledge – the foot bones, muscles and 
form – and the basic principles of movement. This general knowledge underpins 
shoe design; study of the foot structure is essential for foot sketching. The 
skeleton, joints and muscular system of the foot determine its proportions 
and movements. For almost three centuries, artists such as Michelangelo, 
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Leonardo da Vinci, Raphael, Titian and Dürer have excelled in multiple fields 
of the arts, investigated the human structure, and employed anatomy in both 
their painting and sculpture works. Bones, muscles and their distribution in 
the foot are described and some drawings have essentially demonstrated the 
anatomy and form of the foot.

7.2.1 Foot bones

The skeleton of the foot includes the tarsal bones, metatarsal bones and the 
phalanges, or toe bones (Marieb and Mallatt, 2001). as shown in Fig. 7.1, 
the posterior half of the foot contains seven tarsal bones and the metatarsal 
bones of the foot consist of five long thin bones. The phalanges of the toes 
include fourteen bones and there are two phalanges for the big toe and three 
for each of the other four lesser toes (Marieb and Mallatt, 2001). among 
all the bones, the heel is the largest; it supports another articulating tarsal 
bone of the foot, and five small tarsal bones fit together at the apex of the 
arch. The five long metatarsal bones join the cluster of small rectangular 
tarsal bones that form the front part of both the longitudinal and transverse 
arches of the foot.

(i)

(iii)

(ii)

(iv)

7.1 Foot bones (i) front view, (ii) inner view, (iii) outer view, and  
(iv) back view.
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 Figures 7.2 to 7.4 demonstrate the general bone structure of the foot. an 
inner side view of the structure points of the foot is shown in Fig. 7.2. The 
inner ankle of the tibia sits astride the astragalus. The calcaneum forms the 
base of support at the heel and the bones of the metatarsals and tarsus make 
up the support base of the arch. The foot is broader and flatter at the toes 
and a narrow neck is formed which connects the first phalanx of the big toe. 
in the inner concavity, the principal muscle is the abductor halluces.
 Figure 7.3 shows a side view of feet. The tibia and fibula of the leg sit 
on the astragalus, the keystone and summit of the longitudinal arch of the 

7.2 Inner side view of a foot.

7.3 Side view of feet.
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foot. The heel bone and the heads of the five metatarsals at the toes support 
the arched vault of the foot at the back. 
 The soles of the feet shown in Fig. 7.4 indicate that they are made up 
of three parts: the heel, inner arch, and toes and their pads. The feet are 
broader at the front of the metatarsal heads than the long outer rims and are 
narrowest at the heels. The soles are covered by pads of fat that protect the 
four layers of muscle that flex, abduct, adduct, and stabilize the feet.

7.2.2 Foot muscles

The movement of any creature is achieved by using its muscles (Fehér, 1996). 
Most of the foot muscles are located between the metatarsal bones and some 
are hidden by a thick padding of fibrous tissue on the underside of the foot. 
Figure 7.5 shows muscles that appear at the top of the foot.
 By tracing out the general muscles, a foot is shown in Fig. 7.6. The drawing 
shows the external malleolus of the fibula, extensor digitorum brevis, long 
ridge of the abductor digiti minimi, and abductor of the little toe. 
 an inner side view of the foot muscles is shown in Fig. 7.7. The narrow 
area of the abductor hallucis and peaks above the tubercle of the navicular 
bone are shown. Several strokes of lines on the inner ankle indicate the 
direction of the internal annular ligament, which extends from the medial 
malleolus to the heel. 
 a front view of the foot muscles is shown in Fig. 7.8. The outer outline 

7.4 Soles of feet. 
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of the lower leg around the mass of the peroneus brevis and tertius muscles 
spirals from side to side across the ankle in an imaginary line. The hallucis 
longus passes under the anterior annular ligament and inward over the foot 
to the base of the big toe. a downward extension of the line indicates the 

(i)

(iii)

(ii)

(iv)

7.5 Muscles of foot (i) front view, (ii) inner view, (iii) outer view, and 
(iv) back view.

7.6 Side view of a foot. 
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tendon of the tibialis anterior moving to the first cuneiform and base of 
the first metatarsal. The extensor digitorum brevis is connected by the four 
internal toes of the four tendons. 

7.2.3 Foot distribution

in footwear design, although feet are rarely sketched without shoes, learning 
the form of bare feet will help designers to understand the perspective and 
shape of feet, and consequently make it easier to draw and design.
 The general form of a foot is shown in Figure 7.9, and is a wedge-like 

7.7 Inner side view of a foot.

7.8 Front view of feet.
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shape. The outer side of the foot is flat on the ground, and there is an arch 
between the ball of the foot and the heel on the inner side. The front view 
of the foot shows that the interlocking anklebones are higher on the inner 
side and lower on the outer side of the foot, and the toes are shown on this 
side but the heel is nonexistent. The back view of the foot shows that a long 
tendon connects the bone of the heel with the back muscles of the leg. 
 Generally speaking, proportionate to stature, women have smaller feet 
than men (Fessler, 2005). in a foot sketch, the female foot should be elegant 
with delicate bones, and its basic shape lightly drawn. in comparison with 
the female foot, the male foot is larger boned and has a solid stance, and 
should be drawn with a heavy ankle and large bone structure (Thames, 1985). 
Figure 7.10 presents the differences between the male and female feet in 
shape and volume (Riegelman, 2006).

7.2.4 The foot in movement

Movements take place at the joints of the ankle and by the bones of the foot. 
Figure 7.11 shows that the ankle joint is formed by the leg bones, which 
include the fibula (a), tibia (b), and talus (c). 
 in Fig. 7.12, the sides of the upper part of the talus are wedged in between 

(i)

(ii)

(iv)
(iii)

7.9 The form of the foot from different views: (i) front view, (ii) inner 
view, (iii) outer view, and (iv) back view.
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the two malleolus. The figure shows that the axis of the hinge joint starts 
from the center of the lateral malleolus, and ends below the medial malleolus, 
shown as line a. When the foot is in the position as shown by the lines b 
and c, it can be medially and laterally rotated. However, it forms an obtuse 
angle and cannot be rotated when the leg is in the flexion position (Barcsay, 
1999).
 The foot has four types of joints; inter-tarsal, tarso-metatarsal, metatarso-
phalangeal and interphalangeal. The metatarso-phalangeal joints have limited 

7.10 Foot features: (left) female, and (right) male.

a
a

ab

b
b

c

c
c

7.11 The ankle joint.

a a

a

b
c

7.12 Axis of the hinge joint.
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mobility and allow flexion and extension only for their corresponding muscles. 
The interphalangeal joints are similar to those of the fingers (Barcsay, 1999). 
all of the combined actions of these joints result in foot movement. Figure 
7.13 are sketches of the corresponding movements. it is evident that the 
foot tends to lie flat with the ground, with the arches changing accordingly. 
in action, the foot comes almost into a straight line with the leg, but when 
settling on the ground, the outer side strikes first and the whole foot settles 
toward the inside (Simon, 2001). The arch of the foot from heel to toe also 
plays an important role in foot movement. The toes are also controlled by 
the joints and play a prominent role in walking (Simon, 2001).
 The most complex part of the foot is the top. as shown in Fig. 7.14, the 
toes descend by steps, which give the foot the tendency to lie flat on the 
ground. The big and little toes have two steps down and the other toes have 
three steps to reach the ground. The mechanism of toe movements is that 
the long tendon bends the first joint of the toe and passes through a short 
tendon which bends the second joint (Simon, 2001). The toes act like springs 

7.13 Feet in movement.

7.14 The shape of toes.
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when walking. When the heel is raised, elastic removal of the foot from the 
ground is made possible.
 Different poses of the foot seen without the shoe heel show its diversity. 
Some of the typical and favored poses are illustrated in Fig. 7.15 as if they 
were in shoes having different heel heights. The sketch shows that the feeling 
of the foot can be changed, based on the heel of the shoe. When drawing 
the foot in a flat shoe, it is almost flat on the ground. For low and high heel 
shoes, the heel of the foot is raised above the toe level, depending on the 
height of the shoe heel.

7.3 Elements of foot sketching

The elements of sketching shape the style of sketches. Different drawing 
facets influence the results, such as line, form, value, texture, and color, 
which are always interrelated in a sketch.

7.3.1 Lines

Lines are the most conventional aspect of sketching. Differences in lines 
can suggest texture, shadows of a form and define shapes, describe surfaces, 
and separate one form from another. 

Gestural lines

In foot sketching, gestural lines can be used to recognize and define the foot 
form; they suggest movement and action, and avoid over-involvement with 
superficial details. The feet in Fig. 7.16 show a subtle range of possible 
gestural lines and how easily amendments can be made. By using gestural 
lines, the solid form of the feet is constructed.

Construction lines

Construction lines, which help to identify basic shapes before details can be 
seen, are used to show the foot in simple geometric terms. Figure 7.17 shows 

7.15 Different heel heights of foot.
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a variation on the use of construction lines for the structure and proportion 
of the foot in a geometric fashion. Construction lines of perspective are used 
to compose the foot shape.

Contour lines

Contour lines can indicate the outer borders of the foot and suggest a three-
dimensional form. They can be smooth or flowing, short or choppy, dark 

7.16 Gestural lines for foot drawing.

7.17 Construction line for foot drawing.
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or light, broad or narrow. Figure 7.18 is an example of the use of contour 
lines for drawing feet. it is important to be aware that the feet in the drawing 
have been effectively developed in terms of contour lines. Besides the edge 
of the feet, the structure, surface texture and value patterns of the feet are 
also made prominent by using contour lines.

7.3.2 Form

Form refers to the shape of objects as well as the use of shape in abstract 
design. Form is created by lines, and by the drawer’s way of thinking and 
means of visualization. The drawing in Fig. 7.19 reveals the form of the foot 
with a triangular shape. The artist identified and drew what he observed in 

7.18 Contour lines for foot drawing. 

7.19 Form for foot drawing.
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terms of the simple form of the foot. The details were ignored in favor of 
drawing the primary shape of the foot.

7.3.3 Value

Value refers to the use of lightness and darkness in a drawing. as shown 
in Fig. 7.20, the changes in tone from white to black determine the three-
dimensional nature of forms in space. This drawing shows the ability of the 
artist to maintain tone and shape integrity. The forms of the leg and foot 
are shown on slightly textured paper. The light is coming from the left, 
illuminating the surface. The shift from white to dark on the surface of the 
foot and the transition of the foot from top to sole – light to dark – can be 
observed.

7.3.4 Texture

Texture cannot be separated from the elements of line, value and form. 
The integration of these elements can provide certain tactile sensations. 
Line and value are used to describe the texture of skin, and cylindrical and 
spherical volumes of the foot as shown in Fig. 7.21. Through hatching, cross 
hatching and brush techniques using charcoal, ballpoint pen, wax crayons 
and watercolors, a unity of textural effects is created.

7.3.5 Color

Color is a more subjective element compared with the other elements. Color 
can define form and establish value and patterns, and emphasize different 

7.20 Value for foot drawing.
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surfaces and textures. It also can strongly influence the mood of a painting. 
unfortunately, colour is not available here but in black and white a typical 
watercolor drawing of the feet is depicted in Fig. 7.22. This specific image 
identifies and represents the drawing experience of an artist in terms of 
color.

7.21 Texture for foot drawing.

7.22 Color for foot drawing.
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7.4 Materials and tools

The choice of drawing material is important for shoe designers and the 
appearance of a sketch depends on both the paper and the drawing medium. 
There are a variety of media, such as pencil, charcoal, pastels, ink, wash and 
computer with graphic software, which offer a diversity of possible effects 
for foot sketching by using various lines and shading techniques. Shoe 
designers can work with one type of medium or combine two or more for 
foot sketching. Based on these media, different interesting and constructive 
expressions, styles and characteristics can be obtained. For example, an 
ordinary combination is line and wash. The line might be produced with a 
pencil, pen or other medium, such as chalk, and the wash is usually watercolor 
or ink. Although different media can be mixed together, the final effect 
must appear unified rather than as if the tone had been merely added as an  
afterthought.

7.4.1 Materials

Paper is classified according to the type of material and weight (Hamilton, 
2003). Pencil can be used on almost any type of paper effectively. Textured 
paper can provide an excellent surface and is the ideal choice for pencil 
sketching. This kind of paper has different colors and textures. Because of its 
grainy, rough and patterned surface, textured paper can hold crumbly chalk, 
charcoal or pastel more efficiently than ordinary smooth paper. Colored paper 
has an ideal background for sketching, and that with a middle tone can have 
effects of darkening or highlighting.
 There are many types of papers used for watercolors, and each of them 
has a unique nature. Papers for watercolors are relatively heavy and have the 
ability to slowly and evenly absorb water due to the sizing on the surface. 
For brush and ink, Chinese or Japanese rice, bamboo, or sumi papers are 
often used because they can evenly absorb ink and color. Sketching on 
paper for watercolors means that very expressive effects can be achieved 
by different types of brushes. Pen and ink drawing requires a smooth-
surfaced paper that can ensure that the nib does not snag and can go on  
smoothly. 
 newsprint is a type of popular paper made for practicing, exercises and 
quick sketches. The shortcomings are that it yellows quickly, tears easily, 
and wears down under heavy erasing or hard pencil drawing. However, it is 
relatively receptive to charcoal, soft pencil, crayon, or brush and ink. Manila 
paper is light brown or buff in color and the fibers are usually visible. It is 
heavier and sturdier than newsprint and works well for drawing exercises 
and sketches.
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7.4.2 Tools

Pencil can produce both line and tone with ease and is ideal for sketching. 
Standard drawing pencils are listed according to degree of hardness, from 
H (hard) to B (soft), which can determine the final appearance of a drawing 
(Clark, 2003). HB, the middle grade pencil, is about as hard as a standard 
writing pencil. Graphite sticks are pencil-sized implements made from the 
same material as the so-called ‘lead’ pencil, but without the wooden casing. 
They can make a broader single mark than the equivalent grade of pencil. 
Figure 7.23 is a detailed sketch of a pair of feet drawn with pencil. Strong 
lines are used to illustrate the feet, with the muscular structure emphasized 
by hatching and shading.
 Charcoal sticks comprise charred wood, invariably willow, and they are 
regarded as one of the most flexible and expressive of all drawing media. 
Charcoal sticks have been used to freely illustrate powerful drawings, so 
are the ideal medium for swiftly and boldly sketching a foot, as shown in 
Fig. 7.24. 
 Pastels have a wide range of colors and can be divided into three types 
– soft, neopastel and oil (Clark, 2003). The use of soft pastels in sketching 
can be done by working on tinted paper, but also works well on a white 
background. The feet illustrated in Fig. 7.25 show powerful and bold lines, 

7.23 Foot drawing using pencil.

Footwear-Luximon-07.indd   143 8/13/13   9:49:17 AM

�� �� �� �� �� ��



144 Handbook of footwear design and manufacture

© Woodhead Publishing Limited, 2013

and some shading is used to sketch them, which provides an interesting 
contrast with the background.
 Pen is a linear medium which can be used in a variety of styles for foot 
sketching. The choice of pen nib determines the style of a drawing. a dip pen 
is the most flexible because it can be fitted with a variety of nibs. Fountain 
pens are more convenient for sketches since they do not need to be dipped 
into ink. Ball-points can also be used for sketching, but can produce only 
lines with the same thicknesses. Figure 7.26 shows a pair of feet drawn by 
fountain pen, which leave the details to the viewer’s imagination.
 Brush can be used for a simple but powerful drawing of a foot. Brushes 
can make bold, sweeping strokes and reinforce patches of ink, watercolor 
and gouache, to give the figure solidity. The drawing shown in Fig. 7.27 
exemplifies what can be accomplished with brushes. It was done swiftly in 
ink and wash, and was made from direct observation of the feet. although 
the feet have been drawn quickly, they are carefully constructed. The weight 
of the lines defines the edges and gives an excellent feeling of the feet, which 
is enhanced by the shade of the ink.

7.24 Foot drawing using charcoal. 

7.25 Foot drawing using pastel. 

Footwear-Luximon-07.indd   144 8/13/13   9:49:17 AM

�� �� �� �� �� ��



145Foot sketch templates and footwear design

© Woodhead Publishing Limited, 2013

 Computer-aided processes have been changing the way of drawing and 
are an emerging art form with learned techniques. They are a faster and more 
accurate design processes than hand-drawn drafting. Graphic software, such 
as adobe Photoshop and adobe illustrator, are popular and are used to make 
motifs and patterns that assist with sketches and design work. Computer-

7.26 Foot drawing using pen.

7.27 Foot drawing using ink.
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aided drawings can be easily adjusted, printed and duplicated. Figure 7.28 
is an illustration drawn using graphic software.

7.5 Styles of foot sketch

7.5.1 Painting

Lines and colors are two important artistic languages of paintings and possess 
a great capacity for outlining contours and expressing features. Some artists 
like to draw the feet using delicate shades. in Michelangelo’s drawing ‘Study 
for the nude above the “Persian Sibyl”’, the anatomical structure of a foot, 
is clearly shown (Müntz, 2010). The softer shading on the side of the foot 
gives a feeling of solidity. it shows that the foot is slightly abducted and 
supports the body against the ground. The mound of the extensor digitorum 
brevis is bordered above by the use of shading and hatching which indicate 
the outer part. Adolpyh Menzel was a German artist noted for his drawings, 
etchings, and paintings. in his dynamic drawing ‘Right Leg of a Man’, the 
light that is coming from the top left, which reveals the form of the body 
(Betthausen et al., 1990). The feet are observed and are carefully drawn with 
skin and muscles. With the use of lines and shades, the three-dimensional 
quality of the feet is enhanced. 
 Line was always used by artists in foot drawing with simplified or 
expressive way. Rembrandt, a Dutch painter and etcher, focused on the 
nature of ordinary people. The feet in his drawing ‘Man Pulling a Rope’ 
show the use of dynamic strokes of lines. Lines, tones, forms and space are 
integrated to create a sense of solidity by varying the strength of the lines 

7.28 Foot drawing using a computer with software.
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and breaking them in different places (Rembrandt, 1965). in this energetic 
sketch, the vigorous treatment of the lines and tones release expressive 
energies that reinforce the shape and contour of the feet. in French artist 
Pierre-auguste Renoir’s drawing ‘Seated Bather’, dynamic lines are used 
to model the foot and rely on the contour of the body (néret, 2001). The 
overall texture of curve-hatched lines exemplifies the surface of the skin 
and creates a soft and impressive atmosphere. The austrian painter, Egon 
Schiele, uses the nature of lines to reveal the figure throughout his drawings 
which indicate his knowledge of structural and anatomical factors. a pencil 
is used to sketch-in the basic outlines in Schiele’s drawings. For example, 
a typical sense of the artist is expressed using quick and tensive lines to the 
body and foot forms in the drawing ‘Male nude with raised arms’ (Kallir, 
1973).
 in the 20th century, some artists preferred to draw the foot using abstract 
lines and shape. Pablo Picasso is one of the greatest and most influential artists 
of the 20th century. His drawing ‘Standing Nudes and Study of a Foot’ typifies 
the way in which he depicted the general shape of the foot, symbolizing this 
part of the anatomy based on his own understanding (Cowling and Golding, 
1994). Matisse was a French artist, known for his use of color with fluid 
and original draughtsmanship. in his painting ‘La Danse’ (Kostenevich and 
Semyonova, 1993), the expressiveness and dynamic nature of bodies and feet 
are exhibited. The work shows that anatomical and structural considerations 
can add dynamic interest to a drawing. This lively drawing shows his deeply 
felt response to the human body, avoids any other straight direction, and 
stimulates and strengthens relational and emotive ideas. Bernard Buffet was 
a French painter of Expressionism. In the painting ‘La tente’, he refined the 
form and contours of the feet by using black, bold lines that help to strengthen 
the outlines and contours (Buffet, 2008). He exaggerated the thin legs, feet 
and the form and length of the torso by using straight lines. With the using 
of color and bold lines, two-dimensional shapes of the feet were formed. in 
Salvador Dalí’s painting ‘Corridor de Kathmandou’, he reveals the diversity 
and visually expressive forms of feet and utilizes several lines to form the 
shape of the feet (Michler and Löpsinger, 1994).

7.5.2 Fashion illustration

in fashion sketching, some fashion and shoe designers have depicted feet 
in unique styles for an idealized appearance. Some designers like to draw 
the feet with simplified line, silhouette and color. In Christian Lacroix’s 
illustration, he drew the feet vividly in a single color (Borrelli, 2008). in 
andré Courrèges’s illustration, the shape of the foot is abstractly expressed 
and reconstructed (Golbin, 2001). Tina Leser, an american designer, always 
draws feet with just a few fluent strokes (Steele, 1991). 
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 in fashion illustration, some designers have also drawn the feet using 
delicate line and color. adrian adolph Greenberg, an american costume 
designer, drew the foot with light and elegant strokes that expressed a 
classical style (Gutner, 2001). Karl Lagerfeld is a German fashion designer, 
artist and photographer based in Paris. In his sketch, he always utilizes tone, 
light, shade and color with a wash (Lagerfeld, 1986).
 Other designers use expressive stroke in illustration for foot drawing. Manuel 
‘Manolo’ Blahnik Rodríguez is a Spanish fashion designer and founder of 
the self-named, high-end shoe brand. in his sketching (McDowell, 2000), a 
pen is used to sketch-in the basic outlines throughout the foot sketch. Washes 
of flesh color are added to define the shadows of the foot which produces a 
stylized form. Yohji Yamamoto, a Japanese fashion designer, draws dynamic 
illustration. in his illustrations, all of the strokes are controlled and related to 
his design ideas. He always uses lines with different weight and thicknesses 
(Yamamoto, 2002). Black ink is swept onto the paper to draw the feet with 
dry strokes, and the volume of the feet is established to support the figure.
 [It has not been possible to illustrate great works of art sufficiently well 
in this context but the citations indicate where such illustrations can be 
found.] 

7.6 Conclusion

in this chapter, relevant drawing factors with respect to foot sketches are 
described, including: (i) the foot basics that concern the bones, muscles and 
foot form with different views; (ii) materials and media for foot sketching; 
(iii) some elements, such as line, form, value, texture and color; and (iv) foot 
sketches and drawings by artists, illustrators and designers. Based on the 
introduction of different factors for foot sketching, the diversity of drawing 
and sketching methods that are illustrated can be used to produce both 
attractive and functional shoe design drawings. This chapter is also helpful 
for gaining further understanding on the proportion and sketching methods 
of the foot, and this knowledge will assist shoe designers in developing 
future ideas in footwear design.
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Design and manufacture of shoe lasts
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Abstract: Shoe last design is a very important aspect in footwear design. 
This chapter aims to give a complete introduction to a shoe last. it starts 
from basic knowledge of a shoe last, including the classification, the 
structure and the terminologies. The relationships between different parts of 
the foot and the shoe last are then explained. Finally, the chapter introduces 
the design methods of a shoe last, followed by the manufacturing  
methods.

Key words: shoe last, design, manufacture, bottom pattern.

9.1 Introduction

A shoe last is an aid model used in shoe making. Shoe technology in the 
modern footwear industry consists of three stages:

(i) design and manufacture of the shoe last
(ii) design and manufacture of the upper pattern
(iii) design and manufacture of the sole and other accessories

The design and manufacture of the last is at the core of shoe technology. The 
design of the last determines the styles of the upper and other accessories. 
For example, the shape of an outsole is determined by the shoe last bottom 
pattern; the pitch of a heel must match a shank curve of the last; and the 
design of the toe shape of a last will influence the design of the upper. 
The shoe last is the mould as well as the support for joining the upper, 
sole and other accessories in the manufacturing process. it therefore 
influences not only style and aesthetics, but also the fit and comfort of  
shoes.
 This chapter introduces the principles and processes of shoe-last design 
and manufacture. Section 9.2 deals with the classification and terminology. 
And the dimensions and related terminologies of the shoe last are introduced 
in Section 9.3. The next section then describes the relationship between the 
foot and the shoe last. Section 9.5 explains the process of designing a last 
bottom and profile. The chapter concludes by describing manufacturing 
methods.
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9.2 Classification of shoe lasts

Shoe lasts can be classified into categories according to material, heel height, 
toe style, etc.

9.2.2 Classification by material

Shoe lasts are made from a variety of materials; typically wood, metal 
or plastic. Before the era of mass production, hardwood was whittled or 
chiselled into a wooden last (Fig. 9.1). This is an inexpensive method and 
the last may be easily modified. However, changes in temperature may 
cause expansion or contraction, thus limiting its useful life. Wooden lasts 
have now been replaced by plastic lasts, though there are still high-class 
wooden lasts designed and made by eminent craftsmen for the purposes of 
customisation or art.
 Aluminium is the most commonly used metal for making shoe lasts, though 
iron is also used. Aluminium lasts are widely used in mass mechanised 
production, as they are stable, firm and recyclable. However, when compared 
with wood, aluminium is heavier and its contraction percentage may cause 
differences between the right and the left lasts during manufacturing.
 Plastic lasts (Fig. 9.2) are the current choice of most last manufacturers. 
Their advantages are as follows:

– Stable and firm in various environments

9.1 Wooden shoe lasts.
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– High precision
– Stapled or implanted easily
– Short production cycle and long useful life
– Can be recycled and remoulded

A plastic last is manufactured by cutting a rough material mould, usually made 
from high-density or low-density polyethylene (HDPE or LDPE). Although 
this is heavier than wood and more expensive than other materials, it has 
become popular with the proliferation of the modern Computer numerical 
Control (CnC) machine.

9.2.2 Classification by heel height

Heel height, or heel elevation, is the vertical distance between the sole salient 
point and the geometric centre of the heel. Shoe lasts may be categorised 
as flat, low, mid and high heels. A low heel is usually considered to be less 
than 1 inch (about 25mm), heels between 1 and 2 inches (about 50mm) are 
considered to be mid heels, and heights above 2 inches are classed as high 
heels
 The rear part of the foot is the main shock absorber in walking or 
running; therefore the heel of a shoe is designed as a buffer to protect the 
foot and ankle. Generally, flat heels are practical and comfortable, and 
distribute bodyweight and pressure over the whole area of the foot. They 
are therefore used in athletic shoes, hiking shoes, sport shoes and children’s 

9.2 Plastic shoe last.
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shoes. Although, high-heeled shoes are able to modify the kinematics and 
kinetics of the gait, they may also cause pain and disorders of the feet and 
other parts of the body. High heels shift the peak pressure from the rear of 
the foot when the heel height is increased. This can be transmitted up the 
skeleton as a ‘shock wave’ which may result in leg pain, back complaints 
and eventually, to degenerative joint disorders.

9.2.3 Other classifications

Toes shapes: shoe lasts may have round, pointed or square toes.
Materials: lasts may be designed for shoes made from leather, fabric, rubber, 
plastic, or other material.
Styles and function: there are lasts for sports shoes, hiking shoes, casual 
shoes, slippers, sandals, boots, etc. 
Method of manufacture: lasts may be made manually or mechanically.

9.3 Shoe last dimensions and terminology

A shoe last can be divided into areas such as toe, fore part, waist and heel 
area, and upper part, in accordance with the corresponding parts of the 
foot. A last may be seen as consisting of several surfaces and curves, which 
include the last bottom, the inside curved surface, the outside curved surface 
and the top line.
 Some points and lines, referred to as feature points or feature lines, are 
used to define the dimensions of the last. Some of these correspond to the 
positions on the foot, such as the feature points and widths of the last bottom. 
Others are designed specifically for the last, such as the heel elevation and 
toe allowance.
 This section introduces the terminology of shoe lasts and includes the 
names and definitions of these feature points and lines (Fig. 9.3):

 (1) Front point of the last bottom. The centre point of the intersection 
line of the upper and bottom around the toe.

 (2) Bottom support surface (tread point). The point in the toe base that 
touches the ground plane first. It is the intersection of the longitudinal 
axis of last bottom (20) and the line between the points of the first 
and fifth metatarsal-phalange joints (25 and 26).

 (3) Back point of the last bottom. This is the centre point of the 
intersection line of the front upper and bottom around the heel.

 (4) Maximum point of heel curve.
 (5) Back point of top line.
 (6) Front point of top line.
 (7) Toe depth. The height of the big toe tip point.
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 (8) Ball girth. The girth of the contour though the points of the first and 
fifth metatarsal-phalange joints (25 and 26).

 (9) Instep girth. The girth of the contour though the waist point  
(27).

 (10) Heel girth. The girth of the contour though the front point of the top 
line (6) and the back point of the shoe last bottom (3).

 (11) Width of top line.
 (12) Length of top line.
 (13) Distance from the toe-end point to back point of the top line.
 (14) Last toe allowance. The distance from big toe tip point to the front 

point of the shoe last bottom (1)
 (15) Toe spring. The vertical height between the front point of the shoe  

last bottom (1) and the ground plane.
 (16) Room around heel. The projected distance between the back point of 

shoe last bottom (3) and the maximum point of the heel curve (4).
 (17) Heel elevation (heel height). The vertical distance between the back 

point of the shoe last bottom (3) and the ground plane.

9.3 Components and features of a shoe last.
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 (18) Heel height. The vertical distance between the maximum point of 
the heel curve (4) and the ground plane.

 (19) Back height. The vertical distance between the back point of the top 
line (5) and the back point of the shoe last bottom (3).

 (20) Longitudinal axis of shoe last bottom (side view).
 (21) Curved line from front point of shoe last bottom to front point 

of top line.
 (22) Top line.
 (23) Big toe contact point. Corresponds to the salient point of the big toe 

on the foot.
 (24) Little toe contact point. Corresponds to the salient point of the little 

toe on the foot.
 (25) The first metatarsal-phalange joint (MPJ). Corresponds to the first 

metatarsal-phalange joint of the foot.
 (26) The fifth metatarsal-phalange joint (MPJ). Corresponds to the fifth 

metatarsal-phalange joint of the foot.
 (27) Waist point. Corresponds to the salient of the lateral base of the fifth 

metatarsal.
 (28) Inner width of the big toe. The width between the big toe contact 

point (23) and the longitudinal axis of the shoe last bottom (20).
 (29) Outer width of the little toe. The width between the little toe contact 

point (24) and the longitudinal axis of the shoe last bottom (20).
 (30) First metatarsal-phalange inner width. The width between the first 

metatarsal-phalange joint (25) and the longitudinal axis of the shoe 
last bottom (20).

 (31) Fifth metatarsal-phalange outer width. The width between the fifth 
metatarsal-phalange joint (26) and the longitudinal axis of the shoe 
last bottom (20).

 (32) Outer width of waist. The width between the waist point (27) and 
the longitudinal axis of the shoe last bottom (20).

 (33) Width of heel area. The width at the central position of the heel 
area.

 (34) Heel centreline. The vertical bisector of the heel area.
 (35) Shoe last bottom outline (last bottom pattern).

9.4 The relationship between the foot and  
the shoe last

The dimensions of a shoe last are not exactly equivalent to the homologous 
dimensions of the foot, though the foot is the model for it. Footwear is 
designed and made as a fit and a protective container for walking and other 
foot motions, and must accommodate both the static and dynamic states. The 
dimensions of a foot will differ slightly between the static state and dynamic 
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states, and the difference must be considered when designing a shoe last. 
This section is concerned with the relationship between the dimensions of 
the foot and the last.

9.4.1 Last length and foot length

There are three primary lengths in a shoe last: last length ll, last bottom 
centreline length lc and last bottom length. The last designer should 
understand the differences between these lengths and their relationship with 
the foot length. The last length is the distance in a straight line between the 
front point and the maximum point of the heel curve (last pternion). The 
last centreline length consists of a straight-line measurement of the bottom 
centreline, and the last bottom length is its curved length and is equal to the 
bottom pattern length (lp).
 The first step in making a shoe last is the design of the bottom pattern, 
which should be based on the foot length. The relationship between the foot 
length (L) and the bottom pattern length (lp) is shown as follows:

  lp = L – rh + ra  [9.1]

where rh (OB) is the room around heel; and ra (O¢A) is the toe allowance 
(Fig. 9.4).
 Thus, the bottom pattern length is not equal to AB + ra, but OA + ra (Fig. 
9.4).
 Table 9.1 lists the relationships between the other longitudinal dimensions 
and foot length, according to statistics derived from the dimensions of Chinese 
feet. The relationships between the longitudinal dimensions of the bottom pattern 
and the bottom pattern length can be obtained through Equation 9.1.

9.4.2 Last width and foot width

The last width is closely related to the foot print and girth, which may 
influence the design of the last, the fit and the aesthetics of the footwear, and 
also the economic use of the raw materials. However, the width of the last is 
not equal to the footprint width, as this must be determined by consideration 
of the foot shape and motion, the heel height, the type and style of shoe last 
and technicalities of manufacturing.
 There are several definitions of foot width (Wf) based on the longitudinal 
axis of last bottom (O¢B), the 1st and 5th MPJ (M1 and P1) (Fig. 9.5). The 
one most widely adopted is the distance between the 1st and 5th MPJ on the 
direction perpendicular to the longitudinal axis (Wf = MM1 + PP1). The last 
width (Wl), as previously illustrated, should be neither greater than the foot 
width, nor smaller than the footprint width, or the shoe will be too flat or too 
narrow in the MPJ area. Therefore, the last width should be an intermediate 
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9.4 Dimensional relationship between a foot and its shoe last.

Table 9.1 Relationship between foot lengths

Length from back point of bottom to Percentage of foot length

Big toe tip point 100.0%
Big toe contact point 90.0%
Little toe contact point 78.0%
The 1st metatarsophalangeal joint 72.5%
The 5th metatarsophalangeal joint 63.5%

value between the two widths, according to different situations. For example, 
the last width for a leather shoe may be slightly narrower than the footprint 
width because leather is flexible, resilient and resistant to abrasion. The foot 
will also become wider due to the pressure created when the heel is elevated, 
thus a last for high heels should be designed to be wider than one for flat 
and middle heels.
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9.4.3 Last girth and foot girth

Several foot girths may be utilised in shoe last design, such as ball girth, 
waist girth, instep girth, heel girth and ankle girth. The ball, waist and 
instep girths are fundamental for low-cut shoes, the heel girth being added 
in high-cut shoes.
 The ball girth, which is the circumference length of the MPJ, is one of the 
most important dimensions in shoe last design. This joint bends and bears 
the bodyweight, and pressure in walking and running. The ball girth of a last 
is also slightly longer or shorter than the ball girth of the foot as the foot 
dimensions may be deformed by factors such as the environment inside the 
shoe and the motion of the foot. For instance, there is a variation in the ball 
girth during different seasons and even between day and night. The thickness 
of socks must be taken into account, especially when considering shoes worn 
in winter. The heel is elevated during sporting activity and when high heels 
are worn, so causing the MPJ to bear greater bodyweight. The ball girth of 
lasts for high heels and sports shoes should therefore be larger.
 The waist girth also changes according to different situations and is smaller 
in lasts for high-heeled shoes.
 To ensure comfortable wear, the instep girth of most lasts should be 
greater than that of the foot, especially for laced shoes and boots. As leather 
extends while on the last, and contracts when removed, the instep girth of a 
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9.5 Shoe last bottom pattern design in AKA64-WMS system.
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last, should be greater that of the foot. The instep girth of high heels is also 
smaller to prevent the foot from slipping forward during walking.

9.4.4 Toe spring and heel elevation

Toe spring

Statistics show that there is an angle of about 15 degrees between the toes 
and the bottom of the foot, when the foot hangs naturally. This is called the 
toe spring. Shoes with appropriate toe spring are able to support the toes and 
reduce the bending of the MPJ during walking or running. They will also 
deter excessive wrinkling of the upper, and wear and tear on the outsole, 
so extending serviceable life. However, if the toe spring is too high, it may 
result in a collapse of the transverse arch, which is a cause of flat feet
 All these factors should be considered in designing shoe lasts. The toe 
spring of the last is usually higher than that of the shoes, because the toe 
spring of shoes will become lower when they are removed from the last, 
according to the flexibility and rigidity of the outsole. The toe spring is also 
reduced with an increase in heel height

Heel elevation

When a forward step is taken, the heel of the foot rises about 50mm. Comfort 
in walking therefore requires an appropriate shoe heel to save the energy 
used in elevating the heel of the foot. Research shows the optimum height 
in most cases to be 25–45mm. However, high heels are designed mainly for 
fashion and aesthetics, and may be from 50mm to 80mm, and in extreme 
cases, over 100mm. 
 Heel elevation also affects the design of shoe lasts, as the room around 
the heel (rh) of the foot will become smaller, thus altering the length of the 
last in accordance with Equation 9.1.

9.5 Shoe last design

As it consists of bones, muscles and tissue, the foot is flexible and 
asymmetrical. The shoe last should both represent the dimensions of the foot, 
as an intermediate modality for footwear manufacture, and take account of 
design factors with regard to aesthetics and fashion. The dimensions of a 
last will affect the fit and comfort of footwear, whereas the design of style 
and function must meet the demands of market trends.
 Most shoes are designed for routine wear, with the exception of some art 
works created for fashion shows. it is therefore fundamental that lasts be 
designed in accordance with the anatomy and structure of the foot. Relevant 
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factors, such as dimensions for good fitting, the dynamics of motion and the 
protection of health, must be considered.
 Designers of lasts must be both technically and artistically competent if 
footwear products are to meet customer demand. Knowledge of craft work 
and materials is also necessary as Computer Aided Design (CAD) is now 
in widespread use.
 it is the last maker rather than the designer who will need to consider 
manufacturing technology when designing a regular last for mass production. 
However, to design a distinctive last, the designer must have sufficient 
knowledge of the manufacturing process to ensure the practicality of the 
design. As previously described, lasts made from different raw materials have 
different strengths and weaknesses that must be considered by designers if 
production failures are to be avoided.

9.5.1 Bottom pattern design

Each country has its own guidelines and standards for shoe-last sizing and 
grading. However, all shoe-last design starts from the design of the bottom 
pattern. Two main shoe-last design guidelines publicly available are the 
AKA64-WMS system and the Chinese system. The methods for bottom 
pattern design in these two systems are largely similar, though there is a 
slight discrepancy in parameters.
 The template for a master shoe last is determined by a series of angles 
and distances. In the AKA64-WMS system, the size of the last for women is 
6, and 9 for men. The flow chart of the design begins with the longitudinal 
axis (Fig. 9.5). Some feature points are later determined by standard angles 
and distances (Table 9.2). Finally, the bottom outline based on these points 
is drawn (Fig. 9.5).
 The Chinese system provides many more detailed tables for foot and shoe-
last data and the relationships between them. The bottom design involves 
more lengths and widths, though the drawing steps are almost the same as 
in the AKA64-WMS system (Table 9.2). Taking as an example size 235, 
which is the Chinese standard size, the design procedures are illustrated as 
follows (Fig. 9.6); and its values are listed in Table 9.2.

 (i) Draw a straight line as the longitudinal axis, and point o is the back 
point of last bottom;

 (ii) Locate the feature points H, W, n, M, Q, P, and A on the longitudinal 
axis;

 (iii) Locate the horizontal feature points H1, H2, W1, n1, M1, Q1, P1, o1 and 
o2;

 (iv) Locate point G(Gn1 = MM1) to obtain the heel centreline oG;
 (v) Locate points H1, and H2 on the line through point H, making H1H2 
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Table 9.2 Bottom pattern design parameters for AKA64-WMS and Chinese system

AKA64-WMS system (size 6B) Chinese system (size 235, width 1.5)

Parameters Values Parameters Values

AT 231mm AO 230.2mm
Room around heel 5mm Room around heel 4.6mm
Ball girth (BG) 204.8mm Ball girth (BG) 220mm
TA1 15mm AO2 16.8mm
AH  38.5mm O1H 37.7mm
H1H(=HH2)  27mm O1W 91.7mm
T2E  46mm O1N 144.5mm
M1M  30.7mm O1M 165.7mm
MM2  47mm O1Q 178.5mm
OM  155mm O1P 206.7mm
<MHG1 6° H1H0(=H0H2) 27.2mm
<TMM1 74° WW1 36mm
<T1M1M 96° NN1 47.7mm
<T2M2M 71° MM1 33.8mm
  QQ1 45.6mm
  PP1 31.1mm

O2
O2

P1 P1

M1 M1M M

W WW1 W1

N1 N1

H0 H0

H H
H1 H1

H2 H2

N N
G G

A A

P P

Q QQ1 Q1

O O
O1 O1

(a) (b)

9.6 Shoe last bottom pattern design in Chinese system.
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perpendicular to oG and H1H0 = H0H2, where H0 is the foot of 
perpendicular;

 (vi) Connect these points by smooth curves.

The shape of the curves is determined by considering aspects such as the 
design of the toe shape, the requirements of fitting, the comfort and the 
economic use of materials. Experience and practise is needed to achieve an 
effective bottom pattern.
 The standard values of these features are not fixed. They are set principally 
for mass production but must also meet the needs of different groups, thus slight 
modifications are acceptable. According to the physiological characteristics 
of the foot, the value may be decreased in the muscular region and increased 
in the bony area. When considering the fashion element, especially that of 
the toe design, the corresponding dimensions may be suitably modified. The 
designer should also take note of the influence of foot motion, material and 
manufacturing technique on these dimensions.

9.5.2 Parameters of the shoe last body

Before drawing the last profile, several parameters should be determined. 
The toe spring and heel height should be decided as these are the factors 
influencing the shapes of the profile curves. As described in Section 9.4.4, 
the angle of the toe spring is less than 15 degrees and is usually determined 
by the style and function of the shoe and the performance of the outsole. The 
height of the toe spring of adult flat shoes is usually about 15mm, although 
the toe spring of a last for women’s shoes is smaller than that for men. The 
toe spring for children’s shoes is near zero. The height of the toe spring 
decreases with an increase of the heel height, to a difference of about 1mm. 
The heel height is about 5mm for men and 10mm for women. According to 
research on the pressure on the sole of the foot in shoes with different heel 
heights, the optimum heel height for women in terms of health and fashion 
is 20–40mm, as the pressure is then distributed evenly on the forefoot and 
heel. The wearing of shoes with heels over 60mm in height, particularly by 
young people, may deform the feet and have a serious impact upon their 
growth.
 other parameters of the heel region should be considered at the same 
time. one is the back height, which determines the height of the last top. 
The values are from 28% to 40% of the foot length. The former is the value 
for a low-cut shoe last while the latter is for a high-cut shoe last. Another 
important parameter is the back curve, which is decided by the room around 
the heel.
 The toe depth is determined by the height of the big toe and is usually 
greater than the height of the toe to allow for movement. The width and 
length of the last top and other parameters should be considered carefully.
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9.5.3 Shoe last profile design

The profile of a shoe last consists of the side silhouette of the last body, 
which is made up of several curves, including the back, instep, top line 
and shank curves. it refers to dimensions such as toe spring, heel height 
and girths, as well as to styles and designs in the toe and top regions. once 
the related parameters have been determined, the drawing of the shoe-last 
profile is based on the bottom pattern. The specific steps are as follows  
(Fig. 9.7):

 (i) Draw a straight line l parallel to o1o2 as the horizontal of the 
profile;

 (ii) Find the tread point T by connecting point M1 and n1, then find the 
corresponding point T1 on l;

 (iii) Find point o4, where the height between it and l is equal to the toe 
spring h1;

 (iv) Find point o5, where the height between it and l is equal to the heel 
elevation h2; then find O3 that makes distance o3o5 = room around 
heel; 

 (v) Find point A1 on line T1o4 that makes AA1 is perpendicular to l; 
then draw a perpendicular line A2A3 of T1o4 through point A1, where 
A1A3 = 2mm, and A2A3 = h3 (h3 is the toe depth);
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h3

h5

h4
h2
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A P T
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Q1 N1

M N H
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9.7 Shoe last profile design.
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 (vi) Find point o6 that makes the angle between line o5o6 and line T1o5 
is q1 and line o5o6 = l1;

 (vii) Find point o7 by defining O5o7 = l2 and angle o7o5T1 = q2;
 (viii) Find point T2 by defining T1T2 = l3 and angle T2T1o5 = q3;
 (ix) Find point W2 that makes T1W2 = l4; Draw line W2W3 = h4 that is 

perpendicular to line T1o5; then, point W3 is the highest point in the 
waist region;

 (x) Find point R by defining RO3 = h5, which is the maximum point of 
the back curve;

 (xi) Lastly, connect all the boundary points by smooth curves.

The lines of these curves are largely determined by the design and details of 
the foot shape. Knowledge and experience of foot shape as well as repeated 
trials are required in making the drawings. The values of most angles and 
distances are derived from the bottom pattern, though some will depend on 
the design, such as the length and depth of the top.

9.6 Manufacture of shoe lasts

9.6.1 Handmade shoe lasts

Traditional handmade shoe lasts were made of wood, which was once the 
most economical and effective material. Today, wooden lasts are still used 
by some manufacturers for high-class customisation and works of art. The 
LDPE/HDPE shoe last is widely used along with the computer numerically 
controlled (CnC) last lathe for mass production. However, master shoe lasts 
are still made by hand.
 A variety of tools and working processes are used in the manual creation 
of shoe lasts. in the case of wooden lasts, these include woodworking tools 
such as axes, planes, files, sandpaper and tape, as well as templates specific 
to shoe-last design, such as bottom pattern, snap-gauge of shank or back 
curve templates. The tools for making plastic shoe lasts are principally the 
sand mill and sand paper, together with the necessary design tools.
 The manufacturing process begins with rough grinding (Fig. 9.8). The raw 
plastic moulding (Fig. 9.9) is initially cut to the approximate shape of the 
designed last. The last bottom should be ground to match the shank curve. 
After the bottom pattern outline has been drawn, the lateral and medial 
sides are roughly ground. Margins should be left after rough grinding so 
that any error can be amended by consequent fine grinding as needed. The 
measurements should be checked frequently during grinding to ensure that 
the raw mould can be adjusted immediately if necessary. Figure 9.10 shows 
the modification of a plastic last by using molten material. When the last 
is almost completed, it should be modified and polished with sandpaper. A 
wooden last should be varnished for aesthetic and protective reasons.
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Raw mould

Rough grinding

Shank grinding

Draw bottom pattern

Sides grinding

Modification

Fine grinding and polishing

Back curve, toe shape, waist, 
arch, top line tec.

9.8 Procedure of shoe last hand-making.

9.9 Raw plastic mouldings.

 Making a shoe last by hand is a complex and difficult technique and much 
practice and experience is required to master the skills of grinding. it is also 
necessary for the maker to have a thorough knowledge of the details of the 
last.
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9.6.2 Computer aided design and computer numerically 
controlled machining

Handmade shoe lasts will inevitably differ slightly between different makers, 
which may lead to some degree of mismatch between the design and the 
footwear finally produced. The method is also time-consuming and costly. 
 Figure 9.11 illustrates the flow of modern shoe last design and manufacture. 
The master last is scanned by a last scanner or digitizer (Fig. 9.12) and the 
last data is stored in a database. it can then be used repeatedly. The last data 
is modified by CAD software if necessary. After machining by the CNC lathe 
(Fig. 9.13), the last is measured and its dimensions checked for accuracy. if 
necessary, it will be modified again using computer software.
 Design software, such as LastElf, ShoeMaster and EasyLast, and CnC for 
last lathes are currently in widespread use for the mass production of lasts. 
The machining time is approximately five minutes, which is far shorter than 
the time required for manual production. Digitisation and computerisation 
has greatly simplified the design and modification of shoe lasts and results 
in a more accurate fit in the final product.

9.7 Sources of further information and advice

Adrian, K. C. (1991). American Last Making: Procedures, Scale Comparisons, 
Sizing and Grading Information, Basic Shell Layout, Bottom Equipment 

9.10 Manual shoe last modification.
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Shoe last scan Existing last data

CAD software

Grading and sizing

Modify bottom and profile

Machined by CNC

Measure and test

Modify toe style, toe  
depth, girths, etc.

Machined by 
CNC

Is it fit?

No
Yes

9.11 Procedure of modern shoe last manufacture.

9.12 Digitizer.

Standards. Shoe Trades Publishing Co. Arlington, MA. This booklet 
introduces the rudiments of making a last based on the AKA64 system. It 
provides details of last and pattern making, including standard measurement 
schedules, size, grades, etc., with additional information on heel layouts, 
heel tread, shanks and shank fit.
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Sun, Y., Qiu, L., Zhang, L., Jin, G. and Zhang, Z. (2011). The Course of 
Last Design. China Light industry Press, Beijing. This book provides 
information about lasts, their basic classification and structure, and the 

(a)

(b)

9.13 Shoe last CNC machine.
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relationship with the foot. it introduces details of the Chinese sizing and 
grading system.
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Abstract: the footwear industry began as a small business with a small 
manufacturing base and has developed into one of the most successful 
modern industries. Footwear itself has progressed from being a basic 
necessity into a luxury item, and several well-known brands have emerged 
in the last few decades. in this chapter the factors contributing towards the 
rise of the footwear industry, including global market shares, advertising 
budgets and global consumption, are explored. Consumers now spend more 
on footwear than ever before, as a result of rising economies and surplus 
buying power. advertising has played an important role in the footwear 
business, serving as a link between the consumer and the retailer. it is now 
an essential part of the footwear business, and companies set aside large 
budgets for advertising in order to promote themselves to consumers and 
stay ahead of the competition. 

Key words: footwear business, consumers, advertising.

13.1 The footwear industry

Footwear has grown into a complex, universal and competitive industry 
(Everson, 2002). it is also a labour-intensive industry (Zhang and Dai, 2011), 
and China is the leading producer and exporter of shoes worldwide (Zhang 
and Dai, 2011). as a manufacturing sector, the footwear industry operates 
with various materials, products and resources to produce a variety of 
distinctly diverse products; from general to more specific footwear (Staikos 
and Rahimifard, 2007). the importance and popularity of footwear is a 
familiar concept for consumers in advanced countries, where the industry has 
developed extensively and created big companies and brands such as nike, 
Gucci, Adidas, and Reebok (Sharma, 2008). In recent years, the footwear sector 
in the emerging world has become more and more effective in exporting to 
industrialized countries (Weib, 2004). Domestic markets in unindustrialized 
countries for locally created footwear have also developed moderately, 
due to the outflow of urbanized country exports (Perazza and Rodrigues, 
2010). these developments have led to the setting up of comparatively 
large-scale, capital-intensive plants. Local enterprises with limited access to 
technical information have implemented manufacturing techniques similar 
to those in ‘turn-key’ factories, using technologies appropriate to the local 
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area, which generally means a relatively low scale of production (Weib,  
2004).

13.2 The global footwear market

the global footwear market is very competitive and uneven, with some 
key players and some smaller players, comprising designers, marketers, 
manufacturers and retailers, all competing for a share. internationally, many 
firms spend over $1.0 billion towards the sales of footwear. Companies such 
as Nike, Inc. and Adidas AG, on the other hand, bring in more than $5.0 
billion (Cogitamus Consulting, 2009).
 table 13.1 shows the footwear market for exporters in the year 2011, with 
asia being the third most successful region behind Europe and north america. 
in the last 15 years, China has become the largest footwear manufacturer. in 
2004, 9.5 billion of the 13 billion pairs of shoes manufactured were produced 
(Cheng, 2007). in the global footwear market big-brand footwear companies 
and retailers, such as nike, adidas, Reebok and Wal-mart, which monitor 
marketing, finance and technology, still dominate the market over smaller 
footwear companies (Cheng, 2007).
 according to Cogitamus Consulting (2009), there was a 2% global 
footwear retail market growth in 2007, rising from $189.3 billion to $192.3 
billion in 2008. there was a 4% annual growth for 2004–2008 (Cogitamus 
Consulting, 2009). Figure 13.1 shows the global footwear retail market from 
2004–2001. there was a 3% estimated growth from 2007 to 2011, according 
to marketline (2012).
 From Fig. 13.2 we can see that China is responsible for 87% of the footwear 
imports into the U.S. by volume. According to Cogitamus Consulting (2009), 
as from 2006, Vietnam has replaced Brazil as the second largest supplier of 
footwear to the U.S. 

Table 13.1 Global footwear market in 2011 (Marketline, 2012)

Geography $Billion

Europe (Western Europe comprises Belgium, Denmark, France, 
Germany, Greece, Italy, the Netherlands, Norway, Spain, Sweden, 
Switzerland, Turkey, and the United Kingdom. Eastern Europe 
comprises the Czech Republic, Hungary, Poland, Romania, Russia, and 
Ukraine)

96.6

Americas (Canada, Mexico, and the United States) 94.2

Asia-Pacific (Australia, China, India, Indonesia, Japan, New Zealand, 
Singapore, South Korea, Taiwan, and Thailand)

41.6

Middle East and Africa (Egypt, Israel, Nigeria, Saudi Arabia, South 
Africa, and United Arab Emirates)

9.3
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 the americas have the largest market potential for footwear, with a 34% 
share, followed by asia at 32%, Europe with 25% of the worldwide market, 
middle East and africa with 4% and the rest with 1% (Parker, 2005). Figure 
13.3 shows the worldwide footwear market between 2001 and 2011 and a 
polynomial estimated regression equation.

13.3 Global consumption

the footwear market is expanding rapidly. Population growth and improved 
standards of living have a direct impact on the increase in demand for 
footwear. 

Cogitamus Consulting (2009) estimates 
Market value = 10.13 Year – 20144

Marketline (2012) estimates  
Global Market value = 7.7 Year – 15247
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13.1 Global footwear retail market 2004–2008 (in billion $) 
(Cogitamus, 2009). 
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13.2 Footwear suppliers to the US in 2008 (by volume) (Cogitamus 
Consulting, 2009).
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13.3.1 Consumers expenditure on footwear

According to U.S. Bureau of Labor Statistics (www.bls.gov), the average 
annual expenditure on footwear for each consumer in 2007 was $327, 8% 
up from the $304 spent in 2006. Footwear expenditure on average has been 
above $300 since 2001. The expenditure on footwear varies with the growth 
of the economy and thus rises in a growing one (Phuong, 2011). today’s 
consumers are smart and interested in finding out information about products 
and discovering potential benefits (Arora, 2011). They are also interested in 
knowing about brand and company values and beliefs (maehle et al., 2011). 
industry experts therefore believe that it is now more important to build an 
emotional connection with consumers than is usual in cause-related marketing, 
which comforts consumers during times of distress and disturbance (Kotler 
and Keller, 2008).

13.2.2 Style trends in footwear

the footwear industry is making progress in personalization and customization 
by presenting a wide variety of shoes (Fatur and Dolinsek, 2009). these 
shoes not only fulfill efficiency requirements, but also cosmetic and fashion 
requirements, including options of design and celebrity brands that reflect 
or expand on the characteristics, personality and beliefs of the individual 
consumer (Wang, 2010). a number of adidas branded products offer 
mass-produced and modified platforms, such as Adidas’ mi Adidas and mi 
original. mi adidas, which allows buyers to custom-design running shoes, 
was launched in 2007 in adidas’ performance stores, and mioriginals were 
launched in adidas concept stores in 2008.

y = 0.8051 (Year)2 –3222.4 (Year) + 3E+06 
R2 = 0.9962

2000 2002 2004 2006 2008 2010 2012
Year

300

290

280

270

260

250

240

230

220

210

200

13.3 Market potential for footwear (Parker, 2005). 
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13.4 Advertising

advertising is arguably the most essential part of any business’ developments, 
actions, or setups. it can be used by individuals to create change and to gain 
a competitive advantage (Kotler and Keller, 2008). advertising is a concept 
used by people for the promotion of their brands by using company logos 
and branding, amongst other methods, to ensure that they connect with their 
target or potential customers (Elliott and Simmons, 2011). The promotion 
methods used by companies are influenced by many factors (Briesen, 2009). 
this is important, as the marketer forms the advertisements with the purpose 
of accomplishing assured aims to enable the sale of products to different 
people (Giannoulakis and apostolopoulou, 2011).
 Digital advertising has helped significantly in advancing the role of 
advertising to present new procedures and skills. internet advertising is 
also a hugely popular method of presenting products using fresh creativity, 
ideas and concepts (mallia and Windels, 2011). utilising these mediums, 
consumers are now kept more updated with trends and are more informed 
about the brands and products (mallia and Windels, 2011).

13.4.1 Definition of advertising

‘advertising is any paid form of non-personal presentation and promotion 
of ideas, goods, or services by an identified sponsor. Advertisers include not 
only business firms, but also charitable, non-profit, and government agencies’ 
(Kotler and Keller, 2008).

13.4.2 Advertising expenditure

the growth of advertising expenditure ranged from 5% to 20% in 2005–2007. 
in Latin america and Eastern Europe, the advertising expenditure growth was 
the highest, while it was lowest in north america and Western Europe. in 
north asia, the middle east and africa it was about 15%. internet advertising 
has grown very quickly, with the total advertising expenditure rising at a rate 
of 20% in 2008. Revenue growth in firms was 26.8% in the US in 2007.

13.5 Footwear advertising

advertising is the key to any successful business. With growing competition 
in the footwear market, gaining consumer’s attention over competitors through 
advertisements has become essential. the main objective in advertising for 
footwear is to establish an awareness of the brand among consumers (Chawla, 
2003). this is essential, since familiarity with the product will persuade them 
to choose to buy that footwear brand over other competing brands (Chawla, 
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2003). awareness of footwear brands can be achieved through various media, 
such as internet, print and television. 
 Advertisers using innovative media gain more benefit with modern 
promotional tools. Footwear advertising is growing widely with the 
development of modern technology (John, 2006). it also assists with 
improving the company’s growth in market share (moschis et al., 2011). 
Footwear advertising has experienced a significant transformation in recent 
years in terms of ad design, i.e. the colours, texture, use of text, and so on 
(John, 2006). Some Puma footwear advertisements use various colours and a 
minimal amount of text, since consumers need only to see the tagline of the 
advertisement. Consumers can more easily envisage owning this footwear 
and are more likely to make a decision to purchase.
 Footwear advertising can take different forms, such as audio-visual or 
print (aschan et al., 2009). the advertising strategies used by the companies 
should line-up with consumer demands as well as create new ones. advertising 
of footwear in any operation has several steps (Glowa, 2002). For example; 
marketers need to come up with advertising objectives, which are then used 
by a team of advertisers who creatively present the product in order to 
effectively promote it to potential consumers (Clinghan et al., 2008). the 
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13.4 Main media advertising expenditure on footwear in the UK 
(£000) in 2000.
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message in footwear advertisements needs to be sufficiently enticing and 
interesting in order to arouse the interest of consumers.
 advertising of brand names is important for the producers or manufacturers 
of footwear in order to ensure that their products stand out from their 
competitors’ (IBIS World, 2010). Advertising is also heavily influenced 
by fashion trends that lead to variation in the demand for footwear styles. 
Athletic footwear sales are also influenced by the popularity of various sports 
activities (IBIS World, 2010).

13.5.1 The purposes of footwear advertising

the purposes of advertising are to evoke prompt action in the consumer, 
to encourage them to search for more information related to the footwear 
products, to change the attitudes of consumers and to help them recall the 
satisfying experience they had when buying the product previously (moschis 
et al., 2011).

Prompt action

Prompting actions in footwear advertising are used to motivate the consumers 
to act by influencing them to make footwear purchases to keep up with 
current events and trends (Briesen, 2009). Footwear advertisements should 
be designed to convince the consumers that the footwear products they buy 
are good value for money. in addition, the purpose of footwear advertising 
is to inspire consumers to seek out more information about the footwear 
products and brands (Glowa, 2002). the advertising strategy should be 
able to draw a link in consumers’ minds between their footwear, needs and 
the product being advertised. When effective, the consumers are satisfied 
with the product offered, which may lead to the purchase of the footwear 
(Glowa, 2002).

Recalling past purchases

another purpose of footwear advertising is to encourage consumers to recall 
their past satisfaction with the footwear they purchased and to persuade them 
to repurchase the same footwear brand (Gobe, 2010). however, advertising 
for footwear is for new products as well as for the old, to increase the sales 
of all footwear products (Goldfarb and tucker, 2011). 

Changing the consumer’s attitudes

Footwear advertising is used to change the attitudes of consumers towards 
the products (Glowa, 2002). Footwear businesses function in a competitive 
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market, in which they can lose customers. this is sometimes due to a bad 
reputation, which may affect the sales and performance of the business 
(Briesen, 2009). to solve this, advertising should be planned with a view 
to changing the attitudes of the consumers towards the company. Such an 
advertising strategy is very important for maintaining the sales and market 
share of the footwear company (Giannoulakis and apostolopoulou, 2011).

13.5.2 Footwear advertising expenses

Improving advertising and brand image can significantly increase sales 
(Buil et al., 2013). Recognizable and popular products such as nike, 
adidas and high-end brands such as manolo Blahnik, Gucci, Prada and 
Christian Louboutin can limit the outcome of innovative styles of footwear 
in the market because they hold such a huge share of it. Spending more 
on advertising endorses the power of the footwear brand and the larger the 
manufacturer, the higher their chances of success in forming a popular brand 
(Giannoulakis and apostolopoulou, 2011). advertising budgets should put 
forward the size of advertising appropriation, detailed advertising objectives 
and the cost of achieving them (Elliott and Simmons, 2011). Figure 13.4 
shows the expenditure on advertising of several companies. these footwear 
companies are taken as an example in terms of popularity, company reputation 
and market share. the general trends in footwear advertising expenditure 
are shown, with Clarks group spending the most on advertising and Scholl 
Gelactiv sandals the least.

Nike

When it comes to the advertising of footwear, nike has consistently been 
at the top of the list. nike advertising campaigns are famous worldwide 
and have proven to be very successful. it is the leader in setting trends 
both for footwear and for the advertising industry (mishra, 2011). nike 
is involved widely in the design, development and marketing of world of 
footwear (mishra, 2011). in order to sustain its power in the industry and 
stay competitive, nike replies to changes in consumers’ purchase decisions 
and trends by evolving new products and styles. net tV and magazines are 
major parts of advertising for nike.
 nike’s designs for footwear are athletic or sporty in style. it sets apart its 
products by offering many footwear accessories. Nike spent $1.168 billion 
on advertising in 2003 for print and commercials representing about 10% of 
revenue (Deshpande, 2009). Nike’s advertising expenses in 2003 were $32.4 
million for commercials on Net TV and $39.8 million for magazine adverts; 
these accounted for 73% of their total advertising expenses (Dermesropian 
et al., 2004). outdoor advertising using billboards accounted for 2%, and 
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sports TV, Spanish TV and internet advertising accounted for an average 
of 1% each of nike’s total advertising expenditure (Dermesropian et al., 
2004).

Adidas

adidas group strives to be a global leader in the sporting industry by 
understanding the consumer (Sampson, 2010). In 2002, Adidas successfully 
promoted their brand in Japan and Korea, where the World Cup was being 
hosted, an event which drew one billion television viewers worldwide. 
Recently, adidas group increased their net cash position nearly 400%, 
from 90 million euro in 2011 to 448 million euro in 2012 (adidas, 2013). 
also, sales were 14.883 billion euro in 2012. Growth of the adidas brand 
increased domestically, with the company increasing 6% of group sales when 
compared to 2011. adidas’ promotion and advertising commitments in 2012 
were $3.768 billion (Adidas, 2013) and the strategies they implemented were 
successful in many areas.

Geox

Geox is the world’s largest italian footwear manufacturer and it has 
outperformed other manufacturers in the industry with its impressive financial 
results (Camuffo et al., 2005). advertising plays a crucial role in strategy 
of Geox, accounting for approximately 10% of its revenue. the advertising 
and promotion expenditure of Geox footwear rose in 2010 to 5.6% of sales 
compared with 5.3% in 2009.

Puma

in 2012, Puma’s sales and distribution expenses was 1152.4 million euro, 
of which marketing/retail expenses accounted for a large portion of their 
operating expenses (Puma, 2012). Puma had 7265 marketing/retail/sales 
employees, representing 66.4% full-time employees. Puma’s design and 
marketing experience has enabled it to succeed. a new state-of-the-art range 
of football shoes also ensured the company’s success in sales (miller, 2010). 
the Puma brand has become synonymous with fashion, style and a sporting 
look (Giardina, 2010). it reaches a large audience, including children and 
teenagers who are more attracted to its style and reputation than the footwear 
performance (miller, 2010).
 Puma benefits from a net profit of $12.24 per hour on every labourer in 
China who creates its sneakers. Puma gains a profit of $38 189 annually on 
every worker (Kernaghan, 2004). Puma’s revenue from the labourers can 
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reach over $92 million a year (Giardina, 2010). With a $206 million per 
year expenditure on advertising, labourers in China are compensating for a 
significant portion of Puma’s bills. To advertise a $70 pair of sneakers Puma 
spends $6.78 which is nearly six times the $1.16 that they pay the labourers 
to create the sneakers (Kernaghan, 2004).

Christian Louboutin

The advertising expenditure of Christian Louboutin was nearly $520 000 
annually (Lewin and Bromberg, 2011). to maintain their e-commerce site, 
they spent $390 000 annually. Annual sales have row surpassed $300 million 
and continue to grow in the double digits (abel, 2012). Christian Louboutin 
has gone thorough litigation with Yves Saint Laurent, in order to protect its 
trademarked and unique red sole.

13.6 Conclusion

advertising has played an important role in making the footwear industry 
what it is today. By informing both existing and potential customers about 
the product features, variety, design etc., advertising has successfully created 
an interest and desire to acquire the product. Its significant influence can be 
measured by the increasing sales figures of the footwear companies.
 informed customers are now spoilt for choice when looking to buy new 
footwear, meaning that the big brands have to compete in order to attract 
customers and expand their company and name. huge advertising budgets 
are set aside by these larger companies in order to beat the competition. 
Each brand has to be creative and innovative, both in its products and in 
its advertising campaigns, and provide value for money to customers. it 
is essential that retailers understand the consumer’s needs and accurately 
convey the information to the manufacturers in order to adapt the products 
accordingly to the consumers’ needs and expectations. they cannot afford 
to lose their loyal customers to the competing brands and thus have to cater 
to their requirements whilst keeping in mind changes in styles and fashion 
and the state of the economy, etc.
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Foot problems and their implications for  

footwear design
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Abstract: This chapter attempts to share with the readers, from a clinical 
point of view, the rationale of footwear design in relation to common foot 
problems. Each section focuses on one common foot problem with a brief 
explanation of the condition, followed by the key issues in footwear design.

Key words: foot problems and footwear design, bunion, toe deformities, 
hallux rigidus, metatarsalgia, forefoot pain, diabetic shoes, arthritic shoes, 
genu valgum, genu varum, drop foot band, leg length discrepancy, pes 
equinus, metatarsus adductus, pes planus, flat feet, pes cavus, high arched 
feet, amputated foot, prescription custom foot orthoses (orthotics), rocker 
soles, arch support, metatarsal pad, Thomas heel, seamless lining.

5.1 Introduction

Since starting my practice as a Certified Pedorthist in Hong Kong in 1997, 
I have realized that footwear is indeed an important interface for the human 
foot in contact with the ground. Ill fitting footwear can cause foot problems 
(Burns et al., 2002). On the other hand, special design or modification of 
footwear can alleviate foot-related problems such as forefoot pain, knee pain 
and even low back pain.
 One day, a patient was referred to me because of pain in her knees 
and hips. She had had surgery on her bunion a year before. Both her first 
metatarsophalangeal joints (MPJ) became rigid after the operation. During 
heel off, her big toes could not dorsiflex (bend backward), her mid-tarsal 
joint had to roll-in excessively to compensate, leading to internal rotation 
of her tibia (shin bone). The patella (knee cap), which normally rests in 
the femoral groove thus became malaligned and was laterally placed. This 
increased the pressure behind the patella upon bending, such as in walking 
up and down stairs, causing her knee and hip pain after the bunion surgery. 
To solve the problems due to the rigid joint of her big toes, the outsole 
of her shoes was modified to become a rigid rocker sole (Fig. 5.1). The 
propulsion created by the rocker sole allowed this patient to walk without 
the need to bend her big toes. The rotational stress on her knees was hence 
reduced and she was impressed that the change of her footwear reduced her 
pain level. In the meantime, a custom casting (Fig. 5.2) was made from her 
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feet to fabricate a pair of accomodative prescription foot orthoses. This was 
to prevent excessive pronation of her feet inside her shoes (Fig. 5.3). In about 
six weeks, this patient carried on her work as a retail sales assistant without 
knee and hip pain. This is an example of the joy that has driven me to develop 
footwear for my patients in order to improve the quality of their life.
 I wish to share my experience in this chapter on the design of footwear 
to address common foot problems encountered in our pedorthic centres.

5.2 Common foot problems and their impact on 
footwear design

5.2.1 Bunion

During the daily practice, it is common to see patients suffering from bunion. 
The big toe provides the stability of the medial portion of the foot. Hallux 
abductovalgus (HAV) deformities refers to lateral subluxation of the first 
metatarsophalangeal joint (MPJ). The big toe angulates laterally towards 
the second toe, the medial part of the first metatarsal head enlarges, and the 
bursa over the medial aspect of the MPJ becomes inflamed and thickens. 
This condition is commonly known as bunion. It can be painful on walking. 
Referring to the X-ray in Fig. 5.4a, the angle between the hallux and the 
extension of its metatarsal bone is generally known as the first ray angle. 
This angle is considered normal if it is within 15 degrees (as shown). When 
the same foot with a normal first ray angle is put in a pointed dress shoe, 
as illustrated in Fig. 5.4b, the first ray angle is significantly increased (Fig. 
5.4c). This example shows the importance of footwear design for healthy 
foot conditions.

5.1 Rigid rocker sole design.
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(a)

(b)

5.2 Capturing the foot contour with a foam board press for 
fabrication of accomodative custom foot orthotics.
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 Some people with HAV do not have pain when walking while others find 
the prominent joint painful when it rubs against the shoes. Redness on the 
skin of the joint is common after walking. Callus around this joint is also 
frequently observed. Bunion and HAV deformities have many etiologies. 
Some examples include: pointed shoes, forefoot adductus, inherited first 
intermetatarsal angle being larger than normal, excessive first MPJ laxity, 
excessive ligamentous laxity between the first and second rays, small radius 
of curvature of the first metatarsal head at the transverse plane, excessively 

(a)

(b)

5.3 Principle of corrective insole.
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(a) (b)

(c)

5.4 First ray angle.
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long first metatarsal, overpronation of the subtalar joint in gait, flexible 
plantarflexed first ray deformities, and so on.
 In cases of unstable feet, special insoles are fabricated to correct the 
individuals’ foot biomechanics to obtain relief of their bunion pain and 
neutralize the forces leading to development of the bunion. Since 1845, 
in-shoe inserts have been used to treat foot pathology due to abnormal foot 
biomechanics (Schuster, 1974). To fabricate the functional custom-made 
insoles known as custom prescription foot orthoses (orthotics), the 3D 
shape of the individual’s plantar foot is cast with a plaster bandage (Fig. 
5.5), or scanned with a laser foot scanner (Fig. 5.6). The foot models are 
then corrected to balance the rearfoot and forefoot angle deformities with a 
foot orthotic CAD/CAM system (Fig. 5.7), according to weight-bearing and 
non-weight bearing measurement parameters for special constructions to fit 
the individual’s feet. The objective of the custom foot orthoses is to provide 
the necessary support for more normal foot and lower extremity functions. 
Extra-depth consideration is necessary in the shoemaking process so that 
the custom-made orthoses can be fitted into this category of shoes.
 Shoe design for the indication of bunion should start from the shoe-last 
design. First of all, stress at the first MPJ should be avoided. Shoe-last design 
with heel heights greater than one and a half inch should be discouraged. 
While working on the shoe last, more material should be added to the first 
MPJ of the shoe last. The created 3D space as a result of increasing the joint 

5.5 Traditional plaster casting of the foot at its sub-talar joint neutral 
position for fabrication of functional custom foot orthotics.
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5.6 Using laser scanner to capture 3D foot contour at its sub-talar 
joint neutral position.

girth is to accommodate the prominence of the joint and therefore reduce 
the friction between the first MPJ and the shoe upper material. During this 
process of last design, the heel width of the last should be kept constant, in 
addition to the required extra depth feature.
 Elastic material is preferred for the construction of the shoe upper in the 
area of the MPJ. In general, threads have less elasticity than leather and 
other stretchable fabrics. Therefore, stitches of overlapped layers of upper 
material should be avoided around the MPJ when the shoe upper pattern is 
designed.
 A further consideration in shoe upper design for this foot condition is the 
attempt to reduce the collapse of the medial column of the foot. A binding 
force of the first metatarsal shaft to the rest of the metatarsal bones is 
considered beneficial. Adjustability of the footwear design at the mid-foot 
is encouraged for better fitting and control.

5.2.2 Toe deformities

For various reasons – such as congenital malformations, neuromuscular 
disorders, inflammatory arthritis and injury, and inadequate shoe length or toe 
box room – some people suffer from claw toes, hammer toes, mallet toes or 
crossover toes, as illustrated in Fig. 5.8. Callus formation is usually observed 

Footwear-Luximon-05.indd   96 8/13/13   9:48:26 AM

�� �� �� �� �� ��



97Foot problems and their implications for footwear design

© Woodhead Publishing Limited, 2013

(a)

(b)

(c)

5.7 Foot orthotic CAD/CAM system.
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at the joints due to friction on walking. Sometimes, swelling between the 
second and third toes is observed due to capsular damage. In certain cases 
when contracture of intrinsic muscle occurs, toe tip pain can be severe just 
before the heel-off stage of gait. The pain can be unbearable, especially 
when corns develop as a result of rubbing. It is obvious that the toe box of 
normal shoes becomes insufficient for this type of deformed toes.
 The design of shoe lasts for this type of shoes should therefore have high 
toe box volume so that the top of the deformed toes would not rub against 
the vamp of the shoe upper. Stretchable upper material should be considered 
around this area. Soft padding at the lining would be appreciated by the 
users as it provides cushioning for the top of the deformed toes. In order 
to maintain the stretchability of the shoe upper for the toes, overlapping of 
materials with stitching should be avoided in this area when designing the 
upper pattern.
 To further reduce the possibility of toes hitting against the vamp of the 
shoes, custom-made prescription foot orthoses are required. They bring up 
the user’s arch from an abnormal collapsed position to its neutral position 
and also increase the surface area of contact at the plantar aspect of the foot, 
which helps re-distribute the body weight over the plantar foot (Claisse et al., 
2004). The excessive stress at the painful areas, such as the metatarsal heads, 
is therefore reduced. Sometimes, toe crest and toe straightening designs 

5.8 Toe deformities.
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(Fig. 5.9) are applied on the custom insoles so that the pain due to excessive 
pressure at the tips of toes can be relieved.
 In order to assist the foot correction mentioned above, the shoe counter 
of the shoes should be firm, and extra-depth of the shoe design should be 
allowed for fitting of the custom prescription foot orthoses.

5.2.3 Hallux Rigidus

Hallux Rigidus refers to the condition in which the big toe is unable to dorsiflex 
or plantaflex due to osteoarthritis of the first MPJ. Dorsal osteophyte on the 
first metatarsal head may be present. The first MPJ has become enlarged, 
rigid and can be very painful on walking, which forces the joint to bend 
during heel-off.
 To minimize the pain on walking, the outsole of the shoes should be a 
rigid rocker with the curve of the rocker just behind the metatarsal heads. In 
this way, the user’s MPJ does not need to bend on walking when the rocker 
of the outsole rolls over (Janisse and Janisse, 2008).
 Another solution is achieved by a personalized insole (prescription custom 
foot orthoses), custom-made from the user’s corrective foot mould with a rigid 
thermoplastic material such as polypropylene sheet, sometimes reinforced 
with carbon fibre. This thermoplastic sheet becomes soft and moldable at a 
temperature around 170 degrees Celsius. When it is applied on the personal 
foot mould under vacuum, it takes the shape of the mould as it cools down. 

5.9 Toe straightening design with toe crest underneath.
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A hallux extension with a rocker profile along the first ray in this insole can 
be created. This allows the big toe rest naturally on the rigid insole. The foot 
can therefore roll over inside the shoes with sufficient toe-spring, without 
bending the big toe on walking.

5.2.4 Metatarsalgia

Metatarsalgia refers to sharp pain at the metatarsal heads in the forefoot 
area or between the metatarsal heads, which is also referred to as neuroma. 
The pain can be due to capsulitis of the metatarsal heads, inflammation of 
ligaments through the joints, impingement of nerves through these joints or 
stress fracture of the metatarsal bones.
 To solve the biomechanical problems, individual causes should be 
addressed. One of the causes can be related to the shoe last design, with 
the forefoot bottom being too convex. The metatarsal heads are squeezed 
inside the concave forefoot area inside the shoes. Another common issue 
related to footwear is the thickness and material of the shoe sole. For people 
suffering from capsulitis, soles with thick cushioning material can partly 
relieve the pain plantar to the metatarsal heads, compared with thin leather 
soles. In some cases, the pain persists even in sports shoes with cushioned 
soles. This can be related to excessive foot pronation on weight bearing, 
leading to abduction of the foot, widening the metatarsals which leads to 
flattening of the metatarsal arch. This pain due to nerve impingement, and 
stress of ligament can be relieved when both the longitudinal and transverse 
arches of the human foot are put back to their normal position with a pair of 
insoles with these two arch supports, or ideally with a pair of custom made 
prescription foot orthoses.
 External shoe modification with a metatarsal bar behind the anatomical 
position of the metatarsal heads helps relieve the pain as the ground reaction 
force to the forefoot is shifted backward during contact of the metatarsal 
bar on the ground. An alternative outsole design of rocker sole can also 
have a similar effect on reducing the metatarsal pain as the stress under the 
metatarsal heads is taken away by the rolling of the rocker sole.
 Internally, an elastic soft pad with a dome shape as shown in Fig. 5.10 and 
known as a metatarsal pad can be applied, with the peak placed just behind 
the metatarsal heads (Hsi et al., 2005). This helps to open the gap between 
adjacent metatarsal heads, reducing the pinching effect of the nerves getting 
through the joints, thus reducing the pain associated with metatarsalgia. This 
metatarsal pad can be applied directly inside the mid-sole of the shoe or 
on an insole that can be moved from shoe to shoe. However, the position 
of this pad relative to the human foot, as well as the material hardness and 
thickness, is critical for effectiveness.
 In many cases, custom-made prescription foot orthoses with specific designs 
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to suit individual foot conditions are prescribed by footcare professionals to 
address specific causes of metatarsalgia. As previously stated, extra-depth 
shoes are required for orthotic fitting for people with this symptom.

5.2.5 Metatarsus Adductus

When a child’s forefoot bends in, being medially deviated from the normal 
foot axis, the condition is referred as Metatarsus Adductus. There is an 
effective treatment by a below-knee plaster-cast for infants (Katz et al., 
1999). Parents are often concerned with their children walking with toes 
pointing inwards, known as in-toeing gait. In-toeing can be due to one of 
the following conditions: (i) metatarsal adduction; (ii) internal tibial torsion; 
(iii) femoral anteversion.
 Special footwear design can be made to address the condition of metatarsal 
adduction. The longitudinal axis of the corrective device can be adjusted 
as shown in Fig. 5.11 in a continuous progress. For the children’s walking 
shoes, the shoe last should be built from a mirror image of the normal shoe 
last, in an attempt to apply biomechanical corrective forces to the forefoot 
of the child. The three point corrective forces are applied at the first MPJ 
and medial heel against the cuboid of the foot. An attempt should be made 
to wrap one of the shoe upper straps around the dorsum of the foot at the 

5.10 Metatarsal pad.
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ankle so that it can help stabilize the foot inside the firm shoe counters to 
enhance the corrective forces.

5.2.6 Pes Planus

Pes Planus, known as flat feet, are commonly observed in people with high 
laxity of ligaments and tendons. As illustrated in Fig. 5.12, the longitudinal 
arch is flattened and no gap can be seen between the medial side of the 
foot and the ground. The sub-talar joint axis is medially deviated, hitting 
against the medial side of the shoe counter, even causing the foot to roll 
in together with the shoes. In order to correct this medially-deviated foot 
axis, a pair of custom prescription foot orthoses with a medial heel skive 
(Kirby, 1992) is needed to rotate the foot and counter the deviation. Ready-
made insoles, however, may cause irritation to the flat foot because specific 
parameters, such as heel angle and arch contour, are required to be accurate 
in order to encounter the excessive collapsing motion with comfort. For 
Pes Planus, the medial side of the mid-sole of the shoe last should be wide 
to accommodate the tissue on the medial side of the foot. The medial side 
of the heel counter should be extended in length and be strong enough for 
support. To accommodate the prescription foot orthoses which are usually 
required for Pes Planus, extra-depth shoes are required. Medial extension 

5.11 Corrective device for Metatarsus Adductus of the right foot.
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of the heel by a Thomas heel style of outsole (Fig. 5.13), is also helpful to 
provide the stability for this type of foot condition.

5.2.7 Pes Cavus

The arch of a Pes Cavus type of foot is higher than normal. Figure 5.14 shows 
the plantar view of the feet on equipment known as Dynagait; the middle 

5.12 Flat foot (pes planus).

5.13 Thomas heel design.
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part disappears when the foot walks over the glass. Some feet of this type 
are hypermobile while others are rigid. The flexible, high-arched foot easily 
collapses at the arch area and appears similar to a flat foot condition.
 Semi-rigid to rigid insoles are required to be custom-made to hold the 
foot in its normal position. The shoe-last design should have sufficient girth 
at the instep level to accommodate the high arch anatomical structure, while 
the width at the instep should not be too wide. Besides the need for extra-
depth design, firm counter is needed for the support of the flexible high-arch 
foot.
 For rigid high-arch foot types, cushioning is important for the plantar 
surface of the foot. Metatarsal raise of the insole is beneficial to reduce the 
stress at the metatarsal heads, where callus formation is often observed. 
Outsole material with good shock absorption will be appreciated by the 
users. If the heel is in varus condition, as illustrated in Fig. 5.15, custom-
made prescription insoles with forefoot valgus posts are usually helpful to 
counterbalance the foot during steel strike and at the mid-tarsal joint on the 
heel-off phase of gait.

5.2.8 Equinus

Equinus is a condition where upward bending of the ankle is limited. Tiptoe 
walking is usually observed, or the heel rises earlier than it should. Causes 
can be tight Achilles tendon and calf muscles. Equinus can be congenital 
and inherited. In serious equinus conditions, the heel of the foot is unable to 
touch the ground on standing. Other complicated cases, such as club foot, are 
not included in this chapter because custom shoes are required for these.

5.14 Pedograph of a pes cavus (high-arch) foot.

Footwear-Luximon-05.indd   104 8/13/13   9:48:28 AM

�� �� �� �� �� ��



105Foot problems and their implications for footwear design

© Woodhead Publishing Limited, 2013

 In simple cases, blocks of different heights can be applied for the user 
to stand on and provide the feedback on the level of comfort. If a foam 
board with sufficient height is placed underneath the foot, the contour of 
the plantar foot can be captured. When the shank of the footwear can follow 
this curve, pressure distribution will be optimum. Body weight acting on 
the foot in this condition tends to shift to the metatarsal heads of the foot. 
Sometimes, the callus on the ball of the foot can be thick and painful. In 
order to solve these problems, a custom prescription insole should be made. 
The total contact surface with the bottom of the foot has been found useful 
to re-distribute the pressure throughout the plantar surface of the foot. To do 
this, as illustrated in Fig. 5.2, a foam box is applied or a laser foot scanner 
can be used to capture the 3D contour of the plantar foot.
 Sometimes lateral instability appears together with the Equinus condition. 
Under this circumstance, lateral flare of the heel is necessary to provide 
support to avoid frequent ankle sprain.

5.2.9 Genu Valgum

Knock knee is a common name for the condition of Genu Valgum. The tibia 
bones deviate away from the centre line of the body, forming an X-shape 
of arrangement of the thighs and legs, as shown in Fig. 5.16. With this type 
of knee structure, compensation is commonly observed at the foot level, 
leading to eversion of the heels, pushing down the longitudinal arch. When 
this movement causes internal rotation of the tibia, the patella tilts outwards, 
leading to grinding of cartilage between the contact surfaces of the patella 
and the femoral groove. This explains why people with Genu Valgum are 
prone to anterior knee pain while climbing up and down stairs.

5.15 Varus heels (high arch).
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 Shoe-last design for this type of conditions should avoid narrowing of 
the arch area of the mid-sole, which may cause instability of the foot. The 
instability usually comes from the medially shifted bodyweight, due to the 
mal-alignment of the knees. With regard to the shoe construction for this 
type of knee condition, the heel counters of the shoe upper should have firm 
medial extension in order to provide additional support of the everted heels. 
The outsole of the shoes, in addition, should at least have the same width 
of mid-sole at the heel area. This design helps balance the moment caused 
by the medial side of the outsole against the moment from the excessive 
pronation of the foot.
 Another design of the outsole also helps prevention of collapsing at 
the medial counter by the people with serious Genu Valgum. This design, 
known as the Thomas Heel (Fig. 5.13), has a medial extension of the heel 
for reinforcement against the medially deviated bodyweight due to the 
malignment of the knees.
 In order to relieve knee pain due to Genu Valgum, some users need to 
have their insoles custom-made, with the medial section of the heel raised, 
known as medial heel skive. This design helps shift the heel more laterally 
and just sufficiently to counter-balance the excessive pronation of the foot. 
The pain from grinding of the patella against the groove due to internal 
rotation of the tibia is therefore reduced.

5.2.10 Genu Varum

If standing with both feet close together, a gap of more than 1cm is observed 
between the knees, the condition is known as Genu Varum, commonly called 

5.16 Knock knees (Genu Valgum).
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bow-leggedness, as shown in Fig. 5.17. Pain is experienced on the medial 
joint of the knee when there is osteoarthritis.
 To relieve the pain due to excessive pressure and torque at the medial 
joint of the knee, a lateral heel raise of about 5 degrees, up to the 4th and 
5th sulcus positions, is considered beneficial to ease off the stress of the 
medial compartment of the knee. However, some patients experience plantar 
fasciitis after prolonged use of a lateral heel wedge. This could be related 
to the development of stress at the plantar fascia which is pulled while 
the arch is lowered due to compensation. An optimum design of custom 
insole would be considered, with a lateral heel wedge up to the 4th and 
5th metatarsal heads, with a soft minimal-arch cushion being built in. The 
former prescription is to reduce the torque at the medial knee joint and the 
latter prescription is to relieve the tension of the plantar fascia in order to 
avoid subsequent heel pain. 
 The higher the heel height, the more torque is developed in the medial 
knee joint, so shoe-last design for this condition should have minimum heel 
height. Furthermore, to reduce the ground reaction force being transferred 
up to the medial knee joint, the mid-sole design should be flexible. A soft 
medial heel counter of the shoes will allow compensatory pronation of the 
foot in order to reduce the stress at the medial knee joint. Finally, an outsole 
material having different hardness and more shock absorbing ability on the 

5.17 Bow legs (Genu Varum).
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medial side is also beneficial to reduce the compressive force transferred up 
to the medial knee (Erhart et al., 2010).

5.2.11 Leg length discrepancy

Leg Length Discrepancy (LLD) can lead to compensatory pain in the hip, knee 
and foot, as well as spinal disorders (Kakushima et al., 2003). Measurement 
of the difference is usually made under weight-bearing conditions. It 
involves assessment of the level of Posterior Superior Iliac Spine (PSIS) 
on both sides of the person’s hip bone from the back, if the person is free 
from a lumbar scoliosis problem. For the body to adjust, 1/3 of the LLD is 
usually first applied, depending on the age and flexibility of his/her skeletal 
system. Subsequent additions are made after the user has become used to 
the adjustment when necessary.
 LLD correction can be made inside or outside the shoe. To facilitate a 
smooth gait pattern, rocker sole design is usually applied in the shoe-making 
process (Fig. 5.18). For the internal addition style, boot design is usually 
attempted and the internal LLD block in a firm EVA material with a Shore 
A hardness of 70 is applied after shoe lasting is made. For the external style, 
the shoes are lasted as usual. Before the outsole is applied, light-weight firm 
EVA adjustment for LLD is made to provide the necessary balance.

5.2.12 Diabetic foot

There is a general complication for diabetic patients with a history of diabetes 
over 10–20 years – the loss of protective sensation of their feet. Below is 
a related case study:

5.18 Custom shoes for LLD adjustment.
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 About eight years ago, I had a diabetic patient coming for a regular 
follow-up of his custom-made prescription foot orthoses. This patient had  
had an ulcer at his first metatarsal head in the previous year and the ulcer 
had healed after wearing his prescription foot orthoses and diabetic shoes 
for six weeks. In this follow-up, I was upset to see a new ulcer at a different 
position. When I further examined his shoes, a piece of chicken bone dropped 
out of his shoe. ‘Oh, it must have dropped into my shoes when I had beer 
and barbecued chicken last week,’ he said, recalling what had happened to 
him when he took off his shoes in a gathering with his old friends. This is 
an impressive example of the loss of protective sensation of diabetic patients, 
when special care is needed in the shoe design.
 First of all, if the shape of the shoe last is closer to the shape of a human 
foot, less risk of pressure points is created inside the shoes compared with 
those nice-looking pointed shoes. Secondly, the shoe last should have extra-
depth allowance in shoemaking in order to accommodate the diabetic insoles, 
which consist of at least 5mm top materials to reduce the shear force between 
the foot and the contact materials during walking. Plastazote and memory 
foam materials are commonly used for production of the top of insoles and 
the lining of diabetic shoes. Thirdly, seamless socks and linings in the toe 
box of diabetic shoes are usually recommended by health professionals for 
their diabetic patients, in order to reduce the risk of developing localized 
pressure points at the foot.
 Elastic upper material is also commonly used for diabetic shoes to reduce 
the risk of skin damage if there is friction between the foot and the shoe 
upper, such as in the case of existence of callus and corns on the foot and 
toes.
 In diabetic conditions with the existence of ulcers at the heel, mid-foot 
and forefoot, different types of rocker soles are necessary in the construction 
of outsoles of diabetic shoes, in order to relieve the pressure at the contact 
area of the ulcer (Brown et al., 2004).

5.2.13 Toe amputation

Some patients with toe(s) amputation due to diabetic neuropathy are referred 
to our pedorthic centres for prescription foot orthoses. A semi-weight-bearing 
casting or foam press is made while holding the patient’s foot in its STJ 
neutral position. Fine modification of the positive mould of the amputee foot 
is necessary to allow space for gel cushioning material wrapping around the 
amputee end. In order to reduce friction of the skin with the insole, Plastazote, 
gel material or memory foam is applied on the insole. The space of the lost 
toe(s) is then filled up with low density EVA blocks before grinding is made 
to match the shoe last of the shoes. An example of a prescription foot orthosis 
for an amputee foot is shown in Fig. 5.19. After this special insole is made, 
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the amputated foot does not move forward to hit against the toe box, but 
stays in the usual position on walking. To facilitate walking, a rocker sole 
is recommended for the outsole of the shoes.

5.2.14 Rheumatoid arthritis

Patients with rheumatoid arthritis often have severe pain in their hindfoot and 
ankle, caused by erosion of the involved joints. They usually have deformed 
toes laterally deviated, a dropped navicular and talar head, and valgus heels. 
This leads to pain in the medial foot arch and ankle region.
 Shoe design should be addressed to the fact that these patients have stiff 
deformed fingers and toes. To facilitate putting on the shoe, the shoe upper 
is designed such that it opens up to the tip of the shoes, as illustrated in Fig. 
5.20. This makes it easy to put the foot into the shoe through the special 
design of opening. The design of the closure should be made such that it 
can be easily achieved with the patients’ stiff fingers. As it is common to 
see a collapsed mid-foot in rheumatoid arthritic patients, a wide mid-sole 
of the shoes is necessary to accommodate the deformed joints, and medial 
flare of the shoes for reinforcement is sometimes needed to provide the 
required support. The longitudinal axis of the outsole should be in line with 
the patient’s gait line to facilitate ease of walking.
 Callus is commonly found at the rigid joints on weight bearing, due to 
prolonged friction of the skin with other contact surfaces. To relieve the pain 
due to the frictional force at weight bearing, accommodative types of custom-

5.19 Orthosis for amputated toes.
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made insoles and therapeutic footwear are usually prescribed (Riskowski 
et al., 2011). A foam box press technique (Fig. 5.2) is traditionally used 
to capture the foot in a semi-weight bearing condition. Nowadays, a laser 
foot scanner is used to capture the foot 3D shape (Fig. 5.21). A foot mould 

(a)

(b)

5.20 Rheumatoid arthritic shoe (a) closed (b) open.
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that provides a total contact surface imprint to support the foot is obtained 
and modified according to prescriptions. With this support, the force at the 
original pressure points will be re-distributed. As a result, the callus will 
reduce in hardness, muscle activation is changed, and gait pattern is improved 
to reduce joint loading, leading to a reduction of pain.

5.2.15 Drop foot

Stroke patients are often seen walking with a drop foot. Recently, a machine 
has been developed that can stimulate the peroneal nerve of the stroke patient 
such that the patient can resume walking. Traditionally, stroke patients usually 
need to have their Ankle–Foot–Orthoses (AFO) made, as illustrated in Fig. 
5.22, and put inside their shoes. The function of the AFO is to lock the foot 

5.21 Semi-weight bearing foot scan with laser foot scanner.
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5.22 Ankle foot orthosis (AFO).

5.23 Footwear design for stroke patients.

in a right-angled position. This reduces the risk of tipping over when walking. 
In order to facilitate a smooth transition of walking gait, the outsole of the 
shoes should be a rocker sole design.
 With regard to related shoe design, a drop foot band shown in Fig. 5.23 
can be applied to some shoes. The adjustable band can be applied around 
the lower part of tibia as an anchor. A rubber band is attached at this band 
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with a loop for attachment to two hooks on the mid-foot area of the shoe 
upper. This rubber band assists in holding the foot in a dorsiflexion position 
to clear the ground on walking.

5.3 Conclusion

To provide an effective solution in footwear design for people with common 
foot problems, it is essential to understand the causes of the problems. In the 
above sections, issues involved in shoe-last design, selection of materials, 
design of shoe upper patterns, fabrication of insoles, construction of mid-soles 
and outsoles, as well as outsole design have been discussed. The contributions 
of footwear design in alleviating the above common foot problems should 
be appreciated.
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Abstract: the environmental impact of a product throughout its life-cycle 
is a significant issue. Complex products such as footwear require many 
different materials and manufacturing processes, all of which have an effect 
on the overall environmental impact of the product. This chapter reviews 
the state of research in this area, looking at the effect of footwear materials, 
production and disposal on the environment and focusing on life-cycle 
assessment as a means of measuring this impact. 

Key words: life-cycle assessment, recycling, reuse, landfill, leather, tanning, 
end-of-life, tools for eco-impact.

14.1 Introduction

the number of products being produced for different applications every 
day is almost beyond measurement. though each product serves a different 
purpose, all begin with the extraction of raw materials (the extraction phase) 
and move through subsequent phases such as production, transport to the 
point of sale, consumption and, finally, disposal. This series of phases makes 
up the life-cycle of any product and each phase can harm our environment. 
Although the degree of impact varies across products and their different 
phases, all products have potentially negative environmental consequences. 
Quantification of the environmental impacts produced by the life-cycles of 
different products is essential for reducing these impacts. there are a number 
of local, regional and global environmental issues, such as air pollution, 
acidification, eutrophication, depletion of abiotic resources, global warming 
(carbon footprint), ozone depletion. the severity of the problem increases 
day-by-day. the need to reduce the environmental impacts of products is 
becoming ever more urgent (Muthu et al., 2013, 2011).
 There is a wide range of footwear products currently available, which 
use an array of natural and synthetic raw materials and manufacturing 
processes. The extraction of these materials, as well as the emissions caused 
by manufacturing processes, are responsible for the environmental impact 
of footwear.
 Single-use products have a high environmental impact due to their short 
use life, although as a product with a finite life span, more durable footwear 
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also poses a problem in this regard. this chapter discusses the issues raised 
by disposal of footwear in landfill, and the environmentally beneficial 
alternatives such as recycling, reuse and repair.
 Section 14.2 provides information on the different types of footwear and 
the range of materials used to manufacture footwear products. Section 14.3 
focuses on the reasons for studying the environmental impact of footwear, and 
Section 14.4 serves as an introduction to the environmental impact assessment 
of footwear products, including the concept of product eco-assessment and 
the tools employed to carry this out. this section also addresses the concept 
of life cycle assessment (LCA) and the different phases and standards of 
LCA. Finally, Section 14.5 discusses various studies on environmental impact 
assessment of footwear and footwear materials, and the development of tools 
for reducing the environmental impact of footwear products.

14.2 Footwear and footwear materials

Although there are many different categories of footwear, this chapter focuses 
solely on shoes. The following components are common to any style and 
category of shoe (Clarks, 1976):

 (i) upper part – this consists of all elements of the shoe above the shoe’s 
sole.

 (ii) Lower part – This includes the entire bottom of a shoe (insole, sole 
and outsole)

 (iii) Grindery – this comprises other items that may be attached to the 
upper and lower parts of the shoe, such as eyelets and toe puffs.

Shoes can be classified into many different categories, depending on the 
parameters used. Examples of these include classification by gender (e.g. men’s 
and women’s shoes) or by the intended use (e.g. sport shoes). Another type 
of classification that is more relevant to this chapter is based on the type of 
material used to produce the upper part of the shoe. Using this classification, 
shoes can be sorted into leather-based, textile-based and rubber or plastic-
based products (Staikos and Rahimifard, 2007).
 Many different materials can be used to manufacture a single shoe. Leather, 
canvas, polyurethane and PVC are most commonly used to produce the upper 
part of the shoe. the sole is usually made of leather, vulcanized rubber, tPR 
(thermoplastic rubber), polyurethanes, tPu (thermoplastic polyurethanes) 
or EVA (ethylene vinyl acetate). An extensive list of elements constitutes 
the grindery, including shanks, nails, laces, eyelets, threads, velcro/catches, 
textile backers and linings, foams (padding), heel backing supports, toe cap 
reinforcements and heels (Staikos and Rahimifard, 2007).
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14.3 Importance of the environmental impact of 
footwear and footwear materials

According to the 2011 World Footwear Yearbook, 20 billion pairs of footwear 
were produced worldwide in 2010 (World Footwear, 2011). Many raw and 
auxiliary materials are employed in the manufacture of footwear, a lot of 
resources such as energy and water are deployed and the production process 
gives rise to a large amount of waste that needs to be disposed of or recycled. 
Finally, the 20 billion pairs of footwear will eventually reach the end of their 
useful lives and need to be disposed of. All these factors highlight the need 
to measure and address the environmental impact of footwear.
 to assess this impact, it is important to study production and consumption 
trends in footwear. Leather, textiles, rubber and many different types of 
synthetics are currently being used in footwear production. On average, 
around 40 different types of materials are used in the manufacture of one 
pair of shoes (Weib, 1999). Each material is unique, not only in terms of 
physical and functional properties, but also in terms of its environmental 
impact throughout the life-cycle of the product. 

14.4 Assessing the environmental impact of 
footwear products

Reducing the environmental impact of manufactured goods is a key current 
trend in many industries, and a wide array of tools is available for measuring 
environmental impact (Dale and English, 1999; Baumann and Cowell, 1999; 
Miljöverktyg 2000; Petts, 1999; SEtAC, 1997; Wrisberg et al., 2002). these 
tools can be divided into two types, namely procedural tools and analytical tools 
(Wrisberg et al., 2002). Some of the important tools include environmental 
impact assessment (EIA), the system of economic and environmental accounting 
(SEEA), environmental auditing, life-cycle assessment (LCA) and material 
flow analysis (MFA) (Finnveden and Moberg, 2005).
 EIA is a procedural tool used mainly for assessing the environmental 
impact of a project (Petts, 1999) and its use is required by law in some 
situations. EIA describes the environmental impact of a suggested project and 
its alternatives (e.g. the construction and localisation of a waste incineration 
plant). the method of assessing the environmental impact of a project is 
not predefined and analytical ESA tools can be used within EIA (Moberg, 
2006).
 the SEEA is a system of satellite accounts to the system of national 
accounts, whose primary object of analysis is the economic activity within a 
nation. SEEA includes both systems for physical accounts, such as measures 
of inputs and outputs (resources used and emissions), and monetary accounts 
(Finnveden and Moberg, 2005).
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 Environmental auditing is a procedural tool that is usually applied to 
an organisation, for example a company or a governmental agency. It is a 
descriptive assessment that typically looks at environmental aspects as well 
as use of resources (Finnveden and Moberg, 2005). 
 Life-cycle assessment (LCA) is a tool used to assess the environmental 
impacts and resources used throughout a product’s life, from raw material 
acquisition through production, use and final disposal. The term ‘product’ 
can include not only product systems but also service systems (Finnveden 
and Moberg, 2005). A series of ISO standards have been developed for 
LCA, which provide a framework, a terminology and some methodological 
options (ISO 14040; 14044; 14047). Initiatives have also been taken to 
develop best practices (udo de haes et al., 1999, 2002) and this tool is 
discussed below in detail.
 Material flow analysis (MFA) focuses on material flow, especially in terms 
of input. Different MFA methods have different objects in focus. Some of the 
MFA methods include: total material requirement (TMR), material intensity 
per unit service (MIPS) and substance flow analysis (SFA) (Finnveden and 
Moberg, 2005). MFA is a systematic approach that aims to present an overview 
of the materials used in a manufacturing process, identifying factors such as 
the volume of material used, the point of origin and the causes of waste and 
emissions. the method is designed to create a basis for an evaluation and 
forecast of future developments and defining strategies to improve the overall 
situation (Material Flow Analysis, 2011). Apart from the tools discussed above, 
ecological footprint (EF), energy Analysis (En) and risk assessment are some 
of the other tools widely used in the evaluation of environmental impacts.
 As mentioned earlier in this chapter, environmental concerns are increasing 
and many strategies such as ‘3Rs’, biodegradability and sustainable development 
have gained significant popularity. ‘3Rs’ (reduce, reuse, recycle) involves the 
reduction of waste, energy, materials and other resources, as well as reuse and 
recycle of the product at the end of its life. the 3R strategy tries to prevent 
the product from reaching landfill too quickly. The second strategy is, when 
the material reaches landfill, it should not pose any further serious threats 
to the environment and it must be easily biodegradable (Muthu, 2012).
 Sustainability is another frequently-voiced concern. The concept of 
sustainability is not a new one and can be defined in many ways (Muthu 
et al., 2012). Possibly the most appropriate definition is provided by the 
World Commission on Environment and Development: ‘[Sustainability is] 
development that meets the needs of the present without compromising the 
ability of future generations to meet their own needs’ (Brundtland, 1987). 
the concept of sustainability is currently being practiced in almost every 
field. Defined narrowly, sustainability is the concept of using renewable or 
replenishable resources in order that existing and potential resources are not 
exhausted by the current generation.
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14.4.1 Life-cycle assessment

Life-cycle assessment (LCA) is one of the most widely-used tools for assessing 
the environmental impact of products. According to the definition given by 
The Society of Environmental Toxicology and Chemistry (SETAC), LCA is 
an iterative process used to evaluate the environmental burdens associated 
with a product, process or activity. It works by identifying and quantifying 
the energy and materials used, and the wastes released to the environment, 
in order to assess their environmental impact and identify and evaluate 
opportunities to effect environmental improvements (SEtAC, 1993). 
 A product’s life-cycle commences from the extraction of the pertinent raw 
materials for its manufacture, and it progresses towards the manufacturing 
process with the aid of energy, chemicals and other required inputs. This is 
followed by transportation to the consumer, the use phase and, finally, the 
disposal stage. the assessment includes all these stages in order to trace the 
impacts created by the product over its lifetime (Fava et al., 1991). 
 There are several different variants associated with life-cycle assessment. 
Some terminology associated with life-cycle assessment includes the 
following:

 (i) Cradle to gate: A partial life-cycle study, where the study of the 
product’s impact is confined to the production stage (up to the point 
at which it is sent to the customer);

 (ii) Cradle to grave: A complete or full life-cycle study, where the study 
is extended up to the end-of-life disposal stage;

 (iii) Cradle to cradle: An explicit category of cradle-to-grave assessment, 
where the end-of-life disposal stage is a recycling process, after which 
identical or new products are created (Muthu, 2012).

According to ISO 14040 and ISO 14044, an LCA study essentially consists 
of four interconnected steps/phases (ISO 14040, 14044):

– Goal and scope definition
– Inventory analysis
– Impact assessment
– Interpretation

In the first step (goal and scope definition), the term ‘goal’ is used to specify 
the application of the study, to state the very purpose of pursuing the study 
and also to identify the target audience. The ‘scope’ prescribes the breadth, 
the depth and complete details of the study. It is vital to define a functional 
unit as the object of the life-cycle assessment study and the boundaries of 
the system under investigation, with clear specifications for data quality 
requirements. This step and the following inventory analysis correspond to 
ISO 14040 and ISO 14044 (ISO 14040; 14044).
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 the second step, Inventory Analysis, (LCI – Life Cycle Inventory) focuses 
on analyzing the different flows of material and energy corresponding to the 
production process and the environment. Input flows refer to the various 
resources, such as raw materials, energy, land or indeed any factor in the 
production process. Output flows refer to any sort of emissions to air, water 
or to land. 
 The next step – Impact Assessment (LCIA – Life Cycle Impact Assessment) 
– explores the results of the inventory analysis in terms of the environmental 
impact. The effects identified in this step can be compared to create an overall 
assessment of the products under investigation. In the impact assessment 
phase, LCIA consists of both obligatory and optional elements in accordance 
with ISO 14040. In brief, this step consists of selecting and defining impact 
categories such as global warming, acidification, eutrophication, human 
toxicity, ozone depletion, photo-oxidant formation, depletion of abiotic 
resources and aquatic and terrestrial toxicity measures, and classifying them 
by assigning the results of the Impact Assessment to the relevant impact 
categories. A common unit is defined for each category by aggregating the 
inventory results by classifying the different types of substances according 
to various characterisation factors within the impact categories (Sonnemann 
et al., 2003). 
 The final step in the LCA process is interpretation, which is in accordance 
with ISO 14040 and ISO 14044 and aims to draw conclusions from the 
study and make suitable recommendations to eliminate the major impacts 
encountered. the entire process of the life-cycle assessment is iterative 
(Guinee et al., 2002).

14.5 Environmental impact studies of footwear and 
footwear materials

14.5.1 Life-cycle assessment studies

So far, three important studies have been conducted on studying the life-
cycle assessment of footwear (Perdijk et al., 1994; Perdijk and Luijten, 1994; 
Mila et al., 1998; Albers et al., 2008). The following section presents the 
highlights of these three studies in details.
 One of the most important studies, the very first attempt to conduct a life-
cycle assessment in the footwear sector, was conducted by Perdijk et al. in 
1994 and focused on eco-labelling of footwear. For any life-cycle assessment 
study, the functional unit is the base upon which all the calculations are made 
and from which conclusions are drawn. As the first study in this area, this 
study set two important measures for future attempts to follow:

 (i) Delineating the function of the product, for example, footwear is designed 
‘to cover or protect the foot’.
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 (ii) Defining the functional unit of footwear as ‘one year of standard 
use’.

Another important study in this area was a Spanish study in 1998, which 
dealt with the application of LCA to footwear. This was a very detailed and 
in-depth study encompassing the entire life-cycle chain of footwear (Mila 
et al., 1998) and was mainly aimed at locating the hot-spots in the footwear 
life-cycle that make the greatest contribution to the total environmental 
impact. All the major life-cycle phases covering the entire cradle to grave 
stages of footwear, including cattle raising, slaughterhouse, tanning, footwear 
manufacturing processes, use, distribution and waste management, were 
considered in this study. All the life-cycle phases mentioned above were 
inventoried and life-cycle impact assessment calculations were confined to 
classification and characterisation stages only. The functional unit assumed 
for this study was 1000 hours of protection of the feet, and this unit was 
further deduced down to a consumption rate of 3.7 pairs of shoes per year 
by considering the average number of hours per year that a pair of women’s 
shoes is worn.
 The results were calculated for nine impact-categories, including non-
renewable prime materials depletion, non-renewable energy sources depletion, 
global warming potential, acidification potential, eutrophication potential 
and human toxicity potential (HTP). The results highlighted the agricultural 
aspect of the footwear life-cycle as the main factor responsible for global 
warming, acidification and eutrophication. It was found that this factor 
was responsible for roughly 40% of the total life-cycle impact. Electricity 
generation and its use in the production phase and waste management phase 
also created a major environmental impact, and it was found that the tanner 
production phase was mainly responsible for water-related impacts. The 
study also made some recommendations for improving the process.
 A 2008 study using LCA to analyze the ecological impacts of different 
types of shoes was conducted by Master’s degree students at the Donald 
Bren School of Environmental Science and Management of the university 
of California (Albers et al., 2008). This study was performed for the Simple 
Shoes Company in California. Simple Shoes began manufacturing footwear 
in 1991, and in 2005 they decided to investigate the viability of reducing their 
environmental impact by choosing green materials, such as organic cotton, 
bamboo, recycled materials, hemp and jute, to produce footwear. The company 
installed a product line named Green Toe that manufactured footwear using 
the above-mentioned green materials. Following the installation of this line, 
Simple Shoes wanted to analyze the overall environmental impacts of their 
green material choices with the following problem statement: ‘Is a Green Toe 
shoe simply better in terms of environmental performance than their other 
footwear products?’ This statement was analyzed systematically using the 
LCA approach of quantifying the life-cycle impacts of four products from 
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Simple Shoes. Two Green Toe shoes and one ecoSNEAK shoe were studied 
(Shoe 1, Shoe 2, and Shoe 3), composed primarily of Green materials, while 
a conventional shoe made almost entirely of leather and synthetics was 
included as Shoe 4. LCA of various phases of the footwear cycle, such as 
material production, the manufacturing process, transportation and end-of-life 
disposal method, was performed with the aid of GaBi 4.0 version of LCA 
software. Ten impact categories, namely global warming, human toxicity, 
marine toxicity, terrestrial and freshwater toxicity potentials, photochemical 
ozone formation, ozone depletion, acidification, eutrophication potentials 
and radioactive radiation were calculated in the impact assessment phase.
 The results showed that radioactive radiation, acidification and global 
warming potential were the highest impact categories, and it was also suggested 
that the majority of these emissions were produced during the manufacturing 
phase of the footwear. The material production and manufacturing phases 
were responsible for around 90% of the total environmental impacts 
occurring in the entire life-cycle of footwear, and the rest was attributed 
to the transportation and the end-of-life phases. In terms of the particular 
shoes used in this study, Shoe 4 (the conventional shoe made of traditional 
materials) had significantly higher emissions in eight of the ten impact 
categories, including human toxicity and global warming potentials. It was 
also found that the leather employed in the footwear caused significantly 
larger impacts compared to other materials but it was concluded in another 
study that natural materials are found to be better than synthetic counterparts 
in terms of their environmental impact (Joseph and Nithya, 2009; Rivela et 
al., 2004; Canals et al., 2002; Notarnicola et al., 2006).

14.5.2 Studies on development of tools and techniques to 
address eco-impacts of footwear

Deckers Outdoor Corporation, located in Goleta, California, is a shoe company 
that owns six brands, including Simple Shoes. Bren School created a tool 
for Deckers Outdoor Corporation designed to predict the environmental 
impact of a pair of shoes in the design phase, by employing life-cycle 
assessment (LCA). The developed tool was named EcoSTEP (Simple Tool for 
Environmental Prediction) and used GaBi4 and I-Report software developed 
by PE International. This tool was intended to calculate the life-cycle 
impact in a quantitative manner for various comparable designs, in order to 
highlight the detrimental impacts of the products in their life-cycle, as well 
as problematic areas in design and in the entire supply chain. This tool was 
aimed at enabling the designers to incorporate environmental performance 
in the shoe-designing process itself. After the design details are entered into 
the tool, the inputs are translated into five designated impact categories, 
namely global warming, human toxicity, acidification, eutrophication 
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potential and freshwater aquatic ecotoxicity. One function built into the tool 
is the possibility to view the results of one pair of shoes alone or to allow 
for comparison with other models, to aid the decision-making process of 
designers (Arcenas et al., 2010).
 The final tool under discussion was developed by Staikos and Rahimifard 
to support end-of-life decisions for product recovery considerations in 
the footwear industry (Staikos and Rahimifard 2007). This tool takes into 
account the implications of footwear product recovery and sets out a four-step 
methodology to reach end-of-life decisions about footwear products (product 
characterization, recycling scenario selection, EOL scenario assessment and 
recovery value chain identification). The methodology used in this tool could 
serve as a platform to identify optimal, environmentally and economically 
beneficial product recovery and recycling methods for footwear products, 
depending on factors such as the material content of the shoe, the feasibility 
of recycling the product in question, the application of the recycled product 
and the cost of the recycling process, as well as social–technical and 
environmental considerations. In addition, to aid the design and material 
selection phase, the tool can also serve as a benchmark information bureau 
for chosing the most appropriate end-of-life practice for a selected range of 
shoe varieties.
 the authors of the study describing the above tool have also conducted 
another study, which dealt with the development of an integrated waste 
management framework, employing either a proactive or reactive approach. The 
proactive approach, as defined by this study, focused on waste minimization 
by combining design and material improvements, whereas the reactive 
approach looked at end-of-life management issues, including reuse, recycling 
and energy recovery and disposal activities. In addition, this work studied the 
implications of using biodegradable materials as one of the viable means of 
reducing the amount of end-of-life footwear waste (Staikos et al., 2006).
 Two further recent studies reported the exploration of the concept and 
application of eco-design in footwear (Borchardt et al., 2011; herva et al., 
2011). Eco-design aims mainly at minimizing the ecological impact of a product 
during its journey through its entire life-cycle by looking at the product’s (or 
service’s) function in terms of environmental sustainability issues (Fiksel, 
1996, 2006; Karlsson and Luttropp, 2006; Knight and Jenkins, 2008; Luttropp 
and Lagerstedt, 2006; Lofthouse, 2006). The first study (Borchardt et al., 
2011) discussed the possibility of redesigning a shoe component in order to 
reduce the eco-impact of the shoe, and at the same reducing the production 
and assembling costs with a case study on redesigning the conventional 
injected stiffener used in footwear. Some significant conclusions of this 
study were as follows: 

 (i) Cost reduction possibilities of around 10% were observed when using 
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natural materials (natural fibers and natural polymers with a composition 
of 31% biomass and 69% of fossil material); 

 (ii) Elimination of toxic materials; 
 (iii) Energy-saving measures during the injection process (herva et al., 

2011).

the second study (herva et al., 2011) reported the development and 
elaboration of a methodology that combined sustainability assessment, 
ecological footprint (accounting for the environmental burdens associated 
with the manufacture of the product – Huijbregts et al., 2008; Mamouni et 
al., 2009; herva et al., 2008) and environmental risk assessment (estimating 
the risk associated with the exposure to hazardous substances which would 
affect consumers of the products and also employees working with the 
product – hope, 2006; Franco et al., 2007). This methodology was aimed 
mainly at deriving complementary criteria for the eco-design of footwear 
(herva et al., 2011). A case study of children’s footwear was described 
in this study by considering four models of children’s shoes made from 
leather or synthetic materials. Life-cycle inventory details based on the 
chosen functional unit (i.e. a pair of shoes) were collected and analysed for 
each of the four models. Two risk assessment indicators, namely Hazard 
Quotient and the Cancer Risk, were used in this study, in combination with 
the sustainability assessment criterion provided by the concept of ecological 
footprint. From the results, it was concluded that shoes made from synthetic 
materials had a lower ecological footprint than their leather counterparts. At 
the same time, high concentrations of hazardous substances were detected in 
the synthetic materials. In addition, one of the synthetic models analyzed in 
this case study exceeded the safety limit of Hazard Quotient and the Cancer 
Risk. This design proposal was rejected. 

14.6 Conclusion and future trends

Billions of pairs of footwear are produced and consumed annually across 
the world. The production, consumption and disposal of footwear is critical 
to determining its environmental impact. Reduction of the eco-impact of 
footwear products should be a combined effort by consumers (by means of 
reusing the products as much as they can and recycling the products at the 
end of their lives), and government (by supporting recycling facilities and 
enabling the footwear industry to choose natural, biodegradable and less 
environmental hazardous materials and to reduce the manufacturing and 
transportation impacts).
 This chapter has presented the basic details of footwear and footwear 
materials in general, highlighting the importance of studying the environmental 
impacts of footwear and footwear materials, and the concept and tools of 
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environmental impact assessment of products. It has also looked at life-
cycle assessment in detail, citing various studies conducted on assessing and 
reducing the environmental impacts pertaining to footwear and its associated 
products.
 Although legislation is in place regarding the environmental impact of 
footwear, and the footwear industry is also attempting to reduce the use of 
harmful materials, legislation based on the information of entire life-cycle 
phases still needs to be enforced. there is a need for further research on the 
environmental impact of various footwear materials and footwear products. 
To date, studying the extensive literature in this area, it was found that 
only three studies are available that discuss the full life-cycle assessment 
(cradle to grave) of footwear products, and that there are no recent studies 
reported (within the last three or four years), although many sophisticated 
environmental assessment tools are available. There is also a deficit in terms 
of easily accessible databases and literature in the public domain.
 It would be beneficial to the customer if the environmental impact assessment 
information about any specific product were available within the product as 
a label or mark. this information should include details pertaining to the 
life-cycle impacts, the life expectancy of the product (within technically and 
functionally feasible grounds) and how it should be disposed of at the end of 
its life, in order to reduce the potential environmental hazards. Including this 
information will be possible only after more research has been conducted. 
 Apart from labeling, consumer awareness of environmental impact 
reduction, the importance and benefits of reuse, the recycling of footwear 
products, issues pertaining to landfill with reference to its restricted space 
and the impacts of landfill, needs to be raised. This can be achieved only 
through the combined efforts of researchers, industrialists, government and, 
most importantly, the consumers of the product.
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Abstract: The shoe last, a 3D mould for making a shoe, is, generally 
speaking, not well understood by shoe designers. A shoe last not only 
influences style and fashion, but also comfort and fit. This chapter discusses 
the design of shoe lasts, including definitions and shoe last main design 
curves. Additionally, shoe lasts of different heel height and orientations are 
provided, to enable designers to create new shoe lasts and eventually design 
shoes.

Key words: shoe-last design, design curves, shoe-last templates.

11.1 Introduction

The term shoe ‘last’ probably comes from the word ‘laest’. ‘Laest’ is from 
the old norse (a northern Germanic language) and means footprint. in today’s 
footwear industry, the shoe last (Fig. 11.1) is the most important element 
in the footwear manufacturing process. It is responsible for the size and fit, 
shape and style, and feel and comfort of a shoe, and is often referred to as the 
heart of the shoe. A shoe last is responsible not only for shoe production but 
also for many shoe-related foot health problems (Quimby, 1944). Shoe-last 

11.1 Shoe last.
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design is therefore very important and requires careful thought. There are 
several 3D shoe-last design software programs that help manufacturers to 
modify designs and create shoe lasts for production. in addition, innovative 
computer aided design (CAD) techniques have been developed (Luximon 
and Luximon, 2009; Zhang et al., 2010). Although there have been major 
improvements in shoe last production, the master shoe last, usually a European 
36 or 37 (uS Size 6), is generally hand-made. it still requires the artistic 
talent of a master model maker who uses his or her experience to carve the 
‘perfectly’ designed shoe last from a piece of wood. 
 While making the master shoe last, the artist is guided by his skills,  
some girth dimensions and some previous design templates such as arch 
curves. During the concept design process, 2D sketches are commonly 
used rather than 3D shoe-last design software, to develop ideas quickly. 
The aim of this chapter is to provide several design templates to facilitate 
shoe-last concept design, check designed shoe lasts, and design shoes using 
the shoe-last templates. in this chapter all shoe-last templates are based on 
standard European Size 36 shoe-last models. All dimensions are in mm, 
unless otherwise specified. 

11.2 Definitions

Before discussing design templates, we will look at some useful common 
definitions. Although the shoe last is intended to represent foot shape, it 
is quite different from an actual foot (Luximon, 2001). A shoe last is used 
for shoe making while the foot is used for supporting our body and for 
walking. The medial side of a foot is nearest the center of the body, whereas 
the lateral side of foot faces away from the center of the body (Fig. 11.2). 
The foot can be separated into different regions (Fig. 11.3). The toe region 
(forefoot) also occupies around 27% of the foot length. When preparing a 
shoe last, most styling takes place at the toe region. Shoe lasts with square 
toes, round toes, oval toes, pointed toes, and complex toe shapes also have 
to account for actual toe shape, in order to prevent foot injuries. The heel 
region (rearfoot) represents the rear part of the foot and occupies around 

Medial view Lateral view

11.2 Lateral and medial side of foot.
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Instep region

Waist region
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Toe region

Medial archBall joint

Heel region

11.3 Foot regions. 

27% of the foot length. The heel region is very important for shoe stability, 
especially in high heeled shoes. The midfoot is the region between the heel 
and the toe, and constitutes around 46% of the total foot length. The midfoot 
region includes the foot arches (lateral, medial and longitudinal). The midfoot 
enables transfer of load during locomotion and provides support. In flat feet, 
the arches are low or collapsed, thus drastically affecting the functions of 
support and locomotion, and resulting in painful feet. 
 The ball region is near the ball joint, which is also known as the metatarsal-
phalangeal joint. The ball region is very important, because it is where most 
movement takes place. in shoe lasts, there is a clear separation at the ball 
joint. This provides guidance for designing shoes with proper flex lines at 
the ball joint. The instep region is around the arch, and the waist region is 
between the instep and the ball region. Less motion occurs at the instep 
and waist regions, but they influence the role of the arches in support and 
locomotion. The ankle region is around the ankle joint. The ankle joint 
includes the medial and lateral maleolus. Although the left and right sides 
of a foot are not identical, the two sides of a shoe last are the same, due to 
esthetics and production constraints.
 Unlike the foot, which is soft and flexible, the shoe last is hard. Shoe 
lasts are made from aluminum, wood or plastic (Fig. 11.4). Aluminum shoe 
lasts are useful for injection molded shoes. The shape can deform due to 
temperature, and aluminum lasts are relatively expensive to manufacture. 
Wooden shoe lasts were once widely used, but have mostly been replaced 
by plastic ones. Wooden shoe lasts are still used for making master shoe 
lasts and for custom-design shoes. Wooden shoe lasts are expensive and can 
deform due to temperature and humidity. Plastic shoe lasts are made from 
high density polyethylene (HDPE), which can be recycled several times. 
Low production costs, dimensional stability and ease of workmanship mean 
that plastic shoe lasts are widely used. 
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 Shoe lasts are designed to accurately represent feet, but the shape of a 
shoe last is not exactly same as the foot (Luximon and Luximon, 2012). 
Shoe last surfaces are smooth, while the surfaces of feet are irregular and 
vary between individuals. The edge of the shoe last (Fig. 11.5), also known 
as the feather edge, is regular and continuous, while the foot does not have a 
feather edge. The feather edge creates sharp edges in shoes. The feather edge 
of the shoe last is flattened to create a 2D pattern representing the shoe-last 
bottom. The last-bottom shape influences the shape of the insole and outsole, 
and so affects the orientation of the foot and influences walking and running. 
unlike the wide variety in feet, the shape of the 2D pattern is standardized 
in shoe-last design. The 2D bottom pattern shape is an important aspect and 
is represented in shoe-last design systems such as AKA64 (Adrian, 1991; 
Pivecka, and Laure, 1995) and in Chinese shoe-last design systems (Chen, 
2005; national Footwear Research institute, 1984). The outline of actual shoe 
lasts at different heel heights (20, 40, 60, 80, and 100mm) are represented 
in the AKA64 design system. 
 As discussed previously, most styling takes place at the toe region. The 
front part of a shoe last is usually thinner than a foot, to help the shoe grip 

Aluminum Wood HDPE plastic

11.4 Shoe-last materials. 

Feather edge

2D flattened pattern

11.5 Feather edge in shoe last and 2D flattened pattern. 
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the foot around this area. A shoe last must have a toe allowance and toe 
spring (Fig. 11.6). Toe allowances vary, based on shoe-last toe-type. on 
average, the toe allowance is 15mm, but this can be larger for shoes with 
pointed toes. Toe spring is the elevation of the toe relative to the ground. 
 Several curves (Fig. 11.7) determine the design of a shoe last. These 
include the arch curve, the bottom toe-curve, which determines the bottom 
shape of the shoe last, and the back curve, which determines the shape of 
the rear part of the shoe. The top toe-curve (plantar toe-curve or vamp curve) 
determines the shape of the toe box, while the instep curve determines the 
fit at the midfoot region. The vamp point separates the top toe-curve and 
the instep curve, while the break point separates the arch curve and the toe 
curve. There are standard templates for arch curves for different heel heights, 
and back curves for different types of footwear. 
 The arch curves for different heel heights are shown in Fig. 11.8. in this 
chapter, the heel height is calculated at the foremost point of the arch curve. 
A different method for calculating heel height is used in the American shoe 
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11.6 2D flattened pattern of different heel heights and toe styles 
matched with the AKA64 shoe-last design system. 
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11.7 Shoe-last curves.
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design system (Adrian, 1991). The toe curve and the possible region are 
shown in Fig. 11.9. it should be noted that high-heeled shoes have lower toe 
spring while low-heeled shoes can have low or high toe spring. in addition, 
the toe length (toe length plus toe allowance) is influenced by the shoe style. 
Figure 11.10 illustrates the back curve for normal shoes and boots. Figure 
11.11 shows shoe-last-profile curves for different heel heights when aligned 
along the stick (Ritz Stick). This alignment is very important, since most 
measurements, sizing and grading are based on stick length. 
 Several cross-sections are important in shoe-last design. These include 
the heel section, instep section, waist section, ball section, toe section and 
top line section (Fig. 11.12). in Fig. 11.13, the last cross-sections and the 
representative foot cross-sections are included for visual comparison. it can be 
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11.8 Arch curves for different heel heights.  

11.9 Bottom toe curve.
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11.10 Back curves.  

Heel height = 100mm
Heel height = 80mm

Heel height = 60mm

Heel height = 40mm

Heel height = 20mm

11.11 Shoe-last profiles when aligned along a ritz stick. 

seen that the cross-sections do not perfectly match the foot shape, especially 
at the heel, ankle, instep and waist regions. The top line of the shoe last is 
much narrower than the foot, to avoid slippage during shoe lasting. Since the 
top line is narrower, the upper part of the heel section curve is also narrow. 
in order to create a smooth shape from the ball to the heel, the upper part 
of the instep and waist is thus narrower. The shoe last at the toe region is 
slightly narrower than the foot section at the toe. 
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11.12 Shoe-last cross-section curves.  
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11.13 Shoe-last cross-section curves with representative foot cross-
sections.
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11.3 Shoe-last templates

in the following pages, several shoe-last templates are shown (Figs 11.14–
11.33), including templates for the following heel heights: very low heel 
(0–20mm), low heel (20–40mm), medium high (40–60mm), medium high 
heel (60–80), high heel (80–100mm), and very high heel (> 100mm). The 
left and right sides are shown separately. The Figures also indicate two 
different elevation angles of 0° and 20°. in each Figure, twelve views are 
shown, similar to a clock face, plus one central view, of the top. Since most 
shoe-last design occurs at the toe, these templates for different heel heights 
can be modified to create new styles. 

11.4 Conclusion

Shoes influence human movement and can be responsible for a number of 
illnesses and injuries. Footwear can be improved if the shoe is shaped like 
the foot; however shoe manufacturing requires a shoe last. Shoe lasts are 
designed to represent the foot, but since they are also used for production, 
styling and fashion, they are quite different from the actual foot shape. 
Unlike the irregular shape of the foot, a shoe last has well-defined curves 
and sections. Shoe-last design templates are therefore very useful for shoe-
last conceptual design, manufacturing, and quality checks. This chapter 
provides various shoe-last design templates and it is hoped that it will make 
shoe-last design easier. 

11.5 Sources of further information and advice

For detailed descriptions of American shoe-last design:

– Adrian, K. C. 1991. American Last Making: Procedures, Scale 
Comparisons, Sizing and Grading Information, Basic Shell Layout, 
Bottom Equipment Standards. massachusetts: Shoe Trades Publishing.

– Pivecka, J. and Laure, S. 1995. The Shoe Last: Practical Handbook for 
Shoe Designers, Pivecka Jan Foundation, Slavicin, Czech Republik.

For detailed descriptions of Chinese shoe-last design: 

– Chen, G. x. 2005. The Last Design, China Light industry Press, Bei 
Jing (in Chinese).

– national Footwear Research institute. 1984. Chinese Shoe Size and Last 
Design, China Light industry Press, Bei Jing (in Chinese).
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11.14 Right shoe last with low heel height (0–20 mm), view from 
elevation = 0 degrees.

11.15 Left shoe last with low heel height (0–20mm), view from 
elevation = 0 degrees.
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11.17 Left shoe last with low heel height (0–20mm), view from 
elevation = 20 degrees.

11.16 Right shoe last with low heel height (0–20mm), view from 
elevation = 20 degrees.
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11.18 Right shoe last with medium heel height (20–40mm), view from 
elevation = 0 degrees.

11.19 Left shoe last with medium heel height (20–40mm), view from 
elevation = 0 degrees.
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11.21 Left shoe last with medium heel height (20–40mm), view from 
elevation = 20 degrees.

11.20 Right shoe last with medium heel height (20–40mm), view from 
elevation = 20 degrees.
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11.22 Right shoe last with medium high heel height (40–60mm), view 
from elevation = 0 degrees.

11.23 Left shoe last with medium high heel height (40–60mm), view 
from elevation = 0 degrees.
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11.25 Left shoe last with medium high heel height (40–60mm), view 
from elevation = 20 degrees.

11.24 Right shoe last with medium high heel height (40–60mm), view 
from elevation = 20 degrees.
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11.26 Right shoe last with high heel height (60–80mm), view from 
elevation = 0 degrees.

11.27 Left shoe last with high heel height (60–80mm), view from 
elevation = 0 degrees.
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11.29 Left shoe last with high heel height (60–80mm), view from 
elevation = 20 degrees.

11.28 Right shoe last with high heel height (60–80mm), view from 
elevation = 20 degrees.
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11.30 Right shoe last with very high heel height (> 100mm), view 
from elevation = 0 degrees.

11.31 Left shoe last with very high heel height (> 100mm), view from 
elevation = 0 degrees.
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11.33 Left shoe last with very high heel height (> 100mm), view from 
elevation = 20 degrees.

11.32 Right shoe last with very high heel height (> 100mm), view 
from elevation = 20 degrees.
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Abstract: The chapter begins by discussing customized footwear and mass-
customized footwear design. it then reviews processes in shoe-last mass 
customization, including shoe-last design, shoe-last manufacture, shoe-last 
design framework, design of styling curves for shoe-lasts, and development 
and selection of shoe-last design. This chapter also introduces shoe-last 
selection based on fit rating.

Key words: mass-customized footwear; shoe-last design; styling curves; fit 
rating; shoe styles.

12.1 Introduction

Traditional production methods used by manufacturing companies have 
focused on mass production and have involved manufacture of large quantities 
of products with minor variations at low cost. nowadays, the combination 
of globalization and digitization is having a tremendous economic impact 
and has radically transformed the environment in which companies operate. 
These changes offer companies the possibility of diversifying their supply, 
production and distribution networks. Faced with better information and 
a growing choice of suppliers and products, consumers have become 
more demanding and selective. The shoe industry is no exception: it is 
a highly competitive industry involving a large number of companies 
and educated consumers. Today’s consumers, especially the young, are 
more sophisticated. Consumers’ individual preferences and perception of 
shoe styles and branding strongly influence their buying behaviour. They 
demand shoes that satisfy their particular needs at reasonable prices. as 
consumers are becoming more demanding and industry is moving toward 
mass customization, the need to develop mass-customized footwear is 
increasing. This chapter discusses the requirements for customized footwear, 
mass-customized footwear design systems, the processes involved in mass 
customization and shoe-last selection systems based on fit rating. It aims to 
explore what is required to achieve efficient production of mass-customized  
shoe-lasts.
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12.2 Requirements for customized footwear

Customized products have become a trend in the current market-oriented 
manufacturing environment. Companies try to respond as precisely as possible 
to consumers’ needs through the manufacture of highly specific products, 
which are aimed either at one particularly and highly differentiated class of 
consumers, or are individually personalized for a single consumer (Labarthe 
et al., 2007). The term ‘mass customization’ refers to the provision of large 
volumes of customized products or services at reasonably low costs through the 
adoption of flexible processes (Da Silveira et al., 2001). Selladurai (2004) has 
studied the methods used to achieve mass customization, explaining that the 
term is not an oxymoron but describes a genuine situation. his study examined 
the advantages and disadvantages of mass customization, and discussed 
how it may be effectively used in production and operations management. 
Similarly, Aigbedo (2007) proposed a framework for evaluating the levels 
of mass customization that allow the manufacturer to meet consumers’ needs 
in a cost effective way. in order to capture the footwear market, companies 
need to manufacture customized shoes to satisfy consumer requirements for 
style, fit and comfort. The key element required for footwear customization 
is a customized, or better fitting shoe-last (Luximon and Goonetilleke, 2001; 
Luximon et al., 2003; Luximon and Luximon, 2009).

12.2.1 Why do we need customized footwear?

The human foot is an organ that is static and mobile, providing support for 
the body at rest and during propulsion and ambulation. many foot problems 
can have their origins in footwear, and are often linked to poorly-fitting 
shoes, including blistering, chafing, black toes, bunions, pain and tired feet 
(goonetilleke et al., 2000), and, for women, problems arising from prolonged 
wearing of high-heeled shoes. a logical solution to these problems is to 
ensure that footwear fits correctly. 

12.2.2 The relationship between footwear and shoe-last

The first and most important step in footwear customization is the design 
of a customized and better fitting shoe-last. The shoe-last (Fig. 12.1), is a 
solid 3D mold around which a shoe is made, and has a relatively complex 
shape with no straight lines. it is usually made of high density polyethylene 
(Cheskin, 1987). 
 The shoe-last affects the shape of the shoe (Fig. 12.2). many styles of 
shoes can be made on the same shoe-last (Fig. 12.3), but the toe shape and 
heel height will be the same for each pair made on that last. if different toe 
shapes or heel heights are required, multiple shoe-lasts must be created. The 
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12.1 Shoe-lasts.

12.2 Variations in shoes influenced by shoe-last design.

12.3 Different shoes made on the same shoe-last.
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shoe-last must represent the anatomical information of the foot, while at the 
same time giving the finished shoe a pleasing and fashionable appearance. 
 During manufacture, the upper part of the shoe is forcefully pulled around 
the shoe-last, thereby giving the footwear its characteristic shape (Fig. 12.4). 
The size and shape of the shoe-last therefore determine the fit and comfort 
of the shoe.

12.3 Mass-customized footwear design

The framework given in Fig. 12.5 shows the production of mass-produced 
shoes, fit-customized shoes, style-customized shoes, and style-and-fit 
customized shoes. For mass-produced shoes, anthropometric measurements 
of the consumer’s feet are taken to extract the required size information. if 
digital foot data acquired from a foot scanner is available, the size information 
is instead extracted from the digital foot. The shoe-last can then be sized and 
graded on the basis of this sizing information, and the shoes are produced 
using mass-production techniques. 
 In addition to fit-customized footwear, consumers can also select style 
customization, which is usually accomplished through modification of the 
upper or of the shoe-last (Fig. 12.6). If the upper is modified, consumers 
can opt to change the style (Fig. 12.7a and b) through modification of the 
style curves, represented as splines or non-uniform rational basis spline 
(NURBS) curves. The style can then be further modified by removing or 
adding accessories, such as buckles (Fig. 12.7c), and by selecting a different 
material (Fig. 12.7d and e).

12.4 Processes in shoe-last mass customization

12.4.1 Shoe-last design

in shoe-last factories, new shoe-last models are created by experienced 
designers (adrian, 1991). The shoe-last model is known as a master shoe-last, 

Shoe-last

Shoe-upper

12.4 Shoe-last inside the corresponding shoe.
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and is usually created in a US Size 6 for women and US Size 9 for men. The 
back part of the last is generally held to be most important for foot comfort 
while the toe design is the fashionable element; designers therefore usually 
start from an existing back part and add a new toe design to the shoe-last, 
manually (Cheskin, 1987). The back part may also be slightly modified in 
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12.5 Framework of mass-customized shoe design system.
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12.6 Framework of shoe style customization system.
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some cases to accommodate different heels (mitchell et al., 1995), thereby 
influencing footwear fit. 
 Computer-aided design (CAD) is used increasingly in shoe-last design, 
and indeed in the whole footwear design process (Lévy et al., 2002; Lee 
et al., 2002; Kim and Park, 2007). a variety of commercial shoe-last design 
software is available, such as EasyLast3DTm and ShoemasterTm; these enable 
sizing, grading and changes to the master shoe-last to be automated to some 
degree (Chen, 2005). Figure 12.8 shows two different styles of shoe-lasts 
designed using LastElfTm software. 

12.4.2 Shoe-last manufacture

Shoe-lasts are produced using a computer numerical control (CNC) machine 
(Fig. 12.9). The production of customized shoe-last on the basis of footprint 
and ball girth measurements is long, complex, and still highly labor intensive, 

(a) (b) (c)

(d) (e)

12.7 Shoe style modification.

12.8 Shoe-lasts designed by LastElf®.
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requiring experienced workers. The shoe-last is ground, filed and sanded 
to create a new model, with girth measurements checked for each new last 
(Fig. 12.10). The master shoe-last is then digitized and other sizes are created 
through sizing and grading.
 Custom-made shoes are very expensive and take a long time to produce; 
therefore the majority of consumers do not choose customized shoes, despite 
wishing to obtain the perfect fit. The move toward mass customization has 
made it essential to achieve automated design and manufacturing processes 

12.9 CNC machine.

12.10 Worker in China modifying a shoe-last.
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in the footwear industry, and to develop more efficient shoe-last design and 
production, based on foot biomechanics (Luximon and Zhang, 2006). 

12.4.3 Shoe-last design framework

an innovative customized shoe-last design framework based on commercial 
CAD software is shown in Fig. 12.11. The aim is to create a wide range of 
shoe-lasts that can be individually customized. in this system, consumers 
can choose both fit and style customization before the required shoe-last is 
machined. A foot scanner is used to scan the feet, with 3D measurements 
stored in the form of digitized feet, allowing fit customization. The style 
of the footwear can also be selected: manufacturers create specifications of 
shoe-last styles, which are presented to consumers in the shoe-last browsing 
window (Fig. 12.12). The consumer then can modify the design slightly 
according to their own requirements. Once the selection procedure is finished, 
the required shoe-last, based on the digitized foot data and consumer style 
choices, is created using CnC machining, and the shoe manufacturer can 
create the footwear specified by the individual consumer. The system allows 
consumers to be directly involved in footwear design, and enables more 
efficient production of precise shoe-lasts.

Foot scanner Digitized foot

Consumer

Choose shoe

Customized  
shoe-last

Need shoe-last 
customization?

Sizing and grading  
Fit evaluation system

Shoe-last style 
customisation system

Fit customization 
system

Fit
evaluation system

Yes

Yes

No

No

Shoe-
last

Shoe-last 
visualisation

Shoe-last  
styles database

CNC  
machine

Physical  
shoe-last

Need  
shoe-last style 
modification?

12.11 Framework of customized shoe-last design system.
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12.4.4 Design for styling curves for shoe-lasts

Since the footwear style is affected by the design of the shoe-last, a shoe-last 
design system uses styling curves. here, a parametric design is discussed that 
uses a cubic hermite spline (Zeid, 1991), one of the most common methods 
of representing curves and surfaces, for modeling. a cubic polynomial has 
four coefficients and thus requires four conditions for evaluation. These 
conditions could be a combination of points and tangent vectors. The cubic 
hermite spline uses two data points (P0 and P1) at its ends and two tangent 
vectors (P0¢ and P1¢) at these points (Fig. 12.13). 
 The point on the cubic spline segment is a function of parameter u and 
is represented by P(u) = (x(u), y(u), z(u))

  P(u) = (2u3 – 3u2 + 1)P0 + (– 2u3 + 3u2)P1 

   + (u3 – 2u2 + u)P0¢ + (u3 – u2)P1¢ [12.1]

By varying the parameter u from 0 to 1, a smooth curve is generated between 
points P0 and P1. For fixed points P0 and P1, the gradients P0¢ and P1¢ can 
control the shape of the curve. For complex curves, more than one segment 
can be used. as shown in Fig. 12.13b, two cubic hermite spline curves can 
be used to represent a curve. The same principle is used to create curves 
with multiple segments.

12.12 Window for shoe-last browsing.
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12.4.5 Development and selection of shoe-last design

Figure 12.14 shows a flowchart of design development. The shoe-last 
style can be changed by modifying different parameters to meet consumer 
requirements. The complete shoe-last can then be designed using various 
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P0 P0
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12.13 Spline curve.
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12.14 Flowchart of design exploration.
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spline curves, as discussed in the previous section. The main modifications 
are made to the style of the toe shape, so we focus on this aspect here, rather 
than on the design of the back part of the last. The plantar outline of the 
shoe-last is shown in Fig. 12.15a. ah indicates the point on the heel center 
line that touches the floor. Figure 12.15a also shows the toe and back part of 
the shoe-last. The toe part can be modelled as two spline curves, one on the 
lateral side (CL) and one on the medial side (Cm), as shown in Fig. 12.15b. 
The lateral curve is generated using point a2 at the metatarsal-phalangeal 
joint and its tangent a2¢, as well as point a4 at the shoe-last tip and its 
tangent a4¢. Similarly, the medial curve is generated using points a1 and a3 

Back part

AH

Front part

Heel center line

(a)

(b)

(c)

Heel center line

A1

A2

A4

CM

CL

A3

A ¢1

A ¢1

A ¢3

A ¢2

A ¢2

A ¢4

DL
DT

12.15 Toe plantar shape design. (a) Outline of a shoe-last. (b) Toe 
plantar shape design. (c) Different shape by changing direction of A¢1 
and A¢2. (d) Change DT. (e) Change DL.
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(d)

(e)

and the respective tangents a1¢ and a3¢. Point a3 is same as point a4. The 
parameters DL and DT control the position of point a3. Figure 12.15c shows 
the changes in the plantar toe shape obtained by changing the tangents a1¢ 
and a2¢. Figures 12.15d and e show the change in the plantar toe shape by 
adjusting DT and DL, respectively. 
 Once the plantar curve is generated, the toe shape profile is designed, as 
shown in Fig. 12.16. Figure 12.16a shows the toe part with two curves: the 

12.15 Continued
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toe spring curve CT and instep curve Ci. Similar to the plantar toe shape 
design, the toe spring curve can be designed using ah, a3 and their respective 
tangents (Fig. 12.16b), while the instep curve at the toe part can be designed 
using ai, a3 and the respective tangents. additional points (B1) on the instep 
curve can be added to allow greater design control. The shape of curves CT 
and Ci can be adjusted by changing the curve parameters. 
 in addition to the curves CL, Cm, CT and Ci (Fig. 12.17a), two cross-section 

Top curve

Instep curve

Back curve

Back

Toe spring curve
(a)

AH

A1

B1

A3

Toe spring curve (CT)

(b)

Instep curve (CI)

12.16 Toe profile shape design. (a) Shoe-last profile. (b) Toe spring 
curve and Instep curve. 
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12.17 Plantar toe shape design. (a) Creating intersection points.  
(b) Cross-section curves. (c) Using curves to create a surface.
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curves C1 and C2 are included to allow greater variation in design (Fig. 
12.17b). The location of the cross-section is decided based on parameters 
S1 and S2, representing a point on the CT curve. Creating a perpendicular 
section at S, the intersections Ai1, aL1 and am1 are calculated on curves Ci, 
CL and Cm respectively. Similarly, if a perpendicular section is created at 
S2, the intersections ai2, aL2 and am2 are calculated on curves Ci, CL and 
Cm respectively. The cross-section curves C1 and C2 for the dorsal side are 
then generated, along with curves in the plantar side (not shown). additional 
points can be added to create a wider variety of shapes. The curves Ci, CL, 
CT, Cm, C1, and C2 together with the back shape curve (CB) can be used 
to generate the dorsal side of the toe design (Fig. 12.17c), with a similar 
technique used to generate the plantar side. 
 Figure 12.18 shows some different shoe-lasts that can be generated through 
the modification of styling curves. Fine variations can be obtained by adding 
additional points in the curves. This is a promising technique that allows 
consumers to modify curves to create personalized and customized designs, 
and still more innovative systems will be created that allow for further design 
automation and modification.

12.5 Shoe-last selection based on fit rating

as mentioned previously, the design of a customized shoe-last with improved 
fit is the most important aspect of footwear customization, since fit, along 
with appearance, is a key consideration when purchasing footwear, and 
consumers demand well-fitting shoes (Ruperez et al., 2010). 
 The fit of a shoe can be assessed by two main techniques: subjective 
evaluation (direct evaluation) and objective evaluation (indirect evaluation). 
Subjective evaluation involves subjects wearing the shoes and communicating 
differences in comfort levels. Some studies have discussed the dimensions 
and characteristics related to footwear fit and comfort using this method 

Back shape curve (CB)

(c)

12.17 Continued
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(au and goonetilleke, 2007; Witana et al., 2003). objective evaluation, 
on the other hand, is based on the analysis of quantified anthropometric 
measurements and parameters, using traditional manual or computer-aided 
methods (Luximon and goonetilleke, 2001). although direct evaluation can 
provide an accurate impression of the fit of footwear, this method involves 
increased cost and time to produce the footwear product or prototype for 
testing. Since the shoe-last is a good representation of the interior shape of 
the shoe, surface differences between feet and shoe-lasts may provide useful 
information for determining the best match. Figure 12.19 is a flow chart for 
the shoe-last selection system (ma et al., 2011).

(a)

(b)

12.18 Shoe-last design modification. (a) Changes in toe style.  
(b) Changes in toe spring. 
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12.6 Conclusion

in this chapter, shoe-last design was used to analyze design development 
and mass customization. mass customization is a means of addressing the 
new trends towards personalization in the current market while still allowing 
manufacturers to benefit from the advantages of more efficient mass production. 
a new approach to the architecture of a mass customization system for both 
style and fit has been discussed, and has been shown to be advantageous for 
both consumers and manufacturers. 
 Foot scanning, and the production of a digitized foot model, are very 
useful in determining the precise measurements of individual consumers, 
which are, in turn, required for accurate size customization. Designs can be 
more easily explored and developed, and the best design can be identified 
using CAD by changing the curve, point and surface of the design in the 
parameterization system. This system also allows the consumer to visualize 
the product prior to manufacture, thereby helping to control costs and 
improve consumer satisfaction. The proposed framework offers cost savings 
by reducing waste and increasing efficiency, and helps to select the correct 
samples to meet consumer requirements: consumers can thus enjoy better-
fitting shoes in a style of their choice. 
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15
Footwear for cold weather conditions

K. KuKlane, lund university, Sweden

DOI: 10.1533/9780857098795.4.283

Abstract: In cold climates, all user requirements for footwear (insulation, 
waterproofing, vapour permeability, drying, etc.) cannot be met easily due 
to their conflicting nature. Defining user conditions is important. Cold may 
be roughly divided into the three ranges (>+5; +5 to –10; <–10 °C). The 
choice of proper footwear may be based on this approach. It also reduces 
some of the conflicting user requirements. Under any defined user condition 
it is important to take proper care of the feet and the footwear. The best 
performance can be achieved when considering at the design stage that not 
only the materials in footwear but also the whole foot–sock–footwear system 
should work together.

Key words: cold protective footwear, foot performance in cold, thermal 
insulation, moisture management, user and design requirements.

Note: This chapter has been adapted from Chapter 16 ‘Footwear for cold 
weather conditions’ by K. Kuklane, originally published in Textiles for cold 
weather apparel Edited by J. T. Williams, Woodhead Publishing Ltd, 2009, 
ISBN 978-1-84569-411-1

15.1 Introduction

Cold can be defined as a temperature below a certain limit value or as an 
adjective that might indicate a performance loss due to the low physiological 
temperatures (e.g. cold fingers; cold sensation). Cold can lead to extra 
protective clothing being worn (with added energy requirement and restricted 
movements). According to Dyck (1992), in cold climates, footwear must be 
insulated and the insulation protected in case of puncture; be waterproof; be 
able to absorb and transmit sweat vapour (liquid sweat accumulation is to 
be avoided in cold weather); be permeable or adequately ventilated; and be 
able to dry and/or drain rapidly. This chapter covers the factors mentioned 
above and also raises issues related particularly to cold-climate footwear. It 
has to be kept in mind that not all of the above requirements can be fully 
met, due to their conflicting nature.
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15.2 The feet in cold environments

15.2.1 Foot heat sources

The extremities of the human body are more affected by exposure to the 
cold than other body parts. The hands and feet have surface areas which are 
large in relation to their volume. During body cooling; the need for oxygen 
and thus also the metabolic heat production is reduced (Kingma et al., 
2012; Klementavicius et al., 1996; McCullough et al., 1999). Extremities 
themselves have little local metabolic heat production because of their small 
muscle mass, and this falls with the tissue temperature. For example, each 
foot may generate up to 2 W, but at tissue temperatures below about 10 °C 
this may be reduced to about 0.2 W (Oakley, 1984).
 The heat balance of extremities relies greatly upon the heat input by 
blood circulation from the body core. Blood flow to the extremities is 
under thermoregulatory control and is often reduced in the cold, when heat 
production is moderate or low (House and Tipton, 2002). If the body core is 
kept warm, either by insulation, auxiliary heating or exercise, then there is 
a higher chance that AVAs (arteriovenous anastomoses) stay open or open 
up regularly (CIVD – cold induced vasodilatation), and avoid extremity 
cooling to dangerous levels (Dobnikar et al., 2009). The heat supplied by 
normal blood flow to the foot reaches over 30 W in warm conditions or 
during exercise, but it is reduced by the cold and can fall below 3 W (Oakley,  
1984).
 A foot at a mean temperature of 35 °C has about 160 kJ of heat more 
than one at an ambient temperature of 0 °C. If the mean tissue temperature 
falls to 5 °C then the heat content of the feet is still 23 kJ (Oakley, 1984).

15.2.2 Factors affecting foot cooling

The temperature of the foot is related to a number of different factors, e.g. 
activity, insulation and cleanliness. The feet are comfortable when the skin 
temperature is about 33 °C and the relative humidity next to the skin is 
about 60 % (Oakley, 1984). Feet start to feel cold at toe skin temperatures 
of around 25 °C, while discomfort from cold is noted at temperatures under 
20–21 °C (Enander et al., 1979). Further decrease of the foot skin temperature 
below 20 °C is associated with a strong perception of cold ((Luczak, 1991), 
Fig. 15.1).
 The feet are often the only body parts that are in contact with the ground. 
During standing, the contact between the soles and the ground can cause a 
great amount of heat loss. This is a further explanation to why the feet are so 
affected by exposure to the cold. The toe skin temperatures do fall rapidly, 
especially, when the person is inactive in cold environments. Work in the 
cold that involves long periods of standing requires high-insulation clothing 
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as well as very warm footwear. A good insulation in soles is especially 
important. Considering the weight that is applied to the soles of footwear, 
the insulation material used should not be easily compressed.
 Although walking can increase heat loss from the feet by convection, 
it also reduces the contact time with the ground. Walking also results in 
increased heat production and better blood circulation to feet and, in this 
way, promotes higher foot temperatures. Cold toes may warm up during 
exercise, but cool rapidly again when the exercise stops.
 In cold jobs with varying activity levels, an individual has to deal with 
intensive sweating in the feet during high activity, as well as rapid cooling 
when activity is low. This may result in discomfort due to a high humidity 
concentration in the footwear. Standing jobs, e.g. meat cutting in the food 
industry, signalling in harbours, involve cooling of the feet through intensive 
heat loss by conduction, and lower heat input from blood flow. With exercise, 
it is possible to warm up the feet, but the exercise duration must be over 
10 minutes in order to warm up the cold toes. An 8-hour long study was 
conducted (Rissanen and Rintamäki, 1998) which showed that at -10 °C, foot 
and toe temperatures increased during exercise (240 W/m2). The increased 
temperature of the feet during this exercise was found to be related to the 
increased blood flow and to the redistribution of heat produced by the calf 
muscles by air circulation in the shoe. This study also found that temperature 
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in the toes started to rise only after 15–20 minutes of the exercise. The 
delayed recovery of the toe skin temperature has also been observed in other 
studies (Ozaki et al., 1998). Therefore, it is essential to pay special attention 
to protecting the toes from the cold.
 The whole body thermal insulation has been found to affect the thermal 
condition of individual body parts, and insulation in these individual parts 
affects the overall comfort of a person (Afanasieva, 1972). If the insulation 
of the body is inadequate and a person generally feels cold, they will often 
notice it in the feet. This is due to the skin temperature of the feet being 
normally the lowest because of vasoconstriction. Cold feet may actually be 
a symptom of general cold discomfort (Fanger, 1972). On the other hand, 
if the feet are inadequately protected, the feeling of cold discomfort will be 
dominating in spite of proper clothing on the rest of the body. Williamson et 
al. (1984) showed that dropping the temperature of the toes by 4 °C (from 
28 to 24 °C) corresponded to a 14 % increase in discomfort, while in hands 
a skin temperature drop of 7 °C (from 31 °C) increased the sensation of 
discomfort by 10 %.
 Cold discomfort in extremities is also related to gender-specific issues, 
age and body composition. It is most common in younger, slimmer women 
and least pronounced in elderly, stouter men (Mozaffarieh et al., 2010). In 
sleeping-bag studies, toe temperature is considered as the best reference 
point to evaluate thermal comfort during sleep (McCullough et al., 2005). 
When the hands and fingers are close to the body, then toes are proximal 
and their temperature depends fully on blood flow to the feet and the thermal 
insulation of the sleeping bag.

15.2.3 Cold and pain sensations in feet

The cold and pain sensations in feet are significantly related to foot skin 
temperature, while there is present considerable individual variation. The 
temperature in toes is commonly lower than in the whole foot when someone 
experiences the feeling of cold and pain. Thermally neutral sensation in both 
toes and in a foot as a whole is usually maintained if the skin temperatures 
stay above 25 °C, while during strong cold sensation, the temperature of 
the toes is about 5 °C lower than mean foot temperature (Fig. 15.1). This 
is also the case in relation to cold-related pain. There is no pain while 
temperatures stay above 25 °C. The first signs of pain will appear when the 
toe temperature drops to about 15 °C. Increase in pain sensation may occur 
without considerable changes in the skin temperature of the toes and may 
become intolerable at around 10 °C. At 15 °C the cold receptors seem to 
be overridden by the pain receptors’ activity. Cold sensation is experienced 
due to the higher temperatures in other foot areas. Pain sensations are an 
important physiological alarm signal – something has to be done at once. If 
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the skin temperature drops below 7 °C, then numbness develops and risk of 
a cold-related injury is greatly increased (Holmér et al., 2003).
 The temperature of the feet decreases rapidly during inactivity and the 
drop is quicker if footwear with low insulation is worn. Footwear with high 
insulation helps to prevent heat loss and slows the cooling process, and 
therefore provides better thermal comfort than footwear without insulation. 
The level of insulation in footwear has been found to correlate well with 
foot temperatures that were measured on human subjects. Also, the cold 
and pain sensations in the feet correlate well with the level of measured 
footwear insulation (Kuklane et al., 1998). The level of insulation in certain 
footwear areas such as the toes and the heels became clearly noticeable in 
measured skin temperatures. Tanaka et al. (1985) showed that when feet 
were submerged in cold water, the cold and pain sensations were strongest 
during the second minute of exposure, when the constant skin temperature 
change was the quickest. Later, the temperature drop slowed down, and pain 
and cold sensations reduced. In another study (Tochihara et al., 1995), a 
similar trend was noted where it was found that it took a longer time with 
many short exposures to reach the same skin temperature than with fewer, 
longer exposures. There was lower pain and cold sensation during short 
exposures although final skin temperatures were approximately as low.
 Cold or pain sensations are often connected with a particular foot part, 
such as the heel, or more often toes. Cold sensation depends mostly on the 
temperature of the coldest part of the leg and it has been found that the toes 
are a key area that must be protected for comfort. From this knowledge, it 
can be assumed that the temperature of localised areas can act as the criteria 
to limit exposure to cold.

15.3 Feet and footwear-related injuries in cold 
environments

Field studies (Enander et al., 1979; Kuklane et al. 2000b, c, 2001; Williamson 
et al., 1984) have shown that in the cold working environment, the skin 
temperature of the feet will often shift around 20 °C, depending on the 
activity. Cold feet are one of the biggest sources of complaints for outdoor 
workers regarding the temperature of their working environment. The next 
biggest problems are connected with sweaty or wet feet, slipping, the fit of 
the footwear and protection from work hazards (Bergquist and Abeysekera, 
1994; Gao et al., 2008a; Kuklane et al. 2000d, 2001). A recent review 
on cold injuries (Imray et al., 2009) pointed out that 90 % of the damage 
occurred on hands and feet. In occupational settings, according to the statistics 
from the Swedish National Board of Occupational Safety and Health, over 
70 % of cold injuries were on the hands and feet (Bergquist, 1995). Work 
performance of people depends to a large extent on their thermal status. 
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For many occupations, e.g. foresters, farmers, industrial and construction 
workers and military personnel, personal mobility is of great importance. 
Personal mobility largely depends on the legs and the feet, and the condition 
of these body parts is largely dependent on the footwear that is worn. It is 
also important to consider that working conditions often dictate the specific 
footwear that is worn by the worker.
 Soldiers in combat conditions often have to operate in both active and 
stationary situations. An additional problem in these conditions is that they 
often do not have the opportunity to remove their boots to dry them out or 
to take the time to generally warm themselves up (Dyck, 1992; McCaig and 
Gooderson, 1986; Oakley, 1984). The role of an officer in setting adequate 
hygienic routines in field conditions is important.
 Military history is the one of the best documented and has the most 
information in relation to the effects of cold in an occupational environment 
(Paton, 2001). A lot of records are available about the injuries that have been 
experienced in relation to the cold, such as frostbite on feet and trench-foot. 
Frostbite occurs when the skin temperature falls below its freezing point 
(0.6 °C), and tissue begins to freeze. The recovery period is accompanied 
by easily visible changes, such as blistering and gangrene (Hamlet, 1997; 
Imray et al., 2009; McCauley et al., 2007; Oakley, 1984).
 The incidence of trench-foot has been noted in environments with 
temperatures from just below to well above freezing. Some of the factors 
that can cause this condition are: cold, moisture, immobility, the tightness 
of boots and other restrictions to normal circulation. Typically, the first sign 
is loss of sensation in the toes (Hamlet, 1997; Imray et al., 2009; Lipman 
and Castellani, 2007; O’Sullivan et al., 1995; Oakley, 1984).
 In order to reduce cold-related injuries and make superior officers aware 
of the situation, a method for detecting the risk level of an individual was 
developed in Northern Sweden (Linné, 2005). By a controlled exposure to 
cold, the cooling of the feet was observed and occurrence of white spots 
recorded. White spots were found to be a warning sign for the risk of a 
cold-related injury. However, the spots may also appear due to a previous 
cold-related injury or just sensitivity to the cold. It is also known they can be 
linked to a vibration related injury, e.g. work-related injury (not common in 
the younger soldiers) or from some types of sports activity that may involve 
vibrations, e.g. roller-skating daily on rough surfaces. Thermal cameras have 
also been found to be effective in observing these sorts of problems. Such 
preventive or diagnostic approaches have also been reported elsewhere (Eglin 
et al., 2005). With developing knowledge on micro-processes under freezing 
and melting of tissue, and new technical and pharmaceutical solutions, better 
treatment methods are available (Imray et al., 2009; Lipman and Castellani, 
2007; McCauley et al., 2007; Tlougan et al., 2011).
 Endrusick (1992) studied various types of boots for the U.S. Navy. He 
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found that if the boots lacked an integrated steel safety toe, the individual 
was at a higher risk of severe foot injuries. In a questionnaire conducted 
by Bergquist and Abeysekera (1994) the highest reported problem was the 
thermal comfort of the footwear (57 %). Of this, 43 % related to discomfort 
and cold sensation associated with the steel toe cap and its alleged cooling 
effect. However, according to many studies (Bergquist and Holmér, 1997; 
elnäs et al., 1985; Påsche et al., 1990) work shoes with steel caps and 
steel soles were not thermally different from the same models without steel 
reinforcements. In a study by Kuklane et al. (1999b), it was found that steel 
toe caps actually added insulation to footwear with otherwise low insulation. 
However, the insulation differences that were found were not significant from 
the practical viewpoint when considering the different foot temperatures that 
were seen in the subjects. The differences were observed in ‘after effect’ of 
steel toe-capped footwear. This effect could be related to a slower warming 
of toes in footwear with a steel toe-cap that has higher thermal inertia (ca 100 
g extra mass). After cold exposure, the toe temperatures begin to warm up 
after 5–15 minutes of being in a warm environment or exercising (Kuklane 
et al., 1998, 1999b; Ozaki et al., 1998; Rintamäki et al., 1992; Rissanen and 
Rintamäki 1998; Tochihara et al., 1995) and this is often the length of time 
for a break. If footwear is not taken off in this period, the steel toe caps slow 
the warming of the foot and therefore keep the temperature of the foot and 
toes at a lower level. Because of this, it is recommended that the footwear 
is removed during breaks to let the feet breathe and let the socks and boots 
dry.
 Participation in various winter sports has increased in recent years. Often 
the footwear used is heavy, rigid, tight fitting and airtight for protective 
purposes. Practicing favourite sports either on a professional basis or as 
a leisure activity may take up considerable periods of time. In addition to 
cold-related diseases, also the prevalence of skin infections and inflammatory 
dermatoses is growing (Tlougan et al., 2011).
 However, cold-related injuries in feet are not the most common problem 
related to the use of unsuitable boots in a cold environment, as the most 
frequent problem is injury caused by slipping and falling (Gao and Abeysekera, 
2004b; Påsche et al., 1990). The sole must be designed according to the 
intended use of the footwear, to avoid slipping and stumbling. Chiou et al., 
1996; Gao et al., 2004, 2008b; Rowland, 1997, describe some methods for 
testing slipping and show interesting results. Often materials that have good 
friction on a lubricated metal plate may not be good for ice and snow, as 
the materials tend to become hard in the cold and thus loose their ‘grip’. 
The materials may change their properties at temperatures below 0 °C 
and with any abrasion that occurs. Also, the friction properties of the ice 
and snow change with different temperatures (Gao et al., 2003, 2004). At 
temperatures above 0 °C, ice and compacted snow may be covered with a 
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water film that acts as a lubricant. At low temperatures, ice and snow turn 
less slippery. Even though the snow and ice covered walking surface stay at 
subzero temperatures, a warm sole of footwear may melt a thin water film 
between the sole and the walking surface, especially shortly after leaving 
a warm indoor environment. It has also been found that the reactions and 
the experience of an individual may relate to the likelihood of slipping and 
falling accidents (Gao and Abeysekera, 2004a). It is common knowledge 
that on the first few days of a snowy and cold period, the emergency units 
deal with a higher level of related injuries.
 In cold climates the slip and fall accidents could also be related to combined 
factors of footwear soling and cooling of the legs and feet. If footwear does 
not offer proper protection from cooling, then the ability to maintain dynamic 
balance is reduced (Piedrahita et al., 2009). The importance of this factor 
grows with the increased speeds and precision of performance in sports.

15.4 Design requirements of footwear for cold 
environments

When designing footwear suitable for cold weather, there are many different 
factors that need to be considered such as: mobility; protection against the 
cold; insulation; waterproofing to keep the feet dry; permeability; durability; 
weight; and fit (Oakley, 1984). Safety shoes that are worn in cold climates 
have to protect the feet from work hazards and, at the same time, offer 
thermal comfort to the wearer (Bergquist and Abeysekera, 1994). The total 
foot comfort is determined by the interaction between socks, soles and shoes. 
The shoe should fit well on the foot. It should be large enough for socks, 
and allow the toes to move (Nielsen, 1991).
 In order to design footwear for cold weather, it is important to define 
what is meant by cold for the various user conditions. Ordinary street shoes 
may keep the feet warm and comfortable within a temperature range of 
–5 to +25 °C, but this must be in conjunction with adequate clothing on 
the upper body combined with the body’s own thermal reaction and heat 
redistribution. However, when moisture is present between +15 and +20 °C, 
and this is combined with minimal activity, discomfort from the cold may 
occur. Using this information and combining it with what is known about 
thermal properties of footwear, cold can be divided into the three ranges. 
The choice of suitable footwear may be made based upon the range to be 
encountered. This reduces some of the conflicting user requirements within 
a particular range.

 (i) For temperatures above +5 °C, usually no specific footwear insulation 
is required. Most ordinary shoes and occupational footwear have 
insulation around or above 0.20 m2°C/W. This is enough to keep feet 
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warm at temperatures down to +5 °C if the person is active. The use 
of thicker socks, e.g. sports socks in terry cloth, adds insulation and 
helps to keep the feet warm. The main issue at this temperature range 
is whether moisture is present. Footwear should be chosen to avoid 
external moisture from entering the footwear and to allow internal 
moisture to leave the footwear. If the likelihood of exposure to external 
moisture is known in advance, then the choice is simpler.

 (ii) The temperature range between +5 and –10 °C is the most complicated 
to deal with, due to changing weather around the freezing point of water 
(0 °C). In this range, the footwear should be chosen by considering 
two factors: protection from external moisture and the need for high 
insulation. Snow can stick to and melt on footwear as a result of 
the surface temperature of the footwear staying above 0 °C. In this 
temperature range, the water vapour permeability and water-resistant 
membrane properties may still be effective as the surface temperature 
of footwear generally stays above 0 °C.

 (iii) At temperatures below –10 °C there is less external moisture available 
to penetrate the footwear. However, moisture from sweating does not 
easily leave footwear due to low temperatures at the outer material. 
In these conditions, it is important to have a high level of insulation 
in the footwear and to have internal moisture management properties. 
There is also an increased need to dry the footwear between periods 
of usage.

In any situation, regardless of the environmental and user conditions, it is 
important to take proper care of the feet and the footwear. It is especially 
necessary to consider the various ways of drying the footwear. It is also 
important to realise that certain usage environments will change the 
requirements for the user, e.g. footwear for work in food industries with 
specific temperatures and using with water, or hiking boots for extreme cold 
that may need to consider the risks of water under a weak ice layer.

15.4.1 Reducing heat losses

Cold feet are often experienced by people, whether during working hours or 
leisure time. If an individual is correctly informed about requirements that 
can protect them from the cold, e.g. insulation, this can help them to select 
the most appropriate footwear. Work is currently being conducted at research 
groups to improve the methods of measuring insulation and water-vapour 
resistance of footwear, and how to effectively mediate this information to 
people. Thermal insulation is the most important aspect for preserving heat, 
as will be discussed in following sections (15.5 and 15.7) and it will also be 
discussed in connection with several other topics below.
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Auxiliary heating

For many years, the possibility of using auxiliary heating (e.g. electrical 
heating) in footwear has been studied (Goldman, 1964). However, the 
heating methods that have been looked at were not easily utilized in the 
footwear for various reasons, e.g. increased weight and/or size, restricted 
space inside the footwear, ease of movement, and any factors that may 
affect balance during walking. The invention of new small yet powerful 
batteries has now made this idea more feasible. Although there are several 
aspects to consider, such as the electrical heating equipment that would be 
used, activities and logistics (Haisman, 1988), the power from the modern 
batteries may be enough (2–10 hours of battery life depending on exposure 
temperature, heated area and selected power level) for daily occupational 
and recreational activities. Some questions related to using a heat source in 
footwear are covered in the next sections.

Phase change materials in footwear

Various types of phase change materials (PCM) are now used in the apparel 
industry (Gao et al., 2007; Shim et al., 2001). The problem with these materials 
is that it is difficult to fit them into items of footwear. When using this 
type of material, it is initially important to establish where it would be best 
placed within the footwear. The effectiveness of materials containing PCM 
is dependent on the amount that is present in the product. Thus, the second 
area to consider is what quantity of PCM must be added to the footwear in 
order to have a physiologically significant effect in the feet. If the temperature 
at which the phase change occurs (melting point) is not considered along 
with the location of the PCM within the footwear, then the PCM might not 
have any effect at all under various ambient conditions.
 As the footwear is intended to be used in various weather conditions and 
with different numbers and thicknesses of socks, then the use of PCM in 
the footwear may not be justified. From the thermal sensation viewpoint, 
the skin temperatures intervals are most easy to define. As PCM is also 
most effective the closer it is to the skin, then it can also be used in socks. 
Ideally there should be no additional layers in between that could diminish 
the effect; this will ensure that insulation from the outside environment 
is maximised. The socks could also be worn indoors and this would 
cause the PCM to melt long before going outside. However, considering 
issues of increased energy consumption from the additional, required 
mass on feet (see in more detail in Section 15.4.5 on weight effects), 
then using the required quantity of PCM in socks may not be justified  
either.
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15.4.2 A layer-by-layer approach

A layer-by-layer approach allows use of the properties of each material to 
enhance the properties of the combination. Additional air gaps between the 
various layers increases the insulation. The possibility to add and remove 
layers makes a product more amenable for use in various environments. 
However, this approach is not always easy to implement in footwear, and 
some flexibility may be better offered by using auxiliary products such as 
gaiters and socks.
 european footwear standards state that safety footwear should have 
insulation, and insoles that cannot be removed without damaging the 
footwear (EN-ISO-20345, 2011). This clause is meant to protect the user 
from increased injury risks caused by removal of protective layers. On the 
other hand, making it possible to remove the insulation layers and insoles 
would make it easier to dry the footwear (Kuklane et al., 2000e). It is known 
that it is highly important to keep the feet dry, as this helps to keep the feet 
warm and comfortable. From the design viewpoint of safety boots, the layers 
of material should be stiff enough and/or well fixed to the outer layer in 
order to avoid them moving around in the footwear. If the use of removable 
layers is prohibited, then proper socks and/or extra insoles should be used 
for moisture management (Hassi et al., 2002).

15.4.3 Size effects

The insulation properties of footwear do depend greatly on the amount of 
air that is present in the fabric and between the foot and the shoe, and it 
has been found that insulation can be increased with an extra pair of thick 
socks (Kuklane et al., 2000a; Kuklane and Holmér, 1998). However, it is 
important that the shoes are big enough to accommodate the thick socks. 
Attempting to increase the insulation of the feet by wearing thicker socks 
may not be efficient when wearing tight-fitting footwear; wearing two pairs 
of socks with a boot that is designed for one pair will push out the air and 
substitute it with conducting fibre. Compression of the foot may also occur 
and this can reduce the circulation in the feet and therefore cause the feet to 
become cold (Hassi et al., 2002; Kuklane et al., 1999a; Påsche et al., 1990). 
Figure 15.2 illustrates compression in relation to insulation, and the effect it 
can have on the feet. Loose-fitting footwear (even though it has more area 
to accommodate air), does not provide a higher insulation if the space is 
not filled with a material that restricts the air motion (convection) inside the 
footwear. At the same time, loose-fitting footwear also affects performance 
and may increase the risk of stumbling and falling.
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15.4.4 Pumping effect and air permeability

During tasks that require leg activity, the air will be pumped around inside 
the footwear as the foot moves within it. The so-called ‘pumping effect’ is 
a good way to get rid of moisture. In ordinary shoes, the pumping effect 
removes about 40 % of humidity (Gran, 1957). In a cold environment, the 
pumping effect may also remove a considerable amount of heat, and due 
to this, in some cases it should be avoided. In the case of winter boots, 
however, the pumping effect during walking is minimal compared to other 
types of footwear (Kuklane et al., 2000e; Rintamäki and Hassi, 1989). A 
reason for this may be that the insulation layer in winter boots sits relatively 
tight around the leg.
 Footwear for protection against the cold should have an outer layer that is 
relatively airtight. High air-permeability in a cold wind allows quick cooling 
of the skin, even in well insulated clothing. In winter boots, the reduction in 
insulation due to walking is commonly less than 10 % (Kuklane and Holmér, 
1997; Kuklane et al., 2000e). In footwear without a warm inner lining, the 
effect is commonly bigger – up to about 30 % (Bergquist and Holmér, 1997; 
Kuklane and Holmér, 1997). This reduction is partly due to the effect of 
increased external heat convection and partly due to the pumping effect. In 
the case of winter footwear with a warm lining, the air inside stays relatively 
still, while in more loose-fitting footwear, the air moves around more freely, 
thus increasing the internal heat exchange. The combined effects of convection 
and moisture can reduce footwear insulation by up to 45 %.
 In recent years there has been more research published on thermal 
properties of special footwear for winter sports. Although new materials 
have been developed and utilized, the boots that fulfil various technical and 
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protective requirements have stayed relatively impermeable to air and vapour 
(Fauland et al., 2012; Hofer et al., 2011), causing problems with moisture 
and contributing to cold injuries and dermatoses (Tlougan et al., 2011). From 
that viewpoint, the performance of high and low quality products does not 
differ under practical user conditions (Hofer et al., 2011). A solution could 
be to use mechanical means of enhancing the pumping effect. In that case, 
the location of the inlet openings should consider the ground conditions 
(water, snow) and the risk of filling the air channels with moisture and dirt; 
there might be a need for an in-built self-cleaning ability. In the cold, it is 
important that any air that is sucked into the foot area is pre-warmed, e.g. 
air could pass into the boot via the calf area with big working muscles. 
Such a mechanical system world probably work reasonably well in alpine 
boots (Nellestam, 2008), where it could be combined with a damping 
system for vibrations. Some effect on balance sensitivity, however, may be  
expected.

15.4.5 Weight

Weight is another important factor to consider when choosing footwear. Several 
studies have shown that by increasing the footwear weight by 100 g, the 
oxygen consumption of an individual will increase by 0.7–1.0 % (Frederick, 
1984; Jones et al., 1984, 1986; Legg and Mahanty, 1986). The weight added 
to footwear is equivalent, in energy cost, to about five or more times the 
weight carried on the torso (Dorman et al., 2005; Legg and Mahanty, 1986; 
Soule and Goldman, 1969). In a cold environment, the energy cost can be 
increased by up to 20 % due to the protective clothing that is worn (Dorman 
and Havenith, 2009; Dorman et al., 2005; Havenith and Dorman, 2007; 
Teitlebaum and Goldman, 1972). If the ground is covered by snow, then 
walking in it, combined with the effect of the winter clothing, can increase 
energy consumption by up to 65 %, depending on snow depth (Pandolf et 
al., 1976; Smolander et al., 1989). According to other sources (Headquarters, 
2005), walking in soft deep snow may even double the energy used, but this 
depends on the walking or running velocity of the individual.
 It is always a trade-off between needed protection level and required 
performance or productivity when choosing any type of equipment, not only 
footwear. However, the weight of the insulation material that is needed to 
keep the feet warm is relatively small compared with the weight of other 
materials that are needed to fulfil other protection requirements. Thus, the 
increase of footwear weight due to extra insulation should be acceptable in 
most industrial and leisurely activities. However, more insulation material 
may increase the bulk of the footwear and this may become a limiting factor 
in respect to mobility.
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15.4.6 Slip resistance

The choice of cold protective footwear sole material should, beside other 
protection and physical requirements (durability for flexing, tear etc.), 
consider the coefficient of friction (COF) on ice and snow at the intended 
exposure temperatures. Considering the exposure temperature ranges defined 
for cold protective footwear in Section 15.4, then the corresponding COF 
of the sole material should be tested, for example, as follows. Footwear for 
temperatures above +5 °C should have the sole material COF measured on 
moist or lubricated materials (tiles, metal); footwear for temperatures between 
+5 and –10 °C should have the sole material COF measured on wet ice; 
and footwear for temperatures below –10 °C should have the sole material 
COF measured on hard ice and with the footwear conditioned in the cold. 
However, several tests have shown that on wet ice most shoe materials are 
very slippery (Gao et al., 2003, 2004). Thus, these tests may not be very 
significant and shoes for the range of +5 to –10 °C could be tested by both 
other methods instead, unless a new special sole material is developed for 
these conditions.
 When footwear is used in an occupational environment, it can be subjected 
to various combinations of temperatures and ground conditions (Gao et al., 
2008a), e.g. work on boats (Jensen and Laursen, 2011) and in cold stores. 
Thus, any given friction value should be treated as additional information, 
and one has to have experience or acquire more information in order to 
choose footwear with correct soling.

15.5 Footwear insulation

Insulation grows in importance with reducing environmental temperature 
and it will be noticed clearly with activity: the generated heat is better 
trapped in boots with higher insulation. The present European (CEN) and 
international (ISO) standards for safety, protective and occupational footwear 
EN ISO 20344 – 20347 (EN-ISO-20344, 2011; EN-ISO-20345, 2011; EN-
ISO-20346, 2004; EN-ISO-20347, 2012) do not measure the insulation of 
footwear. Instead they classify footwear as cold-protective by an allowed 
10 °C temperature drop inside the footwear during 30 minutes at an initial 
suggested temperature gradient of about 40 °C (namely, +23 °C for conditioning 
and –17 °C for testing, respectively). One study on this topic (Kuklane et 
al., 1999c) expressed strong doubts if this simple pass/fail test is correct for 
thermal testing. For example, the same footwear that helps to keep a good 
thermal comfort at –10 °C when walking may be too cold for standing at 
the same temperature or too warm to be used at +10 °C. a recent study in 
this area (Kuklane et al., 2009) has shown that footwear such as sandals and 
mesh-shoes can pass the simple cold protective footwear test. This indicates 
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that the test is not an effective way of testing footwear for protection against 
the cold – protective footwear that has as low an insulation as the footwear 
mentioned above may be classified as cold-protective and in this way giving 
users a deceiving safety feeling, exposing them to higher risks. Also, if a 
specific insulation value is not available, then it is difficult to provide any 
recommendations for the users.

15.5.1 Measuring insulation

A thermal foot model (Fig. 15.3) is a physical model of a human foot that 
can be heated to, and controlled at, a given surface temperature (Ts), e.g.  
34 °C. At a constant ambient temperature (Ta) the power stabilizes at a level 
that depends on the temperature gradient between the model surface and the 
environment, or on the insulation of the footwear when worn. The power to 
the foot model in a stable environment is equal to the heat losses through the 

Measuring wires 
on model surface

Heating wires inside 
the outer layer

15.3 A thermal foot model in plastic material. Heating wires can 
be seen within the plastic and measuring wires on the surface. 
(Modified from Kuklane and Holmér, 1998.)
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footwear. Knowing the area (A) of the foot model, its different zones (toes, 
sole, heel etc.), and measuring power (P) to them, the temperature gradient 
allows the calculation of the total insulation (IT) of the whole footwear or 
for separate zones by using this equation:

  IT = (Ts–Ta) ¥ A/P

The insulation can be calculated by this equation but it is also important 
to consider the conditions the footwear is in, and because of this further 
analysis maybe necessary. Insulation that is measured without the presence 
of wind (air velocity < 0.15 m/s) and without motion is called total insulation 
(IT). This includes air-layer insulation (Ia). Air-layer insulation measured 
on a bare foot model is about 0.11 m2°C/W and if air-layer insulation is 
subtracted from IT then effective insulation is achieved (Iclu). Finally, if the 
surface area exposed to the air on a bare foot compared to wearing a boot is 
considered (fcl, clothing area factor), basic insulation is acquired (Icl). This 
value may be considered as the correct insulation of a sock or an item of 
footwear. If the measurements are carried out with the presence of wind and/
or with motion simulation, then a resultant total insulation is found (IT,r). It 
may be corrected also as specified above, but resultant air layer insulation 
(Ia,r) has to be measured in the same wind and motion conditions, too. More 
information regarding these terms and related calculations can be found 
in different standards’ definition sections (ISO-9920, 2007). The present 
chapter commonly refers to IT and in few cases IT,r in text and figures if not 
pointed out differently.
 If insulation, environmental temperature and activity level are known, 
then it is possible to choose correct footwear for particular conditions. It is 
also possible to estimate the change in foot skin temperatures by considering 
dynamic changes and finding out recommended exposure times according 
to threshold limit values for cold sensation, strong cold sensation or pain 
sensation (Minzdrav, 2006a; Kuklane, 2004).
 The thermal foot method (Bergquist and Holmér, 1997; Kuklane, 2004; 
Santee and Endrusick, 1988) allows an evaluation of footwear and allows 
feedback to the manufacturers regarding the footwear as a whole and on 
individual parts’ areas. For example, if the results from some footwear tests 
show insufficient insulation around the toe area, then with this information 
the manufacturers would know where to improve their product. The method 
also provides useful information to customers and allows the use of the results 
to predict the insulation needed for specific cold conditions; the exposure 
time that is recommended; what may occur in certain conditions; and the 
recommendation for the use of the footwear. (Kuklane et al., 2000f; Lotens, 
1989). With development and broader availability of thermal foot models, it 
may be expected that the available standards will be revised to replace the 
present pass/fail test with model testing.
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 The insulation of footwear can also be measured during wear-trials on 
human subjects (Minzdrav, 2006b). The insulation values from thermal foot 
model measurements correlate well with the level of insulation obtained on 
human subjects (Kuklane et al., 1999a). The results correlate higher if the 
subject is at a thermal comfort level; otherwise uncertainty of the human 
results grows, showing higher insulation measured on human subjects than 
on thermal models (Ducharme and Brooks, 1998; Ducharme et al., 1998; 
Kuklane et al., 1999a) and the extremities are more affected.

15.5.2 The use of insulation values

Figure 15.4 gives an example of choosing footwear, based on the foot 
temperature for two activity levels (the footwear given as examples in this 
and several other figures is described in Table 15.1). The model assumes 
relatively even temperature and insulation over the whole foot surface. Based 
on the series of studies, certain footwear insulation can be suggested for 
certain temperature ranges (Table 15.2). Another approach is to define the 
critical foot skin temperatures and calculate the required footwear insulation 
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Pain limit Tsk, toe >15Comfort limit Tsk, toe >25

Pain limit Tsk, toe >15

15.4 Required footwear insulation in relation to activity and ambient 
air temperature. Toe skin temperature above 25 °C corresponds to 
thermal comfort without strong sweating response, and above  
15 °C corresponds to strong cold sensation but no pain. The figure 
includes some footwear as an example: arctic fur boot (measured 
on human subjects in Russia, Afanasieva, personal communication); 
a three layer boot for extreme cold consisting of two felt innerboots 
and nylon outer layer (5); a winter boot with impregnated leather, 
Thinsulate® and nylon fur lining (4); a leather boot without warm 
lining (2). (Modified from Kuklane, 2004). 
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based on exposure time and ambient conditions (Afanasieva, 2006). This 
method considers the estimated cooling rate of the feet and also allows the 
use of footwear with lower insulation for limited time periods.
 Field studies have confirmed the relevance of using the thermal foot method 
for testing the level of thermal protection in footwear (Kuklane et al., 2000b, 
c, 2001) However, when choosing footwear for a certain activity level, it 
is also important to consider the effects of wind, walking, and the moisture 
level (Fig. 15.5). If the individual is involved in a stationary activity in a 
cold environment, a high level of insulation in the sole of the footwear is 
essential. It is recommended to have at least 0.10 m2°C/W higher insulation 
in the sole area than in the whole footwear, depending on user conditions 
(Table 15.2).
 Havenith et al. (2012) has defined clothing insulation needs for a universal 
thermal climate index (UTCI) for the whole body and also locally, e.g. for 
feet. The equations and graphs define the insulation requirements for various 
environmental reference conditions, but also allow evaluation for any other 
conditions. The model for feet was based on footwear insulation described 
in ISO 9920 (2007) and matched to field observations. Although, the number 
of footwear insulation values given in ISO 9920 is limited, the predictions 
are reasonable.

Table 15.1 Footwear referred to in the Figures (modified from Kuklane et 
al., 1999c)

No. Boot description

1 A rubber boot without lining

2 A leather boot without lining

3 A leather boot with warm lining

4 A winter boot with impregnated leather, Thinsulate and nylon 
fur lining

5 A three-layer boot for extreme cold consisting of two felt inner 
boots and nylon outer layer

Table 15.2 Recommended insulation of the footwear (IT,r) and sole area 
(Isole) to minimise discomfort from cold in some temperature ranges for 
relatively low activity (~100 W/m2) Modified from (Kuklane, 2004)

Air temperature (°C) Footwear (m2 °C/W) Sole (m2 °C/W)

+15 to + 5
+5 to – 5
–5 to – 15 
–15 to – 25 
< –25

0.20 ≤ IT,r < 0.25
0.25 ≤ IT,r < 0.30
0.30 ≤ IT,r < 0.37
0.37 ≤ IT,r < 0.45
0.45 ≤ IT,r

0.25 ≤ Isole < 0.30
0.30 ≤ Isole < 0.35
0.35 ≤ Isole < 0.42
0.42 ≤ Isole < 0.55
0.55 ≤ Isole
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15.6 Footwear evaporative resistance measurements

Basic tests on a thermal manikin and calculations for evaporation resistance 
are described in an ASTM standard (ASTM-F 2370-05, 2005). During recent 
years, methods for determining wet heat losses (Bröde et al., 2010; Havenith 
et al., 2008) and evaporative resistance measurements of clothing ensembles 
have been tested, analyzed and developed further (Ueno and Sawada, 2011; 
Wang et al., 2010, 2011, 2012; Yu et al., 2011). As the measurement principles 
of various physical thermal models are similar, the new information can also 
be extended to cover the evaporative resistance measurements of footwear. 
An advantage is if water can be supplied to the model for prolonged tests. 
However, in the case of cold-weather footwear, evaporation is commonly 
low, and so, therefore, is the risk for drying of the sock or of the textile 
simulating skin before stable values are reached. A reliable comparison of 
different footwear can be acquired when:

∑ testing in homogenous conditions where air temperature is equal to the 
model skin surface (ASTM-F_2370-05, 2005; Ueno and Sawada, 2011; 
Wang et al., 2010);

∑ calculating heat loss based on the mass loss method (ASTM-F_2370-
05, 2005; Wang et al., 2011), where the testing system is placed on a 
weighing scale;

∑ measuring or calculating (based on skin temperature) water vapour 
pressure at the model surface (Wang et al., 2012);
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15.5 Footwear insulation change due to walking and sweating. 
(Modified from Kuklane and Holmér, 1997.)
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∑ calculating total evaporative resistance according to Equation 15.2:

  Ret = (psk – pa) ¥ A/P, [15.2]

where Ret is total evaporative resistance, psk is water vapour pressure at skin, 
pa is water vapour pressure in air, A is area covered by wet ‘skin’, and P 
is the heat loss from the defined area based on mass loss. For evaluating 
specific user conditions, inhomogeneous test conditions (ASTM-F 2370-05, 
2005) may be useful. The principles have been successfully utilized when 
comparing traditional (relatively impermeable) and a new design of foot 
orthosis. Although the airy design of the new orthosis added some insulation, 
its higher air permeability and lower evaporative resistance than the old one 
compensated for that and allowed considerably higher heat loss through the 
new foot orthosis (Kuklane et al., 2012, Fig. 15.6).

15.7 Moisture management in footwear

Initial footwear insulation is an important factor for keeping feet warm. 
However, the level of activity of the person and moisture level in the footwear 
also influence the temperature of the feet. Cold sensation in the feet is often 
connected with low skin temperatures due to sweating and moisture on the 
feet. The footwear may be well insulated, but if the feet are wet, due to an 
outside or an inside source, the feet can easily start to feel cold. Dry fibres 
with air between them are good insulators. Water conducts heat about 23 
times better than air, while the insulation capacity of air does not considerably 
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15.6 Apparent evaporative resistance of two foot orthoses measured 
under various environmental conditions. Low and high wind were 
0.25 and 0.85 m/s, respectively. (Modified from Kuklane et al., 2012.)
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change through different humidity levels (the thermal conductivity of water 
vapour is within the same magnitude as air). If the condensed water gradually 
replaces air in and between the fibres, it will cause further and faster cooling. 
After a prolonged soaking in a wet environment, the footwear may lose up 
to 35% of its insulation, even in footwear that is intended for conditions 
where contact with water is expected (Endrusick, 1992).

15.7.1 Sweating feet

The latest studies have shown that in a warm environment, a foot may sweat 
about 30 g/h; and in some cases even up to 50 g/h (Fogarty et al., 2007; 
Taylor et al., 2006). In these studies, the subjects were exposed to high levels 
of heat stress. In the cold, whole body, and especially the foot temperature, 
will stay much lower and therefore sweat production is diminished. During 
relatively heavy exercise in the cold, average sweat rate stays around 10 g/h 
per foot (Hagberg and Holmér, 1985; Rintamäki and Hassi, 1989). During 
common occupational exposures, the sweat rates are expected to lie between 
3–6 g/h (Rintamäki and Hassi, 1989). Gran (1957) found that the sweat rate 
of a foot changes, on average, from 3 g/h during a resting period to 15 g/h 
during high levels of activity. During very high levels of exercise, sweat 
rates may reach as much as 30 g/h per foot, even in the cold (Kuklane et al., 
2001) or even up to the levels reported in heat, e.g. during sport activities 
at an elite level.
 Gran (1957) found that foot temperatures are related to the amount of 
sweat that is absorbed in various shoe parts, and observed that the biggest 
humidity concentration can be found in the areas of the sole, heel and toes. 
This may be partly related to insufficient evaporation from these areas. 
Taylor et al. (2006) found that the soles had lower sweat rates than other 
parts of the foot. However, sweating in the sole area has also been shown 
to be related to stress factors, and in the cold, when sweating in other foot 
areas is suppressed, the soles may have one of the highest sweat rates as the 
result of a stressful environment.

15.7.2 Moisture in footwear

Cold weather footwear, especially protective footwear for occupational 
use and footwear for winter sports, is often made of impermeable or semi-
permeable materials. Impermeable materials do not allow water from the 
outside to make the insulation wet. At the same time, in such boots almost 
all the moisture from sweating remains inside. In some cases the sweat 
production can potentially cause higher moisture content in the footwear than 
any available external water could. Footwear made from material such as 
leather have the ability to breathe, dependant on the type of leather treatment 
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that may have been applied and the type of shoe-care that is used. Polish and 
leather treatment protect the material and prevent water permeating into the 
footwear. However, work in a wet environment for a long period of time or 
the presence of snow can quickly wear off the protective layer. Considering 
this information, changing weather with wet and melting snow are the worst 
environments for the feet to remain protected (Martini, 1995).
 In some cases, an extra covering layer, i.e. gaiters or outer socks, made from 
watertight and/or vapour permeable material may help. However, different 
outer sock materials may not work effectively in conjunction with all footwear 
materials in various weather conditions. In a specific case, for example, outer 
socks made from rubber or membrane material used over a leather boot did 
work effectively and did keep feet warm and dry at temperatures between 
–6 and –10 °C. In similar conditions, however, a nylon outer sock caused 
the leather to become wet and therefore caused discomfort for the wearer 
(Johansson, 2000). This effect might be related to the thermal resistance of 
the material from which the outer sock is made. Most probably the nylon 
provided a somewhat higher insulation level than the rubber and membrane 
materials, allowing microclimate and the sock inner surface temperature to 
stay above 0 °C. This caused condensation on the inner surface of the nylon 
that came into contact with the boots, making the leather wet. In the case of 
the rubber and membrane outer socks, this did not happen. The condensed 
water froze and moisture disappeared from the circulation. Although the 
nylon did not work effectively, it would probably have functioned at lower 
temperatures than –10 °C. This highlights the importance of selecting the 
correct combination of materials to suit the environmental conditions.
 During cold weather (below –10 °C), the water in the external environment 
is generally not a problem, except in certain jobs or activities where water is 
involved, e.g. fire-fighting and farm work. In cold conditions, condensation 
caused from sweating could be a major problem. The moisture in footwear 
moves towards the colder surfaces where there is lower water vapour pressure, 
and thus away from the feet. However, at a certain distance from the heat 
source, i.e. the feet, the humidity condenses and, at the layer where the 
temperature drops under 0 °C, it may freeze (Johansson, 2000; Kuklane et 
al., 2000e). Ice conducts heat around four times better than water. Because 
of this, the insulation in the footwear is gradually reduced and the feet are 
exposed to rapid cooling. At lower temperatures, the border, where humidity 
condenses and water freezes, comes closer to the feet. This is not very 
common during occupational exposure but, for example, ice formation in 
footwear has been reported during the bandy world championship in Russia 
(Österberg, 1999). (Bandy is a game on ice and skates like ice-hockey but 
played on an iced football field by teams of 11 men. Instead of a puck, a little 
hard ball is used.) Severe cold (–40 °C) in combination with high sweating 
rates contributed to this. Also, under certain conditions the condensed water 
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can move back towards the warmer areas by capillary action, creating a 
circulation for heat transport.
 When a reduction occurs in the insulation of footwear, the factors that 
need to be considered are: the sweat rate of the feet; the evaporation and 
condensation rate; the absorption capacity of the footwear materials; the 
moisture transport within shoe; and the environmental conditions (Kim, 1999; 
Kuklane and Holmér, 1998; Kuklane et al., 1999d, 2000e). The various effects 
of moisture in protective clothing have been studied extensively during the 
last years (Havenith et al., 2008). It was found that moist layers (not fully 
saturated) may increase heat loss by about 5 %, while the ‘heat pipe’ effect 
may increase the heat loss to around 40 %. Evaporation can increase heat loss 
even further, but when thick, highly insulated footwear is worn in the cold, 
this effect would seldom reach 10 %. The insulation in these cases may be 
called apparent insulation, following the term used by Havenith et al. (2008). 
It is referred to as ‘apparent’ because, apart from dry heat loss (convection, 
conduction and radiation), the insulation is calculated based on heat loss 
due to evaporation, wet conduction and evaporation–condensation, i.e. it 
includes also all the changes that can cause heat loss due to the presence of 
moisture.
 A sweat rate of 3 g/h may increase the heat losses from a foot by 9–19 %, 
and a sweat rate of 10 g/h could increase the loss by 19 to 36 %, depending 
on the initial insulation of the footwear (Fig. 15.7). Footwear with high 
insulation does lose more in insulation capacity than footwear without a 
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special liner at the same sweat rate. At the same time, heat losses through 
moist footwear with low insulation may quickly grow equal to those from 
a bare foot in the same environment. In the toe area, the increase of heat 
losses due to moisture can be about 30 % for boots without a warm lining 
and about 45 % for boots with higher insulation. This may be related to the 
internal air circulation in the footwear and the moisture that builds up in the 
colder and less insulated areas.
 The evaporation that can occur in well-insulated footwear is minimal at 
subzero temperatures (Kuklane and Holmér, 1998; Kuklane et al., 1999d, 
2000e; Rintamäki and Hassi, 1989) and is usually less than 5 %. During 
prolonged exposure to the cold without a chance to dry the footwear, e.g. 
military activities or hiking, the insulation materials may become soaked 
and all layers may be affected. For example, natural felt is a material that 
maintains a good level of insulation even if sweating occurs. It can absorb a 
large amount of moisture so that the feet stay relatively dry for long periods. 
Thick felt insoles (8–10 mm) can withstand compression well and effectively 
reduce heat loss from the feet. However, during long periods of exposure to 
cold without the ability to dry the footwear, even felt will become saturated. 
If the felt soling of the footwear becomes fully saturated, the thermal qualities 
of the felt will disappear, and the user will be prone to cold injury (Linné, 
2000).
 as previously mentioned, different sweat rates affect the rate of heat 
loss. Strong sweating results in higher heat loss. However, the heat loss will 
stabilise when a balance is reached between the sweat rate and transportation, 
evaporation and condensation (Fig. 15.8). Further reduction of apparent 
insulation depends mostly on wetting of insulation layers that increases heat 
conductivity. This is related to the absorption capacity of the footwear material: 
a low capacity is connected to a continued loss of insulation, depending on 
whether the wet material is next to the skin and the appearance of free water 
in the sock and footwear. If sweating of the feet reduces or stops, footwear 
will gain back some of the lost insulation (Kuklane et al., 1999d). This effect 
seems to depend on drying of the materials that are closer to the foot, i.e. 
the sock, and if this does occur it will reduce conductive heat losses from 
the foot towards more distant and cooler footwear layers. also, in this case, 
the temperature gradient-dependent driving force of the ‘heat pipe’ effect is 
lower and takes place in the portion of the material package that is further 
away from the foot. The rate of the increase in apparent insulation does 
depend on the foot skin temperature. If the temperature of the foot is low, 
the increase in insulation and the drying process will be slower as the low 
temperature corresponds to the lower water vapour pressure difference in 
between the foot and the distant layers of the footwear, and environment. 
There is always some perspiration from the feet, but it is important to avoid 
heavy sweating in a cold environment. The situation with sweating may be 
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improved with the use of hygroscopic socks, e.g. woollen or wool blend, 
and changing the socks after heavy sweating in order to keep the feet warm 
and dry.

15.7.3 Drying of footwear

When special means for footwear drying are not available, the footwear 
might not be able to dry out overnight, or even over a few days (Kuklane 
et al., 2000e, Fig. 15.9). Multi-layer footwear with removable insulation 
layers will dry out much quicker than standard footwear. When full drying 
of the footwear is not possible, other methods should be used. Absorbent 
materials, e.g. newspaper or kitchen paper, can be placed inside the footwear, 
to help to reduce the moisture. It is also beneficial to find a warm, dry and 
well-ventilated area to leave the footwear, to help with the drying process. 
It is important not to place footwear too close to extreme heat sources, such 
as flames or an oven. This could damage or shrink the footwear material, 
or cause cracks to appear. In footwear without an absorbent lining, woollen 
socks can absorb moisture very effectively (Hassi et al., 2002). In this way 
the skin surface stays dry and comfort sensation could be maintained for a 
longer period. It is important to change socks after heavy sweating. Disposable 
insoles made from an absorbent material similar to sanitary towels can also 
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15.8 The change in footwear insulation due to sweating over one day 
(apparent insulation). The water supply was switched on during 8 
hours (6 hours for Boot 1) followed by 3 hours period without water 
input. (Modified from Kuklane et al., 1999c.)
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be an effective way of keeping the feet from becoming damp. In fact, sanitary 
towels have been used as such insoles in some situations.

15.8 Effect of socks on feet insulation, moisture 
management and comfort

an effective way to increase the insulation on the feet is to wear socks. 
The importance of socks for thermal comfort has been stressed throughout 
this chapter, as footwear and socks always work effectively together. This 
section will now discuss the advantages and effects of using different or 
more than one pair of socks.
 The insulation value of socks is generally related to the thickness of the 
material and air trapped in and in between the fibres (Fig. 15.10). There is 
a clear difference in insulation values between socks with various material 
thickness/weight. If there is enough space within the footwear, then it is 
recommended that thick socks or several pairs be used in a cold environment. 
However, it has been found that two pairs of thinner socks provide a higher 
level of insulation than one pair of thick socks (Figures 15.11 and 15.12). 
Adding several layers of material adds more layers of air between the sock 
layers (Fig. 15.12). As the additional layers are added, they start to compress 
the lower layers and then the effect from extra layers starts to diminish.
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15.9 Moisture accumulation in a footwear over one week. Tests 
were carried out at –10 °C with an up- and –down motion in order 
to simulate pumping effect. The tests over one day included water 
supply to the foot model and footwear system at the rate of 5 g/h for 
8 hours, followed by storage at ordinary room temperature until next 
morning. (Modified from Kuklane et al., 2000e.)
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 For the footwear–sock system, the insulation increase may not be as clear 
as when looking at socks only. It depends on footwear insulation – boots with 
low insulation gain relatively more than well-insulated footwear (Fig. 15.13). 
However, when considering the prevention of moisture in the footwear, the 
quantity of the sock material is important. Large amounts of moisture can 
stay within the socks, and this allows the moisture to be easily removed 
simply by changing the socks. This is especially essential in well-insulated 
footwear during prolonged cold exposure, and in footwear made of water 
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15.10 Total insulation of various single socks. Socks 2, 4, 6 and 8 are 
all made of wool and polyamide blend terry material. ‘Cotton’ is an 
ordinary cotton–polyester sock with 70% cotton. It weighs as much 
as sock 2 (~20 g). (Modified from Kuklane et al., 2000a.)

15.11 Insulation of sock combinations giving the total material weight 
800 g/m2. (Modified from Kuklane et al., 2000a.)
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15.12 Effect of sock layers on the insulation of the example of the 
sock with material weight of 200 g/m2. (Modified from Kuklane et al., 
2000a.)

15.13 Insulation of the footwear without and in the combination with 
socks. (Modified from Kuklane et al., 2000a.)

vapour resistant and non-absorbing materials in order to keep the feet and 
footwear dry and comfortable (Fig. 15.9).
 There are several other points that show the importance of using several 
pairs of socks, beside additional insulation and the moisture management 
especially out in the field. If several pairs are available, it can allow an 
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individual to wash or repair a pair of socks whilst still having the other pair 
on the feet. Wearing several pairs of socks could reduce the friction between 
the footwear and the feet by the friction occurring between the layers of 
socks instead. Thicker (Bogerd et al., 2011) or several pairs of socks (Kuimet 
2007) could reduce the risk of blisters in the feet. Also, the wear longevity 
of the socks due to the presence of several layers may be improved (Kuimet, 
2007).
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Abstract: Footwear drawing is not an easy task for the inexperienced 
designer. it is an essential part of fashion design and requires careful 
attention to sizes, dimensions and details. Poorly designed footwear will 
result in unnecessary pressure on the foot which may cause problems and 
injuries. There is a wide range of footwear which often incorporates minor 
design variations. in order to assist new footwear designers, this chapter 
provides design templates that facilitate the correct proportions to produce 
a professional footwear illustration. Once a designer has gained sufficient 
experience, they will be enabled to explore design ideas and concepts of 
their own.

Key words: footwear illustration, drawing templates, footwear design, 
footwear styles, drawing guidelines.

8.1 Introduction

Footwear illustration comprises foot and shoe drawing. in this chapter, 
templates for footwear drawing are provided to help designers become 
familiar with the proportions: for example, that between the heel height and 
vamp/upper length, or between the shoe’s counter height and the vamp/upper 
length. if either of these proportions is incorrect, the illustration will look 
unprofessional and will create problems in the manufacturing process. The 
templates also help designers to practice their drawing skills and to focus on 
the development of footwear styles by minimising problems of proportion 
in footwear drawing.
 Nowadays, fashion brands tend to diversify into other fashion fields, such 
as footwear and accessories, instead of concentrating solely on clothing. 
Consequently, many fashion designers switch to footwear design, and several 
fashion schools are providing footwear design courses in response to this 
need. Designers who make this change are often unaccustomed to using 3D 
design software and need to acquire skills in three-dimensional drawing.
 The footwear production process requires side-view production drawings. 
Designers often encounter various obstacles in producing such drawings. 
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These are mainly related to proportion, dimensions and to the omission 
of significant details. Figure 8.1 shows a footwear drawing with various 
problems. The toe box is too long when compared with the heel height, and 
the outsole has disappeared from the drawing. This causes confusion for the 
manufacturer and may significantly delay production. Figure 8.2 also shows 

8.1 Common footwear illustration, Problem 1.

8.2 Common footwear illustration, Problem 2.
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a footwear drawing with dimensional problems. The illustration lines of the 
front strap are not correct and the drawing does not clearly represent the toe 
box. As a result, the toe box appears to have collapsed and the result is not 
aesthetically pleasing.
 The template can also aid the design sketching process. Designers usually 
select potential designs from a pool of sketches and recast them as production 
drawings. With the assistance of a template, the designer does not need to 
consider problems of proportion and is enabled to speed up the process of 
creative sketching. Design sketches help in exploring design possibilities 
without sacrificing accurate representation.

8.2 Using a template

Figure 8.3 shows a sample template for flat shoes. The proportion and 
essential detail, e.g. the outer sole, are illustrated. Drawings are then easily 
created by following the dotted lines. Figure 8.4 illustrates various designs 
created by using the flat shoe template.
 The steps in duplicating the template for the production of a variety of 
designs are as follows:

(i) Prepare a roll of tracing paper, white paper, pencil and ruler (Fig. 8.5)
(ii) Place the paper on top of the template. Based on the shape of the template, 

try to picture the design in your mind (Fig. 8.6). The template includes 
guidelines to assist in designing the desired styles.

8.3 Template for flat shoes.
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(iii) Figure 8.7 shows how the template works. A shoe drawing guided by 
the design templates has been created on the tracing paper. 

(iv) Figure 8.8 shows that the drawing is not exactly the same design as the 
template.

(v) Turn the tracing paper over and place that side on the top of the white 
paper. The shoes will now be facing the left-hand side (Fig. 8.9). When 
the lines are traced again, the outlines are transferred to the white paper, 
though they may be rather faint.

(vi) Strengthen the lines on the white paper. Add the style and detail, especially 
the stitches which are not included in the templates. (Fig. 8.10)

Figure 8.11 shows a variety of shoes illustrated with the help of a template. 
This chapter provides templates for various shoe styles including flat shoes, 
sandals, sport shoes, and boots with heels of varying heights. Several examples 
are provided to assist in the drawing of details.

8.4 Flat shoe designs.
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8.5 Equipment and preparations.

8.6 Tracing process.
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8.2.1 Flat shoes

The template for flat shoes is shown in Fig. 8.3. The inner construction, such 
as stitches and the edge of the insole, is very important. Without details of 
the insole, the illustration will not represent the dimensions accurately and 
will look unrealistic. In designing flat shoes, the surface textile design is 
important. The embellishments and material usually provide inspiration for the 
main design and its details. Examples of flat shoes are shown in Fig. 8.4.
 The template for flat sole sandals is shown in Fig. 8.12. Sandals consist 
mainly of straps, and their dimensions require close attention. The inner sides 

8.7 Illustration created by using the template.

8.8 Designs of different style from the guidelines of the template.
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of the strap also need to be shown. if there are few straps in the design, the 
entire insole is exposed, therefore the dotted lines for the whole insole are 
shown in the sandal template. Designers may consider creative variations 
in strap direction: for example, angular straps or varied curves made in a 

8.9 Tracing another side to copy the illustration onto a white paper. 

8.10 Details drawn to finalize the style.
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variety of materials. They may choose to trace various lines to adapt their 
design. Several examples are shown in figure Fig. 8.13.

8.2.2 Low heels

A 30 mm shoe template is shown in Fig. 8.14. Low heels commonly include 
one inch designs, usually pump or sling-back strap styles. The bridge style 

8.11 Samples of footwear illustrations created by using the 
templates.

8.12 Template for sandal.
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lines provide guidelines for designers creating their own designs through 
adding or altering straps. in designing low heels, ideas are usually led by what 
is practical. Stylish low heels are for wear on casual and relaxed occasions. 
Comfortable designs, such as open toe and simple strap styles therefore 

8.13 Samples of sandal illustrations.

Bridge style line

Pump style line
Cap B Cap A

8.14 Template for 30mm shoe.
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provide the main design details. Examples of shoes using the 30mm shoe 
template are shown in Fig. 8.15.
 Heels up to 55mm are considered to be low heels. A heel template for 
55mm shoes is shown in Fig. 8.16. Where the design covers the bridge part 
of the foot, a T-strap style line indicates the position of the bridge. Designers 
may create various designs for covering the bridge area. Tracing different 
toe box style lines may alter the style of the shoe, Cap A pointed style, Cap 
B and Cap C normal pump, Cap D open toe style. The insole line is useful 
where the style exposes the insole of the shoe, e.g. the open-toe style exposes 
the insole in the tip of the toe box. Examples created using the 55mm shoe 
template are shown in Fig. 8.17.

8.2.3 Mid heels

in 85mm heel design, some designers will add a wedge or front platform 
to increase the height. However, the height of the insole should be kept to 
85mm. in drawing shoes with a front platform, the heel must be extended 
and elongated to the same height as the front platform. The template for a 
85mm heel shoe is shown in Fig. 8.18. The template provides two cap styles. 

8.15 Samples of 30mm shoe illustrations.
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T strap style line

Pump style line

Heel A

Heel B

Cap D

Cap C
Cap BCap A
Insole 
lines

8.16 Template for 55mm shoe.

8.17 Samples of 55mm shoe illustrations.
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Designers may also trace the toe box styles from other templates, e.g. low 
heels or sandal. Examples of mid-heel shoe designs based on the 85mm shoe 
template are shown in Fig. 8.19.

8.2.4 High heels

The most common fashion height for high heels is 100mm. it is important 
to note that the pointed cap length is longer than the normal pump cap. 
Consequently, these have a different insole length. if the designer needs 
to draw a sandal or open toe cap, the front insole is exposed and the pump 
insole length instead of the pointed cap insole length should be adopted. The 
100mm high-heel shoe template is shown in Fig. 8.20 and some examples 
are shown in Fig. 8.21.

8.2.5 Skyscraper heels

Skyscraper high heels are usually 120mm–140mm in height. Hidden front 
platforms are used to build the height and the insole is thicker than in normal 

Sling back strap w
ith buckle

Stiletto heel

Wedge style line

Stiletto heel with front platform

Front platform line

Pump style
Pointed style

8.18 Template for 85mm shoe.
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8.19 Samples of 85mm shoe illustrations.

high-heeled shoes. it is essential to note that the toe box will appear larger 
than normal and will start at a position between the outsole and the thick 
insole. many creative details can be added to skyscraper designs, such as 
extravagantly shaped heels with a variety of strap designs. Skyscrapers are 
usually worn at stylish events and are designed for theatrical effect. The 
skyscraper-heel shoe template is shown in Fig. 8.22 and some examples are 
illustrated in Fig. 8.23.

8.2.6 Sport-style shoes

Sneaker design

Sneaker design incorporates details such as stitching, decoration, tongue 
shape, piping and tubing. it seldom changes in basic shape – ankle-height 
and standard sneakers being the two most common silhouettes. The template 
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Bridge style line

Pump cap

Front strap position

Stiletto style with 
front platform

Stiletto style

Cuban 
Heel

Wedge style
Normal cap insole length

Pointed cap insole length

Front platform style line

Pointed cap

8.20 Templates for 100mm shoe.
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8.21 Samples of 100mm shoe illustrations.

provides some possibilities for decoration and style-line shapes. The sneaker 
shoe template is shown in Fig. 8.24 and some examples are illustrated in 
Fig. 8.25.

Running shoes

As with the sneaker silhouette, running shoes are designed in a specific shape 
to maintain performance. There are various styles with differing details and 
materials. it is important that the designer pays attention to the thickness 
of the multi-layered rubber outsole. Style lines and unique tongue shapes 
may be added on the upper bridge part to enhance the style. The template is 
shown in Fig. 8.26 and some examples are illustrated in Fig. 8.27.
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8.2.7 Boots

The height of boots can be easily adjusted by altering the position of the 
upper hem line. The decorative details consist mainly of buckles, leather 
straps and style panels. The outsole of boots is much thicker than those of 
standard shoes. The style of heel may be altered by tracing the heels from a 
low-heel template. The template for knee-high boots is shown in Fig. 8.28 
and some examples are illustrated in Fig. 8.29.
 The main details in ankle boots are metal components, lace-up designs 
and leather strap decorations. Both buckled and lace-up styles are illustrated 
in the template. The designer traces a buckle closure in black lines and a 
lace up closure in grey lines. The ankle-boot template is shown in Fig. 8.30 
and some examples are illustrated in Fig. 8.31.

Ankle straps with buckle closure

Sling back strap style

Stiletto heel with 
front platform

Wedge style line

Front platform

Front strap 
style

Open toe 
style

Pump style

8.22 Template for120mm shoe.
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 Heeled boots may be drawn by combining the templates for high heels 
and boots, with particular consideration of the heel and cap styles. The 
inside of the zipper flap is an important technical detail in ankle boots. To 
facilitate the production process, this must be included in the drawing to 

8.23 Samples of 120mm shoe illustrations.
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indicate the position of the closure and the fastening method. The template 
for heeled boots is shown in Fig. 8.32 and some examples are illustrated in 
Fig. 8.33.

8.3 Colouring and shadow

After the outline of the shoe has been drawn, shadow and colour are applied 
to provide a realistic representation. The shadow and colouration assist in 
presenting the perspective of the shoe design and the dimensions. They 
may also help to convey the style intentions of the designer. in some cases, 

Ankle sneaker style line

Rubber tubing style line

8.24 Template for sneaker.

8.25 Samples of sneaker illustrations.
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8.26 Template for running shoe.

8.27 Samples of running shoe illustrations.

exaggerated and coloured sketches are useful in guiding the development 
process. The lighter and darker areas must be considered in the shadowing 
process, the designer perceiving the shoe as a geometric shape in order to 
determine the shadow. A shadowing example is shown in figure Fig. 8.34.

8.3.1 Geometric theory

Designers use various geometric shapes as an aid to calculating dimensions. 
An example composed of geometric shapes is shown in Fig. 8.35. This is 
a simple configuration based on shapes such as spheres and cylinders. It 
may be seen that the position of the shadow always falls at the edges, e.g. 
Regions 1 and 3 in Fig. 8.34. By shadowing Regions 3 and 1, the section 
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imitates a cylinder and provides the desired shape for the shoe. The same 
effect can be seen in Regions 4 and 7 (Fig. 8.34). For the shoe cap Region 
2 and ankle Region 6, a spherical shape is used and the shadow is lightly 
sketched at the edge. A cylinder may be taken as the geometric reference 
for the heel section. in addition to geometric considerations, perspective is 
created by shading nearby objects lightly and distant objects more heavily. 
This is evident when shading the heel area. Shadows are drawn in the flexible 
areas (for example, Region 2).

8.3.2 Concealing detail

Footwear consists of several layers of material and concealing and displaying 
the different layers may be achieved by shadowing. in Fig. 8.34, at Region 
4, two straps run across each other. The lower strap is shaded more darkly 
than the upper strap. Considerable practise is needed to become proficient 
in this detailing.

8.28 Template for boot.
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8.3.3 Interior detail

Darker shadows are applied in order to make clear the difference between 
the inner and outer details. At Region 5, darker shadow is applied to give 
a perspective of depth inside the shoe. The same shadow is applied on top 
of Region 7. This type of shadow can be darker than that used in Regions 
1, 3, 4, and 7.

8.29 Samples of boot illustrations.
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8.3.4 Source of light

When sketching and colouring shoes, a side view is preferred in order to 
show the design details clearly. The source of light is therefore most effective 
when directed from the centre.

8.31 Samples of ankle boot illustrations.

8.30 Template for ankle boot.
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Inside zipper flap

Normal cap

Open toe cap

8.32 Template for heeled ankle boot.

8.33 Samples of heeled ankle boot illustrations.
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6

5

7

4

1

2

3

8.34 Shadowing example.

8.35 Geometric shapes idea in shadowing and colouring process.

8.4 Recommendations

Details are important in all illustration. When illustrating shoes, the stitching 
detail is vital and there will be a considerable difference between the initial 
drawing and that displaying added detail.
 Many students find it difficult to place the detail of zippers or stitches 
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correctly. Close attention to an actual pair of shoes is the most effective way 
of observing the positioning of such detail. it is important to check that all 
details (e.g. stitching, zipper/closure, outsole and exposed insole) are added 
to the finished illustration.

8.5 Sources of further information
Beard, T (1999) Art of the boot, new York: gibbs Smith Publisher.
grafton, C B (1998) Shoes, hats and fashion Accessories: A pictorial Archive 1850–1940, 

new York: Dover Publications.
grew, F. (2001) Shoes and patterns, London: Boydell Press.
Julianelli, J. (2010) The Naked Shoe: The Artistry of Mabel Julianelli, new York: ACC 

Editions.
mcDowell, C. (2000) Manolo blahnik, London: Cassell & Co.
Tahmasebi, S. (2011) figure poses for fashion illustrators, new Tork: Barron’s.
Walford, J. (2010) Shoes A–Z: Designers, brands, Manufacturers and Retailers, London: 

Thames & Hudson.
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Abstract: Footwear is intended to provide comfort for wearers and protect 
human feet against harsh conditions. However, appropriate footwear for 
military uses has been one of the most important concerns for a long time 
period. Unlike civilian footwear, military footwear is required to be used for 
a wide range of activities. In order to meet a number of key requirements in 
one type of military footwear, many compromises have to be made because 
the requirements usually conflict with one another. This chapter summarizes 
the key requirements for military footwear used in various environments, 
such as cold–wet and hot scenarios. In addition, the role of textiles in a 
footwear system comprising socks, insoles and liners is described. Finally, 
future trends of military footwear are discussed.

Key words: blister, boot, cold injury, moisture management, socks.

16.1 Introduction

Footwear is intended to provide comfort for wearers and protect human 
feet against harsh conditions such as cold and/or wet environments, and 
hard and rough ground surfaces (Silva et al., 2007). The characteristics of 
footwear affect the injury incidence rate (anderson et al., 2005; Finestone and 
Milgrom, 2008; grier et al., 2011; Jones and Knapik, 1999), wear comfort 
(Uedelhoven et al., 2001), energy cost (Jones et al., 1984, 1986; Legg and 
Mahanty, 1986), and the fatigue rate (Frey, 1997). These characteristics 
include footwear flexibility (Miller et al., 2000), shock absorbing properties 
(gardner et al., 1988; Kim 1993; Thompson and McVey, 2004; Windle et 
al., 1999), age of footwear and materials’ degradation properties (gardner 
et al., 1988), arch supporting systems (Chiu and Wang, 2007), toe cap 
properties (Dykeman, 1988; Kuklane et al., 1999), pressure over the plantar 
surface area (House et al., 2002), materials used for outsole and midsole 
(Rosenblad-Wallin, 1988), and the fit (Bailey, 1982; Bailey and Hall, 1986; 
Manna et al., 2001).
 Many reports have documented that armies have been defeated by extreme 
weather rather than the enemy (Paton, 2001; Wilkinson, 1911). Lessons 
learned from previous wars such as the Korean War, the two World Wars 
and the gulf War (Paton, 2001) have also demonstrated that the soldiers’ 
performance is largely determined by the performance of footwear. Proper 
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footwear for the military has been one of the most important concerns for 
quite a while. Unlike civilian footwear, military footwear must be developed 
for a wide range of activities. The design of military footwear entails not 
one but many compromises because the requirements usually conflict with 
one another (Hamill and Bensel, 1993; Oakley, 1984). For instance, cold 
protective footwear should be designed as light as possible to avoid extra 
energy cost. However, the requirement for cold protection does not allow 
much weight reduction. Therefore, how to make compromises during the 
design process to construct appropriate military footwear is still a great 
challenge for designers and scientists.
 This chapter summarizes the key requirements of military footwear. The 
specific requirements for military footwear used in cold and wet environments, 
and hot scenarios, are explicitly described. The role of textiles in a footwear 
system, including socks, insoles and liners, is also discussed. Finally, some 
examples of typical boots such as combat boots, jungle boots, desert boots 
and extreme cold weather boots, and future trends of military footwear are 
addressed.

16.2 Key requirements for military footwear

although requirements for military footwear have changed over the years, the 
essence of the requirements has not changed very much. generally, military 
footwear must maintain and enhance mobility; have good traction on a variety 
of surfaces over long distances (Rosenblad-Wallin, 1988); be light-weight 
and without excessive bulk; and be flexible whilst offering good support, 
especially for carrying heavy loads over irregular surfaces. The footwear size 
must be properly designed (i.e. fit of footwear); the sole should not adhere 
to any foreign matter; the footwear must be balanced and should not present 
or intensify hazards. The military footwear must protect against:

– antifreeze;
– ballistics;
– battery acid;
– blast;
– degradation by sea water, human sweat, or microbiological agents;
– falling heavy objects;
– flames or heat;
– flora and fauna;
– insects and snake bites;
– nuclear and chemical threats;
– petroleum, oil, lubricants;
– spikes;
– static electricity buildup;

Footwear-Luximon-16.indd   319 8/13/13   9:52:32 AM

�� �� �� �� �� ��



320 Handbook of footwear design and manufacture

© Woodhead Publishing Limited, 2013

– terrain irregularities;
– wind.

(Chaloner et al., 2002; Dyck, 1992, 1993; Fujinaka et al., 1966; Martinez 
and Jendrisak, 1970; Walden, 2005).
In addition, footwear must be well constructed and have reliable closures and 
a long life-span without deterioration in any environment. Footwear must 
be strong and durable, repairable, undetectable by either visual or infrared 
surveillance, shrink resistant and easy to don and doff even while wearing 
heavy gloves. Footwear must be compatible with operations of land, sea and 
air vehicles and equipment, and other combat clothing, and must be silent 
in use and affordable.
 Since the requirements of footwear designed for cold–wet environments 
and hot environments differ, the specific requirements for these two types 
of military footwear will be discussed in the following two subsections.

16.2.1 Military footwear for cold–wet environments

Human feet are more often influenced by the cold–wet exposures than 
other body parts because they have limited metabolism (i.e. the foot has a 
small muscle mass). Each foot can have a maximum intrinsic metabolism 
of 2 W. However, it may be reduced to 0.2 W when the tissue temperature 
drops below about 10 °C (Dyck, 1992). although heat input from arterial 
blood supply can reach up to 30 W, it can be greatly influenced in cold 
environments and can fall below 3 W. Therefore, the heat content of the 
foot itself is quite small.
 The tolerable range of foot temperature is between 13 °C and 38 °C 
(Koeller, 1959). The comfort zone for human foot lies between 20 °C and 
35 °C. When the foot temperature drops below 25 °C, humans will start 
feeling cool on the toes. The pain sensation appears when the toe temperature 
drops to 15 °C. The pain sensation grows quickly with decreasing toe 
temperature, and becomes intolerable when the toe temperature drops to 10 
°C, even without too much reduction of the mean skin temperature (Kuklane, 
2009). The numbness appears when the tissue temperature drops below 7 
°C. Trench foot and frostbite are the most common cold-related injuries 
(atenstaedt, 2006; Heus et al., 2005). Trench foot develops after feet have 
had a prolonged exposure to a cold and wet environment. It does not require 
freezing temperature, and can occur at temperatures as high as 15.5 °C (Doerr 
and Davis, 2012). Trench foot can cause permanent physical impairment and 
requires long-term therapy. The most serious cold-related injury, frostbite, 
occurs when the skin and subcutaneous tissue freeze (Parsons, 2003).
 The soldiers’ mobility largely depends on their legs and feet, while the 
physical condition of their feet is mainly determined by their footwear 
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(Kuklane, 2009). On the battlefield, soldiers often do not have the opportunity 
to change their socks or to take off their boots to dry. Thus, the boots and 
socks become damper and damper with use. Trench foot and frostbite can 
easily develop in cold and wet environments and mobility can be greatly 
influenced. Historically, there are many documented cold injuries among 
soldiers in combat. During World War II, the number of US military fatalities 
caused by cold related injuries was greater than 90 500 (Paton, 2001). During 
the Falkland Islands conflict of 1982, the UK ground combat personnel had a 
high incidence of non-freezing cold injuries such as trench foot (Endrusick, 
1996; Oakley et al., 1988). The war was brought to a close by commanders 
due to increased risks caused by such cold injuries. Therefore, in order to 
keep personnel mobile, protection of feet against cold and wet environmental 
conditions is one of the most important and challenging requirements for 
military footwear.
 The military protective footwear used for cold and wet environments must 
meet the following key requirements (Dyck, 1992; McCaig and gooderson, 
1986):

 (i) provide thermal comfort;
 (ii) be well insulated and maintain thermal insulation if punctured;
 (iii) be waterproof but vapour permeable;
 (iv) be able to absorb and transport water vapour and liquid sweat;
 (v) dry quickly;
 (vi) not be too heavy to cause excessive foot sweating;
 (vii) have an integrated aluminium or steel safety toe to avoid mechanical 

injury.

With regard to the thermal insulation [requirements (i) and (ii)], it is 
impossible to protect against cold stress by wearing many layers of socks. 
The footwear may fit correctly only with limited layers of socks. Although 
it is possible to wear oversized footwear, this will hinder mobility and the 
total insulative effect may be small. a good practice is to wear two socks: 
the one next to the foot provides blister protection, and the other provides 
insulation (Thwaites, 2008). The inner sock should be non-absorbing. To 
balance the two conflicting requirements of low weight and good insulation 
(i), (ii) and (vi), materials with low thermal conductivity are recommended. 
The alternative is to use heated socks or heated insoles (see Fig. 16.1). Pratt 
et al. (1961) suggested that a minimum heating power of 5 W was required to 
maintain both feet at 10 °C at an environmental temperature of –40 °C with 
a standard insulated boot. as electronic and textile technology has advanced, 
slim, thin and washable heating elements (e.g. Wang et al., 2010a) have 
become available. Wang and Lee (2010) and Wang et al. (2010b) studied 
the heating efficiency of electrically-heated vests on dry heated thermal 
manikins. They found that the heating efficiency of such a heating system 
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was determined by both environmental conditions and how much insulation 
was added to the heating system. So far, battery capacity appears to be the 
limiting factor in many applications (Holmér, 2009). nevertheless, there is 
a great potential to incorporate electrically heated systems into insoles or 
socks in the future. The third option to provide warmth in footwear is to 
apply phase change materials (PCMs) to footwear (nelson, 2002). Endrusick 
et al. (2000) investigated the possibility of applying PCMs to footwear to 
improve the thermal comfort of human feet exposed to cold–wet weather. The 
thermoregulatory responses of eight male subjects while wearing a standard 
US army boot (200 g Thinsulate®) and other prototype boots insulated with 
PCMs were reported and compared. The experiments consisted of walking 
on a treadmill for 15 min at 1.34 m/s, followed by sitting on a bench for 70 
min at 0 °C and –12.3 °C. They found that no particular boot presented an 
increased level of thermal comfort. The US army Intermediate Cold–Wet 
Boot (ICWB) provided relatively high toe temperatures at the upper end of the 
temperature range but was less effective at the lower end of the temperature 
range. The PCM insulated Boot 1 maintained cooler temperatures during 
exercise and warmer temperatures while sedentary at the skin surface of both 
large and small toes. Mekjavic et al. (2005) compared the thermal insulation 
properties of identical hiking boots, incorporating a layer of Sympatex® or 
a layer of Outlast® PCM. Twenty subjects participated in this study. Their 
booted feet wrapped in a plastic bag, were firstly immersed in 30 °C water 
for 15 min, followed by 3 hours in 15 °C water. There was no difference 
in any of the foot skin temperatures between these two boots incorporated 

16.1 Heated insoles.
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with PCM. Thus they concluded that the PCM does not offer any significant 
improvement in thermal protection and does not minimize the cold injury 
risks. However, it should be noted that the warming effect provided by 
PCMs is determined mainly by the amount of PCM applied, the temperature 
gradient between the PCMs’ solidifying temperature and the environment 
temperature, and the covering area (gao et al., 2010). In Mekjavic et al.’s 
study, the amount of PCM applied in hiking boots was quite small and thus 
there was no significant warming effect. Nevertheless, further studies are 
still needed to explore the possibility of incorporating PCMs into military 
footwear.
 To meet the third key requirement (iii) of military footwear, the outermost 
layer of the footwear should be waterproof (Oakley, 1984). Leather treated 
with a water-repellent finish, rubbers and Gore-Tex® are widely used in 
cold-protective footwear. On the other hand, the inner layers should provide 
sufficient insulation to keep a static foot warm for many hours. Endrusick 
(1992) studied the effect of prolonged water contact on the thermal insulation 
of cold-weather military footwear. He found that the standard-issue US navy 
boot (wool felt insulation sealed with a rubber vapour-barrier) showed the 
smallest total thermal insulation loss as the result of wetting. The other three 
cold-weather safety boots without a hydrophilic polyester membrane lost 
more than 45% of thermal insulation when wetted. Thus, the conclusion is 
that the standard-issue boot provided superior overall performance. Congalton 
(1997) tested the vapour permeability of the British leather military footwear 
system for cold–wet environments using a sweating guarded hotplate. The 
evaporative resistances of the leather, the liner and the complete assembly 
were 23.9 m2·Pa/W, 80.2 m2·Pa/W and 113.4 m2·Pa/W, respectively. The 
leather was the determining factor – its evaporative resistance was increased 
markedly when worn with a liner. The total evaporative resistance of the 
footwear assembly reached the level at which sweat condensation inside 
the boot becomes a problem. Endrusick (2005) introduced a new improved 
military boot designed for cold and wet environments. The localized thermal 
insulation of the new boot and standard boot was tested for five days under 
different testing conditions. This new boot had a removable insulation 
bootee, see Fig. 16.2. The standard boot has a traditional construction with 
a permanent, sewn-in liner consisting of Cambrelle®, gore-Tex® and 200g 
Thinsulate® insulation. The initial insulation was almost the same, while the 
24h water exposure resulted in a reduction of 60% insulation of the standard 
boot compared with a reduction of 35% of the new improved boot. The new 
boot was slightly heavier, but it absorbed less water during 24h wetting. 
Therefore, the new ICWB could provide potential for thermal protection to 
feet in cold and wet conditions.
 Key requirement (v) may be achieved by using quick dry liners or socks 
made from moisture-absorbing and quick-drying fibres (Fig. 16.3) such as 
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profiled fibres and honeycombed patterned porous fibres (Wang et al., 2009; 
Wang and Wang, 2010). Dyck (2002) proposed to use drying pads made of 
a super absorber based material (sealed cotton wicking material containing 
a white sodium polyacrylate powder, the weight of a drying pad being 
100 g) to dry some wet combat boots in a simulated field environment. It 
was found that the drying pad absorbed water very quickly for the first 30 
minutes, and dried to its dry weight within 24 hours. The drying pads picked 
up about 78.9 g moisture. He recommended that 4–6 drying pads should be 
used to dry wet-weather boots in the field. The last key requirement (vii) 
is usually done by adding a steel or aluminium toe (Dykeman, 1988). The 
deficiency of such a metal toe is that it has a good thermal conductivity. 
Interestingly, Kuklane et al. (1999) compared the total thermal insulation 
of the same footwear with and without a steel toe cap, and found the total 
insulation was slightly increased after introducing the metal toe cap. One 
possible explanation might be that the boots with a steel toe cap provided 
higher mass and heat contents.

16.2 The new Intermediate Cold Wet Boot (ICWB) with a removable 
insulation liner. (Endrusick, 2005.)

16.3 Profiled polyester fibres and honeycomb patterned micro-porous 
fibres used for functional quick-dry fabrics.
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16.2.2 Military footwear for hot environments

The human feet have two types of sweating. The soles of the feet sweat 
continuously at a low level, while the rest of the feet sweat as the result of 
heat stress. For an inactive person, the total estimated sweat rate is around 
3–5 g/hr./foot. For an active person, the total sweat rate can reach up to 25–40 
g/hr./foot. Once the sweat or external water is absorbed and accumulated in 
socks, an unpleasant feeling will be rated. The likelihood of the formation of 
friction blisters is increased considerably if the feet are wet (Knapik et al., 
1996; Cooper, 2007; Tiggelen et al., 2009). Thus it is important to transport 
water away from the feet as quick as possible.
 Conventional military footwear often fails to provide sufficient drainage 
and ventilation. This causes discomfort to the wearers in hot climates 
because the feet become really hot and the lack of ventilation does not allow 
moisture to escape from the boot. This eventually results in problems such as 
blisters, rashes and infections. Compared with boots used for cold scenarios, 
not much research and development has been done on the subject of wear 
comfort of boots for hot environments. Uedelhoven et al. (2001) studied the 
wear comfort of footwear in hot environments. Five pairs of socks with a 
two-layer construction and a german combat boot were used for the study. 
They summarized three pathways of moisture transport out of the shoe (see 
Fig. 16.4): (i) from skin through the sock through the material of the shaft 
of the footwear, (ii) from skin through socks along the inside of the shaft 
of the footwear, and (iii) along the inside of the sock. It was concluded 
that sock constructions have a major influence on the microclimate wear 

(ii) (iii)

(i)

16.4 Three different pathways for moisture exchange inside the 
footwear with the external environment. (Uedelhoven et al., 2001.)
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comfort of footwear systems in extreme environments. They also found 
that comparatively thicker socks could provide a drier foot climate without 
considerably raising the skin temperature.
 To improve deficiencies brought by current issued military footwear for 
hot environments, Clark et al. (2010) invented extreme service footwear for 
diverse military operations with a wide range of performance and terrain 
challenges. The invention provides improved outsoles that contribute to 
reducing noise during use and prompting stealth upon surface contact. The 
improved outsole, midsole and footbed are designed to bear heavy loads 
and to provide protection from objects and punctures. Drainage elements 
are also developed to enhance the performance and comfort of the footwear. 
The specialized adjustable footbeds allow the wearer to adjust the shoe fit, 
reduce relative footwear movement and provide a means of adjustment for 
different weather conditions.
 In conclusion, the main requirements of military footwear for use in hot 
environments are

– provide wear comfort;
– allow drainage and ventilation by the provision of eyelets or other 

openings;
– provide good moisture transport from the inside outwards and no moisture 

transport from the outside inwards;
– have limited thermal conductivity of the sole to avoid fast conductive 

heat transfer from hot ground to footwear;
– give quick drying properties;
– be well fitting.

16.3 The role of textiles in military footwear

The subject of military textile science is not new, and one of the earliest 
documented studies can be credited to 1792 (Scott, 2000). Rumford, an 
american army colonel and scientist, wrote an article entitled ‘Philosophical 
Transactions’ and reported the importance of internally trapped air in a 
range of textile fabrics to the thermal insulation provided by those fabrics. 
Definitely, textiles play an important role in military footwear systems. 
This section will describe the role of textiles in military footwear systems 
in detail. In particular, the uses of textiles in socks, insoles and liners will 
be addressed.

16.3.1 Socks

Sock and boot are the two vital parts of a footwear system. Boots can never 
be tested or trialled without socks. The socks have two important functions 
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(Dyck, 1993). Firstly, socks provide insulation to the foot. Secondly, socks 
protect the foot from the shear stresses and friction existing on the inner 
surfaces of the boot. In addition, socks must transfer moisture away from 
the skin to the boot, where it may be further moved outward if the boot 
is permeable. Socks must be strong enough to endure lengthy marching. 
They should also fit well and be shrink resistant to allow for swelling of 
the feet during extended activities, without cutting off blood circulation in 
the extremities.
 Socks are an important insulation source for the footwear system. They 
can be knitted from many textile materials; however, only a few are usually 
selected for military use (Dyck, 1993; Richie, 2010). The characteristics of 
these fibres are listed in Table 16.1. The majority of fibres listed in Table 16.1 
are synthetic because they have been engineered with better physical properties 
which are desirable for military performance. These physical properties may 
include waterproofness, wicking ability, thermal insulation, windproofness, 
light weight, resilience, reduced friction, odour resistance and quick drying 
properties. Natural fibres, such as Merino wool, have many characteristics of 
these synthetic fibres. Merino wool fibre has a much finer diameter, which 
has a softer feeling and more air space for moisture management. In addition, 
such wool has less tendency to cause skin itching.
 The relationship between socks and friction blisters has been extensively 
studied. The incidence of foot blisters is very high during basic military 
training. Friction blisters are considered the most common skin injury in 
the military. Foot blisters are painful and have a negative effect on an 
individual’s mobility. Knapik et al. (1996) examined the influence of three 
types of boot–sock systems on the incidence of foot blisters. Three groups 
including 357 male participants were involved in this study: group 1 wore 
the standard military boot socks consisting of a wool-cotton-nylon-spandex 

Table 16.1 List of textile fibres used for military socks

Fibre Characteristics

Cotton natural hygroscopic fibre, very absorbent, light weight, 
becomes stronger when wet.

Merino wool natural fibre, good thermal insulator, absorbent, resilient, good 
moisture management and easily dyeable.

Polyester Man-made hydrophobic fibre, resilient and shrink resistant, can 
transport moisture with little absorption.

nylon Strong, durable, hydrophobic.

Polypropylene  Light weight, moisture, oil and solvents resistant, easily 
sterilized.

Acrylic Strong, durable, springy and light weight.

Spandex Excellent stretch and recovery, oxidation resistant.
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combination; group 2 wore the standard military boot sock with a thin inner 
or liner sock consisting of polyester; the group 3 wore a very thick, dense, 
prototype outer sock consisting of a wool-polypropylene combination over 
the same liner sock as the second group. The foot blister incidence was 
lower among those who wore the prototype boot sock and liner than those 
wearing the wool-cotton-nylon-spandex socks. The foot blisters were severe 
enough to require medical attention. Tiggelen et al. (2009) also examined 
the incidence of foot blisters during basic military training. They found that 
the type of sock, race, previous military experience and known orthopaedic 
foot conditions significantly affect the incidence of foot blisters. Recently, 
Bogerd et al. performed a laboratory study (2011) and a field study (2012) 
to investigate the effect of two sock fabrics on physiological parameters 
associated with blister incidence. The two sock types were PP (99.6% 
polypropylene and 0.4% Spandex) and BLEND (50% Merino wool, 33% 
polypropylene and 17% nylon). The laboratory study found that PP tended 
to hold less water compared with BLEND and warmer microclimates of the 
boot were measured for PP compared with BLEND at the distal anterior end 
of the tibia. The field study showed that BLEND was rated as cooler, less 
damp, and more comfortable. BLEND stored 2.9±0.3 times more moisture 
compared to PP. Thus socks such as BLEND were suggested to be used. To 
conclude, it is good to make socks using a combination of fibres instead of 
using a single fibre. Such blended socks can present each fibre component’s 
positive characteristics, which make them better than those socks made from 
a pure fibre. More recently, Brennan et al. (2012) published a cross-sectional 
survey to determine the prevalence of and factors associated with friction 
blisters in all military personnel during Operation Iraqi Freedom (OIF) I. 
It was found that the prevalence of foot friction blisters was 33% during a 
12-month block of the OIF I. Eleven per cent of these personnel required 
medical care. Women with an age range of 26–34 were most likely to develop 
blisters. Those who had a prior history of deployment-related blisters had a 
high risk for the formation of combat zone foot blisters.

16.3.2 Insoles

Insoles are customized inserts that contour to a specific foot type. They act 
as an interface between the human body and the ground, and therefore can 
be considered as the most important part of the footwear. The insole should 
perform as a good shock absorber, be able to retain its shock absorbing 
capability and should attenuate the loading impact effectively. The insole 
should also return the impact of energy to the body to create a springy 
sensation. Removable insoles should absorb moisture and sweat, and act as 
an insulating layer between the foot and the boot sole. 
 Insoles may be loosely categorized as solid synthetics (e.g. Sorbothane® 
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and Latex foam), meshes (e.g. Saran), layers (e.g. Cambrelle® and Poron®) 
and Ortho felt (Dyck, 1993; Westwood et al., 2001). Solid synthetic insoles 
such as Sorbothane® are good shock absorbers because they are made from a 
proprietary and viscoelastic polymer. Viscoelastic means the material exhibits 
properties of both liquids (viscous solutions) and solids (elastic materials). For 
instance, Sorbothane® combines shock absorption, good memory, vibration 
isolation and vibration damping characteristics. In addition, Sorbothane® has a 
long fatigue life (for more information please refer to www.sorbothane.com). 
Saran is a manufactured fibre mesh made from a polyvinylidene chloride 
(PVDC) copolymer. It is resistant to stains, flame, moisture and mildew, and 
has good abrasion resistance. Cambrelle® is a non-woven synthetic material 
made from bi-component fibres (nonwoven shell fabric with a nylon core). It 
is odour, abrasion and pilling resistant. Ortho felt is a resilient fabric made 
from cotton and wool; it has a relatively low tensile strength (Leber and 
Evanski, 1986). Felt is widely used for pressure relief pads in footwear.

16.3.3 Liners

The liner is located between the foot and the boot, it includes two subcategories: 
an additional loose-fitting insulating layer (e.g. a duffle sock in a mukluk) 
and a thin impermeable/semi-permeable insulation-protection layer (e.g. 
a gore-Tex™ sock or a rubber vapour barrier). a waterproof but vapour 
permeable layer can be achieved by mainly three approaches: high-density 
fabric, fabric coated with a membrane, and laminated fabric. Sheets and 
Finney (2002) designed a waterproof footwear liner. This waterproof liner 
can be used as an insert in footwear to provide comfort and warmth to the 
wearer. The liner includes two sides connected at front and back seams by 
stitching, an inner bottom piece connected to the two sides along a bottom 
seam by stitching, and an outer bottom piece adhered to the inner bottom 
piece. Each side has a three-layer structure: an outer layer, an inner layer 
and a waterproof but vapour permeable intermediate layer. The outer bottom 
piece has an outer layer and a waterproof but vapour permeable inner layer. 
McLinden (2009) developed an absorbent footwear liner, which covers the 
footwear sole in order to absorb and dissipate perspiration. It has an upper 
layer comprising a fabric with moisture wicking capabilities and a lower 
layer comprising an adhesive material. Both layers extend across the whole 
footbed of the shoe covering the footbed from edge to edge and end to end. 
The fabric comprising the upper layer absorbs excessive moisture from the 
foot. The adhesive lower layer keeps the liner secure on the footbed of the 
shoe. Fauland et al. (2011) tested the moisture management properties of 
ski-boot liner materials. It was found that assemblies with laminated materials 
had no moisture evaporation. Thus it was impossible to dry out such liners 
overnight. Therefore, the liners may be designed in a way that the outer layer 
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of the liner would have a higher water uptake than the inner layer. as an 
alternative, the inner layer could be a blend with low wool content, while 
the outer layer has high wool content.

16.4 Examples of military footwear

16.4.1 Combat boots

Combat boots are the most widely issued footwear in the army and the Marine 
Corps. They are used in training, garrison, and sometimes field environments 
(Hamill and Bensel, 1996a, b, c). New recruits receive such boots at the 
beginning of their basic military training and use them for all activities. 
after the basic military training, military men and women continue to use 
the boot for physical training, field simulations, garrison work environments 
and ultimately on the battlefield. Unlike civilian outdoor boots, the combat 
boots are used for running, jumping, climbing, marching, hiking and other 
activities. They are therefore required to be used for a variety of physical 
activities in a wide range of environments. Military issued combat boots must 
meet three levels of basic requirement, which are described in Table 16.2.
 Modern combat boots have evolved for a number of generations to be 
well matched to the requirements of the 21st century military. They were first 
introduced during World War II (Olive-Drab, 2012). Such boots were modified 
from service shoes, with an extended rough-out or a smooth leather high-top 
cuff. They had a one-piece sole and heel, made from moulded synthetics 
or reclaimed rubber. The mid-1980s military combat boots had a leather 
upper. The outsole was moulded to the upper and had a deep lug design. a 
removable urethane foam insert was also issued with the boot. The insert 
had a fibreboard backing and extended from the heel to the toe. The current 
modern combat boot issued for the US Marine Corps is the Belleville 500 
USMC waterproof combat boot (Fig. 16.5). It has a Vanguard running shoe 
sole construction and a polyurethane removable inset. The materials of the 
upper part of the boot are full-grain cowhide leather and nylon fabric. For 
hot weather combat boots, vents (or eyelets) for drainage and air ventilation 

Table 16.2 The three-level requirements of military issued combat boots (Olive-
Drab.com LLC 2012)

Primary function requirements Secondary physical 
requirements

Tertiary production 
requirements

Enhance the wearers’ mobility
Minimize the lower extremity 
injury rate and pain
Provide enough comfort

Weight
Height
Closure design
Waterproof property
Material durability

Cost
Production rate
Industrial base
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are provided. For cold weather waterproof boots, a gore-Tex™ membrane 
and Thinsulate® insulation are usually applied in the footwear.

16.4.2 Jungle boots

Jungle boots are the second most frequently worn footwear among army 
and Marine Corps personnel (Hamill and Bensel, 1996a). Jungle boots were 
developed in the 1960s for use in south-east asia (Swain, 1967). although 
such boots are prescribed for use in hot and humid climates, soldiers may 
wear them in other climates as well. Similar to combat boots, the jungle 
boots (Fig. 16.6) are used for physical training, combat simulations, in 
the garrison and on the battlefields. The foot portion of the jungle boot is 
fabricated of leather, while the upper portion of the boot uses cotton or 
nylon fabrics. Such boots have a direct moulded sole with a lug tread and 
an insole incorporated with a steel plate.
 The original jungle boots were made of canvas and rubber and were first 
used in the South Pacific during World War II. Such jungle boots had a 
canvas duck top and an attached tongue. The tongue was used to keep out 
mud and insects. a removable fabric insole kept the feet away from the 
corrugated rubber sole. The boots were easily cleaned and dried. However, 
there were many complaints regarding such boots because they could develop 
‘aching arches’. Later, the jungle boot was redesigned and used during the 
latter part of the Second World War. The modified jungle boots had spun 
nylon uppers, a leather insole and a full length rubber outer sole. During 

16.5 Combat boot.
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the Vietnam War, five patterns of jungle boots were used. All jungle boots 
were featured with black leather and nylon construction with two steel-
screened eyelets on the inner part of the arch to drain the boots after water 
crossings and provide air circulation. The Vietnam-era jungle boots were 
quite successful. Thereafter, jungle boots were the standard combat boots 
for hot weather for many decades.

16.4.3 Desert boots

During the Persian gulf War, the US army and the Marine Corps discovered 
that jungle boots were not suitable for extreme hot weather. Such jungle boots 
could cause discomfort. The eyelets located on the lower part of the boots 
could easily trap sand. also, they could not keep the soldiers’ feet warm 
enough during the winter seasons. All the aforementioned deficiencies led 
to the development of a new generation of desert boots for use in hot–dry 
climates.
 at the very beginning of the Persian gulf War, the black/green Vietnam-
era jungle boots were quickly modified for desert use. The colour was 
changed to a desert tan colour. The steel plate and the vent eyelets were 
eliminated. However, the performance of such modified desert boots has not 
been changed that much. Later, further modifications were made: cotton was 

16.6 Black jungle boots. (Photo modified from Altama.com.)
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replaced with tough and durable Cordura®; the normal smooth leather was 
changed to suede leather. The shaft was reinforced to keep out the sand, 
mud and other debris.
 Smith gathered lessons from soldiers serving in the Baghdad sector 
during Operation Iraqi Freedom (Smith, 2003). The soldiers were generally 
dissatisfied with the performance of the desert combat boots. The sole was 
too soft and was easily damaged by the terrain. In addition, soldiers found 
that the desert boots held moisture readily that had entered through the 
ventilation holes. Some soldiers complained that the boot cut into the top 
of the foot and many of them did not use the bottom set of lace holes to 
reduce the pressure on their feet. Soldiers felt the sizing of the boots was 
inconsistent. Compared with the altama desert combat boots, (Fig. 16.7) 
the Belleville boots were found to be very comfortable but too hot for the 
desert climates. The Marine Corps desert boots have a good reputation.
 The lining of current generation desert combat boots has been changed to 
moisture wicking, antimicrobial and breathable mesh fabrics. The moulded 
midsole is usually made from EVa (ethylene/vinyl acetate copolymer) and 
the cushioned polyurethane innersole is removable. The Panama outsole is 
oil, acid and slip resistant. The main principle to choose materials for such 
desert boots is that the material should have low thermal resistance.

16.7 Desert combat boots. (Photo: Altama.com.)
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16.4.4 Extreme cold weather boots

Extreme cold-weather boots are designed to be worn in extreme cold 
environments (Solane et al., 2011). They were originally designed and 
adopted during the Korean War. The boots were used to avoid frostbite and 
cold injury during the winter. a layer of thick wool and felt was sandwiched 
between two layers of rubber, which was compressed to make a thin, flexible 
and watertight insulated barrier. This boot was designed to be used with a 
pair of thick padded-sole socks.
 Current extreme cold weather boots can provide thermal protection at 
temperatures down to –60 °C. Such boots have an all-rubber upper construction. 
The insulation consists of three layers of needle-punched polyester foam, 
which is hermetically sealed within an outer and inner layer of rubber. The 
boot has a pressure release valve (See Fig. 16.8), which is used to adjust 
the air pressure inside the boot during high-altitude operations.

16.5 Conclusion

although a variety of boots has been developed during the past few decades, 
designing perfect boots for military use is still a great challenge. appropriate 
footwear for different scenarios is still not available. However, it would be a 
good idea to structure a military boot that is a series of compromises, with the 
best of all worlds represented. It is impossible to design a footwear system 
that is 100% satisfactory for all situations; but the developed footwear should 
at least have an above-average acceptability. With regard to socks, cotton 
socks are not recommended for use in military applications because of their 

16.8 Extreme cold weather boots. (Courtesy of Gunboatparksurplus.) 
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poor performance when exposed to water and moisture. Socks made from 
synthetic fibres have better moisture management properties, faster drying 
times, better durability and better shape maintenance abilities and thus are 
recommended for use in military footwear systems.

16.6 Future trends

Future military footwear will probably have a modular boot system (MBS). 
The MBS provides a multifunctional, multi-theatre footwear system for 
soldiers to wear in operational environments with temperatures ranging from 
–51 °C to 49 °C. The MBS will be distributed to each soldier. The MBS 
consists of a flame-resistance hot weather base boot, a shock attenuation and 
slip resistant soling system, two pairs of non-insulated waterproof booties 
and an insulated cold weather overboot.
 In order to provide a combat-effective mountain boot with the ankle 
stability, support and mobility required in a mountainous environment, the 
waterproof mountain combat boot will be developed. Such boots have a full 
grain, nubuck upper, a combination speed lace and eyelet lacing system, a 
comfort collar, a non-marking, oil and slip resistant rubber outsole, and a 
rubber rand for added durability abrasion resistance.

16.7 Sources of further information

More detailed information about military footwear can be found on the 
websites of the following footwear manufacturers, retailers and on the official 
websites of the U.S. army:

– altama footwear: http://www.altama.com 
– Belleville footwear: http://www.bellevilleshoe.com 
– Israeli army surplus store: http://www.israelmilitary.com/ 
– McRae footwear: http://www.mcraefootwear.com 
– Wellco footwear: http://www.wellco.com
– The United States army: http://www.army.mil/search/index.

php?search=footwear 

Cambrelle® is a registered trademark of Camtex Fabric Limited (Cambridge, 
UK); Cordura® is a registered trademark of Invista (Wichita, KS); gore-
Tex® is a registered trademark of W.L. gore and associates (newark, DE); 
Outlast® is a registered trademark of the Outlast Technologies Inc. (Boulder, 
CO); Poron® is a registered trademark of the Rogers Corporation (Rogers, 
CT); Sorbothane® is a registered trademark of the Sorbothane Inc. (Kent, 
OH); Sympatex® is a registered trademark of SympaTex Technologies gmbH 
(Unterföhring, germany); Thinsulate® is a registered trademark of the 3M 
Corporation (Maplewood, Mn).
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Abstract: diseases and disorders of the human foot and its related 
anatomical structures in older patients represent a significant clinical and 
public health concern. The immobility that results from local foot disorders 
and the focal complications of systemic diseases have a significant impact 
on the individuals’ ability to maintain their independence; retain a quality 
of life; and avoid becoming financial concerns for society in general. Two 
important factors involved in the older patient’s ability to remain as a vital 
part of society are a keen mind and the ability to retain their mobility, 
primarily through ambulation. The ability to remain mobile and functional 
in society are keys to the activities and instrumental activities of daily 
living, and may well be the primary catalyst for independence in the older 
population. The loss of the ability to walk due to some foot problem or 
change not only produces physical limitations but also has a significant 
impact on the patient’s mental, social, and economic status. As a society, 
footwear is an integral part of our ambulatory special needs. This segment 
provides information on geriatric foot problems, their etiological and 
epidemiologic factors, changes in the foot in relation to age, complications, 
psychological and physiologic considerations, shoe design considerations, 
and therapeutic footwear. This segment also includes a number of clinical 
illustrations and information resources.

Key words: foot, footwear, mobility, podiatric medicine.

18.1 Introduction

diseases and disorders of the human foot and its related anatomical structures 
in older patients represent a significant clinical and public health concern. The 
immobility that results from local foot disorders and the focal complications 
of systemic diseases have a significant impact on individuals’ ability to 
maintain their independence; retain a quality of life; and become financial 
concerns for society in general. Two important factors involved in the older 
patient’s ability to remain as a vital part of society are a keen mind and the 
ability to retain their mobility, primarily through ambulation.1,3,14

 The human foot is both a static and mobile organ of function. It provides 
support for the body at rest, and during propulsion and ambulation. It 
supports our ability to walk upright, which is a specific characteristic of 
man/woman. The ability to remain mobile and functional in society are keys 
to the activities and instrumental activities of daily living and may well be 
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the primary catalyst for independence in the older population. The loss of 
the ability to walk due to some foot problem or change not only produces 
physical limitations but also has a significant impact on the patient’s mental, 
social, and economic status.16,17

 One of the needs for appropriate foot health can be related to the measurable 
outcomes of immobility. Those outcomes include those related to human 
body systems, such as sluggish vascular flow, cardiovascular stress, chronic 
constipation, muscle weakness, weakened bone structure (osteoporosis), 
incontinence, pressure ulceration, increased agitation, depression, decreased 
appetite, an increased risk for pneumonia, and an increased risk of urinary 
infection. There are also a number of quality of life changes, which include 
reduced social contact, withdrawal from surroundings, loss of participation 
in activities, loss of independent and/or assisted mobility, a decreased desire 
to eat, a loss of independent or assisted toileting, a loss of independent or 
assisted bathing and/or dressing, increased problems with sleep patterns, a 
loss of interest in others, a loss of the desire to live and to discover life and/
or to love. To remain active physically, intellectually, and socially, provides 
a sense of well-being and permits older individuals to live their lives to the 
end of life with purpose and dignity.

18.2 Geriatric foot problems: etiological and 
epidemiological factors

There are multiple factors that contribute to the etiology of foot problems 
in older patients. The primary factors include the aging process itself; 
years of use and abuse; repetitive stress; neglect; foot deformity; and the 
presence of multiple chronic diseases, such as diabetes mellitus; peripheral 
arterial diseases; arthritis and degenerative joint changes; musculoskeletal 
disorders; neurologic deficits and sensory loss; onychia; and dermatologic 
conditions (see Fig. 18.1). Other significant factors include the degree of 
ambulation; the duration of prior hospitalization; limitation of activity; prior 
institutionalization; episodes of social segregation; prior and improper self-
care; emotional adjustments to disease and life in general; polypharmacy; 
and the residuals associated with other risk diseases. Other examples include 
impaired vision; hearing impairment; obesity; the inability to bend; spinal 
stenosis; the use of tobacco; dementia; a history of substance abuse (alcohol 
and other drugs); sensory loss; altered biomechanics (see Fig. 18.2) and 
pathomechanics; soft tissue atrophy and plantar fat pad displacement; limited 
joint mobility; and contractures. Discomfort, pain (podalgia), ambulatory 
dysfunction, and pain when walking (pododynia dysbasia) become distressing 
and disabling.12,18,19,20,21

 The epidemiology of foot disorders and diseases in the older patient needs 
to focus on prevention. While primary prevention is the goal for any public 
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health issue, the concept of secondary prevention (i.e. finding diseases and 
disorders in their earliest manifestations) and tertiary prevention (minimizing 
complications that arise from diseases and disorders) are equally import for 
older adults. It is also important to promote positive or optimum health, 
prevent risk-taking activities that reduce health, and prevent disabling illness 
after the onset of diseases and disorders, that is significantly important in 
the geriatric patient.27,30,31,36,37,39

18.1 Hypertrophic onychomycosis. 

18.2 Hallux valgus, hammertoes, bowstring dorsal tendons, 
onychomycosis (hallux), hyperkeratosis (heloma), bulla. 
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 There are a number of host factors that contribute to the development 
of foot problems in the older population. Some include prior occupations; 
congenital and/or genetic defects; degenerative joint disease and other 
arthritides; morphologic changes in foot structure (see Fig. 18.3); rotational 
changes in the musculoskeletal system and muscular imbalance; residual 
deformities; personal habits and customs; endocrine diseases such as 
diabetes mellitus; peripheral arterial and/or lower extremity arterial disease; 
neurologic deficits; dermatologic and onychial abnormalities; and variation 
in the patient’s response to repetitive and intermittent trauma. The agent 
factors that contribute to the development of foot conditions include hard flat 
surfaces for ambulation (see Fig. 18.4); trauma; foot covering material and 
fabrication; foreign bodies; foot-to-shoe-last incompatibilities; and neglect 
of foot and related symptoms.22,23,32,33,34,35,38,43

 In addition, there are a number of environmental factors that relate to the 
epidemiology of diseases and disorders of the foot and its related structures. 
Some include social and economic factors; customs and shoe styles; low 
income; adequate care and referral; nutrition; poor foot health education; 
cultural barriers; physical changes such as climate; flooring materials and 
covering; the health care system and insurance limitations; and the lack of 
school foot-health programs.41,42

 In clinically managing the older patient, assessment and care at a time 
when the progression of diseases and disorders can be interrupted early on 
is a major goal. The best example in the elderly is to prevent ulcerations in 
the older diabetic (see Fig. 18.5), treat them early when present, and prevent 
the potential for amputation that changes the quality and longevity of life 
for the older patient.

18.3 Hallux valgus, metatarsal prolapse, anterior fat pad 
displacement, hammertoes.
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18.3 Changes in the foot in relation to age

There are many factors that contribute to the development of foot problems in 
the elderly. They include the aging process itself and the presence of multiple 
chronic diseases. Other significant factors include the degree of ambulation, the 
duration of prior hospitalization, limitation of activity, prior institutionalization 
and episodes of social segregation, prior care, emotional adjustments to disease 
and life in general, multiple medications for multiple chronic diseases, and the 
complications and residuals associated with other risk diseases. The management 
of foot problems in the geriatric patient requires a comprehensive and team 
approach to maximize the quality of care provided.

18.4 Metatarsal prolapse, anterior displacement of plantar fat pad, 
pressure hyperkeratosis, hammertoes. 

18.5 Subungual hematoma (non-traumatic), diabetic complication.
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 The skin is one of the first structures to demonstrate change. There is a 
loss of hair below the knee and on the dorsum of the foot and toes. Atrophy 
follows, with the skin appearing parchment-like and xerotic. Brownish 
pigmentations are common and related to the deposition of hemosiderin. 
Hyperkeratotic lesions, when present, are associated with keratin dysfunction 
(hypertrophy and hyperplasia), a residual to repetitive pressure, atrophy of 
the subcutaneous soft tissue and/or as space replacement as the body attempts 
to adjust to the changing stress placed on the foot (see Fig. 18.6).
 Toenails undergo degenerative trophic changes (onychopathy); thickening 
(onychauxis and onychogryphosis) and/or longitudinal ridging (onychorrhexis) 
related to repeated micro-trauma, disease, and nutritional impairment. 
deformities of the toenails become more pronounced and complicated by 
xerotic changes in the periungual nail folds as onychophosis (hyperkeratosis) 
and tinea unguium (onychomycosis) (see Fig. 18.7). These conditions are 
usually long standing, chronic, and very common in the elderly and, in the 
case of onychomycosis, present a constant focus of infection. The deformities 
of toenails can create pressure areas in the toe box when there is insufficient 
toe depth and/or a foot-to-shoe-last incompatibility.
 Progressive loss of muscle mass and atrophy of soft tissue decreases function 
and causes a lack of activity, which increases the susceptibility of the foot 
to injury, so that even minor trauma can result in a fracture and a marked 
limitation of activity. Atrophy of the interossei is a precipitating factor in the 
development of digital contractures (hammertoes) (see Fig. 18.8), metatarsal 
prolapse (see Fig. 18.9), atrophy and displacement of the plantar fat pad.

18.6 Multiple hammertoes, contracted dorsal tendons (bowstring 
tendons, hyperkeratosis (heloma), subkeratotic hematomas. 
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 Peripheral vascular disease and arterial insufficiency produces trophic 
changes, rest pain, intermittent claudication, coldness, and color variations, 
such as rubor and cyanosis. There may be a loss of sensation and other changes 
related to neuropathy in the diabetic patient and those individuals with a 
history of spinal cord disease, arthritis of the spine, alcohol, or substance 

18.7 Multiple hammertoes, hallux flexus, degenerative joint changes, 
onychauxis, and onychomycosis. 

18.8 Hallux valgus with overlapping second toe, multiple 
hammertoes, onychomycosis, onychauxis, and xerosis. 
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abuse. The presence of hemorrhage subungually or in sub-hyperkeratotic 
tissue, demonstrates marked angiopathy that can be an early finding in diabetes 
mellitus, renal disease, retinal, cardiac, or peripheral arterial pathology. These 
changes generally predispose the patient to infection, necrosis, and tissue 
loss if assessment and continuing care are not provided in a comprehensive 
manner that includes health education and prevention.
 The presence of chronic diseases such as rheumatoid arthritis, degenerative 
joint disease, gout, diabetes mellitus (see Fig. 18.10), lower extremity arterial 
disease, collagen diseases, and a variety of neuromuscular conditions, 
precipitate degenerative changes in the foot that result in podalgia, gait 
modification, pododynia dysbasia, ambulatory dysfunction, altered mobility 
states, reduced agility, sensory deficits, and a loss of position sense. Physical 
disability, patients who are mentally challenged, patients with emotional 
and mental health issues, and patients in long-term care institutions are also 
at risk. On average, 90% of the adult population over 65 years of age will 
demonstrate some evidence of foot pain that alter their independent activity. 
Foot and related complications (see Fig. 18.11) also represent a significant 
factor for many hospital admissions related to complications associated with 
diabetic and vascular ulceration and infection.
 foot problems in the elderly represent one of the most distressing and 
disabling afflictions associated with old age. As society considers the basic 
needs of the older population, it is recognized that health is but one of 
those needs, and not always the highest in priority. Given an ideal set of 

18.9 Metatarsal prolapse, anterior displacement of plantar fat pad, 
plantar hyperkeratosis, subkeratotic hematoma, early diabetic ulcer, 
xerosis, fifth metatarsal plantar hyperkeratosis. 
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circumstances, there are two primary catalytic factors in the elderly patient’s 
ability to remain as a vital part of society. They are a keen mind and the 
ability to ambulate.
 Foot problems in the older patient are a significant health concern, both from 

18.10 Infected diabetic ulcer. 

18.11 Hypertrophic onychauxis, onychomycosis, and onychorrhexis. 
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a standpoint of prevalence and incidence. The immobility that results from 
a local foot problem or as the result of a complication of a systemic disease 
can have a significant negative impact on the patient’s ability to maintain 
a quality of life as a useful member of society. Older patients who present 
special risk factors in relation to systemic and other diseases include but are 
not limited to the following: Diabetes Mellitus; Arteriosclerosis Obliterans; 
Ischemia; Burger’s Disease; Chronic Thrombophlebitis; Venous Stasis; 
Peripheral Neuropathies and Loss of Protective Sensation; Malnutrition; 
Alcohol Abuse; Malabsorption; Pernicious Anemia; Cancer; Substance 
Abuse and Drug Interaction; Toxic States; Multiple Sclerosis; Uremia; 
Chronic Renal Failure; Chronic Obstructive Pulmonary Disease; Cardiac 
Disease and Congestive Heart Failure; Hypertension; Edema; Post-Trauma; 
Leprosy; Neurosyphilis; Hereditary Disorders; Mental Illness and Depression; 
Mental Retardation; Thyroid Disease; Milroy’s Disease; Hemophilia; Patients 
on Anticoagulant Therapy; Post-Stroke Patients; Paralysis; Ambulatory 
Dysfunction; Residual Deformities of Arthritis and Collagen Diseases; 
Amyotrophic Lateral Sclerosis; Visual Impairment; Physical Impairment; 
Neuromuscular Diseases such as Parkinson’s; Cognitive Dysfunction; Severe 
Arthritis and Spinal disk disease; Obesity; and patients over seventy years 
of age.
 Many chronic diseases also produce degenerative changes in the foot 
which result in podalgia, gait modification, ambulatory dysfunction, altered 
mobility status, reduced agility, and a loss of sensation and position sense. 
Examples include the residuals of rheumatoid arthritis and degenerative joint 
disease, diabetes mellitus and a wide variety of neuromuscular diseases.  
The disabled, mentally challenged and emotionally disturbed patients 
are also at risk as a population sample. Early assessment, diagnosis and 
primary foot care are important issues to prevent catastrophic situations as 
the patient ages.
 Feet are fairly rigid structures that carry heavy physical workloads, which 
are both static and dynamic, through life, into, and through the aging period. 
The foot itself is in the shape of a modified rectangle and bears static forces 
in a triangular pattern. The transmission of weight and force starts at heel 
strike, proceeds anteriorly along the lateral segment of the foot, medially 
across the metatarsal heads, to the first metatarsal segment for the push-off 
phase of the gait cycle. The activities of life, such as occupation and social 
needs, produce many morphological variations in both the structure and 
function of the foot, in keeping with Wolff’s and Davis’ Law as the body 
adapts to the stress placed upon it. The environment itself, i.e. flat and hard 
surfaces, force the foot to absorb shock, creating prolonged periods of micro 
and repetitive trauma. As the patient ages, the problem magnifies itself, 
limiting the ambulatory status of the elderly. The stress created on the foot, 
and the inability of the patient’s foot to adapt to stress, produces inflammatory 
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changes in bone and soft tissue, such as osteitis; periostitis; synovitis; 
capsulitis; fasciitis; myositis; fibrositis; neuritis; and arthritis. Management 
includes eliminating the cause and redistributing weight to non-painful areas 
of the foot, through weight diffusion and weight dispersion. The ability of an 
individual to adapt to change is also a factor. The primary treatment goals 
for the older individual are to relieve pain, to restore maximum function and 
to maintain that restored function once achieved.
 foot problems of a pathomechanical or biomechanical nature usually arise 
from the interaction between normal morphological variations, the capacity 
to adapt to stress, and the stressors acting on the foot itself. Morphologic 
variations may be intrinsic, i.e. within the foot itself, or extrinsic, such as 
changes in the physiologic relationship of the legs, knees, thigh, hip and 
back on the human foot. These changes may be bone and/or soft tissue. The 
common intrinsic changes include elements such as a hypermobile segment, 
pes cavus, atrophy of the interossei muscles producing digiti flexus or 
hammertoes, and the development of hallux valgus (see Fig. 18.12), or the 
so-called ‘bunion deformity.’ The ability to adapt to stress is dependent on two 
major systems, the neuromuscular and the vascular; which are significantly 
compromised as part of the aging process.
 The mechanical stressors are two in nature. The first is macro-trauma, 
which results from sudden injury, such as a fall, resulting in a fracture. The 
second might be termed micro-trauma which accounts for the hundreds of 

18.12 Hallux valgus with bursitis, osteoarthritis of the first metatarsal 
phalangeal joint, hammertoe deformities.
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thousands of tiny injuries to the foot from occupational activities, obesity, 
poor stance, modified gait and foot-to-shoe-last incompatibilities. The 
systemic stressors are those factors affecting the foot as complications of 
diseases such as diabetes mellitus, all forms of arthritis, arteriosclerosis, 
etc. It is also obvious that the foot cannot be divorced or segmented from 
the body, nor can the foot itself be segmented. It is thus evident that the 
foot must be considered as a total ‘end’ organ of locomotion and that the 
resultant mechanical, rotational and/or positional changes comprise parts of 
a syndrome or a chain of events of a chronic and progressive process. Once 
a link in the chain breaks, every effort must be made to prevent further 
damage and minimize the associated complications of chronic disease. As 
such, chronic foot problems take years to develop and become significant 
when they effect ambulation, the activities of daily living and the quality of 
life.
 Biomechanical, pathomechanical abnormalities, and deformities create 
functional problems in relation to gait and obtaining adequate footwear. 
Treatment consists of both non-surgical and surgical considerations. Age 
itself should not be the final determining factor in considering surgery. What 
is important is to determine what can be done to maintain a quality of life 
for the patient. Consideration must also be given to the patient’s ability 
to adapt to change in relation to ambulation, for to have an anatomically 
corrected joint and a patient that cannot ambulate without pain defeats the 
treatment needs of the elderly. Appropriate footwear is an important element 
of management to assist individuals achieve their maximum function.

18.4 Complicating foot problems

The management of foot problems in the elderly patient, related to footwear 
selection and design, require early recognition of their etiologic factors, the 
complaints and symptoms of the patient, physical signs, and the clinical 
manifestations of disease and degenerative change, which may be local in 
origin or a complication of a related systemic or functional disease.
 degenerative joint diseases as manifest in the elderly foot and related 
structures should be related to acute trauma, inflammation, metabolic change, 
repeated and chronic micro-trauma, strain, obesity, osteoporosis and post-
menopausal changes. The primary examples include, but are not limited to, 
the following: Plantar fasciitis; Spur Formation; Periostitis; Decalcification; 
Stress Fractures; Tendonitis; Tenosynovitis; Residual Deformities; Pes Planus; 
Pes Cavus; Hallux Valgus; Digiti Flexus (Hammertoes); Rotational Digital 
Deformities; and Joint Swelling. These clinical findings increase pain, limit 
motion, and reduce the ambulatory status of the patient.
 Chronic gouty changes demonstrate the residuals of painful joints, stiffness, 
soft tissue tophi, a loss of bone substance, gouty arthritis, joint deformity 
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and excessive pain associated with the acute episodes and exacerbations of 
the disease.
 The residuals of rheumatoid arthritis and degenerative joint disease are 
demonstrated but not limited to the following: Hallux Limitus; Hallux 
Rigidus; Hallux Valgus; Hallux Abducto Valgus; Cystic Erosion; Sesamoid 
Erosion; Sesamoid Displacement; Metatarsophalangeal Subluxation; 
Metatarsophalangeal Dislocation; Interphalangeal Subluxation; Interphalangeal 
Dislocation; Digiti Flexus (Hammertoes); Ankylosis (Fused Joints); Phalangeal 
Reabsorption; Talo-Navicular Arthritis; Extensor Tenosynovitis; Rheumatoid 
Nodules; Bowstring Extensor Tendons; Tendon Displacement; Ganglions; 
Rigid Pronation; Subcalcaneal Bursitis; Retrocalcaneal Bursitis; Retroachillal 
Bursitis; Calcaneal Ossifying Enthesopathy (Spur); Prolapsed Metatarsal 
Heads; Atrophy of the Plantar Fat Pad; Digiti Quinti Varus; and Tailor’s 
Bunion.
 The primary signs and symptoms of arterial insufficiency are those 
related to occlusion, vasospasm and a combination of these two primary 
changes. In general, many systemic diseases present in the elderly increase 
the prevalence and incidence of arterial insufficiency. The most common are 
diabetes mellitus; obesity; hypertension; congestive heart failure; cerebro-
vascular disease; renal disease; and reduced activity tolerance associated 
with chronic obstructive pulmonary disease.
 Primary symptoms include the following: fatigue; rest pain; coldness; 
burning; color changes; tingling; numbness; ulceration; a history of phlebitis; 
cramps; edema; claudication; and a history of repeated foot infections. 
Primary physical findings in the foot include diminished or absent pedal 
pulses, with similar changes, in the entire extremity; color changes, which 
include rubor and/or cyanosis; coolness; dryness; xerosis; and skin and soft 
tissue atrophy.
 The toenails demonstrate onychopathy (nutritional changes, subungual 
hemorrhage, discoloration, and onycholysis); onychauxis (thickening); 
onychorrhexis (longitudinal striations); subungual keratosis; onychomycosis; 
and deformity.
  The older diabetic patient presents a special problem in relation to foot 
health. Clinical findings include vascular impairment; the degenerative changes 
of aging; neuropathy; dermopathy; and marked atrophy and deformity related 
to both diabetes mellitus and aging (see Fig. 18.13). A loss of protective 
sensation includes insensitivity; paresthesia; sensory impairment to pain 
and temperature; motor weakness; diminished or lost Achilles and patellar 
reflexes; decreased vibratory sense; a loss of proprioception; xerotic changes; 
anhidrosis; neurotrophic arthropathy; atrophy; neurotrophic ulcers; and the 
potential for a marked difference in size between two feet associated with 
Charcot’s deformity. Vascular impairment adds pallor; a loss or decrease 
in the posterior tibial and dorsalis pedis pulse; dependent rubor; a decrease 
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in the venous filling time; coolness of the skin; and trophic changes. There 
is usually a loss of the plantar metatarsal fat pad, which predisposes the 
patient to ulceration in relation to the existing bony deformities of the foot 
(see Fig. 18.14).

18.13 Hematoma (plantar heel) due to shoe pressure, diabetic, 
atrophy of calcaneal fat pad. 

18.14 Post amputation of hallux – first ray, pressure at second 
metatarsal head and pressure hyperkeratosis (transfer keratosis). 
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18.5 Psychosocial and psychological considerations

The foot is more than a single-purpose locomotor accessory. From a psychosocial 
sense, the foot is clearly utilized to demonstrate hostility, such as kicking an 
individual or object. The foot may also be the site of unconsciously chosen 
expressions of deeper emotional feelings and inadequacies. In addition, the 
foot, and primarily the musculoskeletal structures (see Fig. 18.15), are often 
a focus for psychosomatic problems associated with depression, loneliness, 
etc. For example, suggesting to an elderly patient with emotional problems 
that, considering the condition of his or her feet, one cannot understand 
how they can walk, may be all that might be needed to significantly limit 
ambulation and develop a social dependence on society that increases the 
cost of care for the elderly.
 The most common primary physical manifestations of the foot associated 
with emotional disorders in the elderly include, but are not limited to, 
hysterical paralysis; psychogenic tremors; localized neurodermatitis; pruritus; 
and hyperhidrosis. Pre-existing conditions that are secondarily affected by 
emotional disorders resulting in an exacerbation of the disease or disorder, 
with pedal manifestations include but are not limited to gout; diabetes mellitus 
(see Fig. 18.16), obesity; vascular insufficiency; psoriasis; urticaria; and 
atopic dermatitis.
 When an elderly patient presents with inappropriate clinical complaints 
and symptoms that are not demonstrable as an actual foot disorder or as 
a manifestation of organic pathology, the potential for emotional transfer 

18.15 Hallux valgus, hammertoes, pressure ulcer – second toe, 
hyperkeratosis, subkeratotic hematoma, overlapping second toe. 
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must be considered. The foot may provide more than a primary focus for an 
emotional or psychiatric disorder; it may prove to be exclusive. The elderly 
patient may be utilizing his or her foot complaint as a cry for ‘help’ and as 
a means to seek attention, expecting relief through some form of physical 
treatment. When such treatment fails to bring relief, the patient usually 
reacts emotionally by blaming the doctor or other professional staff, feeling 
hopeless, dejected and may even project hostility. The patient may also react 
somatically, by increasing symptoms and complaints. Foot problems with 
psychogenic components usually represent some form of anxiety neurosis. 
They can also manifest as neurotic or psychotic depression; schizophrenia; 
involutional psychosis; or as a manifestation of organic brain syndrome. In 
addition, with our changing society and longevity, the potential to manage 
foot problems associated with mental health issues, as well as substance 
abuse, must now be considered in planning foot care for the elderly in mental 
health programs. Footwear clearly relates to the emotional state of older 
patients. It is an outward statement of fashion, life-style, independence, and 
functional capacity and activity. It is the selection of inappropriate footwear 
or foot-to-shoe incompatibility that creates foot disorders and pain.

18.6 Considerations in shoe design

It is important in designing footwear for older individuals to consider the 
fall risk factors associated with aging, as well as the gait changes associated 
with aging. In general, fall risks in older patients are associated with aging; 

18.16 Infected diabetic ulcer, cellulitis, keratosis, subkeratotic 
hematoma.
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changes in the activities and instrumental activities of daily living; diseases 
and disorders of the foot and its related structures; gait changes; visual 
impairment; depression and dementia; wandering; urinary incontinence; 
Parkinsonism; as well as environmental hazards.
 Gait changes in the older individual are associated with idiopathic disorders 
such as petit pas, postural changes, podalgia, and a cautious gait to help 
avoid falls. The so-called senile gait usually presents with a wider base, 
smaller steps, and a slower pace. Neurosensory changes include hemiplegia; 
Parkinson’s disease; ataxia; posterior column lesions; tabes; and peroneal nerve 
neuropathy. Arthritic changes associated with the residuals of rheumatoid 
or degenerative arthritis, Padgett’s disease, and spinal stenosis are also 
primary and co-morbid factors. Musculoskeletal, cardiovascular, metabolic, 
psychological, and medication reactions all contribute to gait modification. 
Weight and gravity itself also become elements of consideration 
 The loss of protection, proprioception, and deep tendon reflexes are also 
contributing factors. What is important to recognize is that foot problems 
are an etiologic factor in falls in the elderly, and that footwear design and 
selection must permit the foot to function without pain and assist in stability 
and walking. Incompatible footwear and inappropriate footwear produces 
podalgia and pododynia dysbasia.
 The shoe design factors that should be considered include but are not 
limited to the following as examples:

 Shoe Measurements: 
  lateral Stability – Postural Stability:
   Heel Height
   Heel Width
   Heel Counter – Stiffness – Flexibility 
   Critical Tilting Angle 
   Heel Bevel
   Heel Contact Area
   Heel flaring
  foot Position: 
   Heel Collar Height
   Padded Collar
   Top Line – Cuff
   Ball
   Sole Thickness 
   Longitudinal Sole Rigidity
   Sole Flexibility
    Stiff
    Soft
   Sole Flexion Point
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   Back Stay
   Toe Box – Shape and Depth
   Internal depth
   Heel Seat
 Shoe–Surface Interface:
  Tread Pattern
  Fore Sole Material
  Shoe to Ground Friction
  Sole Contact Area
  Sole Hardness
  Mid-sole Flare
  Slip Resistance
  Cushioning
  lining
  Shank
  Welt
 Footwear Materials:
  leather
  Plastic
  Rubber
  Textiles
  Wood
  Metal
  Canvas
  nylon
  Woven Hemp
  Adhesives
  dyes
  Animal Skin
 Upper Components and Considerations:
  lace Stays
  Shoe laces
  Metal Eyelets
  Velcro Closure
  Buckles
  Straps – fasteners
  Stiffener
  Girth
  Foxings
  Vamp
  Toe Box – Toe Cap – Puff
  Throat line
  Hooks
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  Eyelets
  Quarter
  Tongue
  lining
  Wicking:
   leather
   fabric
   Nylex
 Insole:
  Sock liner
  Insole Padding – foam and related material
  Shock Absorption
  Cushioning 
  Wearer Removable
  Compression Molded
 Outsole: 
  leather
  Rubber
  Vibram
  Crepe
  Plastic
  Non-Rubber
  Outsole Slip Resistance
  Midsole Thickness and Density
  Midsole Cushioning
  Molded – Compression 
  Heel
  Weather Reinforced
  Shock Absorption
  Water Resistance
  Heat Resistance
  Other
 Shank and Shank Area:
  Construction
  Welt – Goodyear
  Turned
  Cement
  Stitch Down
  Moccasin
  Molded
  force lasting 
 last:
  Inflare 
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  Straight
  Outflare
  Bunion 
 Shoe Style:
  Low Cut
  High Cut
  Mid Cut
  Sizing:
   American System
   UK System
   Children’s
   Continental System
   Mondopoint 
  Width 
  Prescription
  Athletic 
  Sneakers
  Running
  Walking
  Hiking
  Clogs
  High-Tops
  Lace-Up – Oxfords
  Extra Depth – Super Depth
  loafers
  Slippers
  flats
  Canvas Shoes
  Sandals
  Boots
  High Heels
  Sandals – flip flops
  Moccasins
  Pointed Toes
  Pumps
  Sling-Backs
  Platform

The human foot and its related structures are static and mobile in their basic 
functions and provide support for the body during periods of rest, propulsion, 
and ambulation. The ability to walk upright is a specific characteristic of humans 
and the ability to remain mobile and function in society is a rehabilitation 
goal. The loss of the ability to ambulate produces physical limitations that 
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have an impact on the individual’s mental, social, and economic state and 
society in general. In addition to the static and propulsive functions of the 
human foot and its related structures, society adds additional forces and 
activities. Some of these changes include the hard, flat walking surfaces; 
the forces of gravity that relate to an individual’s weight and activities, and 
changes in muscular activity related to function, motion, disease, deformities, 
and disability; and the ability to adapt and respond to morphologic variations, 
stress, and mobility.
 The human foot is basically a modified rectangle in a morphologic 
sense. With deformity, the sides of the rectangle may change but the basic 
shape is retained to a greater degree. The foot is also three-dimensional, 
and all considerations of footwear and orthoses must consider these facts. 
Shoes, their modifications, and orthoses must also consider the normal uses 
of the foot and ankle and their related structures, the biomechanics and 
pathomechanics of function as well stance, locomotion, and the individual’s 
needs as a member of society. Examples include the hard, flat surfaces of 
the plane of support, the shape and functional design of footwear, the social 
and psychologic pressures of occupation and society, the effects of gross 
trauma and repetitive micro-trauma, the weight of the individual, ambulatory 
speed, the effects of disease and disability, and the shoe last and material on 
foot incompatibility. One also needs to consider the ability of the patient to 
adapt to changes related to internal and external modification, hypertrophy, 
neuromuscular responses, psychic or psychogenic responses, and chronic 
diseases that affect the patient as a whole. Ambulation is a major objective 
of rehabilitation programs. The ability to reduce pain, restore function, and 
maintain the restored function is related to providing attainable goals for 
the patient and reduce potential complications prior to immobility and/or 
amputation.
 History indicates that shoes were first adopted by men and women as a 
form of protective foot covering. The basic components were a sole attached 
to the foot with thongs that formed the basis for the sandal. Leather or hide 
was the earliest form of material for this protective function. As civilization 
progressed, footwear became adornment in addition to protection, and social 
status was defined by the elegance or simplicity of the pedal covering. It was 
during the time of Hippocrates that a therapeutic special boot or slipper was 
developed for the management of clubfoot. during the eighteenth century, the 
writings of the Dutch, Italians, and Germans began to deal with the foot-to-
shoe relationship from a protective, functional, and therapeutic standpoint. 
Heels were added in early times to increase height, documenting the social 
aspects of footwear. Today, we are still striving for what might be identified 
as a better physiologic and therapeutic shoe that will provide protection, allow 
function, redistribute weight and forces, improve stability, and conform to the 
morphologic variations that are unique to each individual human being. no 
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two human beings are the same shape, and, within each individual, no two 
feet are the same shape, or function in an identical manner. Thus, there are 
multiple factors to be considered when utilizing footwear, shoe modifications, 
and orthoses in conjunction with the management of patients who present 
with diseases and deformities.5–7,15

 The shoe is defined by the last that determines the shape and cubical 
content of the shoe. Various forms of construction and materials that are 
utilized will depend on the projected shoe’s use and cost. The heel height 
usually depends on the shoe’s use, e.g. by male or female; for non-athletic 
footwear. Women’s shoes usually have a higher heel, men’s shoes having more 
of a military heel. Shoes that are generally designated as ‘orthopedic shoes’ 
generally have an anatomic or Thomas Heel, that provides for an extension 
of the medial portion of the heel for additional support. Heel height is a 
variable that significantly changes gravitational forces and physiologically 
alters the foot in functioning. 
 The upper of the shoe usually includes portions referred to as the upper, 
vamp, quarter, lace stay, eyelet, tongue, top facing, back stay, collar, linings, 
foxing, sole, stiffener, box, counter, heel, insole, outsole, puff, quarter, 
toe cap, toe piece, welt, bottom filler, sock lining, shank piece – and has 
designations of location such as the top line, throat, shank, heel seat, vamp 
line, waist, feather, breast, and toe box, as examples. The vamp is usually the 
lower part of the upper that attaches to the sole or welt. The quarter usually 
refers to the back portion or heel area of the upper or the portion that goes 
around the counter. The lace stay covers the tongue, reinforces, and protects 
the foot from the eyelets and lacing.
 The better shoes usually have two linings; one between the leather upper, 
a sweat lining, and the other, or outer, made of dill fabric or leather, such 
as sheepskin. Broken or bunched linings can be irritating, serve as pressure 
points, and are incompatible with foot function. Smooth linings help minimize 
friction. The same is true of foxing or trimmings. Irritation and pressure are 
marked during motion and over joints.
 The toe box or tip of the shoe is the reinforced portion over the toes. It 
is usually rigid and, in safety shoes, may be reinforced with metal, such as 
steel. Shallow toe boxes generally create compression incompatibilities and 
higher toe boxes, sometimes referred to as ‘bulldog’ or ‘policeman’s box’ 
provide greater areas to accommodate digital deformities. Therapeutic shoes 
usually have a higher toe box.
 The counter of the shoe, classically, is a rigid reinforcement of the heel of 
the shoe. The long counter, along the medial longitudinal arch area, forms the 
basic design of the ‘orthopedic shoe’ through its extension to the navicular 
area. 
 The insole, depending on the type of shoe construction, provides the initial 
contact between the sole of the foot and other segments of the shoe, such 
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as the sock lining, filler, counter, under quarter, bottom filler and shank, as 
well as the welt and outsole. The filler generally consists of ground cork 
and is placed between the insole and outsole. The outsole is the segment of 
the shoe used for ground support and contact. The thickness and selection 
of materials comprising the insole, outsole, and fillers affect the weight-
diffusing and -dispersing capacities of the shoe. Once worn, the materials 
are modified by weight-bearing and function.
 The shank area of the shoes refers to the area of the outsole between the 
breast of the heel (anterior segment) and the widest portion of the outsole. 
The shank piece is the rigid supportive material (usually metal) that varies 
in width and determines rigidity on weight-bearing. It is inserted between 
the heel center and ball portion of the shoe, between the outsole, filler and 
insole. The shank pitch of the shoe is the plane or angle of the shank area 
from the breast of the heel to sole contact. The wedge, used in today’s shoes, 
acts as shank filler, reinforces the shank area with rigidity and increases the 
shoe-contact area. Heel height, sole material, and shoe modifications are 
usually measured in eighths (1/8 inch). Generic shoe construction usually 
involves several methods, including Goodyear Welt, Stitchdown, McKay, 
Littleway, or the Turn Sole. A molded method or vulcanizing process is 
usually associated with athletic footwear. External shoe modifications are 
best made in the welt method of construction.
 Shoe lasts should be compatible with foot types, i.e. inflare, outflare, and 
straight. With deformities, special lasts may be indicated, such as ‘bunion 
last’, ‘extra depth’, or ‘super depth’. In addition, the foot type and shape, such 
as cavus, pronated, supinated, rigid, or flaccid also have a direct relationship 
to shoe selection, especially in those patients who require foot or related 
care involving the shoe as a component of ambulation. The shoe, its internal 
and external modifications, internal construction changes, and the various 
forms of orthoses all have a direct effect on gait and the ability to walk in a 
pain-free and functionally appropriate manner. In addition, the type of gait, 
the weight of the patient, gait speed, and the occupation or functional needs 
of the patient also need to be considered in shoe selection. Shoes should 
meet the functional needs of the patient and should change as activities are 
modified. Examples include surgical shoes, athletic shoes, and shoes with 
special materials such as special fabrics, Plastazote or other thermoldable 
material. 
 Shoe fitting and measurement should be completed in the most appropriate 
manner. Measuring devices in the United States include the Brannock Device 
and Ritz Stick. Exported models may be marked in Continental, Mondopoint, 
or English scales. Others include the Bally Multifit, PHI, Heider, Bruder, 
and Skopassning measuring apparatus. Shoe sizing systems depend on the 
country of shoe manufacture such as Europe, Mexico, Japan, U.K., Australia, 
United States and Canada, Russia and Ukraine, and Korea. These systems 
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are measured in inches, centimeters, and Mandopoint as well as male and 
female differentials. Fashion usually implies a snug fit. An average or good 
fit follows the foot’s contour and does not bind. A therapeutic fit allows for 
existing deformities and anticipates function. Where orthotics or internal 
shoe modifications are to be employed, appropriate lasts and sizes should 
be employed to compensate for the additional internal increased volume 
required to compensate for the modifications.
 Examples of special needs for footwear modification include the 
following: Residuals of Osteoarthritis; Degenerative Arthritis; Residuals 
of Rheumatoid Arthritis; Hallux Limitus; Hallux Rigidus; Metatarsal 
Phalangeal Arthritis; Amputated Hallux; Amputated Digits; Hallux 
Valgus–Mild; Hallux Valgus–Severe; Short First Ray (Morton’s Syndrome); 
Hammer-toes – Digital Contractures; Flexible Inverted Heel; Flexible Pes 
Planus–Mild or Severe; Rigid Pes Planus; Pes Cavus–Mild or Rigid (Severe); 
Metatarsalgia; Intermetatarsal Neuritis; Severe Residual Deformity; Gouty 
Arthritis; Calcaneal Spur; Calcaneal Bursitis; Plantar Fasciitis; Limited Dorsi 
Flexion; Peripheral Vascular Impairment; Limb Length Discrepancy – Less 
than 1 1/2 inches; Limb Length Discrepancy – More than 1 1/2 inches; 
forefoot Amputation – Transmetatarsal; forefoot Amputation – lisfranc 
or Chopart; Charcot Joint or Foot; Unstable Ankle; Dropfoot; Spastic 
Foot; Charcot Arthropathy; Inversion; Everson; Equinus; Pronation; Tibial 
Rotation; Post-CVA; Spinal Cord Injury; Diabetic Neuropathy; Weakness; 
Sprain; Calcaneal Apophysitis; Tendonopathy; Tendonitis; Posterior Tibial 
dysfunction; and to help stabilize the foot as a part of a fall prevention  
program.

18.7 Therapeutic footwear

A special provision of the US Medicare Act provides coverage for special 
shoes for ‘at risk’ diabetic patients and is termed the Therapeutic Shoe 
Provision of Medicare. The requirements provide allowed reimbursement for 
Medicare-eligible patients who have diabetes mellitus and have one or more 
of the following conditions; a history of partial or complete amputation of the 
foot; a history of previous foot ulceration; a history of pre-ulcerative callus; 
peripheral neuropathy with evidence of callus formation; foot deformity; 
and poor circulation, that includes sensory and/or vascular deficits. In 
addition, the patient must be under a comprehensive plan of care for his/
her diabetes and need special shoes (depth or custom molded) because of 
his/her diabetes.2,8,9,20,11,13

  For the purposes of Medicare and as a general requirement, a custom 
molded shoe is constructed over a cast or model of the patient’s foot. It 
has to be made of leather or another suitable material of equal quality. The 
custom shoe must have inserts that can be removed, altered, or replaced, 
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according to the individual’s conditions and needs. The shoe must have 
some form of closure, such as laces or Velcro. A depth shoe has a filler 
or insole that extends from heel-to-toe and provides at least 3/16 inch of 
additional depth when removed. The ‘Extra Depth’ shoe provides a 1/4 inch 
additional depth and the ‘Super Depth’ provides 1/2 inch additional depth for 
total contact orthoses, or inserts. However, it is clear to clinicians that for 
many older patients who are equally ‘at risk’ from other conditions such as 
arterial insufficiency, rheumatoid and degenerative arthritis, gout, and other 
conditions of the neurologic and musculoskeletal systems, footwear holds a 
direct relationship to foot problems.24–26,28,29

18.8 Conclusion

Footwear for older individuals should consider the following basic 
components:

– A heel with a broad base, with a relatively low heel height.
– Laces, straps, or Velcro fastenings to prevent the foot from slipping 

forward in the shoe and to secure the shoe to the foot.
– A square or rounded shaped toe box, deep and wide enough to accommodate 

toe and forefoot deformities.
– A shoe upper that is soft, pliable, and of a breathable material, such as 

leather, with minimal foxing to prevent irritation of bony prominences 
and deformities.

– A heel counter that is firm and snug around to heel to provide stability 
for the foot with padding around the collar to prevent ankle irritation.

– A soft, cushioned insole of a breathable material that easily conforms to the 
shape of the foot with cupping of the heel to prevent impingement.

– An outer sole that is firm, lightweight, slip resistant, and that bends 
easily at the forefoot but not through the shank of the shoe.

Incorrectly fitting footwear is common in older people and is strongly 
associated with forefoot pathology and foot pain. These findings highlight 
the need for footwear assessment in the management of foot problems in 
older people.
 Footwear, orthoses (in-shoe), and/or ankle–foot orthoses (AFOs), as well 
as appropriate padding and materials for the foot, should be selected on 
the basis of the indications and functional needs of the individual patient. 
Footwear is a covering that provides protection and it needs to be compatible 
with the foot and the patient’s functional requirements. The foot, orthoses, 
and shoes must function as a unit and as a part of the patient’s ambulatory 
system.
 This discussion has attempted to identify some of the basic considerations 
involved in shoe selection, shoe modification, and orthotic selection as a 
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part of the patient’s total care program. It is intended to serve as a primary 
review of foot care needs related to adult footwear. The key factor in shoes 
and orthoses selection is to provide maximum pain free function, restore 
maximum function, and maintain total patient function.
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Abstract: Custom-fabricated orthopaedic insoles are engineered to provide 
adequate support and control of abnormal foot motion, reduce shock and 
skin friction to stabilise foot deformities, moderate plantar pressures to 
prevent the formation of foot ulcerations, and improve stability in walking 
so as to reduce foot pain.  The choice of materials for fabrication of 
the orthopaedic insoles is crucial, affecting the efficacy of foot orthotic 
treatment for the stated foot problems.  With advances in textile and material 
sciences in recent years, new fabrics and composite materials, as well as 
tactile pressure sensors for measuring in-shoe plantar pressures, have been 
developed to enhance the practical use and the rate of patient compliance 
during the course of the treatment.

Key words: textiles, materials, orthopaedic insoles.

17.1 Introduction

Custom orthopaedic footwear is typically prescribed as treatment for various 
foot deformities with the aim of relieving pain, and improving balance and 
function during standing and locomotion. The footwear is directly molded 
over a plaster reproduction of the foot rather than a standard last. Corrections 
are applied to further protect areas at risk, such as grinding out plaster to 
offer better cushioning on the heel, or filling in with plaster to provide extra 
support on the arch. in considering the costly and complex processes of 
making orthopaedic shoes, normal shoes that have sufficient depth incorporated 
with an appropriate insole system that can be removed and replaced with 
the prescribed orthosis are regularly adopted in clinical practice. in this 
chapter, the key requirements and the objectives of orthopaedic footwear 
insoles are discussed. The types of insole materials most commonly used in 
current practice include leather, foam rubbers and cellular polymers, which 
are available in a wide range of hardness, densities, thicknesses, and thermal, 
physical and mechanical properties. More rigid materials result in better 
splinting qualities, but lower tolerance in wear. The choice of fabrication 
materials with suitable structural and cushioning properties is therefore 
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closely associated with the use and efficacy of orthopaedic footwear insoles. 
important characteristics and properties of fabrication materials and their 
related test methods are reported in this chapter. in view of the tremendous 
technological advancements in the material sciences, the potential use of new 
fabrics and composite materials that possess properties suitable for use in the 
construction of orthopaedic insoles is also examined in this chapter. 

17.2 Key requirements for orthopaedic footwear 
insoles

Over the past decades, orthopaedic footwear insoles have been widely used 
and highly promoted in the treatment of foot deformities and/or neuropathic 
conditions of the foot. Foot deformities may be attributable to many medical 
problems (such as diabetes and rheumatoid arthritis) and the imbalances created 
by selective muscle weaknesses, which result in pain, and biomechanical 
deficiencies that do not have the proper position, motion, or function of a 
normal foot. The objectives of orthopaedic footwear insoles are therefore 
to rectify foot function and mal-alignment, modify the kinematics and 
kinetics of locomotion, and enhance stability in walking.42,56,61 As reported 
by Janisse,27 the use of well-fabricated insoles not only controls foot motion 
and ankle joints and reduces shock and shear, but also instantly moderates 
force transmission to the foot and lower limbs. in many cases, the design 
of orthopaedic insoles must meet user needs in terms of function, comfort, 
fabrication and economics.37,56

 As there are numerous causes of foot problems or painful conditions, 
orthopaedic insoles are generally prescribed and developed by orthotists 
to fit the symptoms and treat the stated illnesses. This process is highly 
complex, time-consuming and error-prone, due to the large variations of 
foot morphologies and deformities, foam properties, pressure and support 
requirements, etc.20 some prosthetic and orthotic research studies indicate that 
the design and fabrication of insoles are greatly determined by the nature of 
the associated foot problem and its severity, duration of the problem, body-
mass indexes, fit of the shoes, activity profiles, as well as the experience of 
individual orthotists.15,37,47 To optimise the design of orthopaedic insoles, 
rather than measuring the static alignment of the foot obtained from a non-
weight-bearing examination, research studies have also conducted dynamic 
measurements of foot pronation which enhance the performance of orthopaedic 
insoles to control abnormal foot motion in certain instances.36, 61 As a result, 
gait biomechanics are also incorporated into the design and fabrication of 
orthopaedic insoles. 
 irrespective of the foot deformities and aberrations, the key requirements 
of orthopaedic footwear insoles are summarised in the following sub-
sections.
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17.2.1 Provision of adequate support to body or foot

Donatelli16 stated that foot deformities alone are not destructive to the foot; 
however, the method of compensation is detrimental to its normal mechanics. 
Prolonged abnormal compensatory pronation may be destructive to the foot 
and ankle, which is also a significant factor in the development of mechanical 
pain and dysfunction within the foot, ankle and knee. The use of rigid 
orthopaedic insoles can provide suitable support to the heel and arch, which 
not only achieves maximal motion control and biomechanical correction by 
limiting the abnormal compensatory pronation caused by foot deformities, 
but also modifies loading patterns during walking. It can decrease pain and 
inflammation of the midfoot and subtalar joints, and result in a more stable 
and functional foot.27

17.2.2 Relief for areas of excessive plantar loading 
pressure

Patients with insensitive feet may lose their protective sensations as a result 
of external injuries and neuropathic diseases, such as diabetes. The repetitive 
application of high plantar pressures during daily activities can therefore lead 
to pressure ulcerations on the weight-bearing areas of the plantar surface, 
usually on the heel and metatarsal heads of the first, second, and fifth 
toes.3,12,27 The rationale for custom-made orthopaedic insoles is that pressure 
is reduced by distributing the forces of body weight that act through the feet 
over a large and accommodative surface.56 By increasing the contact area 
of the plantar surface, peak plantar pressures can be reduced. Hence, the 
insoles that are inserted into footwear can effectively redistribute the plantar 
weight forces imposed on bony prominences with excessive pressure. The 
pressure can be more evenly spread out along the plantar surface in order 
to prevent neuropathic ulcerations.

17.2.3 Reduction of shocks to musculoskeletal system

The loading of body weight during daily activities has been associated as 
a significant factor in foot pain and injuries. Orthopaedic insoles made of 
viscoelastic and/or soft cushioning materials act as shock absorbers, or load 
distributors, and can minimise shock transmissions to the foot. Moreover, 
repetitive pressures, irrespective of amounts, can also lead to ulcerations in an 
insensitive foot. Hence, insoles are applied to reduce the amount of vertical 
pressure on the plantar surface. This reduction is particularly important for a 
foot that has bony prominences from excessive pressure or with an abnormal 
bone structure that may be caused by neuropathy and weakening of bones.27 
Due to the changes in foot morphologies and the collapse of foot joints, soft 
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cushioning insoles that can absorb forces which act on the foot and reduce 
plantar pressure are crucial. 

17.2.4 Reduction of shear within plantar tissues

shear forces have been shown to be the major contributing factor in the 
formation of ulcerations and blood flow occlusions. Shear force refers to 
the horizontal movement of the foot within the shoe.27 The repeated shear 
and friction loads between the plantar surface of the foot and the sock liner 
or insole of the footwear not only produce irritations to the foot, but also 
cause skin trauma, pain and numerous foot complications, particularly in 
aging and ischaemic feet. in the aging foot, the skin thins due to the thinning 
of the stratum corneum, and reduction in fat and water content. The loss of 
the metatarsal fat pad not only increases metatarsal head pressures, but is 
also associated with skin impairment due to high shear and friction forces. 
Patients with ischaemic feet also encounter dry skin, with cracking and inflated 
veins over the dorsums of the feet and ankles. Due to a major reduction 
in resistance to infection and autonomic function in which the peripheral 
tissue of the arteries fails to efficiently repair itself for wound healing, a 
small wound caused by shear force and/or callus build up on aging and 
ischaemic feet may lead to frequent infections and even foot amputation. The 
coefficient of friction widely varies and depends on the choice of materials 
interposed between skin and the contacting load.10 The soft and smooth 
surface of orthopaedic insoles can minimise shear and friction forces on 
plantar tissues to avoid callus formation, excessive heat due to friction and 
repetitive microtrauma beneath the foot. 

17.2.5 Accommodation of fixed foot deformities

Orthopaedic footwear insoles are primarily developed to accommodate 
and protect foot deformities.36 The deformities may cause changes in the 
plantar-pressure distribution in that normally unloaded foot regions may 
become overloaded or more sensitive to pressure. The key requirement of 
orthopaedic insoles is therefore to accommodate fixed foot deformities so 
as to attenuate the excessive pressure in overloaded foot regions, and avoid 
soft tissue breakdown and damage. 

17.2.6 Stabilization and support for flexible foot 
deformities

Many foot deformities need to be stabilized to relieve pain and avoid further 
damage to the feet. The use of paediatric orthopaedic insoles for children 
with flexible flatfeet is a typical example which protects their feet during their 

Footwear-Luximon-17.indd   344 8/13/13   9:52:53 AM

�� �� �� �� �� ��



345Textiles and other materials for orthopaedic footwear insoles

© Woodhead Publishing Limited, 2013

growth period. The insoles attempt to alleviate structural deformities that 
may lead to abnormal compensations in the foot by maintaining a rectus heel 
and stimulating supination. Rigid and high-density materials are commonly 
used to provide adequate support to stabilise the rear foot and reduce its 
excessive movement in the stance phase of gait, thus increasing the rate 
of medial longitudinal arch development, and improving the distribution 
of weight-bearing force on the foot. The orthopaedic insoles that stabilise 
rear foot movement help to promote normal pronation from heel strike to 
forefoot, providing cushioning at heel strike which can also relieve heel 
pain problems.

17.2.7 Assistance for body balance

in older and diabetic individuals, body balance and postural control performance 
deteriorate due to changes in the neural, sensory and musculoskeletal 
systems, which result in an increased risk of falling. Research has indicated 
that orthopaedic insoles with tubing or vibrating elements can facilitate 
tactile sensations of patients and lead to improvement of the body balance 
system.24 However, thick and soft midsole materials are proven to be an 
impediment to both static and dynamic balance performances.46 even though 
soft materials generally provide excellent comfort and cushioning to wearers, 
a negative effect on balance and postural control has been reported, which 
may reduce the mechanical support and reactive forces to counteract body 
movements, as well as impair ability to effectively respond when balance 
perturbations are encountered. The literature has also indicated a marked loss 
of sway control in the anterior posterior direction due to the application of 
orthopaedic footwear. To enhance the practical uses of orthopaedic footwear, 
an adaptation process and training are therefore required after the application 
of new orthopaedic shoes and/or insoles to patients.37,56

17.3 Types of textiles and materials for orthopaedic 
footwear insoles

Orthopaedic footwear insoles are primarily constructed from metal, wood and 
leather. With advances in material sciences in recent years, a wide range of 
materials have been introduced in the market, including foam rubbers, plastics, 
and cellular polymers that possess suitable properties and characteristics for 
use in orthopaedic footwear insoles. Attainment of the key requirements listed 
above is greatly affected by the materials chosen for fabrication, which are 
always a compromise between striving for comfort and commitment to the 
treatment on the one hand, and efforts to optimise the functional performance 
and intended outcome on the other. For example, when orthopaedic insoles 
are used for foot corrections, rigid materials such as acrylic plastics and other 
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thermoplastic polymers are used to exert considerable forces to designated 
regions. Rigid materials have better supporting qualities, but lower tolerance 
to wear.36,37 soft orthopaedic insoles adopted in various foot deformities may 
only protect vulnerable tissues from trauma and relieve painful symptoms 
during daily activities, but not correct the underlying foot problems or adjust 
the foot for pronation. inappropriate choices of materials, such as thin and 
flexible soft thermoplastic materials prescribed for obese patients and in 
patients who have undergone extreme medial-longitudinal arch collapse during 
gait, may not relieve their pronation-related symptoms and avoid further 
damage since flexible orthopaedic insoles collapse under their weight and 
provide little control of foot pronation. Apart from comfort and functional 
performance, the materials chosen should be light in weight, economical and 
durable which can maintain quality over thousands of step-cycles.
 Many studies have evaluated the effectiveness and applications of different 
types of orthotic materials on various clinical symptoms.6,18,19,21,40,45,51,57,59,

62 However, limited information is available for the selection of fabrication 
materials for orthopaedic insoles. Standards for the classification of materials 
are also not well established. some studies have suggested that materials can 
be classified into rigid, semi-rigid, and soft, on the basis of their degree of 
rigidity. Rigid materials provide maximal motion control and biomechanical 
correction of foot deformities.
 semi-rigid materials are attractive alternatives to rigid orthotic shells 
that can usually be well tolerated at the beginning of the treatment before 
the patient moves to a more corrective insole design. A custom orthopaedic 
insole made of semi-rigid material(s) offers reasonable resistance to weight-
bearing forces and realignment of foot structure.
 soft materials are often closed-cell foams manufactured from heat-expanded 
polyethylene that are available in many densities. The materials can be heat 
moulded and adjusted to the required shape for a custom fit.
 Materials can also be classified on the basis of material characteristics 
and/or source of substance (synthetics or natural materials). The types of 
materials that are most commonly used in current practices are described in 
the following subsections.

17.3.1 Foam rubbers

Rubber can be obtained in nature or be synthetically manufactured. synthetic 
rubber materials are commonly used in numerous orthotic devices. They can 
be applied as a basic shell material and/or posting material.
 Latex is unvulcanised natural rubber (Fig. 17.1). it is lightweight and very 
soft, which can be useful in prosthetics. Latex is prone to rapid and permanent 
shape deformation. Orthopaedic insoles made of latex foam are mainly used 
to provide additional cushioning and to temporarily relieve pressure and 
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painful symptoms. However, latex readily stains and deteriorates in practical 
uses so that the insoles easily ‘bottom out’ under low loads, which result in 
little cushioning or shock absorption for the wearer.
 Neoprene is a special type of synthetic rubber made of polychloroprene 
and it is primarily known for its use as an inlay or insole material in the 
form of either a closed-cell foam (e.g. spenco®) or an open-cell foam (e.g. 
Lynco®). Neoprene can reduce friction and attenuate shock. it is often chosen 
as a covering material for sport orthoses when shear forces are expected 
to be high or for occupational situations that demand prolonged standing 

(a)

(b)

200 µm

17.1 Foam rubbers: (a) micrograph of latex foam; (b) shape memory 
foam. 
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on hard surfaces.15,37 However, it has poor ventilation and heat retaining 
properties.

17.3.2 Cellular polymers

Cellular polymers can be made from a vast array of materials, such as 
polypropylene (PP), polyethylene (Pe), ethylene vinyl acetate (eVA), 
polyurethane (PU) and segmented polyetherurethane (sPeU). They are 
generally available in a wide range of hardnesses, thicknesses and densities, 
with structural and mechanical properties of diverse usefulness. Many cellular 
polymer materials are patented, and may cost up to UsD$300 per sheet. The 
choice of materials with suitable structural and cushioning properties is closely 
associated with the intended use and efficacy of the orthopaedic insoles.
 PP and PE are both flexible olefin polymers that resist breakage. The 
materials are soft, tend to be non-brittle and heat-formable in applications, 
and offer reasonable cushioning and shock absorption performances (Fig. 
17.2). since Pe (e.g. Plastazote®, Pe-Lite®, Aliplast®) is a polymer with less 
density and molecular weight, it has a relatively lower stiffness-to-thickness 
ratio which suffers high permanent compression set and more rapid shape 
deformation than PP. Due to the low glass transition temperatures of PP and 
Pe, the materials have poor behaviour (become brittle and break) in cold 
climates.40,61

 eVA is mouldable, resilient and elastic. eVA cellular polymer (e.g. 
nora®) can be made with varying qualities of hardness, density and durability 
(Figures 17.3 and 17.4). Low density eVA (e.g. nora® Lunairmed) is generally 
soft, which provides good cushioning, shock absorption and high walking 
comfort. As eVA also deteriorates quite rapidly on wearing, high density 
eVA is adopted when adequate support for the body is required due to foot 
deformities. eVA with a closed cell structure is impervious to liquids; it is 
unlikely to absorb body fluids such as perspiration. However, orthopaedic 
insoles made of closed cell foam structures may act as insulators and can 
be hot when they are worn for extended periods.37

 Polyurethane (e.g. PORON® and PPT®) foam is an open-celled material, 
which has excellent cushioning properties with regard to vertical loads and 
shear forces (Fig. 17.5). soft and rigid PU foams can be synthesized into 
a variety of qualities from various combinations of diisocyanates and diol 
monomers.51,59 PU foam is available in sheets of various thicknesses that 
can be laminated together with rigid materials (which are inherently hard 
and uncomfortable in direct contact) for optimal comfort and functional 
performance. Due to its good cushioning and pressure distribution properties, 
as well as high energy absorption behaviour, the use of PU in orthopaedic 
insoles for spot cushioning and/or full lining not only provides excellent 
resistance to ground reaction forces when walking, but also high resistance to 
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‘bottoming out’ under pressure, shock and shear. Moreover, the open-celled 
structure of PU adds breathability and reduces heat build-up, and therefore 
enhances thermal comfort when the insoles are used. in the case of sPeU, 
its fabrication techniques are flexible. Its physical and mechanical properties 
can be designed and controlled at various stages during synthesis. Hence, 
SPEU materials offer superior physical and mechanical properties, flexibility 
with high strength, wear resistance and a good degree of hardness.51

 Viscoelastic PU elastomers (e.g. Epoflex®) are used in orthopaedic insoles 
for the purpose of shock and vibration reduction. The insoles can absorb the 
energy of heel strikes while protecting the joints from rebounding spikes of 
force by gradually and evenly dissipating energy. The material has excellent 

(a)

(b)

0.19 mm

17.2 (a) Sample of PE (Plastazote® and Pe-Lite®) and (b) its 
micrograph. 
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resilience (as good as silicones) and can be custom moulded. The use of 
viscoelastic PU elastomers for insole fabrication provides longer protection 
without ‘bottoming out’ and it withstands high compression forces for 
durability. However, viscoelastic PU elastomers are costly. Mass-produced 
insoles made of Epoflex® may range from UsD$40 for a pair of heel pads 
to USD$100 for a pair of full-length insoles. Heel pads made of Epoflex® 
for shock absorption and heel protection are shown in Fig. 17.6a.
 silicone elastomers are available in a wide variety of formulae, qualities, 
compression properties and setting times. As silicones can also be readily 
moulded into custom shapes and designs, they have been extensively used 

(a)

(b)

200 µm

17.3 (a) Nora® of various thicknesses, densities, colours, etc. and (b) 
micrograph of a nora® Lunairmed.
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in orthotics and prosthetics in recent years. Figure 17.6b shows an example 
of a silicone heel pad which absorbs ground reaction forces that act on the 
foot during walking. silicones are presented as a paste to which a catalyst 
is added,which transforms the paste into a flexible solid.36 After the final 
setting, the material is able to withstand repeated functional loading without 
dimensional changes or fractures.

(a)

0.19 mm

(b)

0.19 mm

17.4 Micrographs of (a) high density EVA and (b) low density EVA. 
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(a)

(b)

17.5 PU foams: PORON® (top) and PPT® (bottom).

17.6 (a) Pair of Epoflex® heel pads from Cambion® and (b) pair of 
silicone heel pads.
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17.3.3 Solid materials

solid materials are used to provide maximal control and biomechanical 
correction of a foot deformity by exerting considerable forces on the designated 
regions. They are generally lightweight, and take up the least space within 
the shoe, but are less comfortable. solid materials are routinely used for 
posting and have good shock-attenuating characteristics, particularly for 
heel strikes. The custom-shaped posts or wedges hold the foot in its optimal 
functioning position under load, restrain it from deforming and constitute 
the kinetic chain in the foot during the gait cycle. Orthopaedic insoles made 
of solid materials are the most durable and supportive to body weight and 
movements. Plastic materials such as polyvinyl chloride (PVC), resin and 
PP are commonly used in the heel counter and/or hind foot post as a plastic 
support for body and rear foot stability (Fig. 17.7a). Due to their mechanical 
strength and resistance to fatigue, they can prevent abnormal or excessive 
subtalar pronation, but also permit normal pronation to take place. PVC is 
a thermoplastic material that becomes soft and flexible when heated and 
holds the set configuration when cooled, so it can be reheated and shaped 
many times. it is therefore possible to make minor adjustments for optimal 

(a)

(b)

17.7 (a) Sample of rigid PP posting for arch support and (b) 
composite insole made of carbon fibres for reinforcing arch-support, 
from Tuli’s Gaitors®.

Footwear-Luximon-17.indd   353 8/13/13   9:52:55 AM

�� �� �� �� �� ��



354 Handbook of footwear design and manufacture

© Woodhead Publishing Limited, 2013

fitting, which is particularly important during the development and fitting 
process of orthopaedic insoles,36,56

 Carbon fibres are obtained by the controlled pyrolysis of various other 
fibres (such as polyacrylonitrile (PAN), cellulosic or phenolic fibres) which 
produce a large variety of morphologies and properties. Carbon fibres 
are normally embedded in resin and the composite is known as carbon 
fibre reinforced plastic. Carbon fibres are very expensive. With improved 
manufacturing technologies for cost reduction, advanced carbon fibres are 
now used in orthopaedic insole fabrication due to their excellent strength-to-
weight ratio and outstanding strength and stiffness. The use of carbon fibre 
composites not only greatly reduces the weight and thickness of the insoles 
without overcrowding the shoes, but also provides support to the foot and 
body and withstands large impact forces with minimum deformation, see 
Fig. 17.7b.

17.3.4 Natural materials

The most commonly used natural materials are leather, cork and felted 
fabrics (Fig. 17.8). Most of them possess many desirable characteristics 
for use in orthopaedic insoles, such as wide availability, light weight, low 
cost, air and water permeability, and ability to be easily shaped. Leather is 
extremely durable and conforms to the shape of the foot. it is not only used 
as an interface material for orthopaedic insoles to protect the skin from 
irritation, but also for supportive purposes when strength and resiliency are 
required. With chemical processing, leather may become waterproof, porous, 
flexible, or stiff. It is a frequently used material for many foot orthoses 
and shoe modifications due to its superior breathability characteristics. 
Cork is a lightweight cushioning material made from the outer bark of a 
tree. it is usually used in combination with leather due to its rough surface 
and irritation to the skin. Felted materials such as wool felt are adopted in 
orthopaedic insoles because of their softness, smoothness, resilience and 
excellent shock absorption properties. in the production of felt, a batt of 
wool fibres is fed into a carding machine, which lays down a web of fairly 
even thickness. The fibres are then matted together by means of moisture, 
heat, and mechanical motion.60 Felted materials of various thicknesses can 
be obtained by superimposing batts of wool fibres on one another and felting 
them together. They also have the advantage of being easily moulded into 
shapes and give a great deal of warmth.

17.3.5 Composites

in clinical practice, a laminate of several different materials with varying 
stiffness is mostly preferred in the manufacture of foot orthoses to produce 
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a device capable of performing a number of desirable tasks.45 in the case 
of orthopaedic insoles, as discussed above, rigid, stiff and high density 
materials are used to achieve support and stability, allow for realignment 
of the foot, and even facilitate correction for requisite joint motion caused 
by severe foot deformities. However, complete functional control may not 
always be tolerated by the wearer. Hence, an orthopaedic insole may include 
a plurality of layers configured to correspond to the shape and length of the 
wearer. The plurality of layers may include a covering material that is soft, 
smooth and highly breathable (e.g. leather and/or perforated foam material) 
to provide an interface with the skin of the foot.37 By using a heat-sensitive 
adhesive, it may be laminated with a layer of semi-rigid material that is 
routinely employed as a middle layer for long-lasting shock absorption and 
to extend time to force peak impact and thus reduce loading. The material 
can be readily moulded for a custom fit and effectively redistribute pressure 
away from bony prominences. The laminated composite will further be 
attached to a secondary support component, such as a configured wedge-

(a)

(b)

17.8 Natural materials: (a) leather and (b) wool felt.
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shaped component, heel and/or arch support to provide an extra supportive 
layer between the insole and the footwear, see Fig. 17.9.

17.4 Examples of orthopaedic footwear insoles

Feet are the foundation and basis of support for the entire body. They form 
an important linkage in the lower kinetic chain, which helps to protect the 
lower extremities and even the spine from damaging ground reaction forces 
during walking leading to misalignments or deformities. imbalance and lack 
of shock absorption in the feet contribute to postural and stress problems 
throughout the whole body, leading to knee, hip, back, shoulder and even 
neck pain. Foot problems, such as abnormal foot and ankle mechanics, may 
also cause increased weight-bearing forces and excessive high pressures 
throughout the lower kinetic chain.14,16 To solve the stated problems, custom-
made and mass-produced orthopaedic shoes can be made to conform to the 
foot shape in all respects. A sample of mass-produced orthotic shoe with a 
roomy toe box for diabetic patients is presented in Fig. 17.10.

17.9 A sample of insole composites.

17.10 A mass-produced orthotic shoe with roomy toes for diabetic 
patients.
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 Various shoe modifications can also be used to address functional and 
anatomical deformities of the foot. Nevertheless, the design of orthopaedic 
insoles is relatively simple and easily customized as compared with the costly 
and complex processes of making orthopaedic shoes. For example, if there is 
a sore at the toe region, part of the insole can be readily removed for pressure 
relief. Orthopaedic insoles can also be interchangeable, so can be inserted 
into different footwear for various daily activities. Flexible, custom-made 
orthopaedic footwear insoles are therefore an important interface between 
the foot and the shoe, although some of them may also be very costly, which 
range from about UsD$200 to UsD$600. They can reduce elevated local 
pressures at the plantar foot–shoe interface, enhance shock absorption, as 
well as provide support and optimal comfort to the wearer.39 Nowadays, the 
use of well-fabricated insoles with foot-care programmes is well accepted 
as a measure for a variety of patients in the correction of intrinsic and/or 
extrinsic foot deformities, relief of foot or heel pain, and reducing risk of 
neuropathic ulcerations, which has ultimately led to a substantial reduction 
in the rate of amputations.

17.4.1 Diabetic patients

Diabetes appears to be a major epidemic of the 21st century. According to 
the international Diabetes Federation, there were 150 million diabetics in 
the world in 2004.26 By the year 2025, the total number of individuals with 
diabetes is projected to reach 300 million. The use of orthopaedic insoles 
is considered fundamental to the treatment of patients with diabetes and 
other peripheral neuropathies – those who are at risk for or have a history 
of plantar ulcerations. Due to loss of feeling in the extremities, patients 
are unaware of sores that develop on their feet until the wounds become 
infected. Foot ulcers develop mainly as a result of sustained high pressure 
on a particular area of the foot, frequently over bony prominences, such as 
the plantar surfaces of the toes and forefoot.48 The amount of peak pressure 
exerted onto a diabetic’s foot when walking may reach 1000 kPa, which 
is double the peak pressure of a normal foot.65 The increased pressures, 
repetitive mechanical trauma beneath the foot, poor vascular supply and 
nerve damages in the diabetic foot may eventually result in cell and tissue 
death.7,11,17,41,61 Foot ulcerations also occur at the site of irritation due to 
poorly fitted footwear. Diabetic patients may have feet swelling at dawn and 
this causes them to wear over-sized shoes. Then, slipping of the foot inside 
an oversized shoe may cause excessive shearing stress at the interface and 
results in soft tissue breakdown. Foot orthotic treatment is one of the primary 
means of handling diabetic foot problems. Custom-fabricated orthopaedic 
insoles that offer proper arch support can be worn to reduce the magnitude 
of patient exposure to pressure, and redistribute the plantar weight forces 
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which act on the metatarsal heads, distal tips of the digits, and other bony 
prominences which have the tendency to build excessive hyperkeratotic 
tissues and eventually lead to ulcerations.6,10,33,49

 Figure 17.11 shows a total contact, full-foot orthopaedic insole for a diabetic 
patient. A composite of perforated PP, which can be moulded to provide 
total contact, is laminated with a high density eVA and shock-absorbing Pe 
foam (e.g. Plastazote®) that is soft and retains its shape, making the insole 
an excellent orthopaedic choice for patients with diabetes. it can protect 
the foot from microtrauma to prominent areas and redistribute the forces to 
provide even weight-bearing through total contact on the plantar surface.16 
Plastazote® has excellent adaptability, allows the swelling of patient’s feet 
at dawn to be easily compressed, and accommodates a certain amount of 
foot deformity when there is no pressure. The Plastazote® layer should be 
replaced when it has ‘bottomed-out’.
 When there is an existing imbalance of the weight-bearing surface owing to 
fixed deformities and/or change of foot morphology that are closely associated 
with increased peak plantar pressure and ulcer incidence, modifications can 
be made on the design and fabrication of orthopaedic insoles. Additional 
cushioning materials, accommodative padding, and topcovers made from 
Plastazote®, Pe-Lite®, Aliplast®, and felted materials can be inserted to 
evenly distribute weight-bearing forces.36,56 examples of accommodative 
padding to protect metatarsal heads are shown in Fig. 17.12. Nevertheless, 
because of the thickness of orthotic devices, shoes must have adequate 
depth to accommodate them. extra-depth and roomy toe box shoes are 
recommended.8

(a)

(b)

Top layer: Perforated Polypropylene 
(PP)

Middle layer: Ethylene Vinyl Acetate 
(EVA)

Botom layer: Polyethylene (PE)

17.11 A total-contact full-foot orthopaedic insole structure for diabetic 
patients.
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17.4.2 Patients with flatfoot deformity or high arches

Flatfoot (Fig. 17.13) is a complex disorder, with diverse symptoms and varying 
degrees of deformity and disability. In flexible flatfoot, the foot is pronated 
and the arch collapses under the weight of the body. in some severe cases, 
the soft tissues or the arch may also compress and break-down, resulting in 
infection and arching pain along the bottom of the foot. Orthopaedic insoles 
can help diminish symptoms by supporting the foot and allowing the foot 
to resupinate. Rigid flatfoot may be caused by abnormal foot development 

17.12 Accommodative felt paddings are inserted to absorb moisture 
and protect metatarsal heads.

17.13 Flatfoot deformity.
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or congenital problems with an abnormal connection between bones in the 
foot. As a result of over-pronated feet, this leads to plantar fasciitis heel 
spurs, medial knee discomfort, posterior tibial tendonitis and/or bunions. 
The first metatarsal bone is generally dorsiflexed or has an unusually wide 
range of dorsiflexion motion.16,30,52 Rigid orthopaedic insoles are applied to 
provide correction forces and stabilise the rear foot and thus reverse the foot 
deformity to the correct position and foot motion, see Fig. 17.14.
 A cavus foot refers to an extremely elevated arch (Fig. 17.15). The foot 
is supinated with the heel and toes turning slightly inward, and is usually 
rigid. Generally, movement in the cavus foot is characterised by increased 
forefoot adduction in the transverse plane, increased forefoot eversion, and 
increased heel inversion. With ambulation, the cavus foot is rigid because 
it does not pronate to unlock the midfoot and subtalar joint so that they can 
become supple. Therefore, the foot cannot adapt to the ground and cushion 
the impact.16 Apart from poor shock-absorption, cavus foot can also lead 

(a)

(b)

Textile material

Polyethylene (PE)

Polypropylene (PP)/
Polyvinyl chloride (PVC)

Ethylene vinyl acetate (EVA)

17.14 An example of insole structure for flatfoot.

17.15 High arch deformity.
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to repetitive stress problems, including pain in the knees, hips and lower 
back, as well as heel and forefoot problems. An example of an orthopaedic 
insole for patients with high-arch foot is presented in Fig. 17.16. A layer 
of perforated PP for cushioning and absorbing shock is used. More rigid 
materials are used for arch support and raised heels.

17.4.3 Foot deformities and severe injuries

severe injuries of the foot and ankle, and/or degenerative disorders of the foot 
are common in older people. These include arthritis of the ankle and subtalar 
and midtarsal joints, plantar fasciitis, posterior tibial tendinitis, hallux valgus 
and prominent or subluxed metatarsal heads. As a consequence of the change 
of foot shape and morphology with compensatory foot motion, abnormal 
and excessive plantar pressure may be applied under the foot, resulting in 
pain during standing and walking, particularly at the metatarsal heads.28 The 
insole design therefore will be supportive for immobilization, controlling the 
motions of the foot and ankle joints, shock and shear reduction, correction of 
mal-alignment, improvement of the foot rockers, pain relief, etc.25,58 Figure 
17.17 shows an example of a custom-made orthopaedic insole, prescribed 
for foot deformities, that comprises five layers of different EVA materials 
in different thicknesses, strength, and stiffness for optimal foot protection 
and support posting as well as forefoot cushioning.

17.16 An example of insole structure for high-arch foot.

(a)

(b)

Perforated polypropylene (PP)

Polyvinyl chloride (PVC)

Ethylene vinyl acetate (EVA)

Plaster mould
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17.5 Test methods and instruments

As discussed previously, the engineering challenges in orthopaedic insole 
design and fabrication have been to create supporting surfaces that provide 
adequate mechanical support and relieve areas of excessive plantar pressure 
while protecting soft tissues from friction and shear stresses. Despite anecdotal 
and clinical evidence of the beneficial effects of orthopadic insoles for the 
prevention of ulcerations and other foot-related problems, limited research 
studies have been carried out to evaluate the effects and properties of materials 
used for the manufacture of orthopaedic insoles. some studies have developed 
various pieces of equipment, whilst some have used modified versions of 
AsTM standards to evaluate properties of orthopaedic materials.21 With the 
consideration of their performance requirements and end-uses, some related 
test methods and instruments for examining the important characteristics and 
properties of fabrication materials are summarised below:

17.5.1 Strength

As reported by Lusardi and Nielson,37 material strength is determined by the 
maximum external load that a material can support or sustain. strength is 

17.17 An example of insole structure for foot deformities.

(a)

Ethylene vinyl 
acetate (EVA)

Polyurethane (PU)

(b)

Perforated ethylene 
vinyl acetate (EVA)

Plaster mould
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especially important in lower-limb devices, in which loading forces associated 
with gait can be very high. The insole materials therefore provide effective 
deceleration of motion, diminish the pronatory forces imposed, and result 
in symptomatic improvement or relief of the stated foot problems. By using 
an instron tensile tester, insole materials may be compressed to a maximum 
load of 2.3kg/cm2 (which is equivalent to the maximum stress on a walking 
foot), and their stress–strain properties investigated.9 To evaluate the shock-
absorption and energy-return performance of insole materials, Lewis et al.34 
used a plunger that was dropped onto the material and they determined the 
maximum deceleration and deceleration rate of the material. A performance 
index of the material was then calculated to assess the suitability of the 
orthopaedic insole materials. Brodsky et al.6 studied the pressure-absorbing 
and force-transmission properties of various orthopaedic materials. A test 
jig with a cylindrical stainless-steel tray and a simulated bony prominence 
elevated 3 mm above the surrounding surface was used. The model was 
connected to a digital load cell so that the amount of peak load transmitted 
to the simulated plantar bony prominence could be measured.

17.5.2 Durability

Durability is commonly assessed through fatigue testing to simulate the 
practical use of insole materials. The ability of materials to withstand 
repeated cycles of loading or unloading during functional activities which 
result in shape and/or structural deformations is determined. Repeated loading 
compromises material strength and increases risk of failure or fracture of 
the material.37,45 Foto et al.18 indicated that rapid loading does not duplicate 
the conditions placed on a material by the foot during walking. Hence, a 
cyclical compression testing device was used to measure the stress/strain 
properties and dynamic compression set of insole materials. The percentage 
loss of material dynamic strain performance throughout a testing period of 
100 000 cycles was reported. By using the previously described material 
testing device for bony prominence, Brodsky et al.6 also examined the 
changes in material thickness, elastic deformation and force-transmission 
properties over repeated cycles.

17.5.3 Stiffness

stiffness is the amount of bending or compression that occurs when a 
material is loaded.36 As defined by Valmassy,61 stiffness is determined by 
the flexural rigidity of a given material, and the product of elastic modulus 
and the moment of inertia, which is a function of the thickness. in orthotic 
applications, stiffness is significantly affected not only by the thickness of 
the material, but also by the overall design of the orthopaedic insole, such 
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as the use of rear foot post, heel cups, and so on. stiff material is less likely 
to become deformed during wear. It is generally adopted when significant 
external stability and correction forces are required. in a study conducted by 
Paton’s team,45 the stiffness of orthopaedic insole materials was measured by 
applying a compressive stress that simulated the form of stress transmitted 
during the material application within a shoe. A rig was used in which a 
rubber weight was dropped from a height of 0.75m onto the test material, 
and a pressure analysis system was positioned underneath the test material. 
The stiffness of the material was expressed as stress per unit strain.

17.5.4 Density

Density is a measure of the amount of matter contained within a given space. 
it is a prime determinant of energy cost during functional activities when 
orthopaedic insoles are used. Light materials have low density and heavy 
materials have high density. The literature has indicated that a light-weight 
material is always preferable in insole design to maintain gait efficiency. 
However, its strength, durability, and fatigue resistance should be considered 
since low-density material may compress prematurely or ‘bottom-out’, which 
reduces shock attenuation.37,45,61 The density of an insole material can be 
determined by measuring its weight and making comparisons against its 
volume.

17.5.5 Ease of fabrication

ease of fabrication and the associated equipment and techniques required for 
specified shapes are important considerations for orthopaedic insole materials. 
Materials such as Pe, PP, eVA, PU and PVC, can be easily moulded or 
adjusted for a custom fit.37 A thorough understanding of thermal mechanical 
behaviours of insole materials can more easily manage modifications for 
foot deformities and enhance the quality and effectiveness of custom-
made orthopaedic insoles manufacturing processes. it is believed that the 
thermal mechanical properties of insole materials can be realised by using a 
thermomechanical analyzer. Based on the results, properties such as softening 
temperatures, compression and bending strains of the insole materials under 
high temperatures can be identified.

17.6 Future trends

Orthopaedic footwear insoles are the most important interface between 
the foot and footwear. The design and use of materials for fabrication of 
orthopaedic insoles are crucial because they influence the foot–orthosis 
interface pressures, comfort of walking and, eventually, the efficacy of foot 
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orthotic treatment for the stated foot problem. With the rapid increase in 
the prevalence of foot and foot-related problems, as well as the tremendous 
technological advancements in the material sciences, some new techniques 
and materials that possess properties suitable for use in the construction of 
orthopaedic insole have been developed.
 Considering the poor air permeability and breathability of foam materials 
and composites, which cause patients to perspire as heat builds up, three-
dimensional (3D) warp-knitted spacer fabrics are proposed for the fabrication 
of orthotic insoles to enhance thermal comfort and resist pressure induced 
by body weight. The 3D spacer fabrics consist of two separate knitted 
substrates that are joined together or kept apart by spacer yarns (Fig. 17.18), 
and provide support so that the 3D structure will avoid being crushed under 
body pressure.2,35,67 The 3D structure and a suitable combination of materials 
used in spacer fabrics can act as a buffer to prevent moisture build-up in 
the microclimate that surrounds the skin when human subjects intermittently 
perspire, and can thus guarantee excellent wear comfort.1,68 A recent study on 
the development of functional fabrics for pressure-ulcer prevention indicates 
that the superior wicking ability of channeled polyester makes it ideal for the 
warp, pile and the top weft in the spacer structure, whilst cotton fibres are 
used as the bottom weft to improve fabric comfort by trapping the moisture 
delivered from the top layer. Fabrics can also be moulded for optimal fit 
and comfort, and engineered to suit the intended purposes. For example, 
to create a long-term, compression-resistant, climate-controlling zone for 
ventilating the foot, high resilient fibres can be added to the pile.2,22,23 The 
rolling action of the foot and the associated pumping effect can also assist 
the circulation of air in the spacer structure, thus contributing a positive 
effect on the climate conditions inside the shoe.
 With regards to the prolonged use and hygiene of orthotic insoles, the 
use of silver and/or copper as an antibacterial agent has also been suggested 
since related literature indicates that silver has been medically proven to kill 
over 650 disease-causing organisms in the body, whilst copper-impregnated 
socks can improve the well-being of the skin of diabetic patients by inducing 
angiogenesis and expression and stabilization of extracellular skin proteins. 
These metals are most frequently used in textile materials for sanitary 
applications because of their safety, skin-friendliness and durability in regular 
laundry.5,43,44,53 To optimise the practical uses of orthopaedic insoles, suitable 
fabric finishes and treatments, such as shape memory finishes for decreasing 
the loss in shape retention, and moisture-management finishes for controlling 
skin hydration and the growth of microorganisms due to perspiration, can 
also be adopted.
 With the recent development of a soft and sensitive tactile pressure sensor, 
an innovative tactile-sensor-based in-shoe plantar pressure measurement 
and analysis system has been developed.55 The sensors are connected with 
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5.0 mm

(a)

(b)

5.0 mm

17.18 3D warp knitted spacer fabric.
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a soft polymeric board through conductive yarns and integrated into an 
insole. Bluetooth virtual serial port technology is utilized, and the system 
can therefore be used in both laboratories and daily outdoor and indoor 
activities. Hence, real plantar pressure can be measured for continuous foot 
assessment and monitoring of plantar loading pressure. The stresses and 
corresponding loading patterns experienced on the feet during different 
activities (standing and walking) can be characterised, and thus provide 
useful information to influence the design and materials for the fabrication 
of orthopedic insoles. 

17.7 Sources of further information and advice

The reader is referred to the following information for further reading:

∑ Foot assessments, such as examining for claw-like hallux, skin dryness, 
dilated venous vessels on the dorsal surface of the foot, warmth, presence 
of calluses, colouring, trophic changes of the skin, cracks, and ulcers, 
surface feeling, sense of pain, temperature, and vibration perception on 
the feet can be used to document changes in foot conditions and evaluate 
the efficacy of orthopaedic insole treatments.4,17,31,63,66

∑ Methods of taking a negative impression of foot-shape for the purposes 
of fabricating an orthopaedic insole are crucial, and affect the reliability 
and accuracy of the foot geometry, and thus the comfort, fit and functional 
performance of the prescribed orthopaedic insole. The traditional collection 
method of foot shapes applies layers of extra-fast drying plaster wrap to 
take a negative impression of the foot. Plaster is then added to create a 
foot platform. More recently, an alternative approach using CAD/CAM 
systems and scanning technology has been introduced, which allows 
the direct machining of hard polymers from a CAD model and reduces 
manufacturing time.13,29,32

∑ The efficacy of the orthopaedic insoles for the stated foot problems 
not only varies with the thickness, hardness, structural and cushioning 
properties of the fabricated materials, but also the shape geometry of 
the insole, the corresponding orthopaedic insole design and construction 
techniques, etc. A number of evaluation methods are used to measure 
the fit and 3D geometric shape of orthopaedic insoles.38,50,54,64
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Abstract: To design functionally adequate footwear, an understanding of 
the dynamic biomechanical behaviour of the foot during locomotion is 
necessary. Thus, this chapter characterizes biomechanical aspects of the 
foot during gait. moreover, it provides the fundamentals by reviewing the 
gait phases and providing a closer look at resulting ground reaction forces, 
pressure distributions and kinematics, as well as dynamic morphologies of 
the foot during gait. a brief overview of current biomechanical measurement 
devices and measurement variables is also provided. finally, present and 
future directions of footwear research are discussed, considering particularly 
the recent insights of biomechanical research on gait.

Key words: dynamic biomechanics, ground reaction forces, pressure 
distribution, gait kinematics, dynamic morphology.

2.1 Introduction 

Based on the anatomical knowledge of the foot presented in chapter 1, the 
following sections characterize biomechanical aspects of the foot during 
walking (the gait phases) and especially during points of contact with the 
ground (the stance phase), where the foot serves as the interface with the 
ground. as the basis for human locomotion, the foot is involved in all 
phases of ground contact (shock absorption, support, acceleration) and thus 
is equipped with a wide range of functional properties. in order to design 
functionally adequate footwear, it is crucial to understand the dynamic 
biomechanical behaviour of the foot, which changes constantly throughout 
the stance phase. This chapter reviews the gait phases, taking a closer look 
at the resulting forces, pressure distributions and kinematics, as well as the 
dynamic morphologies of the foot. a brief overview of different biomechanical 
measurement devices and measurement values are given. finally, the link 
between theoretical biomechanical knowledge and aspects of footwear design 
are discussed.

2.2 Gait

human gait has been intensively investigated by many researchers over the 
last 100 years (Braune and fischer, 1895; marey, 1890; isman and inman, 
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1969; Jacob, 2007; Perry and Burnfield 2010). The gait cycle, a fundamental 
unit of gait, begins when one foot contacts the ground and ends when the 
same foot contacts the ground again.

2.2.1 Gait phases

as noted earlier, within one gait cycle, each foot performs one ground contact 
(stance phase), respectively, and stays on the ground for about 60 to 62% 
of the entire gait cycle. consequently, the period where the foot is lifted off 
the ground (swing phase) accounts for about 38 to 40% of the entire gait 
cycle. in contrast to running, where both feet never touch the ground at the 
same time, there are two double contact periods during walking. Both feet 
are on the ground during the first and last 10% of the walking stance phase. 
The exact duration depends on individual walking velocity.

2.2.2 Stance phases

Various approaches to the division of stance phases have been published 
(Blanc et al., 1999; De cock et al., 2005; Perry and Burnfield, 2010; Rodgers, 
1988). The aim of each approach is to define different functional time frames 
for the foot. The most common approach is to divide the stance phase into 
three or four periods: loading response, mid-stance, terminal stance and, 
sometimes, pre swing (see Fig. 2.1). For a general understanding, we find 
the division into three phases to be sufficient and, thus, use this approach 
to explain the fundamentals of each phase.

(i)

(ii)

(iii)

2.1 The three main phases of the roll over process: (i) initial ground 
contact with the heel and plantarflexion of the foot, (ii) the shank 
progresses of the flat foot causing an ankle dorsiflexion, (iii) push off 
with the terminal ankle plantarflexion. 
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 loading response begins when the foot initially touches the ground. This 
initial ground contact usually occurs through the heel region with a supinated 
foot. even though the opposite leg is still on the ground, almost the entire 
load rests on a relatively small heel area of the reference foot. This becomes 
obvious in pressure measurements of the heel in walking (312 kpa) compared 
with bipedal stance (142kpa), where dynamic situations show much higher 
loading patterns (Tittel, 2003). The main functions of the foot during the 
loading response phase are shock absorption, decelerating of the downward 
movement, weight-bearing stabilisation, and preservation of progression. 
After the initial contact, the foot shows a fast and passive plantar flexion 
to gain full ground contact. analyses of this process show that the foot’s 
downward progress takes place along the lateral border as 70–80% of the 
population touch the ground with their lateral metatarsal heads prior to their 
medial metatarsals heads (Blanc et al., 1999; Perry and Burnfield, 2010). 
The loading response phase ends when the opposite extremity leaves the 
ground. 
 During mid-stance, the contra lateral foot is off the ground; thus, the 
reference foot bears the full weight alone. Body weight passes over the foot 
as the shank and the rest of the body moves forward. During this period, the 
leg is externally rotating. The foot is usually in a pronated or neutral position. 
The foot now provides a firm support for the complete body weight.
 The third subdivision of the stance phase is called the terminal stance or 
propulsion phase. it begins when the heel is lifted off the ground (heel-off) 
and ends when the toes leave the ground (toe-off). again, the main function 
of the foot is altered as it changes from being a firm support to becoming a 
rigid lever in order to propel the body forward during this final component 
of the stance phase. The foot actively performs a plantar flexion while body 
weight is shifted to the opposite foot as it makes ground contact. By lifting 
the heel, the loading area of the foot is reduced solely first to the whole 
forefoot region, to the metatarsal heads only, and finally to the Hallux and 
the lesser toes. Differences in pressure distribution between walking and 
bipedal standing is reported as greatest in the big toe region, with an average 
value of 33kpa for static and 416kpa for dynamic situations (Tittel, 2003). 
in physiological gait, the subtalar joint is in a supinated position during 
this stance phase. abnormal pronation is believed to correlate to overuse 
injuries in walking and especially in running due to prolonged mid-stance 
and propulsion subphases, with the effect of abnormal weight transfer in the 
forefoot region and other side effects (rodgers, 1988).

2.2.3 Swing phases

even though the stance phase is the more relevant period for foot biomechanics 
in gait, the following section describes the swing phase subdivided into 
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three time frames. in the swing phase the foot is off the ground; therefore, it 
begins after toe-off and ends with the initial ground contact of the reference 
foot. it can be divided into the initial swing, mid-swing, and terminal-swing 
phases. 
 The initial swing, sometimes called forward swing or acceleration, describes 
the period starting when the reference extremity leaves the ground until the 
maximum knee flexion of that same extremity. During this phase, the foot 
is carried forward, the knee is initially flexed, and the ankle is dorsiflexed 
to avoid stumbling.
 mid-swing begins when the swinging foot is beside the stance foot and 
ends when the tibia is vertical to the ground. The reference extremity passes 
directly below the body. The ankle and foot position is neutral in the sagittal 
plane.
 The terminal swing phase, sometimes called deceleration, is the period of 
the swing phase when the extremity is decelerating in preparation for heel 
strike. it ends just prior to initial foot contact.

2.3 Kinetics

2.3.1 Force/Loading

The interface between shoe and surface is a key factor in biomechanical 
footwear research. every force that is applied onto the surface produces, 
according to newton’s third law ‘action equals reaction’, a counterforce 
with the same magnitude but in the opposite direction. in the case of surface 
interaction, this counterforce is called the ground reaction force (grf). grf 
is a three-dimensional force vector that can be determined by using force 
platforms. for data analysis and interpretation, the three-dimensional force 
vector can be subdivided into its one-dimensional components: one vertical 
and two horizontal.

Vertical ground reaction force

The vertical dimension is the most analysed force component in gait 
analyses – it is the gold standard for ground contact detection. if the 
vertical component registers values above a threshold of 10–50n, the foot 
is considered to have ground contact. furthermore, the shape of the vertical 
grf over time gives valuable information about step characteristics. 
generally, vertical grf in walking is characterised by an m-shaped progress 
(Fig. 2.2). The first force maximum is found during early stance at the end 
of the loading response and, after a force decrease during mid-stance, the 
second force maximum occurs at late stance. The ascent to the first peak 
has two parts: a steep increase directly after ground contact, followed by 
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a smooth increase towards the first peak. Against natural expectations, the 
height of the first peak does not correlate with the softness of the surface or 
shoe dampening, but is regulated to be similar in magnitude independently 
of external dampening. However, the rate at which the first peak is built 
up, called loading rate or force rising rate, has been proven to correlate 
with dampening (Wit et al., 1995, 2000). While very high loading rates are 
observed in barefoot walking, soft shoes and soft surfaces have been shown 
to decrease the loading rate. Thus, loading rate is used in biomechanical 
research as an indicator of shoe dampening characteristics (O’leary et al.,  
2008).

Horizontal ground reaction force

The horizontal grfs are differentiated according to the movement direction. 
grf in the movement direction is called anterior–posterior grf, and grf 
perpendicular to the movement direction is called medio–lateral grf.
 Whereas much research has focused on the vertical grf, horizontal grfs 
have received markedly less attention. in the interpretation of the stance 
phase, however, especially the anterior–posterior grf holds interesting 
information. The general anterior–posterior grf curve has three characteristic 
phases: (i) a very short backward component as the heel strikes the ground 
in a downward–backward motion, (ii) a main breaking phase during loading 
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(Data provided by courtesy of Ryan Chang.) 
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response up to mid-stance, and (iii) a propulsion phase during the second 
half of the stance phase. acceleration and deceleration in gait are a result 
of differences in breaking and propulsion forces and, thus, are obvious in 
differences in the respective anterior–posterior grf impulses of the breaking 
and propulsion phases. as a practical consequence, there have been efforts 
in running-shoe research to modify the shoes’ outsole geometry in order to 
store energy during the breaking phase that, released during the propulsion 
phase, increases the forward acceleration of the runner.
 During straight forward walking, the medio–lateral grf has little interesting 
information as it is highly variable between subjects, and even between 
consecutive steps of the same subject. in investigations on footwear traction, 
however, the medio–lateral GRF is a key variable. A traction coefficient can 
be calculated by dividing the maximum medio–lateral grf by the maximum 
vertical GRF (Valiant, 1993). In soccer footwear, this traction coefficient has 
been shown to correlate positively with players’ performances in obstacle 
running and has therefore practical relevance (Sterzing et al., 2010). for 
general walking footwear, the traction coefficient can be used to evaluate 
outsole traction properties in order to avoid falls due to slippery footwear 
(Valiant, 1993). 

2.3.2 Pressure distribution

force platforms are the preferred measurement devices when the investigator 
is interested in the combined grf only. if, however, a spatial distribution 
of forces under the foot is needed, force platforms are insufficient. In this 
case, either pressure platforms or pressure insoles are needed, as they are 
built of a matrix of multiple discrete force sensors. Since the surface of each 
force sensor is known, pressure can be calculated for each single sensor. 
Thereby, a spatio–temporal pressure distribution under the foot is obtained. 
Different techniques can be used to quantify the pressure applied to the 
interface between the foot and the underlying material (shoe or ground). 
The most common techniques use resistive and capacitive sensors for both 
pressure platforms and pressure insoles. Spatial- and temporal-resolutions 
usually range between 0.5 and 4 sensors/cm² for spatial- and 50 to 1000 hz 
for temporal-resolution. Selection of the right measurement device (platform 
vs. insole) depends upon several criteria. insoles are more portable, and are 
therefore particularly suitable for field tests and investigation of interactions 
between insoles/shoes and the foot. additionally, they do not have to be 
targeted by the subject like the platform, which is speculated to influence 
normal walking and running conditions. These systems, however, are usually 
less robust; they do not have an orientation in space to define inner and 
outer rotation of the foot, and have lower spatial- and temporal resolutions 
compared with the platform.
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 regardless of the chosen device, pressure distribution measurements 
provide much valuable information about the subject’s gait pattern, which 
can be subdivided into temporal and spatial values.

Spatial information

even though the measurement technique can provide precise timing sequences, 
the most common measurement values in clinical use give spatial information, 
such as the maximum or mean pressure value per cell during the entire ground 
contact (see Fig. 2.3). The fine resolution of the pressure sensor matrix allows 
insights of local peak pressure values under the foot. These values deliver 
relevant and useful information on structural characteristics of the foot; for 
example, foot deformities and arch types. a very common method of foot 
type classification is to compare loaded versus unloaded pressure cells in 
predefined regions, mostly focusing on the longitudinal arch structure (e.g. 
arch index, footprint index). a review has been published by razeghi and 
Batt (2002), comparing different methods of classifying foot types.
 a rigid high-arched foot shows pressure peaks beneath heel and forefoot 
only, whereas a flexible flat foot shows more loaded cells, including the 
area beneath the midfoot. a healthy foot was believed to have concentrated 

2.3 Pressure measurements of normal gait using a pressure platform: 
(A) pressure of each sensor averaged over the whole roll over 
process, (B1) early stance with only heel contact, (B2) midstance, 
whole foot touches the ground, (B3) late stance, heel no longer has 
ground contact; main load is on forefoot and Hallux.

A

B1 B3B2
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pressure peaks under the heel and the metatarsal heads ii and iV-V (tripod 
stance). investigation of local peak pressures in the 1980s disproved the 
concept of tripod stance, which includes the assumption of a pressure-free 
zone beneath the middle metatarsal heads, by showing that all metatarsal 
heads are loaded during the stance phase of gait (rodgers, 1988). in normal 
gait, maximum pressure peaks can be observed in the medial (312kpa) and 
lateral heel regions (277kpa), for all metatarsal heads (from medial to lateral: 
314kpa, 380kpa, 216 kpa) with highest values in the hallux region (416kpa) 
(hennig and milani, 1993). Other studies show comparable results, with 
variability due to different measurement techniques and criteria of sample 
selection (in rodgers, 1988).
 instead of using single-cell information, anatomical masks of the plantar 
foot can be used to show pressure difference in specific foot regions 
(Decock et al., 2005). Often, the foot is subdivided into 8 to 10 regions, 
considering a medial and lateral heel mask, one or two mid-foot masks, 
two to five forefoot masks and one or two masks for the toes (Maiwald, 
2008). Pressure gradients are another method of finding local pressure peaks; 
thereby the maximum difference between adjacent cells is calculated (müller 
et al., 2005). in general footwear, local pressure information is valuable for 
detecting construction deficits which lead to pressure marks that reduce the 
perceived comfort markedly and might even result in chronic overloading 
of anatomical structures. furthermore, in therapeutic footwear, especially 
for the diabetic foot, the detection of peak pressures induced by footwear is 
even more important, as pressure marks remain unrecognised by the patients 
and thereby result in ulceration. 

Temporal information in pressure measurements

Temporal information in pressure measurements can be obtained to define the 
type of touch down, which is directly obvious by identifying the anatomical 
structure that first hits ground. The vast majority of people uses the heel 
for initial touch down (Perry and Burnfield, 2010); however, mid- or even 
forefoot touch-down does occur (lieberman et al., 2010). in running research, 
a controversy has emerged recently as to whether heel striking is the natural 
running pattern. in barefoot running, the foot contacts the ground initially 
in a flatter, less dorsiflexed position than in shod running. Thus, Lieberman 
et al. (2007, 2010) hypothesise that the natural running pattern, being the 
product of human evolution for millions of years, is characterised by a mid- or 
even forefoot striking pattern and that the commonly observed heel-striking 
pattern is, in evolutionary terms, a relatively young adaptation induced by 
footwear. in walking, ground contact initially by heel strike is considered 
the general pattern. There is a current tendency towards ‘barefoot’ shoe 
technologies for every day walking shoes which claim to provide a more 
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natural walking pattern by using flexible sole constructions and softer upper 
materials (see also Section 2.4).
 Besides defining subjects’ gait pattern, a common temporal measurement 
value is the centre of pressure (cop), which is a virtual point calculated as 
the weighted average of all pressure data and the point location of the grf 
vector (Winter, 1995).
 During early ground contact (heel strike), the centre of pressure (cop) 
lies slightly lateral to the mid-line of the heel region. as the body progresses 
forward, the cop progresses towards the forefoot for the terminal push-off. 
This forward progress is basically along the foot length axis; however, 
medio–lateral deviations have been observed (maiwald, 2008; ledoux and 
hillstrom, 2002). most commonly, the cop advances forward in a curve 
that is lateral to the foot-length axis and reaches its most lateral excursion 
approximately during mid-stance; and reaches the medial metatarsal heads 
and finally the Hallux and second toe for terminal push-off (Ledoux and 
hillstrom, 2002). When interpreting the cop, it must be considered that it 
is a calculated average value, which may fall at a region that is not actually 
loaded. Other pressure measurement values give more precise spatial 
information, as described above (e.g. local peak pressure). 
 Spatio–temporal pressure distribution has often been used to approximate 
kinematic values; however, recent investigations did not find a relevant 
relationship between pressure distribution measurements and kinematic 
characteristics such as eversion values (maiwald, 2008), in sum, pressure 
distribution measurements are very useful for morphological information of the 
foot in different application areas but do not offer an indirect measurement of 
ankle joint movement. additional kinematic measurements are required.

2.4 Kinematics

2.4.1 Foot and ankle

 The foot consists of 26 bones controlled by 42 muscles and is held together 
by an almost unbelievable number of ligaments. fortunately, in the normal 
performance of its major functions, many of these parts co-operate so 
closely that an initial workable concept of the foot can be based on very 
few units (elftman, 1969).

This quote by elftman (1969) implicates two important aspects: the enormous 
complexity of the foot’s anatomy and the interaction within functional units. 
The difficulty that biomechanical research is facing is to define functional 
units and to analyse their relative movement with respect to one another. 
in many, even recent, biomechanical investigations, the foot is considered 
a rigid body with negligible movement within itself. however, in walking 
and running, considerable movement between functional units within the 
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foot has been identified in various investigations (e.g. Arndt et al., 2007). 
Nevertheless, for a general understanding, we take a simplified view of foot 
and ankle biomechanics during walking by considering the foot to be a rigid 
body that moves as one unit relative to the shank. This simplification is 
legitimate since the muscular activation stiffens joints within the foot during 
various phases of the gait cycle. We will discuss relative movements within 
the foot later in this chapter. 
 in walking, the majority of joint movement occurs in the sagittal plane; 
thus we will first look at the ankle movement of this plane. In the swing 
phase, the foot is dorsiflexed and is thereby prepared for the initial ground 
contact with the heel. as mentioned above, the typical ankle movement 
pattern during ground contact is characterised by three phases with alternating 
rotational directions. first, the initial contact is posterior to the rotational axis 
and thus, in a very short period of time, the foot is passively plantarflexed 
until the whole foot has ground contact. Secondly, the forward movement 
drives the shank over the foot and, hence, causes a dorsiflexion in the ankle 
complex. finally, the ankle motion is again reversed at the beginning of the 
push-off phase, where the foot plantarflexes while being used as a lever to 
create a forward–upward movement.
 even if the main movement during this roll-over process takes place 
in the sagittal plane, it is accompanied by lateral movement components 
caused by the oblique subtalar axis. after touch down, the foot rotates into 
pronation until approximately midstance, where the rotation is reversed into 
a supination movement during push-off.
 in running, pronation has been intensively discussed to be a factor in the 
development of overuse injuries. as a consequence, various strategies have 
been developed by running-shoe manufacturers to reduce extreme pronation 
velocities and excursions. however, the link between pronation and overuse 
injuries has neither been clearly proven nor refuted. large-scale prospective 
studies are needed to clarify whether this linkage generally exists or might be 
true on the basis of special subgroups or even selected individuals only.
 in walking, the effects of pronation have not been studied intensively. The 
lower movement speed in walking, compared with running, causes lower 
pronation excursions and pronation velocities. Thus, potential hazardous 
pronation values are comparatively unlikely compared with running. however, 
pronation can be intensified by shoe characteristics. Especially the heel 
height and geometry have been shown to influence pronation directly. The 
mid-sole at the heel region acts as a lever arm and, thus, the higher the heel 
the longer the lever arm, resulting in higher pronation values. in walking, 
this has to be considered because heel heights are often considerably higher 
than in sport shoes and the number of steps healthy adults accumulate during 
a day add up to 4000–18 000 (Tudor-locke et al., 2011).
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2.4.2 Motion analysis devices

motion analysis systems have advanced tremendously in the last decade. To 
analyse a movement between two body segments, retro-reflective or actively 
light emitting markers are placed on anatomical landmarks in both segments. 
By using multiple cameras, these markers are triangulated and their spatial 
position calculated. for profound details on motion analysis methodology, 
we highly recommend a series of review articles covering the major aspects 
of kinematics (cappozzo et al., 2005; chiari et al., 2005; Della croce et al., 
2005; leardini et al., 2005).
 Dynamics motion analysis of the foot is especially challenging. if inter-
foot movement during walking is of interest, to date, researchers are in the 
dilemma of having to choose between methodologies with non-negligible 
limitations. In barefoot walking, markers can easily be fixed to the foot; even 
bone pins can be attached as markers directly to the bone, to avoid movement 
artefacts due to skin movement. however, only a minority of humans today 
habitually walk barefoot; and it is known that shoes directly alter the walking 
movement pattern (see fig. 2.4) (Brauner, 2011). in shod walking we know 
that the movement of the shoe does not describe the movement of the foot 
sufficiently with regard to inter-foot movement and markers on the foot 
cannot be made visible to motion detection cameras without destroying 
the shoe (Stacoff et al., 1992). Thus, what is happening inside the shoe in 
normal walking is still not very well understood. The recent development of 
inertial sensors makes this sensor type a potential candidate to gain insights 
into the foot motion inside shoes in dynamic settings. inertial sensors have 
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become very small and, attached directly to anatomical structures, they can 
measure the segments movement imperceptibly to the individual. a problem 
in the past with the application of inertial sensors on the foot has been signal 
noise, which is present in high magnitude in this area due to impact on the 
ground. recently, however, this problem has been addressed by developing 
advanced algorithms combining accelerometer and gyroscope signals in such 
a way that the sensor orientation is calculated nearly unaffected by impact 
noise (Takeda et al., 2009). Thus, the upcoming usage of inertial sensors for 
direct measurements of inter-foot movement will help to gain further insights, 
especially since this sensor type is not restricted to laboratory settings but 
can be used in field testing scenarios as well.

2.4.3 Rearfoot versus forefoot

The complex anatomy of the foot would not be necessary if the foot 
behaved like one rigid body. One potential benefit of the various elements 
is that they allow the foot to react adaptively to surface characteristics and 
consequently, to allow humans to walk flawlessly across uneven surfaces. 
furthermore, movement around the longitudinal axis of the foot enables 
the foot to keep ground contact despite the medio-lateral excursions within 
the rollover process. Thus, inter-segmental movement in walking has been 
observed and quantified in various studies (Chang et al., 2008; leardini et 
al., 2007; Simon et al., 2006). The amount of inter-segmental movement 
reported in these studies is substantial, especially at the beginning and at the 
end of the stance phase since at these stages ground reaction forces are the 
highest and only forefoot or rearfoot have ground contact. as a conclusion 
to these findings, the necessity for considering the movement of individual 
foot segments rather than one rigid foot segment becomes apparent. 
 The shoe industry, led by almost all major sport shoe brands, has already 
responded to these research findings. The first step has been to allow torsional 
movement about the longitudinal foot axis between rearfoot and forefoot by 
decoupling the rear- and forefoot shoe elements. a further step has been the 
introduction of shoes with multi-segmented sole constructions, enabling the foot 
higher movement freedom and thereby mimicking barefoot walking. potthast 
et al. (2005) were able to demonstrate that the usage of shoes with highly 
flexible sole constructions over a period of six months stimulates intrinsic 
and extrinsic foot muscles, leading to measureable muscle circumference 
increases and strength gains.

2.4.4 Toes

The toes are the last functional elements of the foot to have ground contact 
in the final push. In healthy walking, the CoP should be slightly medial, 
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thus putting the most push-off pressure on the hallux. The flexor muscles 
of the hallux (M. flexor halluces longus and brevis) and the other toes (M. 
flexor digitorum longus and brevis) contribute to the plantar flexion of the 
foot, but more importantly they stabilize the hallux and the toes during the 
whole second half of the ground contact by performing an energy-absorbing 
eccentric dorsiflexion of the hallux and the toes. A deficit in flexor strength has 
shown to reduce energy generation during push-off in running (Stefanyshyn 
and nigg, 1997). 

2.5 Dynamic morphology

A new approach in the field of biomechanics of the foot is the investigation 
of dynamic morphology. it describes dimensional changes in foot structure 
during movement. It is widely accepted that in order for a shoe to fit 
correctly, it must match the shape of the foot (Blenkinsopp et al., 2012; 
Janisse, 1992). considering the above described changes in ground reaction 
forces, pressure distributions and kinematics during different stance phases, 
the static foot is likely to change considerably in a dynamic situation. This 
assumption is supported by several studies (houston et al., 2006; Tsung 
et al., 2003; Xiong et al., 2009) in which the foot shape was investigated 
under different static loading conditions (half-weight bearing vs. full-weight 
bearing). Under full-weight bearing, foot length and foot width increase 
by 3.4% ±1.3% (8.0mm) and 6.0% ±2.1% (5.7mm), respectively (Tsung 
et al., 2003). Telfer and Woodburn (2010) give a comprehensive overview 
of the use of 3D surface scanning for the measurement of the human foot, 
focusing on different loading conditions. Whereas static measurements (2D 
or 3D) of the foot provide essential knowledge about foot shape, dimensions 
and structural characteristics so far (e.g. Krauss et al., 2008; luximon and 
goonetilleke, 2004; mauch et al., 2008; Telfer and Woodburn, 2010), recent 
developments in scanning technologies make it possible to capture the 
three-dimensional surface of the foot time-resolved over the entire roll-over  
process. 
 One potential benefit of these new capabilities is to gain more knowledge 
for shoe last design. So far, shoe last construction has been based mainly on 
practical knowledge including trial-and-error. Data showing three-dimensional 
changes in foot structure are likely to objectify this process.
 Different approaches have been introduced in parallel (stereo matching; 
structured light; time of flight), each having different assets and drawbacks 
(Schmeltzpfenning et al., 2011a). however, few investigators have presented 
results on real dynamic changes of the three-dimensional foot structure 
so far. Kouchi et al. (2009) investigated 55 subjects during walking, and 
reported differences in forefoot width of 2.4mm and heel width of 4.1mm 
on average. in our own studies, subjects (n=129) walked on an elevated 
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walkway (see fig. 2.5) and foot shape was captured using multiple structured 
light technology (Schmeltzpfenning, 2011b).
 Within the roll-over process, significant changes in foot length (2.3 ±1.3 
mm), heel width (5.1 ±1.0 mm) and forefoot width (4.6 ±1.8 mm) have 
been determined. especially foot width changes can easily be explained 
by changes in grf force magnitude during the roll-over process and area 
of support. foot width at the heel region is highest at the end of the initial 
stance phase (first 10% of ground contact) and during the terminal stance 
phase for forefoot width, where the heel is lifted off the ground (see fig. 
2.6).

2.5 Scan set up for dynamic three-dimensional measurement of the 
foot using multiple structured light technology. Five synchronized 
scanner sensors are embedded into a walkway to capture the 
moving foot with a frequency of 46 fps.

Loading response

Maximum heel 
width (+5mm)

Terminal stance

Maximum forefoot 
width (+4mm)

Midstance

Flattest arch 
values (–4mm)

2.6 Foot during roll-over process of walking from medial and plantar 
view in different stance phases. Dynamic foot changes are based on 
data analysis of 129 subjects (Schmeltzpfenning, 2011b).
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 By looking at recent publications in this field (Blenkinsopp et al., 2012; 
fritz et al., 2011; Jezersek et al., 2011; liu et al., 2011; mochimaru and 
Kouchi, 2011; Schmeltzpfenning et al., 2011a) it seems likely that dynamic 
morphology will play a bigger role in biomechanical research in the future. in 
such investigations, we feel that the study focus should progress from showing 
only the feasibility of the measurement technology, towards investigations 
of dynamic changes of the foot with representative sample sizes.

2.6 Future trends

Despite the complexity of the biomechanics of walking and running, 
these movement patterns are performed subconsciously in a correct and 
economic manner by healthy individuals. however, this natural process 
can be influenced by footwear – positively or negatively. Consequently, 
supporting a physiological roll-over process during walking should be a 
major objective of shoe design. Shoe companies and researchers, especially 
in the field of sport-shoe development, are focused on preventing injuries 
(e.g. overuse injuries, acute traumas) and improving performance. Up to 
date, however, there is neither enough uncontradicted evidence for the cause 
of injuries through footwear nor for the reduction of these by specific shoe 
constructional elements (nigg, 2010). for example, biomechanical research 
has focused intensively on reducing impact forces during initial ground 
contact as well as on limitating excessive pronation, since both factors were 
believed to be associated with the development of overuse injuries. These 
assumptions, however, have not been convincingly confirmed so far. Thus, 
we suggest implementing prospective studies to either substantiate or reject 
these assumptions and to focus on other footwear elements such as dynamic 
fitting, comfort, and mimicking barefoot movement patterns. 
 nigg (2010) has published a summary of the last forty years of sport-shoe 
research, reviewing these previous presumptions in a critical way, which we 
recommend to everyone who is interested in the biomechanics of sport shoes. 
in his book, he postulates future directions in sport-shoe research. he also 
identifies ‘barefoot’ shoes, intelligent shoes, and shoes as training devices to 
be important and topics for future shoe development and he considers shoe 
comfort to be the most important variable for sport shoes (nigg, 2010).
 The above mentioned trend towards shoes that simulate barefoot walking is 
at least partially motivated by positive research results. Barefoot walking and 
running seems to have a positive effect on strengthening the small muscles 
crossing the ankle joint (nigg et al., 2009). in their comparisons of foot 
morphology and biomechanical behaviour of habitual barefoot walkers with 
habitual shod walkers, D’août et al. (2009) found that the feet of habitual 
barefoot walkers were significantly wider and more equally distributed in 
plantar peak pressures than those of the shod group. Despite agreeing on the 
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general necessity of footwear in many circumstances, the authors conclude 
that footwear needs to respect the natural foot shape and function; otherwise 
it may have lasting negative effects on foot morphology and biomechanical 
behaviour (D’août et al., 2009). Up to now, the shoe industry has come up 
with very different concepts regarding barefoot shoes. Various innovative 
footwear conceptions mimic either the shape of the foot (feet you wear by 
adidas®), the kinematics of barefoot walking (free by nike®) or the feeling 
of barefoot walking (masai Barefoot Technology, mBT®) (nigg, 2009). 
most of these concepts have been developed originally for sport shoes, but 
have been quickly adapted to be used in everyday walking shoes. recent 
research results even show a positive effect of wearing flexible shoes for 
elderly people due to the strengthening of the Hallux and lesser toe flexors 
(munro et al., 2011).
 One biomechanical shoe concept that has been growing in popularity 
over the last ten years is that of instability shoes. it can be seen as a 
training device by providing a constant unstable situation, which has to be 
compensated by muscle activity to bring the body back in alignment again. 
During locomotion, instability shoes increase the amount of variability in gait 
due to the rounded sole in the anterior–posterior direction (müller, 2011). 
recent research data show a positive effect of increased muscle force of the 
peroneii and speculate a training effect of the sensor motor system. authors 
conclude that instability shoes have superior long-term effects on the foot’s 
dynamic stability and, therefore, can be integrated into physical therapy 
concepts to treat ankle joint instabilities (Kaelin et al., 2011). Others agree 
on the positive effects in general, but show a reduction of variability to the 
level of conventional shoes after a training period of ten weeks (Stöggl & 
müller, 2012). Thus, the question of the long-term effects of instability shoes 
still remains unanswered. it is conceivable that the degree of freedom of such 
shoe concepts might increase in future by providing additional instability 
in medio–lateral, diagonal or in all directions. a smart system, based on 
electronic sensors could be implemented to generate individual changes in 
instability to maintain the desired effect of variability. 
 Both shoe concepts, barefoot shoes and instability shoes, indicate a 
new way in biomechanical footwear, allowing more movement instead of 
controlling movement patterns. Because researchers have started to look 
beyond well-established footwear concepts, the future for footwear research 
remains exciting.

2.7 Conclusion

The human foot has been, and probably always will be, a challenging subject 
in biomechanical research because of its complex composition of muscles, 
bones, ligaments and resulting joint axes. as described in this chapter, the 
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foot provides multifunctional bases for human locomotion, which enable 
adaptation to different ground surfaces and provide the necessary support 
during different stance phases within the roll-over process. Whereas the 
functional anatomy and biomechanics of foot, ankle and lower limb stay 
the same, there has been substantial progress in measurement devices and 
in innovative shoe concepts over the last ten years. advanced technologies 
create new possibilities in motion analysis and optical surface measurements. 
previous foot measurement devices, such as Brannock or calliper, measure 
the foot in only two dimensions. affordable foot scanners can be used as 
an in-store system to characterize the foot in all necessary dimensions and 
support customers in finding the best-fitting shoes (Mauch et al., 2008). 
it is thus necessary to create an extensive database of shoe last or in-shoe 
dimensions to optimize the allocation of the correct shoe to the individual 
foot shape. To the knowledge of the authors, a suitable technology for the 
measurement of the inside dimensions of a shoe is not available yet. further 
research in this field is necessary.
 advancements in the area of motion analysis allow us to expect various 
new insights in the near future. especially the general progress, the extreme 
miniaturisation and the affordability of electronic sensors such as inertial, 
pressure, or hall sensors have recently opened many new research fields. 
This miniaturisation has progressed to such an extent that measurements of 
foot and ankle kinematics are no longer bound to artificial laboratory settings 
but investigations in realistic field settings (or even in everyday life) are 
possible. Thus, new fields of research have emerged and will give answers 
to questions concerning the loading profiles and ranges of motion to which 
the foot is exposed during everyday activities and during various sports, and 
the effect of fatigue in long-lasting activities on the foot’s biomechanics. 
furthermore, the radical reduction of sensor prices creates the opportunity 
to install sensors in mass-produced shoe models. potential applications for 
this scenario are gait trainers, shoe deterioration sensing and smart shoe 
characteristic adaptations. 
 finally, a general rethinking of functional aspects in footwear design can 
be observed in recent years – a trend away from conventional sport shoes, 
which had the aim to support, guide and cushion the foot, to new innovative 
shoe concepts as described above. after the traditional assumptions of the 
speculated effect of excessive impact loading and excessive pronation was 
questioned critically (nigg, 2001; lieberman et al., 2010), the way to more 
innovative biomechanical shoe concepts has been opened.

2.8 Sources of further information and advice

The following books are recommended for further information on the 
functional anatomy of the foot and ankle complex (Kelkian and Sarrafian, 
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2011) and for gait analysis (Perry and Burnfield, 2010). For a deeper insight 
in the biomechanics of human movement, Winter (2005) and hamill and 
Knutzen (2009) are recommended. a critical review on the biomechanics 
of sport shoes is given by nigg (2010) which is suggested for everyone 
who is interested in the biomechanical shoe research of the last forty  
years.
 additional web sources are given below, showing two active communities 
in the field of foot and ankle biomechanics. Both offer their own Journals.

Books 

Kelikian, AS and Sarrafian, SK, 2011, Sarrafian’s Anatomy of the foot and 
Ankle. Descriptive, Topographic, functional, lippincott Williams and 
Wilkins, philadelphia, pa.

Perry, J and Burnfield, JM, 2010, Gait Analysis. Normal and pathological 
function, SlacK, Thorofare, nJ.

Winter, Da, 2005, Biomechanics and motor Control of Human movement, 
Wiley, hoboken, nJ. 

hamill, J and Knutzen, K, 2009, Biomechanical Basis of Human movement, 
Wolters Kluwer health/lippincott Williams and Wilkins, philadelphia, 
pa.

nigg, Bm, 2010, Biomechanics of Sport Shoes, University of calgary, 
calgary, alta.

Web sources

http://www.i-fab.org – international foot and ankle Biomechanics community. 
http://footwearbiomechanics.org – international footwear Biomechanics 
group.
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abductor digiti minimi, 15
abductor hallucis, 14
Achilles tendon, 6
adductor hallucis, 17
Adidas, 254, 255, 261, 262
advertising, 258
air-layer insulation, 298
Aliplast, 348, 358
Altama desert combat boots, 333
American scale, 209–11
 schematic diagram, 210–11
anatomy
 human foot, 3–26
  arches, 18–20
  bones, 3–10
  joints, 11–12
  muscles and tendons, 12–18
  neurovasculature, 20–2
  surface anatomy, 22–6
ankle-foot orthoses (AFO), 112–13, 396
ankle joint, 218
anterior talar articular surface, 5–6
anterior tibial artery, 20
anthropometry
	 based	foot	type	classification,	79–80
 foot measurements, 73–7
  Brannock device, 73
	 	 definitions	used	for	measuring	foot	

length, 77
  eighteen foot dimensions, 75
  eighteen foot dimensions 

definitions,	76
 variations on foot measurements, 77–9
  age, 77–8
  ethnicity, 78–9
  foot side, 78
  gender, 79

  growth environment, 79
  load-bearing, 78
apparent insulation, 305
arch curve, 220
arterial	insufficiency,	384
ASTM-F 2370-05, 301, 302
average	fit,	395

back height, 182
back point, 180
ball girth, 181
ball line, 60, 68
ball region, 218
ball width, 60, 65
Bally	Multifit,	394
Belleville boots, 330, 333
big toe contact point, 182
bipedal gait, 55–6
BLEND, 328
BluSoft, 123
boots, 165–7
 ankle boot illustration, 171
 ankle boot template, 171
 heel ankle boot illustrations, 172
 heel ankle boot template, 172
 illustrations, 170
 template, 169
bottom toe-curve, 220
bow leg see genu varum
Brannock device, 73, 394
British scale, 209
 schematic diagram, 208–9
Bruder, 394
brush, 144
bulldog, 393
bunion, 91–6, 382
 corrective insole principle, 93
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	 first	ray	angle,	94
 foot orthotic CAD/CAM system, 97
 laser scanner to capture 3D foot 

contour, 96
 plaster casting of the foot, 95

CAD/CAM system, 95
calcaneal sulcus, 6
calcaneocuboid joint, 11–12
calcaneus, 5–7, 54
 osteoligamentous specimen of right 

human foot, 6
 schematic diagram, 5
callus formation, 96, 98
Cambrelle, 323, 329
Cancer Risk, 275
carbon	fibre	reinforced	plastic,	354
cavus foot, 360–1
charcoal, 143
Chinese scale, 201
 schematic diagram, 203–4
Chippaux–Smirak Index (CSI), 61–2
Christian Louboutin, 261, 263
cold, 283
cold weather conditions, 283–311
 design requirements of footwear, 

290–6
  effect of footwear size on cold 

protection of the feet, 294
  layer-by-layer approach, 293
  pumping effect and air 

permeability, 294–5
  size effects, 293–4
  slip resistance, 296
  weight, 295
 effect of socks on feet insulation, 

moisture management and 
comfort, 308–11

  effect of sock layers on the 
insulation, 310

  insulation of footwear without  
and in combination with socks, 
310

  insulation of sock combinations, 
309

  total insulation of various single 
socks, 309

 feet and footwear related injuries, 
287–90

 feet in cold environments, 284–7

  cold and pain sensations in feet, 
286–7

  factors affecting foot cooling, 
284–6

  foot heat sources, 284
  thermal and pain sensations, 

and mean foot and toe skin 
temperatures, 285

 footwear evaporative resistance 
measurements, 301–2

  apparent evaporative resistance of 
two foot orthoses, 302

 footwear insulation, 296–301
  change due to walking and 

sweating, 301
  footwear used as example, 300
  measuring insulation, 297–9
  recommended insulation of the 

footwear and sole area, 300
  required footwear insulation in 

relation to activity and ambient 
air temperature, 299

  thermal foot model in plastic 
material, 297

  use of insulation values, 299–301
 moisture management in footwear, 

302–8
  change in footwear insulation  

due to sweating over one day, 
307

  change of footwear insulation at 
various sweating rates, 305

  drying of footwear, 307–8
  moisture accumulation in footwear 

over one week, 308
  moisture in footwear, 303–7
  sweating feet, 303
 reducing heat losses, 291–2
  auxiliary heating, 292
  phase change materials in 

footwear, 292
colour, 140–1, 167–73
 schematic diagram, 141
combat boots, 330–1
commercial software generated measures, 

74
computer aided design, 193
 CNC machine, 195
 digitiser, 194
 modern manufacture procedure, 194
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computer numerical control (CNC) 
machine, 193, 195, 241

 digitiser, 194
 modern manufacture procedure, 194
construction lines, 137–8
 schematic diagram, 138
contour lines, 138–9
 schematic diagram, 139
Cordura, 333
cork, 354
cradle to cradle, 270
cradle to gate, 270
cradle to grave, 270
cubic Hermite spline, 244
cuboid, 9
cuneiform bones, 9
custom foot orthoses, 95
custom moulded shoe, 395

Deckers Outdoor Corporation, 273
deep	fibular	nerve	see deep peroneal 

nerve
deep peroneal nerve, 20
degenerative joint disease, 383, 384
depth shoe, 396
desert boots, 332–3
diabetic foot, 108–9
digital advertising, 258
digitised foot model, 252
dorsal interossei, 18
dorsalis pedis artery, 20
drawing templates
 boots, 165–7
 colouring and shadow, 167–73
  concealing detail, 169
  geometric theory, 168–9
  interior detail, 170
  source of light, 171
 creating illustration, 155
	 details	to	finalise	the	style,	156
 equipment and preparations, 154
	 flat	shoe	design,	153
	 flat	shoes,	152,	155–7
 footwear and shoe design, 150–74
 footwear illustrations, 157
 high heels, 161
 low heels, 157–9
 mid heels, 159, 160–1
 skyscraper heels, 161–2
 sport-style shoes, 162, 164

 style design guidelines, 155
 tracing, 156
 tracing process, 154
drop foot, 112–14
 ankle foot orthosis (AFO), 113
 footwear design for stroke patients, 

113
Dynagait, 103

EasyLast3D, 241
eco-design, 274
ecological footprint (EF), 269
EcoSTEP, 273
EN-ISO-20344, 296
EN-ISO-20345, 293, 296
EN-ISO-20346, 296
EN-ISO-20347, 296
energy analysis (En), 269
environmental auditing, 269
environmental impact, 266–76
 footwear and footwear materials, 267
 future trends, 275–6
 importance, 268
 studies, 271–5
  life-cycle assessment studies, 

271–3
  studies on development of tools 

and techniques to address 
footwear eco-impacts, 273–6

environmental impact assessment, 
268–71

 life-cycle assessment, 270–1
environmental impact assessment (EIA), 

268
Epoflex,	349,	350
equinus, 104–5
ethylene vinyl acetate, (EVA)
extensor digitorum brevis, 14
extensor digitorum longus, 13
extensor hallucis longus, 13
‘Extra Depth’ shoe, 396
extreme cold weather boots, 334

fashion illustration, 147–8
feather edge, 219
felted fabrics, 354
fibularis	longus	see peroneus longus
fibularis	tertius	see peroneus tertius
fifth	metatarsal-phalange	joint,	182
finite	element	(FE)	models,	84–5
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first	metatarsal-phalange	joint,	182
flat	feet,	63,	64,	66
flat	shoes,	152
 sandal illustration, 157
 sandal template, 157
flatfoot,	359–60
flexor	accessorius,	17
flexor	digiti	minimi	brevis,	17
flexor	digitorum	brevis,	14,	16–17
flexor	digitorum	longus,	16–17
flexor	hallucis	brevis,	17
flexor	hallucis	longus,	16
foam box, 111
foot
 arches, 18–20
  longitudinal, 19
  transverse, 20
 biomechanics and gait, 27–43
  dynamic morphology, 39–41
  future trends, 41–2
  kinematics, 35–9
  kinetics, 30–5
 bones, 3–10, 129–31
  articulated foot bones, 4
  inner side, 130
  metatarsals, 9–10
  phalanges, 10
  schematic diagram, 129
  side view, 130
  soles, 131
  tarsal, 3, 5–9
 development in childhood and 

adolescence, 49–68
  foot dimension change, 56–61
  foot growth rates, 52
  functional aspects, 53–6
  grouping foot types, 61–7
  maturation of foot, 51
  structural maturation, 50, 51–3
  two-week old girl, 49
 distribution, 133–4
  features, 135
  forms, 134
 human anatomy, 3–26, 128–37
 joints, 11–12
  calcaneocuboid joint, 11–12
  interphalangeal joint, 12
  metatarsophalangeal joint, 12
  mid-tarsal joint, 12
  subtalar joint, 11

  talocalcaneonavicular joint, 11
  tarsometatarsal joint, 12
 models and measurements, 72–86
  anthropometric measurements, 

variations	and	classifications	of	
foot types, 73–80

  foot shape modelling, 80–5
 movement, 134–7
  ankle joint, 135
  axis of hinge joint, 135
  heel heights, 137
  schematic diagram, 136
  shape of toes, 136
 muscles, 131–3
  front view, 133
  inner side, 133
  schematic diagram, 132
  side view, 132
 muscles and tendons, 12–18
  deep dissections, 16
  foot dorsum, 12–14
  sole, 14–18, 15
 neurovasculature, 20–2
  foot dorsum, 20
  sole, 21–2
 surface anatomy, 22–6
  food dorsum, 24, 25
  lateral aspect, 22–3
  medial aspect, 23–5, 24
  posterior aspect, 25, 26
  sole, 25
foot biomechanics, 27–43
 dynamic morphology, 39–41
  dynamic three-dimensional 

measurement using multiple 
structured light technology, 40

  foot during roll-over process of 
walking, 40

 kinematics, 35–9
 kinetics, 30–5
  force/loading, 30–2
  pressure distribution, 32–5
foot development
 childhood and adolescence, 49–68
 foot dimension change, 56–61
  changing proportions of the foot, 

60–1
  development of foot length, 57–60
  different measures of the foot, 57
 foot growth rates, 52
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 functional aspects, 53–6
  foot growth, 53
  functional morphogenesis, 53–5
  longitudinal arch development, 

55–6
 grouping foot types, 61–7
 maturation of foot, 51
 structural maturation, 50, 51–3
  bony development, 50, 52
  soft tissue maturation, 52–3
foot dimension, 56–61
 changing proportions of the foot, 60–1
 development of foot length, 57–60
  common foot length measurements, 

57
 different measures of the foot, 57
  common arch measurements, 59
  common foot width and height 

measurements, 58
  common foot width measurements, 

58
foot girth, 185–6
foot height, 60
foot length, 57, 68, 183
 development, 57–60
  common foot length measurements, 

57
foot problems
 implications for footwear design, 

90–114
  capturing foot contour with a foam 

board press, 92
  common problems and their 

impact, 91–114
  rigid rocker sole design, 91
foot scanning, 252
foot shape, 80–5
 four-dimensional modelling, 84–5
  FE model, 85
 three-dimensional modelling, 82–4
  laser-scanned foot in the form of 

the points cloud, 83
 two-dimensional modelling, 80–2
  foot landmark locations, 82
  ink footprint with the foot outline, 

81
foot sketch
 elements of foot sketching, 137–41
  colour, 140–1
  form, 139–40

  lines, 137–9
  texture, 140
  value, 140
 human foot anatomy, 128–37
 materials and tools, 141–6
  foot drawing using a computer 

with software, 146
  foot drawing using charcoal, 144
  foot drawing using ink, 145
  foot drawing using pastel, 144
  foot drawing using pen, 145
  foot drawing using pencil, 143
 styles, 146–8
  fashion illustration, 147–8
  painting, 146–7
 templates and footwear design, 

128–48
foot types
 anthropometric measurements, 73–7
  Brannock device, 73
	 	 definitions	used	for	measuring	foot	

length, 77
  eighteen foot dimensions, 75
  eighteen foot dimensions 

definitions,	76
	 anthropometry-based	classification,	

79–80
 grouping, 61–7
  age groups, 63–4
	 	 body	composition	influence,	65–7
  boys and girls in the course of 

childhood, 66
	 	 classification,	61–3
  distribution for underweight, 

normal weight and overweight 
children, 67

  distribution within different age 
groups, 63

	 	 gender	influence,	64–5
	 	 profiles	of	the	five	foot	types,	62
 variations on anthropometric 

measurements, 77–9
  age, 77–8
  ethnicity, 78–9
  foot side, 78
  gender, 79
  growth environment, 79
  load-bearing, 78
foot width, 183–5
footwear, 396
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 advertising
	 	 definition,	258
  expenditure, 258
 advertising expenses, 261–3
  Adidas, 262
  Christian Louboutin, 263
  Geox, 262
  Nike, 261–2
  Puma, 262–3
 business and advertising, 254–63
 cold weather conditions, 283–311
  design requirements of footwear, 

290–6
  effect of socks on feet insulation, 

moisture management and 
comfort, 308–11

  feet and footwear related injuries, 
287–90

  feet in cold environments, 284–7
  footwear evaporative resistance 

measurements, 301–2
  footwear insulation, 296–301
  moisture management in footwear, 

302–8
 design implication of foot problems, 

90–114
  capturing foot contour with a foam 

board press, 92
  common problems and their 

impact, 91–114
  rigid rocker sole design, 91
 drawing templates and shoe design, 

150–74
  colouring and shadow, 167–73
  common illustration, 151
 environmental impact, 266–76
  assessment, 268–71
  footwear and footwear materials, 

267
  future trends, 275–6
  importance, 268
  studies, 271–5
 footwear advertising, 258–63
  main media advertising 

expenditure on footwear in the 
UK, 259

 global consumption, 256–7
  consumers expenditure on 

footwear, 257
  style trends in footwear, 257

 global market, 255–6
  footwear suppliers to the US in 

2008, 256
  global footwear market in 2011, 

255
  market potential for footwear, 257
  retail market 2004-2008, 256
 industry, 254–5
 purposes of footwear advertising, 

260–1
  changing the consumer’s attitudes, 

260–1
  prompt action, 260
  recalling past purchases, 260
footwear design
 foot sketch templates, 128–48
  elements of foot sketching, 137–41
  human foot anatomy, 128–37
  materials and tools, 141–6
  styles, 146–8
forefoot, 38, 57, 60
form, 139–40
 schematic diagram, 139
Fornarina, 121, 123
 Fornarina Lyla design sample., 124
 style concept drawing, 124
forward swing see initial swing
French scale, 201, 207
 schematic diagram, 207
friction blisters, 327
front point, 180
frostbite, 288, 320

GaBi4, 273
GaBi 4.0, 273
gait, 27–43
 phases, 28
 stance phase, 28–9
 swing phase, 29–30
gait cycle, 28
genu valgum, 105–6
 schamtic diagram, 106
genu varum, 106–8
 schematic diagram, 107
geometric theory, 168–9
 shadowing, 173
 shapes idea in shadowing and 

colouring process, 173
Geox, 262
geriatric footwear, 372–97
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 changes in the foot in relation to age, 
376–83

  hallux valgus, multiple 
hammertoes, onychomycosis, 
onychauxis and xerosis, 378

  hallux valgus with bursitis, 
osteoarthritis, hammertoe 
deformities, 382

  hypertrophic onychauxis, 
onychomycosis, and 
onychorrhexis, 380

  infected diabetic ulcer, 380
  metatarsal prolapse, plantar fat 

pad displacement, plantar 
hyperkeratosis, subkeratotic 
hematoma, early diabetic ulcer, 
xerosis,	fifth	metatarsal	plantar	
hyperkeratosis, 379

  multiple hammertoes, contracted 
dorsal tendons, subkeratotic 
hematomas, 377

  multiple hammertoes, hallux 
flexus,	degenerative	joint	
changes, onychauxis and 
onychomycosis, 378

 complicating foot problems, 383–5
  hematoma due to shoe pressure, 

diabetic, atrophy of calcaneal 
fat pad, 385

  post amputation of hallux, 385
 geriatric foot problems, 373–6
  hallux valgus, hammertoes, 

bowstring dorsal tendons, 
onychomycosis. hyperkeratosis, 
bulla, 374

  hallux valgus, metatarsal prolapse, 
anterior fat pad displacement, 
hammertoes, 375

  hypertrophic onychomycosis, 374
  metatarsal prolapse, plantar fat 

pad displacement, pressure 
hyperkeratosis, hammertoes, 
376

  subungual hematoma, diabetic 
complication, 376

 psychosocial and psychological 
considerations, 386–7

 shoe design considerations, 387–95
  foot position, 388–9
  footwear materials, 389

  insole, 390
  last, 390–1
  outsole, 390
  shank and shank area, 390
  shoe measurements, 388
  shoe style, 391
  shoe-surface interface, 389
 upper components and considerations, 

389–90
 therapeutic footwear, 395–6
gestural lines, 137
 schematic diagram, 138
good	fit,	395
Goodyear Welt, 394
Gore-Tex, 323, 331
gout, 383–4
grading scales, 199–211
 comparative length scales for normal 

shoe sizes, 200
Green Toe, 272
Green Toe shoes, 273
ground reaction force (GRF), 30
Gucci, 254, 261

hallux abductovalgus (HAV) deformities, 
91, 93

hallux rigidus, 99–100
handmade shoe lasts, 191–3
	 manual	modification,	193
 procedure, 192
 raw plastic moulding, 192
Hazard Quotient, 275
heel centreline, 182
heel elevation, 186
heel girth, 181
heel height, 179–80, 181, 182
heel region, 217–18
heel width, 182
Heider, 394
high-density polyethylene (HDPE), 179
high heels, 161
 100mm shoe illustration, 164
 100mm shoe templates, 163
hind foot, 60
horizontal ground reaction force, 31–2

I-Report software, 273
Impact Assessment, 271
in-shoe inserts, 95
initial swing, 30
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inner width of big toe, 182
insoles, 95, 328–9
instep girth, 181
instep region, 218
Instron tensile tester, 363
Intermediate Cold-Wet Boot (ICWB), 

322
Internet advertising, 258
interossei muscles, 18
interphalangeal joint, 12
intraclass	correlation	coefficients	(ICC),	

74
intrauterine feet, 58
Inventory Analysis, 271
ISO 9407, 199
ISO 9920, 300
ISO 14040, 270, 271
ISO 14044, 270, 271

Japanese scale, 201
 schematic diagram, 205–6
jungle boots, 331–2

kinematics, 35–9
 foot and ankle, 35–6
 motion analysis devices, 36–8
 rearfoot vs. forefoot, 38
 toes, 38–9
kinetics, 30–5
knock knee see genu valgum

last girth, 185–6
last length, 183
last toe allowance, 181
last width, 183–5
LastElf, 241
lateral plantar artery, 21–2
lateral plantar nerve, 21
latex, 346–7
leather, 354
leg length discrepancy (LLD)
 custom shoes, 108
life cycle assessment (LCA), 269, 270–1
Life Cycle Impact Assessment (LCIA), 

271
Life Cycle Inventory (LCI), 271
liners, 329–30
lines, 137–9
little toe contact point, 182
Littleway, 394

loading response, 28–9
long feet, 63, 64
longitudinal arch, 19
 development, 55–6
low-density polyethylene (LDPE), 179
low heels, 157–9
 30mm shoe illustration, 159
 55mm shoe illustration, 160
 55mm shoe template, 160
 template for 30mm shoe, 158
lumbrical muscles, 17
Lynco, 347

macro-trauma, 382
Manolo Blahnik, 261
manual measures (MM), 74
Marine Corps desert boots, 333
mass customisation, 237, 252
mass-customised footwear
 design, 239, 240, 241
  framework of mass-customised 

shoe-design system, 240
  framework of shoe-style 

customisation system, 240
	 	 shoe	style	modification,	241
 processes in shoe-last mass 

customisation, 239–50, 251
  CNC machine, 242
  design of styling curves for  

shoe-lasts, 244–5
  development and selection of  

shoe-last design, 245–50
	 	 flowchart	of	design	exploration,	

245
  framework of customised shoe-last 

design system, 243
  plantar toe shape design, 249–50
  shoe-last design, 239, 241
  shoe-last design framework,  

243–4
	 	 shoe-last	design	modification,	251
  shoe-last manufacture, 241–3
  shoe lasts designed by LastElf,  

241
  spline curves, 245
  toe plantar shape design, 246–7
	 	 toe	profile	shape	design,	248
  window of shoe-last browsing, 244
  worker in China modifying a shoe 

last, 242
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 requirements, 237–9
  different shoes made on the same 

shoe last, 238
  need for customisation, 237
  relationship between footwear and 

shoe-last, 237–9
  shoe last inside corresponding 

shoe, 239
  shoe lasts, 238
	 	 variations	influenced	by	shoe	last	

design, 238
 shoe-last design, 236–52
	 shoe-last	selection	based	on	fit	rating,	

250–2
	 	 flow	chart	of	the	shoe-last	selection	

system, 252
master shoe-last, 239
material	flow	analysis	(MFA),	269
material intensity per unit service 

(MIPS), 269
McKay, 394
Merino wool, 327
metatarsalgia, 100–1
 metatarsal pad, 101
metatarsals, 9–10
 osteoligamentous specimen of right 

human foot, 10
metatarsophalangeal joint, 12
metatarsus adductus, 101–2
 corrective device, 102
mi Adidas, 257
mi Original, 257
micro-trauma, 382–3
mid heels, 159
 85mm shoe illustration, 162
 85mm shoe template, 161
mid-stance, 28–9
mid-swing, 30
mid-tarsal joint, 12
middle talar articular surface, 6
midfoot region, 218
military footwear, 318–35
 examples, 330–4
  black jungle boots, 332
  combat boot, 331
  combat boots, 330–1
  desert boots, 332–3
  desert combat boots, 333
  extreme cold weather boots, 334
  jungle boots, 331–2

  three-level requirements of military 
issued combat boots, 330

 future trends, 335
 key requirements, 319–26
  footwear for cold-wet 

environments, 320–4
  heated insoles, 322
  military footwear for hot 

environments, 325–6
  new Intermediate Cold Wet Boot 

with removable insulation liner, 
324

  pathways for moisture exchange 
inside the footwear with the 
external environment, 325

	 	 profiled	polyester	fibres	and	
honeycomb patterned micro-
porous	fibres,	324

 role of textiles, 326–30
  insoles, 328–9
  liners, 329–30
  socks, 326–8
	 	 textile	fibres	used	for	military	

socks, 327
military textile science, 326
modular boot system (MBS), 335
Mondopoint scale, 199, 201
 schematic diagram, 202
motion analysis system, 37–8
 frontal plane motion of the rearfoot, 37

navicular, 8
neoprene, 347–8
Nike, 254, 255, 261–2
non-uniform rational basis spline 

(NURBS), 239
nora, 348
nora Lunairmed, 348

Ortho felt, 329
orthopaedic footwear insoles, 341–67
 examples, 356–62
  accommodative felt paddings, 359
  diabetic patients, 357–9
	 	 flatfoot	deformity,	359
  foot deformities and severe 

injuries, 361–2
  high arch deformity, 360
  insole structure for foot 

deformities, 362
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  insole structure for high-arch foot, 
361

  mass-produced orthotic shoe with 
roomy toes for diabetic patients, 
356

	 	 patients	with	flatfoot	deformity	of	
high arches, 359–61

  total-contact full-foot orthopaedic 
insole structure for diabetic 
patients, 358

 future trends, 364–7
  3D warp knitted spacer fabric, 366
 key requirements, 342–5
	 	 accommodation	of	fixed	foot	

deformities, 344
  assistance for body balance, 345
  provision of adequate support to 

body or foot, 343
  reduction of shear within plantar 

tissues, 344
  reduction of shocks to 

musculoskeletal system, 343–4
  relief for areas of excessive plantar 

loading pressure, 343
  stabilisation and support for 

flexible	foot	deformities,	344–5
 test methods and instruments, 362–4
  density, 364
  durability, 363
  ease of fabrication, 364
  stiffness, 363–4
  strength, 362–3
 types of textiles and materials, 345–56
  cellular polymers, 348–52
  composites, 354–6
	 	 Epoflex	heel	pads	and	silicone	heel	

pads, 352
  foam rubbers, 346–8
  high density EVA and low density 

EVA, 351
  insole composites, 356
  latex foam and shape memory 

foam, 347
  leather and wool felt, 355
  natural materials, 354, 355
  nora and nora Lunairmed, 350
  PORON and PPT, 352
  rigid PP for arch support and 

carbon	fibres	for	reinforcing	
arch-support, 353

  sample of PE, 349
  solid materials, 353–4
orthopaedic shoes, 393
orthoses, 396
ossification,	52
outer width of big toe, 182
outer width of waist, 182
Outlast PCM, 322
outsole, 394

painting, 146–7
paper, 142
pastels, 143
Pe-Lite, 348, 358
pen, 144
pencil, 143
peroneus longus, 18
peroneus tertius, 13
pes cavus, 103–4
 pedograph, 104
 varus heel, 105
pes planus, 102–3
 schamtic diagram, 103
 Thomas heel design, 103
phalanges, 10
phase change materials (PCMs), 322
PHI, 394
Philosophical Transactions, 326
plantar aponeurosis, 15
plantar interossei, 18
Plastazote, 348, 358
plastic lasts, 178–9
policeman’s box, 393
polyethylene (PE), 348
polypropylene (PP), 328, 348
polyurethane (PU), 348
polyvinyl chloride (PVC), 353–4
polyvinylidene chloride (PVDC), 329
Poron, 329, 348
posterior talar articular surface, 6
posterior tibial artery, 21
PPT, 348
Prada, 261
pre swing, 28
pressure distribution, 32–5
 spatial information, 33–4
  pressure measurements of normal 

gait using a pressure platform, 
33

 temporal information, 34–5

Footwear-Luximon-Index.indd   410 8/13/13   9:53:40 AM



© Woodhead Publishing Limited, 2013

411Index

product heroes, 126
propulsion phase, 29
Puma, 259, 262–3
pumping effect, 294

quadratus plantae, 17
Quick Cluster, 61, 62

rear foot, 38, 60
Reebok, 254, 255
resultant air layer insulation, 298
rheumatoid arthritis, 110–12, 384
 semi-weight bearing foot scan with 

laser foot scanner, 112
 shoe, 111
risk assessment, 269
Ritz Stick, 394
robust feet, 63, 64, 65–6
room around heel, 181
running, 36
running shoes, 164
 illustration, 168
 templates, 168

Saran, 329
senile gait, 388
shadow, 167–73
shank area, 394
shank piece, 394
shank pitch, 394
shear force, 344
shoe design
 case studies, 121–7
 development, 117–27
 fashion trends, 117–18
 footwear drawing templates, 150–74
  colouring and shadow, 167–73
  common illustration, 151
 stages of design process, 118–21
  brief, 118
  design development, 119–21
	 	 finished	illustration,	122
	 	 first	sample,	122
  Fornarina Lyla design sketch, 123
  identifying components, 121
  initial sketch, 120
  research, 119
  technical design, 120
shoe last, 177–96, 217, 237, 394
	 classification,	178–80

  heel height, 179–80
  material, 178–9
  plastic, 179
  wood, 178
 common sizing and grading scales, 

199–211
	 definitions,	217–23
  arch curves for different heel 

heights, 221
  back curves, 222
  bottom toe curve, 221
	 	 2D	flattened	pattern	of	different	

heel heights and toe styles, 220
  feather edge in shoe last and 2D 

flattened	pattern,	219
  foot regions, 218
  lateral and medial side of foot, 217
  materials, 219
  shoe last cross-section curves, 223
  shoe last cross-section curves 

with representative foot cross-
sections, 223

  shoe-last curves, 220
	 	 shoe	last	profiles	when	assigned	

along a ritz stick, 222
 design, 186–91
  body parameters, 189
  bottom pattern, 187–9
  bottom pattern design in Chinese 

system, 188
  bottom pattern design parameters 

for AKA64-WMS and Chinese 
system, 188

	 	 profile,	190–1
 design for mass-customised footwear, 

236–52
  mass-customised footwear design, 

239
  processes in mass customisation, 

239–50
  requirements for customised 

footwear, 237–9
	 	 selection	based	on	fit	rating,	250–2
 design templates, 216–34, 224
  left shoe last with high heel 

height (60-80 mm), view from 
elevation = 0 degrees, 231

  left shoe last with high heel 
height (60-80 mm), view from 
elevation = 20 degrees, 232
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  left shoe last with high heel 
height (> 100 mm), view from 
elevation = 0 degrees, 233

  left shoe last with high heel 
height (> 100 mm), view from 
elevation = 20 degrees, 234

  left shoe last with low heel height 
(0-20 mm), view from elevation 
= 0 degrees, 225

  left shoe last with low heel height 
(0-20 mm), view from elevation 
= 20 degrees, 226

  left shoe last with medium heel 
height (20-40 mm), view from 
elevation = 0 degrees, 227

  left shoe last with medium heel 
height (20-40 mm), view from 
elevation = 20 degrees, 228

  left shoe last with medium high 
heel height (40-60 mm), view 
from elevation = 0 degrees, 229

  left shoe last with medium high 
heel height (40-60 mm), view 
from elevation = 20 degrees, 
230

  right shoe last with high heel 
height (60-80 mm), view from 
elevation = 0 degrees, 230

  right shoe last with high heel 
height (60-80 mm), view from 
elevation = 20 degrees, 231

  right shoe last with high heel 
height (> 100 mm), view from 
elevation = 0 degrees, 232

  right shoe last with high heel 
height (> 100 mm), view from 
elevation = 20 degrees, 233

  right shoe last with low heel height 
(0-20 mm), view from elevation 
= 0 degrees, 224

  right shoe last with low heel height 
(0-20 mm), view from elevation 
= 20 degrees, 225

  right shoe last with medium heel 
height (20-40 mm), view from 
elevation = 0 degrees, 226

  right shoe last with medium heel 
height (20-40 mm), view from 
elevation = 20 degrees, 227

  right shoe last with medium high 

heel height (40-60 mm), view 
from elevation = 0 degrees,  
228

  right shoe last with medium high 
heel height (40-60 mm), view 
from elevation = 20 degrees, 
229

 dimensions and terminology, 180–2
  components and features, 181
 foot relationship, 182–6
  bottom pattern design in  

AKA64-WMS system, 185
  dimensional relationship, 184
  foot lengths, 184
 future trends, 212–13
  research and sizing and grading, 

212–13
  technological advances in sizing 

and customisation, 212
 manufacture, 191–3
  computer aided design and 

computer numerically 
controlled machining, 193

  handmade shoe lasts, 191–3
 sizing and grading, 197–213
shoe size, 199
Shoemaster, 241
short feet, 63, 66
silicone elastomers, 350–1
Simple Shoes, 273
simulated measures (SM), 74
sizing scales, 199–211
 comparative length scales for normal 

shoe sizes, 200
Skopassning measuring apparatus, 394
skyscraper heels, 161–2
 120mm shoe illustration, 166
 120mm shoe template, 165
slender feet, 63, 64, 65–6
sneaker, 162, 163
 illustration, 167
 template, 167
socks, 326–8
Sorbothane, 328, 329
spatio–temporal pressure distribution, 

32, 35
Spenco, 347
Spitzy’s fat pad, 56
splines, 239
sport-style shoes, 162
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Staheli Index (SI), 61–2
stance phase, 28–9
 roll over process, 28
stiffness, 363–4
Stitchdown, 394
Stonefly,	123,	126–7
 design, 125
straight forward walking, 32
3R strategy, 269
street wear, 123
substance	flow	analysis	(SFA),	269
subtalar joint, 11
‘Super Depth’ shoe, 396
superficial	peroneal	nerve,	20
sustainability, 269
swing phase, 29–30
Sympatex, 322
system of economic and environmental 

accounting (SEEA), 268

talocalcaneonavicular joint, 11
talus, 7–8, 54
 schematic diagram, 7
tarsal bones, 3, 5–9
 calcaneus, 5–7
 cuboid, 9
 cuneiform bones, 9
 navicular, 8
 talus, 7–8
tarsal tunnel, 21
tarsometatarsal joint, 12
terminal stance, 28–9
terminal swing, 30
texture, 140
 schematic diagram, 141
therapeutic	fit,	395
Therapeutic Shoe Provision of Medicare, 

395
thermal foot method, 298
thermal insulation, 291
Thinsulate, 322, 323, 331

Thomas heel, 103, 106, 393
tibial nerve, 21
tibialis anterior, 13
tibialis posterior, 18
toe amputation, 109–10
 orthosis, 110
toe deformities, 96, 98–9
 schematic diagram, 98
 toe straightening design with toe crest, 

99
toe depth, 180
toe region, 217
toe spring, 181, 186
toes, 38–9
top toe-curve, 220
total insulation, 298
total material requirement (TMR), 269
transverse arch, 20
tread point, 180
trench foot, 288, 320
Turn Sole, 394

universal thermal climate index (UTCI), 
300

US Medicare Act, 395

value, 140
vamp point, 220
vertical ground reaction force, 30–1
 anterior–posterior and medio–lateral 

components, 31
viscoelastic PU elastomers, 349–50

waist point, 182
Wal-Mart, 255
walking, 36
wedge, 394
Wolff’s and Davis’ Law, 381
wooden lasts, 178

Yves Saint Laurent, 263
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