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Abstract

Degenerative changes and foot deformities are common when people get older. Foot deformities, such as
hallux valgus, bunionettes and pes planus, are commonly found among older people, which may lead to changes in
foot anthropometry. A decline in functional mobility and greater risk of falling are linked to foot deformities and
footwear. This study therefore aims to evaluate the anthropometric measurements between healthy and deformed
feet in order to determine the key foot measurements in relation to the deformed foot which can also act as
indicators in current footwear sizing systems. By using a 3D hand-held scanner, 11 foot anthropometric
measurements are captured and used to characterise the dimensions and foot shape between healthy and deformed
feet. Atotal of 49 elderly people between the ages of 65-95 years old, including 41 women and 8 men (mean: 81.71;
SD: 7.08) are recruited for this study. The results indicate that the foot characteristics of elderly people with foot
deformities are different from those without deformities, especially in the larger deformity of the degree of hallux
valgus and increased width of the ball for women, and higher instep height for men. The length of the foot and ball,
width and girth of the ball, and degree of hallux valgus deformity are common predictors for differentiating
between healthy and deformed feet. It is also found that the current footwear sizing systems fail to accommodate
the foot dimensions of elderly people in both foot length and width, which may therefore lead to foot discomfort
and even limit their daily life activities.
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1. Introduction

Ageing appears to be a major concern of the 21st century in almost every country.  According to the World Health
Organisation, one in every nine people in the world is 60 years old or older. This is expected to increase to one in
every five people by 2050 [1]. Due to physical, sensory, and cognitive changes, falling and instability in balance are
one of the well-recognised problems of older people. Apart from age-related loss of foot sensation that impairs
the control of balancing reactions, the wearing of poorly fitted footwear has been identified as a major
environmental risk factor for increasing the risk of falls [2]. On the other hand, foot morphology gradually changes
with age and health conditions. Such changes may cause increased weight-bearing forces and excessively high
pressures throughout the lower kinetic chain [3, 4]. According to a local study, about 50% of the studied geriatric
patients were found to have various types of foot deformities, including pes planus, pes cavus, hallux valgus,
bunionettes and enlargement of the width and height of the feet due to toe deformities or thickened nails [5]. A
recent local study revealed that about 80% of the studied elderly people have at least one foot problem and/or
various types of foot deformities [6]. Deformed feet may lead to a decline in functional mobility and add to a
greater risk of falling. As compared to younger people, older people tend to have flatter, longer and wider (larger
circumference) feet [7]. It is difficult for the elderly to find well-fitting shoes in the market since most shoe
manufacturers utilise data from the feet of young adults for their shoe designs [8]. In traditional footwear sizing
systems, customers are required to take the measurement of their foot length with a measuring tape or use the



Brannock device to select a suitable size for footwear. However, the feet of older people are generally broader than
the shoes available in their size. Reports have indicated that around 80% of older people wear shoes that are too
narrow and too short for their feet, which lead to lesser toe and hallux valgus deformities, corns on the toes and foot
pain [9, 10]. Despite the fact that footwear can provide support for the lower extremity muscles and foot protection
from injuries, many older people may prefer walking barefoot or in socks for comfort at the risk of a ten-fold
increase in falling [11, 12].

In consideration of the footwear sizing and fitting problems, it is anticipated that foot shape and anthropometry
can facilitate footwear manufacturers to design appropriate shoes for older people. As indicated by Tomassonic et al
[13], knowledge of the metatarsophalangeal joint location can help select the most suitable footwear fabrication
materials for cushioning and shock absorption to improve comfort during foot-strike. Additionally, measurements
of ball width, ball girth and degree of hallux valgus can also provide useful reference in toe box design and shoe
volume. In light of the increasing population of older people and their increasing demands for footwear, foot
anthropometry related studies have been conducted in Brazil, Australia, Thailand, Japan, etc [3, 10, 14, 15]. As
ethnic origin and the corresponding life style can influence foot shape, a study on the foot characteristics of older
adults in each nation is infeasible. To the best of our knowledge, no previous investigations have been made on
measuring the foot morphology of older people in Hong Kong in relation to their deformed foot. The aim of this
study is to therefore characterise the dimensions and foot shape of the elderly in Hong Kong and compare the
anthropometric measurements of healthy and deformed feet. The key foot measurements that determine the
deformed foot in the elderly will also be determined. Since poorly fitting footwear is a known risk factor of falls
for older people, their foot shape characteristics will also be compared with the current footwear sizing systems.
The findings of this study are important for improving current understanding on anthropometric measurements of
the deformed foot and providing more information that will improve the fit and comfort of footwear for older
people.

2. Method

2.1 Participants

Atotal of 49 elderly people between 65-95 years old, including 41 women and 8 men (mean: 81.71; SD: 7.08) were
recruited from a local self-care residence for this study. The inclusion criteria are people who are 65 or older, and
able to walk independently across a distance of at least 6 m with or without the use of a walking aid [15]. Their
body mass index (BMI) ranges from 14.13 to 34.11 kg/m2 (mean: 24.2; SD: 3.9). Their foot size is a European 35
to 42 (mean size 38) for the women and 37 to 44.5 (mean size 40) for the men. Their foot conditions were assessed
by a physiotherapist through a physical examination to classify them with healthy or deformed feet. Amongst the
49 participants (98 feet in total) in this study, 26 (26.5%) healthy feet are found, including 20 for the women and 6
for the men. There are 72 feet (73.5%) that are diagnosed as deformed, including 62 for the women and 10 for the
men. All of the participants provided written informed consent before participation in the study.

2.2 Foot Anthropometric Measurements

Compared to traditional measurement methods such as 2D imaging, taping and 3D digitizing, modern 3D surface
scanning systems can obtain accurate and repeatable digital representations of the foot shape. A number of 3D
scanning systems that enable fast, dense and easy foot measurements have been successfully used in medical,
ergonomic and footwear development applications [16]. As compared to traditional caliper measurements, the use
of 3D foot scanning allows a large number of participants to be scanned quickly and the foot dimensions collected
are robust and efficient. In this study, all of the foot shape and characteristics are captured by using an Artec Eva
3D hand-held scanner with high 3D resolution up to 0.5mm and 1.3 Mpx for texture resolution (Artec Group,
Luxembourg) (Fig. 1). Eight markers were drawn on specified anatomical landmarks on each foot by the same
examiner, which were visible to the laser of the scanner. These anatomical landmarks were used to characterise the
external shape of each foot and facilitate the calculation of 11 anthropometric measurements (see Fig. 2). During
the scanning process, the subjects were given instructions to stand in their bare feet with their feet shoulder width
apart (their weight evenly distributed across both feet) and place their arms by their side to separately acquire the



left and right foot images. The setup for foot scanning by using the Artec Eva scanner is shown in Figure 1.

Fig. 1 Subjects being scanned using Artec Eva 3D hand-held scanner

Fig.2 Example of 3D foot image with eight anatomical landmarks

2.3 Measurement Outcomes

Eleven foot anthropometric measurements were taken from the 3D foot images by the same examiner through the
software of Geomagic Studio 2012 and SolidWorks 2012, including the foot length (FL), heel length (HL), ball
length (BL), foot width (FW) ball width (BW), bimalleolar width (BMW), ball girth (BG), instep girth (1G), instep
height (IH), degree of hallux valgus deformity (HVD) and valgus index (V1), see Figure 3 and Table 1 [15, 17, 18].
Geomagic Studio 2012 is used to align the feet with the floor and the XYZ coordinate in order to obtain the
measurements in a more accurate manner. SolidWorks 2012 is also incorporated to obtain the angular and perimeter

measurements.
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Fig.3 11 Foot anthropometric measurements




Table 1. Details of 11 foot anthropometric measurements taken from 3D images

Corresponding
Number

Dimension

Description

1

2

10

11

Foot Length (mm)
Heel Length (mm)

Ball Length (mm)

Foot Width (mm)

Ball Width (mm)

Bimalleolar width (mm)

Ball Girth (mm)

Instep Girth (mm)

Instep Height (mm)

Degree of Hallux Valgus Deformity ()

Valgus Index (%)

Distance between the pternion and the tip of the
second toe, measured along the foot axis.

Distance between the pternion and the line that joins
the medial and lateral malleolus.

Distance between the pternion and the most
medially protruding point of the first metatarsal
head, measured along the foot axis.

Distance between the most medially and laterally
protruding points of the feet.

Distance between the most medially protruding
point of the first metatarsal head and the most
laterally protruding point of the fifth metatarsal
head.

Distance between the most laterally and medially
protruding points of the lateral and medial malleolus
measured along a line perpendicular to the foot axis.
Measurement of the curve that passes from the first
to the fifth metatarsal heads on the dorsum foot. The
plantar area is not included.

Measurement of the curve of the vertical section of
the dorsum foot in the most prominent region of the
navicular bone. The plantar area is not included.
Distance between the highest point on the instep
circumference and the floor.

A base line is drawn from the medial heel width
point to the widest point of the first metatarsal head
and extends past the foot. Another line is drawn
between the widest point of the first metatarsal head
and the outer edge of the first toe joint. The angle
between these two lines is calculated.

VI = 0.5AB-AC X (100/AB)

AB: The line that joins the two malleoli projection
points, which is based on the actual position of each
malleolus marked.

A second line is drawn from the centre of the heel to
the tip of the second toe (foot axis). C is the
intersection point of the two lines.

2.4 Statistical Analysis

Independent T-tests were used to assess the statistical significance of the differences in the measurement outcomes
between the healthy and deformed feet. The level of significance was set at 0.05. A discriminant analysis was used
to determine the key foot anthropometric measurements of the deformed feet.

3. Results and Discussion



3.1 Differences Between Healthy and Deformed Feet

Table 2 shows that the male subjects with deformed feet have larger mean values for the FL, HL, BL, FW, BW,
BMW, IG, IH, HVD and VI than those with healthy feet, except for BG. As compared to the healthy feet, the major
mean differences in the foot dimensions are observed in the HVD (increase of 142.17%). However, a significant
difference between healthy and deformed feet is only found for the IH (p=0.031). This may be because the mean
value is exaggerated by some of the serious cases. For women, larger mean values are also found for deformed feet
in the HL, BL, FW BW, BG, IG, HVD and VI as opposed to healthy feet, except for the FL, BMW and IH (see Tab.
3). The largest mean value increment is 108.71% for the HVD and the least is 0.04% for BG. Only the BW and
HVD show a significant difference between the healthy and deformed feet (p=0.040, p=0.000, respectively). It is
found in this study that deformed feet tend to have larger mean values for some of the foot anthropometric
dimensions in terms of the width, height and degree of hallux valgus deformity. These findings are similar to those
in Mickle et al. in that foot anthropometric measurements of older people are affected by foot deformities, such as
an increased width of the ball, girth of the ball, first toe angle, medial ball length, etc [15]. The male subjects have a
significant difference in the instep height perhaps because pes cavus is more commonly found in men, while pes
planus is more common in women [19]. Custom-made semi-rigid and/or rigid insoles are required to hold the foot
in its normal position since the flexible and high-arched foot may easily collapse at the arch area and appear similar
to a flat foot condition. Sufficient girth at the instep level and cushioning are crucial to accommodate the high arch
anatomical structure, especially for rigid high-arch foot types [20].

Results also indicated that the female subjects with a deformed foot tend to have a significant difference in the
degree of hallux valgus deformity and width of the ball. These results are consistent with a study done by
Saghazadeh et al. on older Japanese people in that the first toe angle is significantly greater in women due to the
presence of hallux valgus, which occurs more frequently in women [14]. Big toe provides the stability of the medial
portion of the foot during daily activities. Years of use and abuse, repetitive stress and even arthritis and
degenerative joint changes could magnify the foot problems. In a study by Mickle et al., the older people with
moderate-to-severe hallux valgus deformity have a significantly increased girth and width of the ball, medial and
lateral ball lengths, heel bone and first toe angles [15]. The development of foot problems in the older population
are associated with numbers of factors, such as prior occupations, congenital and/or genetic defects, degenerative
joint disease and other arthritides, morphologic changes in foot structure, rotational changes in the musculoskeletal
system and muscular imbalance, and endocrine diseases. Other significant factors include hard flat surfaces for
ambulation, trauma, foot covering material and fabrication, foot-to-shoe-last incompatibilities, and neglect of foot
and related symptoms [4, 21-24]. On the other hand, environmental factors may also contribute to the epidemiology
of diseases and disorders of the foot and its related structures, such as social and economic factors, customs and
shoe styles, nutrition, poor foot health education, cultural barriers, low income, and flooring materials and covering
[25, 26].

Table 2 Anthropometric measurements of healthy and deformed feet amongst male subjects

Male Healthy Foot (n=6) Deformed Foot (n=10) Mean
Mean (SD) Mean (SD) Difference (%)
Foot Length (FL) (mm) 245.14 (12.43) 247.35 (14.46) 0.90
Heel Length (HL) (mm) 59.36 (8.94) 59.72 (4.80) 0.61
Ball Length (BL) (mm) 178.08 (9.34) 181.30 (10.57) 1.81
Foot Width (FW) (mm) 96.93 (9.82) 99.10 (5.36) 2.24
Ball Width (BW) (mm) 96.74 (7.87) 102.06 (6.67) 5.50
Bimalleolar width 66.05 (7.05) 68.93 (5.27) 4.36
(BMW) (mm)
Ball Girth (BG) (mm) 153.55 (13.80) 150.39 (10.48) -2.06
Instep Girth (IG) (mm) 175.15 (21.12) 177.39 (15.46) 1.28
Instep Height (IH) (mm) 56.96 (8.13)* 68.63 (10.08)* 20.49
Degree of Hallux Valgus 7.02 (6.94) 17.00 (11.90) 142.17
Deformity (HVD) ()
Valgus Index (V1) (%) -3.82 (3.37) -1.00 (7.34) 73.82



*Significant difference at P<0.05 (2-tailed)

Table 3 Anthropometric measurements of healthy and deformed feet amongst female subjects

Female Healthy Foot (n=20) Deformed Foot (n=62) Mean
Mean (SD) Mean (SD) Difference (%)
Foot Length (FL) (mm) 230.39 (8.06) 229.29 (11.79) -0.48
Heel Length (HL) (mm) 58.00 (5.59) 59.88 (4.62) 3.24
Ball Length (BL) (mm) 169.40 (5.97) 170.91 (8.64) 0.89
Foot Width (FW) (mm) 90.15 (6.14) 92.56 (5.16) 2.67
Ball Width (BW) (mm) 92.11 (6.12)* 94.95 (5.02)* 3.08
Bimalleolar width 64.52 (3.66) 64.49 (6.39) -0.05
(BMW) (mm)
Ball Girth (BG) (mm) 142.66 (9.56) 142.72 (9.45) 0.04
Instep Girth (IG) (mm) 159.31 (9.84) 161.15 (11.20) 1.15
Instep Height (IH) (mm) 61.16 (4.06) 60.44 (5.49) -1.18
Degree of Hallux Valgus 7.58 (3.67)* 15.82 (10.27)* 108.71
Deformity (HVD) (°)
Valgus Index (V1) (%) -1.67 (5.66) -1.36 (7.35) 0.19

*Significant difference at P<0.05 (2-tailed)

3.2 Key Foot Measurements between Healthy and Deformed Feet

The discriminant analysis indicated that the predictors below could be used to differentiate between deformed and
healthy feet (p=0.000) and the overall effect size for the analysis (n2=0.12) is small according to Cohen [27]. Table
4 presents the standardised function coefficients, which suggest that the FL, BL, BW and BG contribute most to
differentiating feet with deformities from those without deformities through these predictors. The HVD tends to
moderately contribute to the process of differentiating, but has relatively high correlation with the overall
discriminant function. These findings are similar to those in Luximon and Goonetilleke [28] and could be explained
by using their results in that the foot shape is modelled and predicted by using just length, width, height and a
measure of the curvature of the metatarsal phalangeal joint, which has a mean accuracy of 2.4 mm. These findings
could be used as indicators in footwear sizing systems as well as the design of geriatric footwear to provide better
fitting and comfort for the elderly. The key footwear requirements for old people include heel height, heel counter
stiffness and height, fixation, shoe length and width, forefoot height, tread pattern, sole hardness, sole flexion point,
longitudinal sole rigidity [29-31]. Improvements for the footwear design should be started from the shoe last design
which is the reproduction of the shape of human foot greatly affecting the fitting of the footwear [32]. For example,
the findings on foot length imply that the shoe last length for older people with foot deformities should be extended
to provide extra space for the toes for enhancing comfort and fit. The findings of ball and hallux valgus
measurements also imply that adjustments should be made when designing shoe last/footwear for the elderly with
hallux valgus. It is suggested to match the ‘flex angle’ of the forefoot with that of the anterior part of the shoe (e.g.
ball width) so as to better accommodate the deformities in the forefoot. Moreover, footwear for older people with
lesser toe deformities should include the toe box with increased depth to allow room for the increased heights of the
first and fifth toes [15, 33].

Table 4 Differentiations in key foot anthropometric measurements

Standardised function Correlation between
coefficient variables and discriminant
function
Foot Length (FL) (mm) -2.01 -0.10
Heel Length (HL) (mm) -0.02 0.20
Ball Length (BL) (mm) 1.56 0.07

Foot Width (FW) (mm) -0.22 0.19



Ball Width (BW) (mm) 1.13 0.30

Bimalleolar width 0.13 0.03
(BMW) (mm)

Ball Girth (BG) (mm) -0.87 -0.09
Instep Girth (1IG) (mm) 0.30 0.02
Instep Height (IH) (mm) 0.30 0.14
Degree of Hallux Valgus 0.43 0.61
Deformity (HVD) ()

Valgus Index (V1) (%) 0.00 0.08

3.3 Comparison between Footwear Sizing Systems and Foot Dimensions

Table 5 shows a comparison of current footwear sizing systems, such as pressure measuring insoles (wide fit) by
the Novel® Pedar system [34], the UK footwear sizing system [35], footwear sizing system of international brands
that focus on indoor footwear (Mahabis® and UGG®) [36, 37], and the foot characteristics of the subjects
(with/without foot deformities and both genders) in terms of the dimensions of the foot length. The measured foot
length of each subject is categorised in accordance with his/her shoe size. It can be seen that the foot length of the
current sizing systems, especially for indoor footwear available in the market, is consistently longer than that
obtained in this study by 3.5-8.0%. As compared to the Novel® Pedar system, the width of the ball of all of the
subjects is broader than the insoles at around 6-12%. The findings are somewhat different from a previous study by
Menz and Morris in which 23 subjects (13.7%) wore indoor shoes that were shorter than their feet and 136 subjects
(81.4%) wore indoor shoes that were more narrow than their feet [9]. However, the results indicate that the indoor
shoes available in the market overall fail to accommodate the foot dimensions of older people, which may cause
discomfort or eventually injury to their feet. A study done by Chantelau and Gede also found that two-thirds of 668
people with a mean age of 64 had their feet too broad for standard sized footwear available in the market [33].
Various standard sizing systems had been developed to facilitate the mass production of footwear, which only
accommodate a limited number of discrete sizes. Furthermore, foot size itself is continuous, shoe sizing must be
modernized in accordance with the foot characteristics of a country or region for optimal fit. The current sizing
systems on the basis of two parameters, foot length and width (or ball girth) [38], fail to characterise the 3D foot
shape and geometry, adversely affecting footwear fit and comfort. It is recommended that at least two dimensions
should be measured on forefoot, midfoot and rear foot for more accurate foot sizing [39]. By using the principal
component analysis method, Luximon and Goonetilleke suggested that foot length and flare could be well used to
improve fit instead of foot length and width in a two-parameter sizing system [40]. The results in the present study
also indicated that the FL and BW, which are regularly used in traditional sizing systems, should not be the only
key dimensions for choosing a correct size for feet with deformities. Dimensions such as the BL, BG and HVD
should also be taken into consideration.

Table 5 Comparison of current sizing systems and foot length (mm)
Size Novel® British  International indoor  Measured foot ~ Difference (%)  Difference (%)

Pedar Standard footwear brands length (C) A-C

system (A) (B)
37 235 2335 229 221.2 5.6 3.5
38 245 240.1 238 227.0 5.8 4.8
39 245 246.8 244 231.0 6.8 5.6
40 260 253.5 252 236.6 7.1 6.5
41 260 260.1 258 240.8 8.0 7.1
42 275 266.8 265 249.5 6.9 6.2

4. Conclusion

To conclude, the foot characteristics of the deformed feet of the elderly are different from those of healthy feet.



Shoe manufacturers should consider the gender and deformation differences in feet when designing the last
measurements of footwear for older adults to better accommodate the higher instep height for men, and larger
deformity in the degree of hallux valgus and increased width of the ball for women. Apart from the foot length and
width of the ball, the length and girth of the ball and degree of hallux valgus deformity are common predictors used
to differentiate between deformed and healthy feet. Inappropriate footwear design and sizing systems have
exacerbated the foot problems of older people, resulting in poor fit and comfort. In considering that there is an
increasing population of older people, a strong and large demand for well-fitting geriatric footwear should not be
neglected. Knowledge of changes in the foot shape geometry this study will provide valuable foot anthropometric
information for the footwear industry to improve the design of footwear or shoe last as well as sizing for older
people and ultimately provide optimal fit and comfort.
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