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Abstract  

The trajectory of the paediatric foot size and shape is poorly understood despite 

existing data. Furthermore, the two-dimensional (2D) foot anthropometrics typically 

captured using manual methods tell us very little about the multi-planar three-dimensional 

(3D) morphology of the foot. Finally, although 3D scanning allows for a quick, accurate 

and high resolution foot assessment, most paediatric foot studies to date use 2D methods. 

Therefore, this thesis aims to (1) investigate the reliability of a novel hand-held 3D 

scanning method to assess static paediatric foot shape, (2) establish 3D variables to 

evaluate foot surface morphology and (3) describe the development of children’s 2D foot 

anthropometry and 3D surface morphology between the ages of 2 and 7 years. In the pilot 

study good reliability of hand-held 3D scanning of the paediatric foot was demonstrated in 

bipedal stance from the age of 3 years. The ability of curvedness and shape-index to 

evaluate surface morphology was also established, highlighting their capability to describe 

novel aspects of foot surface morphology development. In the main study, 148 children 

were recruited to participate for 3D hand-held scanning in bipedal stance. Thirteen 2D 

measures in three foot regions (rear-, mid- and fore-foot) were analysed using one-way 

ANOVA, and post-hoc multiple comparisons, to explore differences in foot size and 

proportions among the age-groups of 3, 4, 5, 6 and 7 years. Curvedness and shape-index 

were also investigated among the same age-groups, to explore differences in 3D surface 

morphology using statistical parametric mapping. Finally, simple linear regression was 

used to explore if age or normalized 2D measures can predict the 3D surface morphology 

changes identified. The key foot anthropometric findings revealed, for the first time, that 

foot regions have distinct developmental trajectories, indicating that the rear-foot grows 

differently compared to the mid- and fore-foot in height, width, and proportions. These 

results imply that the development of foot shape and size should not be described based on 

a few selected measures, instead, a comprehensive characterization of all three regions 

should be considered. The analysis of 3D foot surface morphology demonstrated (1) an 

increase in local 3D slenderness, (2) increasing prominence of anatomical landmarks, (3) a 

reduction in rear-foot eversion and (4) a novel trajectory in the development of the medial 

longitudinal arch (MLA). Most differences occurred between the ages of 4 and 6 years, 

with a distal to proximal development of the MLA until the age of 5 years, after which it 

was proximal to distal. The simple linear regressions of normalized 2D measures with 3D 

shape-descriptors showed that in the absence of 3D scanning technology, normalized rear-

foot height, normalized mid- and fore-foot width can predict aspects of 3D foot surface 

morphology development. This analysis, for the first time, has also revealed that the 

changes of rear-foot and MLA surface morphology are less dependent on age, but can be 

predicted using normalized 2D anthropometric foot measures such as normalized rear-foot 

height, normalized mid- and fore-foot width. 

This thesis presents a novel protocol and a comprehensive dataset for a higher resolution 

understanding of paediatric foot anthropometry and 3D surface morphology. These 

contributions will help inform approaches to research, footwear design, clinical 

assessment, and monitoring the impact of surgical and non-surgical interventions. 
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Chapter 1 

1. Thesis Introduction 

The advancement of bipedal locomotive behaviour in children is accompanied by the 

progressive development of the paediatric foot, and its role in the child's overall health is 

undebated. Understanding this developmental trajectory underpins research that aims to 

clarify the relationship between anthropometric and structural changes in the foot. Such 

detailed knowledge could also inform decisions in clinical practice and footwear last design. 

Despite its undoubted importance, the development of the healthy paediatric foot is poorly 

understood. Although data describing this development throughout childhood has existed 

for many years (Morrison et al., 2017, Muller et al., 2012, Cheng et al., 1997a, Gould et al., 

1990, Anderson et al., 1956b, Morrison et al., 2018), the range of measures used across 

studies is inconsistent. Similarly, foot posture and the development of the medial 

longitudinal arch (MLA) have also been investigated. These studies used various 2D 

parameters, such as rear-foot angle or resting stance calcaneal position (RSCT) (Žukauskas 

et al., 2021, Cho et al., 2019), navicular height (Chang et al., 2012, Gilmour and Burns, 

2001) or footprint measures (Muller et al., 2012, Gilmour and Burns, 2001, Forriol et al., 

1990, Sacco et al., 2015, Bosch et al., 2010b). Additionally, although a dataset of 2D 

measures may describe size, proportional and postural changes in the foot, they fall short of 

characterising the multiplanar 3D development of the paediatric foot (Chang et al., 2012, 
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Uden et al., 2017, Banwell et al., 2018, Lee et al., 2014, Gill et al., 2016). The literature 

readily demonstrates this in the context of medial longitudinal arch development, where at 

least 16 2D measures have been used to describe changes in a 3D structure (Uden et al., 

2017, Banwell et al., 2018). 

The methods to assess children's feet have also changed throughout the years. In contrast 

with the widely used manual methods, technology advancement at the turn of the century 

allowed for more effective and accurate foot measurement, using 3D scanning (Telfer and 

Woodburn, 2010, Witana et al., 2006). However, this technology has mostly been used to 

offer more precision in 2D measures than traditional methods (Delgado-Abellán et al., 2014, 

Jimenez-Ormeno et al., 2013, Mauch et al., 2009, Mauch et al., 2008, Waseda et al., 2014), 

as opposed to utilising more relevant 3D measures of the foot. Furthermore, the number of 

studies using 3D scanning and examining younger children's feet across a wide range of ages 

(i.e. two to seven years of age) is also limited. These gaps in the literature lead to challenges 

with understanding development, which impacts clinical theory and practice. Therefore, 

robust, contemporary, combined 2D and 3D data is needed to understand the foot's typical 

trajectory throughout the complex and variable stages of growth and development. Such data 

can provide reference values that characterise the development of foot shape and can be used 

in research and applied environments. Moreover, understanding more about the 

anthropometric and 3D surface morphology changes throughout childhood is essential to 

advance the prevailing arguments about the typical growth trajectory of children’s feet 

(Uden et al., 2017) and inform the development of appropriate clinical and footwear last 

measures.  

For these reasons, the lack of contemporary foot developmental datasets using 3D scanners 

and relevant 3D foot measures motivated this research.
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1.1. Thesis Aims 

The aim of this thesis was to provide a deeper understanding of the trajectory of foot shape 

and size development. It also aimed to derive a method for capturing 2D anthropometric and 

3D foot surface morphology measures using a hand-held 3D scanner and to demonstrate the 

application of these novel 3D measures in characterizing foot development. Furthermore, to 

describe the trajectory of foot size and shape development in childhood with 2D and 3D 

measures using a hand-held 3D scanner. The specific aims and objectives related to the 

experimental chapters of the research are outlined in the next sections. 
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1.1.1. Measuring the paediatric foot using a hand-held 3D scanner 

This chapter aims to establish protocols and 3D measures for describing 2D and 3D foot 

development trajectory in two phases with specific objectives. These two phases of work 

will underpin the methods used in the following chapters and offer novel insights into 

measuring the paediatric 3D foot surface morphology. Both phases will utilise the same data 

collected using a custom set-up to scan the foot, including the plantar aspect, using a hand-

held 3D scanner. The rationale for choosing the particular scanner is also detailed in this 

chapter. 

First, in phase (a), the objective was to examine the reliability of capturing 2D and 3D foot 

measures in children aged 2 to 7 years using a hand-held 3D scanner. This phase will 

establish the reliability of the custom set-up used to provide the 2D and 3D measurements 

of the paediatric foot.  

Second, in phase (b), the objective was to investigate whether 3D shape descriptors can help 

characterise and quantify differences in 3D foot surface morphology between the age groups 

of 2, 5 and 7 years.  

The novelty and contribution of this pilot study are two-fold. First, a methodology will be 

established to capture children’s feet using a custom set-up and a hand-held 3D scanner 

allowing the scanning of the whole foot, including the plantar aspect. Although this method 

requires longer scanning time than conventional step-in laser scanners, it is less expensive, 

and the portability of the system allows the scanning to take place in the children’s 

environment (school, nursery). Furthermore, the contribution and novelty of phase (b) lie in 

applying 3D surface shape descriptors to characterize paediatric foot development, which – 

to the author’s knowledge – has never been done before. These novel 3D surface morphology 
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measures may complement the existing 2D measures in describing and quantifying the 

multiplanar 3D development of the paediatric foot. This approach will provide 

morphological maps (3D surface shape descriptors mapped onto 3D foot scans) for research, 

clinical and footwear last design applications. 
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1.1.2. The 2D anthropometry of the paediatric foot 

This chapter aims to offer an understanding of 2D anthropometric foot development between 

the ages of 2 and 7 years, and to provide a contemporary dataset of 2D anthropometric 

paediatric foot measures. This study will employ the chosen hand-held 3D scanner and the 

methods established in phase (a) of the pilot study. To achieve this, the objectives were 

twofold. First, characterize the size development of foot regions (rear-, mid- and fore-foot) 

in children aged 2-7 years. The research questions are: 

• How do the dimensions of foot regions change during development? 

• Is there a difference in the development of width among the three foot regions 

between the ages of 3 and 7 years? 

• Is there a difference in height development among the three foot regions between the 

ages of 3 and 7 years? 

The second objective was to characterize the proportional development of foot regions in 

children aged 2-7 years. The research questions are: 

• How do the proportions of foot regions change during development? 

• Is there a difference in the development of width proportions among foot regions? 

• Is there a difference in the development of height proportions among foot regions? 

This chapter's novelty and contribution is the current, detailed, and accurate 2D foot 

anthropometric dataset on the development of foot size and proportions in children in three 

foot regions. To the author’s knowledge, the development of separate foot regions has never 

been compared before. This will provide crucial information for establishing the 

developmental trajectory of the paediatric foot and for clinical and footwear last design 

applications. 
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1.1.3. The 3D surface morphology of the paediatric foot 

This chapter aims to advance the understanding of 3D foot surface morphology development 

between the ages of 2 and 7 years. 

To achieve the aim above the first objective was to determine and locate 3D surface 

morphology differences between age-groups on the dorsolateral, medial, and plantar aspects 

of the foot between the ages of 2 and 7 years. The specific research questions related to the 

objective are: 

• What is the average 3D surface morphology of the foot in each age-group?  

• What are the differences between age-groups in 3D surface morphology, and how do 

these relate to differences in foot posture and underlying structure? 

The second objective was to determine 2D predictors of 3D surface morphology changes 

across age-groups and the research questions was:  

• What are the best 2D foot anthropometric predictors of the identified 3D surface 

morphology changes? 

The value, novelty and originality of this chapter are threefold. The first one is applying 

statistical parametric mapping to 3D shape descriptors to support the identification and 

localization of surface morphology changes during foot development. While this method has 

been used in brain imaging and foot pressure analysis, this is the first time it is used to assess 

3D paediatric foot surface morphology. This method allows the statistical comparison of the 

3D scans of different age-groups or pre- and post-surgery or treatment, providing exact 

locations of the differences on the foot. 

The second contribution is the contemporary, high resolution, and accurate 3D dataset on 

the development of foot surface morphology in children. This allows the characterization of 
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age-group foot surface shapes and the quantitative and qualitative comparison of these age-

group characteristics. This type of data will complement the 2D dataset in the previous 

chapter, and for the first time, it will describe the multiplanar 3D development of the 

paediatric foot. 

Finally, identifying 2D anthropometric predictors of 3D surface morphology changes will 

provide crucial information for practitioners without 3D scanners to still benefit from the 

previous findings in this chapter and use 2D foot measures to predict 3D foot surface shape. 
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1.2. Thesis Structure 

The first part (2.1. Paediatric foot development and growth) of the literature review will 

summarize the development occurring in the lower limb and the foot during childhood and 

will also overview the development of gait. Next, the limited number of datasets (2.1.5. 

Paediatric foot anthropometric datasets) on children's foot size and posture will be evaluated 

and the need for an up to date dataset created using 3D scanning technology, 2D size and 3D 

morphological foot measures will be highlighted. The second part of the literature review 

(2.2. 3D scanning of the foot, an overview of technology and application) will consider the 

use of 3D scanning in foot measurement. An understanding of the available 3D scanning 

technology will be first introduced followed by discussing the reliability of this technology. 

Next, studies employing 3D scanners to measure the paediatric foot will be critically 

evaluated to argue the need for acquiring 3D foot shape information during paediatric foot 

development, rather than relying on 2D measures only. Following this, more analytical 

studies looking at the assessment of foot morphology will be critically evaluated, suggesting 

a 3D approach to foot morphology measurement: differential geometry.  

Chapter 3.(3. Measuring the paediatric foot using a hand-held 3D scanner) will first 

investigate the reliability of capturing 2D anthropometric and 3D surface morphology 

measures using a hand-held 3D scanner. The results of this Phase (a) will inform the 

protocols used in the main study for capturing 2D foot size and 3D foot surface morphology 

measurements of children using a hand-held 3D scanner. Phase(b) will look into how 3D 

shape descriptors can be used to characterize the 3D surface morphology development of the 

paediatric foot. Chapter 4. (4. The 2D anthropometry of the paediatric foot) will explore the 

trajectory of 2D anthropometric foot development between the ages of two and seven years 

using the experimental protocols defined in earlier chapters. Chapter 5 will employ the 
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protocols and 3D shape descriptors established in chapter 3. to investigate the development 

of 3D foot surface morphology in children aged 2 to 7 years. For videos to visualize 3D 

results please refer to 

https://www.youtube.com/channel/UCF8_OmPMWbZjo_s4oY5wiTQ. Finally, the thesis 

summary (6. Thesis summary) will provide an overview of each chapter, will discuss the 

contributions of this thesis to footwear design, research and clinical practice, limitations, and 

future directions. 
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Chapter 2 

2. Literature review 

The following chapter will first describe foot, lower limb, and gait development. This is 

followed by a critical evaluation of the existing literature relating to the development of 

children's foot shape and size. The datasets on paediatric foot morphology will be examined 

with particular attention to their resolution and relevance to practical applications. The aims 

of the chapter are (1) to critically evaluate existing literature relating to children's foot shape, 

size, and posture and potential measurement technologies, (2) to critically evaluate the 

measures used in the literature in terms of relevancy and resolution and (3) to define the need 

to establish an up to date foot development dataset that includes 2D and 3D measures, using 

3D scanning technology.  

2.1. Paediatric foot development and growth 

The thigh, leg and foot on the embryo become recognisable by the 9th week of intrauterine 

life, and by the completion of the embryonic stage, the neural, vascular, and muscular 

components of the limb are present and closely resemble those of an adult. On the other 

hand, the child’s foot is not a replica of the adult foot. The child’s foot appears fat, relatively 

shorter and wider, narrowing towards the rear-foot, as this part is less fully developed. The 
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foot also seems flat at birth due to the adipose padding on the MLA, although this is gradually 

absorbed during the first year (Frowen et al., 2010).  

It was argued by Bertsch et al. (2004) that the foot reaches 50% of its final length by the age 

of 12-18 months. Furthermore, Tax (1985 pp. 95) suggested that the rate of growth "drops 

rapidly from a high in infancy to 4 or 5 years of age, when a plateau is reached with a yearly 

increase in size of about 0.9cm/year. " On the other hand, Gould et al. (1990) suggested that 

the foot grows in spurts, and these occur at different ages in children. In terms of posture, 

the new born foot is reported to be very elastic (Bernhardt, 1988) and will adopt an adult-

like appearance by the age of 6 years (Hennig and Rosenbaum, 1991) 

The development of the foot is considered completed when the full ossification of the foot’s 

skeletal structure is finished. The times of ossification are reported in Table 1. The 

ossification starts in the longer, larger bones and extends gradually to the smaller bones. The 

predominantly cartilaginous bones begin to strengthen when the ossification centres appear 

in the epiphyses in the lower limb.  
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Table 1.: Ossification timetable (Evans, 2010) 

Bone Primary centres Secondary centres 

Tibia – diaphysis 7th week  

Tibia – upper epiphysis At birth 20th year 

Tibia – lower epiphysis 2nd year 18th year 

Fibula – diaphysis 8th week  

Fibula – upper epiphysis 4th year 25th year 

Fibula – lower epiphysis 2nd year 20th year 

Calcaneum – body 6th month  

Calcaneum – epiphysis 6th-10th month 13th-15th year 

Talus 7th month  

Cuboid At birth  

Lateral cuneiform 1st year  

Medial cuneiform 3rd year  

Intermediate cuneiform 4th year  

Navicular 4th year  

First metatarsal shaft 8th-9th week  

First metatarsal base 3rd year 17th-20th year 

Other metatarsal shafts 8th-9th week  

Proximal phalanx shafts 12th-14th week  

Proximal phalanx bases 3rd-6th year 17th-18th year 

Intermediate phalanx shafts 4th-9th month  

Intermediate phalanx bases 

Distal phalanx of hallux 3rd-6th year 17th-18th year 

Distal phalanx shafts 8th week  

Distal phalanx bases 6th year 17th-18th year 
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2.1.1. Postural development of the lower limb 

The posture of the hips and lower limb in utero in the last trimester is characterized by flexion 

and abduction of the hips, knee flexion, medial tibial position, ankle dorsiflexion and relative 

adduction of the feet. This posture is partly required due to the increasing body size, hence 

reducing space. Post-birth, there is a reduction in this flexed and tightly packed posture and 

the musculoskeletal development leads to an extended and bipedal appearance of the child 

in 10-16 months (Evans, 2010). Although the flexion in the hip gradually decreases from its 

original 30°, typical hip extension is still only around 0° at the age of 3 years, which partly 

explains the short stride length in children under 3 years. The abduction of the hip reduces 

from the original 75° to around 45° by the age of 2 years, which is an adult-like appearance. 

The 30° flexion in the knee found in neonates (due to intrauterine positioning and the 

maturation of the nervous system – flexor muscle activity) reduces by the age of 6 months. 

This process is aided by the “mouthing” of the feet in infants, which helps hamstrings 

elongation that is further continued by standing and later bipedal locomotion (Evans, 2010). 

The most important changes in lower limb posture between the ages of 2 and 7 years occur 

in the frontal plane. Prior to this age, infants present with genu varum or bow legs, when the 

shafts of the tibia and the femur are bowed laterally (Beeson, 1999). This posture is 

physiological and aids early ambulation, which is characterized by lack of balance, forward 

pelvic tilt, increased lumbar lordosis (hence protruding abdomen), flexed legs and flexed and 

abducted arms used for balancing (Asher, 1975). This bow leg (varus) appearance is 

considered normal up to the age of 2 years, although normally the knee is straightened by 18 

months of age (Salenius and Vankka, 1975, Cheng et al., 1991). Due to the continuous 

external rotation of the tibia resulting in an internal rotation of the femur, the femoral 

condyles are brought closer together (Asher, 1975). This leads to a valgus or knock knee 
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(genu valgum) position, which peaks around the age of 3 years (Engel and Staheli, 1974). 

This genu valgum is thought to last until the age of 6 years (Salenius and Vankka, 1975), 

when the tibia and the femur reaches a straight alignment (Tax, 1985).  

The degree of bow leg can be assessed radiographically or on photographs using the 

tibiofemoral angle. This angle is around 15-17° varus at birth and decreases to around 11° 

valgus by the age of 3 years. After this age, the genu valgum decreases to 6° valgus by the 

age of 9 years (Salenius and Vankka, 1975). Other studies suggested that children reach 7° 

valgus between the ages of 5 and 7 years (Cohen-Sobel and Levitz, 1991), or 5 ° by the age 

of 8-10 years, which is considered a mature value (Heath and Staheli, 1993).  

Considering the ankle, ankle dorsiflexion is 40° in a new born, but only 5-10° remains for 

normal gait.  In the rear-foot, the subtalar joint is in a varus position at birth compared to the 

leg (10°) and the calcaneus will be at 10° eversion at 12 months of age. This resting calcaneal 

stance position reduces during the first 6-8 years of life (McCarthy and Drennan, 2009, 

Tachdjian, 1985). When the fore-foot is considered, it is 10-15° inverted on the rear-foot at 

birth (embryonic “praying”). The non-weight-bearing fore-foot varus in post-natal 

development is maintained by shortened medial soft tissues and possibly talar torsion 

(Evans, 2010). 
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2.1.2. The arches of the foot 

2.1.2.1. The structure and function of foot arches 

The two longitudinal and a single transverse arch are made up of the tarsal and metatarsal 

bones. The calcaneus, talus, navicular, the three cuneiforms, and the first, second and third 

metatarsals form the MLA, while the lateral longitudinal arch (LLA) is much flatter than the 

MLA and is formed by the calcaneus, cuboid, and the fourth and fifth metatarsals. These two 

arches create a single structure between the calcaneus and the metatarsal heads. The anterior 

five tarsals and the bases of the metatarsals together form the transverse arch, which runs 

across the foot from lateral to medial. The arches of the foot are supported by passive and 

active elements. Passive elements are the ligaments that are sufficiently elastic to allow the 

arches to flatten on foot-ground contact and then recoil, enabling the arches to function as 

springs to dampen impacts with the ground. The ligaments provide passive support as a beam 

and as a true arch, and this function is assisted by the muscles (active support) of the lower 

leg and the foot.  

Based on the muscles (active elements) ability to plantar or dorsiflex the intertarsal, 

tarsometatarsal and metatarsophalangeal joints and increase or decrease the ankle joint 

reaction force (shift the bodyweight forward or backwards, respectively) they are classified 

into four groups. These are (1) direct arch raisers (plantarflexion tendency), (2) indirect arch 

raisers (shift the bodyweight backwards), (3) direct arch flattener (dorsiflexion tendency) 

and (4) indirect arch flatteners (shift the bodyweight forward) (Frowen et al., 2010).  

Making use of the above structures the MLA plays a crucial role in gait. The two main 

functions of the MLA during gait are shock absorption and propulsion. Shock absorption 

occurs after heel strike in mid-stance when the MLA is lengthened and flattened as a result 

of pronation after the initial supination at heel strike. Mechanical energy is also stored due 
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to the stretching of the elastic tendons and ligaments. After reaching its maximum length 

the MLA starts to shorten. As a result of supination during rollover and due to the stored 

energy released back, the arch becomes shorter and higher until toe-off. This shortening 

and heightening releases the mechanical energy stored to provide power for the propulsion 

of the foot and the medial three metatarsal heads (the anterior pillar of the MLA) will act 

as a springboard in take-off.   

2.1.2.2.  Medial longitudinal arch development 

Typically developing children are born with flexible flat feet, and the arch progressively 

develops during the first ten years of life (Uden et al., 2017). The low appearance of the 

MLA is argued to be partly due to increased joint laxity in this age-group, making the arch 

vulnerable to collapse in the presence of load (Kirby and Green, 1992). Another cause is the 

underdeveloped bony structures; hence the structure of the MLA would not be evident 

(Hennig and Rosenbaum, 1991). Finally, it is also suggested that a protective fat pad 

underneath the MLA is present, increasing the loaded area, reducing the pressures and shear 

forces, but also occluding the MLA. This fat pad is argued to be gradually absorbed during 

the first 4 or 5 years of life; however, the MLA is thought to develop until the age of 6 years 

(Bertsch et al., 2004). Additionally, Bernhardt (1988) suggested that the load of the body 

mass falls medially to the hallux in early walkers increasing pronation, and hence further 

emphasising the low appearance of the MLA.  

The literature has shown a decreasing trend of low arched feet with increasing age (Pfeiffer 

et al., 2006, Muller et al., 2012). Flat foot type has been reported for 3-4-year-old children 

and “normal foot” posture has been shown to be achieved by the age of 8 years (Sacco et al., 

2015, Forriol et al., 1990), although Nikolaidou and Boudolos (2006) reported “normal foot” 

posture by the age of 7 years. While there is a certain degree of agreement in the literature 
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about the increasing height of the MLA, there are still ongoing debates about the definition 

of the paediatric physiological flat foot. This is because there is currently no consensus on 

typical foot posture in children and how this posture should change with increasing age. 

Furthermore, it is also unclear when the development of the arch or the foot itself is complete. 

In terms of establishing when the foot posture should be considered mature, there are three 

methods reported in the literature. (1) The cessation of growth, (2) closure of growth plates 

and (3) stabilisation of posture (Uden et al., 2017). According to the first two methods, 

mature foot is argued to be reached by 13-16 years of age (Liu et al., 1998, Leung et al., 

2005, Tax, 1985). However, based on foot posture, it is reported to be reached by 6-10 years 

of age (Onodera et al., 2008).  

The lack of consensus over the MLA development is partly due to the missing definition of 

“typical” foot posture. Furthermore, currently, there is no gold standard approach to measure 

foot posture or the MLA (Uden et al., 2017). The measures and the datasets using different 

approaches will be detailed in section 2.2.3. While there is an absence of MLA in most 3-7-

year-old children’s feet, this is part of a developmental process; hence it is considered 

“normal” due to the laxity of bones and ligaments, increased adipose tissue and immature 

neuromuscular control (Banwell et al., 2018). Although the percentage of feet with low arch 

decreases with increasing age, this does not mean a change towards “normal”, as low arched 

foot is considered typical at these ages. (Morrison et al., 2017) 

The development of the MLA has also been considered in cross-sectional and longitudinal 

studies using pressure platforms (Bosch et al., 2010a, Bosch et al., 2007, Phethean et al., 

2014, Chang et al., 2014b, Muller et al., 2012). Most of these studies revealed increasing 

peak pressures in the heel and fore-foot, however peak pressures slightly decreased in the 

mid-foot (Muller et al., 2012, Bosch et al., 2010a, Bosch et al., 2007) between the ages of 3 
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and 7 years. Furthermore, Alvarez et al. (2008) have shown that the timing of foot area 

loadings changes with increasing age and the developing arch. While the initial contact in 

all three age groups (<2 years, 2-5 years and >6 years) was with the heel, the youngest groups 

proceeded to load the medial and lateral mid-foot followed by the lateral and medial fore-

foot. On the contrary, both older age-groups loaded the fore-foot after the heel indicating the 

development of the MLA. Additionally, as maximum % force increased in the heel, it 

decreased in the medial mid-foot from the youngest to the oldest age-group. Finally, there 

was a decrease in the % of time spent on the medial mid-foot: 77.6%, 37.6% and 11.9% in 

the youngest, middle, and oldest age-group respectively. These changes in loading variables 

suggest the development of the initial heel contact and a more dynamic roll-over process 

(Bosch et al., 2007). 
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2.1.3. Paediatric Gait development 

The infant goes through a series of stages in locomotor development before starts to walk 

independently, and these stages show high variability among children. Some infants attend 

all stages, while others skip or remain in a particular stage longer than others. These stages 

include: sitting, creeping, propping and bear standing, kneeling, pulling up to standing, 

cruising, climbing, squatting, standing and finally supported and independent walking 

(Evans, 2010). The final stage is usually reached between the ages of 9 and 17 months (Payne 

and Isaacs, 2016) with large variations. After this stage, as their strength, motor coordination 

and balance improves, their gait will become more effective and stable, and they develop 

further advanced gait patterns such as running, jumping or hopping (Evans, 2010).  

In the early stages of independent walking, the infant’s gait is robotic with short and fast 

steps, and a wide base of support, which helps them to balance. As gait improves, the base 

of support gradually reduces in width and reaches the width of the trunk after 4-5 months of 

independent walking (Payne and Isaacs, 2016). A characteristic of early walkers is the “high 

guard” position of the arms to provide more stability. At this stage, the arms swing is absent 

and will appear later once balance has improved sufficiently. In terms of foot contact, the 

child shows flat footed ground strike and develops heel strike between 18-24 months of age.  

At the age of one year, the rear-foot is in an eversion of 5-10 ° relaxed calcaneal stance angle. 

By the age of 2 years, the arms are lowered to their sides and there is a narrower base of gait 

with faster and longer steps. This is due to the increased strength and developing propulsion. 

The first signs of mature gait appear around the age of 3 years (Tachdjian, 1985, Shepherd, 

1995), however there are variations with a range between 2 and 6 years (Payne and Isaacs, 

2016). The typical posture at this stage consists of hyperextension at the knee, lumbar 
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lordosis, genu valgum, calcaneal eversion in weight-bearing and diminished medial plantar 

fat pad. 

Between the ages of 4 and 7 years the maximal genu valgum resolves (Heath and Staheli, 

1993), but there is an increased lumbar lordosis due to anterior pelvic tilt. At this stage both 

the rear- and fore-foot varus reduces, the eversion of the calcaneus decreased and the fore-

foot plane aligns with that of the rear-foot to almost parallel (Tachdjian, 1985).  

The difference between the gait of an under 3-year-old and that of an older child is fourfold. 

The younger child has (1) shorter steps, (2) higher cadence, (3) slower speed and (4) limited 

single leg support. To achieve the mature gait patterns seen in most over 4 year olds, leg 

length needs to increase and single leg stability needs to improve. Furthermore, as Gill et al. 

(2016) suggested that the development of the MLA may also support the increase of step 

length. This is due to the increased ability of the MLA structures to store elastic energy as 

they stretch from a shorter and higher into a longer and lower position in mid-stance. On the 

other hand, the stability is supported by the low transverse arch, which develops later (Gill 

et al., 2016). 
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2.1.4. Paediatric foot anthropometric development data sets 

Providing robust size and shape data quantifying the paediatric foot development has 

numerous applications such as the ergonomic design of footwear and clinical assessments 

(Telfer and Woodburn, 2010). As stated before in the Thesis Introduction, such data would 

also help clinicians understand the foot's typical trajectory, help inform understanding of 

how the paediatric foot develops and offers a baseline for informing work exploring foot 

deformity and/or orthopaedic issues. These data can also provide expected values at each 

age, supporting paediatric foot assessment and footwear last design.  

Although there have been attempts to create tools to track children's foot development and 

create anthropometric datasets (see Table 2. for a list of studies with related data), several 

factors should be considered when assessing the foot or enabling proper fit of shoes.  

Examples of the factors that are associated with foot size and morphology are ethnicity 

(Kouchi, 1998), BMI (Mauch et al., 2008), sex (Delgado-Abellán et al., 2014), and 

socioeconomic status (Sacco et al., 2015). Partly due to the several contributing factors, the 

literature on paediatric foot size and shape development is inconsistent. However, the main 

concern is that the measures are 2D and hence cannot capture and quantify the multi-planar 

and 3D changes occurring in the paediatric foot. Several 2D measures exist to characterize 

the changes occurring in different parts of the foot, or specific measures are used to describe 

the whole foot. To establish basic dimensions of the foot, foot length and forefoot width are 

used in research, footwear sizing, and by clinicians. While foot length and forefoot width are 

the most consistent measures used, width and height in other parts (mid-foot or rear-foot 

width from footprints and dorsum or instep height) of the foot are also used for different 

purposes.  
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Table 2.: Studies examining foot dimensions and the MLA. N: total number of participants 

First author 

(year) 

Measurement 

device 

Age 

range 

(N) 

Measures captured 

Anderson et 

al. (1956b) 

Wooden 

calliper 

1-18 

(512) 

foot length 

Forriol et al. 

(1990) 
footprint 

3-17 

(1676) 

footprint angle, Chippaux-Smirak index 

Kouchi 

(1998) 
scriber, tape 

3-88 

(3272) 

foot length, instep length, toe length, foot 

girth, foot breadth, heel breadth, ball 

angle, toe angle, indices 

Gilmour and 

Burns (2001) 

Footprint with 

paint, Vernier 

height gauge 

5-10 

(272) 

AI, navicular height 

Chen et al. 

(2009) 

3D coordinate 

measurement 

system, digital 

tape, Harris 

mat 

5-13 

(1024) 

foot length, foot length (sitting), foot 

breadth, foot breadth (sitting), heel 

breadth, heel breadth (sitting), navicular 

height, navicular height (sitting), medial 

malleolus height, lateral malleolus height, 

ball girth, waist girth, instep girth, long 

heel girth, short heel girth 

Mauch et al. 

(2009) 
3D scanner 

2-14 

(2867) 

cluster analysis of foot length, ball-of-

foot length, ball-of-foot width, rear-foot 

width, ball angle, dorsal arch height 

Chang et al. 

(2012) 
3D scanner 2-6 (44) 

navicular height, arch volume, arch 

volume index 

Muller et al. 

(2012) 

foot measuring 

device, plantar 

pressure 

1-13 

(7788) 

foot length, foot width, AI 

Jimenez-

Ormeno et al. 

(2013) 

INESCOP 3D 

foot digitiser 

6-12 

(1032) 

foot length, heel-fifth metatarsal, heel-

first metatarsal, metatarsal width, forefoot 

width, heel width, ball height, instep 

height, arch height 

Delgado-

Abellán et al. 

(2014) 

INESCOP 3D 

foot digitiser 

6-12 

(1031) 

foot length, heel-fifth metatarsal, heel-

first metatarsal, instep distance, rear-foot 

width, ball width ball height, arch height, 

instep height, heel girth, ball girth. 

Waseda et al. 

(2014) 
3D scanner 

6-18 

(10155) 

foot length, navicular height, arch height 

ratio 

Sacco et al. 

(2015) 
Harris mat 

3-10 

(94+391) 

rear-, mid- and fore-foot width, 

Chippaux-Smirak index, Staheli indices 
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Additionally, quantifying foot posture and medial longitudinal arch development is a 

constant debate (Banwell et al., 2018, Uden et al., 2017). Authors use different methods such 

as footprint or pressure platform to estimate the development of the MLA, with inconsistent 

results and debatable validity.  

Although there is still a lack of a comprehensive and up to date 2D dataset on the 

development of children's foot shape and size, there have been attempts to provide such 

information. In the next sections, these datasets will be further evaluated, which will estimate 

the current state of knowledge and understanding of paediatric foot anthropometry 

development. This will be in the order of (1) length and width measures, (2) measures of the 

MLA and (3) foot posture measures. 

2.1.4.1. The length and width of the paediatric foot 

Foot length and width provide the most basic characterisation of the paediatric foot. They 

allow the assessment of the foot's developmental state and are the starting point for shoe last 

design and sizing. The definition of foot length and width measures are presented in Table 

3.  

The earliest attempt to establish a dataset on children's foot development was carried out by 

Anderson et al. (1956b) who, using wooden calliper, measured the foot length of 227 girls 

and 285 boys, between the ages of one and 18 years. The authors presented the data in a 

growth chart for each sex, marking the 3rd, 25th, 50th, 75th and 97th percentiles. The data 

distribution provided a "norm" to which the individual's foot could be compared to between 

the ages of one and 18 years. It was reported that half of the final foot length is reached by 

the age of 1-1.5 years and in boys, it continues to grow up to the age of 15 years, while in 

girls there is very little change after the age of 13 years. 
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Table 3.: Definition of foot length and width measures 

2D measure Description 
 

Foot length 

Distance between the most 

posterior point of the heel and the 

end of the longest toe, projected 

onto the longitudinal axes  

First or fifth 

metatarsal length 

Distance from the heel to the 

first\fifth metatarsal 

 

Toe length 

The distance between the most 

medial point of the first metatarsal 

head and the end of the longest 

toe parallel to the foot axis 

(Kouchi, 1998).  

Heel width 

The distance between the most 

lateral and most medial point of 

the heel at 16% (Kouchi, 1998) or 

10% foot length (Jurca et al., 

2019).   

Mid-foot width 

The distance between the most 

lateral and most medial point of 

the foot at 55% of foot length 

(Jurca et al., 2019).  

Fore-foot width 

Distance between the first and 

fifth metatarsal heads projected 

onto the foot’s medio-lateral axis. 
 

Foot breadth 

The distance between the most 

medial point of the first metatarsal 

head and the most lateral point of 

the fifth metatarsal head (Kouchi, 

1998).  

Based on studies by Anderson et al. (1956b), Gould et al. (1990) and Cheng et al. (1997b) 

children's foot length increases by 2 cm per year until the age of three years (foot length at 

the age of three between 13.2 and 16.8cm), then 1cm per year until the age of five years (foot 

length at the age of five between 15 and 19.2cm) and 0.8 to 1cm per year up to the age of 12 

years (foot length at the age of 12 between 20.06 and 25.9cm). Table 4. summarizes the 

studies that assessed children’s feet between the ages of 3 and 7 years.  
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Table 4.: Studies with foot length and\or foot width data. Mean (standard deviation) foot length, fore-

foot width and rear-foot width in cm between the ages of two and seven years. 1 

Kouchi (1998) 

Age 

(years) 
 

3 

(n=71) 

4   

(n=84) 

5 

(n=89) 

6 

(n=111) 

7 

(n=112) 

FL [cm]  
15.31 

(0.76) 

16.28 

(0.76) 

16.97 

(0.99) 

18.04 

(1.01) 

19.16 

(0.92) 

FW [cm]  
6.40 

(0.38) 

6.78 

(0.34) 

7.07 

(0.42) 

7.35 

(0.40) 

7.71 

(0.46) 

HW [cm[  
4.17 

(0.29) 

4.3 

(0.28) 

4.47 

(0.27) 

4.66 

(0.31) 

4.88 

(0.41) 

Muller et al. (2012) 

Age 

(years) 

2 

(n=455) 

3 

(n=676) 

4 

(n=834) 

5 

(n=938) 

6 

(n=931) 

7 

(n=787) 

FL [cm] 
14.58 

(1.82) 

15.71 

(2.00) 

16.74 

(1.95) 

17.71 

(2.04) 

18.69 

(2.17) 

19.74 

(2.35) 

FW [cm] 
6.1 

(0.84) 

6.41 

(0.83) 

6.69 

(0.84) 

6.94 

(0.84) 

7.21 

(0.93) 

7.46 

(0.90) 

Jimenez-Ormeno et al. (2013) 

Age 

(years) 
    

6   

(n=41) 

7 

(n=103) 

FL [cm]     
18.79 

(1.16) 

19.78 

(0.99) 

FW [cm]     
6.99 

(0.43) 

7.17 

(0.43) 

HW [cm[     
4.38 

(0.38) 

4.44 

(0.35) 

Waseda et al. (2014) 

Age 

(years) 
    

6 

(n=428) 

7 

(n=1140) 

FL [cm]     
18.44 

(0.97) 

19.14 

(0.1) 

Brazil Sacco et al. (2015) 

Age 

(years) 
 

3 

(n=32) 

4   

(n=73) 

5 

(n=62) 

6   

(n=74) 

7, 8 

(n=32) 

FW [cm]  
5.69 

(0.47) 

6.04 

(0.60) 

6.15 

(0.65) 

6.52 

(0.48) 

6.84 

(0.52) 

HW [cm]  
3.31 

(0.36) 

3.52 

(0.33) 

3.50 

(0.39) 

3.62 

(0.35) 

3.84 

(0.31) 

Germany Sacco et al. (2015) 

Age 

(years) 
 

3 

(n=94) 

4   

(n=92) 

5 

(n=92) 

6   

(n=88) 

7,8 

(n=85) 

FW [cm]  
5.80 

(0.37) 

6.23 

(0.40) 

6.69 

(0.40) 

6.98 

(0.46) 

7.34 

(0.44) 

HW [cm]  
3.25 

(0.28) 

3.35 

(0.32) 

3.63 

(0.29) 

3.78 

(0.30) 

3.92 

(0.30) 

 
1 FL: foot length, FW: foot width, HW: rear-foot width 
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Although some of the authors provided charts for normative foot growth, the relevance of 

this data in the modern context is debatable due to changes in lifestyle and environmental 

factors. As an example, these changes over generations and decades have caused the increase 

in the prevalence of overweight and obese children (Jackson-Leach and Lobstein, 2006) and 

the increase in BMI or percentage\kg body fatness in children over the generations on most 

continents (Lobstein et al., 2004, Horvat et al., 2009, Lobstein et al., 2003). These BMI and 

body composition trends could cause changes in foot structure and hence foot morphology 

altering the trajectory of foot development (Mauch et al., 2008).  

Foot width and length measures were reported by Kouchi (1998) who found that until 11 

years of age normalized fore-foot width measures decrease along with normalized rear-foot 

width and normalized ball girth (normalized =foot measure/foot length). The authors used a 

scriber to record the foot's outline and a tape to measure the foot of 1559 children between 

the ages of 3 and 18 years; however, the results are now over 20 years old and were captured 

using manual techniques. Another manual technique, footprint and Harris mat was used to 

measure foot shape (foot length, midfoot width, and foot form defined as midfoot width 

divided by length without toes, as a percentage) by Bosch et al. (2007). The authors reported 

their data in percentiles between 0 and 48 months of walking experience, starting at a mean 

age of 15.3 months in 90 healthy German children. They used the 3rd and 97th percentiles to 

describe the distribution of their data  and suggested that any child presenting a foot measure 

outside of this distribution may warrant further investigation along with medical 

examinations (Bosch et al., 2007). Although the authors attempted to characterize changes 

in foot form (proportions), they only used mid-foot width (measured on a Harris mat as the 

minimal foot width of the mid-foot area on the footprint) to quantify the whole foot's form, 

which could result in misleading information as other regions of the foot (rear- or fore-foot) 

might develop differently. Furthermore, the width of the mid-foot on a footprint may 
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represent more than changes in slenderness as it is related to the development of the MLA. 

Although the authors provided a dataset presented similar to growth charts, the sample size 

is small to generalize and establish clear outcomes related to clinical decisions. The dataset 

is also limited to a small number of 2D measures, which, without further 2D measures and 

the investigation of the 3D foot surface morphology, has limited applicability. Based on a 

larger sample size (7788 children between the ages of one and 13 years), but still using a 

manual device (WMS1 foot measurement system, with an attached millimetre scale; DSI, 

Offenbach, Germany), Muller et al. (2012) suggested that the growth of the foot is 

predominantly in length rather than width between the ages of two and seven years. This 

argument is also based on the width of one region, the fore-foot; hence implications to the 

whole foot might be incorrect. The authors also presented foot geometry (foot width/foot 

length) and plantar pressure (force-time integral, peak pressures, and AI) data in reference 

charts. This study resulted in age-specific data from the cohort to define a normal range for 

static and dynamic foot parameters, with the intention of practical application in clinical 

settings and supporting suitable shoe development. They reported an increase of 

approximately 1cm in foot length each year and less than 3mm increase in foot width. 

Regarding foot geometry, the study results showed a decrease of 0.03 arbitrary unit (a.u.) 

between the ages of 3 (0.41 a.u.) and 7 years (0.38 a.u.). The authors argued that these results 

suggest a relative narrowing of the foot and reaching a foot shape more similar to those of 

adults by the age of 8 with a foot geometry value of 0.37. Although these results are essential 

in describing the fore-foot, applying this information to characterize the whole foot shape 

might be misleading and could cause footwear last design and fitting issues.  

To capture the shape of the foot at different regions, Sacco et al. (2015) measured – using 

footprints - the width of the forefoot, midfoot, and rearfoot and used Chippaux-Smirak and 

Staheli indices to characterize the medial longitudinal arch. The study's purpose was to 
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compare the foot shape of Brazilian and German children in a mixed cross-sectional (391 

Brazilian children) and longitudinal (94 German children) study. They have identified 

significant differences in the width and MLA measurements. The feet of Brazilian children 

were consistently narrower at the fore-foot, with an increasing difference with age. The 

authors suggested that the cause of the difference is the lower BMI among the Brazilian 

children, due to socioeconomic differences between the countries. Despite providing width 

measures in three foot regions, these regions’ height was not measured. The method used 

(footprints) also limited the application of data, as footprints only measure the part of the 

foot in contact with the ground. For this reason, the actual width of the fore-foot (distance 

between the most medial and lateral point of first and fifth metatarsal heads respectively), 

mid-foot (the largest distance between the most lateral and most medial point of the mid-

foot) and the heel (the largest distance between the most lateral and most medial point of the 

heel) might be larger. The authors argue that the results show that the European shoe lasts 

would not provide a good fit for specific age-groups in the Brazilian population. Although 

they used a German sample of children, this sample was limited to a particular region in 

Germany, making generalization to European children's feet questionable. As an example, 

Muller et al. (2012) from 61 different cities across Germany reported wider fore-foot width 

in all age groups than Sacco et al. (2015), although this difference could also be the result of 

the methods used. As explained before, Sacco et al. (2015) used foot-prints, which possibly 

underestimates width measures, whereas Muller et al. (2012) used a foot measuring device 

with a separator and a slider, which captures foot width at the correct anatomical location. 

Although the study captured the foot width at three different points on the foot, differences 

in the height of foot regions or changes in the foot's 3D surface morphology would not have 

been included. This could mean that two children with equal mid-foot width parameters, 

could have different mid-foot height and\or dorsal, lateral, or medial aspect morphology and 
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the same size shoe would not fit both well, due to the possibly differing proportions and 3D 

surface characteristics of the foot.  

In summary, although foot length and width measures provide a general description of the 

foot or foot regions, they lack resolution and are limited to 2D. While these are important in 

assessing the development of the foot and in practical applications, they are limited in what 

they can tell us about the 3D multi-planar development of the paediatric foot. As an example, 

although mid-foot width captured from a footprint may quantify the width of the MLA, it 

cannot quantify its height or 3D surface morphology. It also lacks resolution, as it only 

captures the width at the thinnest point of the mid-foot ignoring the shape of the MLA. 

Furthermore, there is a variation of foot dimension definitions and measurement methods 

resulting in the inability to integrate and compare results from different studies. While this 

is an issue in integration of findings, the different mid-foot width measures may also capture 

different aspects of foot development, such as slenderness as opposed to foot posture, 

depending on their definition. These inconsistencies may result in misinterpretation of 

findings and an incorrect understanding of foot shape and size development. 

2.1.4.2. The medial longitudinal arch of the paediatric foot 

Researchers and clinicians have used various 2D parameters to (1) measure the development 

of the MLA, (2) measure the relationship between MLA measures and other parameters such 

as BMI in children or (3) diagnose flat foot in children. Despite the range of parameters and 

measurement methods available, the most used clinical measurements are footprint measures 

(Uden et al., 2017), due to their simplicity. These parameters are thought to represent the 

height and development of the MLA, and hence they are used to describe and quantify the 

"normal" MLA height in healthy children and to aid diagnosis of pathological flat foot. The 

definitions of commonly used MLA measures are listed and defined in Table 5. 
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Table 5.: The definitions of MLA measures. 

Measure Definition Diagram 

Navicular 

height 

The height of the navicular 

tuberosity from the ground 

 

Instep\dorsum 

height 

The height of the foot dorsum at 

50% (Williams and McClay, 2000, 

Witana et al., 2006) or 55% (Jurca 

et al., 2019) of foot length or at the 

dorsal junction of the leg and the 

foot from the ground (Mauch et al., 

2009).  

Arch index 

Area of the midfoot divided by the 

area of the whole footprint without 

the toes. AI=B\(A+B+C) 

(Cavanagh and Rodgers, 1987) 
 

Chippaux-

Smirak Index 

The width of the narrowest part of 

the mid-foot divided by the fore-

foot width: CD\AB*100 (Chen et 

al., 2011) 

 

Staheli Arch 

Index 

The width of the narrowest part of 

the mid-foot divided by the heel 

width: CD\EF*100 (Chen et al., 

2011) 
 

Clarke's angle 

The angle between a medial 

tangential line connecting the 

medial edges of the first metatarsal 

head and the heel, and a line 

connecting the first metatarsal head 

and the acme of the MLA (Chen et 

al., 2011). 
 

Keimig index 

the missing area of a footprint 

relative to the size of the toeless 

footprint: A\B (Gill et al., 2016) 

 

Gamma angle 

The angle between the medial and 

lateral tangent of  the foot edges 

(Jankowicz-Szymanska and 

Mikolajczyk, 2015).  
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Some of the above measures (arch index, Chippaux-Smirak Index and Staheli Arch Index) 

have also been used to establish a classification of flatfoot by frequency distribution 

characteristics in footprint measures (Chang et al., 2014a), the bimodality of this distribution 

suggesting a leap between flat and non-flat foot rather than a continuous distribution. 

Furthermore, CSI has also been used to investigate whether motor-developmentally delayed 

children between the ages of 3 and 6 years have flatter feet than normally developing 

children (Chen et al., 2014). Chen et al. (2014) found that children with delayed development 

had higher prevalence of flat feet than normally developing children. Additionally, the 

prevalence of flat foot was also higher in overweight children or children with excessive 

joint laxity. The authors suggested that their results may serve as a reference for clinicians 

in dealing with children with delayed motor development. 

Although these measures are simple and easy to acquire, questions remain about their 

validity in measuring the MLA (Banwell et al., 2018), and most certainly in describing the 

shape of this 3D multi-planar structure (Lee et al., 2014). There have been attempts to use 

footprint and other 2D measures in creating datasets on the development of the MLA in 

childhood, and these will be discussed next (see Table 6. on the next page for studies 

employing MLA measures).  

One of the earliest attempts to assess the development of the medial longitudinal arch using 

footprint measures was by Forriol et al. (1990). The authors in this study investigated the 

Clark’s angle and CSI of 1676 children aged between 3 and 17 years using plantograms. 

The age-groups important regarding this thesis were the first (3-4-year-old) and second (5-

8-year-old). The study demonstrated significant differences between these age-groups both 

in Clark’s angle and CSI (p<0.01 in all tests). The Clark’s angle has increased (mean of 

boys and girls, left and right feet; first age group: 24.5 °, second age-group: 38.41 °), while 
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the CSI decreased (mean of boys and girls, left and right feet; first age-group: 48.54%, 

second age-group: 34.12%), and the authors argued that these results indicated the raising 

of the MLA in both sexes and feet. Although these measures may represent a ratio or an 

angle of foot regions in contact with the ground, they cannot quantify the height or the 

shape of the MLA. A child may have a high Clark’s angle or a low CSI, but their MLA 

may still be low, leading to misinterpretation of the results and possibly misdiagnosis. 

Another limitation of the study is the wide range of ages in the second age-group, 5 to 8 

years. This is a time of rapid changes in foot posture, size, and shape; hence a higher 

resolution grouping could have provided a more detailed understanding of MLA 

development. 
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Table 6.: Datasets using MLA measures in children from the age of 3 years 

First author 

(year) 

Measurement 

device 

Age 

range in 

years (N) 

MLA measures 

Forriol et al. 

(1990) 
footprint 

3-17 

(1676) 

footprint angle, Chippaux-Smirak 

index 

Gilmour 

and Burns 

(2001) 

Footprint 

with paint, 

Vernier 

height gauge 

5-10 

(272) 

arch index, navicular height 

El et al. 

(2006) 

Harris and 

Beath 

footprint mat 

6-12 

(579) 

Staheli arch index 

Bosch et al. 

(2008) 

capacitive 

pressure 

distribution 

platforms 

1 and 7 

(52) 

arch index 

Bosch et al. 

(2010a) 

Harris mat, 

pressure 

platform 

1-10 

 (36) 

arch index 

Chen et al. 

(2011) 
Harris mat 

3-6  

(1319) 

Clark’s angle, Chippaux-Smirak 

index, Staheli arch index 

Chang et al. 

(2012) 
3D scanner 2-6 (44) 

navicular height, arch volume, arch 

volume index 

Muller et al. 

(2012) 

foot 

measuring 

device, 

plantar 

pressure pad 

1-13 

(7788) 

arch index 

Chen et al. 

(2013a) 
Harris mat 

3-6  

(1319) 

Clark’s angle, Chippaux-Smirak 

index, Staheli arch index 

Waseda et 

al. (2014) 
3D scanner 

6-18 

(10155) 

navicular height, arch height ratio 

Jankowicz-

Szymanska 

and 

Mikolajczyk 

(2015) 

computer-

aided 

podoscope 

4-6 (207) 

Clarke’s angle 

Sacco et al. 

(2015) 
Harris mat 

3-10 

(94+391) 

Chippaux-Smirak index, Staheli arch 

index 

This rapid development was demonstrated by a longitudinal study of 156 normal weight 

children (based on Cole et al. (2000)) by Jankowicz-Szymanska and Mikolajczyk (2015) 
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using computer aided podoscope. Clarke’s and gamma angle (suggested to be used to 

measure the height of the transverse arch) was measured at the age of 4 years and two years 

later. Clarke’s angle was shown to increase significantly (left foot: p=0.010, right foot: 

p=0.001), by approximately 4° (left foot: from 33.04° to 37.37°, right foot: from 34.35° to 

38.76°), which - according to the authors - suggests the increase in arch height. On the other 

hand, gamma angle only decreased (left foot: p=0.704, right foot: p=0.475) by less than one 

degree (left foot: from 15.35° to 15.26°, right foot: from 14.99° to 14.86°), indicating a much 

lower magnitude of development in the transverse arch.  

Arch index (AI) and navicular tuberosity height (NH) were used by Gilmour and Burns 

(2001b) to assess the MLA in 272 children between the ages of five and ten years. The AI is 

thought to be related to the MLA height, and it is suggested that it decreases as MLA height 

increases. The study aimed to examine the relationship between NH and AI and how gender, 

limb preference, and body weight affect these measures. The results showed that the NH 

increased from 27 mm in the six-year-old group through 31 mm in the eight-year-old group 

to 34 mm in the ten-year-old group. The direct height measure of the navicular tuberosity 

was not affected by gender, body weight, and no differences between the left and right feet 

were found. In comparison, the AI reduced from 0.22 in the six years old group to 0.21 in 

the eight years old group but did not decrease further in the ten years old group and it was 

influenced by gender (males had higher AI values by 0.01) and body weight (obese children 

had higher AI values by 0.04). Based on their results of moderate correlation between the 

AI and navicular tuberosity height (r = - 0.46; p = 0.0001) they argued that the AI reflects 

the height of the MLA just as well as the NH. This is questionable since they also found that 

navicular height could differentiate between all age-groups (six, eight and ten years old), 

whereas AI could only differentiate between the six and eight-year-old groups. The AI's 
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inability to differentiate between age groups might partly be because this measure (as it is a 

ratio of foot areas) is inherently normalized to foot size, whereas NH is not. Another cause 

might be that AI measures a ratio of areas under specific parts of the foot rather than the 

actual height of the MLA. This could mean that two children with the same AI can have 

different navicular tuberosity height. The anatomical significance of their results 

(statistically significant difference in the AI between the six- and eight-year-old groups: AI 

difference 0.01) is also questionable, as the inter-limb comparison within participants 

showed the same difference (0.01), with the same means and similar standard deviations. 

This means that the change in AI between the two age groups is the same as the difference 

between the participants' two feet. Although the navicular height data may confirm that the 

development of the MLA is continued past the age of eight years, it might also be affected 

by the foot and lower limb's general growth. Therefore, normalized (to foot length) navicular 

height may have been a more appropriate representation of the increase in MLA height. This 

measure was shown not to increase between the ages of 6 and 7 years (values between 13.8% 

and 14%) but to significantly increase between the ages of 10 and 12 years in Japanese girls 

and between the ages of 11 and 13 years in Japanese boys (Waseda et al., 2014). This study 

– confirming the results of Gilmour and Burns (2001b) - has also demonstrated a continuous 

significant increase in NH from the age of 6 (25.5mm) until the age of 13 (37.9mm) in boys 

and from the age of 8 (26.8mm) to 13 (35.1mm) years in girls. The discrepancy between the 

absolute and normalize NH indicate that they represent a different developmental process. 

While NH may be a representation of general growth, increasing normalized NH may 

represent the development of the MLA height suggesting that NH increases faster than foot 

length.  
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Similar to Gilmour and Burns (2001b), the AI has also been reported to decrease with age in 

childhood by Bosch et al. (2010a) in 36 children in a 9-year longitudinal study. The first foot 

measurements took place when the children were approximately two years old. Although the 

researchers found that with increasing age, the 50th percentile AI decreased by 44% (from 

0.36 at the first measurement to 0.20 at the last measurement), these methods may not fully 

capture the arch development due to their limited ability to describe the changes in the actual 

height and shape of the MLA.  

In a much larger dataset, Muller et al. (2012) also used AI to characterize changes in the 

MLA in 10,382 children aged between one and 13-year-old using a pressure measurement 

platform and the contact area of the relevant foot areas. They found that the AI decreased 

from 0.32 in the one-year-old group to 0.19 in the 7-year-old group and remained constant 

afterwards. These findings agree with the results of Bosch et al. (2008) who, using capacitive 

pressure distribution platforms, recorded the AI of 26 toddlers (mean age: 1.3 years) – mean 

AI 0.36 -  and 26 seven years olds – mean AI 0.18. Interesting to note, both German studies 

(Bosch et al., 2010, Muller et al., 2012b) show a lower AI value than the American sample 

(Gilmour and Burns, 2001b), which may be due to ethnic differences. 

Another set of footprint measures were employed by Chen et al. (2011) and in a follow-up 

study by the same authors (Chen et al., 2013a) using digital images in 1319 children aged 

between 36 and 82 months. The authors aimed to identify footprint measures that can be 

used for measuring MLA height and hence the classification of flat foot in preschool 

children. The authors also compared footprint measure results with clinical diagnosis based 

on Pfeiffer et al. (2006). The measures they used were: Staheli AI (SAI), Clarke's angle (CA) 

and Chippaux-Smirak index (CSI). The authors suggested that all three measures were 

suitable for assessing flatfoot in children of this age-group, and recommended CSI as the 
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primary screening tool for preschool children, as it had superior performance over the other 

two measures based on likelihood ratio calculations. The Staheli arch index was also shown 

to differentiate (p=0.000) between groups of children with normal or mild flatfoot (N=456, 

Staheli arch index=0.67±0.19) and children with moderate or severe flat foot (N=95, Staheli 

arch index=1.12±0.17) between the ages of 6 and 12 years (El et al., 2006). The same study 

has also shown a significant negative correlation (r = -0.104, p < 0.05) of the Staheli arch 

index with age, suggesting that with increasing age, the Staheli arch index decreases, 

indicating a narrowing plantar mid-foot. German and Brazilian children of the same age (6 

to 10 years of age) have been shown to have similar Staheli index values by Sacco et al. 

(2015), between 0.66 at the age of 6 years and 0.46 at the age of 10. This study has shown a 

continuous decrease in this index as well as in CSI in the Brazil sample, while the German 

sample has shown an increase in the 9-year-old group before reducing again. Additionally, 

this study has demonstrated a continuous decrease in Staheli (Brazil: 0.83 to 0.68 and 

German: 0.84 to 0.72) and CSI index (Brazil: 48.8 to 39.2 and German: 46.4 to 38.0) between 

the ages of 3 and 5 years too in both samples indicating no differences in arch development 

between the two populations. The CSI has also further decreased in both population until the 

age of 10 (Brazil: 26.0, German: 29.2). While the above studies suggest the decrease in 

plantar mid-foot width with increasing age in different populations from the age of 3 to 12 

years, they cannot quantify the height or the morphology of the MLA, which is possibly 

more relevant to function. 

Although footprint measures are easy to use in the clinics, they are ratios of areas or width 

of plantar aspects in contact with the ground. This implies that they cannot account for 

changes in the actual height of the MLA and 3D morphology of its surface. This may cause 

misrepresentation of the MLA, as the plantar aspect in contact with the ground might be 
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changing differently to the arch's height or shape. Despite being feasible to capture quickly 

in clinical practice, with minimal equipment and technical expertise, footprint measures 

might provide misleading information about the foot structure and lead to inaccurate 

diagnosis. A more relevant measure, the normalized navicular height may be an appropriate 

parameter to capture the development of the MLA height as it represents the relative increase 

in NH accounting for changes in foot length. However, locating the navicular tuberosity may 

pose problems in children due to local soft tissue (Waseda et al., 2014), affecting the 

reliability of this measure (Williams and McClay, 2000). Although dorsal arch height at 50% 

of foot length normalized to truncated foot length has been suggested as a reliable and valid 

method to capture MLA height (Williams and McClay, 2000), Waseda et al. (2014) argued 

that the 50% foot length may not be at the same anatomical location in different participants. 

Furthermore, although the normalized measures provide a more direct representation of the 

MLA height, they only capture the vertical component of the MLA, ignoring its 3D surface 

morphology or shifts in its location.  

In summary, one of the most debated characteristics of the paediatric foot is the height, 

shape, and development of the MLA as there is no gold standard measurement method for 

this in a clinical setting or research (Uden et al., 2017, Banwell et al., 2018). Studies to date 

have used at least 16 different arch measures with ten footprint measures  and navicular 

height included (Uden et al., 2017). These measures are two dimensional, either capturing 

the vertical or the horizontal component of the MLA, and hence are not suitable to 

characterize MLA development, which is three dimensional. By using a single footprint or 

height based method, the arch is treated as a uni-planar structure ignoring the complexity 

and multi-planar nature of the foot and the significant differences in foot posture (Gill et al., 

2016, Uden et al., 2017).  
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2.1.4.3. The foot posture of the paediatric foot 

Measures of foot posture have been used to assess the development of the paediatric foot 

(Gijon-Nogueron et al., 2019, Martínez-Nova et al., 2018), for identifying foot types 

(Razeghi and Batt, 2002) or for the comparison of different populations (Gijon-Nogueron et 

al., 2017). The definitions of foot posture measures are in Table 7. 

Table 7.: Definition of foot posture measures. 

Measure Definition Diagram 

Foot posture index 

6 (Redmond et al., 

2006b) 

Talar head palpation 

 

Supra and infra lateral 

malleolus curvature 

 

Calcaneal frontal plane 

position 

 

Prominence in region of 

talonavicular joint (TNJ)  

 

Congruence of medial 

longitudinal arch 

 

Abduction/adduction of 

forefoot on rearfoot 
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Measure Definition Diagram 

Rear-foot angle 

The acuta angle between two 

lines: (1) connecting the 

base of calcaneus and the 

Achilles-tendon attachment 

and (2) connecting the centre 

of the Achilles-tendon at the 

level of the medial malleolus 

and the centre of the 

posterior aspect of the shank 

15cm above the previous 

marker (Langley et al., 

2016). 

 

Resting calcaneal 

stance position 

(RCSP) 

The angle (in full 

weightbearing bipedal 

stance) between the line 

perpendicular to the ground 

and a line connecting the 

upper, middle, and lower 

parts of the posterior 

calcaneus marked in prone 

position. (Ahn et al., 2017, 

Root et al., 1971, Cho et al., 

2019) 

 

The most commonly used foot posture measure is the FPI-6 which provides a comprehensive 

assessment of foot posture including rear-, mid- and fore-foot (Gijon-Nogueron et al., 2019), 

while other measures only consider the rear-foot (such as rear-foot angle or RCSP).  

Studies related to the age range between 2 and 7 years are presented in Table 8.  

RCSP is suggested to measure calcaneal eversion, which is assumed to reduce with 

increasing age and decreasing pronation. For this reason, assuming a relationship between 

calcaneal eversion and flat foot, RCSP has been suggested to be used as an assessment of 

paediatric or adult flat foot. It was found that RCSP decreased from 11 degrees valgus to 6 

degrees varus when orthosis was worn (Jay et al., 1995). Furthermore, the success of 

operation to correct flatfoot was decided based on RCSP in a study of 49 8-year-old 

patients, with the RCSP decreasing from 9.6 degrees valgus to 2.7 degrees valgus 
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postoperatively (Lundeen, 1985). The reliability of the RCSP was assessed by Sobel et al. 

(1999) in 14 volunteers (age was not provided) by having three examiners measuring the 

RCSP on two separate occasions. The authors found moderate to high intratester reliability 

with intraclass correlation coefficients ranging from 0.61-0.90 for the three examiners 

when using manual goniometer. They also found no significant differences between the 

measurements of examiners using electric goniometers indicating acceptable intertester 

reliability. Normal values of 88 adults aged 21 to 36 years (mean RCSP=6.07° valgus) and 

124 children aged 5 to 17 years (mean RCSP=5.6° valgus) were also established and no 

significant difference was found between the two groups.  

Table 8.: Studies assessing foot posture development in the children between the ages of 2 and 7 

years with mean foot posture for the whole sample indicated. 

First author (year) Age range (N) Foot posture measure 

Sobel et al. (1999) 6-12 (150) Mean RCSP=5.6° 

Redmond et al. (2008) 3-17 (397) Mean FPI-6=3.7 

Sadeghi-Demneh et al. (2015) 7-14 (667) 
Mean rear-foot angle: 

9° 

Gijon-Nogueron et al. (2016b) 6-11 (1762) Mean FPI-6=3.82 

Gijon-Nogueron et al. (2017) 6-12 (1798) Mean FPI-6=3.8 

Martínez-Nova et al. (2018) 5-11, 8-14 (1032) FPI-6: 3.6 and 3.3 

Gijon-Nogueron et al. (2019) 3-15 (3217) Mean FPI-6=4.15 

Children’s RCSP ranged between 6° varus and 12° valgus, while that of the adults ranged 

between 1° varus and 14° valgus. The result also showed that RCSP did not decrease with 

age which is contrary to the suggestion of Root et al. (1971) that it decreases with age to a 

0°±2° by adulthood. Sobel et al. (1999) also indicated that 80% of children had RCSP outside 

of the range of theoretical “ideal” suggested by Root et al. (1971). The authors argued that 
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the 5.6° average RCSP in children, the range of the measurements and the lack of correlation 

between age and RCSP suggest that the “ideal“ 0°±2° RCSP defined by Root et al. (1971) is 

invalid. They also indicated that RCSP should not be used as an indicator of pathology. More 

than 3° higher hind-foot valgus (9° ± 5.7°) was observed by Sadeghi-Demneh et al. (2015) 

in a group of 7-14-year-old children using rear-foot angle, although this measure captures 

the angle between the Achilles-tendon and the bisection of the calcaneus. The authors used 

this measure in conjunction with arch index, arch angle, and the appearance of the MLA to 

define flat foot in their participants and found a decreasing trend in its prevalence from the 

age of 7 (26%) to 14 years (14%). While these studies provided a reliable measure of rear-

foot posture, they could not capture the changes occurring in the mid- or fore-foot, hence 

their ability to describe foot posture development is limited. However, the main concern is 

that RCSP and rear-foot angle only measure changes of the subtalar joint (which is a tri-

planar joint) in the frontal plane, and for this reason they cannot capture the multi-planar 

variations and development of the paediatric foot posture (Menz, 1998, Uden et al., 2017).  

While RCSP only considers the rear-foot, FPI-6 incorporates all three regions of the foot: 

rear-, mid- and fore-foot. This measure was developed to assess foot posture in multiple 

planes and anatomical segments, and while it is a static measure, it had a higher ability to 

predict ankle joint complex kinematics than any other clinical measures at the time of its 

development (Redmond et al., 2006b). Although it was originally used only in adult 

populations, it has also been validated in children aged 6-18 years to diagnose paediatric 

flexible flat foot (Hegazy et al., 2020), and its reliability was also confirmed in children aged 

5-16 years (Morrison and Ferrari, 2009), and 6-12 years (Lee et al., 2015). Furthermore, the 

study of Žukauskas et al. (2021) has shown a significant correlation of FPI-6 with other 

clinical parameters of foot posture in 5-8 year-old children with flatfoot and no flatfoot. 
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Finally, FPI-6 was in the first three most used assessment methods for paediatric pes planus 

among UK podiatrists (Morrison et al., 2020) along with joint range of motion and standing 

tip-toe  (joint range of motion: 68.8%, FPI-6: 62.5% and standing tip-toe: 62.5%. 

The first study to provide normative data on a comprehensive foot posture measure, namely 

the FPI-6 (Redmond et al., 2006b), was completed by Redmond et al. (2008). FPI-6 is a 

composite foot posture measure comprised of six items (see Table 7.). Each item can be 

scored from -2 to +2, and the six scores are added up to provide a full score. Higher scores 

suggest a pronated foot posture while lower scores indicate a supinated foot posture.   

Redmond et al. (2008) found that children aged 3-18 years had a mean FPI-6 score of 3.7, 

which is a pronated foot posture, and was reported to be significantly more pronated than 

the feet of the adult (18-59-year-old) population of the same study. The authors suggested 

that the more pronated foot posture is a consequence of the developmental process of the 

MLA as indicated by Staheli et al. (1987). Unfortunately, the child population was not 

divided into age-groups, hence the changes in FPI-6 during growth could not be established. 

A more detailed analysis was performed by Gijon-Nogueron et al. (2016b), who measured 

the feet of 1762 children between the ages of 6 and 11 years using FPI-6. They found that 

the average FPI-6 for the whole sample was 3.77 and 3.87 for the right and left foot, 

respectively (mean=3.82). Based on the percentile presentation the 50th percentile was at 

FPI=4 for 6 year-old children and fell to FPI=3 by the age of 11 years, while the 85th 

percentile was approximately at FPI=6 (between 6 and 9 the foot posture is considered 

pronated), hence they suggested it as a cut-off point between normal and pronated foot. 

Although FPI-6 decreased from 6 to 11 years of age, the only significant decrease occurred 

from the age of 9 years.  
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Gijon-Nogueron et al. (2017) have also shown a decreasing tendency in FPI-6 among 1798 

schoolchildren aged 6 to 12 years from 4.52 at the age of 6 years to 3.3 at the age of 9. The 

average FPI-6 of the whole sample was 3.8 which coincides with previous findings of 

Redmond et al. (2008) and Gijon-Nogueron et al. (2016b). Furthermore, in this study, boys 

aged 6-7 years had more pronated feet, while at ages 8, 9, 10 and 11 years, there were no 

differences. By the age of 12 years the earlier trend reversed, and girls had more pronated 

feet due to increased laxity in the female foot (Gijon-Nogueron et al., 2017). The study has 

also shown no relationship between BMI and FPI-6 contrary to previous findings using 

simpler foot measures. This may be because FPI-6 considers rear-, mid- and fore-foot in 

three spatial planes while the measures used previously do not. Furthermore, FPI-6 is 

independent of the possible influence of the volume of fat on the plantar surface compared 

to footprint measures. 

While the previous studies provided a cross sectional view of the FPI-6 changes in late 

childhood, Martínez-Nova et al. (2018) performed a follow-up study. The researchers 

measured anthropometric characteristics and FPI-6 of children aged 5-11 years and re-

assessed them three years later. They found that FPI-6 reduced (although not significantly) 

from 3.6 ± 2.8 (range, from −4 to +12) at the first measurement to 3.3 ± 2.7 (range, from −3 

to +12) at the follow-up. Only two items showed significant reduction after three years, talar 

head palpation (p<0.001) and the curves around the lateral malleolus (p=0.038). The authors 

also observed a reduced frequency of pronated (reduction of -2.2%, FPI-6 between 8 and 10) 

and highly pronated (reduction of -2.0%, FPI-6 between 11 and 12) foot posture and an 

increase of 3.5% in the neutral (FPI-6 between 1 and 7) foot posture category after three 

years. The authors, based on their results suggested that the average foot posture in childhood 

is FPI=4 ± 3, which indicates that 68% of children would fall in the neutral category between 
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FPI=1 and 7 and 95% would fall in the supinated, normal, and pronated categories between 

-2 and +10. As the authors relate pronated foot to flat foot, they highlight that their study 

confirms the natural development of childhood flatfoot morphology which decreases with 

age. Based on the findings they also argue that a child in the first decade of their life with 

pronated or even highly pronated foot should be considered “normal”, if painless. A yearly 

or bi-annual follow up could have increased the resolution and the value of the dataset. 

Gijon-Nogueron et al. (2019) have showed similar but slightly higher (left foot: 4.11, right 

foot: 4.20, range: -4 to 12) average FPI-6 for a group of 3217 children aged 3-15 years. They 

also showed that the prevalence of pronated foot posture declined with age with FPI-6 being 

+6 at the age of 3 years and +3 at the age of 14 years. At the age of 7 years, the average FPI-

6 was +4.32. The authors also highlight the broad range of values: -1 to +11 at the age of 3 

years, and +3 to +9 at the age of 14 years. The range at the age of 7 years was -4 to +12. 

Gijon-Nogueron et al. (2019) emphasised that FPI-6 is a more appropriate measure of foot 

posture compared to footprint measures, which might not capture the anatomical foot 

morphology. The authors also suggest that the mean and ±1, ±2SD values enable clinicians 

to provide parents with information about their children foot posture compared to the normal 

population (e.g. within 68 or 95% of the normal range).  

In summary, while rear-foot posture measures such as RCSP and rear-foot angle provided a 

frontal plane assessment of the rear-foot, FPI-6 allowed a more complex, multi-planar 

measurement of rear-, mid- and fore-foot posture. Both studies employing rear-foot posture 

measures found that the posture of the rear-foot in childhood is everted, and this pronation 

decreases with age, although no studies examined children before the age of 5 years. Despite 

the reduction of the RCSP angle, Sobel et al. (1999) found that rear-foot posture does not 

reach neutral (RCSP angle: 0°±2°) as suggested by Root et al. (1971). As these measures are 
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limited to a single plane (frontal) and the rear-foot, a composite measure, the FPI-6 was 

developed (Redmond et al., 2006b) to assess the foot in all three planes. FPI-6 has been 

employed to measure the foot posture of children between the ages of 3 and 18 years. Whole 

sample means ranged between 3.3 and 4.2 valgus suggesting a mostly pronated foot posture 

at all ages and significantly more pronated compared to adults (Redmond et al., 2008). The 

studies also found that the pronation decreased with age, although the range of FPI-6 

suggests a wide variation of foot posture. A cut-off value of FPI=6 (85th percentile) for 

pronated foot posture was suggested by Gijon-Nogueron et al. (2016b). Although FPI-6 is a 

useful clinical measure, caution must be applied when interpreting the current literature, as 

a wide spread of ages were included in each study, not accounting for the predicted changes 

each year (Uden et al., 2017). A further limitation of FPI-6 may be its low predictive power 

of mid-foot dynamics during walking as was shown in a study by Nielsen et al. (2008) in 

adults.  

2.1.5. Summary 

In this section of the literature review, the development of the paediatric foot, and lower limb 

posture was first described, followed by an overview of gait development. The next part of 

this section examined the current literature on foot morphology development detailing three 

types of measures: (1) length and width, (2) MLA measures and (3) foot posture. This review 

exposed a clear need for further research into the investigation of paediatric foot morphology 

development. 

Firstly, existing datasets captured how the 2D foot anthropometry changes as independent 

walking matures. Width of foot regions, foot length, and ratios have been used to track and 

describe foot size and slenderness changes. Although provided important size information, 

these datasets were limited in accuracy due to the methods used (footprints or foot measuring 
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device). They also did not provide a complete characterization of each foot region (rear-, 

mid- and fore-foot) at standardized anatomical locations. Using standardized width, height 

and proportion parameters of each foot region could contribute towards a more consistent 

knowledge and understanding of paediatric foot shape development. To evaluate the foot's 

structural development, researchers and clinicians often measure foot posture and the medial 

longitudinal arch. The MLA is a highly debated characteristic with inconclusive results, 

partly due to the high inter-individual, ethnic, and environmental differences. However, the 

main concern is that 2D anthropometric MLA measures cannot optimally quantify the 

complex 3D shape changes related to the developing paediatric foot posture. Of particular 

importance is the wide variety of measures used (Table 5.) and their validity (or lack thereof) 

to the actual height and structure of the MLA. The measures used are two dimensional, 

considering height, width, length, or area in contact with the ground, and hence are not 

appropriate to describe the 3D multi-planar complexity of the MLA. Although FPI-6 does 

capture the multi-planar posture of the foot, it is subjective, and no normative dataset has 

been established with yearly data. Furthermore, these measures cannot provide information 

on the shape of the rear-foot or the plantar aspect that is not touching the ground - its shape, 

e.g., flat, convex, concave, or curved -, and how that surface is changing over time. This 

information could be relevant and valuable to quantify changes in the MLA and foot posture. 

The second issue is that to capture more accurate and higher resolution 2D and 3D foot 

measures, 3D scanning is required. If the children's feet in the above studies had been 

captured using a 3D scanner, a comprehensive list of more accurate, higher resolution 

measurements could have been developed. Such measurements would support the 

development of benchmarks for 2D and 3D foot morphology, which would have high 

theoretical and practical value.  
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Finally, there is no up to date, high resolution data about the development of children's foot 

shape, captured using 3D scanning technology. Datasets are available in different age-groups 

using manual methods, and 3D scanning data in limited age ranges (these will be discussed 

in section 2.3.3.). However, to the authors' knowledge, no 3D scanning studies examined the 

2D anthropometric and 3D surface morphology of children’s feet between the ages of 2 and 

7 years. 

Such dataset, consisting of relevant, accurate and valid measures, combined with the latest 

measurement technology methods could provide a theoretical underpinning of health 

professionals' education and clinical practice. Moreover, the practical values could include 

reference data for parameters related to the development of the paediatric foot shape, follow 

up and evaluation of post-surgical outcomes for children with congenital foot deformities 

(Ganesan et al., 2017), direct information on age-group foot shape which could aid footwear 

last design. 

In conclusion, this part of the literature review provided an overview of foot, lower limb and 

gait development and foot measurement methods and measures. It also demonstrated that 

there had been several studies measuring children's foot size, shape, and posture, using 

mostly manual or other 2D measurement techniques. Although these studies provided 

important information about the changes in foot size and shape, they could not describe the 

changes taking place in height, width, and proportions in the three main regions of the foot. 

In addition, there is still a lack of relevant data on the trajectory of 3D surface morphology 

changes occurring in the foot in childhood, using current 3D scanning technology and high 

resolution and accurate 3D measures. Such dataset integrated with 2D anthropometric 

parameters may establish an understanding of foot shape and size development for 

researchers, clinicians, and the footwear industry.  
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2.2. 3D scanning of the foot, an overview of technology and 

application 

The literature review in the previous section (section 2.2.) outlined the importance of 

developing higher resolution and more accurate 3D foot assessment methods to complement 

2D measures for assessing the paediatric foot. Current 3D scanning systems have the 

potential to capture children's foot shape and provide such measures, allowing for more 

accurate clinical decisions based upon robust, highly accurate measurement of foot 

dimensions. The first half of this chapter will provide an understanding of the use of 3D 

scanning technology in foot assessment, overview and describe the steps taken to process 

and analyse 3D scanning data and finally will look at the reliability of 3D scanners. The 

second half of this chapter will first review the studies employing 3D scanning that resulted 

in 2D measurements of the paediatric foot. This part of the literature review will demonstrate 

the importance of this technology in research and the roles and limitations of 2D measures 

in clinical practice and footwear design. Although most studies used 2D measures derived 

from 3D scanning, some researchers attempted to provide higher resolution or 3D 

information about the foot. These approaches will be evaluated briefly before introducing a 

novel approach to 3D foot surface analysis.  
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2.2.1. 3D scanning technology 

3D scanning, as opposed to traditional anthropometric methods such as callipers or tape 

measure, allows the capturing and saving of human body surfaces in a digital form for future 

processing with this technology. The human error associated with manual measurements is 

reduced, the measurements can also be obtained later, and the experiment time could be 

shorter. Three-dimensional scan data also provide more information than traditional 

methods, e.g., surface area, volume, and 3D shape can also be calculated over and above the 

2D measures. Using appropriate software, it is also possible to compare foot shape and size 

pre- and post-treatment, providing a quantitative approach for evaluating treatment 

effectiveness. Consequently, this technology is ideal for clinical research and practice, 

orthosis, or footwear last design. 

The next section will describe (1) how this technology works, (2) what are the criteria for 

choosing the appropriate scanner, (3) how to process data resulting from 3D scanning, (4) 

what are the possible outcome measures and (5) how reliable this technology is in foot 

scanning? 

2.2.2. 3D scanner types 

The three main types of imaging technologies used in foot assessment are (1) 

stereophotogrammetry, (2), laser scanning and (3) white-light or structured light scanning. 

Stereophotogrammetry takes multiple photographic images from different positions and 

estimates an object's 3D coordinates. These images must be taken at the exact same time and 

from known distances from the captured object. This technique's advantages are the speed 

of capture and that they are relatively lightweight, hence easily portable. However, post-

processing takes a long time; the accuracy of the measurements depends on the cameras' 



Matyas Varga 2021                                    3D scanning of the foot, an overview of technology and application 

70 

 

quality, the distance between the object and the camera, and the camera's field of view 

(Goonetilleke, 2012).  

In contrast, laser scanning is an active technology. In this technique, laser lines are projected 

onto the object, and they are scattered, which is then imaged by one or more cameras. 

Triangulation is then used to calculate the spatial coordinates of points along the laser line 

(Azernikov and Fischer, 2008). There are static and hand-held laser scanners available 

commercially in visible and infra-red ranges of the light spectrum. These scanners – because 

they rely on the laser line's scattering – depend on surface properties like roughness or 

reflectiveness, and certain colours may not be captured accurately. Most foot scanning laser 

systems are step-in scanners, that are bulky, mostly not portable, and expensive, although 

data capture is fast (1-5 seconds).  

Due to their speed (produces 10-30 frames per second), white or patterned light scanners can 

also be used as hand-held scanners and make this technology more accessible for clinical 

use. Hand-held scanners have been used in different fields from scanning human skeletal 

remains for 3D printing for museums (Allard et al., 2005), through measurement of 

paediatric pectus excavatum (Hebal et al., 2019) to measuring the volume of residual limb 

models (Armitage et al., 2019). This type of scanner projects a fully structured light pattern 

onto the object being scanned, and a 3D image is calculated using the sensed deformed 

pattern. The accurate location of each point on the object's surface is determined by 

structured light triangulation. In this process, a picture of a point P is taken by both cameras, 

then identified in both pictures using the light patterns. The system then determines a plane 

from both cameras and point P. The intersection point on the two rays from the cameras is 

calculated to obtain the z-coordinate of point P (Daanen and Ter Haar, 2013). 3D scanning 
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captures the object's surface in the form of a point cloud or triangulated surface, from which 

discrete measurements can be drawn. 

When considering foot scanning specifically, the most common type of scanner used is the 

step-in laser scanner, which provides fast scanning, but is expensive (e.g., Vitus Smart 3D 

whole-body scanner (Vitus\Smart, Vitronic GmbH, Wiesbaden, Germany), Pedus foot 

scanner (PEDUS, Vitronic GmbH, Wiesbaden, Germany)). Another disadvantage is that the 

cameras are fixed, and hence there will be areas of the object missed, which cannot be 

reliably filled, although the trade-off with high capture speed might worth the cost.  

In contrast, hand-held 3D scanners (e.g., Handyscan, FastSCAN, Artec, Faro) are smaller in 

size, more cost-effective, and portable. They also allow the scanning of occluded surfaces 

by moving around the object, creating an almost perfect representation. This technology 

should enable the effective collection of 3D foot data. As these scanners use structured light, 

they can capture the texture and the geometry of the object in question. The downside of 

hand-held scanners is that they require experience using the scanner, and post-processing 

demands more time and expertise than step-in scanners. Other methodological challenges to 

consider may include scanning the plantar aspect in a static weight-bearing position, the 

participant’s ability to remain static for the duration of the scanning, and software 

capabilities. Once 3D scanning data capture is completed, the outcome in most cases is a 

point cloud or triangulated mesh. This cloud of information then requires post-processing to 

represent the scanned object accurately, and this will be described in 2.3.2.3. 
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2.2.3. Selecting the appropriate 3D foot scanning technology 

The different scanners mentioned in the previous section have their application in scanning 

feet or other body parts. They all have their advantages and disadvantages, so the critical 

question is, how does one choose the appropriate scanner for a specific application? An 

advisable approach is to create a prioritized list of shape measurement criteria and match 

them with the available 3D scanners (Goonetilleke, 2012). Here, a list of criteria is presented.  

2.2.3.1. Speed of Data Capture  

When considering the speed of data capture in 3D scanning, higher speed allows for a fast 

data collection, making it a more acceptable experience for both the participant and the 

researcher. Laser scanners usually offer faster data capture as opposed to structured-light 

scanners, although they have their disadvantages as described in the previous section. Faster 

data collection is especially crucial in populations that may not be able to stay still for 

prolonged periods of time, such as people with certain conditions, the elderly or young 

children. In their case, laser scanning may be the optimal option to avoid movement during 

scanning. 

2.2.3.2. Speed of Data Reconstruction  

Once the 3D scan is captured, fast data reconstruction allows the researcher to decide 

whether the data collected is sufficient or if the scanning needs to be repeated, which reduces 

the inconvenience of waiting after scanning, which is especially important in specific 

populations or in small children.  

2.2.3.3. Accuracy  

The accuracy of 3D scanners varies, affecting what applications they can be used for. It is 

suggested that for foot measurements, linear measures should be accurate within ±1mm, foot 

length should be accurate within ±2mm, and circumferences within ±3mm (Goonetilleke, 
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2012). Goonetilleke (2012) also argues that footwear design measures should be twice as 

accurate.  

2.2.3.4. Surface Coverage  

This criterion is very much dependent on the application of the data, for example, for shoe 

sizing applications capturing the whole 3D surface may not be needed. An important 

consideration is capturing the plantar aspect, which is especially difficult in a full weight-

bearing position. Goonetilleke (2012) argues that most of the plantar aspect is flat in this 

case and suggests that a full scan of the foot might be needed in custom shoe applications. 

Although most of the plantar aspect is flat in a full weight-bearing position, the changes in 

the medial longitudinal arch with increasing age are important considerations from a 

developmental perspective. Hence, in a developmental study, capturing the plantar aspect is 

crucial and a technical challenge.  

2.2.3.5. Usability  

Usability refers to the feasibility of scanning technology for a particular application. It is 

essential, especially in retail settings, that the scanner is easy to use and provides quick 

results. Although some scanners can provide this, they may not be appropriate for research 

or shoe manufacturing purposes. These applications require more flexibility and accuracy 

and repeatable results (see section 2.3.2.5. for the reliability of 3D foot scanners). It is also 

advisable to consider the type and number of participants required for the application. Hand-

held scanners make it possible to collect data in the field, in the participants' environment, 

which can be an essential factor, for example, in young children. However, hand-held 

scanners require experience from the researcher to move the scanner around the foot to 

capture a full 3D model. This part of the process is more convenient in step-in scanners. 
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2.2.3.6. Post-Processing  

Once the scans are captured, it is crucial whether post-processing requires a long time, or a 

3D model can be available quickly. Post-processing also depends on the application. In a 

retail environment (footwear store), quick and easy post-processing is required to provide 

fast results for the customer. Scanners, such as Volumental can provide post-processed 

results quickly and display these to a customer in a shoe shop (Jurca et al., 2019). However, 

if the aim is accuracy and a high precision 3D model, e.g., in research or shoe last design, 

longer post-processing (see details in section 2.3.2.3.) is necessary, which requires more 

knowledge and experience. 

2.2.3.7. Publications 

Another criterion that researchers want to consider is whether the 3D scanner has been used 

in peer-reviewed publications. These might be necessary for establishing the scanner's 

accuracy, reliability, and validity and might give the researcher more confidence in using 

that particular scanner, although new technologies arise constantly and hence studies without 

previous publications on the technology are also commonplace. 

2.2.3.8. Summary  

This section described criteria considered when choosing the 3D foot scanner for an 

application. As mentioned at the beginning of this section, this is not an exclusive list, and 

users should create their own list of relevant criteria and compare the available technologies 

before deciding. Although it has not been listed, the price of the 3D scanner can also be a 

criterion that supports prioritising the other criteria and the decision making. Although it is 

essential to consider as many criteria as possible, it is impossible to consider all of them; 

hence, it is crucial to be aware of the limitations of the technology and methods used.  
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2.2.4. Post-processing of 3D scans 

After completing the scanning, the first step is to align the multiple scans captured from 

different cameras (laser step-in scanners) or different views (hand-held scanners). Alignment 

is achieved using a registration method, typically using the iterative closest point (ICP) 

method. Once alignment is complete, the overlap is removed. Which points are removed 

usually is dependent on their distance from the centre of the scans: points closer to the centre 

are more likely to be kept (Goonetilleke, 2012). After alignment, the point cloud or mesh 

will include noise from different sources, such as transitions between different textures or 

geometry. This noise has to be removed without interfering with the object's true model. 

Once the noise is removed, the point cloud is transformed into a mesh of triangles, that allows 

for more accurate computation of measurements. This mesh model of the scanned object 

will usually include holes (no data points in an area) due to inherent capabilities of laser 

scanning or inappropriate scanner movement in case of handheld scanning, or simply due to 

the shape of the captured object. These holes can be filled using the provided software, 

typically by automatic algorithms, although manual hole filling is also available. While 

manual hole filling is available, it is recommended to be used in small holes in relatively flat 

areas. The hole-filling operations completed the model, which is then turned into a watertight 

polygonal mesh. Although the mesh is complete, further operations might be needed to make 

the model ready for the specific measurements. Such an operation is the reduction of 

points\triangles in the mesh to reduce file size and, hence processing time. The reduction of 

points might be necessary for experiments including a high number of scans and high point 

cloud density. Specific algorithms in software are available for this task, making sure 

information is not lost while reducing the number of points\triangles in the model. Once the 

required point cloud density is achieved, the mesh needs to be regularized so that the mesh 

triangles are approximately the same size, and they are distributed evenly over the surface. 
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Further steps can include the smoothing of the mesh surface to even out rough edges or 

eliminate unwanted geometry, such as skin creases and folds. This step allows for accurate 

measurements and 3D shape calculations to reduce skin artefacts' effects. The complete 

model then can be saved in many different file types, such as stl or obj and exported into 3D 

measurement software. 

2.2.5. Outcome measures of 3D foot scanning 

Three-dimensional scans of the human body or body parts allow the collection of 

anthropometric measurements and surface area, volume, segmental representations, or 3D 

shape. Although there are inherent errors in this method, it is currently the most advanced 

technology to measure the human body. These errors may come from the human body's 

posture and involuntary motion during scanning and human sources. These human sources 

might include errors while locating specific anatomical landmarks, measuring, and handling 

data.  

The types of data that can be extracted from 3D scans as identified by Goonetilleke (2012) 

include: (1) linear (2D) measurements, (2) surface curve measurement, (3) shape analysis, 

(4) overlay or superimposing and (5) mass properties. With the advancement of applied 

differential geometry, further shape descriptors can be calculated from the 3D scans, such as 

Gaussian curvature and its derivatives, e.g., minimum, and maximum curvature, curvedness, 

shape-index. These variables can describe the 3D surface in more relevant detail and higher 

resolution. These will be discussed in section 2.3.4. 

The quantitative description of the human foot is important and used in many applied fields: 

ergonomic footwear design, orthotics and clinical assessment (Telfer and Woodburn, 2010). 

Proper fit is the most critical facet of shoe design, which will prevent the foot from moving 
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in the shoe (Krauss et al., 2010). Appropriate fit is achieved by matching the shape of the 

shoe's inside with that of the foot and supporting the foot in its function (Hawes et al., 1994). 

To enable properly fitting shoe design, the factors affecting foot shape (e.g. age, body mass, 

sex), should also be considered (Krauss et al., 2010).  

Linear and cross-sectional measures have been used to characterize foot shape from 3D 

scanning (Hong et al., 2011, Jimenez-Ormeno et al., 2013, Krauss et al., 2008, Mauch et al., 

2009, Xiong et al., 2009) in static positions, usually bipedal standing. Three-dimensional 

scanning technology also allowed the comparison of male and female foot shape (Hong et 

al., 2011, Robling and Turner, 2009), different loading conditions (Xiong et al., 2009), foot 

growth patterns and body weight (Jimenez-Ormeno et al., 2013). 3D scans of static feet have 

also been used to investigate if male shoe lasts would fit female feet (Krauss et al., 2010) 

and to attempt to classify adults’ (Krauss et al., 2008) and children’s  feet (Mauch et al., 

2009). 

Although there are also studies using large cohorts and manual methods (see section 2.2.), 

the technology to measure paediatric foot morphology has also shifted to 3D scanning (step-

in laser scanners) in the last two decades. The reliability of step-in scanners and the methods 

to identify anatomical landmarks (palpating and marking before scanning) has its limitations 

in children due to the adipose tissue covering these landmarks. Nevertheless, researchers 

used this technology to report foot measures in developing children and to classify children’s 

feet by their shape. As a new and promising technology introduced into research, clinical 

and design applications, the reliability of 3D scanners and the associated protocols employed 

are essential to guide diagnosis, design decisions, assess treatment results, and be 

comparable to traditionally used methods. For this reason, the next section will overview the 

studies investigating the reliability of step-in and hand-held 3D scanners.  
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2.2.6. The reliability of 3D scanners 

Hand-held scanners' reliability is often addressed in the 3D scanning literature, as researchers 

require reliable data when introducing new technology. For this purpose, Park et al. (2006) 

evaluated the reliability of 3D laser hand-held scanning and landmark localization for 

craniometry by comparing the results to sliding and spreading callipers measurements. They 

investigated distance and breadth measurements of 30 unidentified skulls and found that both 

the direct and 3D scanning methods showed excellent intra-examiner reliability (ICC values 

ranged from 0.9152 to 0.9982). Furthermore, the 3D scanning also presented excellent inter-

examiner reliability (ICCs ranging from 0.8013 to 0.9969). Although the 3D scanning 

method tended to provide lower readings (mean difference of 33 craniometric variables 

averaged: -0.69mm), there was no significant difference between the direct and 3D scanning 

method highlighting the validity of this technology. The authors suggest that this technology 

could replace the direct measuring method and provide reliable data. Dessery and Pallari 

(2018) using the whole lower limb and circumference measures, investigated the reliability 

and validity of high (Artec Eva (Artec Group, Luxembourg, Luxembourg)) and low cost 

(iSense (3D Systems, Rock Hill, SC, USA) hand-held scanners against a manual (standard 

flexible tape measure with a sensitivity of 1mm) technique. They found that the hand-held 

3D scanner, Artec Eva, provided limb circumference measurements similar in accuracy, but 

better in repeatability than the manual technique. They also argued that although the low-

cost 3D scanner (I-sense) used in their study was able to scan nine times quicker than the 

Artec Eva, it overestimated the circumferences, especially in smaller sizes (mean biases for 

the sections ranged between -8.3mm and 3.4mm absolute difference and -2.3% and 1.0% 

relative difference).  
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While hand-held scanners have a multipurpose use, step-in scanners were explicitly designed 

for foot scanning, and their reliability was assessed in various age-groups. The validity and 

reliability of the Infoot 3D foot digitizer (I-Ware Laboratory Co., Ltd) were investigated (De 

Mits et al., 2010) and compared to those of X-rays and clinical foot measurements in a study 

of healthy adult participants (ages between 27 and 66 years old). ICC values for the linear 

and angular foot measurements were greater than 0.8, while the smallest detectable 

difference (SDD%) values were between 1.88 and 16.89%. The standard error of 

measurement (SEM) ranged between 0.3 and 2.7 mm (foot measures ranged from right 

height of the toe #5 joint: 19mm to foot length: 254mm). Considering the measures' validity, 

Pearson correlation coefficients were between 0.715 and 0.982 (all p<.05) between the foot 

digitizer data and the X-ray data. However, while this measure captures a relationship 

between the two datasets, the results from the two methods can change in the same way but 

with a consistent bias, meaning that the absolute values might be vastly different with a 

strong correlation result. For this reason, correlation is not a suitable method for assessing 

validity, as association and agreement are not the same. While association (correlation) 

quantifies the tendency for one variable to increase (or decrease) as another increase and by 

how close points lie to any straight line on a scatter plot, agreement (reliability) means that 

repeated results are equal and that points lie on the line of equality. Using correlation might 

show high validity, where the two datasets are very different. The software used for post-

processing (I-Ware Laboratory Co., Ltd) uses landmarks attached to the foot at specific 

anatomical points to calculate the foot measures.  

To compare the precision and accuracy of the Infoot USB (I-Ware Laboratory Co., Ltd) 3D 

scanner to three other types of clinical measures (digital calliper, Harris mat and digital 

footprint image), Lee et al. (2014) also used anatomical landmarks attached to the foot in 
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130 participants aged between 18 and 30 years old measuring foot length, ball of foot length, 

outside ball of foot length, foot breadth diagonal, foot breadth horizontal and heel breadth. 

Based on the mean absolute difference (MAD) between the repeated measurements, they 

found that the 3D scanner had better precision than the other three measurement types. The 

ICC calculated for six different foot parameters were similar to those found by De Mits et 

al. (2010) and ranged between 0.95 and 0.98 for the 3D scanner. The mean absolute 

differences (MAD) between the repeated measurements for the 3D scanner, which is 

considered a precision measure, ranged between 0.6 and 11.9mm (foot measures ranged 

from: mean heel breadth: 63.2mm, mean foot length: 249.3mm) for the six parameters.  

The reliability of step-in 3D scanning in children was assessed in a study by Mauch et al. 

(2008), who investigated differences in foot morphology between normal, under- and 

overweight children. In this study, the Pedus 3D scanner (Pedus, Human Solutions Inc., 

Germany) was used to measure 12 foot parameters in 2887 children aged two to 14 years 

old. The intra-tester measurement error was established on five different children’s feet, 

scanned four times by the same investigator. The researchers also calculated the root mean 

square error (RMSE) for the different foot measures (Bland and Altman, 1996). For metric 

measures, the RMSE results were between 0.5 mm and 2 mm, and for angular measures 

1.31◦ and 1.41◦. The anatomical landmarks used for measurements were located manually by 

the investigator, which unavoidably introduced subjectivity and, therefore, affected 

reliability; hence they reported RMSE.  

Although studies investigating step-in 3D scanners have used various measures and age-

groups, their results show that they are a valuable tool when comprehensive foot 

anthropometric measures are needed. The literature suggests that 3D scanners could provide 

the same or higher accuracy as conventional measurements. Although the calculation of foot 
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parameters relied on manually located anatomical landmarks, their reliability was the same 

or higher than traditional measurement methods. This method requires an experienced 

investigator and introduces error, however, automatic landmark detection in most software 

is based on adult foot data and hence using these can also increase the error when calculating 

measures of children’s feet. 

As the previous paragraphs show, although step-in scanners' reliability and validity are well 

documented to be high for adult populations, there is limited data available in children. The 

results from adult populations will need to be considered carefully as children’s feet are 

considerably smaller in size: foot length: 130.7mm at the age of one (Muller et al., 2012), 

184.4mm at the age of 6 and 254.9 at the age of 18 (Waseda et al., 2014). In addition to the 

small size, the adipose tissue present in small children makes palpating anatomical 

landmarks more complicated, and this age-group is also more prone to movement during 

scanning than adults. Furthermore, children are also more likely to stand in differing poses 

for subsequent scans therefore altering reliability. For these reasons, further investigations 

are needed to ascertain the reliability of measuring foot parameters using 3D scanning in 

children.  

The studies above provide a justification for the use of both hand-held and step-in scanning 

in a wide variety of contexts. Unfortunately, step-in scanners' validity and reliability are not 

transferable to hand-held scanners, mainly due to the critical difference between stationary 

and mobile scanning. Hand-held scanners capture frames as they are moved around the 

object and align the frames using dynamic referencing or self-positioning (reference system 

is based on the object itself rather than an outside fixed reference). In contrast, step-in 

scanners capture multiple frames from the same position, calculate the average, use static 

referencing, or external positioning (reference system is based on an outside fixed reference). 
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Although determined in other fields, no studies have examined the reliability of hand-held 

3D scanners for capturing paediatric foot shape.  

Therefore, the reliability of hand-held scanners has to be determined to employ this 

technology in scanning a cohort of children’s feet. Regarding the validity of hand-held 

scanning compared to laser scanning, this has been examined in previous research (Koban 

et al., 2020, Seminati et al., 2017). Koban et al. (2020) examined the Artec Eva scanner's 

reliability and validity against a non-portable reference scanner, the Vectra XT 3D Surface 

Imaging System (Canfield Scientific Inc., Parsippany, NJ, USA) in capturing faces. This 

system is widely used (Koban et al., 2020), employs passive stereophotogrammetry and was 

designed especially for the health care sector. The study found RMSE of under 1mm in the 

surface-to-surface deviation between the scans captured by Vectra XT and Artec Eva. This 

result suggests high validity in the case of face scanning of volunteers in an upright, non-

excessive sitting position with eyes and mouth closed. Investigating the Artec Eva scanner's 

validity, Seminati et al. (2017) compared its performance to a reference scanner, the Romer 

(Romer scanner, CMS108, Hexagon, UK) laser scanner with a coordinate measuring arm, 

and an accuracy of 0.04mm. They found that the RMSE between the scans from the two 

scanners were under 1mm (between 0.23 and 0.65 mm). These results, although using limb 

models and not live participants, also suggest high validity of the Artec Eva scanner against 

a laser scanner.  
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2.2.7. 3D scanning of the paediatric foot 

This section will overview studies using 3D scanners to analyse foot size and shape in 

children aged 3-7 years.  

Using the INFOOT three-dimensional laser scanner (INFOOT, I-Ware Laboratory Co. Ltd., 

Osaka, Japan) Waseda et al. (2014) scanned the feet of 10155 Japanese children between the 

ages of 6 and 18 years. In this study a marker was placed on the navicular tuberosity, foot 

length (FL) and navicular height (NH) was measured to calculate arch height ratio (AHR% 

= NH x 100/FL). The authors reported that FL increased significantly between the ages of 6 

to 14 years in boys and 6 to 13 years in girls. In their sample, NH increased significantly in 

boys from 6 to 13 years and then gradually up to the age of 18 years. NH increased 

significantly in girls from the age of 8 to 13 years and then gradually up to the age of 16 

years. The gradual increase after 13 years of age was slower in girls. The significant change 

in AHR was between 11 and 13 years in boys; and between 10 and 12 years in girls, although 

there was no change before, a gradual increase afterwards was present. This study provided 

a large dataset on Japanese children’s 2D foot anthropometric measures and considered a 

combination of two measures (AHR) to characterize normalized changes in foot size and 

MLA height. However, the 2D characteristics of the measures limited the application of the 

results; hence, the study is constrained in how it describes the multiplanar MLA. To 

characterize the foot in more detail, Delgado-Abellán et al. (2014) used the INESCOP 3D 

foot scanner (ACN06/01 Model INESCOP, Elda, Spain) to capture 11 foot measures in a 

sample of 1031 Spanish children between the ages of 6 and 12 years. They found that most 

measures increased with age at an average of 3-5% per year, although changes between 

consecutive age-groups were mostly not significant except for foot length. They argue that 

the application of their results is in shoe last design for children, highlighting the importance 
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of considering age differences in footwear design. This study provided a large dataset of 

measures demonstrating the need to differentiate between age groups in footwear design. 

However, the measures (length, width, and girth) captured were 2D and hence restricted in 

their application to support a more appropriate shoe last design that also considers the 3D 

shape of the paediatric foot. To explore the foot morphology of 2887 normal, overweight 

and underweight children between the ages of two and 14 years, Mauch et al. (2008) used 

the Pedus 3D scanner. The authors captured 2D foot measures to classify children’s feet 

using Factor and Cluster analysis. As a result, four principal components were identified 

from 11 normalized foot measures, which accounted for 88% of the variance. These were: 

arch (arch angle, CSI, and SI), volume (ball-of-foot width and circumference, heel width and 

dorsal arch height), angle (outside ball-of-foot length and ball angle) and length (ball-of-foot 

length and toe length). These four components were then used in a cluster analysis to obtain 

the greatest differences possible among groups. As the angle factor did not yield significant 

differences among the calculated clusters it was excluded. Based on the remaining three 

factors five different foot types were identified. Flat feet, characterized by flattened MLA, 

slender feet characterized by very small volume (narrow ball and heel width and low dorsal 

arch height), robust feet characterized by large volume, short toes, and average arch. The 

fourth type identified was short feet characterized by short rear-foot proportion and a long 

fore-foot, with relatively high arch and volume. The final type was long feet characterized 

by long ball of foot length and short toe length with average volume and arch. In the normal 

weight group, they found that children’s feet changed from “robust” to “slender” with 

increasing age. This change in foot shape agrees with Muller et al. (2012) and Kouchi (1998) 

who used manual 2D measurements. It was also reported that with increasing age, the 

number of “flat” foot type children decreased, and there was an increase in the “long” foot 

type. The reduction in children with flat feet has also been reported in studies using manual 
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footprint measurements (Gilmour and Burns, 2001, Muller et al., 2012, Chen et al., 2011, 

Chen et al., 2013b, Bosch et al., 2008). Younger children also had larger relative forefoot 

length measurements and greater relative volumes than older children. Mauch et al. (2008) 

created average foot types across age-groups and shoe sizes, rather than creating a typical 

foot type for each age-group and identifying differences and similarities. The measures 

considered in this study were 2D measures, e.g., footprint measures and angles derived from 

a 3D scan of the foot. Although the foot types provided may be useful in shoe last design, 

they are low in resolution (the classification reduced the foot dimensions into whole foot 

shape) and cannot characterize the 3D surface morphology differences between age-groups. 

To investigate the foot arch from a 3D perspective, Chang et al. (2012) intended to capture 

a 3D measure of the MLA by calculating the arch volume using “Peripher 3D Scanner”, in 

44 children aged two to six years. Arch volume was calculated by creating an arch plane 

along the first metatarsal head, the centre of the midfoot and the medial point of the half of 

the heel. This plane projected to the ground supporting the foot formed the arch volume. The 

authors also measured the navicular tuberosity height to capture the MLA's height. Their 

findings confirm previous results that arch height increased with age, and they report typical 

values for age-groups (two to six years old). The authors also compared 3D scanning and 

manual measurements and found high correlations in foot length and width measurements, 

moderate to high correlations in navicular height from the manual measurements and the 

arch volume from the 3D scanner measures (r = 0.642, 0.712; p < .01). They argue that the 

volume measures capture the height of the MLA as well as the width and length, giving a 

more valuable measure of this structure. Although they provided typical values for age-

groups, and a 3D measure (arch volume) to characterize the MLA, the sample size was 

limited. Furthermore, although the arch volume is a 3D measure and can give us an idea of 
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the arch's 3D size, it cannot characterize the actual 3D surface or shape of the MLA and 

numerous different shapes can have the same volume.  

In summary, while the above studies have used 3D scanners to capture children’s feet, with 

the exception of Chang et al. (2012) the resulting foot measures were 2D foot anthropometric 

measures. Although the technology allowed for more accurate and reliable measurements, 

the outcome measures did not provide more information than outcome measures of manual 

methods such as calliper or tape measure. As discussed in section 2.2.5. 2D measures are 

limited in what they can tell us about the 3D multiplanar development of the paediatric foot. 

Furthermore, the technology employed in the reviewed studies is capable of providing higher 

resolution and 3D outcome measures and such outcome measures will be discussed in the 

next sections.  
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2.2.8. Quantifying 3D foot surface morphology 

The previous section (2.2.7.) looked at studies that captured 2D measures (e.g., foot length, 

foot width) of the paediatric foot using manual or 3D scanning methods. As it was explained 

in chapter 2.2. 2D measures are limited in resolution as they only capture the distance 

between two points on the foot. This line of distance may include many different landmarks 

and shapes; hence the simple length or width measures have restricted resolution and are 

limited in what they can tell us about foot shape or changes in foot shape. In a different 

approach to achieve a higher resolution description of the foot, Price and Nester (2016) used 

the INESCOP (INESCOP, Elda, Spain) 3D laser scanner to measure cross-sections of the 

foot to describe the differences between healthy (N=23), overweight (N=23) and obese 

(N=23) adults’ foot dimensions and morphology. They found that obese adults had 

significantly larger foot dimensions (ball of foot, heel, foot height and widths and 

circumferences) than healthy and overweight adults. The cross-sectional measures (width, 

height, and circumference at 31 points along the foot) identified further significant 

differences at locations where traditional measures did not. Obese adults had significantly 

wider feet for 23-53% of the foot length and for 37-40% of foot length the obese adults’ feet 

were also wider than that of overweight adults. The height of obese adults’ feet was also 

larger in the midfoot compared to the healthy adults. Considering the circumferences, for 

40-47% of foot length the obese feet were larger than the overweight or healthy feet, while 

at 50-57% they were larger than the healthy feet only, but not the overweight. The authors 

argue that although the usual anatomical measures capture some of the differences, cross-

sectional measures can provide a higher resolution and more sensitive comparison of 

populations, especially when anatomical landmarks may be occluded due to adiposity, 

oedema, or foot deformity. Although this study provided a higher resolution analysis of foot 

shape differences between groups and the cross-sectional approach may inform about the 
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global shape of the foot or cross-sections, they fail to describe local shape characteristics 

such as concavity or the curvature of the foot surface. Therefore, a cross-section with the 

same circumference, width or height may have a different shape at different points on the 

measurement path. To allow for such analysis, geometric methods have been applied. These 

approaches can quantify not only the size , but the shape of the object too.  

One of these approaches is geometric morphometrics (GM). In this framework, three types 

of corresponding landmarks (anatomical and geometric) are identified on the surface of the 

scanned objects (Bookstein, 1992). In most studies the objects are then scaled, translated, 

and rotated to align, eliminating non-shape variations from the landmark configurations 

(Hennessy and Moss, 2001). This is called Generalized Procrustes Analysis (GPA) (Dryden 

and Mardia, 1998). After aligning the objects, Principal Component Analysis (PCA) is 

applied to the landmark coordinates to capture areas of the object that account for most of 

the shape variations. The resulting uncorrelated principal components then can be correlated 

with other variables of interest. Researchers have used GM and GPA to analyse 2D footprints 

of adults, to identify the association of foot shape with sex, stature and body mass in a healthy 

population (Domjanic et al., 2015) and the effects of body mass index, shoe size, frequency 

of wearing high heels, age, and sports activities on a small sample of young women’s 

footprint shape (Domjanic et al., 2013). The same method was extended to 3D by Stanković 

et al. (2018) in a proof of concept study to analyse the effects of sex, age, shoe size, frequency 

of sports activity, Body Mass Index (BMI), foot asymmetry, and foot loading on the 3D 

shape of 62 healthy adults between the ages of 18 and 60 years. Multivariate linear regression 

and correlation were also applied to the factors and selected PCA modes to find areas of the 

foot that were affected by that particular factor (Stanković et al., 2018). Although this study 

represented a 3D approach to foot shape analysis, the interpretation of the principal shape 
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components and their association with the subject characteristics is somewhat subjective and 

qualitative. This method provides localization of the principal shape components, however 

the interpretation of the differences between shapes with lower and higher scores within the 

PC remains subjective. An example of this is the second principal component (PC) found in 

the study: low PC2 scores represented narrow ball width with touching toes and high PC2 

scores represented wide ball width with spread out toes. Moreover, the variations captured 

by the PCs such as PC1, high arched or flat feet, PC3, ankle width, and girths, or PC6, mid-

foot width could have been measured using less sophisticated 2D methods. The same applies 

to the interpretation of the effects of subject characteristics on foot shape. The Euclidean 

distance maps allow for the localization of differences between the upper and lower limits, 

but the differences in shape are not defined objectively or quantitatively; hence are open to 

subjective interpretations. Furthermore, findings, such that low BMI was associated with 

narrow ankle, heel, or mid-foot; or that mid-foot width, ball, waist, and instep girth increase 

with BMI do not require such sophisticated statistical approach and can be achieved by using 

2D measures. 

While the above methods yielded similar results to traditional 2D measurement methods, 

another geometric approach, differential geometry aimed at capturing the shape of the 

surface of the scanned object or body part. This approach will be discussed in the next 

section. 
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2.2.8.1. Differential geometry 

The geometrical 3D shape of the foot surface may be captured by employing an approach 

that describes the foot by its particular shape at any given point on the surface. These 

geometric surface morphology characteristics may be related to how flat or curved the 

surface is; or if a protrusion or depression is present. While this method may not describe 

the foot's global shape or size, it can provide local 3D surface information crucial in 

describing foot morphology changes. Furthermore, this approach allows for a more relevant 

and accurate representation of the foot surface shape with higher anatomical resolution, 

leading to a more applicable foot development description. In turn, this method allows for 

more appropriate shoe last design and higher accuracy in clinical decisions or 

treatment\surgical follow-up assessments. This approach is possible due to the high accuracy 

3D surface data provided by 3D scanning, which allows the mathematical analysis of the 

surface using differential geometry, resulting in principal curvature (minimum and 

maximum) and Gaussian-curvature data for each surface point.  

Gaussian-curvature is an invariant shape descriptor, meaning that it does not depend on the 

actual coordinate system or surface parameterization. On the other hand, principal curvature 

describes “the rate at which the unit tangent changes directions as it moves along the curve” 

(Liu et al., 2004, p. 226). The Gaussian-curvature and principal curvatures together can 

identify a range of geometric shapes: planar, parabolic, elliptic, or hyperbolic. While these 

would provide novel information about a surface, their interpretation and application are 

challenging. For this reason, the shape index was developed (Dorai and Jain, 1997, 

Koenderink and van Doorn, 1992) to describe more subtle changes in shape, to provide a 

continuous gradation between salient shapes and to compress all information into a single 

index. The shape index ranges from -1 to 1 (Figure 1.), and the opposing sides of zero 
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represent complementary types of shapes, e.g., -1 represents a shape of cup whereas 1 

represents a shape of a cap (Koenderink and van Doorn, 1992, Dorai and Jain, 1997).  

In addition, Koenderink and van Doorn (1992) developed a measure called curvedness to 

complement the shape index and define the amount of the surface curvature at each point on 

the surface. Subsequently, the shape index is independent of scale, whereas curvedness is 

not. This characteristic provides two different types of 3D measurements, describing and 

quantifying foot shape changes. For a detailed calculation of both measures the reader is 

referred to Koenderink and van Doorn (1992) or Dorai and Jain (1997). 

Gaussian-curvature and its derivatives (shape-index, curvedness) are frequently used in the 

literature to describe human body parts. They have been used to identify anatomical 

landmarks on the surface of the human back (Drerup and Hierholzer, 1985, Frobin and 

Hierholzer, 1982) or lower leg (Liu et al., 2005), to aid face description, measurement and 

recognition (Calignano and Vezzetti, 2011, Vezzetti and Marcolin, 2012, Vezzetti et al., 

2014, Inan and Halici, 2012), to locate anatomical landmarks for precise measurements for 

specialized garment design (Markiewicz et al., 2017) or to automatically identify landmarks 

on CT scans of bones (Subburaj et al., 2009).  

Figure 1.: Nine representative shapes on the shape-index scale with permission from Koenderink and 

van Doorn (1992) 
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The only authors who applied curvature analysis to feet were Liu et al. (2004) who used 

shape-index to identify anatomical landmarks on the foot employing the FastSCAN laser 

scanner (Polhemus, Colchester, Vermont, USA). They argue that using the shape-index it is 

possible to capture the local shape and give a map (Figure 2.) of convex, concave, and 

hyperbolic areas and it will help in the automatic localization of anatomical landmarks. 

Subsequently, they located several landmarks on the lower leg and the foot including both 

malleoli, fibular head and the medial tibial condyle using the shape-index. 

 

Figure 2.: 3D heat maps of Koenderink shape-index of the foot. Red: convex; green saddle-shaped; 

blue concave; and white: transition between these three different shapes. With permission from Liu 

et al. (2004). 

While these 3D shape descriptors (shape-index, curvedness) can help in identifying 

anatomical landmarks, they can also describe the surface itself and identify differences in 

the shape of the surface between healthy and unhealthy groups or changes due to treatment 

or development. As the shape is represented by numbers for each point on the surface, these 

can be subject to statistical analysis hence they can be used to quantify the differences or 
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changes in the 3D morphology of the surface. Heat maps (Figure 2.) can be created using 

3D shape descriptors which can help analyse 3D surface morphology changes at an 

individual level. However, the statistical analysis of large samples of this type of data 

requires an advanced method.  

Recent advances in virtual surface and statistical analysis have seen the development of 

statistical parametric mapping (SPM) designed to characterise changes in 3D topological 

surfaces (such as a foot surface) and make statistical inferences of the whole surface. Using 

these methods, one can identify and localize changes in the developing foot shape in all three 

dimensions without being constrained to linear measurements. The SPM framework and 

associated theory were initially developed by Friston et al. (1994) to analyse functional brain 

imaging data incorporating the general linear model and Gaussian random field theory to 

analyse 2D or 3D data.  

In a statistical parametric map, the value in each point of an image or surface expresses the 

evidence against the null hypothesis that there is no change in that point induced by the 

experiment (hence the values are distributed according to a probability density function such 

as the Student’s T or F distributions). Statistical maps can be thought of as images or surfaces 

with change significance, instead of measurement magnitude. An alternative way to describe 

it is that they are designed to localise change for a given level of significance (Friston et al., 

1991). Although SPM was developed to allow high resolution and spatially extended 

analysis in brain imaging research (Worsley et al., 1996, Worsley et al., 1992, Friston, 1997, 

Friston et al., 1991), it was also adapted to pedobarographic research (Pataky and Goulermas, 

2008). In plantar pressure analysis, SPM as an alternative to masking (dividing the foot 

surface into smaller areas when considering foot pressure), allows the localization of 

differences in foot pressure data at a pixel (the smallest level of pressure measurement) level 
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(Pataky et al., 2008, Pataky and Goulermas, 2008). As statistical maps represent images of 

change significance rather than change magnitude, this method allows the comparison of 

regions or pixels based on relative significance (Friston et al., 1991). The application of SPM 

is valid on pedobarographic data (Phethean et al., 2014). It can also be valid on 3D shape 

data because there are (1) constant intra-subject geometry, (2) varying inter-subject 

geometry, (3) arbitrary postures and (4) pixel (vertex) intensity changes that represent organ 

function, in this case, morphological organ development (Pataky and Goulermas, 2008). This 

statistical approach will be discussed in more detail in section 5.2.  
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2.2.9. Summary 

This section of the literature review looked at 3D scanning of the foot. First, a description of 

3D scanning methods was conducted, followed by the review of the literature on the 

reliability of 3D foot scanning. Studies using step-in 3D scanners to measure the paediatric 

foot were then critically evaluated to give an overview of the role and limitations of the 2D 

measures used in these studies. The next section considered methods that attempted to 

measure the foot employing higher resolution or geometric approaches. Differential 

geometry was then evaluated, suggesting statistical parametric mapping as a statistical 

approach to present an alternative solution to 3D surface morphology analysis. The findings 

of this literature review chapter exposed the need for further investigation of paediatric foot 

morphology development using 3D scanning technology.  

Firstly, the reliability of using hand-held 3D scanning in a paediatric population needs to be 

established. Although the studies using step-in scanners assessed their reliability and 

validity, they were conducted mostly in adults, and the reliability of step-in scanners cannot 

be transferred to hand-held scanners. The existing reliability studies using hand-held 

scanners looked at other body parts or objects; hence their result cannot be generalized to 

children’s feet.  

Secondly, although several studies used step-in 3D scanners, the reported results – with one 

exception (Chang et al., 2012) - were 2D measures. Even though the technology allows for 

a higher resolution 3D shape analysis, the existing literature only uses it to capture the foot's 

length, width, and area parameters more accurately and effectively than manual or other 

techniques. Although the geometric morphometric studies reviewed provided higher 

resolution results, they were still restricted to two dimensions and subjective interpretations 

when quantifying foot shape. Conversely, differential geometry can quantify the foot's 3D 
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surface morphology from a 3D scan at every vertex, providing a high resolution, relevant 

and accurate dataset. The high-resolution data derived from 3D scans and differential 

geometry is best analysed using a continuous, spatially extended statistical approach, namely 

statistical parametric mapping, which allows vertex level analysis of 3D shape descriptors 

(i.e., curvedness, shape-index) data.  

In conclusion, this literature review chapter demonstrates that there have been several 

attempts to characterize foot shape development or foot shape of different populations using 

step-in 3D scanning reporting 2D measures. It has also been established, that the reliability 

of hand-held 3D foot scanning has not been examined in children, and the measures extracted 

from the 3D scans are still low in resolution and dimensionality.
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2.3. Summary of the literature review 

The period between 2 and 7 years of age is a time for significant foot shape, size, and 

functional changes. Independent gait places load on all tissues, changing the musculoskeletal 

structures and functions. As walking develops, the foot adapts to create a stable and flexible 

base for multiple functions. This adaptation will become visible in the changing shape and 

size of the paediatric foot, which can be measured, to capture its developmental trajectory. 

Accordingly, robust data is needed to understand the foot's typical trajectory throughout the 

complex and variable stages of growth and development. This data can provide reference 

values that characterise the development of the foot shape and can be used in research and 

applied environments. Moreover, understanding more about the morphological changes 

throughout childhood is essential to advance the prevailing arguments about the typical 

development of children’s feet (Uden et al., 2017) and inform the development of 

appropriate clinical and footwear last measures. However, as mentioned in section 2.2., 

although there have been attempts to describe the changes in foot shape and size in 

childhood, existing data comprises a limited number of 2D foot anthropometric measures 

during this critical stage of foot development. Consequently, there is no detailed, high 

resolution and up to date information on how the paediatric 2D foot anthropometry and 3D 

foot surface morphology develops. This literature review demonstrates that the growth and 

development of the paediatric foot throughout childhood is poorly understood. Therefore, 

there is a clear need to revisit our understanding of how the foot develops to inform theory 

underpinning clinical practice. Additionally, the literature review has shown that the manual 

and other traditional foot measurements methods used to capture the existing foot parameters 

are also limited in resolution and accuracy. In light of these limitations, there is a potential 

for greater utilisation of 3D scanning technology and 3D surface morphology information in 
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foot development research and applied environments such as footwear industry and clinical 

practice. The findings of the literature review also reiterate previous suggestions from Telfer 

and Woodburn (2010) promoting the use of 3D scanners. Although step-in 3D scanners 

provide a reliable and valid solution to capture children’s foot shape and size, they are 

expensive and not mobile. On the other hand, hand-held scanners have been used in different 

research fields, but their reliability has not been addressed in children’s foot measurement. 

In this context, there are also various methodological challenges to consider, and as a 

consequence, further work is needed to understand the reliability of the measurement of 

children’s feet with a hand-held 3D scanner.  

As highlighted above, capturing 3D shape is essential to advance the prevailing arguments 

about the typical development of children’s feet, while the relevance of 3D shape data in 

research and the clinical assessment of the foot shape has already been highlighted by 

Stanković et al. (2018) and Nelson et al. (2017). Furthermore, section 2.2.8.1. has shown 

that differential geometry (3D shape descriptors: shape-index and curvedness) offers an 

analytical and high-resolution approach to characterize the 3D foot surface. Accordingly, it 

may allow new insights into the changes in foot morphology and structure during 

development. This approach provides clinicians with a clear morphological map of the foot, 

which could be considered a translation of basic research into applicable measures that can 

be interpreted in an applied setting. The present thesis will establish the application of this 

method to the assessment of paediatric foot development constituting a foundation for 

understanding more about the morphological development of the foot, improving diagnosis 

techniques, tracking changes over time, orthotics, and footwear last design, or understanding 

disease process and its impact on foot development. 
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Chapter 3 

3. Measuring the paediatric foot using a hand-held 3D 

scanner 

Section 2.2.6. of the literature review outlined the studies that examined the reliability of 3D 

foot scanning by laser scanners and highlighted the need to assess the reliability of using 

hand-held 3D foot scanning in children. For this reason and to inform the main study 

methods, a pilot study was carried out, which was divided into two phases.  

First, to quantify the trajectory of foot development in children using a hand-held 3D 

scanner, the reliability of the methods needed to be tested. Previous studies discussed in 

section 2.2.6. of the literature review, have quantified the reliability of step-in scanners in 

measuring children’s (RMSE≤2mm for length and width measures (Mauch et al., 2008)) or 

adults’ feet (MAD≤11.9mm (Lee et al., 2014) and SEM≤2.7mm (De Mits et al., 2010)). 

These results have shown that the step-in 3D scanners were equally or more reliable to 

capture foot size than traditional methods (e.g., ink or digital footprint). The literature review 

also highlighted that hand-held scanning is reliable and valid in capturing objects and 

different body parts except for feet, which have not been examined yet. Unfortunately, the 

reliability results found in hand-held scanning studies were specific to the scanner, sample, 

object, or body part, and could not be used to demonstrate reliability in the current thesis. In 
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addition, the adipose tissue typically present in the foot of the younger age-groups makes 

palpating or detecting anatomical landmarks more challenging. Furthermore, these age-

groups are also more prone to movement during scanning than adults. As hand-held scanning 

requires longer time than step-in scanners, movement during scanning can cause problems. 

Automated foot measurement software has been developed (Foot3D) to avoid human error 

in identifying anatomical landmarks but have not been tested in young children. As a 

consequence, further work was needed to establish the reliability of anthropometric  

measurement in children’s feet using hand-held scanning.  

While 2D measurements have been examined for reliability from 3D scans using step-in 

scanners, 3D shape descriptors have only been investigated in their ability to reliably identify 

features on a surface (Ho and Gibbins, 2009), but not their repeatability. Although these 

measures do not depend on anatomical landmark locations, their reliability still had to be 

established as other sources of variability can affect them e.g. the exact posture of the foot 

or scanning movement pattern differences. Due to the lack of reliability data on shape-

descriptors in the literature, carrying out such study was novel and necessary to inform the 

main study methods. 

For these reasons, phase (a) of the pilot study was designed to test the reliability of 2D 

anthropometric and 3D surface morphology measures derived from a hand-held 3D scanner 

in children. Part of this chapter was presented at the 10th International Conference and 

Exhibition on 3D Body Scanning and Processing Technologies (Varga et al., 2019) 

The findings from the literature review section 2.1.4. revealed that existing 2D foot measures 

fall short of optimally quantifying the 3D shape development in the paediatric foot. Although 

there have been attempts to investigate these changes (mostly in adulthood), most studies 
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used a combination of 2D, low resolution and inaccurate measures. While these results 

provided further information on foot morphology, they failed to describe and quantify the 

actual 3D shape of the paediatric foot surface. In section 2.3.4.2. of the literature review, an 

alternative method was introduced: differential geometry, which provides 3D shape 

descriptors to quantify 3D surface morphology. As mentioned in the literature review, 

although there was one study (Liu et al., 2004) looking at 3D shape descriptors to locate 

anatomical landmarks on adult feet, these measures have not been used to describe or 

quantify developmental shape changes in children’s feet. To apply these methods in the main 

study, their ability to quantify and describe such changes needed to be tested. This was a 

novel, and necessary step before the main study could be completed.  

For these reasons, phase (b) of the pilot study was designed to establish whether 3D shape 

descriptors can describe and quantify the surface morphology changes occurring during foot 

development in children. This section of the thesis was published in Varga et al. (2020). 
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3.1. Aims 

The aim of this chapter was to establish protocols and 3D surface morphology measures for 

characterizing the 2D and 3D foot development trajectory. This chapter will underpin the 

methods used in the following chapters and offer novel insights into measuring the paediatric 

3D foot surface morphology. The objectives of this chapter were  

in phase (a) to: 

• examine the reliability of capturing 2D measures of the foot in children using a 

hand-held scanner, and to 

• examine the reliability of capturing 3D shape descriptors of the foot in children 

using a hand-held scanner  

• examine the validity of capturing 2D measures through comparison with existing 

literature data 

and in phase (b) to 

• investigate whether 3D shape descriptors can help to characterise and to quantify 

differences in 3D foot surface morphology between age groups in a small cohort of 

children. 
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3.2. Methods 

3.2.1. Ethical approval 

The investigation was approved by the Life, Health and Physical Sciences College  Research 

Ethics Committee at the University of Brighton. Written informed consent was obtained 

from all parents on behalf of their child.  

3.2.2. Participants 

The two phases of the pilot study used the same participants. Fifteen children aged between 

two and seven years of age from three sites (Willingdon Primary School, Happyjacks Soft 

Play Centre, and Brighton Sports Centre) were recruited in Eastbourne. Five children were 

recruited from each of the three age-groups: Group 1: two years of age (3 males and 2 

females), Group 2: five years of age (3 females and 2 males) and Group 3: seven years of 

age (3 females and 2 males). This enabled the capturing of data across the age-range 

determined for the thesis. The exclusion criteria were skin disorders affecting the foot such 

as eczema, psoriasis, or any skin abrasions; and suffering from epilepsy or light-sensitive 

conditions.  
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3.2.3. Scanner choice 

At the outset of the study, it was agreed that a critical review of existing hand-held scanning 

technologies was required to choose the most appropriate technology for this study. Ten 

hand-held scanners were identified and refined to five possible choices shown in Table 9. 

The technical data included were chosen based on the requirements of the study:  

- Resolution: due to the small size of the paediatric foot and the need to carry out high 

resolution statistics.  

- Accuracy: higher accuracy helps capturing the actual morphology of the foot. 

- Data acquisition: fast data acquisition is required due to the age-group (not being 

able to stand still for long) of the study. 

- Peer reviewed papers: The breadth of studies help to gauge how well researchers 

accept the technology as a valid and reliable tool in different fields and considering 

different sized objects, and body parts. 

- Price: the research budget was restricted to between £10,000-£15,000. 
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Table 9.: The five selected 3D scanners and corresponding technical details. NA: not available. 

Scanner 

(company) 

Resolution Accuracy Data 

acquisition 

speed 

Peer 

reviewed 

papers 

price 

zSnapper  

(ViALUX) 

NA <0.3mm NA 1 ~£19,000 

Fastscan  II.  

(Polhemus, 

Canada, 

ARANZ 

Medical 

Limited) 

0.01mm 

  

0.18mm 

RMSE 

NA >10 ~£17,000 

EinScan-

Pro  

(Shining 

3D) 

0.2-2mm 0.1mm 1,500,000 

points/sec

ond 

3 ~£11,000 

BodyScan  

(TechMed 

3D, 

Canada) 

1mm 0.5mm 550,000 

points/sec

ond 

0 ~£9000 

Artec Eva  

(Artec 3D) 

0.5mm 0.1mm 2mln 

points/sec

ond 

>10 ~£14,000 

Due to their prices, the zSnapper and Fastscan II. was excluded. Furthermore, the 

BodyScan scanner was also excluded as its data acquisition speed, accuracy, and resolution 

(data acquisition speed: 550,000 points/second, accuracy: 0.5mm, resolution: 1mm), were 

below those of Artec Eva (data acquisition speed: 2mln points/second, accuracy: 0.1mm, 

resolution: 0.5mm) and EinScan-Pro (EinScan-Pro data acquisition speed: 1.5mln 

points/second, accuracy: 0.2-2mm, resolution: 0.1mm). While EinScan (Macron et al., 2018) 

had similar capabilities to Artec Eva, the breadth of studies on body measurements where 

Artec Eva was used (Modabber et al., 2016, Stewart et al., 2016, Stewart et al., 2015, Ozsoy 



Matyas Varga 2021                                                Measuring the paediatric foot using a hand-held 3D scanner 

106 

 

et al., 2015, Peters et al., 2016, Sawh-Martinez and Steinbacher, 2018, Yamamoto et al., 

2016, Yan and Shah, 2017, Coltman et al., 2017, Ganapathi and Prakash, 2018) was much 

larger and Artec Eva had higher data acquisition speed. Furthermore, to assess its validity, 

(Seminati et al., 2017, Koban et al., 2020) compared the Artec Eva to a high precision laser 

scanner. Investigating residual limb models and faces of volunteers, it was found that the 

RMSE between the scanners was below 1mm, suggesting high validity of the Artec Eva 

scanner, which further supported the decision to choose Artec Eva. 

Based on this information, the Artec Eva hand-held scanner was chosen. 

Manufacturers of the Artec Eva scanner (Artec 3D) report an accuracy of ±0.1 mm, a 

resolution of 0.5mm and a data acquisition speed of 2 million points/second at a distance of 

400mm to 1000mm. Stewart et al. (2015) report a percentage technical error of measurement 

for this scanner between 0.47 and 0.63 for intra-operator error and between 0.75 and 0.82 

for inter-operator error for upper body size measurements. The scanned object is illuminated 

with patterns of visible light stripes by the scanner to acquire the 3D data, and three cameras 

capture these patterns. One of the cameras is located in the scanner's centre to obtain texture 

information and is surrounded by flash LEDs. The scanner takes up to 16 3D pictures per 

second, and these are used in the Artec Studio software to create the 3D surface of the object. 

The scanner uses structured light and causes no damage/irritation to the skin and is safe to 

use on children of any age. 
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3.2.4. Data capture 

Both phases of the pilot study used the same data capture methods. The scanning of 

children’s feet was undertaken at the three locations, using the Artec Eva scanner (Figure 

3.).  

Figure 3.: Example of a hand-held scanner being used on a five-year-old participant. 

Each participant’s feet were scanned three times within the same session, although in phase 

(b) only the first scans were analysed. Furthermore, although both feet were scanned, only 

the right feet were considered for analysis to ensure statistical independence within the 

samples (Menz, 2004). The literature has also shown that there are no statistical differences 

between the right and left foot (Delgado-Abellán et al., 2014). A see-through Perspex 

platform (certified up to 150kg bodyweight) and a custom-built stand of 550mm height were 

used to allow the scanning of the plantar aspect. Two strips of white tapes were attached to 

the top side of the platform, one anterior and one posterior to the foot position to aid post-

processing (alignment: see section 2.3.2.3.) of the scans (Figure 4.). 
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The scanning of the feet was conducted in the following manner. The child sat down and 

was asked to remove their shoes and socks. Following this, the parent or teacher was asked 

to clean the child’s feet with a skin disinfecting wipe. The child was then asked to step up 

onto the platform (manual support was provided when needed by holding their hands), and 

to find a comfortable position for both feet on the platform. The child was asked to stand 

with their feet pointing anteriorly. All children were explained what the experimenter was 

going to do before scanning started.  

Children were encouraged to look forward, level with their eyes at a screen, where age 

appropriate cartoons were shown. The management of the youngest children during scanning 

sometimes required the participant’s parent to hold the child’s hand. Furthermore, children 

were asked to keep their feet and toes as still as possible. At times, this was only possible by 

instructing the child to watch their feet to see if they are still. A further measure to keep the 

child still during scanning, was to constantly explain to them what the experimenter was 

doing and what they needed to do (e.g., do not follow the experimenter with their head and 

eyes as he is going around them while scanning).  

Using the methods outline above, three separate sub-scans were performed to capture the 

whole foot, including the plantar aspect. (1) scanning of the dorsal aspect, with the scanner, 

scanning around both feet in an anticlockwise manner, starting and finishing at the toes, (2-

3) scanning of the plantar aspect from either side of the platform (scanning stopped between 

sides), with the scanner moved from facing the edge of the platform downwards in an arch, 

until it faced the plantar aspect under the platform. According to the manufacturer's 

guidelines, all scanning (where possible) was performed from a distance of 0.4-0.6 meters. 

The scanning distance was displayed and checked during scanning on the Artec Studio 

software on the laptop screen. Scanning times were between 80 and 120 seconds. 
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During longer 3D scanning in young children, such as in the current study, it is recommended 

to have a screen or a parent\teacher in front of the participant, at eye level to ensure consistent 

posture. Furthermore, it is also recommended that the experimenter continuously 

communicates with the participant to keep them calm and to encourage stillness of the foot 

and the whole body. Some children may be extremely afraid of the scanner (noisy and 

flashing). This can be managed by the experimenter scanning their own hand prior to foot 

scanning and showing the outcome on the screen before data capture. This may help reduce 

the anxiety of the participant. In the case of a group of very young children, it may be 

beneficial to perform this at the beginning of data collection in front of the whole group by 

scanning a doll or a toy on the platform. 

Figure 4.: The Perspex platform on the custom-built stand with the Artec Eva scanner and battery 

pack. 
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3.2.5. Post-processing 

Artec Studio software (Artec Studio 12, Artec 3D) was utilized to post-process the scans and 

create a full 3D model of each foot. Post-scanning processing was performed, in phase (a) 

on the 3*15 raw scans (each consisting of three sub-scans) and in phase (b) on the 1*15 raw 

scans (each consisting of three sub-scans) collected during the field scanning in order to 

allow the extraction of 2D and 3D measurements. Post-processing included the following 

steps (Figure 5.) following manufacturers guidelines. 

 

Figure 5.: Post-processing steps in Artec Studio 12. 

1. Scan cleaning (phase (a) and phase (b)): The sub-scans included body parts and 

clothing above ankle level which were highly likely to move during scanning and 

parts of the platform, that were unnecessary to be processed. For this reason, 

before further processing, these parts of the three sub-scans were manually 

removed. The only features outside of the two feet, remaining in the sub-scans 

were the two lines (white tapes) on the platform. The cleaning and the two lines 

also improved the chances of automatic alignment in the next step.  

2. Data Alignment (phase (a) and phase (b)): As each foot scan consisted of three 

sub-scans, these had to be aligned in Artec Studio 12 professional software. This 

alignment was attempted to be performed automatically, and if this failed manual 
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alignment was performed. The two lines at the posterior and anterior end of the 

feet were used as guides to aid manual alignment in each plane. This alignment is 

an initial approximation of the final registration to improve the chances of the next 

step to converge on the best possible registration of sub-scans. 

3. Global registration (phase (a) and phase (b)): An automatic algorithmic 

registration of the three sub-scans was then performed following manufacturers 

guidelines in the software to match them in all three dimensions, using sub-scan 

geometry and\or texture information. The software provides information on 

registration quality for each sub-scan, and these were checked. The registration 

quality was aimed to be 0.5 or below based on manufacturers guidelines.  

4. Outlier removal\Noise elimination (phase (a) and phase (b)): As the original 

sub-scans included noise which consisted of extra points outside of the feet, these 

had to be erased. This was done using the outlier removal option in Artec Studio 

12 (outliers were defined as points outside of two standard deviations distance 

from the mean). If global registration was not satisfactory in the previous step, it 

was repeated after this noise elimination process.   

5. Sharp fusion (phase (a) and phase (b)): Once sub-scans were cleaned and 

registered, the three sub-scans were fused into one 3D model using the sharp 

fusion option to allow precise measurements based on the manufacturers 

guidelines.  

6. Small object filter & hole filling (phase (a) and phase (b)): The fused 3D model 

still contained holes (e.g., the top of the scan where the ankle joins the leg) and 

noise (extra points or fused parts outside of the foot model), which were repaired 

using the small object filter and hole filling options. The repaired model still 
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included both feet and the two lines, which were removed in this step, resulting in 

a model of the right foot only. 

7. Mesh simplification (phase (a) and phase (b)): Once all three scans from the 

same participant have been processed using the above steps, the three models of 

the same foot were simplified (the number of vertices reduced) to the lowest 

number of vertices of the three models. This was to allow vertex-to-vertex 

comparison and the calculation of mesh deviations. Vertex numbers varied 

between 36000-37800 in the two-year-old groups, between 42100-53000 in the 

five-year-old group and between 50800-76200 in the seven-year-old group. The 

difference in the number of vertices between age groups is due to the size of the 

feet: larger feet had more vertices to have the same point density. 

8. Model alignment and global registration (phase (a) only): The three models of 

the same foot were automatically aligned and then globally registered. All models 

were translated and rotated to approximately fit into the same coordinate system 

to reduce the amount of coding needed in MATLAB. The X-axis was set as the 

sagittal axis of the foot, the Y-axis represented the frontal axis of the foot, and the 

Z-axis was the vertical axis of the foot. The origin was placed on the most posterior 

and inferior point of the centre of the heel manually. Finally, the three models of 

the same foot for each participant were cut above the medial malleolus while being 

overlaid, to ensure they were cut at the same level, so both the medial and lateral 

ankle was still part of the models. 

9. Export as stl files (phase (a) and phase (b)): The models were exported as 

stereolithography (stl) files into MATLAB and Foot 3D.  
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In phase (b) data processing was identical to that in phase (a), but only a single right foot 

model was created and exported as stl file from the first scan of each participant.  

3.2.6. 2D foot anthropometric measures 

In phase (a) the measurement of anthropometric parameters (Table 10.) was performed 

automatically in Foot3D software (INESCOP, Spain). The automated marker recognition 

and placement were checked and manually adjusted when needed.  

Table 10.: The description and definition of the 2D anthropometric foot measures calculated by 

Foot3D. 

Linear 

measure 
Description 

Foot length 
Distance between the most posterior point of the heel and the end 

of the longest toe, projected onto the longitudinal axes 

Forefoot 

Width 
The distance across the widest points of the forefoot. 

Metatarsal 

head one 

length 

Distance between the rearmost point of the foot and the first 

metatarsal head. 

Metatarsal 

head five 

length 

Distance between the rearmost point of the foot and the fifth 

metatarsal head. 

Ball width Distance between points metatarsal head one and five. 

Ball height Height of ballpoint.  

Rear-foot 

width 

Distance obtained between the outermost points to intersect a plane 

perpendicular to the foot axis away 15 % of foot length and 1 cm 

high. 

Instep height Distance between the point of the instep and the ground plane. 

Medial 

malleolus 

height 

The distance between the supporting surface and the most medial 

point of the medial malleolus. 

Lateral 

malleolus 

height 

The distance between the supporting surface and the most lateral 

point of the lateral malleolus. 

Ankle width 
The distance between the most medial point of the medial 

malleolus and the most lateral point of the lateral malleolus. 
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3.2.7. 3D shape descriptors 

In phase (a) the three models of the same foot had to be registered (transformed, so the three 

models optimally overlap) to extract reliability data. As the three models represent the same 

foot in approximately the same posture, these models' shape and size must remain the same 

throughout the registration process. MATLAB offers three types of point cloud registration: 

iterative closest point (ICP, MATLAB function: pcregistericp), the coherent point drift 

(CPD, MATLAB function: pcregistercpd) algorithm, and the normal-distributions transform 

(NDT MATLAB function: pcregisterndt). All three methods allow for rigid transformation 

which means that the shape and size of the registered clouds are preserved: the point clouds 

can undergo translations (“sliding” the point clouds along any of the three axes), rotations 

(“turning” the point clouds around any of the three axes), or both, and the same 

transformation is applied to all points. The NDT has a better performance with point clouds 

with different resolutions and densities (Magnusson, 2009), which is not the case in this pilot 

study, considering that the three models are of the same foot using the same scanner and 

scanning method. For these reasons, the NDT method was not used. Studies that compared 

the ICP and CPD methods (Cutter et al., 2016, Myronenko and Song, 2010) concluded that 

the CPD method is slower, and performs better when noise, missing points and outliers are 

present in the to be transformed point cloud. As the three foot models have been thoroughly 

post-processed in Artec Studio 12, they did not include noise, missing points, or outliers, 

and for these reasons, the ICP method was adopted. The rigid, iterative closest point (ICP) 

algorithm-based registration of point clouds (Besl and McKay, 1992, Chen and Medioni, 

1992) is designed to find a 3D rigid body transformation in order to match and overlap 3D 

coordinates of the point clouds that might have been captured at different angles (He et al., 

2017). This local registration method relies on an initial transformation estimate achieved in 

Artec Studio by performing model alignment and global registration of the three models. 
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After the initial transformations, the ICP algorithm will iterate by alternating in (1) finding 

the closest vertex in one point cloud for every vertex in the other point cloud; and (2) finding 

the best rigid transformation by solving the least-squares problem (Besl and McKay, 1992). 

As such, it works best if the initial pose of one point cloud is sufficiently close to the other. 

As He et al. (2017, p. 1) describes: 

“In this method, the transformation parameters of two point sets are calculated 

through the relationship between the corresponding matching points of two 

point sets to satisfy the given convergence precision, and finally the 

translation and rotation parameters between the two points are obtained to 

complete the registration process.” 

After registering the three models as point-clouds, a triangulation was performed to achieve 

higher accuracy in identifying nearest neighbours; and to be able to calculate curvature, 

which is needed to calculate 3D shape descriptors. The triangulation uses the 3D coordinates 

of the vertices and a connectivity list that defines which vertices form a triangle to create a 

triangulated surface. This information was available in the stl file imported from Artec 

Studio 12. Triangulation was an important step, as nearest neighbour calculations on point 

clouds could provide false results due to not having a defined surface through interconnected 

vertices. In a triangulation, nearest neighbour search is performed using the extra 

information from the connectivity list of vertices which creates so-called faces defined by 

the three vertices they connect. In phase (b), only one model was used from each participant 

for this processing. Principal (minimum and maximum) and Gaussian-curvature were 

calculated using a custom-written, open-source script by Gabriel Peyre (Peyre, 2007), based 

on Alliez et al. (2003) and Alliez et al. (2003). In both phases of the study, shape-index and 

curvedness were calculated for each vertex on the foot models, based on the equation used 
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in Koenderink and van Doorn (1992) in a custom-written code. Shape-index ranges from -1 

to 1, with nine different shapes defined (Table 11.).  

Table 11.: Shape-index ranges for each shape for 3D shape descriptors adapted from Koenderink and 

van Doorn (1992) 

Shape Shape-index range 

Spherical cup -1 to-0.875 

Trough -0.875 to -0.625 

Rut -0.625 to -0.375 

Saddle rut -0.375 to -0.125 

Saddle -0.125 to 0.125 

Saddle ridge 0.125 to 0.375 

Ridge 0.375 to 0.625 

Dome 0.625 to 0.875 

Spherical cap 0.875 to 1 
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3.2.8. Statistical analysis 

3.2.8.1. Phase (a) 

2D anthropometric measures 

Root mean square error (RMSE) (O'Meara et al., 2010) was calculated to provide 

information on the absolute difference between the three repeated measures. The sum of 

squares was determined (Equation 1.) from the square root of the difference between the 

measurement (xi) and the mean of three measurements (�̅�) to calculate RMSE. 

Equation 1:. Equation for RMSE 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
∑(𝑥𝑖 − �̅�)2

𝑛

𝑖=1

 

Root mean square error is used to quantify the variance in the difference between 

observations and a model; in this case, the three measurements' mean. RMSE is particularly 

useful in this study as larger deviations (due to the squaring of the differences) from the 

model (mean) should be punished with more weight. The only RMSE findings of 2D foot 

measures reliability in children are from Mauch et al. (2008) and Mauch et al. (2009), who 

reported RMSE for distance measures between 0.5 and 2mm. This will be used in phase (a) 

as a benchmark, to aid decision making when considering 2D measure reliability from the 

current method. The validity of the methods will be assessed through the comparison of the 

current results with the existing literature, hence so statistics are employed. 

3D shape descriptors 

Vertex deviations (the distances between corresponding vertices of two foot models) were 

calculated using Euclidean-distances between the three models of the same foot for all 

participants to evaluate the reliability of the scanning method to replicate the same 3D foot 
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model. Corresponding vertices were identified using a built-in MATLAB function which 

finds nearest neighbours in a triangulation (a foot model) to a query point (in this case a 

vertex in another triangulation (model) of the same foot) based on Euclidean-distance. 

Cumulative statistics were calculated to identify the percentage of vertex deviations under 

0.5mm and 1mm, which quantifies agreement between 3D models (Wan et al., 2017, Psikuta 

et al., 2015). The distances calculated between two pairs of models were averaged to have 

one set of data for each participant. The RMSE for shape-index and curvedness at the 

corresponding vertices of the three foot scans of the same foot was calculated (O'Meara et 

al., 2010) using the same equation as for the 2D measures, to quantify the absolute reliability 

of measuring 3D shape,  

3.2.8.2. Phase (b) 

Four foot surfaces were extracted from each foot model to compare the age groups: plantar, 

dorsal, medial, and lateral. These surfaces were defined in a custom-written MATLAB script 

using the orientation of normal vectors of vertices. The range of normal vector orientation 

for each surface and age group was chosen manually and applied to each foot model in a 

loop manner, but all extracted surfaces were checked manually and corrected when 

necessary. The distribution of shape-index and curvedness of each surface were used to 

compare the surfaces between age-groups. Relative probability histograms were created to 

visualize the differences between age-groups distributions in both shape-index and 

curvedness for each foot surface. Relative probability histograms were chosen to avoid the 

differences in the number of vertices between age-groups influencing the results. When 

considering the shape-index, each bar of the relative probability histogram represented the 

shape defined for that range in Table 10. Shapes below zero were considered concave, and 

shapes over zero were considered convex. Visual representation of example curvedness and 
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shape-index heat maps of foot surfaces from one representative participant from each of the 

three age-groups was also included. The heat maps show the vertices in the foot model with 

their colour representing either curvedness or shape-index values provided on the colour bar. 

The heat maps presented also contain the rest of the foot in black for reference purposes. 

When comparing the plantar aspects - because flat is not defined with a specific shape-index 

value - only the vertices with a curvedness value higher than 0.0015 were considered in the 

histograms and heat maps of the shape-index data. 
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3.3. Phase (a) results 

3.3.1. Reliability of the 2D foot anthropometric measures 

The magnitude of all linear measures increased with age as expected (Figure 6.), with the 

length measures increasing at a higher rate than any other measures.  

Figure 6.: Mean values for linear measures across age-groups (MTH1: metatarsal head 1, MTH5: 

metatarsal head 5, M. mall.: medial malleolus, L. mall.: lateral malleolus. 

Data for all linear measures per Group and overall are presented in Table 12. The average 

absolute RMSE for all measures across groups did not exceed 2 mm (mean=1.14 mm, SD = 

0.2), and the maximum RMSE was found in metatarsal head one (MTH1) length 

measurement: 3.73 mm in Group 1. Metatarsal head lengths were the only measures to 

exceed the RMSE of 2mm defined based on Mauch et al. (2009), Mauch et al. (2008). 
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Table 12.: Mean and root mean square error (RMSE) for each linear measure by group. Group 1: two 

years old, Group 2: five years old, Group 3: seven years old. 2 

Variables 

Group 1 Group 2 Group 3 Overall 

Mean 

(SD) 

(mm) 

RMSE 

(mm) 

Mean 

(SD) 

(mm) 

RMSE 

(mm) 

Mean 

(SD) 

(mm) 

RMSE 

(mm) 

Mean 

RMSE 

(SD) 

(mm) 

Foot 

length 

154.63 

(4.82) 
0.9 

173.48 

(5.05) 
0.64 

203.9 

(17.03) 
0.58 

0.71 

(0.17) 

Foot 

Width 

63.97 

(3.43) 
0.5 

70.13 

(5.18) 
0.47 

74.21 

(8.86) 
0.49 

0.49 

(0.02) 

MTH1 

length 

111.72 

(5.85) 
3.73 

126.93 

(3.52) 
1.13 

145.88 

(16.32) 
3.29 

2.72 

(1.39) 

MTH5 

length 

98.36 

(7.61) 
2.47 

110.51 

(2.42) 
1.91 

130.34 

(15.49) 
1.84 

2.07 

(0.35) 

Ball width 
65.66 

(3.74) 
0.69 

72.12 

(5.22) 
0.59 

78.17 

(8.67) 
1.4 

0.89 

(0.44) 

Ball height 
28.89 

(1.31) 
1.15 

29.92 

(1.66) 
0.78 

32.91 

(4.85) 
0.71 

0.88 

(0.24) 

Rear-foot 

width 

42.16 

(1.46) 
0.48 

44.99 

(3.12) 
0.46 

49.84 

(3.77) 
0.53 

0.49 

(0.04) 

Instep 

height 

52.17 

(1.02) 
1.39 

58.29 

(1.62) 
0.68 

61.4 

(3.73) 
0.76 

0.94 

(0.39) 

M. mall. 

height 

51.02 

(1.16) 
0.72 

57.95 

(2.29) 
1.88 

60.73 

(6.05) 
1.59 

1.40 

(0.60) 

L. mall. 

height 

43.99 

(2.29) 
1.79 

46.34 

(2.30) 
0.95 

57.34 

(7.86) 
0.98 

1.24 

(0.48) 

Ankle 

width 

50.84 

(1.16) 
0.72 

56.46 

(1.88) 
0.7 

63.33 

(8.66) 
0.69 

0.70 

(0.02) 

MEAN 

(SD) 
 1.32 

(1.00) 
 0.93 

(0.52) 
 1.17 

(0.84) 

1.14 

(0.2) 

When investigating the RMSEs between the groups (Table 11. and Figure 7.), MTH1 and 

MTH5 length RMSE exceeded 2 mm in Group 1, while MTH1 length RMSE also exceeded 

 
2 Abbreviations: MTH1: metatarsal head 1, MTH5: metatarsal head 5, M. mall.: medial malleolus, 

L. mall.: lateral malleolus 
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2 mm in Group 3. For eight out of the 11 2D measures, the highest RMSE was found in 

Group 1. The exceptions are ball width and rear-foot width RMSE was the highest in Group 

3, and medial malleolus height RMSE was the highest in Group 2. 

Figure 7.: Mean RMSE values for linear measures across age-groups. The red horizontal line 

represents the 2mm benchmark defined by Mauch et al. (2008). Abbreviations: MTH1: metatarsal 

head 1, MTH5: metatarsal head 5, M. mall.: medial malleolus, L. mall.: lateral 
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3.3.2. Reliability of the 3D surface morphology measures 

The results of the vertex deviation calculations for each Group and participants can be seen 

in Table 13. The mean percentage of vertex deviations across participants and Groups under 

0.5 mm was 63.42% (SD=8.65) and under 1 mm was 91.22%. (SD=5.60). The lowest 

reliability values were found in Group 1 both for under 0.5 and 1 mm. There was also an 

improvement in reliability with increasing age except for the deviations under 0.5 mm where 

Group 2 had a higher (higher reliability) result (73.03%) compared to Group 3 (68.82%).  

Table 13.: Percentage of mesh deviation under 0.5 and 1mm for each group. 

 

Group 1 

Mean 

(SD) 

Group 2 

Mean 

(SD) 

Group 3 

Mean 

(SD) 

% of mesh 

deviations 

under 

0.5mm 

53.19% 

(16.18) 

73.03% 

(21.16) 

68.82% 

(11.47) 

% of mesh 

deviations 

under 1mm 

85.83% 

(14.76) 

94.12% 

(7.97) 

96.20% 

(3.49) 

The graph in Figure 8. shows the cumulative statistics presenting each participants’ 

cumulative vertex deviations curve and the mean for each age group (blue: two years old, 

black: five years old, red: seven years old group). This graph shows the increasing reliability 

as age increases, with the cumulative deviation curves becoming steeper and reaching 100% 

at smaller vertex distances. 
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Figure 8: Cumulative percentage of vertex deviations. Thick line with diamond markers: means of 

each group, thin lines: each participant. Red: seven-year-old group, black: five-year-old group, 

blue: two-year-old group. Vertical red dashed lines mark the 0.5 and 1 mm vertex deviations. 

Heat maps representing vertex deviations per-vertex have also been created to locate the 

vertex deviation differences on the foot. The heat maps in Figure 9. demonstrate the vertex 

deviations for one participant from each age-group from medial, lateral, and plantar view, 

and are included for illustrative purposes. The participants were chosen to be a representative 

example of the group. The percentage of deviations between 0.5 and 1mm and above 1mm 

were higher in Groups 1 and 2 in distinct areas marked by lighter blue, green-yellow and red 

colours respectively on one participant’s foot from each group. These were the toes, ankle, 

dorsal aspect, lateral and medial edge of the foot, under the ball of the foot and the lateral 

part of the plantar aspect. 
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Figure 9.: Vertex deviation heat maps for one participant’s foot from each group. Medial, lateral, and 

plantar view from top to bottom. 

Curvedness and shape-index RMSE for each group are shown in Figure 10. Boxplot 

representation was chosen as the RMSE values are minimal, especially in curvedness, and 

they would be difficult to read in a table form.  

 

Figure 10.: Mean shape-index (left) and curvedness (right) RMSE boxplot for each group. Group 1: 

two years old group, Group 2: five years old group, Group 3: seven years old group. 

The figure shows that both the curvedness and shape-index RMSE decreases with age. The 

range of curvedness was approximately 0.02; hence RMSEs as the percentage of the range 

were 10% in the 2-year-old group, 6.5% in the 5-year-old group and 4.5% in the 7-year-old 

group. The range for shape-index was two, and the RMSE percentages were approximately 

4.75% for the 2-year-old group, 3.5% for the 5-year-old group and 3% for the 7-year-old 

group. The boxplots also show that the youngest age-group interquartile range for both 
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shape-descriptors is larger than in the other age-groups and positively skewed towards the 

higher RMSE values. The boxplots also highlight that, with 95% confidence: 

• the median curvedness RMSE in Group 1 is different (higher) from Group 3 

(the interquartile range boxes of the two groups do not overlap).  

• The median shape-index RMSE in Group 1 is different (higher) from Group 

2 and Group 3 (the interquartile range boxes of the groups do not overlap). 

• The median curvedness RMSE of Group 2 is likely to be different (higher) 

from that of Group 3 (the median (red) line of Group 3 is outside of the 

interquartile range box of Group 2). 

• The median shape-index RMSE of Group 2 is likely to be different (higher) 

from that of Group 3 (the median (red) line of Group 3 is outside of the 

interquartile range box of Group 2). 

Figures 11. and 12. shows the RMSE heat maps of curvedness and shape-index respectively 

for one participant (same as for the vertex deviation heat maps in Figure 9.) from each group. 

Colours represent RMSE magnitude at each vertex, curvedness RMSE increasing from dark 

blue (RMSE~0) through light blue (RMSE~0.0015-0.002), green (RMSE~0.002-0.003), 

yellow\orange (RMSE~0.003-0.0035) and red (RMSE>~0.0035).  
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Figure 11.: Curvedness RMSE heat maps for an example foot from each group (Group 1 (two years 

old): Participant 3, Group 2 (five years old): Participant 4, Group 3 (seven years old): Participant 5). 

Medial, lateral, and plantar view from top to bottom.  

 

Shape-index RMSE increases from dark blue (RMSE~0) through light blue (RMSE~0.06-

0.08), green (RMSE~0.08-0.12), yellow\orange (RMSE~0.14-0.14) and to red 

(RMSE>~0.14). On the plantar view, the RMSE values corresponding to vertices with a 

curvedness value less than 0.0015 (flat against the ground) have been replaced with 0. The 

curvedness and shape-index RMSE heat maps show a similar tendency to the mesh 

deviations, but with fewer differences between the groups. Most differences in RMSE were 

found around the toes, the lateral and dorsal aspect, the medial longitudinal arch, under the 

medial malleolus and the heel.  
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Figure 12.: Shape-index RMSE heat maps for an example foot from each group (Group 1 

(two years old): Participant 3, Group 2 (five years old): Participant 4, Group 3 (seven years 

old): Participant 5. Medial, lateral, and plantar view from top to bottom. 
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3.4. Phase (a) discussion  

The objectives of phase (a) of the pilot study were to (1) examine the reliability of capturing 

2D measures of the foot in children using the Artec Eva hand-held scanner and, to (2) 

examine the reliability of capturing 3D surface shape measures of the foot in children, using 

the Artec Eva hand-held scanner. To achieve these objectives, the RMSE of 2D and 3D 

measures and 3D vertex deviations were captured from three models of the same foot were 

analysed in 15 children, five from each age group: two, five and seven years old.  

3.4.1. Reliability of the 2D foot anthropometric measures 

Although the linear measures RMSE results were mixed, they showed good reliability in 

Groups 2 and 3 for most measures, but Group 1 had lower reliability (higher RMSE) in eight 

out of the 11 measures. Compared to existing reliability data in children’s feet (RMSE 

between 0.5 and 2mm) from the Pedus foot scanner (Mauch et al., 2008, Mauch et al., 2009), 

the overall average results across Groups, MTH1 and MTH5 length exceeded 2mm. When 

examining the Group results separately, the same measures from Group 1 and MTH1 length 

from Group 3 also demonstrated greater than 2mm values of RMSE. Although these two 

anatomical landmarks (MTH1 and MTH5) are relatively easy to locate, it seems that the 

location of these, relative to the most posterior aspect of the calcaneus changed between 

scans more than it did in the other groups. This could suggest variation in the angle of stance 

between scans resulting in changing foot shape for this group. The higher absolute RMSE in 

most of the other linear measures in Group 1 supports this argument (RMSE range: Group 

1: 0.48-3.73, Group 2: 0.46-1.91, Group 3: 0.53-3.29). Another possible explanation for this 

finding is the software that was used to calculate the measures (Foot3D), as the algorithms 

were developed from adult feet, and hence there were discrepancies in the location of the 

anatomical landmarks. Due to these findings, the main study will utilise custom MATLAB 
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code using markers on the anatomical landmarks. Marking the anatomical landmarks has 

also been shown to result in more accurate and faster facial 3D scanning measurements, 

increasing the accuracy by 50%, from 2mm to 1mm, and reducing the measurement time 

from 4′18″ without the marking points to 2′49″ with marker points (Franco de Sá Gomes et 

al., 2019). 
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3.4.2. Validity of the 2D foot anthropometric measures 

When considering existing literature investigating the validity of Artec Eva, (Seminati et 

al., 2017, Koban et al., 2020) compared this scanner to a high precision laser scanner. 

Investigating residual limb models and faces of volunteers, it was found that the RMSE 

between the scanners was below 1mm, suggesting high criterion validity of the Artec Eva 

scanner. Although this is not related to the validity of the protocols used, it shows that the 

3D scanner used in the current study is a valid alternative to high precision laser scanners.  

Considering the validity of the protocols, comparing the current results to existing data 

from the literature can give an insight into the external validity of the methods used. Table 

14. shows the comparison between the results of the current study (highlighted grey) and 

existing literature for foot length, fore-foot width and rear-foot width. The larger 

differences are discussed below the table. 
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Table 14.: Comparative table of the mean (standard deviation) of the current study results and 

existing literature for foot length, foot width and rear-foot width in cm.  

 Age (years) 2 5 7 

Foot length 

[cm] 
Current thesis 15.46 (0.48) 17.35 (0.51) 20.39 (1.70) 

 Kouchi (1998)  16.97 (0.99) 19.16 (0.92) 

 Muller et al. (2012) 14.58 (1.82) 17.71 (2.04) 19.74 (2.35) 

 Waseda et al. (2014)   19.06 (1.01) 

 Delgado-Abellán et al. 

(2014) 
  20.02 (1.11) 

 Jimenez-Ormeno et al. 

(2013) 
  19.78 (0.99) 

Foot Width 

[cm] 
Current thesis 6.40 (0.34) 7.01 (0.52) 7.42 (0.89) 

 Kouchi (1998)  7.07 (0.42) 7.71 (0.46) 

 Muller et al. (2012) 6.10 (0.84) 6.94 (0.84) 7.46 (0.90) 

 
Sacco et al. (2015) 

Brazil 
 6.15 (0.65) 6.84 (0.52) 

 
Sacco et al. (2015) 

German 
 6.69 (0.40) 7.34 (0.44) 

 Delgado-Abellán et al. 

(2014) 
  7.68 (0.60) 

 Jimenez-Ormeno et al. 

(2013) 
  7.17 (0.43) 

Rear-foot 

width [cm] 
Current thesis 4.22 (0.15) 4.50 (0.31) 4.98 (0.38) 

 Kouchi (1998)  4.47 (0.27) 4.88 (0.41) 

 
Sacco et al. (2015) 

Brazil 
 3.50 (0.39) 3.84 (0.31) 

 
Sacco et al. (2015) 

German 
 3.63 (0.29) 3.92 (0.30) 

 
Delgado-Abellán et al. 

(2014) 
  4.58 (0.83) 

 
Jimenez-Ormeno et al. 

(2013) 
  4.44 (0.35) 
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Foot length 

Considering foot length, the data from the study of Kouchi (1998) and Waseda et al. (2014) 

showed that Japanese children had shorter feet. This discrepancy could be attributed to ethnic 

differences. Shorter feet of Asian populations (Jurca et al., 2019) and Japanese and 

Indonesian samples (Kouchi, 1998) have already been shown, although only in adults, and 

these differences might start to appear in childhood.  

Fore-foot width 

Although the data from Kouchi (1998) was also very similar to the current study, the fore-

foot width of their sample increased faster – by 3mm - between the ages of 5 and 7years 

resulting a 3mm wider fore-foot at the age of 7 years. Furthermore, the study of Waseda et 

al. (2014) have also shown shorter foot length at the age of 7 compared to the current study 

in the same ethnic group: Japanese children. Japanese male adults have already been reported 

to have wider fore-foot (Kouchi, 1998, Jurca et al., 2019), and the development of these 

differences might start to occur at this age. The fore-foot width of the Brazilian and German 

children in the study of Sacco et al., (2015) measured by footprints, was shown to be less 

compared to the current data by approximately 1 to 8mm. These results suggest that by 

measuring fore-foot width using footprints it may be underestimated. This is due to the fact 

that the widest part of the fore-foot is on the first and fifth metatarsal heads approximately 

at half ball height (between 14-17mm from the ground). This distance can be captured from 

a 3D scanner, but not from a footprint. Furthermore, Sacco et al. (2015) suggested that the 

cause of the narrower feet in the Brazilian sample is the lower BMI among the Brazilian 

children, due to socioeconomic differences between the countries.  
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Rear-foot width 

The Brazilian and German children (Sacco et al., 2015) showed approximately 1cm less 

wide rear foot, which may be the result of the location of the measurement and the lower 

BMI and socioeconomic differences as suggested by the authors. In the current study, rear-

foot width was measured at 15% foot length at 1cm height, while in Sacco et al., (2015) it 

was measured as the widest part of the rear-foot on a footprint. These results are similar to 

the results of fore-foot width as the footprint may not capture the widest part of the actual 

rear-foot, while the same measurement at 1cm height may do, which might have led to the 

1cm difference in rear-foot width.  

Summary 

Although there are discrepancies between the current data and the literature, these 

differences are mostly not larger than one standard deviation of the larger literature sample. 

When the difference is larger than one standard deviation, the discrepancies are due to 

ethnic (Japanese sample) or socioeconomic (Brazilian sample) differences, different 

measurement locations, or techniques (such as footprint) used. Furthermore, unfortunately 

height and weight were not captured in the current study and hence the effects of these on 

foot dimensions could not be considered. As a result, the comparison with literature – 

although shows differences between the current data and the literature – indicates that the 

Artec Eva, using the current protocols, produces data comparable to the literature and 

hence captures externally valid 2D foot anthropometric measures in all three age-groups. 

 

 

 

 



Matyas Varga 2021                                                Measuring the paediatric foot using a hand-held 3D scanner 

135 

 

3.4.3. Reliability of the 3D foot surface morphology measures 

The reliability of 3D foot shape measurement was evaluated using vertex deviations and 

calculating absolute RMSE of 3D shape descriptors. When considering the vertex deviations 

as a 3D model agreement measure, the results showed increased reliability as age increased. 

Consistent with this, the considerably higher proportion of corresponding vertex distances 

above 0.5 and 1mm in Group 1 suggests that the three models of the same foot were 

considerably more different in this age-group. More specifically, in Group 1 considerably 

different foot shapes between scans were indicated by the more extensive areas of mesh 

deviations over 1mm (red) around the ankle, on the sole's lateral aspect, under the 

metatarsals, and on the dorsal aspect. These differences in foot shape between scans may 

have resulted from and were consistent with the difficulties encountered during data 

collection: movement during scanning, and differences in stance between scans witnessed 

by the researcher. 

The reliability of 3D shape descriptors was also investigated to examine how the 3D model 

vertex deviations translated into actual 3D surface shape differences. Although the boxplots 

showed the lowest reliability in the youngest group, the heat maps indicated much smaller 

areas of increased 3D shape descriptor RMSE than vertex deviations. Furthermore, the 

differences in the location of higher RMSE areas between the mesh deviation and 3D shape 

descriptor heat maps suggest that the vertex distances between models do not directly 

translate into shape differences. This highlights the discrepancies in the utility of the two 

reliability measures: while mesh deviations can indicate differences in vertex and surface 

location, 3D shape descriptor RMSE indicates differences in surface morphology. For this 

reason, although mesh deviation results suggest large areas of low reliability, this does not 

translate into low reliability in 3D shape descriptor RMSE. Additionally, the highest mean 
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shape-index RMSE value of ~0.11 in the youngest group is less than half of the difference 

between two shapes on the shape-index scale (0.25). Similarly, the highest curvedness 

RMSE is ~0.0024, which is ~10% of the curvedness range within the foot. These findings 

suggest that the increased 3D shape descriptor RMSE in the 2-year-old group does not cause 

unreliable 3D surface shape identification. 
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3.5. Phase (a) conclusion 

The aim of phase (a) was to investigate the reliability and validity of capturing 2D 

anthropometric and 3D surface morphology measures of the paediatric foot using the Artec 

Eva hand-held scanner and a custom-built stand and platform between the ages of two and 

seven years.  

In conclusion, Group 1, the youngest children, had the lowest reliability considering  

• eight out of 11 linear measures, two of which exceeded the benchmark 

 value, 

• spatial agreement (cumulative vertex deviation) between 3D models and  

• both 3D shape descriptors.  

Furthermore, the validity of the methods was assessed by a comparison to existing datasets 

in the literature. This assessment showed that the current data is valid, and the disparities 

compared to existing datasets are due to ethnical or methodological differences. 

Based on the results, it can be concluded that the experimental set-up used was a reliable and 

valid way to capture these measures in the five and seven-year-old age-groups, but there 

were issues in the two-year-old group. It is suggested that the low 3D model agreement in 

the two years old group translated (although not directly) into lower reliability in 2D 

anthropometric measures but not in 3D shape descriptors. The results also suggest that 

although there are large areas of high mesh deviations in the youngest group, the differences 

in 3D surface morphology (although present) will not affect findings significantly. 

Therefore, as the reliability of the 3D shape descriptors in the youngest group was found to 

be adequate, these will be utilized in phase (b) of the pilot study. 
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The reliability issues regarding the 2D measures and mesh deviations were proposed to be 

due to specific behavioural, neuromuscular, and soft tissue properties of this particular age-

group instead of the scanner's functional capacity or the setup. Furthermore, based on the 

researcher’s experience when scanning the youngest age-group, children who were closer to 

the age of three, were more likely to stand still during scanning and had a more consistent 

stance throughout the scans. As the above properties cannot be controlled by the researcher, 

the two-year-old age-group was not included in the main study where 2D measures will also 

be used, and a higher number of scans are required. Therefore, the lowest age in the main 

study was increased to three years of age.  
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3.6. Phase (b) results 

3.6.1. 3D surface morphology of the dorsal aspect of the paediatric foot 

The curvedness histograms (Figure 13.A) for the foot's dorsal aspect show an increase in the 

lower curvedness values and a decrease in the higher values from Group 1 to Group 2 and 

3. The second peak around 0.01 decreases from Group 1 to Group 2 and disappears in Group 

3. The curvedness heat maps (Figure 13.B), show the increased area of lower curvedness (as 

identified by the dark blue) and a decrease in medium curvedness (light green) on the lateral 

side of the dorsal aspect with age, which agrees with the histogram and an increasing area 

of higher curvedness on the medial side. The shape-index histograms (Figure 13.C) indicate 

an increase in concave shapes, a decrease in the ridge shape and an increase in the saddle 

ridge shape from Group 1 to Group 2. The shape-index heat maps show that an alternating 

saddle-ridge-ridge pattern is developing with age on the medial side of the dorsal aspect. 

There is also a reduction of convex and an increase in saddle shape on the rest of the dorsal 

aspect. 

Figure 13.: Dorsal aspect: Relative probability histograms: (A) curvedness (C) shape-index; Heat 

maps: (B) curvedness (D) shape-index 
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3.6.2. 3D surface morphology of the medial aspect of the paediatric foot 

Similar to the dorsal aspect, the medial one also shows a reduction in higher curvedness 

values and an increase in lower curvedness values as age increases (Figure 14.A.) Figure 

14.B shows a decreased curvedness on the inferior medial aspect in the Group 3 participant 

and increased curvedness around anatomical landmarks like the medial malleolus and the 

navicular in the Group 2 and Group 3 participants. The maps also demonstrate that 

curvedness decreases with age on the superior boundary of the medial aspect. The shape-

index data reveals an increase in concave shapes and a slight decrease in dome shape (Figure 

14.C) from Group 1 to Group 2. The shape-index heat maps show the medial malleolus, the 

navicular and the first metatarsal head which are more prominent in the older children, along 

with concavity appearing posterior to the medial malleolus. Consistent with the dorsal aspect 

pattern, an alternating red, white, green pattern appears on the superior boundary of the 

medial aspect. 

 

Figure 14.: Medial aspect: Relative probability histograms: (A) curvedness (C) shape-index; Heat 

maps: (B) curvedness (D) shape-index 
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3.6.3. 3D surface morphology of the lateral aspect of the paediatric foot 

The curvedness histograms (Figure 15.A.) of the lateral aspects demonstrate a shift towards 

lower curvedness values with increasing age. The curvedness heat maps (Figure 15.B.) show 

a shift in the curvedness of the foot's lateral border and the increase in size and curvedness 

of the lateral malleolus with age. A higher curved structure inferior and anterior to the lateral 

malleolus is apparent in the Group 1 and Group 2 participants, which disappears or shifts 

more anteriorly in the Group 3 participant. The main differences between the Groups in 

shape-index are the increase in ridge shape (Figure 15.C.) and the reduction in saddle shape 

in Group 3 and increased concave shapes as age increases. The shape-index heat maps 

demonstrate the development of the lateral malleolus (see Figure 15.D.). The concave shape-

index values for Groups 2 and 3, mainly appear posterior and anterior to the lateral malleolus. 

 

Figure 15.: Lateral aspect: Relative probability histograms: (A) curvedness (C) shape-index; Heat 

maps: (B) curvedness (D) shape-index 
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3.6.4. 3D surface morphology of the plantar aspect of the paediatric foot 

Due to the plantar aspect being mostly flat, the shape descriptor histograms are very different 

from those of the other surfaces (Figure 16.A.). There is a slight increase in the lowest 

curvedness values in Group 3. The curvedness heat maps (Figure 16.B.) show the medial 

longitudinal arch's development across the age-groups. Medium curvedness values extend 

into the plantar aspect from the medial side and create an arch-shaped area with increasing 

age, incorporating lower curvedness values, and in Groups 2 and 3, some medium values 

too. The curvedness maps also show that with increasing age, the curvedness on the medial 

edge of the midfoot (red line on the Group 1 participant’s foot) decreases or shifts medially. 

The shape-index data (Figure 16.C.) show a slight decrease in ridge shape in Group 3. The 

shape-index heat maps (Figure 16.D.) are consistent with those of the curvedness and show 

the development of a convex arch on the medial side extending into the plantar aspect, with 

an increasing area of concavity within it as age increases.  

 
Figure 16.: Plantar aspect: Relative probability histograms: (A) curvedness (C) shape-index; Heat 

maps: (B) curvedness (D) shape-index 
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3.7. Phase (b) discussion 

3.7.1. 3D surface morphology of the dorsal, medial, and lateral aspects of 

the paediatric foot 

The changes in the curvedness data distribution in the dorsal, medial, and lateral aspects 

indicate that the overall surface morphology of the foot becomes less curved with age. This 

is likely to be related to the changing proportions of the foot as it becomes more slender with 

age (relatively smaller width and circumference measures along with larger length 

parameters), as suggested in previous reports (Muller et al., 2012, Mauch et al., 2009, Mauch 

et al., 2008). These changes are supported by the shape-index histograms of the same 

surfaces, showing increasing areas of concavity among the convex areas during 

development.  

Visual inspection of the curvedness heat maps of the dorsal, medial, and lateral aspects 

demonstrates the increasing prominence of foot structures: bony landmarks are developing 

showing higher curvedness on these locations, with flatter areas surrounding them. The 

shape-index heat maps of the lateral and medial aspects show that the increase in concavity 

is also likely related to the emergence of bony landmarks creating “valleys” around them. 

The increase in concave and saddle ridge shapes on the dorsal aspect histograms and the 

changes on the shape-index heat maps suggest similar changes to the medial and lateral 

aspects: the changing proportions of the foot and an emergence of bony architecture 

exposing the developing cuneiform bones. These findings also confirm previous results, 

where younger children’s feet were found to be more robust (larger width and circumference 

measures and smaller length measures) based on 2D anthropometric parameters (Mauch et 

al., 2009). However, while the circumference and width measures only give us a measure 
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between two points, the heat maps and 3D shape descriptors used in this study can identify 

specific foot regions where the 3D shape changes (robust to slender) occur. 

3.7.2. 3D surface morphology of the plantar aspect of the paediatric foot 

When considering the plantar aspect, the increase in lower curvedness values (see Figure 

16.A.) might suggest an increase in the flat (weight-bearing) areas of the plantar aspect. On 

the other hand, the MLA development with age is also visible on both the curvedness and 

shape-index heat maps of the plantar aspect. The increase in concavity shown on the shape-

index histograms suggests the increase of the MLA size, consistent with previous reports 

suggesting an increase in the MLA area during development; however, these studies used 

footprint measures (see section 2.1.4.2. for these studies). These methods do not allow for 

the description and quantification of the surface morphology of the MLA, hence neglecting 

the 3D properties of a multi-planar structure (Banwell et al., 2018). Although a study by 

Chang et al. (2012) used an indirect 3D measure of the MLA, the arch volume (the volume 

under the MLA) and reported an increase with age, this method cannot characterize the 

changes in the 3D surface of the arch. In addition to the results of the cited studies, phase(b) 

of the pilot study using novel 3D scanning and shape descriptor analysis, for the first time, 

enabled the quantification of an increase in the MLA surface's concavity. This change in the 

shape of the MLA suggests the structural and functional development of the surrounding 

soft and bony tissues as a weight bearing, shock absorbing and propulsive unit.  
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3.8. Phase (b) conclusions 

The aim of phase (b) was to test whether 3D shape descriptors derived from 3D scanning 

can characterise and quantify changes in foot shape between the ages of two and seven years. 

Previous literature using 3D scanners in foot development research adapted this technology 

to provide a time-efficient and accurate way of capturing 2D anthropometric foot measures. 

Phase (b) of the pilot study provided further justification for the use of 3D scanning in foot 

development research. Additionally, it served as proof that 3D shape descriptors derived 

from 3D foot scans can help identify, locate, and characterise changes in foot surface 

morphology during development. Furthermore, the results supported previous findings from 

the literature (e.g. the foot becomes slenderer with increasing age, the area of the MLA 

increases), as well as provided novel, high resolution, and relevant insights into how the 3D 

shape of the paediatric foot surface develops (e.g. the MLA becomes more concave with 

increasing age, the emergence of bony landmarks). While the relative probability histograms 

served as a quantitative approach to the analysis of 3D foot shape, the heat maps provided a 

qualitative approach: a clear morphological map of the foot and changes between age groups. 

The findings reported in this pilot study also demonstrate the potential for greater utilisation 

of technology in clinical practice, reiterating previous suggestions from Telfer and 

Woodburn (2010) promoting the use of 3D scanners in research on the foot, foot orthotics 

and customised footwear last design. Although there have been studies that investigated 

(Nelson et al., 2017) or suggested (Stanković et al., 2018) the use of 3D data in clinical 

assessment, this study is a novel attempt to translate 3D shape descriptor research into 3D 

foot surface morphology measures which can be interpreted in an applied clinical setting 

(Varga et al., 2020). Hence the parameters used in this study will be applied to the foot 

surface evaluation in the main study of the thesis. 
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3.9. Summary and limitations of the pilot study 

The pilot study aimed to establish the reliability of the methods used in the main study and 

determine whether 3D shape descriptors can help characterise and quantify the 

morphological development of the paediatric foot. 

As the literature review showed, step-in 3D foot scanners have been found to provide reliable 

and valid results in adults and children, but hand-held scanners have not been investigated 

for this purpose. Phase (a) of this study was the first to provide information on the reliability 

and validity of hand-held 3D scanning of the paediatric foot, while also examining the 

reliability of capturing novel and relevant 3D surface morphology information.  

In summary, the results showed that while the 3D measures were reliable in all age groups, 

the linear measures were only reliable in the two older age groups, and validity was 

demonstrated through comparison to existing literature in all age-groups. In the youngest 

age-groups, the differences in the consequent models of the same foot led to considerable 

differences in 2D anthropometric measures. Although hand-held scanning has its advantages 

of being portable and less expensive, its limitation is due to the longer scanning time, which 

means that children below a certain age (who cannot stand still for one-one and half a minute) 

cannot be scanned reliably for 2D measures. Along with the experiences during scanning 

(two years old children moving during the process), the results of phase (a) of the pilot study 

have led to the decision of excluding the two years old age-group from the main study and 

setting the lower age limit to three years of age. This will ensure smooth and speedy data 

collection as well as high-quality foot models. Although the 2D measures in the youngest 

group were deemed unreliable, the increased RMSE of 3D shape descriptors is not a concern; 

hence phase (b) of the pilot study will use Group 1’s curvedness and shape-index data.   
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One of the limitations of the study is the partly subjective approach to the RMSE cut-off 

limit. While two studies examined the reliability of laser scanners (Mauch et al., 2009, 

Mauch et al., 2008) demonstrating RMSE ranging between 0.5 and 2mm, there is currently 

no reliability data using structured light, hand-held scanner in children. For these reasons, 

the choice of 2mm as a limit is somewhat arbitrary, although still suggests high reliability 

for the older age-groups.  

A further limitation of phase (a) is the lack of validity data, although Artec Eva's validity has 

already been examined (Seminati et al., 2017, Koban et al., 2020) looking at comparing it to 

a high precision laser scanner. Investigating residual limb models and faces of volunteers, it 

was found that the RMSE between the scanners was below 1mm, suggesting high validity 

of the Artec Eva scanner. Furthermore, the foot length, foot width and heel width data 

resulted from the current study aligns with data in the literature (table 14.) with minor 

differences, which also suggests validity of the current methods. In addition, while the 

plantar surface was scanned through the Perspex platform, which may affect accuracy 

regarding the data concerning the plantar surface, the upper part of the foot, where all 2D 

measures were measured from, was scanned similarly to other scanning techniques. While 

the 2D measures were captured above the platform, the 3D measures related to the plantar 

surface were captured through the Perspex platform. For this reason, a technical validation 

of the protocols may be necessary to eliminate or control the effects of light refraction of the 

Perspex platform. Although this has been done before using laser scanners (Chang et al., 

2007, Li et al., 2008a, Li et al., 2008b) only one study looked at refraction correction using 

structured light scanner in underwater scanning (Anwer et al., 2017). The authors argued 

that depending on the thickness of the platform, the distance of each point measured in the 

scan from the scanner maybe different from the real distance. This could cause inaccuracies 



Matyas Varga 2021                                                                           Summary and limitations of the pilot study 

148 

 

in the 3D model. The validation may have to be done using a known sized object at a known 

distance from the scanner, that is scanned through the Perspex platform and without the 

Perspex platform and\or through refraction correction and adjusting time of flight values as 

detailed in Anwer et al. (2017).  

As the 3D measures and the methods have been proved to be reliable, they were used in 

phase (b) to investigate if they can help identify, locate, and characterise changes in foot 

surface morphology during development.  

This phase of the pilot study showed that 3D shape descriptors can identify changes in foot 

surface morphology found in previous studies and provide novel and relevant 3D 

morphological maps of the paediatric foot. With these high-resolution heat maps and the 

relative probability histograms, one can locate and characterize the 3D shape changes in the 

foot qualitatively and quantitatively. While the generalized results derived from 2D 

measures of previous studies (foot becomes slenderer, MLA area increases) can give an idea 

about the size and shape changes, the morphological 3D maps can also localize and optimally 

quantify the surface shape development. This data may also provide information about the 

changes in the underlying structures without using more expensive, invasive, and time-

consuming imaging methods, and help clinicians in decision making or shoe manufacturers 

in footwear last design. Consequently, the results of phase (b) showed, that 3D shape 

descriptors can be used in the main study to optimally quantify and locate the 3D surface 

morphology changes taking place during development in the paediatric foot. 

One of the limitations of phase (b) is the small sample size, which is due to the study's nature. 

This will be addressed in the main study, where the same measures will be examined in a 

larger sample. Another limitation, which is a consequence of the former, is the lack of 

statistics comparing the age groups. Although relative probability histograms were used, 
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these cannot provide the opportunity for relevant statistical evaluation. With the larger 

sample size, this issue will also be addressed in the main study, applying a method 

specifically designed to deal with such data: statistical parametric mapping. This approach 

allows the statistical comparison of 3D data in a vertex by vertex manner, thus providing a 

tool to localize statistically significant changes in 3D foot surface morphology. Finally, 

similarly to the 2D measure reliability study, the approach to the reliability of the 3D 

measures was also partly arbitrary as currently there is no available data in children or adults. 

The following experimental chapter will present a cross-sectional study that utilised the 

methods investigated in the pilot study to examine the 2D anthropometric and 3D surface 

morphology changes occurring in the paediatric foot between the ages of three and seven 

years. 
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Chapter 4 

4. The 2D anthropometry of the paediatric foot 

As discussed in the Thesis Introduction, capturing foot development trajectory using 2D 

measures is critical for research, clinical practice, and footwear last design. Although there 

have been several studies on this topic, no consensus exists around which foot measures 

should be used for this purpose (Uden et al., 2017, Banwell et al., 2018). Existing datasets, 

although supported clinical decisions and footwear last design, are incomplete and outdated, 

hence using them may compromise the quality of practical applications. As an example, 

although relative\normalized fore-foot width can provide an estimate of the slenderness of 

the foot, it cannot describe how the rear- or mid-foot proportions change with age. Hence, if 

used to characterize the whole foot in practical applications, it can lead to an incorrect and 

oversimplified description of the foot.  

While 2D measures of different foot regions have been investigated before, there is a lack of 

analysis of these regions' developmental trajectories compared to one another.  Although 

Sacco et al. (2015) examined the width of three foot regions in 3 to 10-year-old Brazilian 

and German children, the only consideration was comparing the two populations and not the 

differences between regions. As these regions have distinctive underlying structures and 

particular but overlapping functions, their morphological development is possibly different. 
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Capturing these regions' varying developmental trajectories can offer a higher resolution 

assessment of the paediatric foot for clinicians and footwear last designers.  

The technologies used to capture 2D measures of the foot in children are also inconsistent. 

They range from foot-prints (Gijon-Nogueron et al., 2019, Sacco et al., 2015, Gilmour and 

Burns, 2001) through tape measure and calliper (Anderson et al., 1956a, Anderson et al., 

1956b, Kouchi, 1998), through manual foot measuring device (Muller et al., 2012) to 3D 

laser scanning (Waseda et al., 2014, Delgado-Abellán et al., 2014, Jimenez-Ormeno et al., 

2013, Mauch et al., 2009, Mauch et al., 2008). While the reliability and validity of most of 

these methods have been established, 3D scanning has become widely used (see literature 

review section 2.2.3.) and accepted as the gold standard of foot measurement (Witana et al., 

2006, Lee et al., 2014, Telfer and Woodburn, 2010). Despite this and the validation of 3D 

scanning technology in this field (see literature review section 2.3.2.5.), it has rarely been 

used to capture the changing dimensions of children’s feet. Studies that have used 3D 

scanning for this purpose measured the feet of children over the age of six or seven years 

(Delgado-Abellán et al., 2014, Jimenez-Ormeno et al., 2013, Waseda et al., 2014, Mauch et 

al., 2008, Mauch et al., 2009) in Spanish, German, and Japanese populations. These studies 

provided accurate information on children’s foot size and shape either using standalone 

measures or cluster analysis of multiple measures; however, there was no consideration of 

regional comparisons such as differences or similarities in development between rear-, mid- 

and fore-foot size and shape. While Mauch et al. (2008) described morphological changes 

with increasing age or BMI, in their approach measures of different foot regions were 

clustered together to create foot types; hence possible discrepancies between regions could 

not be considered. 
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For these reasons, an up to date dataset of 2D foot measures, including all three foot regions 

captured with current technology in this age-group is missing from the literature.  

4.1. Aims 

To address the gap identified in the literature, the purpose of this chapter was to offer an 

understanding of 2D anthropometric foot development between the ages of 3 and 7 years, 

and to provide a contemporary dataset of 2D anthropometric paediatric foot measures. This 

was achieved employing the Artec Eva hand-held 3D scanner, and the methods established 

in phase (a) of the pilot study (Chapter 3.). 

Objective 1: Characterize the size development of foot regions in children aged 3-7 years. 

Research questions 

• How do the dimensions of foot regions change during development? 

• Is there a difference in the development of width among the three foot regions 

between the ages of 3 and 7 years? 

• Is there a difference in height development among the three foot regions between the 

ages of 3 and 7 years? 

Objective 2: Characterize the proportional development of foot regions in children aged 3-

7 years. 

Research questions 

• How do the proportions of foot regions change during development? 

• Is there a difference in the development of width proportions among foot regions? 

• Is there a difference in the development of height proportions among foot regions? 
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4.2. Methods 

The investigation was approved by the Life, Health and Physical Sciences College Research 

Ethics Committee at the University of Brighton. Written informed consent was obtained 

from all parents on behalf of their child on an approved printed consent form. This form was 

either sent out to the parents by the school or handed to them by the investigator along with 

the information sheets.  

4.2.1. Participants 

Children between the ages of three and seven years old were recruited from local schools, 

nurseries, and sports centres, using convenience sampling.  

The inclusion criteria for the study were (all self-reported by parents):   

1. Typically developing 

2. Able to stand barefoot for 5 minutes 

3. Aged between 3 and 7 years 

Exclusion criteria: 

1.  Skin disorders affecting the foot such as dermatitis, psoriasis, or any skin abrasions  

2.  Suffering from epilepsy or light-sensitive conditions  

3.  Foot deformity  
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4.2.2. Data capture 

Data collection took place in the Human Motion Laboratory of the University of Brighton 

and in local schools, nurseries, and sports centres between January-2019 and March 2020. 

Two adults were present during scanning: MV and an assistant (university, school, nursery 

staff or a parent who was informed about the data collection procedure during a preparation 

visit) known to the child.  

The equipment used was identical to the one in the pilot studies (section 3.3.4.): two bespoke 

wooden platforms, covered with rubber mat; a Perspex see-through platform (weight limit: 

150kg), the Artec Eva hand-held scanner, tape-measure, and a digital scale. The child sat 

down and was asked to remove their shoes and socks, then the parent or teacher was asked 

to clean their feet with a skin disinfecting wipe. The child was then asked to step up onto the 

platform (manual support holding their hands was provided when needed) and find a 

comfortable position for both feet on the platform. Each child was asked to stand with their 

feet pointing anteriorly. Anatomical landmarks on the feet were palpated and marked 

(approximately 1mm) on the skin with a sterile surgical skin marking pen. The landmarks 

located were both malleoli, the most lateral and medial point on the fifth and first metatarsal 

heads, respectively. Each child was then asked to move their feet on the platform gently and 

find a position where they were comfortable. Feet were approximately shoulder-width 

apart—this technique allowed for each child to be comfortable throughout the scanning.  The 

scanning procedure followed the protocol outlined in the pilot study (see section 3.3.4.). In 

this instance, one full scan of both feet was performed.  

Following scanning, children’s height (bare feet) and weight were measured using a tape 

measure and a digital scale, respectively, gender and ethnicity were self-identified by the 

child's parents on the consent form. 
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4.2.3. Post-processing of scans 

From each scan, a 3D model (this included the texture captured by the scanner) was created 

to locate the marked anatomical landmarks and to calculate 2D measures (Figure 17.). This 

process followed the same steps as in the pilot study (section 3.2.5.), and further steps were 

added to support marker identification: 

1. Texturing: The scans' texture was applied to the model and adjusted for a 

MATLAB script to locate the markers on the anatomical landmarks to function. 

Once texturing was completed, only the right foot model was carried over to the 

next stage for analysis to ensure statistical independence within the samples 

(Menz, 2004). 

2. Texture adjustment: The foot surface colour was changed to green, making 

the purple markers black and stand out from their green surroundings. This was 

important for the identification of landmarks in MATLAB. 

3. Coordinate system alignment: The Brannock axis was aligned with the x-

axis of the software, the y-axis was aligned with the mediolateral direction, while 

the z-axis represented the vertical direction. The origin of the coordinate system 

was at the most posterior point of the heel. 

4. Export: The 3D models were exported into MATLAB as .xzyrgb files, 

including the 3D locations and colour information in RGB (red, green, blue 

colours each represented by a number between 0 and 256, e.g. 0,256,0 means 

green) format for each vertex.  
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Figure 17.: Post processing steps in Artec Studio 12, to calculate 2D measures using the markers on the 

foot, after the small object filter and hole filling step. 
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4.2.4. 2D measurements 

2D measures were calculated for the rear-, mid- and fore-foot regions. First, a custom-written 

script was used to identify and locate four anatomical landmarks: both malleoli and the most 

lateral and medial point on the fifth and first metatarsal heads, respectively. The technique 

to identify these marks is outlined below, demonstrating the localization of the lateral 

malleolus: 

1. First, a search area was created on the foot surface where the particular 

anatomical landmark was located, and the mark would likely be found (Figure 

18.). This was based on the foot's general anatomical proportions: between 10-

70% of the ankle in the anterior-posterior direction, and between 40-70% of the 

scan height. As the zero in the mediolateral direction was at the most lateral point 

of the foot, only the first third of the scan was considered. 

 

Figure 18.: Search area (darker green) for lateral malleolus on a point cloud of a 5-year-old child’s 

foot. Black marks are the markers drawn on the foot and texture noise. 

2. Within this search area, a custom-written algorithm identified the vertices with 

a specific combination of RGB values, to identify black vertices that were 

thought to represent the mark and hence the anatomical landmark. In the case of 

noise in the texture, this could have included points outside the marker (see 

Figure 19.). 
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Figure 19.: Search area (darker green) and identified vertices (red stars) with marker colour for lateral 

malleolus on a point cloud of a 5-year-old child’s foot. Black marks are the markers drawn on the 

foot and texture noise. 

3. Any outliers (black vertices more than two standard deviations Euclidean 

distance away from the average location of the black vertices) that might have 

resulted from texture noise on the surface were filtered from the list (Figure 20.). 

 

Figure 20.: Search area (darker green) and filtered vertices (red stars) with marker colour for lateral 

malleolus on a point cloud of a 5-year-old child’s foot. Black marks are the markers drawn on the 

foot 

 

4. The centre of the black vertices - and hence the anatomical landmark - was 

found by calculating the mean of the 3D locations of all remaining black vertices 

within the search area (Figure 21.). 
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Figure 21.: Search area (darker green) and the located lateral malleolus (red star) on a point cloud of 

a 5-year-old child’s foot. Black marks are the markers drawn on the foot. 

From the four landmarks, two additional points were identified: fore-foot centre: the central 

point between metatarsal head one and five (calculated as the mean of the 3D coordinates of 

these two landmarks), and ankle centre: the midpoint between the medial and lateral 

malleolus (calculated as the mean of the 3D coordinates of these two landmarks). The 

following 2D measures were calculated in a custom-written script using these landmarks: 

foot length, rear-foot height, rear-foot width, mid-foot width, mid-foot height, fore-foot 

height and fore-foot width (Table 15.).  
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Table 15.: 2D measures derived from the 3D foot scans. 

 Linear 

measure 
Description 

 

 

Foot 

length 

Distance between the most 

posterior point of the heel and 

the end of the longest toe, 

projected onto the 

longitudinal axes  

Rear-

foot 

Rear-foot 

height 

The distance between the 

supporting surface and the 3D 

midpoint between the two 

malleoli. 

 

Rear-foot 

width 

The distance between the 

most lateral and most medial 

point of the heel at 10% foot 

length (Jurca et al., 2019).  
 

Mid-

foot 

Mid-foot 

height 

The distance between the 

supporting surface and the 

foot's highest point at 55%-

foot length (Jurca et al., 

2019). 
 

Mid-foot 

width 

The distance between the 

most lateral and most medial 

point of the foot at 55% of 

foot length.  

Fore-

foot 

Fore-foot 

height 

The distance between the 

supporting surface and the 

midpoint between the two 

metatarsal heads. 
 

Fore-foot 

width 

Distance between the markers 

located on the first and fifth 

metatarsal heads projected 

onto the foot’s medio-lateral 

axis. 
 

To compare the 2D measures between subjects with different foot sizes, and to appropriately 

track the static foot size and shape through development, all measures were also normalized 
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to foot length (Aboelnasr et al., 2018). This was calculated by dividing all dimensions by 

foot length and multiplying by 100. This approach created a percentage of foot length value 

for a better conceptualization of the normalized measures. Although it has been suggested 

that normalization to truncated foot length might be more appropriate to avoid bias caused 

by toe deformities, children of the age-groups of the present study rarely suffer from such 

deformities. Any related deformities would have been self-reported by the parents, and the 

child would have been excluded from the study.  
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4.2.5. Statistical analysis 

All data were analysed using SPSS (version 16). A priory sample size calculations using 

data from Muller et al. (2012) were conducted for foot length, fore-foot width and 

normalized fore-foot width (fore-foot width divided by foot length) using G*Power 

(G*Power 3.1.9.7, Germany, Heinrich Heine University, Dusseldorf).  The data used for the 

calculations can be seen in Table 16. This calculation provided sample size calculations for 

differences of 10mm, 2.6mm and 1% among age groups for foot length, fore-foot width and 

normalized fore-foot width, respectively.  

Table 16.: Mean (standard deviation) of foot measures from Muller et al. (2012) in cm and % between 

the ages of three and seven years. 3 

Age (years)  3 (n=676) 4 (n=834) 5 (n=938) 6 (n=931) 7 (n=787) 

FL [cm] 15.71 (1.00) 16.74 (0.97) 17.71 (1.02) 18.69 (1.08) 19.74 (1.17) 

FW [cm] 6.41 (0.41) 6.69 (0.42) 6.94 (0.42) 7.21 (0.46) 7.46 (0.45) 

NFFW [%] 41 (2) 40 (2) 39 (2) 39 (2) 38 (2) 

The sample size calculations were completed on the data from the age-groups 3 to 7 years, 

to estimate the total sample size needed for correctly rejecting the null hypothesis of no 

difference among age-groups at an alpha level of 0.05 with a power of 0.95. ANOVA sample 

size calculations yielded (1) for foot length a total sample size of 20 (effect size f=1.29), (2) 

for fore-foot width a total sample size of 35 (effect size f=0.81) and (3) for normalized fore-

foot width a total sample size of 90 (effect size f=0.48). Sample size calculations were 

performed for each variable at a power level of 0.8, to estimate the sample sizes needed for 

each age-group to reject the null hypothesis of no difference correctly. This was set lower 

for the post-hoc tests than for the ANOVA because differences between subsequent age-

 
3 Abbreviations: FL: foot length, FW: foot width, NFFW normalized fore-foot width 
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groups have been reported to reach significance rarely. The two subsequent age-groups with 

the smallest absolute difference were chosen for each variable from Muller et al. (2012). The 

calculations for foot length between the 4 and 5-year-old groups (mean difference=0.97cm) 

yielded an estimated sample size of 14 per group (effect size d= 0.97). The calculations for 

foot width between the 4 and 5-year-old groups (mean difference=0.25cm) yielded an 

estimated sample size of 36 per group (effect size d= 0.60). The sample size calculations for 

normalized fore-foot width between the 4 and 5-year-old groups (mean difference=1%) 

estimated a sample size of 51 per group to correctly reject the null hypothesis of no difference 

(effect size d=0.5). The sample size needed to correctly reject the null hypothesis of no 

difference between non subsequent age-groups has also been calculated for fore-foot width 

and normalized fore-foot width, with a power of 0.95, as it was necessary to detect these 

differences correctly. For the fore-foot width, this calculation was based on the 3 and 5-year-

old groups with a mean difference of 0.53cm and resulted in a required sample size of 15 

per age-group (effect size d=1.27). For the normalized fore-foot width, the calculation was 

based on the largest difference between two age-groups of 2 years’ difference: the 3 and 5-

year-old age-groups (mean difference=2%). The calculations yielded a sample size of 23 per 

group (effect size d=1). Table 17. summarizes the required sample sizes for each test.  

Table 17.: Sample size (n) estimates for ANOVA and t-tests estimated using data from Muller et al. 

(2012). ANOVA sample sizes are total sizes, including all five groups, while t-test sample sizes are 

per group. 

Age (years)  ANOVA 
t-test 

subsequent 

t-test two 

years diff. 

Foot length 20 15  

Fore-foot width 35 36  

Normalized 

fore-foot width 
90 51 23 

All 2D measures were tested for normality in each age-group, using the Shapiro-Wilks test 

as it is recommended to be used on small sample sizes and has been shown to have higher 
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power than other normality tests such as Kolmogorov-Smirnov (Razali and Wah, 2011, 

Ghasemi and Zahediasl, 2012). Only significant results are reported in the results section, all 

test results are presented in Appendix 3. 

Scatter plots and error-bars within the same figures have been used to visualize changes in 

the 2D measures across ages. Red error-bar dots represent central tendency: either the mean 

or the median and variability: standard deviation or interquartile range (depending on the 

normality of the data). 

In normally distributed data, to describe the trajectory of development, mean and standard 

deviation was used, and for statistical analysis, a one-way ANOVA was performed. This test 

allows the comparison of means of multiple groups and can ascertain whether there is a 

difference in the dependent variable among the groups. This test can also establish how much 

of the variance in a particular 2D measure can be accounted for by age-group membership, 

using the effect size eta squared. Once a significant result is ascertained, post-hoc tests can 

determine which pairs of groups have significantly different means, hence exploring 

differences between specific age groups. To compare all groups with unequal sample sizes, 

post-hoc Tukey-Kramer is suggested (Lee and Lee, 2018), and was used. The resulting p-

value was divided by two to indicate a one-sided test as all absolute measures were expected 

to increase, while all normalized measures were expected to decrease. 

The median and interquartile range was used to describe the data if the data was not normally 

distributed. The Kruskal-Wallis test was performed to explore the statistical differences 

between the groups as a non-parametric rank-based alternative to the parametric one-way 

ANOVA. Bonferroni corrected Dunn’s post-hoc tests (Dinno, 2018) were performed to 

reveal which pairs of groups were significantly different. The resulting p-value was divided 
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by two to indicate a one-sided test as all absolute measures were expected to increase, while 

all normalized measures were expected to decrease. 

Effect sizes as partial eta squared (Lakens, 2013) were calculated in SPSS using the data in 

the case of ANOVA. In Kruskal-Wallis tests, the eta squared were calculated based on 

Tomczak and Tomczak (2014). As the tests performed are one-way ANOVAs, the partial 

eta squared reported by SPSS is identical to eta squared (Lakens, 2013, Tomczak and 

Tomczak, 2014). This type of effect size measure assumes values from 0 to 1. When 

multiplied by 100, it indicates the percentage of variance in the dependent variable explained 

by the independent variable (Ialongo, 2016, Tomczak and Tomczak, 2014), or by group 

membership (Lakens, 2013), which in this case is age-group membership. The alpha level 

was set at 0.05 for all statistical tests. Effect size (Cohen’s d) for the post-hoc tests were 

calculated by dividing the differences between the group means by the standard deviation. 
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4.3. Results 

This section will first report the participant characteristics and age-group summaries. Next, 

foot length data will be considered, then the 2D measures in the following order: rear-foot 

measures, mid-foot measures and fore-foot measures. The measures within sections will be 

reported in the next order: (1) width, (2) normalized width, (3) height and (4) normalized 

height. The normality tests (Shapiro-Wilks) results are presented in Appendix 3., however 

significant results will also be included in the text. Next, the descriptive analysis will be 

presented using the appropriate central tendency and variability measures demonstrated in 

the mixed scatterplot and error bar figures. Following this, the omnibus (ANOVA or 

Kruskal-Wallis) test will be reported, and, if the omnibus test showed significance, post-hoc 

tests (parametric corrected Tukey-Kramer or non-parametric Bonferroni corrected Dunn’s 

test) will be considered. Significant results in tables are highlighted grey, and levels of 

significance are marked by asterisk(s): *: p<0.05, **: p<0.01, ***: p<0.001.  
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4.3.1. Whole body anthropometric characteristics of the participants 

One hundred forty-eight children were recruited, 44 males and 104 females. The sample's 

anthropometric characteristics are reported in Table 18. Unfortunately, no further data 

collection could take place due to coronavirus restrictions. Although not all age-groups have 

reached the required sample size estimated by the a-prioiri sample size calculations for the 

post-hoc tests, the sample size needed for the ANOVA has been reached, even for the 

variable requiring the largest sample (normalized fore-foot width: 90). Except for the 

youngest group, all other age-groups have reached the estimated sample size 23 required for 

a group comparison between groups of two years’ difference. Comparison of boys and girls 

has not been performed due to the low numbers in the age-groups and the extremely 

unbalanced ratios of girls and boys due to the convenience sampling method. 

Table 18.: Anthropometric characteristics of the sample. Age is in years. 

Age N 
Age 

(SD) 

Height (cm) 

(SD) 

Weight (kg) 

(SD) 

BMI 

(SD) 

Foot length (mm)  

(SD) 

3 12 
3.72 

(0.32) 

98  

(4.5) 

16.29  

(2.19) 

16.98 

(2.09) 

159.42  

(10) 

4 38 
4.52 

(0.47) 

105 

(6) 

17.80  

(2.15) 

16.09 

(1.51) 

168.77  

(10.15) 

5 35 
5.58 

(0.57) 

113  

(5) 

20.89  

(2.63) 

16.28 

(1.88) 

178.83  

(10.07) 

6 41 
6.44 

(0.46) 

119  

(6.25) 

22.96  

(3.48) 

16.05 

(2.54) 

188.24  

(11.24) 

7 23 
7.26 

(0.35) 

124  

(6) 

26.91 

(4.07) 

16.33 

(2.01) 

196.63  

(11.43) 

Total 148 
5.67 

(1.15) 

113.25  

(9.62) 

21.22  

(4.72) 

16.38 

(1.68) 

180.38  

(16.07) 
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4.3.2. 2D foot anthropometric results 

4.3.2.1. Foot length 

The Shapiro-Wilk tests showed that the foot length data of the 4-year-old group was not 

normally distributed (Shapiro-Wilk statistic=0.932, degrees of freedom (df)=38, p=0.023), 

hence the median and interquartile ranges were used to describe the data. Based on Figure 

22., foot length increased continuously with age by 9-10mm each year. The youngest 

participants' median foot length was 159mm, while the median length for the oldest group 

was 197mm, indicating a 37mm growth in foot length across the five age groups. The 

interquartile ranges of the age groups were very similar (10-11mm), suggesting no 

substantial foot length variability changes. 

 

Figure 22.: Scatter plot and error-bars for foot length for each age-group. Error-bar dots represent 

the median; caps represent the median ±1 interquartile range. 

Kruskal-Wallis H test was showed (Table 19.). a statistically significant difference between 

the foot length of different age groups (χ 2 (2, N = 147) = 106.977, p = 0.000). The proportion 

of variance in the ranked foot length accounted for by the age group variable was 73%. 
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Table 19.: ANOVA table of Kruskal-Wallis test for foot length comparing the age groups. SS: The 

sum of squares due to each source. 4 

Source SS df MS Chi-sq. Prob>Chi-sq. Effect size 

 Groups 196587.360 4 49146.840 106.977 0.000*** 

0.73 Error 73549.640 143 514.333 [] [] 

Total 270137 147 [] [] [] 

The pairwise Dunn’s test results with Bonferroni correction showed a significant difference 

between the foot length of all groups except between the 3 and 4 and 6- and 7-years old 

groups (Table 20). 

Table 20.: Foot length Dunn’s post-hoc pairwise comparison tests and effect size. Significance values 

have been adjusted by the Bonferroni correction for multiple tests, divided by two to result in 1-sided 

significance. Significantly different pairs of groups are highlighted in grey. 5 

Group 1 Test 

Statistic Std. Error 

Std. Test 

Statistic Sig. Adj. Sig. 

Effect 

size d Group 2 

3-year-old group- 

4-year-old group 
-13.588 14.195 -.957 .169 1.000 0.73 

3-year-old group- 

5-year-old group 
-53.767 14.340 -3.749 .000 .001** 2.44 

3-year-old group- 

6-year-old group 
-85.825 14.070 -6.100 .000 .000*** 3.34 

3-year-old group- 

7-year-old group 
-105.530 15.384 -6.860 .000 .000*** 4.11 

4-year-old group- 

5-year-old group 
-40.179 10.043 -4.001 .000 .000** 1.68 

4-year-old group- 

6-year-old group 
-72.237 9.653 -7.483 .000 .000*** 2.66 

4-year-old group- 

7-year-old group 
-91.943 11.484 -8.006 .000 .000*** 3.47 

5-year-old group- 

6-year-old group 
-32.059 9.865 -3.250 .000 .006** 1.30 

5-year-old group- 

7-year-old group 
-51.764 11.663 -4.438 .000 .000*** 2.26 

6-year-old group- 

7-year-old group 
-19.705 11.329 -1.739 .041 .410 0.88 

 

 

 
4 Df: Degrees of freedom. MS: The mean squares for each source, which is the ratio SS/df. Chi-sq.: 

Chi-square statistic. Prob> Chi-sq.: The p-value is the probability that the Chi-square statistic can 

take a value larger than the computed test-statistic value, derived from the cdf of Chi-square-

distribution. *: p<0.05, **: p<0.005, ***: p<0.0005 
5 Sig.: significance. Adj.Sig.: adjusted significance, *: p<0.05, **: p<0.005, ***: p<0.0005 
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4.3.2.2. Rear-foot 

Rear-foot width 

The Shapiro-Wilk tests showed that the rear-foot width values of the 7-year-old groups were 

not normally distributed (Shapiro-Wilk statistic=0.904, df=522, p=0.035); hence median and 

interquartile range was used to describe the data. Rear-foot width (Figure 23.) increased from 

36mm in the youngest group to 44mm in the oldest group. The largest increase, 3mm, was 

between the two youngest age-groups. Variability was similar throughout the age-groups as 

demonstrated by the standard deviation: 3mm in the 3, 5 and 6-year-old groups, and 4mm in 

the 4 and 7-years old groups.  

Figure 23.: Scatter plot and error-bars for rear-foot width for each age-group. Error-bar dots represent 

the mean; caps represent the mean ±1 standard deviation. 

The Kruskal-Wallis H test (Table 21.) indicated a statistically significant difference between 

the rear-foot width of different age groups (χ 2 (2, N = 147) = 61.88, p = 0.000). The 

proportion of variance in the ranked rear-foot width accounted for by the age group variable 

was ~42%.  
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Table 21.: ANOVA table of Kruskal-Wallis test of rear-foot width comparing the age groups. SS: 

The sum of squares due to each source. 6 

Source SS Df MS Chi-sq. Prob>Chi-sq. Eta squared 

 Groups 113712.51254 4 28428.13 61.88 0.000*** 

0.42 Error 156424.49 143 1093.88 [] [] 

Total 270137 147 [] [] [] 

The pairwise Dunn’s test results with Bonferroni correction showed a significant difference 

between all groups' rear-foot width except between all subsequent age-groups (Table 22.). 

Table 22.: Dunn’s post-hoc pairwise comparison tests and effect size for rear-foot width. Significance 

values have been adjusted by the Bonferroni correction for multiple tests, divided by two to result in 

1-sided significance. Significantly different pairs of groups are highlighted in grey.7 

Sample 1 Test 

Statistic Std. Error 

Std. Test 

Statistic Sig. Adj. Sig. 

Cohen’s 

d Sample 2 

3-year-old group- 

4-year-old group 
-27.307 14.195 -1.924 .027 .272 1.06 

3-year-old group- 

5-year-old group 
-51.562 14.340 -3.596 .000 .001** 2.06 

3-year-old group- 

6-year-old group 
-75.285 14.070 -5.351 .000 .000*** 3.05 

3-year-old group- 

7-year-old group 
-92.652 15.384 -6.023 .000 .000*** 2.95 

4-year-old group- 

5-year-old group 
-24.255 10.043 -2.415 .008 .079 0.72 

4-year-old group- 

6-year-old group 
-47.978 9.653 -4.970 .000 .000*** 1.45 

4-year-old group- 

7-year-old group 
-65.344 11.484 -5.690 .000 .000*** 1.67 

5-year-old group- 

6-year-old group 
-23.723 9.865 -2.405 .008 .081 0.75 

5-year-old group- 

7-year-old group 
-41.090 11.663 -3.523 .000 .004** 1.14 

6-year-old group- 

7-year-old group 
-17.367 11.329 -1.533 .063 0.626 0.56 

 

 

 
6 Df: Degrees of freedom. MS: The mean squares for each source, which is the ratio SS/df. Chi-sq.: 

Chi-square statistic. Prob> Chi-sq.: The p-value is the probability that the Chi-square statistic can 

take a value larger than the computed test-statistic value, derived from the cdf of Chi-square-

distribution. *: p<0.05, **: p<0.005, ***: p<0.0005 
7 Sig.: significance. Adj.Sig.: adjusted significance, *: p<0.05, **: p<0.005, ***: p<0.0005 
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Normalized rear-foot width 

The Shapiro-Wilk tests showed that the normalized rear-foot width data of the 7-years old 

group was not normally distributed (Shapiro-Wilk statistic=0.743, df=22, p=0.000), hence 

the median and interquartile range were used to describe the data. Normalized rear-foot 

width (Figure 24.) decreased from 24% in the 4-year-old group to 22% in the 6-year-old 

group and increased to 23% in the oldest group. The interquartile range (variability) was 

between 1-2% in all age-groups.  

 

Figure 24.: Normalized rear-foot width scatter plot and error-bars for each age-group. Error-bar dots 

represent the median; caps represent the median ±1 interquartile range. 

The Kruskal-Wallis H test (Table 23.) showed a statistically significant difference between 

the normalized rear-foot width of different age groups (χ 2 (2, N = 147) = 18.40, p = 0.000). 

The proportion of variance in the ranked normalized rear-foot width accounted for by the 

age group variable was 10%. 
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Table 23.: ANOVA table of Kruskal-Wallis test of normalized rear-foot width comparing the age 

groups. SS: The sum of squares due to each source. 8    

Source SS df MS Chi-sq. Prob>Chi-sq. Effect size 

 Groups 33817.98 4 8454.49 18.40 0.001 

0.10 Error 236319.0233 143 1652.58 [] [] 

Total 270137 147 [] [] [] 

The results of the pairwise Dunn’s test with Bonferroni correction showed a significant 

difference between the normalized rear-foot width of the 4-6 and 4-7-year-old group pairs 

(Table 24.). 

Table 24.: Dunn’s post-hoc pairwise comparison tests and effect size for normalized rear-foot width. 

Significance values have been adjusted by the Bonferroni correction for multiple tests, divided by 

two to result in 1-sided significance. Significantly different pairs of groups are highlighted in grey. 9  

Sample 1 Test 

Statistic Std. Error 

Std. Test 

Statistic Sig. Adj. Sig. 

Effect 

size d Sample 2 

3-year-old group- 

4-year-old group 
-21.487 14.195 -1.514 .065 0.650 0.47 

3-year-old group- 

5-year-old group 
-.507 14.340 -.035 .486 1.000 0.07 

3-year-old group- 

6-year-old group 
-16.409 14.070 -1.166 .122 1.000 0.36 

3-year-old group- 

7-year-old group 
-15.750 15.384 -1.024 .153 1.000 0.45 

4-year-old group- 

5-year-old group 
-20.980 10.043 -2.089 .018 .184 0.52 

4-year-old group- 

6-year-old group 
-37.895 9.653 -3.926 .000 .000*** 0.90 

4-year-old group- 

7-year-old group 
-37.237 11.484 -3.242 .000 .006** 0.95 

5-year-old group- 

6-year-old group 
-16.916 9.865 -1.715 .043 .432 0.26 

5-year-old group- 

7-year-old group 
16.257 11.663 1.394 .0.82 0.817 0.36 

6-year-old group- 

7-year-old group 
-.659 11.329 -.058 .477 1.000 0.14 

 

 

 
8 Df: Degrees of freedom. MS: The mean squares for each source, which is the ratio SS/df. Chi-sq.: 

Chi-square statistic. Prob> Chi-sq.: The p-value is the probability that the Chi-square statistic can 

take a value larger than the computed test-statistic value, derived from the cdf of Chi-square-

distribution. *: p<0.05, **: p<0.005, ***: p<0.0005 
9 Sig.: significance. Adj.Sig.: adjusted significance, *: p<0.05, **: p<0.005, ***: p<0.0005 
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Rear-foot height 

All age-groups’ rear-foot height data were normally distributed; hence mean and standard 

deviation were used to describe the data. Rear-foot height (Figure 25.), continuously 

increased with age from 46mm to 58mm. The differences between age groups varied 

between 2 and 5 mm. The largest, 5mm increase occurred between the 4 and 5-year-old 

groups. The variability represented by the standard deviation was between 3 and 4mm, with 

no substantial differences among the age-groups. 

 

Figure 25.: Rear-foot height scatter plot and error-bars for all age-groups. Error-bar red dots represent 

the mean and caps represent the mean ±1 standard deviation. 

The one-way ANOVA (Table 25.) showed differences in the mean of rear-foot height among 

the age-groups, and the proportion of variance accounted for by the age group variable was 

55%. 

Table 25.: ANOVA table of one-way ANOVA test for rear-foot height comparing the age groups. *: 

p<0.05, **: p<0.005, ***: p<0.0005 

 

Sum of 

Squares 

degrees of 

freedom 

Mean 

Square 
F statistics Sig. Eta squared 

Between 

Groups 

2077.171 4 519.293 43.780 .000*** 
 

Within Groups 1696.164 143 11.861   0.55 

Total 3773.335 147     
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The pairwise Tukey-Kramer test results (Table 26.) demonstrated that the rear-foot height 

means of all pairs of age-groups were significantly different except for the pairs of 3 and 4, 

and 5 and 6-years old groups.  

Table 26.: Rear-foot height Tukey-Kramer post-hoc tests. Significance values have been 

adjusted by the Bonferroni correction for multiple tests, divided by two to result in 1-sided 

significance. The mean difference is in mm. significantly different pairs are highlighted 

grey. *: p<0.05, **: p<0.005, ***: p<0.0005. 

(I) Group 

(J) Group 

Mean  

Difference 

 (I-J) 

Std. 

Error 
Sig. 

95% Confidence Interval 
Effect 

size d 
Lower 

Bound 

Upper 

Bound 

3-year-old group- 

4-year-old group 
-2.234 1.140 .145 -5.3852 .9166 0.68 

3-year-old group- 

5-year-old group 
-7.249 1.152 .000*** -10.432 -4.066 2.11 

3-year-old group- 

6-year-old group 
-9.086 1.130 .000*** -12.209 -5.962 2.42 

3-year-old group- 

7-year-old group 
-11.658 1.236 .000*** -15.072 -8.243 3.11 

4-year-old group- 

5-year-old group 
-5.014 .807 .000*** -7.244 -2.785 1.54 

4-year-old group- 

6-year-old group 
-6.851 .776 .000*** -8.994 -4.708 2.05 

4-year-old group- 

7-year-old group 
-9.423 .923 .000*** -11.972 -6.874 2.84 

5-year-old group- 

6-year-old group 
-1.837 .793 .073 -4.027 .3530 0.52 

5-year-old group- 

7-year-old group 
-4.409 .937 .000*** -6.998 -1.820 1.26 

6-year-old group- 

7-year-old group 
-2.572 .910 .021* -5.087 -.057 0.67 
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Normalized rear-foot height 

All age-group data of normalized rear-foot height were normally distributed according to the 

Shapiro-Wilks tests; hence means and standard deviations were employed to describe the 

data. The mean of normalized rear-foot height, was 29-30% throughout the age-groups. The 

variability represented by the standard deviation was 1-2% across all age groups (Figure 

26.). 

 

Figure 26.: Normalized rear-foot height scatter plot and error-bars for all age-groups. Error-bar red 

dots represent the mean and caps represent the mean ±1 standard deviation. 

The one-way ANOVA (Table 27.) showed no differences in the mean of normalized rear-

foot height among the age-groups, and the proportion of variance accounted for by the age 

group variable was only 4%.  

Table 27.: ANOVA table of one-way ANOVA test for normalized rear-foot height comparing the 

age groups. *: p<0.05, **: p<0.005, ***: p<0.0005. 

 

Sum of 

Squares 

° of 

freedom 

Mean 

Square 
F statistics Sig. Eta squared 

Between Groups 12.835 4 3.209 1.412 .233  

Within Groups 324.891 143 2.272   0.04 

Total 337.726 147     
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4.3.2.3. Mid-foot 

Mid-foot width 

All age-group mid-foot width data were normally distributed; hence, the mean and standard 

deviation were used to describe the data. Mid-foot width means (Figure 27.) increased 

gradually from 59mm in the youngest group up to 67mm in the two oldest age groups by 2-

3mm each year. The variability represented by the standard deviation was 4mm in most age-

groups except for the 4-year-old group where it was 3mm. 

 
Figure 27.: Mid-foot width (mm) scatter plot and error-bars for all age-groups. Error-bar red dots 

represent the mean and caps represent the mean ±1 standard deviation. 

The one-way ANOVA (Table 28.) showed differences in the mean of mid-foot width among 

the age-groups, and the proportion of variance accounted for by the age group variable was 

~35%.  

Table 28.: ANOVA table of one-way ANOVA test for mid-foot width comparing the age groups. 

*: p<0.05, **: p<0.005, ***: p<0.0005. 

 

Sum of 

Squares 

degrees of 

freedom 

Mean 

Square 
F statistics Sig. Eta squared 

Between Groups 1141.042 4 285.261 19.186 .000***  

Within Groups 2126.139 143 14.868   0.35 

Total 3267.182 147     



Matyas Varga 2021                                                                         The 2D anthropometry of the paediatric foot 

178 

 

The pairwise Tukey-Kramer results (Table 29.) demonstrated that the mid-foot width means 

of all pairs of age-groups were significantly different except for the pairs of 3 and 4; and 6- 

and 7-years old groups.  

Table 29.: Mid-foot width Tukey-Kramer post-hoc tests. Significance values have been adjusted by 

the Bonferroni correction for multiple tests, divided by two to result in 1-sided significance. The 

mean difference is in mm. significantly different pairs are highlighted grey. *: p<0.05, **: p<0.005, 

***: p<0.0005. 

(I) Group 

(J) Group 

Mean Diff. 

(I-J) 

Std. 

Error 
Sig. 

95% Confidence Interval  

Lower 

Bound 

Upper 

Bound 

Effect 

size d 

3-year-old group- 

4-year-old group 
-1.917 1.277 0.282 -5.445 1.611 0.530 

3-year-old group- 

5-year-old group 
-5.013 1.290 .000*** -8.576 -1.449 1.260 

3-year-old group- 

6-year-old group 
-7.468 1.266 .000*** -10.965 -3.971 1.830 

3-year-old group- 

7-year-old group 
-8.235 1.384 .000*** -12.058 -4.412 1.920 

4-year-old group- 

5-year-old group 
-3.096 0.903 .004** -5.592 -0.600 0.880 

4-year-old group- 

6-year-old group 
-5.551 0.868 .000*** -7.950 -3.152 1.540 

4-year-old group- 

7-year-old group 
-6.318 1.033 .000*** -9.172 -3.464 1.660 

5-year-old group- 

6-year-old group 
-2.455 0.887 .025* -4.907 -0.004 0.620 

5-year-old group- 

7-year-old group 
-3.222 1.049 .011* -6.121 -0.324 0.790 

6-year-old group- 

7-year-old group 
-0.767 1.019 0.472 -3.583 2.048 0.180 
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Normalized mid-foot width 

The Shapiro-Wilk tests showed that the normalized mid-foot width data of the 6-year-old 

group was not normally distributed (Shapiro-Wilk statistic=0.945, df=41, p=0.046*), hence 

median and interquartile range was used to describe the data. Normalized mid-foot width 

decreased gradually with increasing age from 37% in the youngest group, to 34% in the 

oldest group, decreasing by 1mm in each subsequent age-group after the age of 4 years 

amounting to a 3% decrease (Figure 28.). The variability represented by the interquartile 

range was 2% in each age-group except for the 4-years old group where it was 3%. 

 

Figure 28.: Normalized mid-foot width scatter plot and error-bars for all age-groups. Error-bar red 

dots represent the median and caps represent the median ±1 interquartile range (IQR). 

The Kruskal-Wallis H test (Table 30.) showed a statistically significant difference between 

the normalized mid-foot width of different age groups (χ 2 (2, N = 147) = 38.30, p = 0.000). 

The proportion of variance in the ranked normalized mid-foot width accounted for by the 

age group variable was 26%. 
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Table 30.: ANOVA table of Kruskal-Wallis test for normalized mid-foot width comparing the age 

groups. *: p<0.05, **: p<0.005, ***: p<0.0005 

Source SS Df MS Chi-sq. Prob>Chi-sq. Effect size 

 Groups 70397.617 4.000 17599.404 38.308 0.000*** 

0.26 Error 199739.383 143.000 1396.779 [] [] 

Total 270137.000 147.000 [] [] [] 

The pairwise Dunn’s test results with Bonferroni correction (Table 31.) showed that the 

normalized mid-foot width of the 3 and 4-year-old groups were significantly different from 

the 6 and 7-year-old groups and the 5-year-old group was significantly different from the 7-

years old group.  

Table 31.: Normalized mid-foot width Dunn’s post-hoc pairwise comparison tests and effect size. 

Significance values have been adjusted by the Bonferroni correction for multiple tests, divided by 

two to result in 1-sided significance. Significantly different pairs of groups are highlighted in 

grey.10  

Sample 1 Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic Sig. Adj. Sig.a 

Effect 

size d Sample 2 

3-year-old group- 

4-year-old group 
7.487 14.195 .527 .299 1.000 0.14 

3-year-old group- 

5-year-old group 
28.993 14.340 2.022 .022 .220 0.70 

3-year-old group- 

6-year-old group 
41.957 14.070 2.982 .001 .014* 1.09 

3-year-old group- 

7-year-old group 
69.614 15.384 4.525 .000 .000*** 2.01 

4-year-old group- 

5-year-old group 
21.506 10.043 2.141 .016 .161 0.56 

4-year-old group- 

6-year-old group 
34.470 9.653 3.571 .000 .002** 0.94 

4-year-old group- 

7-year-old group 
62.127 11.484 5.410 .000 .000*** 1.79 

5-year-old group- 

6-year-old group 
12.964 9.865 1.314 .095 0.945 0.36 

5-year-old group- 

7-year-old group 
40.621 11.663 3.483 .000 .002** 1.13 

6-year-old group- 

7-year-old group 
27.656 11.329 2.441 .007 .073 0.72 

 

 
10 Sig.: significance. Adj.Sig.: adjusted significance, *: p<0.05, **: p<0.005, ***: p<0.0005 
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Mid-foot height 

All age-group mid-foot height data were normally distributed; hence, mean, and standard 

deviation were used to describe the data. There was a continuous increase in this measure 

(Figure 29), and the largest difference in mid-foot height was between the ages of 4 and 5 

years (3mm). After the age of 5 years, there was an increase of 1mm only in each subsequent 

age-group leading to a mid-foot height of 47mm in 7-year-old children. Variability 

represented by the standard deviation was between 3 and 5mm, the highest variability was 

in the 3-year-old group (5mm).

 

Figure 29.: Mid-foot height scatter plot and error-bars for each age-group. Error-bars’ red dot 

represents the mean of each age-group, caps represent the mean ±1 standard deviation. 

The one-way ANOVA (Table 32.) showed differences in the mean of mid-foot height among 

the age-groups, and the proportion of variance accounted for by the age group variable was 

~28%. 

Table 32.: ANOVA table of one-way ANOVA test for mid-foot height comparing the age groups. *: 

p<0.05, **: p<0.005, ***: p<0.0005. 

 

Sum of 

Squares 

degrees of 

freedom 

Mean 

Square 
F statistics Sig. Eta squared 

Between Groups 605.462 4 151.366 13.719 .000***  

Within Groups 1577.756 143 11.033   0.28 

Total 2183.218 147     
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The pairwise Tukey-Kramer results (Table 33.) demonstrated that the mid-foot height of the 

3-year-old group was significantly different from that of the 5, 6 and 7-year-old groups. The 

4-year-old group was significantly different from the 5, 6 and 7-year-old groups.  

Table 33.: Mid-foot height Tukey-Kramer post-hoc tests. Significance values have been adjusted by 

the Bonferroni correction for multiple tests, divided by two to result in 1-sided significance. The 

mean difference is in mm. significantly different pairs are highlighted grey. *: p<0.05, **: p<0.005, 

***: p<0.0005. 

(I) Group 

(J) Group 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig. 

95% Confidence Interval  

Lower 

Bound 

Upper 

Bound 

Effect 

size d 

3-year-old group- 

4-year-old group 
-0.974 1.100 0.451 -4.013 2.065 0.250 

3-year-old group- 

5-year-old group 
-4.400 1.111 .000*** -7.470 -1.330 1.210 

3-year-old group- 

6-year-old group 
-4.747 1.090 .000*** -7.759 -1.735 1.150 

3-year-old group- 

7-year-old group 
-5.874 1.192 .000*** -9.167 -2.581 1.570 

4-year-old group- 

5-year-old group 
-3.426 0.778 .000*** -5.576 -1.276 1.130 

4-year-old group- 

6-year-old group 
-3.773 0.748 .000*** -5.840 -1.707 1.120 

4-year-old group- 

7-year-old group 
-4.900 0.890 .000*** -7.358 -2.441 1.660 

5-year-old group- 

6-year-old group 
-0.347 0.764 0.496 -2.459 1.765 0.110 

5-year-old group- 

7-year-old group 
-1.474 0.904 0.240 -3.971 1.023 0.520 

6-year-old group- 

7-year-old group 
-1.127 0.878 0.351 -3.552 1.299 0.360 
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Normalized mid-foot height 

Since all normalized mid-foot height data were normally distributed, mean, and standard 

deviation were used to describe the data. Figure 30. demonstrated that normalized mid-foot 

height decreased from the age of 3 to 4 years from 26% to 25%, and it did not change into 

the age of five. After the age of five, it decreased to 24% by the age of six and remained the 

same in the oldest age group. The variability represented by the standard deviation was 2% 

in each ag-group, except for the 5-year-old groups, where it was 1%.  

 
Figure 30.: Normalized mid-foot height scatter plot and error-bars for all age-groups. Error-

bar red dots represent the mean and caps represent the mean ±1 standard deviation. 

The one-way ANOVA (Table 34.) showed differences in the mean of normalized mid-foot 

height among the age-groups, and the proportion of variance accounted for by the age group 

variable was 13%. 

Table 34.: ANOVA table of one-way ANOVA test for normalized mid-foot height comparing the 

age groups. *: p<0.05, **: p<0.005, ***: p<0.0005. 

 

Sum of 

Squares 

degrees of 

freedom 

Mean 

Square 
F statistics Sig. Eta squared 

Between Groups 66.675 4 16.669 6.349 .000***  

Within Groups 375.456 143 2.626   0.13 

Total 442.131 147     
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The pairwise Tukey-Kramer results (Table 35.) demonstrated that the normalized mid-foot 

height means of the 3-year-old group was significantly different from the 7-year-old group. 

The 4-year-old group was significantly different from the 6 and 7-year-old groups, and the 

5-year-old group was significantly different from the 6 and 7-year-old groups.  

Table 35.: Normalized mid-foot height Tukey-Kramer post-hoc tests. Significance values have been 

adjusted by the Bonferroni correction for multiple tests, divided by two to result in 1-sided 

significance. The mean difference is in mm. significantly different pairs are highlighted grey. *: 

p<0.05, **: p<0.005, ***: p<0.0005. 

(I) Group 

(J) Group 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig. 

95% Confidence Interval  

Lower 

Bound 

Upper 

Bound 

Effect 

size d 

3-year-old group- 

4-year-old group 
0.345 0.537 0.484 -1.137 1.828 0.180 

3-year-old group- 

5-year-old group 
0.268 0.542 0.494 -1.230 1.766 0.150 

3-year-old group- 

6-year-old group 
1.447 0.532 .028* -0.023 2.916 0.740 

3-year-old group- 

7-year-old group 
1.849 0.582 .015* 0.242 3.455 0.990 

4-year-old group- 

5-year-old group 
-0.077 0.380 1.000 -1.126 0.972 0.050 

4-year-old group- 

6-year-old group 
1.101 0.365 .025* 0.093 2.110 0.660 

4-year-old group- 

7-year-old group 
1.504 0.434 .003** 0.304 2.703 0.950 

5-year-old group- 

6-year-old group 
1.179 0.373 .008* 0.148 2.209 0.780 

5-year-old group- 

7-year-old group 
1.581 0.441 .002** 0.363 2.799 1.110 

6-year-old group- 

7-year-old group 
0.402 0.428 0.441 -0.781 1.585 0.250 
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4.3.2.4. Fore-foot 

Fore-foot width 

All fore-foot width data were normally distributed; hence, mean, and standard deviation 

were used to describe the data. Fore-foot width increased from 63mm to 73mm (Figure 31.). 

Up to the age of 6, there was 3mm increase each year, while it only increased by 1mm 

between the two oldest age-groups. The variability represented by standard deviation 

remained the same (4mm) in all age groups. 

  
Figure 31.: Fore-foot width scatter plot and error-bars for all age-groups. Error-bar red dots represent 

the mean and caps represent the mean ±1 standard deviation. 

The one-way ANOVA (Table 36.) showed differences in the mean of fore-foot width among 

the age-groups and the proportion of variance accounted for by the age group variable was 

41%. 

Table 36.: ANOVA table of one-way ANOVA test for fore-foot width comparing the age groups. *: 

p<0.05, **: p<0.005, ***: p<0.0005 

 

Sum of 

Squares 

degrees of 

freedom 

Mean 

Square 
F statistics Sig. Eta squared 

Between Groups 1579.174 4 394.793 25.270 .000***  

Within Groups 2234.072 143 15.623   0.41 

Total 3813.246 147     
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The pairwise Tukey-Kramer test results (Table 37.) demonstrated that the fore-foot width 

means of all pairs of age-groups were significantly different except for the pairs of 3 and 4; 

and 6- and 7-years old groups.  

Table 37.: Fore-foot width Tukey-Kramer post-hoc tests. Significance values have been adjusted by 

the Bonferroni correction for multiple tests, divided by two to result in 1-sided significance. The 

mean difference is in mm. significantly different pairs are highlighted grey. *: p<0.05, **: p<0.005, 

***: p<0.0005. 

(I) Group 

(J) Group 

Mean Diff. 

 (I-J) 

Std. 

Error 
Sig. 

95% Confidence Interval  

Lower 

Bound 

Upper 

Bound 

Effect 

size d 

3-year-old group- 

4-year-old group 
-2.602 1.309 0.139 -6.218 1.014 0.660 

3-year-old group- 

5-year-old group 
-5.252 1.322 .000*** -8.905 -1.598 1.300 

3-year-old group- 

6-year-old group 
-8.730 1.297 .000*** -12.314 -5.146 2.190 

3-year-old group- 

7-year-old group 
-10.194 1.418 .000*** -14.113 -6.275 2.370 

4-year-old group- 

5-year-old group 
-2.649 0.926 .019* -5.208 -0.091 0.690 

4-year-old group- 

6-year-old group 
-6.128 0.890 .000*** -8.587 -3.669 1.630 

4-year-old group- 

7-year-old group 
-7.591 1.059 .000*** -10.517 -4.666 1.860 

5-year-old group- 

6-year-old group 
-3.478 0.910 .001* -5.992 -0.965 0.930 

5-year-old group- 

7-year-old group 
-4.942 1.075 .000*** -7.913 -1.971 1.210 

6-year-old group- 

7-year-old group 
-1.464 1.045 0.314 -4.350 1.423 0.350 
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Normalized fore-foot width 

The Shapiro-Wilk tests showed that the normalized fore-foot width data of the 4-year-old 

group was not normally distributed (Shapiro-Wilk statistic=0.934, df=38, p=0.027*). 

Normalized fore-foot width decreased gradually from the age of 3 years from 40% to 37% 

in the 7-year-old group by 1% each year, except between the 4 and 5-year-old groups, where 

there was no change (Figure 32.). Variability represented by the standard deviation stayed 

between 1 and 3% throughout.  

  
Figure 32.: Normalized fore-foot width scatter plot and error-bars for all age-groups. Error-bar red 

dots represent the median and caps represent the median ±1 interquartile range (IQR). 

The Kruskal-Wallis H test (Table 38.) showed a statistically significant difference between 

the normalized fore-foot width of different age groups (χ 2 (2, N = 147) = 33.33, p = 0.000). 

The proportion of variance in the ranked normalized fore-foot width accounted for by the 

age group variable was ~23%. 

 



Matyas Varga 2021                                                                         The 2D anthropometry of the paediatric foot 

188 

 

Table 38.: ANOVA table of Kruskal-Wallis test for normalized fore-foot width comparing the age 

groups. SS: The sum of squares due to each source. 11 

Source SS df MS Chi-sq. Prob>Chi-sq. Effect size 

Groups 61240.50 4.00 15310.13 33.33 0.000*** 

0.23 Error 208896.50 143.00 1460.81 [] [] 

Total 270137.00 147.00 [] [] [] 

The pairwise Dunn’s test results (Table 39.) with Bonferroni correction showed that the 

normalized fore-foot width of the 3 and 4-year-old groups was significantly different from 

the 6 and 7-year-old group and the 4-year-old group was also significantly different from the 

5-year-old group.  

Table 39.: Normalized fore-foot width Dunn’s post-hoc pairwise comparison tests and effect size. 

Significance values have been adjusted by the Bonferroni correction for multiple tests, divided by 

two to result in 1-sided significance. Significantly different pairs of groups are highlighted in 

grey.12  

Sample 1 Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic Sig. Adj. Sig.a 

Effect 

size d Sample 2 

3-year-old group- 

4-year-old group 
6.373 14.195 .449 .327 1.000 0.05 

3-year-old group- 

5-year-old group 
34.683 14.340 2.419 .008 .078 0.88 

3-year-old group- 

6-year-old group 
41.352 14.070 2.939 .002 .016* 1.09 

3-year-old group- 

7-year-old group 
62.492 15.384 4.062 .000 .000** 1.69 

4-year-old group- 

5-year-old group 
28.311 10.043 2.819 .002 .024* 0.80 

4-year-old group- 

6-year-old group 
34.979 9.653 3.624 .000 .001** 0.99 

4-year-old group- 

7-year-old group 
56.120 11.484 4.887 .000 .000*** 1.50 

5-year-old group- 

6-year-old group 
6.668 9.865 .676 .246 1.000 0.14 

5-year-old group- 

7-year-old group 
27.809 11.663 2.384 .009 .085 0.65 

6-year-old group- 

7-year-old group 
21.141 11.329 1.866 .031 .310 0.55 

 
11 Df: Degrees of freedom. MS: The mean squares for each source, which is the ratio SS/df. Chi-

sq.: Chi-square statistic. Prob> Chi-sq.: The p-value is the probability that the Chi-square statistic 

can take a value larger than the computed test-statistic value, derived from the cdf of Chi-square-

distribution. 
12 Sig.: significance. Adj.Sig.: adjusted significance, *: p<0.05, **: p<0.005, ***: p<0.0005 
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Fore-foot height 

All age-groups’ fore-foot height data were normally distributed; hence mean and the 

standard deviation were used to describe the data. Fore-foot height increased between the 4- 

and 5-year-old children from 11mm up to 12mm and remained the same in the older age 

groups (Figure 33.). The variability represented by the standard deviation was 1mm in all 

age-groups except for the 6-year-old group where it was 2mm.

 

Figure 33.: Fore-foot height scatter plot and error-bars for all age-groups. Error-bar red dots represent 

the mean and caps represent the mean ±1 standard deviation. 

The one-way ANOVA (Table 40.) showed significant differences in the mean of fore-foot 

height among the age-groups, and the proportion of variance accounted for by the age group 

variable was 9%. 

Table 40.: ANOVA table of one-way ANOVA test for fore-foot height comparing the age groups. *: 

p<0.05, **: p<0.005, ***: p<0.0005. 

 

Sum of 

Squares 

degrees of 

freedom 

Mean 

Square 
F statistics Sig. Eta squared 

Between Groups 25.458 4 6.364 3.558 .008**  

Within Groups 255.762 143 1.789   0.09 

Total 281.220 147     

The Tukey-Kramer post-hoc tests (Table 41.) showed significant differences between the 

fore-foot height of the 3 and 6 and 4 and 6-year-old groups.   



Matyas Varga 2021                                                                         The 2D anthropometry of the paediatric foot 

190 

 

Table 41.: Fore-foot height Tukey-Kramer post-hoc tests. Significance values have been adjusted 

by the Bonferroni correction for multiple tests, divided by two to result in 1-sided significance. The 

mean difference is in mm. significantly different pairs are highlighted grey. *: p<0.05, **: p<0.005, 

***: p<0.0005. 

(I) Group 

(J) Group 

Mean Diff. 

 (I-J) 

Std. 

Error 
Sig. 

95% Confidence Interval  

Lower 

Bound 

Upper 

Bound 

Effect 

size d 

3-year-old group- 

4-year-old group 
-.33743 .44285 .471 -1.5610 .8861 0.26 

3-year-old group- 

5-year-old group 
-1.04801 .44738 .069 -2.2841 .1880 0.84 

3-year-old group- 

6-year-old group 
-1.12061 .43894 .043* -2.3334 .0921 0.80 

3-year-old group- 

7-year-old group 
-1.19024 .47994 . 051 -2.5163 .1358 0.98 

4-year-old group- 

5-year-old group 
-.71058 .31332 .081 -1.5762 .1551 0.55 

4-year-old group- 

6-year-old group 
-.78318 .30115 .038* -1.6152 .0489 0.55 

4-year-old group- 

7-year-old group 
-.85281 .35828 .064 -1.8427 .1371 0.68 

5-year-old group- 

6-year-old group 
-.07260 .30777 .500 -.9229 .7777 0.05 

5-year-old group- 

7-year-old group 
-.14223 .36387 .498 -1.1476 .8631 0.12 

6-year-old group- 

7-year-old group 
-.06963 .35344 .500 -1.0462 .9069 0.05 
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Normalized fore-foot height 

The Shapiro-Wilk tests showed that the normalized fore-foot height data of the 6-years old 

group was not normally distributed (Shapiro-Wilk statistic=0.927, df=41, p=0.012*), hence 

medians and interquartile ranges were used to describe the data. Median normalized fore-

foot height was 6-7% in all age groups (Figure 34.). The variability represented by the 

standard deviation was 1% in all age-groups.  

 
Figure 34.: Normalized fore-foot height scatter plot and error-bars for all age-groups. Error-bar red 

dots represent the median and caps represent the median ±1 interquartile range. 

 The Kruskal-Wallis H test (Table 42.) showed a statistically significant difference between 

the normalized fore-foot height of different age groups (χ 2 (2, N = 147) = 15.39, p = 0.004). 

The proportion of variance in the ranked foot length accounted for by the age group variable 

was ~10%. 
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Table 42.: ANOVA table of Kruskal-Wallis test for normalized fore-foot height comparing the age 

groups. SS: The sum of squares due to each source. 13 

Source SS df MS Chi-sq. Prob>Chi-sq. Effect size 

Groups 28290.02 4.00 7072.51 15.39 .004** 

0.10 Error 241846.98 143.00 1691.24 [] [] 

Total 270137.00 147.00 [] [] [] 

The pairwise Dunn’s test (Table 43.) results with Bonferroni correction showed that the 

normalized fore-foot height of the 4 and 5-year-old groups were significantly different from 

the 7-year-old group. 

Table 43.: Normalized fore-foot height Dunn’s post-hoc pairwise comparison tests and effect size. 

Significance values have been adjusted by the Bonferroni correction for multiple tests, divided by 

two to result in 1-sided significance. Significantly different pairs of groups are highlighted in grey. 
14 

Pairwise Comparisons of Group  

Sample 1 Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic Sig. Adj. Sig.a 

Effect 

size d Sample 2 

3-year-old group- 

4-year-old group 
-.693 14.195 -.049 .481 1.000 0.07 

3-year-old group- 

5-year-old group 
-4.776 14.340 -.333 .370 1.000 0.19 

3-year-old group- 

6-year-old group 
-20.248 14.070 -1.439 .075 .750 0.55 

3-year-old group- 

7-year-old group 
-38.833 15.384 -2.524 .006 .058 1.08 

4-year-old group- 

5-year-old group 
-5.469 10.043 -.545 .293 1.000 0.12 

4-year-old group- 

6-year-old group 
-20.941 9.653 -2.169 .015 .150 0.48 

4-year-old group- 

7-year-old group 
-39.526 11.484 -3.442 .000 .003** 0.97 

5-year-old group- 

6-year-old group 
-15.472 9.865 -1.568 .059 .585 0.39 

5-year-old group- 

7-year-old group 
-34.057 11.663 -2.920 .002 .018* 0.91 

6-year-old group- 

7-year-old group 
-18.585 11.329 -1.640 .051 .505 0.34 

 
13 Df: Degrees of freedom. MS: The mean squares for each source, which is the ratio SS/df. Chi-

sq.: Chi-square statistic. Prob> Chi-sq.: The p-value is the probability that the Chi-square statistic 

can take a value larger than the computed test-statistic value, derived from the cdf of Chi-square-

distribution. 
14 Sig.: significance. Adj.Sig.: adjusted significance, *: p<0.05, **: p<0.005, ***: p<0.0005 
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4.4. Discussion of the 2D anthropometric measure results 

The purpose of this study was to offer an understanding of 2D anthropometric foot 

development between the ages of 3 and 7 years, and to provide a contemporary dataset of 

2D anthropometric paediatric foot measures. The study employed a hand-held 3D scanner, 

which has never been used before for this purpose. This technology allows the accurate and 

relatively fast capturing of children’s foot shape in their environment, providing the 

opportunity to characterize the developmental trajectory of paediatric foot anthropometry. 

The objectives and research questions were the following.  

Objective 1: Characterize the size development of foot regions in children aged 3-7 

years. 

Research questions: 

• How do the dimensions of foot regions change during development? 

• Is there a difference in the development of width among the three foot regions 

between the ages of 3 and 7 years? 

• Is there a difference in height development among the three foot regions between 

the ages of 3 and 7 years? 

Objective 2: Characterize the proportional development of foot regions in children 

aged 3-7 years. 

Research questions: 

• How do the proportions of foot regions change during development? 

• Is there a difference in the development of width proportions among foot regions? 

• Is there a difference in the development of height proportions among foot regions? 
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The study established the differences in 2D measures between age-groups and found 

differences in the trajectory of development among the three foot regions in width and height 

that suggested changes in foot shape across age-groups. Furthermore, differences in 

proportions of the rear-, mid and fore-foot with increasing age were also found. These results 

will be discussed in the following sections based on the objectives and research questions 

set out above. Foot length results will be discussed first then width and height measures of 

each region will be considered in a proximal to distal order, comparing the development of 

the three regions, answering the first set of research questions. Normalized measures will be 

considered next to discuss the differences in the three regions' proportional development, 

answering the second set of research questions.  

4.4.1. Foot length 

The results have shown that foot length increases by 9-10mm each year between 3 and 7 

years of age, with an interquartile range of 10-11mm in each age-group. The statistics 

demonstrated significant differences between age-groups, except for the two youngest and 

the two oldest groups. The medians showed that foot length of age-groups was: 159mm, 

169mm, 179mm, 188mm and 197mm.  

Similar foot length data was shown in a German sample of children by Muller et al. (2012), 

demonstrating approximately 2mm shorter feet in each age-group, despite the dissimilar sex 

distribution. The German children had similar height, although their weight in the 4 and 6-

year-old groups were slightly higher compared to the current sample. A Spanish sample 

(Jimenez-Ormeno et al., 2013) of children in the 6 and 7 year-old groups showed similar 

foot length (187.9mm and 197.8mm respectively), while another Spanish sample (Delgado-

Abellán et al., 2014) demonstrated 2-3mm longer feet in the same age-groups. While the 

former study did not publish weight or height data (indicated normal weight), the latter 



Matyas Varga 2021                                                                         The 2D anthropometry of the paediatric foot 

195 

 

sample had higher weight in both age-groups, although their height was very similar. The 

study of Delgado-Abellán et al. (2014) also had more balanced sex distribution (66 boys and 

67 girls in the 6, and 76 boys and 86 girls in the 7-year-old group) and showed 2-3mmm 

longer feet in both age-groups. This could have contributed to the differences in the overall 

means\medians as the current study had 31 girls and 10 boys in the 6, and 17 girls and 5 boys 

in the 7-year-old group. 

In contrast, the data from the study of Kouchi (1998), although showed similar magnitude 

of increase in foot length, the Japanese children had on average 6-10mm shorter feet 

(153.1mm 162.8mm 169.7mm 180.4mm 191.6mm in the respective age-groups). This large 

difference could be due to ethnic differences. Shorter feet of Asian populations (Jurca et al., 

2019) and Japanese and Indonesian samples (Kouchi, 1998) have already been shown, 

although only in adults, and these differences might start to appear in childhood. 
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4.4.2. The size development of paediatric foot regions 

4.4.2.1. Age-group differences in the width of foot regions 

Rear-foot width 

The results showed that rear-foot width increased by 1.8-2.3mm each year up to the age of 

6 and only 1.6mm into the age of 7. The total increase in rear-foot width was 6mm up to the 

age of 6, and the statistical results also confirmed the growth trajectory of the rear-foot width. 

There were significant differences between all age groups except for between the two oldest 

groups. All effect sizes were at least medium, including the one concerning the non-

significant difference. The effect sizes peaked between the ages of 3 and 7 years, but 

gradually decreased after the age of 4 (the effect sizes for the subsequent age groups are 

exceptions). The data demonstrated that rear-foot width growth was gradually slowing down 

with age (2.3mm, 1.9mm, 1.8mm, 1.6mm) up to the age of 7. A similar diminishing 

trajectory of growth has been shown in a longitudinal study, in a sample of German children 

(Sacco et al., 2015) with 1mm, 2.8mm, 1.5mm, and 1.4mm growth between subsequent age- 

groups from 3 to 7 years of age. Spanish children showed a similar increase in rear-foot 

width compared to the present thesis between 6 and 7 years of age (Delgado-Abellán et al., 

2014), while another study reported an increase of only 0.6mm (Jimenez-Ormeno et al., 

2013), almost one-third of that in the present study between the same age-groups. While 

both Spanish studies had large sample sizes and used the same 3D scanner, they reported 

different results between the 6 and 7-year-old groups. Unfortunately, the study of Jimenez-

Ormeno et al. (2013) did not report anthropometric data such as height, weight, or BMI, 

hence a possible cause of differences between the studies cannot be investigated. Although 

both studies looked at Spanish children’s feet, the regional differences between the samples 

could be part of the reason for the discrepancies in rear-foot width results. However, while 
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Jimenez-Ormeno et al. (2013) reported that the participants were from Toledo province, 

Delgado-Abellán et al. (2014) did not report such information.  

In contrast to European samples, Japanese (Kouchi, 1998) and Brazilian (Sacco et al., 2015) 

children of the same age range were reported to have an accelerating growth of rear-foot 

width up to the age of 7 years. Ethnicity is likely a factor in the differences between the 

current and the Japanese children as a wider heel in Asian adult populations compared to 

European ones has been shown before (Jurca et al., 2019). 

Unfortunately, no other researchers measured rear-foot width, although it is an essential 

measure for proper shoe fit and has also been well established in last construction (Mauch 

et al., 2009). This parameter can aid in defining the heel contour shape of a foot, hence 

improving rear-foot fit, so the heel counter can “hold” the foot preventing shape distortion 

(Luximon et al., 2003).  

Mid-foot width 

The findings demonstrated that mid-foot width increased considerably until the age of 6 

(1.9mm, 3.1mm and 2.5mm increase between age-groups), and the total growth was 7.5mm 

up to that age, which was followed by a less than 1mm increase between the two oldest age-

groups. There were significant changes between subsequent groups occurring between 4 and 

5 and also between the 5 and 6-year-old children. However, it was also shown that there 

were no significant differences between the two youngest and two oldest groups. Based on 

these results, it can be proposed that most of the growth in mid-foot width takes place 

between the ages of 4 and 6-years, and growth slows down in the oldest group. This is also 

supported by the small effect size between the 6 and 7-year-old groups, whereas all other 

effect sizes were at least medium.  
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Mid-foot width is usually measured using footprints (Sacco et al., 2015), to estimate MLA 

width, and hence it does not correspond to the present measure. Although mid-foot width as 

measured in the current study cannot be compared to the literature, it provides novel and 

important information on mid-foot development, rather than on the MLA state. By 

measuring the mid-foot at the widest part, this measure offers crucial information on the 

morphological changes in the mid-foot structures, without being affected by the height or 

width of the MLA. This novel measure may also contribute to better shoe design as the 

appropriate fit in the shoe’s mid-foot area is crucial for stabilisation (Mauch et al., 2009). 

Fore-foot width 

The participants in the current study had a developmental trajectory of fore-foot width that 

was the steepest out of the three regions (2.6mm, 2.6mm, 3.5mm, 1.5mm growth between 

subsequent groups) with a total increase of 10.2mm.  Despite this, the significant differences 

occurred between the same age-groups as in the case of mid-foot width. Therefore fore-foot 

width also increased the most between the ages of 4 and 6 years and the growth slowed down 

between the two oldest age-groups. This is supported by the effect sizes too, as Cohen’s d is 

only 0.35 between the two oldest groups, but all other effect sizes are over 0.66.  

Despite the differences in gender distribution between the two study samples, fore-foot width 

development in the present study was consistent with that of German children (Muller et al., 

2012). Their fore-foot width also increased by 2-3mm each year, and the values in all age 

groups corresponded to the results in the current study. Interesting to note that while Muller 

et al. (2012) had 48% males and 52% females in their sample, the current thesis had ~30% 

males and ~70% females, which could have caused differences in mean age-group fore-foot 

width values. However, the ratio of boys and girls in each age-group has not been reported 

in Muller et al. (2012); hence its effects on the boys-girls ratio differences between the 
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studies are not apparent. Another study of European children in a Spanish sample (Jimenez-

Ormeno et al., 2013) also demonstrated a similar increase (1.8mm) between the 6 and 7-

year-old groups compared to the present data. 

In contrast with the previous two studies and the current thesis, a more considerable increase 

of fore-foot width between 6 and 7 years of age was shown in 94 German (Sacco et al., 2015) 

and a 295 Spanish (Delgado-Abellán et al., 2014) children: 3.6mm and 3mm respectively. 

While the German children of the same age had similar weight and height to the present 

sample, the Spanish children of the same age were generally taller and heavier, which could 

have caused the larger increase. These studies of European children’s feet highlight the 

differences in measurement technology (three different methods in four studies), sampling 

techniques (three cross-sectional one longitudinal) and sample size (94-7788). These 

differences in methods could have been the reason for differing foot measures and underline 

the importance of standardization. 

An Asian, more precisely Japanese sample of 467 children, have been reported to have 

approximately 1mm wider fore-foot (Kouchi, 1998) up to the age of 6 years than the children 

in the present thesis. The increases in width were 3.8mm, 2.9mm, 2.8mm up to the age of 6. 

Although the changes in the first four age-groups were only ~1mm larger than the current 

results, Japanese children also showed an increase of 3.6mm into the oldest age-group, 

compared to 1.5mm in the current thesis. Two factors could explain the discrepancies. First, 

Japanese male adults have been reported to have wider fore-foot (Kouchi, 1998, Jurca et al., 

2019), and the development of these differences might start to occur at this age. Second, the 

7-year-old group in the present dataset only included 5 boys and 18 girls, while the same 

group of Japanese children included 56 girls and 56 boys (Kouchi, 1998). Although the 

present study did not consider differences between sexes, this could have caused the larger 
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values in the Japanese sample, as by this age, the difference between girls and boys in fore-

foot was shown to be statistically significant (Kouchi, 1998, Delgado-Abellán et al., 2014).  

4.4.2.2. Differences in the development of width among foot regions 

The current data on the three foot regions' width demonstrated differences in the rear-, mid- 

and fore-foot trajectory. This resulted in the changing shape of the paediatric foot across the 

age groups. The foot was found to become increasingly wider at the mid and fore-foot 

compared to the rear-foot until the age of 6. After this age, the mid-foot did not continue to 

grow as much as the other two sections. The existing literature on this topic only shows data 

on the rear- and fore-foot. Compared to the children in the present thesis (2.6mm difference 

in total growth between rear-foot width and fore-foot width), the German (Sacco et al., 

2015), Brazilian (Sacco et al., 2015) and Japanese (Kouchi, 1998) children’s feet showed a 

faster change in shape (8.7mm, 6.2mm and 6mm difference in total growth between rear-

foot width and fore-foot width respectively) between 3 and 6 years of age. These differences 

suggest that the fore-foot was becoming wider than the heel faster in these samples. In all of 

the above studies and in Spanish children (Jimenez-Ormeno et al., 2013, Delgado-Abellán 

et al., 2014), the shape changes were apparent between the 6 and 7-year-old children too as 

opposed to the current thesis. Although rear- and fore-foot width have often been reported, 

mid-foot width as is reported here has rarely been investigated. The missing “link” in the 

mid-foot has led to incomplete characterisation of foot shape development in terms of width. 

This thesis for the first time provided this “link” and demonstrated that all three regions' 

width growth slows down between the last two age-groups, and mid-foot growth is 

approximately half of the other two regions' growth. This pattern may also be attributable to 

the decreasing “medial bulging” due to decreasing pronation with increasing age. As the 

mid-foot area fit of the shoe is important for stability (Mauch et al., 2009), this information 
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may be crucial in children’s footwear last design. Although this is mentioned in Mauch et 

al. (2009), the authors only used dorsal arch height as a mid-foot measure resulting from a 

Pearson’s correlation coefficient analysis of 15 measures. The 15 parameters used for the 

analysis are not mentioned; hence, it is unknown whether mid-foot width was part of it. The 

reduced growth between 6 and 7 years of age probably contributes to the general change in 

shape resulting in a less robust mid-foot. This will be investigated in more details when the 

width proportions are considered in section 4.5.3.1-2. 

4.4.2.3. Age-group differences in the height of foot regions 

Rear-foot height 

The results demonstrated that out of the three height measures the rear-foot height had the 

steepest trajectory with increases of 2.2mm, 5mm, 1.8mm and 2.6mm between age groups 

up to the age of 7. The total increase was 11.7mm. Significant differences between groups 

also confirmed the rear-foot height's growth, except for between the two youngest and 

between the 5 and 6-year-old groups, although the effect sizes were medium in these two 

comparisons. These results indicated a growth with medium or large effect sizes throughout. 

While mid- and fore-foot height is often reported in the literature, rear-foot height is novel 

and has never been investigated in children before. This measure complements the existing 

ones by providing crucial information on rear-foot development, which can be used in 

clinical practice and footwear last design. While this measure is directly related to rear-foot 

development, due to the foot's intrinsic characteristics, the increase in rear-foot height could 

also be indirectly affected by the decreasing pronation and increase in MLA height occurring 

in these age-groups. 
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Mid-foot height 

The results showed that the mid-foot height trajectory was less steep than that of the rear-

foot height, with increases of 1mm, 3.4mm, 0.3mm, and 1.1mm between subsequent age 

groups. The total growth was 5.9mm. The statistics showed that significant changes between 

subsequent groups only occurred between the 4 and 5-years old groups with large effect size. 

The significant differences between not subsequent age-groups with large effect sizes 

indicated a constant increase in mid-foot height up to the age of 5 years and suggested that 

this growth slows down after this age, which is also supported by the decreasing effect sizes. 

The present data shows 7-8mm smaller mid-foot height in the 6- and 7-year-old groups 

compared to Spanish children in Jimenez-Ormeno et al. (2013) who reported an increase of 

1.8mm, from 53.3mm to 55.1mm between the 6 and 7-year-old groups; and Delgado-

Abellán et al. (2014) who reported 53.45mm and 56.1mm in the 6 and 7-years old groups 

respectively. This is likely due to the different definition of instep\mid-foot height. Jimenez-

Ormeno et al. (2013) and Delgado-Abellán et al. (2014) defined the location of the 

measurement as the point of instep, which is likely to be closer to the ankle compared to the 

55% of foot length used in the present thesis. This could have resulted in higher mid-foot in 

their studies.  

Fore-foot height 

Fore-foot height only increases by 1mm between the ages of 4 and 5 years, significant 

differences were found between the 3-6 and 4-6-year-old groups with large and medium 

effect sizes, respectively. Effect sizes decreased after the age of 5. These findings suggest a 

slowly increasing fore-foot height, with the most considerable growth between the ages of 4 

and 5 years, which slows down after the age of 5.  
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4.4.2.4. Differences in the development of height among foot regions 

Although the magnitude of changes was very different, the developmental trajectory is very 

similar in all three regions. The most considerable growth in foot height in all regions 

occurred between the ages of 4 and 5-years, and there was reduced growth in the following 

two years. The differences in the magnitude of growth suggest a transformation of foot shape 

with the rear-foot growing to become taller than both the mid and fore-foot. This is novel 

and crucial information for child footwear last designers that have not been investigated 

before. The changing trajectory of height growth in the rear- and mid-foot across age groups 

(and hence foot length and shoe sizes) suggests that the isometric length dimensional grading 

currently used might not be appropriate. This agrees with Hill et al. (2017), who showed in 

Caucasian adults that direct arch height measures (navicular height, dorsal arch height: mid-

foot height) do not scale isometrically with foot length. This will be explored in more depth 

when the normalized height measures are considered in section 4.4.3. The results also 

highlight the importance of regional foot measures, as the magnitude of increase in the height 

of the rear- and mid-foot are different. As the rear-foot grows faster in height than the mid-

foot, this should be reflected in children’s footwear to provide a comfortable and stable fit. 

The faster increase in height in the rear-foot may also be attributable to the decreasing 

pronation and increasing MLA height. Although mid-foot height has been thought to 

represent MLA height increase, in the current thesis, rear-foot height increases faster than 

mid-foot height, indicating that it might be a better representation of MLA height. However, 

as the absolute rear-foot height is probably a combination of general growth of the foot and 

the development of foot posture and MLA, normalized rear-foot height may be a more 

appropriate alternative. 

 

 



Matyas Varga 2021                                                                         The 2D anthropometry of the paediatric foot 

204 

 

4.4.3. The proportional development of paediatric foot regions 

4.4.3.1. Age-group differences in the width proportion of foot regions 

Normalized rear-foot width 

The findings indicated that normalized rear-foot width changes significantly between the 

ages of 4 and 6 and 4 and 7 years (23.00%, 23.51%, 22.94%, 22.39% and 22.60% in the five 

age-groups) with large effect sizes, suggesting, that the rear-foot become slenderer between 

4 and 6 years of age but not after. These results are slightly different from Spanish children’s 

data (Delgado-Abellán et al., 2014) who had normalized (to foot length) rear-foot width of 

23.35% and 22.9% in the 6 and 7-year-old groups respectively. In another European sample, 

Mauch et al. (2008), although did not directly report normalized rear-foot width, found more 

slender type feet in their sample between the ages of 6 and 13 years as age increased. Slender 

type feet were described as having smaller volume: smaller heel and fore-foot width and 

smaller dorsal arch height (defined as the height of the dorsum at the medial dorsal junction 

of the foot and leg). These results agree with the present findings of decreasing normalized 

rear-foot width but highlight the importance of regional foot shape analysis as the decrease 

in normalized rear-foot width stops at the age of 6 in the present thesis. Without this 

information, incorrect data could be derived from cluster analysis approaches, which could 

undermine the applicability of such datasets in clinical practice or footwear last design. As 

the heel contour of the shoe is essential in proper footwear fit, the methods used in Mauch 

et al. (2008) may lead to improper fit due to ignoring the rear-foot width results.  

Although normalized rear-foot width has also been reported in German and Brazilian 

children (Sacco et al., 2015), it was normalized to height; hence the results are not directly 

comparable.  
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Normalized mid-foot width 

The mid-foot proportional changes were the largest between 4 and 5 years of age, and 

between 6 and 7 years of age, with a 1% decrease between these age-groups. The total 

decrease in this measure was 2.9%. The statistics showed that the 3 and 4-year-old groups 

were significantly different from the 6 and 7-year-old groups, while the 5-year-old group 

was only significantly different from the 7-year-old group. These results confirm the 

continuous decrease in normalized mid-foot width from the age of 4 into the age of 7, 

indicating that the mid-foot became increasingly slender in width after the age of 4 years. 

The present normalized mid-foot width data agrees with the findings of increasing 

slenderness in Mauch et al. (2008). While this is the case, normalized mid-foot width was 

not a variable in defining the slender foot type in Mauch et al. (2008), and it is unknown if 

it was part of the original 15 measures they used.  

The decreasing mid-foot width could be explained by the changes in mid-foot structure and 

posture resulting from the increasing arch height and the “squashing” of the mid foot bones 

(cuneiforms, first three metatarsals, and the navicular) up and together. Furthermore, the 

decrease in normalized mid-foot width also suggests the reduction in “medial bulging” 

related to a decrease in pronation (Dahle et al., 1991). This suggests that normalized mid-

foot width may be an important indicator of changes in mid-foot structure and posture, 

related to the development of the MLA. This highlights the novelty and importance of the 

present dataset in providing more detailed measurements about each region and using simple 

clinical measures that represent structural and postural changes.  

Normalized fore-foot width 

The results showed that although there was a continuous decrease in normalized fore-foot 

width (0.5-0.6%), the most considerable change occurred after the age of 6 (-1.2%), with a 
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total decrease of 2.8%. This suggests that the fore-foot become increasingly slenderer, 

especially after the age of 6 years. The statistics showed that the 3 and 4-years old groups 

were significantly different from the 6 and 7-year-old groups and the 4-year-old group was 

also significantly different from the 5-year-old group. These statistics also indicate a 

continuous decrease in normalized fore-foot width across the ages; hence increasing 

slenderness.  

The present findings on normalized fore-foot width are consistent with those of German 

children (Muller et al., 2012). Their results showed that fore-foot width to length ratio 

decreased by a total of 0.03 arbitrary units (3%) until the age of seven, which corresponds 

to the current study results. The normalized fore-foot width values in each age-group also 

corresponded with the current data: 41%, 40%, 39%, 39% and 38%, although approximately 

1% higher across all age-groups suggesting a slightly less slender fore-foot shape among the 

German sample. The present results are also consistent with those of Mauch et al. (2008), 

who showed increasing slenderness with increasing age, using cluster analysis that included 

normalized fore-foot width. 

In contrast, Japanese children (Kouchi, 1998) have been shown to have higher normalized 

fore-foot width values and hence less slender feet (defined as foot index: 41.85%, 41.65%, 

41.6%, 40.85%, 40.25%). Although there was a decrease in their normalized fore-foot width, 

the total change was less than 1.6%. This indicates that the Japanese children’s fore-foot did 

not become as slender as those in the present thesis or in Muller et al. (2012) study. These 

results suggest that Japanese children have wider fore-foot in absolute terms and have more 

robust feet. Similarly, although Spanish children (Delgado-Abellán et al., 2014) have been 

reported to have similar slenderness (normalized fore-foot width: 38.9%) to those in the 
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current thesis at the age of 6, their fore-foot did not become as slender into the age of 7 years 

(38.35%).  

4.4.3.2. Differences in the development of width proportions among foot 

regions 

The results indicated that all regions become increasingly slender, most noticeably between 

the ages of 4 and 6 years, although normalized rear-foot width decreases much less compared 

to the other two regions. This difference in magnitude of change is probably due to the 

development in the posture and structure of the mid- and fore-foot. This development is 

related to the increasing MLA height and reducing pronation indicated by a reduction in 

“medial bulging”, which can be quantified by normalized mid-foot width (Menz, 1998, 

Halabchi et al., 2013, Dahle et al., 1991).  

The current results also confirm the findings of existing literature on the slenderness of the 

foot and add novel and crucial regional information. Consequently, the findings suggest 

differences in proportional development among the three foot regions due to changes in foot 

structure and posture, providing new information on children's foot shape development for 

clinicians. As the three regions’ width proportions develop differently due to changes in 

structure and posture, clinicians may use these measures for the purpose of quick and simple 

assessment of the paediatric foot. Because the current sample only included healthy feet, the 

mean and the one or two standard deviation range around the mean may serve as a general 

guide to for clinicians to assess paediatric foot posture. This new data could also contribute 

to better footwear last design and fit in children, as along with a piece of general information 

that the foot becomes slender, this dataset also offers information on how with increasing 

size, the proportion of each foot region change. The novel normalized width data in the 

present study suggests that with increasing size (for sizes between the ages of 4 and 7 years: 
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169-198mm foot length) children’s footwear should become slenderer in the mid- and fore-

foot up to the age of 7 but only up to the age of 6 years in the rear-foot, to accommodate the 

changing structure and posture of the paediatric foot. 

4.4.3.3. Age-group differences in the height proportion of foot regions 

Normalized rear-foot height 

Based on this study's results, normalized rear-foot height did not change (no significant 

differences between age groups), hence its proportion to foot length (~30%) remained the 

same throughout the age-groups.  

Normalized mid-foot height 

On the other hand, normalised mid-foot height showed a decreasing pattern, with the most 

extensive and statistically significant change (-1.17%) between 5 and 6 years of age. The 

pattern of statistically significant changes (between the ages of 3-6, 3-7, 4-6, 4-7, 5-6, 5-7) 

indicated that the mid-foot become relatively flatter as age increased, especially between 5 

and 6 years of age. 

Normalized fore-foot height 

The statistical tests of the normalized fore-foot height data indicated a significant decrease 

between the ages of 4 and 7 and 5 and 7 years. Although the changes were only around 1% 

between age groups, considering the large effect sizes (0.97,0.91), this could still be 

considered anatomically significant, suggesting that the fore-foot also becomes relatively 

flatter with age, from the age of 4 onwards.  
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4.4.3.4. Differences in the development of height proportions among foot 

regions  

The mid and the fore-foot become relatively flatter between the ages of 4 and 7 years 

compared to the rear-foot, which grew in proportion with foot length. The results concerning 

the mid-foot height are in agreement with the findings of Mauch et al. (2008), who included 

dorsal-arch height in their volume\slenderness cluster, and suggested increased slenderness 

in the mid-foot. However, rear- and fore-foot height have never been reported before, and 

these findings indicate that the proportion of the rear-foot is changing differently, and it does 

not become relatively flatter. This is an important result, as if we only consider the results 

of Mauch et al. (2008), we might conclude that the whole foot becomes slender with 

increasing age, which, based on this thesis’ results is not correct. The lack of change in 

normalized rear-foot height suggests that the rear-foot grows in height in proportion with 

foot length, indicating a decrease in pronation and an increase in the height of the MLA. 

We can also infer from the current results that although mid- and fore-foot do become 

relatively flatter with age, they do so with different magnitude. The mid-foot changes are 

twice as much as those in the fore-foot between the ages of 5 and 7 years, however 

normalized mid-foot height actually increases between the ages of 4 and 5 years. This 

increase may relate to the decrease in normalized mid-foot width between the same age-

groups, indicating that mid-foot height increases faster than foot length. These changes are 

indicative of the increasing arch height and decreasing “medial bulging” as mentioned in the 

section 4.4.3.2. Similarly to the normalized width data, the normalized rear- and mid-foot 

height mean and the range of one or two standard deviations around the mean may be a 

useful characterization of the typical paediatric foot posture.  

The findings therefore indicate a change in foot shape during development, suggesting that 

the mid-foot becomes relatively flatter than the fore-foot and the rear-foot. As the mid-foot 
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area of a footwear is crucial in stability (Mauch et al., 2009), the lack of higher resolution 

data resulting from cluster analysis, might lead to inappropriate and unstable footwear. 

4.5. Summary and contributions 

While the current results are consistent with many studies to a great degree, the full trajectory 

of the development of the three regions between the 3 and 7-years of age has not been 

established using a high precision hand-held 3D scanner before. This study also confirmed 

that differences in foot shape and size development are prevalent between and within 

countries and continents, highlighting that not all differences can be accounted for by these 

factors. 

4.5.1. Growth trajectory 

This thesis indicated that each foot region becomes wider and taller at different ages and 

rates as age increases. It was shown that all three foot regions had a similar increasing width 

trajectory with age, but this growth appeared to diminish from the age of 6. The patterns also 

suggested that by the age of 6, the shape of the foot has changed. The mid-foot grew more 

in width than the heel, and the fore-foot increased in width more than both the rear- and mid-

foot. The increase in width after the age of 6 was smaller in all regions and suggested 

decreased mid-foot growth compared to the other two regions. Although rear- and fore-foot 

width measures have been reported, mid-foot width has not been reported before as 

measured in this thesis. This is novel information regarding the development of the mid-foot 

and adds to the understanding of foot shape development in children suggesting a gradual 

proximo-distal increase in the foot's width.  

The trajectories of normalized width measures suggested that all regions become 

increasingly slender after the age of 4, which confirms previous findings that the foot grows 
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more in length than in width. This process continued into the oldest group of children in the 

mid- and fore-foot, while the rear-foot grew in proportion with foot length between the two 

oldest groups. Although similar findings have been reported before, the cluster analysis 

(Mauch et al., 2009, Mauch et al., 2008) approach used to arrive at these conclusions lacks 

resolution and may provide incorrect information on foot shape. The foot may become 

slenderer in all regions up to the age of 6 years, but the current thesis also suggests that it is 

not the case in the rear-foot, which grows in proportion to foot length after this age. 

The examination of the foot regions’ height trajectories revealed a common pattern: there 

was considerable growth in height across the rear- and mid-foot between the ages of 4 and 

5-years. However, rear-foot height continued to increase in the older age-groups. Although 

the mid-foot demonstrated another increase in height between the ages of 6 and 7 years, 

considering the whole age range, it can also be concluded that the foot becomes taller at the 

rear-foot compared to the mid- and fore-foot. The normalized height results indicated a 

change in proportions in the mid- and fore-foot and no changes in the rear-foot. The mid- 

and fore-foot become relatively flatter between the ages of 4 and 7 years while the rear-foot's 

relative height remained the same throughout the age-groups.  

In summary, the normalized 2D measures indicated that the mid- and forefoot become more 

slender with age in height and in width. On the other hand, the rear-foot only becomes more 

slender in width and not in height. Furthermore a pattern was revealed where normalized 

height measures increased when normalized width measures decreased. This was most 

noticeable between the ages of 4 and 5 years. These results suggest that there is an increase 

in the height of all regions (especially the mid-foot) in proportion or faster than foot length. 

This resulted in the thinning of the foot probably due to the increasing arch height and the 

“squashing” of the mid foot bones (cuneiforms, first three metatarsals, and the navicular) up 
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and together. Interesting to note that normalized fore-foot height does not increase between 

the ages of 4 and 5 years (although it shows minimal decrease), however, the decrease in 

normalized fore-foot width is the greatest out of the three regions between the same age-

groups. This may be because the area between the first and fifth metatarsal heads stays in 

contact with the ground, while the mid-foot raises up, due to the development of the MLA. 

Furthermore, as the MLA develops and pushes the mid-foot bones up and together, this also 

pushes the metatarsals together resulting in the thinning of the forefoot.   

Such findings using a hand-held scanner, to the author’s knowledge, have not been reported 

in the literature, and they provide a detailed, higher resolution and accurate dataset on 

paediatric foot shape development. This dataset not only contributes to the understanding of 

foot development, but to clinical practice, footwear last design and research too. The 

implications for these areas will be discussed next. 

4.5.2. Contributions to clinical practice 

While the 2D anthropometric measures provided an overview of the size and shape 

development of the paediatric foot, they also provided an insight into how the structure and 

posture of children’s foot change. For this reason, the present results also have implications 

and contributions to clinical practice. Although there are parameters used by clinicians that 

aim to quantify or classify the development of the MLA or foot posture, these are mainly 

foot print measures, looking into the ratios of areas of the plantar surface in contact with 

the ground (see section 2.1.4. of the literature review). A more comprehensive foot posture 

measure, the FPI-6 has also been used, however it is somewhat subjective and requires 

experience.  
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In comparison, the normalized measures presented here are easy and simple to capture and 

calculate and based on the results they may help to characterize the development of foot 

posture and of the MLA. As these measures directly capture changes in the relative width 

and height of the foot, they are more appropriate for clinical purposes compared to 

footprint measures. Furthermore, while measuring FPI-6 requires experience, the 

normalized 2D anthropometric parameters only require the identification of landmarks and 

are objective.  Accordingly, the combination of normalized rear- and mid-foot height and 

normalized mid-and fore-foot width and their mean ±1 SD (68% of the sample) may serve 

as the definition of typical foot posture as well as shape and any children outside of the 

mean ±2 SD could be further examined. However, it is important to emphasize that it is the 

combination of these measures that should be used and not a single parameter on its own. 

This is due to the 3D multi-planar nature of the foot implying that any change in height 

proportions will also result in a certain change in width proportions. Additionally, these 

processes are not limited to one region nor can be quantified using one overarching 

parameter. Hence a combination of normalized width and height measures from different 

regions should be used.  

Further research could aim to measure these normalized parameters in different samples 

such as children with symptomatic or asymptomatic flat foot compared to healthy. Such 

investigation may give an insight into how the proportions of the paediatric foot change in 

such samples and help clinicians in diagnosis or treatment follow up.  
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4.5.3. Contributions to footwear design 

The differences in 2D measure developmental trajectories across age-groups and among foot 

regions highlight the need to use foot region specific foot shape and size data in practical 

applications. In footwear last design and fit, although foot length is an important measure, 

and is primarily used for grading, a detailed understanding of the size changes in each region 

allows for a more appropriate design and fit. Shoes that do not fit well can cause long term 

issues in the development of children’s foot and gait, and to design well-fitting shoes, the 

shape of the footwear must be very similar to that of the foot  (Mauch et al., 2008, Mauch et 

al., 2009). Therefore, the differences in shape between and within foot sizes and different 

populations should be considered, and the shoes should be designed according to the users' 

measurements. This way, the adverse effects of inadequate footwear could be reduced 

(Delgado-Abellán et al., 2014).  

Based on the results of the 2D measures in this thesis, children’s footwear should allow – 

with increasing size - for more accelerated growth in the width of the mid- and fore-foot 

compared to the rear-foot. However, when the normalized measures are considered, it is 

clear that this growth is not in proportion with foot length. Hence children’s footwear should 

be designed to change shape with increasing size and become slenderer in the mid- and fore-

foot, but not so much in the heel. As the changes in the height of foot regions also show a 

different trajectory, these should also be accounted for. As the current data shows, from the 

age of 5 years, children’s mid- and fore-foot may become relatively flatter (decreasing 

normalized height measures). This suggests that from this age (approximately 180mm foot 

length) the range of sizes should include footwear with relatively flatter mid and fore-foot, 

although this change in relative flatness is far less than the change in relative width 

(slenderness).  
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In summary, footwear grading tables for children should consider information from 

studies like this thesis. Non-linear scaling factors should be used that consider the different 

developmental trajectories of foot regions and allow for the changing proportions of the foot 

and foot regions. The grading tables currently in use do not account for the differences in 

width and height of the developing foot regions, despite the fact, that many problems with 

shoe fit are related to width because foot grading is usually based on foot length (Delgado-

Abellán et al., 2014). As the differences between height and width trajectories in the present 

study indicate, the scaling factor for height should be lower than that for the width. Another 

important consideration is that the scaling factor should not be constant across sizes and foot 

regions, as both width and height measures have different trajectories in different foot 

regions. As it has already been argued, precise foot width or 3D analysis of foot shape can 

help alleviate fitting issues (Witana et al., 2004); therefore, the present thesis results are an 

essential first step towards a better fitting design and manufacturing of footwear.  
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4.5.4. Contributions to research 

The current results and the comparison to the literature also highlighted differences in foot 

shape among ethnic groups, countries and even between regions within a country. Although 

some of the discrepancies could be explained by ethnic (Jurca et al., 2019, Kouchi, 1998) or 

socio-cultural variations (Sacco et al., 2015), the differences in the methods used is also a 

significant factor. All of the studies that measured the whole age range of this thesis used 

manual methods: foot-prints, tape measure or scribe, and the definition of the measures were 

also conflicting (e.g., rear-foot width and mid-foot height measured at different locations). 

Although these manual methods showed good reliability, they are often under- or 

overestimated the foot section's actual size due to the equipment used or the measurement's 

location. As 3D scanning is becoming mainstream and more accessible, its use can provide 

accurate and reliable measurement at the correct measurement locations. Another advantage 

of 3D scanning is flexibility: the foot model is saved and can be measured again using 

different measurement definitions and\or algorithms. This would allow for more 

opportunities to compare with other research in the future. As 3D scanning is becoming more 

used, large scale studies in children must use this technology for a more accurate and flexible 

dataset. Future studies, like the current one, can also create normative datasets for age-groups 

or foot sizes providing critical information for clinicians and footwear last designers.  
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4.6. Limitations 

The first limitation of the study is the small sample size. The a prioiri sample size calculation 

estimated a sample of 20, 35 and 90 needed to correctly reject the null hypothesis in the 

ANOVA\Kruskal-Wallis tests for foot length, fore-foot width and normalized fore-foot 

width respectively with a power of 0.95. Although the actual total sample size was well over 

any of these, the stratification of the age-groups was uneven: 12, 38, 35, 41 and 23 per age-

group with increasing age. The estimated samples size to correctly reject the null hypothesis 

between two subsequent age groups were 14 for foot length (0.97cm mean difference), 36 

for fore-foot width (0.25cm mean difference) and 51 for normalized fore-foot width (1% 

mean difference). Therefore, post-hoc tests for the age-group pairs of the 3 and 4; or the 6 

and 7-year-old groups were underpowered for most measures. However, tests between non-

subsequent age-groups were only underpowered for the 3-year-old group for absolute and 

normalized measures except for foot length. A further limitation due to the convenience 

sampling method is the uneven number of boys and girls in the sample, as there were more 

than twice as many girls as boys. It has been reported that boys have larger foot measures 

(Delgado-Abellán et al., 2014) in the older age groups of the age range examined; however, 

due to the limited sample size, no sex comparisons were performed.  

While the validity of the methods was not assessed, similarly to the pilot study, the 2D 

measures mostly agreed with data in the literature with certain discrepancies, indicating good 

validity. The discrepancies could be explained by differences in the sample (ethnicity, 

weight, BMI, or girls-boys’ proportions in age-groups) or differences in the measurement 

techniques used (e.g., calliper vs 3D scanning, or differences in the measurement location). 

It is also important to note that the validity of the 2D anthropometric measures was not 
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affected by using a Perspex platform as the part of the foot where these measures were taken 

was scanned from above the platform. 

The study's cross-sectional nature is also a limitation, as this type of data collection is a 

“snapshot” of the age-group and does not follow individual changes throughout the 

development. This type of study cannot examine change over time; it can only examine 

changes between participants of different ages at the same point in time and provide 

information on age differences. While this is useful data, it cannot describe individual 

developmental trajectories or cause-and-effect relationships.  

4.7. Conclusions 

This study aimed to offer an understanding of 2D anthropometric foot development between 

the ages of 3 and 7 years, and to provide a contemporary dataset of 2D anthropometric 

paediatric foot measures using the Artec Eva hand-held 3D scanner, and the methods 

established in the pilot studies. It was found that the three regions of the foot have different 

developmental trajectories. Rear-foot grows faster in height and in proportion with foot 

length than the other regions, which become relatively flatter with age, while the mid- and 

fore-foot grow faster in width, although they become slenderer (relatively less wide) than 

the rear-foot. The differences between age-groups were more apparent after the age of 4 

years, but width growth diminished at the age of 6, while the mid- and fore-foot continued 

to become slenderer until the age of 7. The most considerable differences in height were 

between the ages of 4 and 5 years, while the mid- and fore-foot continued to become 

relatively flatter until the age of 7 years.  

Despite the explained limitations, the presented results and discussion imply that foot shape 

changes during development should not be described and generalized based on a few 

selected measures. Instead, using the width, height, and normalized counterparts of all three 
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regions should be considered. More importantly, the results suggested a change in foot 

posture and the development of the MLA, making these parameters useful in clinical practice 

for supporting diagnosis or treatment follow up. More specifically, the use of a combination 

of typical normalized values (mean ±1 or 2 SD) may be insightful in assessing paediatric 

foot posture and the MLA. Furthermore, there are implications in footwear last design, as 

considering the 2D sizes of all three sections will provide a more accurate fit for all sizes. 

Although there have been studies (Mauch et al., 2008, Mauch et al., 2009) that used the sizes 

of different regions in their foot shape classification, the measures were not considered 

separately or compared to one another but used in a cluster analysis to create classes of foot 

shape such as robust. This approach oversimplifies the shape development of the foot and 

only provides generalized information. Although these studies intended to provide 

information for footwear last design, because – as the present data demonstrated – foot 

regions have different developmental trajectories, their data may be misleading. They may 

result in the production of ill-fitting shoes and incorrect theory of foot development. In 

contrast to the existing literature, this thesis provided, for the first time, novel, and detailed 

information about the developmental trajectory of three foot regions using 2D 

anthropometric foot measures and a hand-held 3D scanner between the ages of 3 and 7 years.  

Although this 2D dataset provides unique and novel information on children’s foot growth, 

it cannot characterize the 3D morphology of the foot surface such as convexity versus 

concavity or flatness versus curvedness. As an example, this dataset provided age-group 

information on rear-foot width or rear-foot height, but this type of data cannot describe or 

quantify the age group differences in concavity in the area under the lateral malleolus, which 

could be crucial in foot posture assessment in children. The 3D shape of the foot surface 

could also be important in other areas such as the MLA. This structure is traditionally 
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measured using height or footprint variables that do not consider the foot's complexity and 

multi-planar nature (Gill et al., 2016, Uden et al., 2017). These examples highlight the 

importance of 3D measures in foot shape analysis alongside 2D measures. For these reasons, 

although the presented dataset provided novel and useful information, further 3D shape 

analysis was undertaken to characterize differences between age groups and the results will 

be presented and discussed in the next chapter. 
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Chapter 5 

5. The 3D surface morphology of the paediatric foot 

The previous chapter investigated the differences in 2D anthropometric measures and 

proportions of foot regions among age-groups between the ages of 3 and 7 years. Although 

they provided a detailed description of age-group differences in each foot region's size and 

proportion, they cannot fully describe the complex changes occurring on the multi-

dimensional foot surface. Similarly, the 2D data in this thesis provides novel information 

which could inform last design of children’s footwear and underpin the theory of foot 

development; however it is limited in resolution and does not consider 3D shape changes of 

the foot surface. This is especially true considering the development of the MLA. As 

discussed in the literature review (section 2.1.4.2.) the development of the MLA is one of 

the most debated characteristics of the paediatric foot. A range of 2D measures (such as 

navicular height or footprint measures) exist attempting to quantify the changes taking place 

in this multiplanar structure, however, these are indirect and consider the height of the 

navicular tuberosity or the area\width of foot regions touching the ground. Although these 

measures can estimate the MLA's height, they are indirect and do not capture the 2D\3D 

changes taking place within the MLA or on its surface. For this reason, they are limited in 

what they can tell us about the multi-planar changes in this structure (Banwell et al., 2018), 

such as the convexity or curvedness of the foot surface (Varga et al., 2020). 
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To date, literature has investigated the foot in higher resolution in adults (Price and Nester, 

2016) and in 3D in children (Chang et al., 2014b, Chang et al., 2012). Although the measures 

used in these studies provided more information than traditional 2D measures, they did not 

intend to describe the differences in the 3D morphology of the foot surface. More 

sophisticated 3D foot scan analysis in adults has been carried out using geometric 

morphometrics (Stanković et al., 2018). Despite the rich resolution of data available from 

3D scanning, this study also resulted in a 2D and relatively subjective description (width, 

length, and height) of foot shape variations. As discussed in the literature review (section 

2.2.8.1.), and the pilot study (section 3.7), to allow for a higher resolution and 3D analysis 

of foot surface morphology, 3D shape descriptors (Koenderink and van Doorn, 1992) can be 

used (see section 2.2.8.1. for details). These measures can capture the shape of the foot 

surface at every point of the foot scan, providing a high resolution approach. Although these 

are used in other research areas such as brain imaging analysis or face recognition (Calignano 

and Vezzetti, 2011, Vezzetti and Marcolin, 2012), as discussed in the literature review 

(section 2.3.4.2.) the only study that has applied this method to feet was carried out in adults. 

This study aimed to locate anatomical landmarks (Liu et al., 2004) and highlighted how the 

3D shape descriptors employed can describe the 3D shape of the foot surface. 

A pilot study (chapter 3.) was carried out investigating if 3D shape descriptors can 

be used to identify and locate changes in foot surface morphology during development in 

childhood. This study described the 3D shape of children’s feet in three age groups, two, 

five and seven years of age. The study confirmed that curvedness and shape-index are useful 

variables when examining foot shape development in children. Using descriptive methods, 

these variables could identify and locate changes between age groups, confirming existing 

knowledge (foot becoming slenderer as age increases) and providing novel information (e.g. 
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concavity of the MLA). Based on this pilot study and the literature, using 3D shape 

descriptors, the following phase of work has investigated the differences in 3D foot surface 

morphology between age-groups of 3, 4, 5, 6 and 7 years. This work adopted statistical 

parametric mapping (SPM) which provides a framework in which the 3D surface 

morphology data of the whole foot can be analysed at a vertex level, giving rise to the 

topological assessment of the foot, identifying, and locating key areas of development. The 

next section will introduce this method to provide an understanding. 
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5.1. Introduction to statistical parametric mapping 

In phase (b) of the pilot study (section 3.7.) 3D shape descriptor heat maps were used to 

compare age groups and describe foot surface morphology changes across development. 

However, comparisons of 3D shape descriptors between groups were based on individual 

foot data, which is not representative of the whole age-group. A further limitation of this 

approach was that it was also based on data from different surfaces of the foot separately 

(such as dorsal, medial, and plantar).  

SPM was developed for brain imaging research (Worsley et al., 1992, Worsley et al., 1996, 

Friston, 1997, Friston et al., 1991). This approach has more recently been applied to 

pedobarographic research (Pataky and Goulermas, 2008). SPM as an alternative to regional 

masking of the foot (in the case of this thesis creating surfaces), allows the localization of 

differences in foot pressure data (Pataky and Goulermas, 2008, Pataky et al., 2008) at a pixel 

(the smallest unit of an image derived from pressure platforms equal to one pressure sensor) 

level. Statistical maps represent images of changes in significance rather than changes in 

magnitude, allowing comparison of regions or pixels based on relative significance (Friston 

et al., 1991). An alternative way to describe it is that for a given level of significance, they 

are designed to localize change (Friston et al., 1991). In a statistical parametric map, the 

value in a pixel, for example in a pressure map image, expresses the evidence against the 

null hypothesis that there is no change in that pixel induced by the experiment (hence the 

values are distributed according to a probability density function such as the Student’s T or 

F distributions). SPM is also appropriate for 3D shape data because there is constant intra-

subject geometry, varying inter-subject geometry, arbitrary postures, and pixel (vertex) 

intensity changes. Moreover, these intensity changes represent organ function; in this case, 

morphological organ development (Pataky and Goulermas, 2008). The formation of such 
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maps comprises three steps (Friston, 1997). Here, these are described with relevance to brain 

imaging, and the appropriate steps will be described in the Methods section (section 5.3.) 

with relation to 3D foot scans. 

1. Spatial transformations: 

Spatial transformation reduces the variance components of the voxel time-series 

that are unwanted: (1) Realignment is performed to account for head movement 

during imaging, (2) spatial normalization to register the mean of the realigned 

images to a standard template or to register different subjects and (3) smoothing 

to compensate for variations in gyri. These transformations will reduce the 

chances that data from a particular voxel derive from other parts of the brain. 

2. Construction of an SPM:  

A design matrix is used to include the experimental design and a model to test 

effects or changes. The design matrix is based on the general linear model, consists 

of effects of interest, confounds of no interest and an error term. This model 

expresses the observations as a linear combination of expected components and 

residual error. The estimated contributions are called parameter estimates. The 

differences amongst these parameter estimates are used to establish regionally 

specific effects in the brain. These are specified using linear contrasts. For each 

voxel and each contrast, a t statistic is computed to create an SPMt, and under the 

null hypothesis, they have a Student’s t distribution. The significance of each 

contrast in each voxel is then assessed. 
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3. Statistical inferences:  

Inferences are made using conventional parametric statistics, which then provide 

the p-value. Due to the multiple non-independent multiple comparisons, 

protection against family-wise false-positives is needed. This is achieved using 

the Gaussian random fields theory (Friston, 1997, Worsley et al., 1996), 

equivalent to Bonferroni correction for independent data.  

The principles of SPM can be applied to 3D data, as shown by Wang et al. (2012), who 

applied these methods to identify lateral and medial sesamoid bone shape differences 

between two groups of horses: fractures and controls. Using MATLAB 7.1 (Mathworks Inc., 

Natick, MA) and Insight Segmentation and Registration Toolkit (ITK; http://www.itk.org) 

the authors created a surface mesh (a surface mesh consists of triangles, where a vertex 

(plural: vertices) is a point in a triangle) from the computerised tomography (CT) of the 

sesamoid bones from both groups. This surface mesh is similar to that created by a 3D 

scanner. The sesamoid bone surfaces were aligned (one specimen’s bone overlapping 

another) to ensure vertices' correspondence across specimens. This ensured that 

anatomically identical areas of the bones are optimally overlapped. Average sesamoid bone 

surfaces for each group were calculated by averaging the 3D locations of overlapping 

vertices in all samples. Statistically significant differences between groups were calculated 

from the Euclidean distances between overlapping vertices. This technique then produced a 

distance map, pinpointing statistically significant differences in the distance between 

vertices (one value of distance for each vertex in the map). A Hoteling’s T2 test (multivariate 

t-test at each vertex) was then able to distinguish the statistically significant differences 

between vertices.  
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This research revealed morphological differences that were not identified by traditional 

linear measurements and allowed them to pinpoint the precise location where significant 

differences in shape occurred. This method also helped them determine where the 

differences were in terms of the linear measurements, as linear parameters only give one 

value, e.g. for a circumference measure. In contrast, SPM can localize where the difference 

is along the path of the measurement. This method provided a more robust statistical 

approach reflecting the entire surface of the bone.   

In summary, SPM was first used in brain imaging analysis to identify areas of the brain 

where significant effects occurred; however, it can and has been used in other research areas 

such as plantar pressure analysis. SPM can identify and locate pixels in plantar pressure 

images where significant differences are, for example, between two groups of participants. 

Furthermore, due to the intrinsic nature of 3D foot scans, SPM can also be applied to this 

type of data giving rise to high-resolution topological analysis of 3D foot shape. 
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5.2. Aims 

This chapter  aims to advance the understanding of 3D foot surface morphology development 

between the ages of 3 and 7 years and identify 2D measures that may predict the identified 

developmental changes. 

Objective 1: Determine and locate differences in 3D foot surface morphology between 

the ages of 3 and 7 years. 

Research questions 

• What is the average 3D foot surface morphology in each age-group based on 

curvedness and shape-index? 

• What are the differences between age-groups in curvedness, and how do these relate 

to differences in foot posture and underlying structure? 

• What are the differences between age-groups in shape-index, and how do these relate 

to differences in foot posture and underlying structure? 

Objective 2: Determine 2D predictors of 3D surface morphology changes across age-

groups  

Research question 

• What are the best predictors of the identified 3D foot surface morphology 

differences?  
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5.3. Methods 

This chapter of the thesis utilized the same 3D scans from the same participants as the 

previous chapter; hence the participants, data capture and part of the scan post-processing 

were identical to these in Chapter 4. Therefore, only the post-processing that differed from 

the previous chapter will be described. 

5.3.1. Post-processing of scans 

A 3D model was created from each foot scan to calculate 3D shape descriptors (Figure 35.). 

This procedure followed the same process as in the pilot study (see section 3.2.5.), up to the 

point of small object filter and hole filling. After this, the following steps were taken: 

1. Isotropic remeshing was performed using a resolution of 1.5 to reduce the 

number of vertices by approximately half the original numbers. This was 

necessary to limit file sizes and avoid memory overload in MATLAB processing 

and statistics.  

2. Smoothing was performed with a factor of one to remove skin artefacts 

(creases or folds of the skin) that would affect 3D shape descriptor calculations. 

This factor was identified arbitrarily by the researcher. 

3. Coordinate system alignment: The Brannock axis was aligned with the x-

axis of the software, the y-axis was aligned with the mediolateral direction, while 

the z-axis represented the vertical direction. The origin of the coordinate system 

was at the most posterior point of the heel. 

4. These models were exported into MATLAB as .stl files. 
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Figure 35.: Post-processing steps in Artec Studio 12. 
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5.3.2. Calculating 3D shape descriptors 

The 3D shape descriptors (shape-index and curvedness) and their calculations were identical 

to the ones used in the pilot study (section 3.3.6.) to have curvedness and shape-index for 

each point on each foot  

5.3.3. 3D registration of foot scans 

As mentioned in the introduction to statistical parametric mapping section (section 5.1.), the 

first step in SPM is the spatial transformation to align the data of different subjects, so that 

anatomically corresponding vertices optimally overlap. In brain imaging studies, this is 

performed using a template brain image; however, such a template does not exist for 3D foot 

scans. For this reason, a template from within the sample was chosen. Because such template 

choice has never been undertaken in this research area, a method used in pedobarographic 

research was adopted (Pataky et al., 2011). As a preliminary template, the foot scan with 

foot length and width closest to the whole dataset's mean foot length and width was chosen 

as described in Pataky et al. (2011). All foot scans from 148 participants were then scaled to 

the preliminary template's size in all three dimensions. Following the scaling, a rigid six 

parameters (translation and rotation) registration was performed using a MATLAB built-in 

function specifically for point clouds based on an iterative closest point method. This 

function calculates the root mean squared error after each iteration of registration. The rigid 

registration allowed the spatial alignment of scaled foot scans without changing their shape 

or the number of points in the point-clouds.  

After all 148 scans were registered, the mean of all point clouds was calculated. This was 

performed by finding the corresponding points (nearest neighbours using a built-function of 

MATLAB) to each point in the template in each foot scan, calculating the average 3D 

coordinates and using these creating a new mean point cloud. All registered foot scans were 
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then re-registered (rigid six parameter registration) to this mean point cloud. Finally, 

corresponding points were found using the nearest neighbour method via MATLAB's built-

function. Having corresponding points allowed the calculation of the mean of 3D shape 

descriptors and statistical analysis.  

5.3.4. Statistical analysis 

The methods described in the previous section allowed the calculation of mean 3D shape 

descriptor maps for each age group. These maps help to describe age group characteristics 

in terms of the 3D surface shape. When considering curvedness, the maps were divided into 

low curvedness (0-~0.0069) areas marked by blue, medium curvedness (~0.007-~0.0129) 

areas marked by green and high curvedness (~0.013-∞) areas marked by red (highest 

curvedness is orange) for interpretation. This classification was arbitrary and based on a 

qualitative assessment of the heat maps to identify areas of differing curvedness. Flat areas: 

areas where the surface is slightly curved possibly due to adipose tissue or shallow valleys 

around landmarks; and areas of higher curvedness possibly marking other soft tissue or 

anatomical landmarks and more profound valleys around anatomical landmarks. Although 

many of the curved areas are protruding (convex), there are areas where the curvedness 

marks indentations or valleys (concave areas). This difference can be investigated using the 

shape-index mean maps. Shape-index maps show seven different shapes (see Figure 1 in 

section 2.2.8.1.), (a) concave shapes (indentations) such as a cup, trough, rut, saddle and (b) 

convex (anatomical landmarks that protrude.) shapes such as a ridge, dome and cap 

(Koenderink and van Doorn, 1992). Although Koenderink and van Doorn (1992) defined 

nine shapes, this was reduced to seven for more straightforward interpretation, leaving out 

the two different saddle shapes, concave and convex. 
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5.3.4.1. Non-parametric SPM1D ANOVA 

The MATLAB toolbox spm1d (http: //www.spm1d.org) used to perform the SPM on the 

present type of data is restricted to non-parametric statistics; hence, the assumption of normal 

distribution did not have to be met. A one-way ANOVA test (the non-parametric SPM1D 

test for comparing multiple groups) was completed in a pointwise manner to assess if there 

are differences between the age groups in terms of curvedness and shape-index using the 

SPM1D software in MATLAB (MATLAB, 2020. 9.9.0.1538559 (R2020b), Natick, 

Massachusetts: The MathWorks Inc.). Although mean shape-index heat maps identified 

seven different shapes, for statistical purposes, shape-index will be considered as a 

continuous variable. This will help in interpreting the result and to identify areas that change 

shape to become more concave or convex. The alpha level was set to 0.05 with an iteration 

of 1000. The ANOVA tests yielded F distributions for the foot, and since F is both parametric 

and point-specific, it is called a ‘statistical parametric map’ (Penny et al., 2011). The 

resulting SPMs were projected back onto the template foot scan point-cloud, each point 

having an F value. In the visual representation of the ANOVA SPMs (heat maps), the value 

of F was marked by a range of grey colours. As the points change from dark to light grey 

(increasing F values), the differences among the groups grow larger and red clusters indicate 

significantly different (p< 0.05) areas. The threshold in non-parametric SPM1D is calculated 

using a non-parametric inference, namely the multiple comparison (due to the multiple 

points in the foot scan) permutation test (Nichols and Holmes, 2002), which rather than using 

a normal distribution, it uses the data to find the distribution of the statistic under the null 

hypothesis. 

Post-hoc independent non-parametric SPM1D t-tests were performed to establish the 

differences between each age-group, with Bonferroni correction for ten tests; hence the 

corrected alpha level for each independent t-test was 0.005. These tests yielded a t-
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distribution (t-map) for each pair of groups mapped onto the foot surface. The same non-

parametric multiple comparison permutation test is used for the calculation of the t-threshold 

as in the case of the ANOVA. However, because this approach is very conservative (due to 

the Bonferroni correction), the t-maps, t values represented by colours, were also considered 

when describing the differences between age-groups (Phethean et al., 2014). As each point's 

colour on the foot surface is now defined by the t-value, the colours can help locate 

differences (albeit not necessarily significant) in the 3D shape descriptors on the foot. This 

approach has been used in Phethean et al. (2014) when interpreting regression between age 

and plantar pressure in a cross-sectional study of children aged 4 to 7 years. The colour bar 

on these figures will be set from the negative to the positive t-threshold, allowing the 

directional analysis of the 3D shape descriptors' differences. Larger positive or larger 

negative t values suggest more considerable differences in the 3D shape descriptors in either 

direction, while t values closer to zero represent small differences. Dark to light blue colours 

indicate a decrease in the 3D shape descriptor from the younger to the older age-group, while 

dark red through orange to yellow colours suggest an increase. As the colours become 

lighter, the differences between the groups grow larger, white areas mark significantly 

different, so-called supra-threshold clusters at an alpha level of 0.005 (after Bonferroni 

correction). The presented post-hoc comparison figures will contain all post-hoc pairwise 

comparisons: columns will be the younger age-groups and rows will be the older groups, to 

which the younger groups are compared using the independent t-tests.  

5.3.4.2. Non-parametric SPM1D Regression  

Similarly, to the ANOVA and T-tests, the non-parametric simple linear regression was also 

performed in a pointwise manner resulting in a linear correlation (r) coefficient distribution 

for the foot. This r distribution was then transformed into a t-distribution using the identity:  
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Equation 2.: Equation for transforming the r distribution into t distribution. 

𝑡 = 𝑟(𝑛 − 2)0.5 (1 − 𝑟2)−0.5 

where n is the number of subjects and t has the Student’s t distribution with (n - 2) degrees 

of freedom. This t distribution is then used the same way as in the independent t-tests to 

identify suprathreshold points using the non-parametric multiple comparison permutation 

test. However, the interpretation of the colours is different. Negative values (blue regions) 

represent negative correlation of the 3D shape descriptor with the independent variable (age 

or 2D measure), and positive values (red, orange, and yellow) represent positive correlations. 

The lighter the colour, the stronger the correlation. Significantly correlated (supra-threshold) 

clusters (p<0.05) are represented by white colour.  

The simple linear regressions were performed to establish whether age or any normalized 

2D linear measures predict the 3D shape differences identified by the T-tests. Only 

normalized measures were used, as absolute measures do not consider foot length; hence 

their practical application would be limited. Age and each normalized 2D measure were 

regressed separately with both 3D shape descriptors as no multiple regression options were 

available in the spm1d software. Although age and all normalized 2D measures were 

regressed with the 3D shape descriptors (see Appendix 4.), only the ones with strong 

predictive power for the particular areas were selected for presentation. These were chosen 

based on the t values (calculated from the r values) in the areas of 3D shape differences 

identified using the T tests. Higher absolute t values (lighter blue and lighter red vertices) in 

the identified areas indicated stronger correlation, hence stronger predictive power. 

Furthermore, age as a possible predictor of 3D shape differences was compared to the 

selected normalized 2D measures. The age regression heat map was presented if (1) there 

were normalized 2D measures that had strong predictive power, for comparison purposes or 
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if (2) age was the only strong predictor of that particular 3D shape difference. If neither age 

nor any normalized 2D measures were strong predictors, no heat maps were presented. This 

section of the results will be organized based on the 3D shape differences identified in the 

T-tests. Each figure will present the selected regression heat maps with strong predictive 

power for the identified 3D shape difference.  

The results of the 3D shape analysis will be presented the following way. First the results of 

age-group comparisons will be shown in three main sections: (1) analysis of the dorsolateral 

aspect, (2) the medial aspect and (3) the plantar aspect. Within these sections, curvedness 

and shape-index will be investigated separately regarding the research questions in the 

following order: (a) what is the average 3D shape of that surface in each age-group? (mean 

age-group heat-maps of curvedness and shape-index) and (b) what are the differences 

between age-groups on that surface (SPM1D ANOVA, SPM1D independent t-tests). These 

results will then be discussed and areas of 3D foot surface morphology differences between 

age-groups will be highlighted for further investigation using simple linear regression to 

identify predictors (age and normalized 2D measures) of these differences. 

The results of simple linear regressions will then be presented as described in the methods 

section (section 5.3.4.2.) based on the 3D shape differences identified in the previous three 

sections. This will be followed by a discussion of the regression results, and finally, a 

summary and contributions section will close this chapter. 
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5.4. Results: The 3D surface morphology development of the 

paediatric foot 

5.4.1. The 3D surface morphology development of the dorsolateral aspect 

5.4.1.1. Age-group average 3D surface morphology of the dorsolateral aspect 

Curvedness 

Mean curvedness heat-maps for the dorsolateral aspect are shown in Figure 36., and the 

below description refers to this Figure throughout. The mean heat-maps of the age-groups 

look similar with the highest curvedness around the lateral border of the foot and the toes. 

Other areas of high curvedness can be found on the lateral malleolus (LM); inferior and 

anterior to the LM; and the instep. Low curvedness areas are visible on the anterior surface 

of the dorsum over the metatarsals and above the lateral edge of the rear- and mid-foot.  

As age increases, the area of the LM marked by high curvedness reduces, and there is a 

decrease of high curvedness into medium curvedness inferior to the LM by the age of 5. A 

reduction in curvedness is apparent at the instep (reduction in orange and red areas) 

throughout the age-groups, and there is an increase in low curvedness on the posterior part 

of the dorsum (increasing blue areas).  
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Figure 36.: Mean curvedness maps for each age-group, dorsolateral view: A: 3-year-old mean, B: 

4-year-old mean, C: 5-year-old mean, D: 6-year-old mean and E: 7-year-old mean curvedness map.  

Shape-index 

The mean shape-index heat maps of each age-group's dorsolateral aspect are shown in Figure 

37. and will be referred to throughout. High convexity areas (dome: orange regions) can be 

found at the distal end of the toes, the lateral heel and the LM, which are also high curvedness 

areas. Areas of convexity (rut and trough: blue and cyan regions) are found around the LM, 

the lateral part of the instep and between the toes. Saddle-shaped areas (black regions) are 

found around the concave regions and on the dorsum's lateral side.  

The differences between age-groups are less apparent compared to the curvedness results. 

The only area of trough shape (the most concave area on this surface) appears on the lateral 
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side of the Achilles-tendon posterior to the LM at the age of 4. There is also an area on the 

lateral side of the posterior dorsum (marked by an ellipse) that changes from saddle shape 

(black) in the 3-year-old group to ridge shape (yellow) in the 4, 5 and 6-year-old group and 

finally to dome shape (orange) in the 7-year-old group. 

Figure 37.: Mean shape-index maps for each age-group, dorsolateral view: A: 3-year-old mean, B: 

4-year-old mean, C: 5-year-old mean, D: 6-year-old mean and E: 7-year-old mean shape-index 

map. 
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5.4.1.2. Age-group differences in 3D surface morphology of the dorsolateral 

aspect 

Curvedness 

This paragraph will describe the results of the SPM1D ANOVA of curvedness among the 

five age-groups on the dorsolateral aspect, referring to Figure 38. The two clusters marking 

significant differences among age-groups (red regions) on the F statistics heat-map are 

superior to the lateral malleolus and on the instep. Although the number and size of 

significant clusters are limited, the F statistics can help identify tendencies of curvedness 

differences. The F values increase as the points' colour becomes lighter, indicating more 

considerable (although not significant) differences among groups. The main areas of higher 

F values are found (1) inferior, superior and anterior to the LM, (2) on the instep, (3) in 

smaller clusters spread out on the dorsum and finally (4) on the lateral side of the dorsum. 

 

Figure 38.: SPM1D ANOVA test results of curvedness among age-groups from the dorsolateral view. 

The colour bar represents the F statistics, with the threshold marked by red. Red points mark 

significant (at the alpha=0.05 level) differences among age-groups. Dark to light grey colours 

indicate increasing F statistics, hence increasing differences among groups. The direction of change 

is not specified. 
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The post-hoc comparisons in Table 44. are consistent with the descriptive and ANOVA 

results and mostly indicate decreasing curvedness (light blue areas) as age increases. The 

following paragraphs refer to Table 44.  

When the 3-year-old group was compared to the 4-year-old group, very few light blue and 

red areas are visible, suggesting that there were no considerable differences between these 

age-groups in curvedness on the dorsolateral aspect. As the 3-year-old group was compared 

to older age-groups, light blue areas appeared marking a decrease in curvedness in the 

following areas. (1) around the LM, (2) the instep and (3) the lateral side of the dorsum; 

when compared to the 6 and 7-year-old groups, there were additional clusters of decreasing 

curvedness on the dorsum.  

Most of the larger t values (lighter blue areas); hence differences between subsequent age-

groups were found between the ages of 4 and 5. These all indicated decreasing curvedness 

as age increased and occurred in the following areas (1) around the LM, (2) on the instep, 

(3) on the lateral part of the dorsum and (4) on the lateral border of the foot. When the 4-

year-old group was compared to the 6 and 7-year-old groups, the areas of reducing 

curvedness (light blue regions) increased to include a large part of the dorsum.  

There were light blue areas on the dorsum between the ages of 5 and 6, indicating a 

decreasing curvedness. When the 5-year-old group was compared to the 7-year-old group, 

there was no clear pattern to the differences.  

Between the ages of 6 and 7 separated small clusters of red areas were present, marking an 

increase in curvedness on the dorsum's lateral and posterior parts.  
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Table 44.: Post-hoc SPM1D two-tailed independent t-test results of curvedness projected onto heatmaps. The colour bars represent the t statistics, with the t 

threshold at each end. White points mark significant differences between age-groups. Dark to light blue colours indicates decreasing curvedness, while red, 

orange, and yellow colours indicate increasing curvedness from the younger to the older age-groups. 

 3-year-old group 4-year-old group 5-year-old group 6-year-old group 
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group 
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7-year-old 
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Shape-index 

The ANOVA results for shape-index of the dorsolateral aspect are reported in Figure 39. 

This heat map indicates no large clusters of significant differences among age-groups. As 

before, to identify qualitative trends, the F-values were considered. Light grey areas marking 

non-significant differences are situated (1) on and around the lateral malleolus, (2) on the 

instep and (3) the anterior and postero-lateral dorsal aspect and (4) on the metatarsal heads. 

As the ANOVA cannot indicate the direction of differences, the post-hoc t-tests will be 

considered now. 

 

Figure 39.: SPM1D ANOVA test results of shape-index among age-groups from the dorsolateral 

view. The colour bar represents the F statistics, with the threshold marked by red. Red points mark 

significant (at the alpha=0.05 level) differences among age-groups. Dark to light grey colours 

indicate increasing F statistics, hence increasing differences among groups. The direction of 

differences is not specified. 

The post-hoc comparisons in Table 45. are consistent with the descriptive and ANOVA 

results in Figure 39. and indicate various differences in shape-index between age-groups. 

The following paragraphs refer to Table 45. The most considerable differences between 

subsequent age-groups occur between the ages of 4 and 5, and 6 and 7 years.  
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The comparison of the two youngest age-groups suggests that the shape-index of the 

dorsolateral aspect did not change considerably (no light blue and red areas are visible). As 

the youngest group is compared to the older age-groups, differences appear. Between the 

ages of 3 and 6 and 3 and 7 (1) the lateral malleolus and the lateral side of the posterior 

dorsum become more convex, while the (2) dorsum of the metatarsal heads become more 

concave.  

Between the ages of 4 and 5, the areas that become more concave are under the lateral 

malleolus, and on the anterior dorsum. Areas that become more convex between these two 

age-groups are found (1) anterior to and on the lateral malleolus, (2) on the instep and (3) on 

the lateral side of the posterior dorsum. 

When the 4-year-old group is compared to the 6-year-old group, the previously mentioned 

differences become more apparent and more extensive, while the toes' superior side also 

becomes more convex. Compared to the oldest age-group, the differences are mainly a shift 

towards convexity on the lateral side of the posterior dorsum and on the anterior ankle. 

As the 5-year-old group is compared to the 6 and 7-year-old groups, there are no clear 

patterns of differences.  

Comparing the two oldest age-groups reveals that the foot becomes more convex (1) on the 

anterior and lateral side of the ankle, (2) the lateral side of the posterior dorsum (marked by 

a circle) and (3) over the dorsum of the metatarsal heads. Some smaller clusters indicating a 

shift towards concavity are present anterior to the lateral malleolus and on the instep. 
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Table 45.: Post-hoc SPM1D two-tailed independent t-test results of shape-index projected onto heatmaps. The colour bars represent the t statistics, with the t 

threshold at each end. White points mark significant differences between age-groups. Dark to light blue colours indicates decreasing curvedness, while red, 

orange, and yellow colours indicate increasing curvedness from the younger to the older age-groups. 
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5.4.2. The 3D surface morphology development of the medial aspect 

5.4.2.1. Age-group average 3D surface morphology of the medial aspect 

Curvedness 

The mean curvedness heat maps of the medial aspect can be seen in Figure 40, and the next 

paragraphs refer to this Figure throughout.  

Although the medial side's prevailing shape is medium curvedness (green), there are clear 

landmarks and areas of lower and higher curvedness. The mean heat maps show high 

curvedness (orange and red regions) in (1) the toes area, (2) the dorsum, (3) on the medial 

aspect of the fore-foot, (4) the inferior medial part of the mid-foot, (5) the medial heel and 

(6) on the medial malleolus. Low curvedness (blue regions) areas are found (1) posterior and 

inferior to the medial malleolus, (2) above the medial heel and (3) on the medial mid-foot.  

As age increases the high curvedness on the medial malleolus becomes smaller in area, but 

higher in curvedness. The high curvedness area on the mid-foot dorsum recedes towards the 

dorsum as age increases. The thick line of high curvedness region on the inferior part of the 

mid-foot becomes thicker and shorter and completely disconnected from the high curvedness 

area on the medial heel. At the age of 3, this region is almost connected to the high 

curvedness on the medial heel, while by the age of 7, these two areas are clearly separated. 

The low curvedness areas posterior and inferior to the medial malleolus separate by the age 

of 4, and at the age of 5 another area of low curvedness appears above the medial heel. There 

is also a line of low curvedness appearing in the centre of the medial mid-foot above the 

thick line of high curvedness with increasing age. 
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Shape-index 

Mean shape-index heat-maps are shown in Figure 41, and this Figure will be referred to 

throughout the next paragraphs.  

The medial aspect is dominated by ridge-shaped areas (yellow); however, there are distinct 

concave and convex regions that will be reviewed. There is high convexity (dome: orange 

regions) areas (1) on the medial malleolus, (2) posterior and inferior to the medial malleolus 

(marked by a rectangle), (2) the medial heel, (3) the navicular tuberosity (marked by a circle), 

(4) the hallux and (5) in an almost vertical line on the medial side of the first metatarsal head. 

Saddle (black regions) shaped areas are (1) between the medial malleolus and the Achilles-

Figure 40.: Mean curvedness maps for each age-group, medial view: A: 3-year-old mean, B: 4-

year-old mean, C: 5-year-old mean, D: 6-year-old mean and E: 7-year-old mean curvedness map 
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tendon, (2) above the medial heel and (3) anterior to the navicular tuberosity on the medial 

aspect of the mid-foot. Concave (rut: blue regions, cyan: trough regions) areas only appear 

within the first two saddle-shaped regions mentioned previously. 

As age increases, the dome shaped (orange region) area on the navicular tuberosity (marked 

by a circle), although does not change 3D shape, it becomes larger and elongated. The dome 

shaped (orange region) area posterior and inferior to the medial malleolus (marked by a 

rectangle) decreases in size and convexity during development from 3 to 7 years of age. On 

the other hand, the vertical dome shaped area on metatarsal head one increases in width.  

As age increases the saddle-shaped regions (black) between the medial malleolus and the 

Achilles-tendon become larger and more prominent. The concavity (rut shape: blue regions) 

within this saddle-shaped region appears at the age of 4 and becomes more extensive. With 

age, this area becomes more concave, and a trough-shaped centre develops within it. A 

saddle-shaped line (black) is also developing from the navicular tuberosity to the metatarsal 

head one. 
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Figure 41.: Mean shape-index maps for each age-group, medial view: A: 3-year-old mean, B: 4-year-

old mean, C: 5-year-old mean, D: 6-year-old mean and E: 7-year-old mean shape-index map. 
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5.4.2.2. Age-group differences in 3D surface morphology of the medial aspect 

Curvedness 

Figure 42. shows the results of the one-way ANOVA test of curvedness on the medial aspect. 

Red regions mark the significant clusters (1) between the medial malleolus and the Achilles-

tendon, (2) superior to the medial heel, (3) on the medial side of the instep, (4) on the 

posterior side of the heel and (5) on the first metatarsal head. Further non-significant 

differences are marked by light grey areas (high F-values). These are apparent (1) in a 

vertical line on the medial side of the Achilles-tendon, (2) on and inferior to the medial 

malleolus, (3) in a diagonal line running from the anterior aspect of the ankle through the 

instep, onto the medial edge of the dorsum, the first metatarsal head and the hallux. There is 

also a horizontal line of higher F values along the mid- and rear-foot medial border.

 

Figure 42.: SPM1D ANOVA test results of curvedness among age-groups from the medial view. 

The post-hoc t-tests of curvedness for the medial aspect are shown in Table 46., which will 

be referred to in the next paragraphs. 

 The least number of differences occur between the two youngest age-groups. Only two areas 

of possible differences appear, one in a vertical line on the medial side of the Achilles-
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tendon, and another one in the centre of the rear-foot. As the youngest group is compared to 

the older age-groups, the differences identified are the following. Decreasing curvedness (1) 

on the medial side of the Achilles-tendon, (2) superior to the medial heel, (3) on the medial 

border of the rear- and mid-foot and in a diagonal line from the anterior ankle to the hallux 

(marked by a circle). The largest differences are apparent on the medial side of the Achilles-

tendon and on the medial instep. 

The most considerable differences between subsequent age-groups are between the 4 and 5-

year-old groups indicating decreasing curvedness in the areas described in the previous 

paragraph. Increasing curvedness can only be found posterior to the medial malleolus.  

As the 4-year-old group is compared to the 6 and 7-year-old groups, the previous differences 

magnify. The largest increase in curvedness among all age-group pairs occur between the 

ages of 4 and 6 years, on the posterior facet of the medial malleolus.  

The differences between the 5 and 6-year-old groups are more scarce and less clear. There 

is increasing curvedness posterior to the medial malleolus and a diagonal line of decreasing 

curvedness running from inferior to the medial malleolus to the medial heel. When the 5-

year-old group is compared to the 7-year-old group, the only difference is a decreasing 

curvedness on the medial instep. 

When the 6 and 7-year-old groups are compared, the changes are also not evident, although 

there is decreasing curvedness on the medial side of the instep and ankle and increasing 

curvedness on the Achilles-tendon. 
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Table 46.: Post-hoc SPM1D two-tailed independent t-test results of curvedness projected onto heatmaps. The colour bars represent the t statistics, with the t 

threshold at each end. White points mark significant differences between age-groups. Dark to light blue colours indicates decreasing curvedness, while red, 

orange, and yellow colours indicate increasing curvedness from the younger to the older age-groups. 
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Shape-index 

The ANOVA results for shape-index on the medial aspect are shown in Figure 43. The heat-

map shows a small significant cluster on the instep and larger areas of non-significant 

differences. These are (1) around the significant cluster on the instep, (2) on and around the 

medial malleolus and (3) on the medial side of the Achilles-tendon. 

 

 

Figure 43.: SPM1D ANOVA test results of shape-index among age-groups from the medial view. 

The post-hoc t-tests are shown in Table 47., which will be referred to throughout the next 

paragraphs.  

There are no major differences between the 3 and 4-year-old groups. Differences become 

apparent compared to the 5 and 6-year-old groups. Increasing convexity occur on the medial 

malleolus and the instep while increasing concavity appears (1) on the medial side of the 

Achilles-tendon, (2) inferior to the medial malleolus and (3) superior to the medial heel. 

Compared to the oldest age-group, the same differences are present except for the increasing 

convexity on the medial malleolus. 
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Similar to the dorsolateral aspect, the most considerable differences on the medial aspect are 

between the 4 and 5 and 6 and 7-year-old groups, and the smallest differences are between 

the two youngest groups. When the 4 and 5-year-old groups are compared, increasing 

concavity (blue regions) is apparent anterior and inferior to the medial malleolus (marked 

by a rectangle) and between the Achilles-tendon and the medial malleolus. There are also 

smaller areas of increasing concavity and convexity spread out on the medial aspect and a 

small area of increasing convexity on the first metatarsal head. As the 4-year-old group is 

compared to the 6-year-old group, the differences identified between the ages of 4 and 5 

become larger and more defined. Larger areas of increasing convexity also appear on the 

medial malleolus and the instep. Compared to the oldest age-group, the differences are less 

prominent, although they are still present as increasing convexity on the instep and 

increasing concavity on the medial side of the Achilles-tendon. 

When the 5-year-old group is compared to the two oldest groups, only small patches of 

differences can be found.  

When the 6 and 7-year-old groups are compared, there is a large area of increasing concavity 

on and anterior the medial malleolus and an increasing convexity inferior to this area, 

followed by a smaller increasing concavity inferior to that one. 
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Table 47.: Post-hoc SPM1D two-tailed independent t-test results of shape-index projected onto heatmaps. The colour bars represent the t statistics, with the t 

threshold at each end. White points mark significant differences between age-groups. Dark to light blue colours indicates decreasing curvedness, while red, 

orange, and yellow colours indicate increasing curvedness from the younger to the older age-groups. 
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5.4.3. The 3D surface morphology development of the plantar aspect 

5.4.3.1. Age-group average 3D surface morphology of the plantar aspect 

Curvedness 

The mean curvedness heat maps of each age-group's plantar aspect can be found in Figure 

44., which will be referred to throughout the next paragraphs. 

The main characteristics of the plantar aspect in terms of curvedness are (1) a ring of high 

and medium curvedness on all borders of the foot, (2) a flat area corresponding to the weight-

bearing surface and (3) an area of low-medium curvedness on the medial mid-foot extending 

laterally into the flat area. 

The main difference between age-groups occurs in the medial mid-foot, although there is a 

widening of medium curvedness (green) area in the lateral mid-foot. The only visible 

difference between the two youngest age-groups is a widening medium curvedness (green) 

area on the medial mid-foot. After the age of 4, the medium curvedness (green) area in the 

medial mid-foot extends laterally, and there is a green medium curvedness line moving 

anteriorly from the posterior edge of the medial mid-foot. Alongside these changes, the 

medium curvedness area on the medial mid-foot also increases in size. By the age of 7, the 

medial mid-foot almost only contains medium curvedness points and is connected to the 

foot's lateral edge by light blue lines of low curvedness.  
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Figure 44.: Mean curvedness heat-maps for each age-group, plantar view: A: 3-year-old mean, B: 

4-year-old mean, C: 5-year-old mean, D: 6-year-old mean and E: 7-year-old mean curvedness 

map. 
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Shape-index 

The mean shape-index heat-maps for each age-group are shown in Figure 45. 

The 3D shape of the plantar aspect is characterised by (1) dome and cap-shaped (orange) 

hallux and lesser toes, (2) ridge-shaped (yellow) foot borders, (3) dome and cap-shaped 

(orange) posterior heel border, (4) a flat (black) weight-bearing area and a (4) rut\trough-

shaped (blue\cyan) landmark enclosed by a (5) ridge-shaped (yellow) border on the medial 

mid-foot. 

The heat maps show an increase in the size of the rut-shaped (concave) area within the medial 

mid-foot, with some trough areas appearing in the 5 and 7-year-old groups. The ridge-shaped 

line enclosing this concavity becomes more defined and extends towards the lateral edge of 

the plantar aspect as age increases.  

The dome\cap-shaped area on the posterior border of the heel becomes thinner as age 

increases. 
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Figure 45.: Mean shape-index maps for each age-group, plantar view A: 3-year-old mean, B: 4-

year-old mean, C: 5-year-old mean, D: 6-year-old mean and E: 7-year-old mean curvedness map. 
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5.4.3.2. Age-group differences in 3D surface morphology of the plantar aspect 

Curvedness 

The ANOVA results of curvedness for the plantar aspect are shown in Figure 46. Although 

there is only a small number of significant clusters, the light grey areas highlight parts of the 

plantar aspect where non-significant differences exist. These are (1) on the posterior border 

of the heel, (2) a narrow line on the lateral edge of the mid-foot, (3) the medial border of the 

mid-foot and (4) a line from the medial heel running into the centre of the mid-foot. 

 

Figure 46.: SPM1D ANOVA test results of curvedness among age-groups from the plantar view.  

Table 48. shows the results of the ten independent t-tests of curvedness between age-groups 

with Bonferroni corrections.  

There were no differences between the two youngest groups. As the 3-year-old-group is 

compared to the older groups, the differences become more apparent on all borders of the 

foot (decreasing curvedness) and in the centre of the mid-foot (increasing curvedness). As 

the youngest group is compared to the 6 and 7-year-old groups, (1) decreasing curvedness 

areas appear anterior to the metatarsal heads and (2) an area of increasing curvedness also 

appears on the lateral mid-foot. 
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The most considerable differences in curvedness between subsequent age-groups occur 

between the 4 and 5-year-old groups. These changes are a (1) decreasing curvedness on the 

border of most of the plantar aspect and (2) increasing curvedness in a line from the medial 

heel to the centre of the mid-foot. As the 4-year-old group is compared to the two oldest 

groups, the differences identified before become larger. The line of increasing curvedness in 

the mid-foot centre becomes more prominent and extends laterally until finally arching back 

medially to the posterior edge of the first two metatarsal heads. The line of decreasing 

curvedness on the lateral border bends medially.  

The differences between the ages of 5 and 6 were negligible and when the 5-year-old group 

is compared to the two oldest groups, very few differences occur. 

The differences between the ages of 6 and 7 mark a decreasing curvedness around the 

metatarsal heads' plantar aspect. 

Considering the increasing curvedness in the mid-foot centre, there is a pattern of changes 

as age increases. Comparing the 3 and 4-year-old groups to the older age-groups shows that 

this increasing curvedness emerges posteriorly from the medial heel and extends anteriorly 

and laterally before extending medially again towards the posterior edge of the first 

metatarsal head.  
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Table 48.: Post-hoc SPM1D two-tailed independent t-test results of curvedness projected onto heatmaps. The colour bars represent the t statistics, with the t 

threshold at each end. White points mark significant differences between age-groups. Dark to light blue colours indicates decreasing curvedness, while red, 

orange, and yellow colours indicate increasing curvedness from the younger to the older age-groups. 
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Shape-index 

Figure 47. shows the ANOVA results for shape-index on the plantar aspect. Although there 

are no significant differences on the plantar aspect, there is a line of light grey area around 

the lateral edge of the medial mid-foot. These suggest a non-significant change in shape 

index. 

 

Figure 47.: SPM1D ANOVA test results of shape-index among age-groups from the plantar view. 

The post-hoc independent t-test results for shape-index are shown in Table 49. This will be 

referred to throughout the next paragraphs. 

Comparing the two youngest groups did not show any differences, while the comparison of 

the two oldest groups showed small randomly arranged red and blue clusters, except for a 

larger cluster of increasing concavity on the medial heel. 

When considering differences between subsequent age-groups, the most noticeable 

differences were between the ages of 4 and 5 and between the ages of 5 and 6. Although 

most of the red and blue areas seem to be arranged randomly, there was a line of increasing 

concavity on the posterior and lateral side of the medial mid-foot 
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As the 3 and 4-year-old groups are compared to older age-groups, the line of increasing 

concavity on the lateral edge of the medial-mid-foot becomes more prominent and follows 

the same pattern as the increasing curvedness described in the previous section. 

There were no apparent differences between the 5 and 7-year-old groups except for the 

increasing concavity on the medial heel.



 

265 

 

Table 49.: Post-hoc SPM1D two-tailed independent t-test results of curvedness projected onto heatmaps. The colour bars represent the t statistics, with the t 

threshold at each end. White points mark significant differences between age-groups. Dark to light blue colours indicates decreasing curvedness, while red, 

orange, and yellow colours indicate increasing curvedness from the younger to the older age-groups. 
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5.5. Discussion of the 3D surface morphology development of 

the paediatric foot 

The aim of this chapter was to provide an advanced understanding of the development of 3D 

surface morphology of the paediatric foot. It was demonstrated that 3D shape descriptors 

(curvedness and shape-index) could offer an advanced understanding of 3D surface 

morphology development in children and provide a relevant and novel description of the 

paediatric foot trajectory. These parameters could contribute information about the changes 

in the underlying structures without the use of more expensive imaging methods and help 

clinicians in decision making or shoe manufacturers in footwear last design  

5.5.1. The 3D surface morphology development of the dorsolateral aspect  

The primary results on the dorsolateral aspect suggested two main postural\structural 

changes: increased 3D slenderness and a reduction in rear-foot eversion. Secondary findings 

indicated the increased prominence of anatomical landmarks 

The differences in curvedness and shape-index between age-groups indicate that the surface 

of the dorsum becomes flatter between the ages of 4 and 6 years. This suggests that the 

surface morphology of the foot changes to a slenderer shape between the ages of 4 and 6 

years. Related results have also been shown in the literature (Mauch et al., 2008) using a 

group of normalized 2D anthropometric measures. The 2D results of this thesis have also 

shown that both the normalized fore-foot and mid-foot height decreases (section 4.4.2.3 and 

4.4.2.4.), suggesting that the height of the fore- and mid-foot does not grow in proportion 

with foot length. Although the two types of data show similar changes, the 3D shape 

descriptors indicate an increase in 3D slenderness in terms of local 3D surface morphology, 
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while the 2D anthropometric measures suggest an increase in 2D slenderness in terms of 

global 2D foot shape.  

Furthermore, the increasing 3D slenderness is carried on into the age of 7 years. These results 

also agree with the pilot study's findings (sections 3.7-3.9.) that suggested these changes are 

markers of adipose tissue reduction (Varga et al., 2020). On the other hand, although the 

amount of adipose tissue might not change, it might be spread out more evenly, reducing 

local adipose tissue thickness, therefore the curvedness of the surface. This hypothesis may 

be confirmed by the changes in BMI and fat percentage of the reference children in Fomon 

et al. (1982). These two measures decreased up to the age of 6 years in boys and 7 years in 

girls. These conclusions are also supported by Weber et al. (2012) and, more recently, by 

Wells et al. (2020) using fat mass index (kg/m2). Wells et al. (2020) used percentiles to 

present changes in fat mass index between the ages of 6 weeks and 5 years and found that 

fat mass index decreased from the age of one continuously, although suggest that fat was 

gained in proportion with height after 2 years of age. 

The decrease in curvedness inferior to the lateral malleolus between the ages of 4 and 5 years 

and after the age of 6 years could be a sign of decreasing calcaneus or rear-foot angle (the 

angle between the Achilles and the line of the calf). The curves of this area is also an item 

in the Foot posture index (FPI-6) (Redmond et al., 2006a). It has been shown by Martínez-

Nova et al. (2018) in Spanish children that this item significantly reduced from the initial (5-

11-year-old) to the repeat (8-14-year-old) measurement after three years (curves at the 

malleolus item (initial)=0.50, repeat=0.46, p=0.038). However, the current thesis only 

showed a reduction in curvedness between the ages of 4 and 5 years and after the age of 6. 

As the repeat measurement in Martínez-Nova et al. (2018) occurred three years after the 

initial one, the year by year differences cannot be distinguished, and it could be the case that 
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there were no reductions in this item between 5 and 6 years of age. While their study 

confirmed a change in curves around the lateral malleolus after the age of 5, the present 

thesis showed that these changes start earlier, at the age of 4 years. Although this is only one 

item in the FPI-6 index and hence cannot capture the changes in foot pronation, it may be an 

indicator of calcaneus\rear-foot angle reduction. This can also be considered as a 

representation of the resting calcaneal stance position (RCSP) or the rear-foot angle (Langley 

et al., 2016). Both of these capture the same angle: the angle between the perpendicular line 

to the ground and the bisector of the calcaneus (Žukauskas et al., 2021, Cho et al., 2019). 

This parameter is commonly used in diagnosing flatfoot and was shown to have moderate 

correlation with FPI-6 in 8 to 13-year-old children (Cho et al., 2019), and moderate 

agreement with FPI-6 in adults (Langley et al., 2016). However, it was also shown, that 

although RCSP correlated moderately with FPI-6 in children aged 5 to 8, when all other 

measurements were also considered in a multiple linear regression, it did not predict FPI-6 

(Žukauskas et al., 2021). Further work will be required to establish the relationship between 

the changes in 3D surface morphology related to rear-foot posture and FPI-6. Therefore, 

using the curvedness changes around the lateral malleolus from 3D scans of children’s feet 

may be a tool to assess rear-foot posture and a more objective alternative to capture this item 

in FPI-6.  

Although the curvedness inferior to the lateral malleolus decreases in the current study, the 

shape-index seems to be shifting towards concavity (but not significantly) superior to the 

same area. When considering the average shape-index heat maps, this shift towards 

concavity could result from the widening gap between the lateral heel and the lateral 

malleolus due to the raising of the malleolus, rather than the change in rear-foot angle.  
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The following secondary results suggest the increasing prominence of anatomical 

landmarks: (1) a reduction of high curvedness around the lateral malleolus, (2) a shift 

towards convexity on the lateral malleolus, (3) a shift towards convexity on the lateral side 

of the posterior dorsum between the ages of 3 and 5 years (extensor digitorum brevis 

muscle), (4) a shift towards convexity over the metatarsal heads between the ages of 6 and 

7 years and finally (5) a shift towards convexity and reducing curvedness on the instep 

between the ages of 4 and 5 years. This final finding could be related to the changing 

proportions of the foot and the strengthening of the extensor and tibialis anterior muscles. 

These muscles and respective tendons become stronger with age, their cross-section 

increases, causing them to become more prominent, reducing concavity in the instep.  

In summary, the main changes in 3D surface morphology on the dorsolateral aspect are 

twofold. First, there is a reduction in curvedness and shift towards concavity on the dorsum 

between the ages of 4 and 6 years, suggesting an increase in foot 3D slenderness and possibly 

a reduction in adipose tissue thickness related to increasing 2D slenderness (normalized 

width measures). Second, the reduction in curvedness under the lateral malleolus between 

the ages of 4 and 5 years and after 6 years of age suggests a reduction in rear-foot angle, 

indicating a change in rear-foot posture towards a more inverted one. The findings of the 

changing curves inferior to the lateral malleolus could also be a more objective alternative 

to the same item in FPI-6. 

The secondary findings indicated the increasing prominence of anatomical landmarks due to 

bony development and increase in muscle cross section. 
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5.5.2. The 3D surface morphology development of the medial aspect  

The primary findings on the medial aspect indicated changes in rear-foot posture, while 

secondary findings indicated the increased prominence of the medial malleolus.  

One of the major changes in 3D foot surface morphology on the medial aspect is the shift 

towards concavity on the medial side of the Achilles-tendon between the 4 and 5-year-old 

groups, coupled with increasing curvedness on the posterior facet of the medial malleolus 

between the 4 and 6-year-old groups. These differences could be attributed to (1) the 

changing proportions of the rear-foot, (2) the decreasing thickness of adipose tissue and the 

(3) emergence of the Achilles-tendon and (4) the medial malleolus. These differences in 

shape-index and curvedness occur between the ages of 4 and 6 years. Although curvedness 

also decreases in this area, this reduction seems to be concentrated in a thin line just medial 

of the Achilles-tendon. When comparing these differences to the lateral side of the Achilles-

tendon on the dorsolateral aspect (section 5.6.4.), there are stark differences. On the lateral 

side of the Achilles-tendon, there are no large areas of shift towards concavity except for a 

thin line just lateral to the tendon, and curvedness does not change in this area. This suggests 

that the medial side of the Achilles-tendon becomes more concave and curved than the lateral 

one, which could indicate a decrease in the rear-foot angle\RCSP as age increases.  

A further main change in 3D surface morphology is related to the muscles (tibialis posterior, 

flexor digitorum longus and flexor hallucis longus) running inferior and posterior to the 

medial malleolus and are marked by an orange cluster of points suggesting a dome or cap-

shaped area. The average heat maps indicate that this dome\cap shape (red area), after 4 

years of age, changes into a ridge shape (yellow area), which is also supported by the t-test 

results, demonstrating a reduced convexity in the same location. These findings may suggest 

that the area where these muscles run becomes less prominent as age increases, especially 
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from 4 years of age. This decrease in prominence could be associated with reducing rear-

foot angle, suggesting a change in rear-foot posture. 

The secondary findings suggested that the navicular tuberosity can be identified by a dome 

or cap shape (orange cluster) anterior and inferior to the medial malleolus. The talonavicular 

joint's concavity or convexity, hence the navicular tuberosity, is an item in the FPI-6 

(Redmond et al., 2006a) and the landmark's prominence; hence convexity contributes 

towards a total score marking a more pronated rear-foot posture. While it has been shown 

that the FPI-6 reduces significantly between the ages of 5 and 14 years (Martínez-Nova et 

al., 2018), when the talonavicular joint prominence index was separately investigated, no 

significant differences (mean FPI (initial)=0.54 vs. FPI (repeat)=0.53, p=0.841) could be 

found between the initial and the repeat measurement after three years. This agrees with the 

current thesis results confirming the validity of this FPI-6 item and suggesting that the 

current methods may be an objective alternative to capture this item. 

The medial malleolus could also be identified on the mean shape-index heat-maps by the 

large orange cluster on the ankle's medial side, indicating a dome-shaped landmark.  This 

landmark becomes more convex as age increases suggesting the increasing prominence of 

this bony structure. This is in accordance with the findings of LaMont et al. (2015), who 

confirmed four stages of ossification of the medial malleolus between the ages of 4 and 12, 

with secondary ossification centres being more common in girls aged 6 to 9 and boys aged 

8 to 11 years.  

In summary, the primary findings suggested a decrease in rear-foot eversion. This was based 

on the increasing concavity on the medial aspect of the Achilles-tendon and over the tarsal 

tunnel's location between the ages of 4 and 5 years. These results, together with the results 
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of the previous section (decreasing rear-foot eversion assumed based on the changes under 

the lateral malleolus), suggest that the 3D surface morphology of the paediatric foot is a 

useful tool to investigate the posture of the rear-foot. Once the typical 3D surface 

morphology of the related areas is established throughout development, the individual 

morphological foot maps can be used to help with diagnoses of pathologies related to rear-

foot eversion. Furthermore, the 3D morphology data in these areas may also support the 

assessment of flat foot as increased rear-foot eversion is a sign of flat foot. In addition, the 

same data may also be captured during the Jack’s test, to establish the presence of rigid flat 

foot. Although this may require a faster 3D scanning technology as children may not be able 

to stand on tiptoes for a long period of time.   

Secondary results indicated the increased prominence of the medial malleolus with age and 

that although there were no differences in 3D shape between age-groups in the navicular 

tuberosity, the fact that it could be identified may prove useful as a more objective alternative 

to the talonavicular joint prominence item of FPI-6. 
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5.5.3. The 3D surface morphology development of the plantar aspect 

The primary findings on the plantar aspect are related to the emergence of the MLA based 

on the 3D surface morphology of the mid-foot. 

The results suggest that most of the 3D plantar aspect morphology changes occurred between 

the 4 and 5-year-old groups with little to no changes between any other subsequent age-

groups. The increasing curvedness between the ages of 4 and 5 years running in the centre 

of the mid-foot suggests the raising of the arch’s surface, indicating the development of the 

MLA. The average curvedness heat maps also suggest an increase in medium curvedness 

within the MLA, although the t-tests do not support this.  

Although there are no visible differences between older subsequent age-groups, further 

developments can be noticed when the 4-year-old group is compared to older groups. The 

MLA, marked by the increasing curvedness, becomes more defined and extends laterally 

and eventually reaches the metatarsal heads' posterior edge. The increased curvedness 

posterior to metatarsal heads may indicate the development of the transverse arch from the 

age of 5 years.  

Although curvedness increases between the ages of 4 and 5 years, the shape-index changes 

occur more gradually up to the age of 6 years. This comprises a shift towards concavity 

surrounding the MLA, marking the inside of the arch's edge. These findings suggest that the 

medial side of the MLA edge is becoming more concave from the age of 4 years up to the 

age of 6 years. The curvedness and shape-index results combined may indicate that the edge 

of the MLA develops by the age of 5 years, and further increases in arch height up to the age 

of 6 years result in the shift towards concavity on the inside edge of the MLA edge. The 

average shape-index heat maps indicate that although there is a slight shift towards concavity 
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(not seen on the t-tests), the main difference between age-groups is the increasing size of the 

concave area as it becomes longer and broader. 

In contrast with this are reports in the literature (Muller et al., 2012, Bosch et al., 2010b, 

Sacco et al., 2015) that the MLA continued to develop after the age of 6 years. However, 

these findings are based on the area under the MLA (AI, footprints) and not on MLA surface 

height or curvedness. Although the 3D shape descriptors in the current study are also not 

direct representations of MLA height, the combined changes in 3D surface shape around the 

MLA are markers of increasing height in its centre. These present results combined with the 

literature may suggest that the MLA, although it may increase in area beyond the age of 6, 

may not increase in surface height. The current findings corroborate the results of Chang et 

al. (2012), who measured the 3D volume of the MLA and suggested that the MLA not only 

increases in height but in 3D volume too up to the age of 6 years. They also argued that 

although navicular height has a higher discrimination rate between age-groups, it may not 

represent the complete 3D development of the MLA due to its 2D nature. While these results 

may show changes in the overall MLA volume, the methods in the current thesis can also 

locate where these changes within the MLA occur, providing a morphological map of MLA 

development.  

On the other hand, Chang et al. (2012) did not show significant differences between the 

navicular height or arch volume of 4 and 5-year-old children but found significant 

differences between 3 and 4 years of age. This contrasts with the current findings, although 

the sample size in Chang et al. (2012) was limited to 36 children in the four age-groups from 

3 to 6 years of age.  
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The lack of changes between the two youngest groups may seem to contradict studies in the 

existing literature, which suggest the continuous raising of the MLA from or even before the 

age of 3 years (Muller et al., 2012, Bosch et al., 2010b, Sacco et al., 2015, Chang et al., 

2012). Although the t-tests do not show a difference in 3D surface morphology in the MLA 

between the two youngest groups, the arch's presence is observable in the average 

curvedness and shape-index heat maps in the 3-year-old group. This suggests that the reason 

for the lack of differences between the two youngest age-groups could be the small sample 

size in the 3-year-old group (12).  

The patterns described in the previous paragraphs suggest a distal to proximal development 

of the MLA until the age of 5. After this, a proximo-distal development occurs along with 

the development of the transverse arch. Gill et al. (2016) have also identified similar patterns 

using footprint measures regressed with gait parameters such as step length. They argued 

that MLA height might increase first to support longer steps, while the lower transverse arch 

may help with stability, developing later. However, this study used a measure called the 

Keimig Index, which quantifies the whole missing area of a footprint relative to the size of 

a toeless footprint. This parameter cannot locate where the changes in missing footprint areas 

are, while the current thesis methods can pinpoint curvedness changes. As a result of this 

high resolution, it was found that the increased curvedness posterior to the metatarsal heads 

indicate that the foot surface becomes less flat; hence it is not entirely in contact with the 

ground, indicating the development of the transverse arch. To the author's knowledge, the 

present thesis is the first study to identify these patterns in the development of the arches 

with exact locations of the changes occurring. 

In summary, based on the results, the development of the plantar aspect is characterized by 

several factors. Firstly, an existing MLA at the age of 3 years is visible in the anterior part 
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of the medial mid-foot. This is indicated by mostly low curvedness, rut shape in the centre, 

and small ridge shape areas on the edges of the MLA. Secondly, the changes in 3D surface 

morphology on the edges of and within the MLA between the ages of 4 and 6 years indicate 

the raising of the plantar aspect within the arch. Thirdly, the patterns of 3D surface shape 

differences between age-groups suggest that the MLA develops first until the age of 6, 

supporting longer steps, and the transverse arch starts to develop later to provide stability 

before raising up. The results may also suggest that the MLA only increases in height up to 

the age of 6 years, and from then on, it only increases in area.  

The following section will present the results of simple linear regression of the normalized 

2D anthropometric measures with the 3D surface shape descriptors, focusing on the changes 

identified in the previous sections. 
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5.6. Results: Predictors of paediatric 3D foot surface 

morphology  

The main 3D surface morphology changes and proposed postural and structural changes 

were threefold.  

First, decreasing rear-foot eversion was indicated by (a) reduced curvedness inferior to the 

lateral malleolus, (b) increased concavity on the medial side of the Achilles-tendon and (c) 

increased concavity over the tarsal canal.  

Second, an increase in arch height was demonstrated by (1) an increased curvedness (a) on 

the lateral edge of the MLA, (b) on the transverse arch and (c) the lateral longitudinal arch; 

and by (2) an increased concavity (a) on the medial and posterior aspects of the lateral edge 

of the MLA and (b) within the transverse arch. 

Third, there was an increasing slenderness of the foot (a) on the dorsum, (b) around the 

malleoli and (c) on the instep (reduced curvedness or increased concavity).  

The 2D anthropometric predictors of these changes will be presented next. 

 

 

 

 

 



Matyas Varga 2021                                                                The 3D surface morphology of the paediatric foot 

278 

 

5.6.1. Predictors of decreasing rear-foot eversion 

Considering the decreasing rear-foot eversion, (1) age, (2) normalized mid-foot width, (3) 

normalized rear-foot height and (4) normalized fore-foot width were selected as the strongest 

predictors of the corresponding curvedness and shape-index differences (see Table 50. for 

SPM1D simple linear regression heat maps) identified by the post-hoc t-tests. This Table 

will be referred to in the next paragraphs.  

The main areas of concern are the following. (1) Inferior to the lateral malleolus marked by 

yellow rectangles: age vs. curvedness, blue clusters indicating decreasing curvedness, 

normalized mid-foot width vs. curvedness, red clusters indicating decreasing curvedness and 

normalized rear-foot height vs. curvedness, blue clusters indicating decreasing curvedness. 

(2) On the medial aspect of the Achilles-tendon marked by white circles: age vs. shape-

index, blue clusters indicating increasing concavity; normalized mid-foot width vs. 

curvedness and normalized fore-foot width vs. curvedness, red clusters indicating increasing 

concavity. Finally, (3) over the tarsal canal marked by green rectangles: age vs. shape-index), 

blue clusters indicating decreasing convexity and normalized mid-foot width vs. shape-index 

and normalized fore-foot width vs. shape-index, red clusters indicating decreasing 

convexity. 

Based on curvedness inferior to the lateral malleolus, age and normalized rear-foot height 

are stronger predictor of decreasing rear-foot eversion than normalized mid-foot width. 

Based on shape index on the medial aspect of the Achilles-tendon (white circles), normalized 

mid-foot width and normalized fore-foot width are stronger predictors of decreasing rear-

foot eversion than age. Finally, regarding the area over the tarsal canal (green rectangles) 
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age, normalized mid-foot width and normalized fore-foot width are similarly strong 

predictors of decreasing rear-foot eversion. 

Table 50.: SPM1D simple linear regressions: Each cell contains a heat map with regression results 

between the variable at the beginning of the row and the 3D shape descriptor at the top of the column. 

Markings are referred to in the text. 

 Curvedness Shape-index 

Age 

  

Normalized 

mid-foot 

width 

  

Normalized 

rear-foot 

height 

 

 

Normalized 

fore-foot 

width 
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5.6.2. Predictors of increasing arch height 

Considering the increasing height of the foot arches (1) age, (2) normalized rear-foot height 

and (2) normalized mid-foot width were selected as the strongest predictors of the 

corresponding curvedness and shape-index differences (see Table 51. for SPM1D simple 

linear regression heat maps) identified by the post-hoc t-tests. This Table will be referred to 

in the next paragraphs.  

The main areas of concern are (1) the lateral and posterior edge of the MLA marked by white 

arches (age and normalized rear-foot height vs. curvedness: red clusters indicating increasing 

curvedness, normalized mid-foot width vs curvedness: blue clusters indicating increasing 

curvedness, normalized rear-foot height vs. shape-index: red clusters indicating increasing 

convexity), (2) medial aspect of the lateral and posterior edge of the MLA marked by yellow 

arches (age vs. shape-index: blue clusters indicating increasing concavity and normalized 

mi-foot width vs. shape-index: red clusters indicating increasing concavity), (3) the 

transverse arch marked by green rectangles (age and normalized rear-foot height vs. 

curvedness: red clusters indicating increasing curvedness, normalized mid-foot width vs. 

curvedness: blue clusters indicating increasing curvedness, normalized rear-foot height vs. 

shape-index: red clusters indicating increasing convexity), (4) the posterior aspect of the 

transverse arch marked by purple rectangles (age vs. shape-index: blue clusters indicating 

increasing concavity and normalized mid-foot width vs. shape-index: red clusters indicating 

increasing concavity) and (5) the lateral longitudinal arch marked by red arches (normalized 

rear-foot height vs. curvedness: red clusters indicating increasing curvedness and normalized 

mid-foot width vs. curvedness: blue clusters indicating increasing curvedness, normalized 

rear-foot height vs. shape-index: red clusters indicating increasing convexity). 
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Based on curvedness on all aspects of all arches, normalized rear-foot height and normalized 

mid-foot width are stronger predictors of increasing arch heights (MLA, transverse, and 

lateral longitudinal arch) than age. Furthermore, normalized rear-foot height is a stronger 

predictor of the above differences than normalized mid-foot width. 

Based on shape-index on the medial aspect of the lateral edge of the MLA (yellow arches) 

age and normalized mid-foot width heat map are similarly strong predictors of increasing 

arch heights). Considering the shape-index on the posterior aspect of the transverse arch 

(purple rectangle), normalized mid-foot width is a stronger predictor of arch height than age. 

Considering the shape-index on all the edges of the MLA, on the lateral arch and on the 

transverse arch normalized rear-foot height is a predictor of arch height. 

Table 51.: SPM1D simple linear regressions: Each cell contains a heat map with regression results 

between the variable at the beginning of the row and the 3D shape descriptor at the top of the column. 

Markings are referred to in the text. 

 Curvedness Shape-index 

Age 

  

Normalized 

rear-foot 

height 

  

Normalized 

mid-foot 

width 
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5.6.3. Predictors of 3D Slenderness 

Considering the increased slenderness of the foot, (1) age, (2) normalized mid-foot width, 

(3) normalized fore-foot width and (4) normalized mid-foot height were selected as the 

strongest predictors of the corresponding curvedness and shape-index differences identified 

by the post-hoc t-tests. See Table 52. for SPM1D simple linear regression heat maps, this 

Table will be referred to in the next paragraphs.  

The main areas of correlation are the (1) dorsum, marked by red rectangles, (2) the instep, 

marked by white circles, and (3) around both malleoli marked by yellow rectangles. 

The heat-maps in Table 52. demonstrating predictive power on the dorsum marked by red 

rectangles are: (1) age vs. curvedness, blue clusters indicating reducing curvedness with 

increasing age, (2) age vs. shape-index, blue clusters indicating increasing concavitywith 

age and (3) normalized mid-foot height vs. curvedness, red clusters indicating reducing 

curvedness with reducing normalized mid-foot height. 

The heat-maps in Table 52. demonstrating the predictive power on the instep marked by 

white circles are: (1) age vs. curvedness, blue clusters indicating reducing curvedness width 

increasing age, (2) normalized mid-foot width vs. curvedness, red cluster indicating reducing 

curvedness with reducing normalized mid-foot width, (3) normalized fore-foot width vs. 

curvedness red cluster indicating reducing curvedness with reducing normalized mid-foot 

width, (4) age vs. shape-index, red clusters indicating increasing convexity with increasing 

age and (5) normalized mid-foot width vs. shape-index, blue clusters indicating increasing 

convexity with decreasing normalized mid-foot width. 

The heat-maps in Table 52. demonstrating the predictive power around both malleoli marked 

by yellow rectangles are (1) age vs. curvedness, blue clusters indicating reducing curvedness 



Matyas Varga 2021                                                                The 3D surface morphology of the paediatric foot 

283 

 

with increasing age, (2) normalized mid-foot width vs. curvedness, red clusters indicating 

reducing curvedness with reducing normalized mid-foot width, (3) normalized fore-foot 

width vs. curvedness, red clusters indicating reducing curvedness with reducing normalized 

mid-foot width, (4) age vs. shape-index, blue clusters indicating increased concavity, (5) 

normalized mid-foot width vs. shape-index and normalized fore-foot width vs. shape-index, 

red clusters indicating increased concavity with decreasing normalized mid-foot width and 

decresing normalized fore-foot width respectively.  

Based on curvedness, age is a stronger predictor (light blue clusters) of slenderness on the 

dorsum (red rectangles), the instep (white circles) and around the medial malleolus (yellow 

rectangles) compared to any 2D measures.  

Considering the shape-index, on the dorsum (red rectangle) age is a stronger predictor than 

any normalized 2D measures. On the instep (white circles), age and normalized mid-foot 

width are smililarly strong predictors of 3D shape change. In the case of the areas around 

the medial malleolus (yellow rectangles), age is a weaker predictor of slenderness than 

normalized mid- and fore-foot width. 
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Table 52.: SPM1D simple linear regressions: Each cell contains a heat map with regression results between the variable at the beginning of the row and the 3D 

shape descriptor at the top of the column, with two views per regression where appropriate. Markings are referred to in the text. 

 Curvedness Curvedness Shape-index Shape-index 

Age 

    

Normalized 

mid-foot 

width 

 

  

 

Normalized 

fore-foot 

width 

 

  

 

Normalized 

mid-foot 

height 
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The strongest predictors of 3D shape and the identified structural and postural differences 

are shown in Table 53.: (1) age, (2) normalized mid-foot width, (3) normalized fore-foot 

width and (4) normalized rear-foot height. 

Table 53.: Predictors of the identified structural and postural differences. 15  

Curvedness 

Foot area 
Increasing arch 

height 

Decreasing rear-

foot eversion 

Increasing 

slenderness 

Dorsum   AGE 

Instep   AGE 

Malleoli   AGE 

Inf. to LM  AGE+NRFH  

MLA NMFW+NRFH   

TA NMFW+NRFH   

LLA NMFW+NRFH   

Shape-index 

Foot area 
Increasing arch 

height 

Decreasing rear-

foot eversion 

Increasing 

slenderness 

Dorsum   AGE 

Instep   AGE+NMFW 

Malleoli   NMFW+NFFW 

MAA  NMFW+NFFW  

Tarsal canal  
AGE+NMFW 

+NFFW 
 

MLA 
AGE+NMFW 

+NRFH 
  

TA NMFW+NRFH   

LLA NRFH   

Age is the most common predictor of differences in curvedness associated with the identified 

structural and postural changes, except for the increasing arch heights, where normalized 

rear-foot height and normalized mid-foot width are the strongest predictors. When the shape-

index is considered, normalized mid- and fore-foot width are the most common predictors, 

although they often predict the 3D shape changes with the same strength as age.  

 
15 Abbreviations: Inf to LM: Inferior to lateral malleolus. MAA: medial aspect of the Achilles-tendon. 

MLA: medial longitudinal arch. TA: transverse arch. LLA: lateral longitudinal arch. NMFW: 

normalized mid-foot width. NFFW: normalized fore-foot width. NRFH: normalized rear-foot height. 

+: variables are similar in predictive power. 
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5.7. Discussion of the paediatric 3D foot surface morphology 

predictors 

5.7.1. Predictors of decreasing rear-foot eversion 

The simple linear regressions have shown that the strongest predictors of decreasing rear-

foot eversion are age, normalized rear-foot height, normalized mid-foot width and 

normalized fore-foot width. The sites at which these changes occur are inferior to the lateral 

malleolus, on the medial aspect of the Achilles-tendon and over the tarsal canal. 

Although age is among the predictors, the 2D measures predict this process in more areas, 

suggesting that the decreasing rear-foot eversion may not be best predicted by the general 

development of the child, but by foot specific processes. The strong predictive power of 

normalized fore-foot width indicates that the global 2D slenderness of the foot can help in 

predicting the decreasing rear-foot eversion.  

Normalized rear-foot height has been shown to be a strong predictor of rear-foot eversion in 

the area inferior to the lateral malleolus. This is probably due to the fact that this measure is 

representative of the height of the malleoli, which is affected by the changing rear-foot angle. 

As this parameter is measured as the mid-height between the medial and lateral malleoli, the 

increasing height of the medial malleoli possibly caused by reducing pronation is also a 

contributing factor.  

The strong predictive power of normalized mid-foot width, while still a marker of 2D 

slenderness, indicates that the changes in the structure of the mid-foot may also help in 

predicting the decreasing rear-foot eversion. These structural changes are related to the 

development of the MLA and foot posture as the arch height increases and the foot becomes 

less pronated, reducing the “medial bulging” hence decreasing its normalized width. Menz 
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(1998) and Halabchi et al. (2013) suggested that the clinically observed “medial bulging”, 

which is associated with pronated foot posture (Dahle et al., 1991), may be quantifiably 

indicated by the medial drift of the navicular during a transition from subtalar neutral 

position to a resting calcaneal position. Kothari et al. (2014) have also suggested that the 

medial navicular drift is a composite measure of fore-foot abduction and rear-foot valgus 

(eversion). While navicular drift has been used to assess transverse plane mid-foot mobility 

(Menz, 1998, Vinicombe et al., 2001), McPoil et al. (2011) and McPoil et al. (2009) 

suggested the use of mid-foot width as an alternative measure of medio-lateral mobility of 

the mid-foot in adults. Although in the current thesis foot mobility was not measured, 

normalized mid-foot width measured statically in this thesis is related to medial bulging and 

it was measured similarly in McPoil et al. (2011) and McPoil et al. (2009), although they 

used 50% of foot length as opposed to 55% in the present study. Hence, the strong predictive 

power of normalized mid-foot width on decreasing rear-foot eversion may be explained by 

the fact that rear-foot eversion is a component of pronation (Dahle et al., 1991).  

In summary, both normalized fore- and mid-foot width are strong predictors of rear-foot 

eversion on the medial aspect of the Achilles-tendon and over the tarsal canal, while age is 

a strong predictor inferior to the lateral malleolus and over the tarsal canal and normalized 

rear-foot height is a predictor of changes inferior to the lateral malleolus only. These results 

suggest that rear-foot eversion can be predicted more based on foot specific processes 

compared to slenderness. Furthermore, as medial bulging is considered being associated with 

foot pronation and normalized mid-foot width is associated with the medial bulging, 

normalized mid-foot width may be a predictor of pronation. However, in the current section 

only rear-foot eversion was considered.  

 



Matyas Varga 2021                                                                The 3D surface morphology of the paediatric foot 

288 

 

5.7.2. Predictors of increasing arch height 

The simple linear regressions have shown that the strongest predictors of increasing arch 

height are age, normalized mid-foot width and normalized rear-foot height.  

The strongest predictor of MLA surface morphology is normalized rear-foot height. This is 

demonstrated by the significant positive correlations with curvedness and shape-index 

around the edges of the MLA and on the lateral aspect of the plantar mid-foot. This 

relationship might be explained by the increasing height of the malleoli due to the decreasing 

pronation and increasing arch heights. Interesting to note that there were no significant 

differences among the age-groups in normalized rear-foot height (see section 4.4.2.3.), 

which also supports the claim in the previous paragraph. This indicates that children of 

different ages have similar normalized rear-foot heights predicting similar surface 

morphology of the MLA. On the other hand, if the children are ranked in ascending order 

based on normalized rear-foot height (Figure 48.), the first and the last children are both in 

the 7-year-old group, suggesting high intra-age-group variability of the 2D measure, as well 

as that of the 3D surface morphology of the MLA. 
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Figure 48.: Normalized rear-foot height in ascending order and curvedness heat maps of the first, 

37th, middle (74th), 111th and last (148th) participant in this order. Red lines indicate the first, middle 

and last participants.  

The high intra-age-group variability demonstrated in Figure 48. confirms previous findings 

by Gijon-Nogueron et al. (2019) who highlight the broad range of FPI-6 values: -1 to +11 at 

the age of 3 years and -4 to +12 at the age of 7 years. Although FPI-6 is a measure of whole 

foot pronation, it is related to the development of the MLA. Figure 48. also suggests that the 

increase in MLA curvedness may be less related to age, and more related to rear-foot posture. 

Furthermore, the figure demonstrates the results of the simple linear regression, indicating 

an increasing curvedness on the edges of the MLA, suggesting an increase in MLA height 

with increasing normalized rear-foot height. These results may suggest that there is a typical 

range for normalized rear-foot height that predicts a typical MLA 3D surface morphology. 

This range, based on the mean (29.27%) and one standard deviation (1.52%) of the whole 

sample, may be from ~27% to 31% (this range then contains 68% of the children) 

The shape-index regression indicates similar relationship between normalized rear-foot 

height and MLA surface morphology. There are clusters of increasing convexity with 

increasing normalized rear-foot height suggesting that the edges of the MLA become more 
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convex, hence the MLA height increases. There is also a cluster of increasing concavity 

within the MLA, indicating the increasing height of the arch. 

This has never been reported before, as this rear-foot measure is rarely used. However, due 

to its strong predictive power, the typical range defined above can be a useful parameter in 

the clinics, as it is easy to measure and calculate, and the landmarks (both malleoli) that need 

palpating are relatively easy to locate. Although it might not replace direct arch measures 

such as normalized navicular height, it can be a confirmatory variable when the navicular is 

difficult to palpate due to the adiposity of the foot. While normalized rear-foot height is a 

strong predictor of the arch heights, it is a simple height measure and as such cannot 

represent the multi-planar 3D surface morphology of the MLA. The use of 3D measures 

(sections 5.4. and 5.5.) complements height measures and provide a detailed characterization 

of the morphology of the MLA with high resolution.  

The negative correlation of curvedness and positive correlation of shape-index with 

normalized mid-foot width around the edges of the MLA suggest that the increasing mid-

foot 2D slenderness is a predictor of the changes in MLA surface morphology. As it was 

suggested in the previous section, normalized mid-foot width is related to medial bulging 

and predicts rear-foot eversion. In addition to this, a decrease in normalized mid-foot width 

predicts the increasing curvedness and convexity on the edges of the MLA, hence its height. 

These three components, medial bulging, rear-foot eversion and the height of the MLA are 

indicative of foot pronation (Dahle et al., 1991). For these reasons, the results of the previous 

and the current section indicate that normalized mid-foot width may be a predictor of foot 

pronation in children aged three to seven years. This finding confirms previous literature that 

suggested an association between medial bulging and foot pronation (Menz, 1998, Halabchi 
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et al., 2013). For this reason, the simple measure of normalized mid-foot width may serve as 

a quick and easy assessment of rear-foot eversion, MLA height and foot pronation. 

On the other hand, there is only a very small area of non-significant positive correlation of 

normalized mid-foot width with curvedness within the MLA, indicating that mid-foot 2D 

slenderness and the extent of the medial bulging is not a predictor of curvedness within the 

MLA. Furthermore, normalized rear-foot height also has not shown strong correlation within 

the MLA. These results indicate that the main surface morphological changes occur on the 

edges of the MLA rather than within it.  

The results of the regression of curvedness with age demonstrate similar but weaker 

correlations compared to the regression with normalized mid-foot width or normalized rear-

foot height. Furthermore, as age only appears once as a predictor of arch height, it can be 

assumed that more foot specific processes – such as changes in rear- and mid-foot posture - 

predict the surface morphology of the MLA as opposed to general development represented 

by age. Although the post-hoc t-tests in the previous chapter (5.4.3.2.) showed an increasing 

trend in curvedness around the edges of the MLA between the ages of 4 and 5, no other or 

significant differences were found. The lack of strong predictive power of age confirms the 

inconclusiveness of the literature around the development of the MLA (see section 2.1.4.2.), 

which usually links this to age.  
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5.7.3. Predictors of 3D slenderness 

As indicated in the results, the strongest predictors of increasing 3D slenderness on the 

dorsum, instep and around the malleoli are age, normalized mid-foot width and normalized 

fore-foot width. It has been shown before that 2D slenderness (decrease in normalized width 

or height measures) is linked to increasing age (Mauch et al., 2008, Mauch et al., 2009, 

Kouchi, 1998, Bosch et al., 2007, Muller et al., 2012). In these studies, 2D slenderness was 

based mostly on fore-foot width, rear-foot width and dorsal arch height. In the current thesis 

although normalized mid-foot height (comparable to dorsal arch height) was among the 

selected measures for regression, it was not chosen as the strongest predictor of any 

slenderness areas. The above studies used the rear and fore-foot regions to define slenderness 

while in the current thesis normalized mid- and fore-foot width were the strongest predictors 

of 3D slenderness (besides age), although their predictive power was limited to the instep, 

the medial aspect of the Achilles-tendon and to the areas around the malleoli. Although 

normalized mid- and fore-foot width showed high correlation with shape-index on the 

medial aspect of the Achilles-tendon, similar correlations were not detected on the lateral 

aspect. This may indicate that the increasing concavity on the medial aspect is not a predictor 

of increasing slenderness, but of decreasing rear-foot eversion. If it was indeed a marker of 

slenderness, the same would be detected on the lateral aspect. The prediction of decreasing 

rear-foot eversion is discussed in section 5.7.1.. 

In summary, although normalized mid- and fore-foot width are strong predictors of 

increasing slenderness on the instep and around the malleoli, age is the main predictor of 

overall increasing 3D slenderness. While in the literature slenderness is defined globally in 

2D (normalized width or height of a foot region), which represents bony structures, in the 

present chapter slenderness is defined locally in 3D. This 3D definition is based on local 
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changes in curvedness and shape-index, which is presumed to represent changes in local soft 

tissue structures that cannot be assessed using 2D measures. The findings of this section 

suggest that 3D slenderness of the foot is somewhat independent of 2D slenderness, and it 

characterizes a different and novel aspect of foot surface morphology development related 

to local soft tissue changes.  
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5.8. Summary 

5.8.1. The 3D surface morphology development of the paediatric foot 

5.8.1.1. Dorsolateral and medial aspects 

The 3D shape descriptor analysis of the 3 to 7-year-old children's feet may detect three main 

developmental processes on the dorsolateral and medial aspects.  

First, it is proposed that due to proportional changes in the foot between the ages of 3 and 6 

years (Mauch et al., 2008), there might be a reduction in adipose tissue thickness. As children 

gain fat in proportion to height after the age of 2 years (Wells et al., 2020), and the foot 

becomes longer and slenderer in 2D, the existing and gained fat is not sufficient to maintain 

the adipose tissue thickness in the foot. This proposed decrease in fat tissue thickness was 

located (1) on the dorsum, (2) over the metatarsal heads, (3) on the instep, (4) around both 

malleoli and (5) on the medial side of the Achilles tendon between the ages of 4 and 6 years. 

These were identified based on curvedness reduction or increased concavity\reduction in 

convexity (except the instep, where it is a shift towards convexity), suggesting that these 

surfaces become flatter increasing 3D slenderness. Further research is required to identify 

direct links between 3D foot surface shape and soft tissue thickness. 

Second, a change in rear-foot angle\posture towards a more inverted one was proposed to be 

identified through a series of 3D surface morphology changes in different areas of the 

paediatric foot between the ages of 4 and 6 years. These are (1) a reduction in curvedness 

inferior to the lateral malleolus (related to a similar item in the FPI-6), (2) increased 

concavity on the medial side of the Achilles-tendon and (3) a shift towards concavity over 

the tarsal canal indicating a reduction in its prominence. Although these proposed processes 

are not substantial enough to indicate a decreased pronation as suggested in the literature 
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(Martínez-Nova et al., 2018, Gijon-Nogueron et al., 2019), they are proposed to suggest a 

decrease in calcaneal\rear-foot angle, therefore a reduction in eversion in the rear-foot 

mainly between the ages of 4 and 6 years. 

Secondary findings between the ages of 4 and 7 years indicated the increasing prominence 

of bony and muscle landmarks characterised by increased curvedness and\or a shift towards 

convexity. These landmarks are (1) both malleoli, (2) metatarsal head one, (3) dorsal aspect 

of metatarsal heads and (4) muscles on the lateral part of the posterior dorsum. Although no 

change was identified on the navicular tuberosity, it could be identified using the mean age-

group shape-index heat-maps. This increase in prominence of landmarks is proposed to be 

the result of multiple processes, such as (1) changes in the proportion of the foot reducing 

the thickness of soft tissues, (2) the increase in muscle cross-section due to strengthening 

and (3) ossification of the bones. 

5.8.1.2. Plantar aspect 

The 3D plantar aspect shape trajectory investigated indicates the development of the MLA. 

The 3D shape descriptors identified a proposed trajectory of MLA development. In this 

trajectory, the MLA at the age of 3 years consists of a small concave area in the anterior 

medial mid-foot surrounded by low curvedness. Age-group comparisons suggested that the 

MLA then develops from distal to proximal and lateral, increasing in size and height, 

supporting longer step length in the age-groups of 4-5 years. After this age, the curvedness 

changes also indicate the development of the transverse arch, including in the 7-year-old 

group. The combination and timings of these events are supported by Gill et al. (2016), who 

argued that the delayed development of the transverse arch allows it to provide stability as 

step length increases. Although Gill et al. (2016) proposed these explanations for the 
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footprint patterns identified, the measures they used could not identify the exact locations of 

the changes. For these reasons, the explanations they provided were based on interpretations 

and may not have been accurate. Similarly, although Chang et al. (2012) measured the 3D 

volume of the MLA, they could not locate where the changes in volume occurred. In contrast, 

the current results – for the first time – located changes in the 3D surface shape of the MLA 

and the transverse arch providing a map of morphological development. 
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5.8.2. Predictors of paediatric 3D foot surface morphology 

This chapter investigated how the 2D measures in Chapter 4. may predict the 3D surface 

morphology changes identified in sections 5.4.-5.5. These changes were (1) decreased rear-

foot eversion, (2) increased MLA height and (3) increased 3D slenderness. The analysis was 

performed using simple linear regression of all normalized width and height measures of 

foot regions with curvedness and shape-index, however only the ones with strong predictive 

power were selected for further examination. Table 52. has summarized which 2D measures 

predicted the postural\structural changes on different areas of the foot. The strongest 

predictors of 3D foot surface morphology are (1) age, (2) normalized mid-foot width, (3) 

normalized fore-foot width and (4) normalized rear-foot height. The most common predictor 

is normalized mid-foot width, which predicts all four identified morphological changes in 

multiple areas. Although age is present as a predictor in all four cases too, it has the strongest 

predictive power for slenderness. Normalized fore-foot width is also a common predictor, 

except for in the MLA, where normalized rear-foot height and normalized mid-foot width 

are the strongest ones. 

These findings have shown that the identified 2D normalized measures are useful predictors 

of 3D surface morphology. Hence, they may be used in the clinics for diagnostic purposes, 

post-treatment or surgery follow up assessments. It was also shown that with the exception 

of slenderness, all identified changes are best predicted by the normalized 2D measures and 

not age. This suggests that the decreasing eversion and increasing curvedness of the MLA 

edge are less dependent on the general growth of the child. This indicates that environmental 

factors, footwear choice, benign joint hypermobility (El et al., 2006) or activity levels may 

have a stronger effect on these surface morphology changes.  
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Rear-foot eversion, as a component of foot pronation can be predicted using age, normalized 

rear-foot height, normalized mid- and fore-foot width. Normalized mid-foot width is a strong 

predictor as it is also a measure of medial bulging, which is associated with foot pronation 

and hence rear-foot eversion. Although rear-foot eversion can be measured in the clinics 

using resting calcaneal stance position or rear-foot angle, normalized mid-foot width is a 

simpler measure providing wider predictive power and hence may be an alternative to the 

traditional parameters. While normalized mid- and fore-foot width have a wide predictive 

power, normalized rear-foot height only predicts rear-foot eversion and the 3D surface 

morphology of the MLA.  

Age is a much weaker predictor of arch height compared to the normalized 2D measures. 

This is a novel finding and suggests that there is high variability of arch surface morphology 

within and between age-groups. This was further confirmed by Figure 48. demonstrating the 

spread of ages with the increasing normalized rear-foot height. Although based on the 

literature the percentage of children with low arch reduces with age (Chen et al., 2009), this 

was mainly shown using footprint measures such as AI. While footprint measures may 

indicate the changes in the width of the MLA, they cannot quantify the height or the shape 

of this multi-planar 3D structure. In contrast, the current thesis used novel and direct 3D 

surface morphology measures, which could be predicted by normalized 2D measures. 

As a consequence, clinicians should not only rely on age-group norms when making 

diagnostic decisions regarding MLA development. Although mid- and rear-foot height are 

strong predictors of MLA 3D surface morphology (see Appendix 4.), they are absolute 

measures, hence do not account for the general growth of the foot and may lead to 

misinterpretation. On the other hand, normalized measures provide an indicator of relative 

changes in foot dimensions, differentiating between general growth and local changes in foot 
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posture. This thesis has shown that normalized mid-foot width and normalized rear-foot 

height strongly predict the surface morphology of the MLA and might be used independent 

of age. As the strongest predictor is normalized rear-foot height, its percentiles (in bipedal 

stance) of the whole dataset may provide guidance in establishing the developmentally 

appropriate morphology of the MLA. This may also suggest that there is a typical range of 

normalized rear-foot height for children between the ages of 3 and 7 years, which maybe 

between 27 and 31%. Additionally, normalized mid-foot width may be used as one of the 

indicators of foot pronation, as it is a strong predictor of not only MLA surface morphology 

but also of rear-foot eversion as well as capturing medial bulging.  

As increased 3D slenderness was not strongly predicted by the normalized 2D measures, 

which represent 2D slenderness, it can be suggested that these are two different processes. 

3D slenderness may indicate changes in local soft tissue structures, while 2D slenderness 

may imply changes in global foot shape affected mainly by bony structures and foot posture.  
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5.9. Contributions 

5.9.1. Contributions to footwear design 

Although 3D surface morphology data cannot contribute to size information for footwear 

last design, it can provide shape information, which can be used to design the shape of the 

internal surface of children's footwear. This information can be crucial when designing 

footwear shape and material for these age-groups so that the shoe's internal shape matches 

the shape of the paediatric foot (Mauch et al., 2009, Mauch et al., 2008). Changes in foot 

proportions not only cause changes in 2D measures but also in the 3D surface morphology, 

reducing overall curvedness and convexity on the medial and dorsolateral aspects. These 3D 

changes were identified and located -for the first time – and provide information for 

appropriate footwear shape. 

Other changes during this age, such as changing instep shape or more prominent bony 

landmarks, could also affect footwear fit.  Unless the instep's reducing concavity or the 

increasing convexity of the metatarsal heads or malleoli is considered, the footwear will be 

uncomfortable and could even cause injury to the foot. The adjustable laces or Velcro are 

also essential to adapt to variations and fast changes in 3D surface morphology.  

The 3D shape changes identified in the rear-foot can also be useful information for footwear 

last design. Although 2D measures of the rear-foot can provide information in the lateral and 

medial malleolus area, these cannot describe how the 3D shape changes around these 

landmarks. The concavity and curvedness assessment not only allows estimates of rear-foot 

posture; they also provide information for footwear last design. The decreasing curvedness 

below the lateral malleolus or the shift towards concavity posterior to the medial malleolus 
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could be considered in the design of the rear part of the last to allow for a more supporting 

fit in the rear-foot. 

An essential aspect of each footwear is its insole and how it supports the MLA. While 2D 

measures contribute towards quality insole design, the current 3D data, although it does not 

provide height information on the MLA, allows the characterisation of the 3D shape of the 

arch. This could be crucial information for footwear insole design, as it allows the matching 

of the shape of the insole to the shape of the plantar aspect, hence providing a better fit and 

support. A crucial aspect of the MLA's 3D shape is its concavity, position, and size. The 

current data suggest that this concave area expands posteriorly as age increases, which could 

be used to design quality supporting insoles to avoid injury to the foot, such as calluses. 

Another aspect is the curvedness of the MLA edge, which increases with age. While it is 

crucial that the insole mirrors the MLA in size (lateral expansion), the curvedness of the 

edge is also important, so the foot is not just supported at the right place but at the right 

degree too.  
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5.9.2. Contributions to research 

The measures and analysis methods used in this chapter have never been used before for the 

assessment of paediatric foot development. While there have been attempts to characterize 

the 3D shape of the foot in different populations, the surface morphology of the foot has only 

been investigated once, in adults with the purpose of identifying anatomical landmarks (Liu 

et al., 2004). The authors of this study argued that shape-index and curvedness are useful 

variables in locating landmarks. The current thesis employed the same 3D shape descriptors 

and SPM to quantify and visualize the changes in foot surface morphology between age-

groups and provided information about the development of children’s feet that has never 

been shown before. These measures may complement 2D anthropometric measures in the 

assessment of the foot, uncovering details about the changing 3D surface morphology. While 

2D measures relate to the global shape and proportions of the foot, the 3D measures relate 

to local surface shape in the neighbourhood of each point of the foot. For this reason, the 

two types of measures capture different characteristics of foot morphology with very 

different resolution. While 2D measures are taken between two points, 3D measures are 

calculated on each point of the foot (22498 points in this case). For this reason, the 3D 

measures allow a much higher resolution and localised analysis of foot surface morphology, 

although for the same reasons these measures will not allow the direct analysis of foot 

proportions. 

Once established, 3D surface morphology measures such as curvedness and shape-index 

may replace or complement 2D anthropometric measures when investigating the MLA. 

While footprint or height measures provide information about the MLA in a single plane, 

3D shape descriptors can describe and quantify the multi-planar 3D changes occurring on 

the surface of the MLA. The characteristics captured by these measures are directly related 
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to the structure of the MLA hence are better suited to assess it. Similarly, the links between 

other identified surface morphology changes and proposed structural changes may be used 

in the clinics and research.  

The regression results suggest that certain 3D surface morphology characteristics may be 

predicted using 2D anthropometric measures. This allows researchers without 3D scanning 

facilities to estimate and relate their 2D results to 3D surface morphology changes. 
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5.9.3. Contributions to clinical practice 

One of the aims of this chapter was to provide information on the 3D surface morphology 

changes during the development of the paediatric foot between the ages of 3 and 7 years. 

While the direct application of this data in the clinics is currently difficult, in the future they 

may be used similarly to growth charts, where the typically developing foot surface 

morphology is established, and a child’s foot can be compared to it. Furthermore, typical 

foot surface morphology could be established for pathologic presentations, which may aid 

diagnosis. In addition, if the surface morphology of the foot is captured before treatment 

(surgery or otherwise), it can be compared to the surface morphology during and after 

treatment, providing visual and quantitative information about the success of the treatment. 

Visual information may come in the form of heat-maps, similarly to the average shape 

descriptor heat maps in section 5.5. This may also help explanation of the original pathology 

and the success of treatment to parents. On the other hand, quantitative differences can be 

demonstrated by calculating the mesh deviations (distance of corresponding points on the 

foot surface) or shape descriptor differences between corresponding points between the two 

scans. Similar calculations (mesh deviations and shape descriptor RMSE) were performed 

in section 3.4.2. when assessing the reliability of the methods.  

Another aim of the chapter was to identify predictors of 3D surface morphology changes. 

As three measures and age were identified as predictors of all the changes, these may be 

useful in the clinical practice too. All three measures (normalized mid- and fore-foot width 

and normalized rear-foot height) can be easily measured by a clinician, and together with 

age these can predict the surface morphology without the use of expensive 3D scanner. 

Although further investigation is needed in larger sample, these measures may be useful to 

offer a quick assessment of the developmental state of the foot in terms of foot posture and 
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3D slenderness. A further implication of the regression results is that the development of the 

MLA surface morphology and rear-foot posture can be better predicted using normalized 2D 

measures rather than age. This indicates that although normative datasets\growth charts of 

normalized mid- and fore-foot width may be useful in terms of 3D slenderness (this was also 

strongly predicted by age), when the MLA is considered there may be an optimum range of 

normalized rear-foot height which applies to all age-groups. This may be between 27 and 

31% between the ages of 3 and 7 years as demonstrated in Figure 26. 

This requires the establishment of normative dataset and\or growth charts of these measures, 

so the values for typically developing children can be generated. The fact that three measures 

and age predicted rear-foot eversion and the changes in the MLA, highlights the need to use 

more than one measure (such as a single footprint measure) for the assessment of foot posture 

in children. While FPI-6 is a composite measure for this purpose, it is subjective and there 

are currently no normative datasets for this age-group. On the other hand, the measures 

established in the current study are objective and can be measured and calculated quickly 

and, as the regression results show, represent similar characteristics of paediatric foot 

posture. 
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Chapter 6 

6. Thesis summary 

The literature review in Chapter 2, section 2.2. has shown that the size and shape 

development of children’s feet is poorly understood. Although research have been 

conducted, utilising mostly manual methods, these studies provided limited information 

through 2D measures, and there is very little agreement on which ones to use for what 

purpose. While literature to date provided basic foot size and proportion information; there 

remain three main concerns.  

First, the present review of the literature (Chapter 2) exposed the lack of consensus on 

standardized parameters to describe typical foot development. Therefore, several 2D 

measures are used in attempts to define the changes occurring in different parts of the foot, 

or certain distinct measures are used to describe the whole foot. This makes it difficult to 

merge the findings and incorporate them into a unified understanding of foot development 

and into practical applications.  

Second, while certain foot measures were commonly reported from studies using manual 

methods, a detailed analysis of the dimensions and proportions of foot regions using current 

technology is missing from the literature. To the author’s knowledge, there is no current data 

available in the 3 to 7-year-old age range, that was captured with a 3D scanner. 
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Finally, the 2D measures used are low in resolution and are not able to characterize the multi-

planar, 3D changes occurring during development. Although FPI-6 is used to assess foot 

posture, it is an inherently subjective measure. For these reasons, currently there is no studies 

looking at the structural, postural, and local morphological changes without the use of a 

subjective measure or more invasive and expensive methods such as x-ray.  

Therefore, this research was undertaken to attempt to fill these gaps. It was conducted to 

provide an understanding of 2D, and 3D size and morphology development of the paediatric 

foot. Furthermore, it also aimed to provide methods, measures, and data for the analysis of 

the anthropometric and 3D surface morphology development of the paediatric foot. This 

Chapter summarises the key contributions of the research carried out, providing details of 

the study limitations, and recommendations for future research in this field. 
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6.1. Summary of the findings 

6.1.1. Measuring the paediatric foot using a hand-held 3D scanner 

The aim of this chapter was to establish protocols and 3D measures for describing 2D and 

3D foot development trajectory. Phase (a) examined the reliability and validity of capturing 

2D and 3D foot measures in children aged 2 to 7 years using a hand-held 3D scanner. Phase 

(b) investigated whether 3D shape descriptors can help characterise and quantify differences 

in 3D foot surface morphology between the age groups of 2, 5 and 7 years. This is the first 

time a structured light hand-held scanner, a custom-built stand and platform and 3D shape-

descriptors have been used in the measurement of children’s feet. 

The comparison of the current results with existing literature showed that the methods used 

captured valid 2D foot anthropometric data in all age-groups and the discrepancies compared 

to literature are due to ethnic and methods differences. Considering reliability, the 2 year-

old children had the lowest reliability in (1) most 2D measures, (2) in both 3D shape 

descriptors and (3) spatial agreement between 3D models of the same foot. These reliability 

issues were proposed to be due to certain behavioural, neuromuscular, and soft tissue 

properties of this age-group as opposed to the functional capacity of the scanner or the setup. 

Although the 2-year-olds had the lowest reliability, the higher mesh deviations did not 

directly translate into considerable 3D surface morphology differences. For this reason, the 

3D shape descriptors were still used in phase (b) of the pilot study. Furthermore, based on 

the researcher’s experience when scanning this age-group, the children who were closer to 

the age of three, were more likely to be able to stand still during scanning and have a more 

consistent stance throughout the scans. Therefore, the lowest age in the main study was 

increased to three years of age. These findings should also serve as warnings for researchers 

using 3D scanning in young children, so they are aware of the possible reliability issues. 
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The review of the literature using 3D foot scanning (Chapter 2, section 2.2.3.) indicated that 

researchers adapted this technology to provide a time efficient and accurate way of capturing 

2D foot measures, without providing 3D surface morphology information. For this reason, 

to date the 3D surface morphology of the developing foot has never been examined. 

Therefore, the research in Chapter 3, sections 7, 8 and 9 investigated whether 3D shape 

descriptors are appropriate for characterising differences in 3D foot surface shape between 

age-groups. This is the first time that 3D shape descriptors have been used from 3D scans of 

paediatric feet, resulting in new knowledge about the development of the 3D surface 

morphology of the paediatric foot. 

The findings of this phase of work demonstrated that the use of 3D shape descriptors derived 

from 3D foot scans can contribute to identifying, locating, and characterising changes in foot 

surface morphology during development. Furthermore, the results confirmed previous 

findings in the literature (e.g., the foot becomes slenderer with increasing age, the area of the 

MLA increases), but more importantly offered new insights into the 3D surface shape 

development (e.g., the MLA becomes more concave with increasing age, emergence of bony 

landmarks, reduction in adipose tissue) through the use of high resolution 3D surface 

morphological heat maps. This study is a novel attempt to translate 3D shape descriptor 

research into 3D foot measures which can be interpreted in an applied clinical setting (Varga 

et al., 2020). Importantly, the results of this study also validated the use of 3D shape 

descriptors in Chapter 5.  
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6.1.3. The 2D anthropometry of the paediatric foot 

Following the reliability analysis, the aim of chapter 4 was to offer an understanding of 2D 

anthropometric foot development between the ages of 3 and 7 years, and to provide a 

contemporary dataset of 2D anthropometric paediatric foot measures. 2D measures for the 

rear-, mid- and fore-foot were captured and analysed in 148 children using the Artec Eva 

hand-held scanner. The changes in height, width and proportions of the foot regions were 

successfully evaluated to establish a developmental trajectory of the paediatric foot and to 

characterize differences in development among foot regions. 

The three foot regions were found to have different developmental trajectories especially 

after the age of 4 years. Rear-foot was shown to grow faster in height but in proportion with 

foot length compared to the other regions, which become relatively flatter with age until the 

age of 7 years. It was also demonstrated that the mid- and fore-foot grows faster in width, 

although they become slenderer than the rear-foot up to the age of 7 years suggesting that 

the development of paediatric foot shape should not be described and generalized based on 

a few selected measures. Instead, using the width, height, and their normalized counterparts 

of all three regions should at least be considered. Furthermore, the results indicated an 

intense development of foot posture and the MLA between the ages of 4 and 5 years and 

suggested that the typical normalized parameters have practical value for clinicians in 

assessing the paediatric foot posture. 
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6.1.4. The 3D surface morphology of the paediatric foot 

This chapter aimed to advance the understanding of 3D foot surface morphology 

development between the ages of 2 and 7 years. It’s tasks were to describe the average 3D 

surface morphology of each age-group and to identify the differences in 3D surface 

morphology among age-groups. Furthermore, the second objective was to determine 2D 

measures that can predict the 3D surface morphology changes identified. This thesis is the 

first to study 3D shape descriptors in a relatively large sample of children, using an advanced 

statistical method: statistical parametric mapping.  

The ANOVA and post-hoc t-tests performed in the SPM framework on curvedness and 

shape-index among the five age-groups identified three main developmental processes in the 

paediatric foot.  

First, it was proposed that the 3D surface morphology differences between age-

groups on the medial aspect of the Achilles-tendon, inferior to the lateral malleolus and over 

the tarsal canal suggested a decrease in rear-foot eversion between the ages of 4 and 5 years.  

Second, on the plantar aspect, the 3D surface morphology differences indicated an 

increase in the height of the MLA between the ages of 4 and 6 years marked by the increasing 

curvedness on its lateral edge. Further development of the MLA was indicated by the 

increasing concavity on the medial aspect of the MLA edge after the age of 6 years. It was 

also established, that an MLA existed in the youngest age-group and that its development is 

distal to proximal until the age of 5, after which it is proximo-distal. A novel result 

demonstrated that a considerable size development of the MLA is observable up to the age 

of 6, and transverse arch develops later.  
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Finally, an increased 3D slenderness of the foot related to local soft tissue changes 

on the dorsum, around the malleoli and on the instep was proposed, based on the 3D surface 

morphology differences between the ages of 4 and 6 years.  

This is the first time that 3D shape-descriptors have been used to describe the development 

of 3D foot surface morphology in children, and this data can characterize structural\postural 

changes, which could not be identified using 2D data. For these reasons, although further 

research is required, the methods and the results of this chapter are unique and crucial steps 

towards an optimal quantification and description of paediatric foot development. 
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6.1.5. Predictors of paediatric 3D foot surface morphology 

The objective of this part of chapter 5., utilising the results from Chapter 4 and section 5.4. 

was to investigate how the 3D surface morphology of the paediatric foot may be predicted 

using normalized 2D anthropometric foot measures.  

The results of this chapter have shown that with the exception of the increasing 3D 

slenderness, age is not the strongest predictor of 3D surface morphology changes in the 

paediatric foot.  

The decreasing rear-foot eversion was mainly predicted by normalized mid- and fore-

foot width, while the increasing arch heights were mainly predicted by normalized mid-foot 

width and normalized rear-foot height. On the other hand, 3D slenderness was strongly 

predicted by age and less so by the normalized 2D measures, indicating that 2D and 3D 

slenderness are two distinct phenomena. While 2D slenderness relates to the global shape of 

the foot mainly affected by bony structures and foot posture, 3D slenderness is defined by 

surface morphology affected by local soft tissue changes. Based on the analysis, it is also 

proposed that the 3D slenderness of the foot can be predicted by the general development of 

the child (such as height and weight).  

The most common predictor of 3D surface morphology changes was normalized mid-foot 

width, which was proposed to predict three components of foot pronation: rear-foot eversion, 

MLA height and medial bulging (as itself measures this). These properties make this 

measure a robust and useful parameter to employ in clinical practice for diagnostic or 

treatment follow up purposes. On the other hand, normalized rear-foot height predicted rear-

foot eversion and MLA height. It was also suggested that there may be an optimal range of 

normalized rear-foot height that indicates optimal MLA 3D surface morphology, which is 

between ~27% and ~31% containing 68% of children.  
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6.2. Contributions  

6.2.1. Contributions to footwear industry 

The findings of Chapter 4 and 5 also have contributions for the footwear industry. Ill-fitting 

shoes may cause long term problems in the development of children’s foot and gait. To 

design shoes that fit well, the shape of the footwear must be very similar to that of the foot 

(Mauch et al., 2008, Mauch et al., 2009a). In footwear last design and fit, although foot 

length is an important measure, a detailed understanding of the developmental trajectory of 

each foot region, and the 3D shape of the foot allows a more appropriate design and fit 

reducing the negative effects of inadequate footwear (Delgado-Abellán et al., 2014).  

The results of Chapter 4 indicated that to allow for the changing size and proportions, and 

different developmental trajectories of the foot and foot regions, non-linear scaling factors 

are suggested to be used. Due to the different trajectories of width and height measures in 

the rear-, mid- and fore-foot, the scaling factor should not be constant across sizes and foot 

regions. As it has already been argued, precise foot width or 3D analysis of foot shape can 

help alleviate fitting issues (Witana et al., 2004), therefore, the results of the present thesis 

are an important step towards a better fitting design and manufacturing of footwear. 

The results of Chapter 5 have also provided implications for the footwear industry. The 

changing 3D foot surface morphology throughout the age-groups suggests that not only the 

size, but the shape of footwear should also be changing. First, there is an increased 3D 

slenderness between the ages of 4 and 7 years, and the footwear should adapt to that. With 

increasing size, its shape needs to become flatter on the dorsal aspect but also allow for bony 

landmarks to develop. These adaptations have already been addressed in the footwear 

industry by the use of Velcro or laces to also allow for variations within the same size. 
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Second, the inversion gradually occurring in the rear-foot within this age-range should be 

considered in footwear design, to account for a reducing medial mid-foot bulging, and 

changes in concavity around both malleoli. Finally, the results also suggest that the insoles 

of children’s footwear with increasing size, should account for an increased curvedness 

around the MLA, an increased area of concavity, and a posterior shift of this concavity. 
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6.2.2. Contributions to research 

While the findings of Chapter 4. compared to the literature demonstrated that there are 

differences in foot region developmental trajectories among ethnic groups or countries, the 

same could not be shown in Chapter 5. due to the lack of 3D surface morphology literature 

in children’s foot development. Similarly, the differences in the methods used could also 

have caused some of the discrepancies between the literature and the 2D results of the current 

thesis, while no 3D surface morphology data about children’s feet exists. The literature that 

studied the same age-range used manual methods  and inconsistent measurement definitions 

(Kouchi, 1998, Forriol et al., 1990, Gilmour and Burns, 2001, El et al., 2006, Chen et al., 

2011, Muller et al., 2012, Sacco et al., 2015, Sobel et al., 1999, Redmond et al., 2008, 

Sadeghi-Demneh et al., 2015, Gijon-Nogueron et al., 2019, Martínez-Nova et al., 2018, 

Gijon-Nogueron et al., 2017, Gijon-Nogueron et al., 2016a), hence the comparison to the 

current thesis is difficult. The contribution of this thesis to foot developmental research is 

threefold. First, this unique dataset provides an up to date description of the trajectory of foot 

development in (1) 2D, utilising a specific three region size and proportional analysis and in 

(2) 3D, utilising – for the first time – 3D surface morphology data (curvedness and shape-

index). Second, the methods of this thesis offer novel approaches to foot scanning and foot 

shape analysis. The hand-held scanning technology used allows the scanning to take place 

in the children’s own environment making it easier to scan younger participants. 

Furthermore, the use of curvedness and shape-index along with SPM offers a unique, 

relevant, and comprehensive 3D surface morphology analysis and provides a high resolution 

3D morphological map of the foot. Future studies could utilise these methods to create 

normative datasets for age-groups or foot sizes providing key information for clinicians and 

footwear last designers. Finally, the analysis of curvedness and shape-index on the MLA 

could offer new insights and methods for the research of this highly debated topic. A 
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combination of degree of concavity and the percentage of concave area of the plantar aspect 

could provide a more relevant measure of the developmental state of the MLA. 

6.2.3. Contributions to clinical practice 

The understanding of paediatric foot development is crucial in clinical practice, and while 

there have been studies investigating it, this thesis is the first to offer a detailed analysis of 

size and shape development in three regions of the foot. Hence, the results of chapter 4. (the 

2D anthropometry of the paediatric foot) provide an up to date, comprehensive dataset about 

the typically developing foot between the ages of 3 and 7 years. This may also aid clinicians 

in diagnosis and in the assessment of children’s foot posture, identifying children with non-

typical presentations. Furthermore, the trajectory of foot region development is novel 

information, which may be important in the education of clinicians.  

While chapter 4. provided a 2D foot anthropometric dataset on paediatric foot development, 

chapter 5. offered a novel, high resolution 3D surface morphology dataset. The direct 

application of this dataset is currently difficult; however, they can help do develop a dataset 

of typically developing foot surface morphology, and children’s feet can be compared to 

this. The methods used can also help in diagnosing, visualizing and quantifying foot 

deformities and pathologies. Furthermore, the method may also provide a tool for assessing 

treatment outcome visually and quantitatively using heat-maps and mesh deviation 

measurements.  

The second part of chapter 5. demonstrated that three normalized 2D measures can predict 

3D surface morphology changes of the paediatric foot. All three measures are easy to capture 

in the clinics and hence can be used as a quick assessment of children’s feet in terms of 3D 

slenderness, rear-foot posture and MLA surface morphology. Furthermore, the use of 

normalized rear-foot height may be suggested as a marker of MLA height, with an optimum 

range between ~27% and ~31%. This provides a quick assessment of the MLA, and along 
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with normalized mid- and fore-foot width they may be able to  evaluate the paediatric foot 

posture. 

6.3. Limitations 

6.3.1. Measuring the paediatric foot using a hand-held 3D scanner 

6.3.1.2. Reliability of capturing 2D and 3D measures of the paediatric foot using the 

Artec-Eva hand-held 3D scanner 

This study investigated the reliability of capturing 2D and 3D measures of children’s feet 

using the Artec Eva hand-held scanner. Although all data was successfully captured and 

analysed, due to the limited number of similar studies in the literature, the evaluation of the 

reliability parameters is limited. The two available similar studies investigating the reliability 

of 2D measures by Mauch et al. (2008) and Mauch et al. (2009) showed RMSE values 

between 0.5 and 2mm. As there is no standard cut-off value for 2D measure reliability, the 

decision to exclude the youngest age-group from the main study was partly subjective, based 

on the fact that in eight out of the 11 measures, the 2 years old children had the largest 

RMSE. The limitations regarding the 3D measure reliability are similar.  There are no studies 

assessing these in children, hence the conclusion to exclude the youngest group from the 

main study based on vertex deviations and shape descriptor RMSE was partly subjective. 

Furthermore, both of the results were supported by the experience of the investigator 

scanning the children’s feet, arguing that 3 year-olds were much more able to stand still 

during scanning compared to 2 years old children, therefore producing higher quality and 

more reliable results. 

An important consideration in every study using novel methods is the validity of the 

technology. In this study, although the validity of Artec Eva was not directly assessed, this 

has already been examined in previous research (Koban et al., 2020, Seminati et al., 2017) 
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looking at comparing it to reference scanners. Investigating residual limb models or faces of 

volunteers, it was found that the RMSE between the reference scanners and the Artec Eva 

was under 1mm suggesting high validity of the Artec Eva scanner. Furthermore, as 

mentioned in the limitations section of chapter 3, the 2D data resulted from the pilot study 

agreed with data in the literature (table 13.), also suggesting validity of the current methods. 

In addition, the upper part of the foot, where all 2D measures were measured from, was 

scanned similarly to other scanning techniques, hence the use of the Perspex platform did 

not affect validity of the anthropometric measures.  Further research is required to directly 

assess the validity of Artec Eva in scanning children’s feet with regards to the 3D measures 

captured through the Perspex platform. For this reason, a technical validation of the protocols 

may be necessary to eliminate or control the effects of light refraction of the Perspex 

platform. Anwer et al. (2017) argued that depending on the thickness of the platform, the 

distance of each point measured in the scan from the scanner maybe different from the real 

distance. This could cause inaccuracies in the 3D model. The validation may have to be done 

using a known sized object at a known distance from the scanner, that is scanned through 

the Perspex platform and without the Perspex platform and\or through refraction correction 

and adjusting time of flight values as detailed in Anwer et al. (2017).  

6.3.1.1. Three-dimensional foot shape analysis in children: a pilot analysis using 

three-dimensional shape descriptors 

In phase (b) of the pilot study, a 3D shape descriptor based approach successfully showed 

that heat-maps and histograms are appropriate to identify differences in 3D foot shape 

between age-groups. However, the small sample size, the subjective choice of the 

representative foot, and the lack of statistical analysis limited the scope of this study. These 
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issues were addressed in the main study, where the same measures were examined in a larger 

sample, using SPM.  

6.3.2. The 2D anthropometry of the paediatric foot 

Chapter 4 explored the trajectory of foot development using 2D measures resulting from 3D 

scanning. However, the findings from this research were limited by the number of 

participants involved in each age-group, and therefore caution must be applied in the 

interpretation of the results. Based on the a-priory sample size calculation, post-hoc tests for 

the age-group pairs of the 3 and 4; or the 6 and 7 year-old groups were underpowered for 

most measures. On the other hand, the tests between non subsequent age-groups were only 

underpowered for the 3-year-old group for absolute and normalized measures except for foot 

length. 

A further limitation due to the convenience sampling method is the uneven number of boys 

and girls in the sample, as there were more than twice as many girls as boys. It has been 

reported before that boys have larger foot measures (Delgado-Abellán et al., 2014) in the 

older age groups of the age range examined. For this reason, in the two older age groups, the 

2D measures could have been underestimated and no meaningful comparison of genders 

could be performed. 

A further limitation is the lack of validity assessment of the methods. Although no such 

assessment was performed, the validity of the 2D anthropometric measures is acceptable as 

most measures agree with data in the literature apart from differences resulting from 

discrepancies in the sample or data capture and measurement techniques. Furthermore, the 

scanning technique (bipedal stance on a Perspex platform) did not affect validity as all 

measures were captured from the dorsal part of the foot, which was scanned above the 

platform. 
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An inherent limitation of this research is its cross-sectional nature. For this reason, the 

interpretation of the result has to be careful and not rely on cause and effect or change, as 

this cannot be deduced from this type of study.  

6.3.3. The 3D surface morphology of the paediatric foot 

Similar limitations are present in the study looking at the 3D measures, due to the fact that 

it used the same sample, although a-priori sample size estimation was not available in the 

software. Further research with larger sample size in each age-group is required to confirm 

and support the 3D surface morphology results of the current thesis.  

Another limitation is concerning the SPM method. An inherent feature of the non-parametric 

1D SPM tests performed on the current data is the lack of exact p-values. Although 

significant clusters with p<0.05 can be identified, the exact p-value is unknown, hence the t-

value maps had to be used in the analysis. While the t-value considers the mean, standard 

deviation and sample size, exact likelihood information cannot be calculated. This is a 

limitation of the software and not how it was used in this particular study.  

Further limitations include the methods used during the pre-processing and registration of 

the foot scans. These resulted in a loss of resolution, data loss, and duplicates in the 

corresponding points, possibly altering the actual results. However, due to the still high 

resolution of the point clouds, these problems are unlikely to significantly change the results 

and their interpretation. While these are important limitations, the current methods have 

never been utilised in this type of data before, hence further research is required to establish 

more effective and accurate pre-processing and registration algorithms.  
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6.3.4. Predictors of 3D surface morphology of the paediatric foot 

The limitations of chapter 6 are fourfold. First, there was no available sample size estimation 

option in SPM within the software, which undermines the statistical interpretation of the 

results. Although this was the case, the interpretation did not rely on significant results, but 

on the magnitude of the t-values derived from the r values indicating tendencies in the data. 

Second, as currently there is no non-parametric multiple regression option in SPM, the 

analysis relied on using a series of non-parametric simple linear regressions of the 

normalized 2D measures. These were chosen against the absolute measures to account for 

foot length within the sample. Third, the normalized 2D measures for further analysis were 

chosen in a partly subjective way. This was based on considering the size of the clusters and 

the magnitude of the t-values within these clusters that were thought to be related to a 

particular 3D surface morphology change. Finally, the contribution of each normalized 2D 

measure to predicting the 3D changes could not be quantified, and again, the t-values and 

the size of the clusters were used to estimate this. 
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6.4. Future directions 

This thesis has made several noteworthy contributions to suggest how the developmental 

trajectory of the paediatric foot should be captured and analysed, along with a dataset of this 

trajectory between the ages of 3 and 7 years. However, the methods used still need further 

validation to justify the incorporation into research or practical applications. Testing of 

different scanning strategies to automate pre-processing and marker identification would 

provide valuable methodological information to researchers and clinicians alike.  

In addition to addressing the limitations discussed in all the chapters, a number of studies 

can be undertaken to provide further insight into the understanding of paediatric foot shape 

development. Although the direct application of the current data in clinical practice is 

currently difficult, in the future they may be used similarly to growth charts, where the 

typically developing foot surface morphology is established, and a child’s foot can be 

compared to it. In addition, typical foot surface morphology could be established for 

pathologic presentations such as clubfoot or bunions, which may aid diagnosis.  

Furthermore, once the surface morphology of the foot is captured before treatment (such as 

in the case of clubfoot), it can be used as a baseline to compare it to the surface morphology 

during and after treatment. This can offer qualitative (visual) and quantitative assessment of 

treatment success. Visual assessment may be performed using heat-maps, similarly to the 

average shape descriptor heat maps in section 5.5. This approach may aid explanation of the 

original pathology and the success of treatment to parents. Additionally, the differences 

before and after treatment can be demonstrated quantitatively by calculating the mesh 

deviations (distance of corresponding points on the foot surface) or shape descriptor 

differences between corresponding points between the two scans. Similar calculations (mesh 
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deviations and shape descriptor RMSE) were performed in section 3.4.2. when assessing the 

reliability of the methods.  

The present study dealt with the visible presentation of the foot and the estimation of 

structure and posture from 3D measures. However, the links between measures and structure 

and posture are not direct. Therefore, further research should explore these links by utilising 

direct measures of these changes along with 2D and 3D parameters. This could also include 

studies looking into the relationship between FPI-6 and its items and 3D surface morphology 

during the development of the paediatric foot or between healthy controls and pathological 

presentations. Furthermore, a study looking into the changes in 3D surface morphology 

during the hallux dorsiflexion test or the Jack’s test could validate the use of these parameters 

in the clinics to support the diagnosis of rigid flat foot. Subsequently, once the relationship 

between 2D and 3D shape and posture and structure are established, further investigations 

should aim to assess the links between 2D, and 3D shape and function. These studies could 

look into how the morphology of the foot changes during dynamic tasks such as gait or 

balancing and how morphological parameters maybe related to kinematic, kinetic or muscle 

activity parameters. This could be achieved using 3D motion analysis with reflective markers 

synchronized with 4D scanning (dynamic scanning over time).  

Two 3D shape descriptors were tested and used to characterize 3D surface morphology 

changes in the foot in Chapter 5. Curvedness and shape-index were selected due to their 

intuitive nature and straight forward interpretation. However, future studies should explore 

different derivatives of these two measures or other 3D measures of surfaces such as 

Gaussian-curvature, principal curvatures, and mean curvature. Such studies could help in the 

automatic identification of anatomical landmarks or further description of 3D surface 
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morphology changes in the foot. The use of 3D shape-descriptors may also contribute to the 

development of better fitting footwear for children or personalized orthotics.  

Finally, the research of 2D and 3D parameters should also focus on gathering information 

relevant to specific pathology under interest and its treatment. Once the links between 3D 

measures and foot posture and structure are established, the new 3D parameters could be 

used instead of subjective and\or expensive methods. They may also allow faster diagnosis 

and follow up assessments after or between treatments.  
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8. Appendices 

Appendix 1. Main study information sheets  

Information sheet for recruitment in schools, nurseries, and sport centres 
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Information sheet for data collection in the Human Movement Laboratory 
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Appendix 2. Informed consent forms and demographic data 

collection sheet 

Main study consent form 
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Main study Participant data collection sheet 
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Appendix 3. Shapiro-Wilk tests of normality for 2D 

anthropometric measures per age-group 

Table 54.: Normality test for foot length for each age-group. Sig.: significance, df.: degrees of 

freedom. *: p<0.05, ***: p<0.001 

 Shapiro-Wilk 

Group Statistic df Sig. 

3 years old group .937 12 .457 

4 years old group .932 38 .023* 

5 years old group .972 35 .500 

6 years old group .989 41 .965 

7 years old group .964 22 .579 

Table 55.: Normality tests for rear-foot width for each age-group. Sig.: significance, df.: degrees of 

freedom. *: p<0.05, ***: p<0.001 

 Shapiro-Wilk 

Group Statistic df Sig. 

3 years old group .951 12 .654 

4 years old group .983 38 .808 

5 years old group .953 35 .143 

6 years old group .987 41 .921 

7 years old group .904 22 .035* 

Table 56.: Normality tests for normalized rear-foot width for each age-group. Sig.: significance, df.: 

degrees of freedom. *: p<0.05, ***: p<0.001 

 Shapiro-Wilk 

Group Statistic df Sig. 

3 years old group .944 12 .552 

4 years old group .973 38 .471 

5 years old group .965 35 .325 

6 years old group .971 41 .381 

7 years old group .743 22 .000*** 

Table 57.: Normality tests for rear-foot height for each age-group. Sig.: significance, df.: degrees of 

freedom. *: p<0.05, ***: p<0.001 

 Shapiro-Wilk 

Group Statistic df Sig. 

3 years old group .971 12 .918 

4 years old group .953 38 .113 

5 years old group .976 35 .615 

6 years old group .991 41 .980 

7 years old group .952 22 .342 
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Table 58.: Normality tests for normalized rear-foot height for each age-group. Sig.: significance, df.: 

degrees of freedom. *: p<0.05, ***: p<0.001 

 Shapiro-Wilk 

Group Statistic df Sig. 

3 years old group .891 12 .120 

4 years old group .981 38 .763 

5 years old group .958 35 .201 

6 years old group .972 41 .386 

7 years old group .932 22 .135 

Table 59.: Normality tests for mid-foot width for each age-group. Sig.: significance, df.: degrees of 

freedom. *: p<0.05, ***: p<0.001 

 Shapiro-Wilk 

Group Statistic df Sig. 

3 years old group .942 12 .530 

4 years old group .962 38 .221 

5 years old group .949 35 .103 

6 years old group .971 41 .370 

7 years old group .950 22 .311 

Table 60.: Normality tests for normalized mid-foot width for each age-group. Sig.: significance, df.: 

degrees of freedom. *: p<0.05, ***: p<0.001 

 Shapiro-Wilk 

Group Statistic df Sig. 

3 years old group .950 12 .642 

4 years old group .972 38 .439 

5 years old group .990 35 .980 

6 years old group .945 41 .046* 

7 years old group .982 22 .938 

Table 61.: Normality tests for mid-foot height for each age-group. Sig.: significance, df.: degrees of 

freedom. *: p<0.05, ***: p<0.001 

 Shapiro-Wilk 

Group Statistic df Sig. 

3 years old group .906 12 .192 

4 years old group .947 38 .074 

5 years old group .967 35 .371 

6 years old group .987 41 .907 

7 years old group .975 22 .816 

Table 62.: Normality tests for normalized mid-foot height for each age-group. Sig.: significance, df.: 

degrees of freedom. *: p<0.05, ***: p<0.001 

 Shapiro-Wilk 

Group Statistic df Sig. 

3 years old group .937 12 .454 

4 years old group .952 38 .106 

5 years old group .964 35 .294 

6 years old group .975 41 .510 

7 years old group .958 22 .448 
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Table 63.: Normality tests for fore-foot width for each age-group. Sig.: significance, df.: degrees of 

freedom. *: p<0.05, ***: p<0.001 

 Shapiro-Wilk 

Group Statistic df Sig. 

3 years old group .922 12 .299 

4 years old group .970 38 .390 

5 years old group .971 35 .480 

6 years old group .976 41 .535 

7 years old group .975 22 .827 

Table 64.: Normality tests for normalized fore-foot width for each age-group. Sig.: significance, df.: 

degrees of freedom. *: p<0.05, ***: p<0.001 

 Shapiro-Wilk 

Group Statistic df Sig. 

3 years old group .866 12 .059 

4 years old group .934 38 .027* 

5 years old group .954 35 .152 

6 years old group .983 41 .771 

7 years old group .973 22 .788 

Table 65.: Normality tests for fore-foot height for each age-group. Sig.: significance, df.: degrees of 

freedom. *: p<0.05, ***: p<0.001 

 Shapiro-Wilk 

Group Statistic df Sig. 

3-years old group .895 12 .138 

4-years old group .973 38 .483 

5-years old group .983 35 .848 

6-years old group .962 41 .189 

7-years old group .963 22 .556 

Table 66.: Normality tests for normalized fore-foot height for each age-group. Sig.: significance, df.: 

degrees of freedom. *: p<0.05, ***: p<0.001 

 Shapiro-Wilk 

Group Statistic df Sig. 

3 years old group .945 12 .567 

4 years old group .972 38 .450 

5 years old group .956 35 .173 

6 years old group .927 41 .012* 

7 years old group .982 22 .942 
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Appendix 4. Curvedness and shape-index regressions with 

normalized 2D anthropometric measures. 

 

Figure 49.: SPM1D regression of curvedness with normalized 2D measures, dorsolateral view. The 

colour bar represents the t statistics, with the threshold at each end (alpha level of 0.05). White points 

mark significant correlation. Dark to light blue colours indicate increasing negative correlation, red, 

orange, and yellow colours indicate increasing positive correlation. 
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Figure 50.: SPM1D regression of shape-index with normalized 2D measures, dorsolateral view. The 

colour bar represents the t statistics, with the threshold at each end (alpha level of 0.05). White points 

mark significant correlation. Dark to light blue colours indicate increasing negative correlation, red, 

orange, and yellow colours indicate increasing positive correlation. 
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Figure 51.: SPM1D regression of curvedness with normalized 2D measures, medial view. The colour 

bar represents the t statistics, with the threshold at each end (alpha level of 0.05). White points mark 

significant correlation. Dark to light blue colours indicate increasing negative correlation, red, 

orange, and yellow colours indicate increasing positive correlation. 
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Figure 52.: SPM1D regression of shape-index with normalized 2D measures, medial view. The 

colour bar represents the t statistics, with the threshold at each end (alpha level of 0.05). White points 

mark significant correlation. Dark to light blue colours indicate increasing negative correlation, red, 

orange, and yellow colours indicate increasing positive correlation. 
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Figure 53.: SPM1D regression of curvedness with normalized 2D measures, plantar view. The colour 

bar represents the t statistics, with the threshold at each end (alpha level of 0.05). White points mark 

significant correlation. Dark to light blue colours indicate increasing negative correlation, red, 

orange, and yellow colours indicate increasing positive correlation. 
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Figure 54.: SPM1D regression of shape-index with normalized 2D measures, plantar view. The 

colour bar represents the t statistics, with the threshold at each end (alpha level of 0.05). White points 

mark significant correlation. Dark to light blue colours indicate increasing negative correlation, red, 

orange, and yellow colours indicate increasing positive correlation. 

 

 

 

 

 

 


