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Abstract 

This thesis presents the form and function in the lower limb of typically developing infants 

during the first year of autonomous walking. Lower limb motion analysis and 3D ultrasound 

of the gastrocnemius is captured at 3 time points from 12 to 24 months of age. Additionally, an 

infant finite element foot model was developed to explore bone adaptation in the calcaneus 

across the first year of walking. In general, it was observed that infant kinematics and kinetics 

converges towards adult like characteristics by 24 months of age. Infant gastrocnemius 

development can be in part explained by the changing ankle joint torques. Moreover, the 

increase in calcaneus cortical bone density and bone fibre directions is driven by the changing 

foot centre of pressure and muscle and ligament forces. These findings fill a gap in knowledge 

that is missing in infant biomechanics in the literature and anatomy texts.  
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Chapter 1: Introduction, motivation and aims 

 
1.1 Introduction 

The fact that human biomechanics and anatomy have mainly focused on adult individuals to date 

is an important factor to consider. This has been, in part, because collecting infant gait and imaging 

is challenging by nature. Parents and infants need to be recruited and engagement maintained 

throughout the journey of their gait and muscle development. Moreover, the infant data collection 

is challenged by the serendipitous nature of infant behaviour. These challenges have resulted in a 

knowledge gap for typically developing infants in both anatomy and biomechanics fields, which is 

evidenced by the limited amount of literature in this field. 

 

As presented in the next section in more detail, the aim of this thesis is to explore further insight of 

how infant biomechanics and muscle development are coupled, in a form function relationship. It 

is worth mentioning that current medical practices aim to treat disabilities, such as cerebral palsy, 

with little understanding of how the typical infant develops. Understanding typical infant 

development is an important step before investigating infants with pathology. This is because most 

of the development in the musculoskeletal system occurs in the first few years of life, hence, early 

understanding provides an opportunity for early intervention. For these reasons, we anticipate 

increasing opportunities to contribute to infant biomechanics knowledge in the coming years. In 

summary, paediatric research results in improved diagnosis of children with early signs of abnormal 
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gait and muscle growth early in life. As a young investigator, it is fulfilling to be part of a project 

that considers this point of view. This is one of the pillars for this thesis. 

 

1.2 Motivation 

Studying human movement is an indicator to explain the stability as well as the behaviour of the 

musculoskeletal system. If we add the study of analysing the muscle architecture throughout a 

period, biomechanics describes many fascinating anatomical as well as physiological functionalities 

of the human body. 

 

For a better understanding of gait development into adulthood and the initiation of different 

musculoskeletal disorders, we can begin analysing human gait at the early stages of life. For 

example, an extensive number of publications have been conducted on children with cerebral palsy 

(CP). Interestingly, fewer studies have been done on infant gait and muscle development in healthy 

conditions. In this thesis, we focused our attention on examining these parameters in typically 

developing infants during their first year of unsupported walking, to add reference data to compare 

against in biomechanics research for CP and other gait disabilities.  

 

One of the most important muscles for independent walking during infancy is the gastrocnemius 

(Riad et al., 2008). This muscle is situated in the lower limb, overlaying the soleus. The 

gastrocnemius is further divided into the lateral gastrocnemius (LG) and the medial gastrocnemius 

(MG), and with the soleus is known as the triceps surae.  The head of the lateral and medial 

gastrocnemius muscles is located in the lateral and medial femur epicondyle. The insertion point 



3 

 

for these muscles is the Achilles tendon (Chang et al., 2020). Functional roles of the gastrocnemius 

include knee flexion and ankle plantarflexion (Honeine et al., 2013; Lichtwark et al., 2013). The 

gastrocnemius muscle was primarily selected over other muscles in the lower leg due to (1) being 

compartmentalized in a medial and lateral part that differentiates in muscle shape over time, (2) 

being more superficially located than other muscles and (3) being involved not only in 

plantarflexion but also in ankle inversion and eversion.  

 

To identify knowledge gaps in the field of infant gait analysis, we completed a scoping review. We 

suggest the development of infant gait would explain the differentiation observed in muscle shape 

in the gastrocnemius muscle. We suggest that as an infant develops, the increased plantarflexion 

torques will influence the differentiation of the gastrocnemius muscle volume. In addition, we 

suggest there is a form function relationship between ankle inversion and eversion and changes in 

gait development. Interestingly, from cadaveric studies (Bradshaw, 2018), the gastrocnemius has 

been observed to be symmetrical before autonomous walking. This muscle differentiates after 

weight-bearing walking into adulthood (Bradshaw, 2018). Below we outline the aims of this thesis. 

 

1.3 Outline of Aims 

This thesis has the following overarching aims: 

Aim 1: To track and quantify the rapidly developing kinematics and kinetics of the infant lower 

limb from autonomous walking to 2 years of age. 

Aim 2: To quantify muscle growth and shape variation in the infant gastrocnemius from 

autonomous walking to 2 years of age and explore the association with infant ankle biomechanics.  
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Aim 3: To develop the first infant-cadaver based finite element foot model and explore calcaneal 

heel development in response to gait and muscle forces across the first year of walking. 

 

Each of these three aims combines experiment and modelling and to the author’s knowledge 

addresses a knowledge gap in the literature. Each section of the thesis is connected with 

biomechanics from aim 1 linking into muscle development of aim 2, and both informing the 

boundary conditions of the infant foot model in aim 3. The thesis structure is delineated by the 

following chapters: 

 

Chapter 2: 

• Summarises the state-of-the-art in infant gait (up to 3 years of age) in a scoping review. We 

performed a comprehensive search in the existing literature, from case studies up to large 

cohorts by observing biomechanical measures that have been reported (i.e. kinematics, 

kinetics, spatiotemporal and plantar pressure parameters). 

Chapter 3: 

• Outlines and details the technical methods used, with a special focus on methodology for 

infant gait analysis and 3D ultrasound imaging.  

Chapter 4: 

• Presents a longitudinal evaluation of infant gait development during the first year of 

independent walking. For this part of the thesis project, we evaluated infants aged 12 to 24 
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months old. We examined kinematics and kinetics development of the lower limb utilising 

3D motion capture.  

Chapter 5: 

• Presents muscle volume development in the infant lower leg. The muscle volumes of the 

lateral and medial gastrocnemius, respectively, in typically developing infants is quantified. 

Furthermore, we evaluated the muscle shape differentiation between the lateral and medial 

gastrocnemius by conducting a principal component analysis across an infant population 

from 3 months up to 24 months.  

Chapter 6: 

• Presents the development and use of a finite element infant foot model. We obtained muscle 

forces from gait experiments, and plantar loading from ground reaction forces to explore the 

bone remodelling response in the heel bone across 1 year of walking. Comparison of the 

evolving bone density and architecture is contrasted with the literature.  

Chapter 7:  

• Summarises the key findings and presents future applications for the thesis outcomes, 

including the development and impact of an infant musculoskeletal model. 

Appendices: 

The appendices contain scripts used for computing PCA modes and additional biomechanical data 

and tables from the scoping review and ethics applications.  
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Chapter 2: Scoping Review - Quantification of 

the changing gait patterns in healthy infants 

from autonomous walking up to 3 years of age 
 

2.1 Abstract 

The first years of independent walking represent enormous changes and challenges for the typically 

developing infant. This systematic review aims to give an overview of longitudinal literature to this 

date and offer different factors influencing infant biomechanics from walking onset up to 3 years 

of age. Searched studies from digital databases were included following inclusion and exclusion 

criteria, and quality was scored using an index.  

 

Forty-nine studies were eligible after following inclusion criteria and their methodological quality 

was assessed. Articles investigating one participant (case studies) up to large cohorts (104 children) 

were included. Mean quality index was 12/18 (range 8-14). As children improved their walking 

abilities, important biomechanical changes occurred during their first year of walking experience.  

 

For instance, infants learn to use kinetic energy more efficiently by accelerating their body, reducing 

unnecessary body movements, coordinating their legs and synchronising their muscles in an 

antagonist pattern. In addition, infants acquire better balance and begin walking faster with more 

frequent steps, and with feet closer supported to each other. Physiological and anatomical factors 

such as muscle and body growth, neuro-motor maturation and perceptual integration combined with 

walking experience produce a more mature walking pattern.  
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Understanding the longitudinal development during the first years of independent walking in 

typically developing infants may help inform intervention strategies in pathologic musculoskeletal 

conditions, such as cerebral palsy. To our knowledge, this is the first systematic review to provide 

a summary of longitudinal studies in infant gait analysis.  

 

2.2 Introduction 

2.2.1  Stages in Infant Walking Development 

The first 3 years of life present remarkable changes in the development of locomotion and posture 

in humans (Mcgraw, 1932, 1940). Typical gait development is characterised by major stages. New-

born stepping occurs approximately 4 weeks after birth to 6 months of age, infant supported walking 

spans from 6 to 12 months of age and infant independent walking begins at around 1 year of age 

(Okamoto et al., 2003).  

 

Two sub-stages in infant independent walking have been observed. During the integration phase in 

the first 3-5 months, the development occurs rapidly resulting in markedly improved gait and 

stability (Bril and Breniere, 1998). Thereafter, a fine-tuning phase occurs at the later period of the 

first year of independent walking, where biomechanical parameters stabilize over time and resemble 

more the adult patterns (Bril and Breniere, 1992, 1998). Although the exact time for mature walking 

is not yet fully understood, several authors indicate that mature walking is not completely 

established until 7-8 years of age (Bernstein, 1967; Bril and Brenière, 1998; Bril and Ledebt, 1998; 

Sutherland et al., 1980). 
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2.2.2  Different Strategies to Initiate Walking in Infancy 

Walking onset is defined as the time period when the infant can take three-five independent steps 

without any support (Bril and Breniere, 1993; Rodriguez et al., 2013; Yaguramaki and Kimura, 

2002). By this point infants had acquired interlimb coordination to some extent and have sufficient 

muscle capacity to stand up and initiate a gait cycle (McGraw, 1945; Thelen, 1984, 1994). The first 

year after walking onset is characterised by several milestones, for instance improved gait cycles 

(Ledebt et al., 1998) and emergence of muscle antagonist pairs that reduce muscle co-contraction 

(Myklebust, 1990; Okamoto et al., 2003). It has been observed that chronological age is not always 

a reliable indicator for determining the development of typically developing infants (Bril and 

Breniere, 1992; Adolph et al., 2003).    

 

A gait cycle is defined as the period between two heel strikes of the same leg (Burnett & Johnson, 

1971). During the gait cycle, several components can easily be observed. Stance occurs between 

heel strike and heel off, whereas swing takes place between toe off and heel contact. McCollum and 

co-investigators have proposed three walking strategies in infants (McCollum et al., 1995). These 

have been referred as the twister, stepper and faller strategies respectively (McCollum et al., 1995). 

In twisters, the trunk oscillates along a mediolateral axis, producing torques to propel forward. 

Steppers use a high extent of knee flexions and minimise degrees of freedom along the trunk, 

leading to small steps and a wide base of support. The final category are the fallers, who are 

characterised by a tendency of bending the trunk forward to accelerate in the same direction 

(McCollum et al., 1995). As time progresses infants learn to combine all these three strategies to 

generate the most energy-efficient walking pattern (Snapp-Childs & Corbetta, 2009).  
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2.2.3  Biomechanical Changes during the Initial Year of Infant 

Walking 

Biomechanics in infants differ from that of adults in other aspects. Among many factors, the small 

body size and the high centre of mass (COM) results in challenges for the infant (Ivanenko et al., 

2004). Several strategies develop to facilitate the walking process. At 10 weeks of walking 

experience infants lower their arms from shoulder level to hip level and begin swinging their arms 

(Burnett and Johnson, 1971; Ledebt, 2000). During the first 4 months of autonomous walking 

children also learn to extend and swing their legs more, resulting in inverted pendulum locomotion 

(Hallemans et al., 2003; Ivanenko et al., 2004; Looper et al., 2006). After 5 months of walking onset 

infants have the ability to stand up, enabling them to diminish the base of support, take longer and 

more frequent steps, and walk more rapidly without falling (Blandine Bril & Breniere, 1992).  

 

As children grow the COM displaces to a lower location (Huelke, 1969; Okamoto et al., 2003; 

Rodriguez et al., 2013), enabling the child to acquire improved posture (Adolph et al., 2003). A 

better posture results in changes of various kinetic parameters. On one hand, lateral acceleration 

and body oscillations along the mediolateral axis decreases during the first year of independent 

walking (Assaiante et al., 1993; Bril and Breniere, 1992, 1993). On the other hand, vertical 

acceleration increases and come close to adult values at the age of 4-5 years (Bril and Breniere, 

1993, 1998; Adolph et al., 2003). Lastly, body movement coordination improves. For instance, 

intralimb coordination and hip movement becomes more organized (Clark et al., 1988; Assaiante 

et al., 1993; Cheron et al., 2001; Ivanenko et al., 2004; Dominici et al., 2007).  
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Spatiotemporal parameters resembling adult values develop at the age of 5 years (Thelen, 1986). 

During walking onset infants initiate walking using the foot sole, but progressively learn to walk 

with a heel-to-toe roll-over pattern, as observed in adults (Yaguramaki and Kimura, 2002; 

Hallemans et al., 2006a). Notably, infants acquire a shock-absorbing mechanism below the foot 

with mature walking, causing a more energy-efficient walking pattern (Hallemans et al., 2007). 

Over time infants also acquire ankle dorsiflexion and plantarflexion in their feet (Sutherland et al., 

1988; Bertsch et al., 2004).  

 

2.2.4  Other Aspects Influencing Infant Walking Development 

Several aspects govern infant biomechanical development. Importantly, critical neuro-motor 

development occurs during the first years of human life. More specifically, during the first years of 

childhood neural networks involved in goal-directed tasks develop. Maturity in the ascending and 

descending neural pathways of the central nervous system and peripheral nervous system provide 

improved coordination and posture, and accordingly more conscious movements (Forssberg, 1985; 

Cioni et al., 1993). Lamb and Yang (Lamb and Yang, 2000) postulate that a central pattern generator 

could explain how infants control their movements at an early stage, although this theory has been 

questioned by recent research (Looper et al., 2006). A final aspect to take into consideration is the 

neuromuscular development occurring in the first years of life. For instance, muscles grow and 

adapt to bearing load (MacKinnon and Winter, 1993; Vereijken et al., 2009), and work in 

cooperation in an antagonist manner (Okamoto et al., 2003; Chang et al., 2006). The muscle 

activation development progresses until the child is approximately 7 years old (Woollacott and 

Jensen, 1996; Breniere and Bril, 1998).  
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2.2.5  Aims of Scoping Review 

Early locomotion is influenced by various factors. Longitudinal studies in infants offer insights on 

the rapid developmental changes during the first period of childhood. The purpose of this systematic 

review is to present a scope of longitudinal studies on infant gait analysis, with a focus on typical 

developing children spanning from autonomous walking up to 3 years of age. Thus, we aim to offer 

current perspectives and knowledge, providing a basis for future research in the field.  

 

2.3 Methods for scoping review 

2.3.1  Inclusion and exclusion criteria 

We followed inclusion and exclusion criteria to select publications in the scoping review. The basis 

for selecting studies were the rules of the PRISMA statement (Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses) developed by Moher and colleagues (Moher et al., 2009). 

 

The included criteria for eligible publications were that infants had to be less or equal to 3 years of 

age and have typical development. Furthermore, the studies had to investigate and report at least 

one biomechanical parameter (kinematics, kinetics, spatiotemporal and plantar pressure 

respectively), and follow infants at least during two time points and have a sample size of n ≥ 1. 

Lastly, eligible studies had to be original publications and be written in English. Articles up to 15 

April 2022 were reviewed. 

 

We excluded publications where all children were older than 3 years or without typical 

development. Studies in other languages than English, review publications, theoretical studies and 
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cross-sectional only studies were also excluded. For a more comprehensive description of criteria, 

see Appendix 1.  

 

2.3.2  Search strategies and selection 

During the search process, we used six online databases focusing on biomechanical activity and 

gait analysis in toddlers. The following databases were used: ProQuest, PubMed, Ovid, Science 

Direct, Scopus and Web of Science. We screened for synonymous key words in the titles of 

publications, in order to cover all studies in the area of interest. The key words were divided in three 

categories, as shown below.  

Category 1 (key words): gait OR locomotion AND… 

Category 2 (key words): infant* OR child* OR toddler* AND… 

Category 3 (key words): kinematic* OR kinetic* OR biomechanic*  

 

To ensure that all studies were covered we conducted manual search of the key words in 

publications. Furthermore, eligible studies from the reference lists of the search results were 

included. There were no restrictions for publication year during the search process. One author 

performed the search and eligibility selection in this systematic review. A second author validated 

the search results and eligibility by repeating the steps previously mentioned.    

 

2.3.3  Data extraction 

The properties of the participants as well as the structure of the experiment are described in 

Appendix 2. Moreover, data specifications from each study were sampled. Data that was not 

included in the studies were reported as “Not specified” (Appendix 2).  
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2.3.4  Methodological quality assessment of articles 

Next, we verified the quality and the reliability for the eligible studies (Appendix 3).  This was 

achieved by following a quality index (Downs & Black, 1998). We investigated four major 

properties of publication quality and reliability. They were data reporting, confounding, bias and 

external validity. Since the eligible studies followed an observational design, questions related to 

interventions were excluded (Thiese, 2014; Carroll et al., 2015). These questions were number 4, 

8, 13-15, 17, 19, 23 and 24. As power was difficult to access from the studies due to limitations in 

value reporting, question 27 was not considered for this scoping review (Deeks et al., 2003). 

Questions were scored using the index specifications (Downs & Black, 1998). A second reviewer 

conducted the quality assessment to reduce for score bias.  

 

2.4 Results 

2.4.1  Explanation of publications 

Appendix 1 shows the selection process following the PRISMA statement. In total 303 publications 

were identified in the six online databases, and 283 after duplicates were removed. Thereafter, 

studies were screened based on the type of publication (see Appendix 1). After this step, 176 studies 

were accessed for eligibility based on the aforementioned inclusion and exclusion criteria. Forty-

nine studies were eligible based on the inclusion criteria. In addition to the inclusion and exclusion 

criteria, the reference lists of the eligible articles were screened to find additional articles. Manual 

online database search was also taken into consideration to screen available articles.  
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All the eligible studies investigated the development of mature gait in toddlers and showed at least 

one of the following parameters: kinematic, kinetic, plantar pressure distribution and spatiotemporal 

data. The articles used different methods for data collection, for instance marker motion-tracking, 

force plates, video recording and inked tabs (Adolph et al., 2003).  

 

2.4.2  Torso, arms and hip regions 

Fourteen of the 47 articles investigated the kinematics or kinetics of the torso regions in infants. 

Several studies reported forward rotation of the trunk in infants, leading to a positive orientation 

(pitch angle) of the trunk (Kubo and Ulrich, 2006a; Yaguramaki and Kimura, 2002).  

 

Eighteen studies investigated arm biomechanics. Three studies recorded general patterns of shifting 

the arms from a shoulder position to hip position with walking experience (Burnett and Johnson, 

1971; Grimshaw et al., 1998; Kubo and Ulrich, 2006a). 

 

Twenty-two of the 47 studies examined the hip regions. Six studies described a general decrease of 

hip flexion with walking maturity. One study reported that pelvic tilt and pelvic rotation occurred 

on average at 3 and 4 weeks after walking onset respectively (Burnett & Johnson, 1971). 

 

2.4.3  Knee and leg regions 

Seventeen studies analyzed knee biomechanics. Four studies reported general decrease of hip and 

knee flexion with walking experience, resulting in increased knee extension and more balance while 

walking (Chagas et al., 2006; Hallemans et al., 2006a; Gontijo et al., 2008; Chang et al., 2009). 
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Chang and colleagues (Chang et al., 2009) also observed muscle synergy in infants at 6 months of 

walking experience. Inconsistencies in knee flexion with walking experience were found by 

Grimshaw and colleagues (Grimshaw et al., 1998). From the 47 studies 18 measured leg 

biomechanics of participants.   

 

2.4.4  Kinematics gait parameters 

All except three studies (Bril and Breniere, 1998; Bisi et al., 2014; Lee et al., 2017a) addressed 

kinematic gait parameters: joint angles and ground foot contact. 

 

2.4.4.1  Torso, arms and hip kinematics 

Okamoto and collaborators observed that forward rotation of the trunk almost diminished 

completely at 2 years of age (Okamoto et al., 2003). Instead, an erect body posture characterising 

the adult walking pattern was adapted by the child (Okamoto et al., 2003). Yaguramaki and Kimura 

also observed a more erect posture as infants had more walking experience (Yaguramaki & Kimura, 

2002). 

 

Furthermore, seven studies found that as infants mature, the trunk moves less in the mediolateral 

axis dimension. In addition, five studies reported a decrease in trunk movement along the 

anteroposterior plane. Regarding phases of the gait cycle, one study reported more mediolateral 

motion during the stance phase than during the swing phase (Yaguramaki & Kimura, 2002). Four 

articles reported fewer head oscillations with more walking acquaintance (Ledebt et al., 1995; 

Assaiante et al., 1998; Cheron et al., 2001; Ledebt & Bril, 2000). It was found that primarily head 
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and trunk stabilization occurred between 6 and 32 weeks of walking experience (Ledebt & Bril, 

2000). After the integration phase (10-15 weeks after walking onset) the rapid changes in oscillation 

changes were less pronounced and eventually stabilised (Ledebt et al., 1995). 

 

Inconsistencies in changes of arm posture were reported in two studies as infants matured 

(Grimshaw et al., 1998; Kubo & Ulrich, 2006a). Five publications described that arm position 

lowered from shoulder to hip level with walking practice, and that arm movement increased during 

the same period (Burnett and Johnson 1971; Cioni et al. 1993; Grimshaw et al. 1998; Annick Ledebt 

2000; Okamoto et al., 2003). Arm swing was found to become more prevalent as children developed 

a more mature walking pattern (Cioni et al., 1993; Cheron et al., 2001). Shoulder rotations decreased 

with walking experience during the first year of independent walking (Assaiante et al., 1998; Snapp-

Childs & Corbetta, 2009). 

 

Eight studies informed about decrease of hip flexion. A case study  described similar findings, i.e. 

decreased hip movement (Marques-Bruna & Grimshaw, 2000). Interestingly, Grimshaw and 

collaborators reported lack of hip extension during the development (Grimshaw et al., 1998).  

 

2.4.4.2  Knee and leg kinematics 

Two studies found that infants acquired less knee movement with walking progression (Cioni et al. 

1993; Okamoto et al., 2003). Four studies reported decreased knee flexion with walking experience 

and age (Burnett & Johnson, 1971; Hallemans et al., 2006b; Gontijo et al., 2008; Samson et al., 
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2013). Two other studies showed that infants produced lateral knee motion during the swing phase 

(Y. P. Ivanenko et al., 2004; Yaguramaki & Kimura, 2002).  

In terms of coordination, Cheron and co-investigators found that adult-like values in leg 

coordination arise more rapidly between the shank and the foot, than it occurs between the thigh 

and the shank respectively (Cheron et al., 2001). Another study observed that as infants learn to 

walk their thigh is not elevated to the same degree during the swing phase (Okamoto et al., 2003).  

 

Similar findings were reported again by Cheron and colleagues, who reported that emergence of 

planar covariation of the thigh, shank and foot elevation angles emerge at 3-6 weeks after walking 

onset (Cheron et al., 2001). Planar covariation refers to a correlation of the elevation angles, 

represented by a loop, with respect to a theoretical plane (Leurs et al., 2012). As occurred with the 

knee, increased extension of the thigh and shank increased with walking expertise (Cheron et al., 

2001; Yaguramaki & Kimura, 2002; Okamoto et al., 2003).  

 

From 12 infants, one study classified five infants using the stepper walking strategy and two infants 

using the faller strategy (Bisi & Stagni, 2015). Snapp-Childs and Corbetta identified three steppers, 

two twisters and one faller (Snapp-Childs and Corbetta, 2009). Additionally, they found that knee 

flexion was higher in steppers compared to the other two groups (Snapp-Childs and Corbetta, 2009). 

 

2.4.4.3  Heel and ankle kinematics 

For the ankle, two studies indicated that dorsiflexion increased as children walked more (Burnett & 

Johnson, 1971; Hallemans et al., 2006a). Two other studies reported that ankle load increased (Clark 
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& Phillips, 1993; Yaguramaki & Kimura, 2002). Four other studies observed more heel contact as 

children matured (Burnett & Johnson, 1971; Okamoto et al., 2003; Bertsch et al., 2004; Hallemans 

et al., 2006a).  

Foot rotation decreased with age and experience (Adolph et al., 2003; Ledebt & Savelsbergh, 2004). 

Furthermore, external foot rotation of one foot correlated with shorter steps in the contralateral foot 

(Ledebt et al., 2004). Interestingly, Bril and co-investigators found a significant increase in the 

distance between the centre of mass and the centre of pressure along the anteroposterior axis, 

whereas the opposite finding was observed along the mediolateral axis (Bril & Corbetta, 2015). In 

another article, Dominici and collaborators found that infants lifted their feet at the maximum level 

during mid-swing, as opposed to early swing as seen in adults (Dominici et al., 2007). 

 

2.4.4.4  Foot strike 

The pattern of foot contact changed from immature gait to resemble more the adult pattern. 

Particularly, the toe-dominated and flatfoot pattern evolved to a mature heel-contact pressure 

pattern. Several studies reported the transition from forefoot to a more heel-dominated locomotion 

during the first 4-5 months of independent walking. Chang and co-investigators reported irregular 

foot segmental angles during walking development (Chang et al., 2009).  

 

2.4.5  Kinetics gait parameters 

Thirteen of the 47 studies reported ground reaction force or lower body kinetics.  
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2.4.5.1  Ground reaction force 

Bertsch and colleagues observed that the maximum ground reaction force (GRF) increased from 95 

% of body weight to 115 % in a period of 12 months (Bertsch et al., 2004). For the GRF, it was 

found that vertical GRF is initially irregular, but some becomes more negative with walking 

experience (Hallemans et al., 2006a). Beck and co-workers found that the GRF vectors normalised 

to body weight decreased over time, as children progressed in the walking development (Beck et 

al., 1981).  

 

2.4.5.2  Trunk, hip and lower limb kinetics 

One study found increased pitch angle around the trunk as children matured (Kubo & Ulrich, 

2006a). Trunk acceleration increased along the vertical, mediolateral and anteroposterior axes (Bisi 

et al., 2014). Bril and Breniere reported that lateral acceleration decreased, whereas the vertical 

acceleration of the centre of mass increases (Bril & Breniere, 1992, 1998). A more recent study 

found that as children mature their hip displacement, and hence angular acceleration, increased in 

the swing and stance phase (Holt  et al., 2006). The latter produces a more pendulum-resembling 

walking pattern with walking development.  

 

Hallemans and collaborators showed that hip movement control is always active at walking onset, 

whereas knee control is passive (Hallemans et al., 2007). Hip joint angles resembled adult patterns 

at 4 months after walking onset (Hallemans et al., 2007). Complementary findings were observed 

in a second publication (Kubo & Ulrich, 2006a). Interestingly, Bril and colleagues found that 

children with less than 200 days of autonomous walking are not able to initiate walking with steady 

state velocity in the first step, but need at least two steps as compared to adults (Bril et al., 1989).  
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During the stance phase, plantarflexion joint torques increased with walking experience (Hallemans 

et al., 2006a). In addition, hip and knee extension torques increased in the stance phase (Hallemans 

et al., 2006a). This occurs at 3-4 months of walking experience (Hallemans et al., 2007). During 

mid-swing and terminal stance hip flexion torques increased, whereas knee flexion torques 

increased in pre-swing (Samson et al., 2013). These changes result in the formation of a shock-

absorbing wave upon foot contact (Hallemans et al., 2006a; Samson et al., 2013). Two studies 

showed that gravitational torques increased with walking experience (Chagas et al., 2006; Gontijo 

et al., 2008).  

 

2.4.6  Spatiotemporal gait parameters 

Thirty-one of the 47 studies indicated spatiotemporal parameters of gait. Parameters that were 

included were stride length, stride frequency, stride width, step length, step frequency, step width, 

contact time, walking speed and components of the gait cycle (e.g., double support time and duty 

factor).  

 

2.4.6.1  Ground contact time 

Six studies reported that double support time decreased with walking experience. Time in single-

support phase increased significantly after 5 months of experience (Looper & Chandler, 2013). 

Specifically, Bril and Breniere reported an inverse correlation between walking speed and double-

support time (Bril & Breniere, 1989). Another study found that double-support time was 15 % 

longer compared to adults (Grimshaw et al., 1998). 
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Regarding duty factor, one study reported a decrease with more mature gait development 

(Hallemans et al., 2006a). Bertsch and collaborators found that relative contact time (i.e. percentage 

of total contact time) decreased on the entire foot of children with maturation (Bertsch et al., 2004). 

Nevertheless, no significant difference was found for total contact time. Three studies found that 

infants had longer stance phase during the gait cycle compared to adults ( Clark & Phillips, 1993; 

Kimura et al., 2005; Chang et al., 2006). Marques-Bruna and Grimshaw reported that contact 

symmetry of both feet does not occur until 20 months of age (Marques-Bruna & Grimshaw, 2000). 

In their case, infant walking onset was 14 months (Marques-Bruna & Grimshaw, 2000). Gait 

symmetry with respect to contact time increased significantly over the first 4 years of independent 

walking in infants (Bosch & Rosenbaum, 2010). For swing phase, Bril and Breniere found a linear 

relationship between swing duration and walking speed (Bril & Breniere, 1989). Beck and 

colleagues found that duration of swing phase decreased with age (Beck et al., 1981). Nevertheless, 

the ratios of stance and swing phase with respect to total gait cycle remained similar with increased 

age (Beck et al., 1981). 

 

2.4.6.2  Stride length and width 

The stride length was measured in 10 studies. All these studies found that stride length increased 

over time. Kimura and co-investigators  found that stride length is significantly larger in adults 

(Kimura et al., 2005).  
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2.4.6.3  Stride frequency 

In eight studies, authors reported increased stride frequency. Variability in stride time was higher 

in infants compared to adults (Bisi et al., 2014).   

2.4.6.4  Step length, step width, step frequency and walking speed 

Sixteen studies measured step width or step frequency. There was decreased step width with 

walking experience in twelve publications. Snapp-Childs and Corbetta  reported the largest step 

width in twisters, whereas steppers have the smallest (Snapp-Childs & Corbetta, 2009).  

 

With respect to step length, ten studies found increases with walking skills. Furthermore, three 

studies found that step length variability in toddlers decreases with age (Adolph et al., 2003; Looper 

et al., 2006; Dominici et al., 2007), whereas step width variability increases (Adolph et al., 2003; 

Looper et al., 2006). Another aspect concerning step length is foot rotation. Ledebt and co-workers  

found that step length asymmetry decreases over time (Ledebt et al., 2004). It was observed that 

infants acquire similar foot rotation as in adults after 25-35 weeks of walking (Ledebt et al., 2004).  

 

Five studies found that step frequency increased with walking development. Interestingly, four 

studies reported increased step frequency up to 2 months of walking experience, and a decrease at 

the later part of the first year of independent walking (Bril & Breniere, 1992; Ledebt et al., 1995; 

Ledebt & Bril, 2000; Bisi & Stagni, 2015). Eighteen studies measured walking speed and found 

that infants walk faster as the walking skills improve. One study observed a rapid increase in 

velocity during the first 5 months of independent walking, and thereafter a constant walking speed 

among toddlers (Blandine Bril & Brenière, 1992). 
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2.4.7  Plantar pressure distribution 

In terms of plantar pressure, ten studies investigated foot contact with the ground. The pressure of 

the following regions was included: the toes, midfoot, heel and ankle. Five studies determined that 

a decrease of the base of support occurs during stance phase, with more mature walking patterns. 

No significant differences in gait symmetry could be observed in relation to contact area and peak 

pressure over time respectively (Bosch & Rosenbaum, 2010). 

 

2.4.7.1  Toe regions 

Hallemans and colleagues studied the hallux, and the medial, central and lateral metatarsal heads 

(Hallemans et al., 2006b). They found that forefoot contact decreased over the 20 weeks following 

walking onset (Hallemans et al., 2006b). This finding was also reported by two other publications 

(Okamoto et al., 2003; Bertsch et al., 2004). Generally, during infant development toe walking 

became less frequent. More specifically, Bertsch and collaborators found increased contact area and 

peak pressure of the hallux and lateral toes (Bertsch et al., 2004). Another study by Hallemans and 

co-workers observed less impact load on the hallux with more walking experience (Hallemans et 

al., 2003).  

 

2.4.7.2  Midfoot regions 

Two studies found that plantar pressure oscillations along the centre of pressure decreased slowly 

with walking experience; hence indicating a progressive improvement of stability (Hallemans et al., 
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2003; Hallemans et al., 2006b). Furthermore, contact area and peak pressure of the midfoot 

increased with walking experience (Hallemans et al., 2003; Bertsch et al., 2004). 

2.4.7.3  Heel and ankle regions 

It was found that children developed dorsiflexion in the ankle regions (Burnett & Johnson, 1971; 

Hallemans et al., 2006a). Three studies observed that ankle contact increased, as infants improved 

their walking skills (Clark & Phillips, 1993; Yaguramaki & Kimura, 2002; Bertsch et al., 2004). 

Four other studies informed that heel contact increases when children mature (Burnett & Johnson, 

1971; Hallemans et al., 2003; Okamoto et al., 2003; Hallemans et al., 2006).  

 

2.4.8  Methodological quality assessment 

The lowest and highest quality score accessed were 44 % and 78 % respectively. The average 

quality score was 56 % (Appendix 3). Articles accessed two of the components (reporting and bias) 

with high validity. However, the publication authors did not answer several questions adequately. 

These were questions 11, 12, 21 and 22. Other questions presented a high validity: 1, 2, 5, 6, 9, 16, 

20, 25 and 26. As mentioned previously, question 27 (study power) was not considered due to lack 

of information.  

 

2.5 Discussion 

2.5.1  Effect of changing gait patterns on kinematic gait parameters 

According to Clark and Phillips, the adult-like walking pattern emerge when shank movement 

occurs faster with respect to the thigh, causing flexion during late swing (Clark and Phillips, 1993). 
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Cheron and co-workers emphasized that this coordination evolves in children as they start walking 

(Cheron, et al., 2001; Cheron et al., 2001). This shows that planar covariation appears before gait 

cycle components, i.e. before the spatiotemporal parameters (Bril and Breniere, 1992; Cheron et 

al., 2001).  

 

All these kinematic changes can be efficient ways to reduce energy expenditure, and simultaneously 

improve gait, thus generating an inverted pendulum walking pattern, i.e. human bipedal gait 

(Ivanenko et al., 2004; Kuo, 2007). The inverted pendulum model is observed when the body centre 

of mass supports over the stance leg, resembling an arc (Ivanenko et al., 2004), and in which 

potential energy is converted into kinetic energy along the anteroposterior and mediolateral 

directions in combination (Kubo and Ulrich, 2006b).  

 

Additionally, Bril and colleagues explained that in infants, a small base of support in results in 

fewer degrees of freedom and a higher movement rigidity along the anteroposterior axis (Bril et al., 

2015). With practice and better balance, infants learn to compensate the rigidity along the 

anteroposterior axis by using the inverted pendulum mechanism previously mentioned (Winter, 

1995; Kubo and Ulrich, 2006b).   

 

The changes in foot strike suggest that children acquire a more energy-efficient transfer on the foot 

(Burnett and Johnson, 1971; Cioni et al., 1993; Yaguramaki and Kimura, 2002; Hallemans et al., 

2003). An important change occurs at 1 year of age, when the emergence of the longitudinal arches 

and growth of bones begin to replace the fat pad in infants (Straus, 1926; Hallemans et al., 2003; 

Bertsch et al., 2004; Hallemans et al., 2006b). Important areas to take into consideration for mature 
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walking are mentioned the hind foot, and the forefoot including the toes. The hind foot is the initial 

contact site in mature walking, while the forefoot is the site where push-off (shock-absorbing wave) 

is observed in adults.  

 

2.5.2  Effect of changing gait patterns on kinetic gait parameters  

External energy recovery was found to be lower in infants compared to adults (Kimura et al. 2005; 

Hallemans et al., 2007). For example, the shock-absorbing (power absorption) wave at foot contact 

and intralimb coordination was first observed after 3-4 months of walking experience (Clark and 

Phillips, 1993; Hallemans et al., 2007). The shock absorbing wave reflects the transition from knee 

flexion to knee extension (Hallemans et al., 2007). When children learn to walk the hip, knee and 

ankle joint torques became more regular, suggesting a better control of the muscles, and hence in 

body segment movements (Hallemans et al., 2007).   

 

As infants grow, their body mass and hence their ground reaction force increases (Bertsch et al., 

2004; Hallemans et al., 2006a; Garciaguirre et al., 2007; Badaly and Adolph, 2008). An increased 

vertical acceleration during walking development can be a consequence of changes in the centre of 

mass and gravity displacement downwards (Bril and Breniere, 1998; Holt et al. 2006; Bisi et al., 

2014). Factors that can underlie these changes are increased leg length and posture changes (Adolph 

et al., 2003; Okamoto et al., 2003; Rodriguez et al., 2013). Another important aspect to take into 

consideration is the trunk position in infants (Yaguramaki and Kimura, 2002; Okamoto et al., 2003; 

Holt et al., 2006). While inclining the trunk position forward, the centre of gravity moves in the 

same direction. In other words, the infant appears to fall while walking (Bril and Breniere, 1989).  
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2.5.3  Effect of changing gait patterns on spatiotemporal gait 

parameters 

Several authors hypothesize that increased walking speed can be a result of increased step length 

and stride length, not due to increased step frequency or cadence (Bril and Breniere, 1989; Bril and 

Breniere, 1992; Bisi and Stagni, 2015; Lee et al., 2017a). Similar findings were presented by Beck 

and colleagues who observed that stride length increased with higher walking speed, whereas 

cadence decreased (Beck et al., 1981). Nevertheless, Looper and Chandler found after normalizing 

for leg length that step frequency was responsible for increased walking speed after 5 months of 

walking experience (Looper and Chandler, 2013). Another important aspect underlying these 

changes is the growth of the leg, yielding a more rapid gait (Adolph et al., 2003; Badaly and Adolph, 

2008; Rodriguez et al., 2013). Interestingly, Rodriguez and colleagues found that leg length has a 

significant effect on walking speed, but not for stride length over time (Rodriguez et al., 2013). This 

may be explained by the absence of an inverted pendulum mechanism in infants, resulting in 

diagonal instead of forward body propulsion of the legs, and hence influencing the walking speed 

but not the stride in infant walking (Rodriguez et al., 2013). Alternatively, the decrease of trunk 

oscillations can be a third factor contributing to changes in walking speed (Ledebt and Bril, 2000). 

 

Variability of walking experience in infants between the eligible studies can be one of the causes 

for the differences in author observations regarding walking speed. Additionally, most studies 

normalized spatiotemporal parameters to height and mass of infants, indicating that changes in body 

length are not the only variables responsible for changes in gait parameters. As previously 

mentioned, Bril and Breniere described that infant gait resembles a falling process, and children 

might need to adjust their step length to compensate for this instability (Bril and Breniere, 1989).  
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Interestingly, variability for some spatiotemporal parameters increase with age and experience (e.g. 

step width), whereas the opposite is observed for other parameters (e.g. step length and stride time). 

One possible explanation for this is that infants, as opposed to mature walkers, take wider steps, 

which are generally closer in value to each other. This in turn, results in small standard deviations, 

and hence, explains the low variability for step width seen in infants initially (Adolph et al., 2003). 

The inter-subject variability in stride time decreases, which could be a consequence of improved 

gait stability in infants over time (Bisi et al., 2014).  

 

As previously mentioned, increased walking speed and faster step frequency combined with a 

narrower step can be a product of greater stability. This can cause less oscillations of the centre of 

mass along the mediolateral axis (Bril and Breniere, 1992; Kuo, 1999; Kubo and Ulrich, 2006b). 

Infants gradually learn to proportion energy more efficient on each leg and produce fewer 

mediolateral oscillations (Bril and Breniere, 1992; Clark and Phillips, 1993; Chang et al., 2006; 

Kubo and Ulrich, 2006b).  

 

Bril and Breniere suggest that a long double-support time enables children to obtain a better balance 

while learning to walk (Bril and Breniere, 1989). Consequently, the duration in double-support 

phase and contact time on each foot decreases with walking maturity. Ivanenko and co-investigators 

found that the inverted pendulum mechanism observed in adults is not innate, but develops as 

walking skills improve (Ivanenko et al., 2004). The inverted pendulum motion can explain why 

step length variability decreases (Looper et al., 2006; Dominici et al., 2007), and step width 

variability increases over time (Looper et al., 2006). An increased number of steps combined with 

shorter double support time suggests that infants acquire more stability over time (Clark and 

Phillips, 1993). Nevertheless, it has to be mentioned that a reversal from mature gait to an immature 
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pattern occasionally occurs (Okamoto et al., 2003; Hallemans et al., 2006a; Hallemans et al., 2007). 

This could be a consequence of changes in physical growth, neuromuscular, somatosensory and 

perceptual development (Ledebt and Bril, 2000; Adolph et al., 2003; Bell and Fox, 1996; Cheron 

et al., 2001).  

 

2.5.4  Effect of changing gait patterns on plantar pressure and 

balance 

Throughout the development of mature walking, infants learn to perform more heel contacts, thus 

resembling more the adult pattern. Six studies observed increased heel movement, and less toe-

contact, as infants mature. As previously described, the development of the longitudinal arches 

occurs during the first year after independent walking. It has been observed that there are fewer 

dorsiflexion joint torques during the stance phase with increased age. By this stage, the impact load 

is progressively shifted from the midfoot to the heels and the metatarsal regions (Hallemans et al., 

2003). In other words, a roll-over foot pattern develops (Hallemans et al., 2003).  

 

Most of the studies in this systematic review report irregularities in walking patterns in infants. 

Energy recovery and efficiency improves as walking maturity progresses, as seen by results of 

increased impact load below the entire foot, also including the hallux and the lateral toes (Bertsch 

et al., 2004). Assaiante and co-workers also showed that stabilization occurs in an ascending pattern, 

where the hip precedes the shoulder and the shoulders precede the head (Assaiante et al., 1998).  

 

Importantly, infants may compensate their low kinetic energy with a high body centre of gravity 

and foot contact. Particularly, they incline their trunk forward, yielding a high potential energy that 
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produces sufficient energy to propel the body forward (Burnett and Johnson, 1971; Cioni et al., 

1993; Marques-Bruna and Grimshaw 2000; Kubo and Ulrich, 2006b). This could also explain why 

infants start walking with a high guard position, where hands are at shoulder level and shoulders 

rotate largely.  

 

During walking development infants lower their arms into an intermediate position (middle guard 

position), and lastly to a low guard position in which arms are extended along the vertical bodyline. 

As children eventually acquire a balanced posture, they not only learn to swing their arms as adults 

do, but also to regulate joint angles by co-contracting their muscles (Burnett and Johnson, 1971; 

Cioni et al., 1993; Grimshaw et al. 1998; Annick Ledebt 2000).  

 

These findings show that locomotion is a complex task that requires a combination of fine-tuning 

and walking experience, even after substantial changes have been accomplished by the child 

(Zelazo et al., 1972; Bril and Breniere, 1992; Holt et al. 2006). A considerable number of studies in 

this scoping review confirmed the two phase development hypothesis proposed by Bril and Breniere 

(Bril and Breniere, 1992), denoting integration and fine-tuning of body movements in infants.  

 

2.5.5  Effect of musculoskeletal changes in relation to changes of 

infant gait 

As explained previously, a reversal of body movements was found in most of the studies presented 

in this review. This may be explained by lack of synchronization during the fine-tuning phase 

proposed by Bril and colleagues (Bril and Breniere, 1992) and due to changes in biomechanical 
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activity (Forssberg, 1985; Bril and Breniere, 1992; Cioni et al., 1993; Thelen, 1995). However, 

most of the studies suggested that walking experience is a more important factor than muscle growth 

alone during progression of mature walking. For instance, Vereijken and co-investigators  found 

that infants are able to maintain balance and continue walking, even after body loads are attached 

to their clothes (Vereijken et al., 2009). 

It was found that co-contraction and muscle activation variability decreased significantly at 3 and 

6 months after independent walking respectively (Chang et al., 2006; Chang et al., 2009). This was 

further confirmed by Snapp-Childs and Corbetta  who observed that group differences in twisters, 

steppers and fallers were similar after 4 months of walking experience (Snapp-Childs and Corbetta, 

2009). This supports the idea that mature walking constitutes a combination of all these three 

walking mechanisms (McCollum et al., 1995).  Chang and co-investigators  used Winter´s equation  

to find agonist-antagonist muscle activation (Winter, 1990; Chang et al., 2006). At 3 months of 

infant walking experience, they found a significant increase in the antagonistic muscle pair, the 

quadriceps and the hamstrings.  

 

No significant difference was found in the two other antagonist pairs. These muscle pairs were the 

tibialis anterior versus the gastrocnemius, and the gastrocnemius versus the quadriceps respectively. 

Another study found instead decreased co-contraction of two antagonist pairs; the tibialis anterior 

versus the lateral gastrocnemius, and the rectus femoris versus the biceps femoris (Okamoto et al., 

2003). In other words, a reciprocal pattern in the stance phase was observed (Okamoto et al., 2003). 

Notably, the lateral gastrocnemius (LG) and the biceps femoris (BF) were active, whereas the rectus 

femoris (RF) and the tibialis anterior (TA) were silent during stance (Okamoto et al., 2003). It is 

worth noting that the LG and TA are mutual antagonists of the ankle, whereas the RF and the BF 

are mutual antagonists of the knee and the hip (Okamoto et al., 2003),  
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The dynamic systems approach has proposed that decreased muscle co-contraction could be a result 

of biomechanical compensation of the body to simplify movements (Thelen, 1991). The number of 

joints co-contracted in walking is reduced to compensate, and reduce the degrees of freedom 

(Bernstein, 1967; Marques-Bruna and Grimshaw, 2000; Chagas et al., 2006). Another important 

aspect to take into consideration is the fat to muscle ratio in children. As explained by different 

studies, anatomical and intrinsic activity level properties can account for variations in infant gait 

development (Thelen, 1991; Thelen et al., 1984, 1993, 1996). Eventually, this can result in different 

infant walking strategies (Snapp-Childs and Corbetta, 2009). Interestingly, no study has yet 

examined muscle growth by imaging techniques. This could provide new insights to better 

understand how locomotion tasks and neuromotor development in infants develop, progressively 

deriving into a mature walking pattern. Further studies are needed to understand how differentiation 

of muscle architecture combined with biomechanical activity relate to changes in the gait pattern of 

typically developing children. 

 

2.5.6  Limitations 

A majority of the studies in this systematic review has a limited size of participants and mixed 

longitudinal and cross-sectional data. Despite this, various articles showed a trend in kinematic, 

kinetic, spatiotemporal and plantar pressure parameters respectively. As Samson and colleagues  

suggest (Samson et al., 2013), many publications investigating infant gait have not taken body size 

into consideration, more than joints of interest and walking speed. Ultimately, this may result in 

inappropriate scaling. Furthermore, muscle movements may not be registered in each one of the 

studies due to the small number of participants.  
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It is also important that research includes the natural richness of infant walking by using ecological 

approaches, as mentioned by Lee and colleagues (Lee et al., 2017a). For instance, the authors in 

this publication used a playground in which infants could walk freely. They found differences in 

certain gait parameters, compared to previous publications (Lee et al., 2017a). Also, Goble and 

colleagues (Goble et al., 2003) found that horizontal walking speed may have an effect in gait 

symmetry in infants. Less obvious confounders such as fat to muscle ratio, influences of caregivers, 

personality and cultural aspects are equally important to consider in future publications (Bril and 

Ledebt, 2000; Cheron et al., 2001; Snapp-Childs and Corbetta, 2009).  

 

Lastly, inclusion and exclusion criteria, and infant motor scales were not provided in the majority 

of the articles studied, causing bias (Piper and Darrah, 1994). Consequently, inconsistencies could 

be a result of limitations in study design, sampling frequency, number of gait sequences studied 

(Bril and Breniere, 1989), and result reporting. All these components are essential to examine, in 

order to address future questions as accurately as possible (Bertsch et al., 2004).  

 

2.6 Conclusions 

To the author’s knowledge this is the first systematic review describing longitudinal analyses of 

infant biomechanics during the first years of autonomous walking. It can be concluded that children 

adapt rapidly to external and internal changes to sustain balanced and unsupported locomotion. 

Hence, the first year of autonomous walking provides the greatest chance to observe biomechanical 

changes. It is clear that rapid muscle changes also occur during gait milestones, and these have not 

been quantified previously in a cohort of infants across 1 year of walking development. 
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Biomechanical studies in combination with imaging techniques, such as magnetic resonance 

imaging or 3-dimensional ultrasound can shed further light on this, however, there does not appear 

to be any studies that have quantified musculoskeletal development using imaging methods in 

tandem with gait analysis. This provides an unrivalled opportunity to fully explore the form-

function relationship between gait and muscle development. Subsequently, this can provide 

important information about how musculoskeletal impairments may arise, for instance in cerebral 

palsy, as these early years are when an infant’s development is most plastic and has the greatest 

opportunity for intervention. In other words, to better prescribe intervention in gait pathology, we 

must first have a better understanding of the typically developing infant.  

 

Hence, this review has provided the motivations for this thesis to address this knowledge gap in 

infant development and form-function during the formative years by quantifying developments in 

gait and imaging across the first year of walking. The thesis contributions are: 

 

• To quantify the lower limb kinematic and kinetic development in infants by following 

the journey of a small cohort of infants from the onset of walking up to 12 months 

motor skill age. 

 

• To quantify the calf muscle volume development in the same cohort of infants using 

3D ultrasound up to 12 months motor skill age and evaluate the form-function 

development of those muscles versus gait development. 
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• To present a first ever finite element model of the infant foot with boundary conditions 

from infant gait and muscle development to present form and function in the bone 

adaptation. This is a demonstration of the impact of rapidly developing gait and muscle 

changes.  

 

These three objectives represent the primary contribution chapters of this thesis.  
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Chapter 3: Methodology and experimental 

approaches 

 

3.1 Ethics Approval and Subjects 

3.1.1  Participant recruitment and ethics 

The experimental component of this thesis included a longitudinal study following gait and lower 

limb muscle growth development in infants during their first year of walking experience. This 

chapter describes the methods in general with detailed results presented in the subsequent chapters. 

The first year of walking is typically ~12 to ~24 months of age although we have used a motor skill 

age in this thesis as each infant commenced walking at a different month. This study followed the 

guidelines of the Declaration of Helsinki. Prior to the experiments, parents provided informed 

consent for participation.  

 

We obtained ethics approval from the University of Auckland Human Participants Ethics 

Committee (UAHPEC) to recruit 10-20 healthy infants, between ~12 and ~24 months of age from 

the Auckland district (ID 023174). The study infants were recruited from a parallel study, which 

tracked infant muscle growth from zero to 12 months using 3D ultrasound and MRI. We also 

recruited families with infants starting at 12 months through the AUT Millennium gait lab, and by 

visiting early childcare centres.   
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Experimental observations were conducted for each infant at three occasions at ~12, ~18 and ~24 

months respectively. Due to time constraints with parent’s availability, we did not observe all 

infants at three time points, especially due to the pandemic restrictions from the worldwide 

lockdowns due to Covid-19. Three healthy adults walking at standard walking speed were included 

to compare kinematic and kinetic values (Zarrugh et al., 1974; Clark and Phillips, 1993; Browning 

et al., 2005).  

 

3.1.2  Inclusion and exclusion criteria 

We included infants that walked unsupported and performed at least three to five independent 

forward steps at the first examination (Yaguramaki and Kimura, 2002; Rodriguez et al., 2013). In 

addition, eligible infants presented no developmental and motor disabilities, and were born at full-

term gestational age (37 weeks or afterwards).  

 

Exclusion criteria were signs of musculoskeletal disorder, gestational age less than 37 weeks, and 

health symptoms present at the time of birth (e.g., cardiovascular or neurological complications).  

 

3.1.3  Instructions to caretakers and infants 

Parents were informed about the structure of the experiments and were shown images and examples 

of the motion capture markers at their ultrasound sessions. In this way, communication was 

facilitated to ease both the child and parents. Infants were allowed to familiarise themselves with 

the research environment prior to the experiments. Children also arrived at the gait lab already in 

their lower limb tights ready to have markers placed on their lower limbs. 
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3.2 Gait analysis 

3.2.1  Motion capture system 

Ground reaction force and spatiotemporal parameters were obtained by using two parallel Bertec 

force plates (Bertec Limited, OH, USA; Figure 3.1a). Kinematics and kinetics were detected by 

using a nine-camera 3D-motion capture system (Vicon Motion Systems, Oxford, UK). In order to 

calibrate the camera setup with respect to the force plates, an L-frame calibration wand was used 

(Figure 3.1b). The longest part of the calibration wand was placed along the y-axis (denoted as a 

green arrow in Figure 3.1a and 3.1b). The sampling frequency for the cameras and the force plates 

were 200 Hz and 1000 Hz respectively. 

 

3.2.2  Experimental markers 

A modified version of the Cleveland Clinic marker set consisting of 29 reflective markers was used 

(Sutherland, 2002; De Groote et al., 2014; Ma et al., 2016). From this point, we would refer to 

markers used in the static trials as static markers, and markers used for the walking trials as dynamic 

markers. For the walking trials, anatomical landmarks the sacrum, the anterior superior iliac spine 

(ASIS), the thigh, the shank, the heel and the toes. For the static trials, we placed additional markers 

bilaterally on the lateral and medial knee (knee epicondyle) and the lateral and medial ankle 

(malleoli).  

 

All markers employed a bilateral setup except for the sacrum, which consisted of one marker. 

Moreover, the thigh and shank comprised technical frames. The reason for this was to define the 

femur and the tibia rigid body segments, respectively (see Figure 3.2a, Cappello et al., 1997). The 
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following markers were used on the lower body for infants and adults: ventral sacrum, left ASIS, 

right ASIS, left upper thigh, left front thigh, left rear thigh, lateral left knee, medial left knee, left 

upper shank, left front shank, left rear shank, left lateral ankle, left medial ankle, left calcaneus, left 

toe tip, left lateral toe, right upper thigh, right front thigh, right rear thigh, lateral right knee, medial 

right knee, right upper shank, right front shank, right rear shank, right lateral ankle, right medial 

ankle, right calcaneus, right toe tip and right lateral toe (Figures 3.2a and 3.2b). 

 

Figure 3.1. A. Force plates used during the experiments for ground force data collection with coordinate 
calibration. Yellow corresponds to the vertical plane (Z-axis), red to the mediolateral plane (X-axis) and green 
to the anteroposterior plane (Y-axis). B. L-frame calibration wand used for system calibration. The wand is 
placed at the intersection of the force plate. C. Correspondence of coordinates in OpenSim (yellow colour 
denotes vertical plane/Y-axis, green shows the mediolateral plane/Z-axis and red indicates the 
anteroposterior plane/X-axis).  

 

Infants were allowed to dress in dance tights covering the lower body (Figure 3.2), onto which the 

markers were attached. This reduces the discomfort that the markers would cause. Clothing were 

tight-fitting to the infant, in order to reduce marker error to a minimum (see Figure 3.2, Lowry, 

2019). Importantly, clothing was comfortable such that the gait was as natural as possible. Infants 

did not wear shoes, so to avoid influencing ankle biomechanics. For adults, markers were placed 

directly on the skin. Adults dressed in sports clothes for convenience of body biomechanics.  
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3.2.3  Motion analysis and protocol 

 

Figure 3.3. A. Instructions from caretaker to infant about how to perform static trial. B: Infant walking with 

natural speed during walking trial. The caretaker encourages the child with different stimuli to cross over the 

force plates.  

Figure 3.2. Cleveland clinic marker set used during the experiments. Markers were placed on the lower 
limb only and attached to a tight. Left: Infant guided by parent towards the force plate. Right: Infant 
walking across plates.  
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3.2.3  Motion analysis and protocol 

The experimenters informed the caretaker about the study and the static and walking trials (Figure 

3.3a and 3.3b). However due to experiment constraints in infants, static trials were obtained by 

extracting at least one frame from the walking trial, since infants did not stand still for a long period 

of time. The initial step of the walking trial was selected to minimise movement and keep static 

trials similar across all infants. In addition, this reduced the duration of the gait experiments. The 

experimenter aimed to capture all reflective markers during the static trial with the camera system. 

This pose was used to scale the model appropriately in the software OpenSim. 

 

For the walking trial, the infant walked on the centre of the force plates with self-selected speed 

(Figure 3.2 and 3.3b). We observed that infants found it easier to walk with one foot on each plate 

when they held their parent’s hand, yet they walked unsupported and at their own preferred speed. 

The purpose of this was to ensure that each foot strike occurred on one force plate only. For adults, 

static trials and walking trials were obtained using the same instructions as for infants. In other 

words, adults walked on the centre of the force plates with one foot on each plate at natural adult 

walking speed. Three to five successful walking trials were used for adult and infant biomechanical 

analysis. 

 

The first number of trials were discarded until the participant (infants and adults) were fully relaxed 

and walked naturally on the force plates. Additional factors to include trials were:  

• Walk with steady-state velocity in a straight line. 

• Look forward without falling or pausing. 
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• The markers have to be visible for the camera capture system 

• Stance phase for each leg on one force plate. 

• Each foot strikes the corresponding force plate (e.g., left foot does not strike the right force 

plate). 

  

3.2.4.  Data processing and Vicon Nexus 

To visualise body segments and identify ground reaction forces on each force plate the software 

Vicon Nexus was used (Vicon Motion Systems, Inc., Oxford, UK). This software described where 

trajectory markers were located. A second purpose of Vicon Nexus was to detect false positive 

markers. More specifically, identifying reflections that the motion capture cameras confused by 

actual markers. The gait data was measured at 200 Hz. Labels were designated for each marker on 

Vicon, both for the static and for the walking trials. A colour designation was used on Vicon Nexus 

to facilitate the labelling process (Figure 3.4). The right body side was labelled with markers of 

one colour and the left side markers were of a second colour. The left and right foot were also 

labelled with separate colours, respectively. Markers along the pelvis (ASIS and sacrum) were 

labelled with a fifth colour.  
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Static markers and dynamic markers were placed on the participant. The purpose of the static 

markers was to scale the body segments of the participant by detecting the different segments during 

the static pose. In other words, static markers were used to detect marker axes and anatomical axes, 

to study segment lengths and segment rotations. For example, toe tip and heel markers define foot 

length, whereas lateral and medial ankle markers define both foot width and joint centre of rotations 

for the foot. Dynamics markers aimed to detect movement of the participants during the walking 

trials.  

 

Each frame of interest was included while labelling. Important to note is that marker displacements 

may occur while labelling. For instance, the lateral ankle marker may migrate to the medial ankle 

position. Several reasons may cause this; markers could have an overlap or alternatively Vicon 

misidentifies the marker position. Therefore, we used manual labelling for all participants. Manual 

labelling can be done in various ways such as whole, forward and backwards labelling, respectively. 

Figure 3.4. Marker labelling of motion capture markers. The pelvis markers are labelled in orange, left leg 
markers in red colour and right leg markers in light green. Left foot markers are in purple colour and right 
foot markers in dark green. Left: Anterior view. Right: Posterior view.  
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Forward labelling means a certain marker is labelled from a given frame forward, whereas the 

opposite is true for backwards labelling. Whole labelling denotes that both forward and backward 

labelling are taken into consideration. Whole labelling prevents overlaps to occur. For all the gait 

analyses we applied whole labelling. Gap filling was performed for all missing trajectories. For 

instance, when certain markers were occluded from all cameras and when marker trajectories were 

missing.  

 

Lastly, the walking trial data was filtered and exported for further analysis in the software OpenSim. 

A low-pass 4th order Butterworth filter with cut-off frequency of 6 Hz was used to smooth the 

marker trajectory data, which was exported in .TRC format (Rodriguez et al., 2013; Samson et al., 

2013). Ground reaction forces were filtered with a low-pass 20 Hz, 4th-order Butterworth filter. 

These were exported in .MOT format. Finally, spatiotemporal parameters (cadence, walking speed, 

step time, step length, step width etc.) were exported in .CSV format. A summary of the steps in 

Vicon Nexus and the export file formats and filters used is shown in Figure 3.5a and 3.5b, 

respectively. 

 

3.2.5  Modelling with OpenSim 

OpenSim is an open-source software that allows kinematic and kinetic processing. In addition, 

OpenSim is a resource used in the development of musculoskeletal models. This software comprises 

different tools and is widely used by the biomechanical community as well as a range of other 

science areas, such as orthopaedics, sports science and animation of human movements (Delp et al., 

2007). We adopted this platform for the thesis in order to share our data with the biomechanics 

community.  
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Figure 3.5. A. Workflow for visualisation and cleaning in Vicon Nexus. B. Expected file formats from Vicon Nexus and 
corresponding applied filters. Abbreviations (trajectory file), MOT (motion file), .CSV (comma-separated values). 
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Figure 3.6. The different components in the inverse problem used by OpenSim. Based on experimental 

force and position data the kinematics (i.e., joint angles and rigid body movements) and kinetics (e.g., net 
forces and torques) can be computed.  

 

Figure 3.6 shows a flowchart of the major steps in OpenSim. These steps involve scaling, inverse 

kinematics and inverse dynamics. OpenSim constructs a full biomechanical system comprising net 

joint angles (kinematics) and torques (kinetics) based on experimental marker positions and forces. 

This process is referred as the inverse problem. As shown in Figure 3.6, the anthropometric data 

(i.e., body measurements) of the participant are combined with the marker positions and the force 

plate data (e.g., ground reaction forces), respectively. Subsequently, position data is used to 

compute velocities and accelerations, thus yielding multibody dynamics (i.e., the kinematic 

behaviour of the body segments considered as the rigid body). Multibody dynamics (kinematics) is 

then used to calculate moments (e.g., torques) and net forces.  
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3.2.6  Data analysis and models in OpenSim 

OpenSim offers a variety of existing musculoskeletal models (e.g., the models ‘3DGaitModel2392’ 

and ‘3DgaitModel2354’) that are modified by the user to specify the biomechanical parameters. 

OpenSim (see Figure 3.6) performs inverse kinematics (IK) and inverse dynamics (ID). This is 

achieved by accounting for the rigid body movements, based on the force and position data from 

the gait experiments. The degrees of freedom (DoF) were maintained identical to the 

3DGaitModel2392 model, i.e. we analysed three DoFs for the hip, one for the knee and two for the 

ankle joint, respectively.  

 

When all analyses have been completed for the selected trials, three different types of experimental 

data files are evaluated in OpenSim (refer to Figure 3.5b). The first type of data file includes the 

labelled marker trajectories (exported in .TRC format). The second type of data file are motion 

(.MOT) files and comprise the ground reaction forces, which include the orthogonal vectors: VX, 

Vy and VZ, and the free moments: x, y and z. Lastly, the third type of data (.CSV format) includes 

the spatiotemporal parameters. This file includes cadence, walking speed, step time etc.  

 

3.2.7  Weight factors in scaling: Experimental and virtual markers  

The first step in analysing experimental data in OpenSim is to scale a generic OpenSim model. The 

purpose of scaling is to adjust body segments and preserve the mass of the experimental data (i.e., 

the anthropometric data) in the scaled model, thus yielding a spatial marker orientation. Scaling is 

based on superimposing virtual markers (assigned anatomical positions in an OpenSim generic 

model) with experimental marker positions from the static trials. See Figure 3.7 for an illustration 

of this concept. 
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Notably, the error between virtual and experimental markers should be as low as possible. The 

degree of match is defined a priori by determining weight factors. Segments with larger weight 

factors require a stronger match between an experimental marker and a virtual marker. On one hand, 

rigid body clusters (e.g., the thigh and to some extent the shank) are assigned with lower weight 

values. Generally, these regions are likely to contain a great amount of soft tissue, and thus produce 

skin movement artefacts (Cappozzo et al., 1996; Luab & O’Connorb, 1999; Taylor et al., 2005). On 

the other hand, greater weight values are assigned to foot markers, where soft tissue is lower. In 

addition, the foot markers may be used when calculating spatiotemporal parameters (Holt et al., 

2007). The weight factors used in the scaling and inverse kinematics steps are presented in Figure 

3.8. The marker based landmark settings are also shown (Figure 3.8).  

 

For this thesis, lower weight values are applied for bone landmarks such as the acromion, the torso, 

the knee, the pelvis and the foot (Schellenberg et al., 2017). Lower weight values are assigned to 

landmarks with more soft tissue, i.e., the thigh and the shank (Luab & O’Connorb, 1999; Taylor et 

al., 2005; Schellenberg et al., 2017).  

 

 

Figure 3.7. Mediolateral and frontal 
perspective of adult scaled to 12-
month old infant. Red markers show 
virtual markers and blue are 
experimental markers. Coordinate 
axes: red (X-axis), yellow (Y-axis) 
and green (Z-axis). 
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3.2.8  Scaling approaches 

Scaling can be accomplished in two ways. The first approach is manual factor scaling, which uses 

anthropometric data to calculate the error between virtual and experimental markers. The second 

Figure 3.8. Weight factors and marker pairs used in the OpenSim software package. Left: Weight factors in scaling. 
Right: Weight factors in inverse kinematics. Bottom: Marker pairs used to assign the marker based landmark scaling. 
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method is marker based landmark scaling. The latter approach uses assigned marker pairs for the 

rigid body segments. For instance, the left femur can be defined by the two marker pairs:  

(1) left ASIS and left lateral knee 

(2) left ASIS and left medial knee.  

It is important to define these pairs correctly and identically as the marker labels in Vicon Nexus 

since OpenSim calculates the match error between experimental and virtual markers (discussed 

previously). In this piece of work, we used marker based landmark scaling only to reduce errors 

that child growth may impose on the manual measurements between each session. 

 

3.2.9  Analysis of scaling results 

The output file in scaling is the scaled model. This model is based on the mass of the participant 

and the marker weights that the experimenter determines to apply to the model. The match 

correlation is shown by two different values: the root mean square (RMS) and the maximum marker 

error (MME). Firstly, the RMS should be less than 1 cm (OpenSim website documentation). RMS 

describes the average error between experimental and virtual markers in the data. Secondly, the 

MME should be less than 2 cm for bone landmarks. MME is an indicator of the maximum error 

magnitude present in the dataset. Importantly, match correlation between experimental and virtual 

markers along important joints must be verified in the scaled model. These joints are the hip, knee 

and ankle joints respectively.  

 

3.2.10  Inverse kinematics: Principles and the least square equation 

As part of classical mechanics, kinematics focuses on the trajectory of bodies and particles with 

respect to distances without analysing the underlying motions (Beggs, 1983). In other words, 
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kinematics explains the motion of a mass and its rotation on a coordinate system over a time period 

(Shabana, 1998). For biomechanics, the masses of interest are body segments that are considered 

rigid body components. Thus, the same principles of translation, rotation and degrees of freedom 

apply here.  

 

For studies of human motion, computing body movements and joint rotations (angles) is of interest. 

This process is referred as inverse kinematics (IK). It can be achieved by calculating linear and 

angular velocities from experimental marker position and force data (see Figure 3.6). In order to 

perform IK, the experimenter uses the scaled model from the scaling step, and the walking trial 

data. Furthermore, weight factors for different marker pairs are used, as explained in the scaling 

step (Figure 3.8). The outcomes in IK are explained next. Again, the greater the weight factor the 

less error is calculated between experimental and virtual markers.  

 

IK uses a least square equation, which minimises the sum of the equation. In other words, IK selects 

the position in the walking trial where the marker errors between the experimental and virtual 

markers are minimal. Secondly, the least square equation minimizes coordinate errors between 

experimental coordinate values and computed coordinate values. This second step is optional and 

is not always necessary since IK does not take forces (and hence directions) into consideration. 

Thus, a motion file is only to be included if such data has been collected.  

 

The least squares equation (see Formula 3.1) in OpenSim involves 1000 iterations with a precision 

of 0.0001, to minimize the marker and coordinate errors, respectively. Prescribed coordinates have 

locked and known values from the experiment, and thus are not calculated by IK. Unprescribed 
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coordinates have variable values and are included for computation in the least squares equation. 

Importantly, lengths are computed in meters, whereas joint angles are denoted in radians.  

min
!
$ % &"'("

#$% − ("(+)'
& +	 % /'(0'

#$% − 0'1
&

'∈)*%+#,-+./#0	-22+0,"∈34+5#+,
2																													(3. 5) 

Here, q represents a vector of generalised coordinates (for experimental markers) 

wi are the marker weights for marker i 

xiexp is the position of the experimental marker i 

xi(q) is the position of the virtual/model marker i 

qjexp is the experimental coordinate value for coordinate j 

qj is the coordinate value computed by IK for coordinate j 

NB: Since prescribed coordinates have known values, they have no coordinate error. Hence, qj = 

qjexp  

3.2.11  Inverse kinematics 

The results from IK are evaluated to analyse how accurate joint angles are. RMS values are expected 

to be lower than 2 cm, whereas MME should be less than 2-4 cm (OpenSim website 

documentation). Each IK trial will be normalised to 100 data points over time, where each point 

represents one percent of a gait cycle. Averages and standard deviations for the IK trials are 

calculated. Figure 3.9 shows kinematics for the left hip, knee and ankle in a 12-month, 18 month 

and 24-month infant respectively, as part of a pilot study. As shown on Figure 3.9, the infant 

kinematics resembles more the adult values at the end of the first year of walking development. Hip 

extension angles increase and knee flexion angles increase with walking experience. This 

observation is most notably during terminal stance or pre-swing and initial swing respectively. In 
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addition, it was found that infants plantarflexed their ankles more with increased walking 

experience. 
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Figure 3.9. A: Hip, B: Knee and C: Ankle kinematics for the left leg in an infant at 49, 276 days and 369 

days walking experience, and an adult during a gait cycle (normalised to 100 data points). The offset value 

is shown with line in value of 0. Upper and lower standard deviations are shown. Infant gait values converge 

more towards adult gait values with improved walking experience. In general, hip extension, knee flexion 

and ankle plantarflexion angles increase with age, respectively. 

 

3.2.12  Inverse dynamics 

Dynamics (also referred as kinetics) describes how inertial and external forces and torques 

(moments) act upon motions (Kane & Levinson, 1985). Joint forces and torques are important to 

consider for biomechanical activity of the human body and can be computed by inverse dynamics 

(ID).  

 

The purpose of ID is to calculate generalised body forces (i.e., net forces and torques) based on 

each joint angle obtained from IK and from experimental ground reaction forces. Using Newton´s 
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second law of motion (F = ma), forces can be calculated based on known masses and accelerations. 

The ID tool in OpenSim uses Formula 3.2 to calculate the generalised body forces. Default values 

are applied for unspecified coordinates in OpenSim. 

!(#)#̈ + '(#, #̇) + *(#) = ,																																																																	(.. 0) 

where:  

N is the number of degrees of freedom. 

!, !̇	, !̈ ∈ ℝ!
 are the vectors of generalized positions, velocities and accelerations respectively  

((!) ∈ ℝ!"!  
is the system mass matrix 

+(!, !̇) ∈ ℝ!
 is the vector of Coriolis and centrifugal forces  

,(!) ∈ ℝ!
 is the vector of gravitational forces 

- ∈ ℝ!
 is the vector of generalized forces 

Note that the left side of the formula contains generalised positions, velocities and accelerations 

(Formula 3.2). These values are defined a priori or calculated by IK and are therefore known 

variables. The right side of the formula are calculated values and are therefore unknown (Formula 

3.2).  

 

3.2.13  Analysing inverse dynamics 

The AUT Millennium Lab is the only gait facility in New Zealand that allows measurements of 

kinematics and kinetics using a split-belt force plate suitable for infant motion analysis. Infants 

cannot typically take large step lengths to reach from one embedded force plate to the next in a 

classical gait lab. The split-belt force plates at AUT Millennium allow data capture of any step 



56 

 

length, which is key for analysing natural infant gait. A traditional force plate gait lab and the AUT 

Millennium gait lab are compared in Figure 3.10.  

 

 
Figure 3.10. Left: Traditional exercise gait lab. Individuals are required to walk with wide steps, which is not 

convenient for infant gait studies. Right: AUT Millennium gait lab used in the longitudinal studies consisting 

of split-belt force plates. Infants can walk with natural step length.  

 

For the ID results, literature can serve as a basis for comparing the inverse dynamics. One way to 

avoid noise is to filter the kinematic data during ID. This yields ID results that represent actual joint 

forces and torques based on experimental kinematic data and ground reaction forces.  Figure 3.11 

shows pilot study data, and depicts ankle torques (moments) for a 24-month infant and an adult, 

respectively. Units are in Nm/kg. As presented, ankle moments in infants are not as pronounced as 

in adults (Figure 3.11). For instance, the ankle plantar flexion moments are smaller in the 24-

month-old infant, compared to the adult. Figure 3.12 denotes ground reaction forces and the 

corresponding body movements between an adult and infant. The infant does not present the distinct 

classical double hump characteristic.  
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Figure 3.11. Ankle kinetics for the left leg in an infant at 49-, 276- and 369-days walking experience, 

and an adult during a gait cycle (normalised to 100 data points and body mass). Upper and lower 

standard deviations are shown respectively.  
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3.3 Three-dimensional ultrasound 

During the infant longitudinal study, we conducted biomechanical and ultrasound analysis. Both 

the right and the left leg were used for 3D ultrasound (Fry et al., 2004). The most proximal and 

distal regions of reference for the LG were the most superficial point of the lateral femoral condyle 

and the distal musculotendinous junction, respectively. For the proximal and distal reference for the 

MG we used: the most superficial point of the medial femoral condyle and the distal 

musculotendinous junction respectively (Barber et al., 2019). Infants younger than 18 months were 

Figure 3.12. Mean vertical ground reaction forces and corresponding left leg body movements during a gait cycle in 

24-month infant and adult (normalised to 100 data points and body weight). The five movements for the left leg during 

the stance phase are the following: (1) First double-support phase (initial contact), (2) Mid-stance (toe-off for 

contralateral foot), (3) Mid-stance: forward swing for contralateral foot, (4) Second double-support phase: heel-strike 

for contralateral foot and (5) Toe-off (for left foot). The vertical GRF is presented as a green arrow. Note that the first 

and second peak forces.  
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positioned horizontally on parent’s knees while the parent was sitting on a chair. The infants 

assumed a natural and relaxed posture on their hip, knee and ankle joints (Barber et al., 2019). We 

placed ultrasound gel on the scanner transducer to increase the contact with the leg. Four scans were 

made for the MG and LG respectively. The average of the four scans was the final muscle volume. 

The average time for the muscle volume data collection was 10 – 20 s. Pressure of the transducer 

to the leg was maintained to minimum levels, to reduce inaccuracies in muscle volume 

measurements and avoid muscle volume deformation. 

 

Four OptiTrack cameras (Flex 13-TrackingTools, OptiTrack, Corvallis, OR, USA) were placed on 

the corners of a room (Figure 3.13a).  In order to calibrate the cameras, an “axis wand” (Figure 

3.13a and 3.13b) was placed on the centre of the room and we ensured all the markers were visible 

when moved through the scanning area. Next, we removed the “axis wand” and masked all noise 

from the background. A calibration wand (Figure 3.1b) was moved through the scanning area and 

we ensured each camera collected at least 5,000 frames. Thereafter, we defined the ground plane 

by placing the “axis wand” on the scanning area as shown on Figure 3.13b. We verified that the 

“axis wand” was on a total horizontal position. It is worth noting that a manual 180 degrees rotation 

must be applied along the X-axis for the cameras to be in the correct location. Lastly, we defined 

the ultrasound transducer with the attached markers as a rigid body (Figure 3.13c and Figure 

3.13d). This was achieved by positioning the ultrasound transducer on the scanning area and 

creating a .TRA file.  

 

The Stradwin software (25 Hz, v6.0: UK) was used for recording the 3D ultrasound. More 

specifically, the software analyzed B-mode ultrasound images combined with the transducer 

position and direction. The Stradwin project was saved as a .TTP file. The scanner (Figure 3.13c) 
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utilized a 128-element beam former and a sampling frequency of 8.0 MHz with a 60 x 60 mm field 

view (Ecoblaster, Telemed, Lithuania).  Four reflective markers attached to the scanner served to 

synchronize the transducer direction and position (Prager et al., 1998). A single-sweep method was 

used for the MG and LG, since the transducer could cover the entire leg on the infant. The 3D 

ultrasound images collected in Stradwin were then imported and segmented in Stradview (Figure 

3.14; v6.0: UK). 

 

3.3.1 Demonstration of muscle volume computation 

Muscles were scanned using a single-sweep technique by 3D ultrasound, since the ultrasound probe 

width covered the entire infant leg width. Before the experiments commenced the ultrasound gel 

was inserted into a bowl with warm water, to warm up the gel slightly and avoid the infant to feel 

gel temperature discomfort. Infants sat down on their parent’s knees to allow for a natural leg 

posture and ankle angle. Minimal pressure was added to the legs to avoid muscles to deform while 

capturing the muscle volume data. The pressure was localized to the ankles and only applied to hold 

the leg still and with an extended, natural position. The flexion between the leg and the foot was in 

a natural position with the foot stretched (Figure 3.15). Importantly, infants were kept calm by 

giving them a toy or play soft background music. Unavoidably, infants moved their legs from time 

to time, which caused muscle slices to be slightly curved on a few occasions. For this reason, each 

muscle was scanned between three and five times per session and infant.  

 

The muscle scans were imported and analyzed in Stradview (Figure 3.14). To obtain as smooth 

structures as possible, while retaining the boundaries of the muscles the following settings were 

made: Resolution (selected to Medium), Smoothing (selected to Standard), Strength (selected to 

High), Objects (Activated) and Triangulate ends within data (Activated). The muscles were 



61 

 

segmented every three or four slices, since segmenting each slice might introduce errors in the 

segmentation (Figure 3.14). Muscle volumes were computed automatically by clicking on the 

Update button in Stradview. Muscle volumes were in the unit ml (cm3). The best segmentation for 

each muscle was selected for file conversion from VRML file to STL file in Meshlab. The VRML 

file was import in presented in Figure 3.16a and 3.16b. The STL file was exported in ASCII format 

by selecting the option Materialise Color Encoding and deactivating the binary format tool (Figure 

3.16c). The exported muscles were finally visualised in CloudCompare to verify the 3D structure 

is perfectly smoothed and correct (Figure 3.17). If not, the structure is segmented again in 

Stradview and the previous steps are followed one more time. 
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Figure 3.13. Camera locations and steps for 3D ultrasound frame-up. Sampling frequency: 8 MHz. A. Four 

OptiTrack cameras were position on the corners of the room pointing at the scanning area. An “axis wand” 

ensured all cameras were detecting the markers. B. “Axis wand” and coordinate system utilized for defining 
the ground plane. C. Transducer (Ecoblaster, Telemed, Lithuania) used for 3D ultrasound with attached 

reflective markers. Sampling frequency: 8 MHz. D. The ultrasound transducer was placed on the scanning 

area and defined as a rigid body.  
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Figure 3.15. Leg position of the infants during the 3D ultrasound was maintained to a natural position and 

with minimal pressure (localised to the ankle if needed). The flexion between the leg and foot was 100-105 

degrees.  

 

 

 

Q&As

3. How did you control the pressure application during the ultrasound

scanning?

100 – 105 degrees

Figure 3.14. (Left): A 12-month-old infant gastrocnemius muscle 3D structure. 3D ultrasound was used to collect 
the data and the muscle was segmented in Stradview software. Scanner sampling frequency: 8 MHz. (Right): 

Muscles were segmented every 3 or 4 slices to reduce introducing errors in the muscle volume and to obtain greater 

visibility of the muscle 3D structure.  
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Figure 3.16. Demonstration of Meshlab software package. A and B: VRML files from Stradview were 

imported into Meshlab for conversion to STL format. C: The STL files were exported for further visualisation 

into CloudCompare. . Note that the STL files are not in binary format but exported in ASCII.  

 

 

Figure 3.17: Visualisation of segmented muscles in CloudCompare. The segmented muscles are now STL 

files (ASCII format).  
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Chapter 4: Longitudinal gait evaluation 

during the first year of independent infant 

walking 

 

               
 

 

 

 

In this chapter we present the results of following a cohort of 8 infants across 1 year of walking 

(~12 to 24 months of age). We present the kinematics, kinetics, and spatiotemporal parameters at 

an infant-specific level. The general trends are summarized, and this information is used to inform 

the muscle ultrasound imaging and infant foot models in subsequent chapters.  
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4.1 Aims and Introduction 

Infant walking is a complex process that is influenced by environmental as well as physiological 

factors. Environmental factors comprise aspects such as physical stimuli and psychological stimuli 

(Adolph et al., 2003; Bell & Fox, 1996; Cheron et al., 2001; Ledebt & Bril, 2000). Important 

physiological changes occur in the muscle architecture. Two of the most important muscles for 

human walking are the lateral gastrocnemius (LG) and the medial gastrocnemius (MG). These 

muscles are positioned at the posterior side of the lower leg and attached to the knee epicondyle 

ventrally and to the Achilles tendon distally.  

 

Along with muscle development, important biomechanical milestones are achieved during early 

infancy (Vasudevan et al., 2016; Epperson and Sandage, 2019). For example, infants extend the hip 

and knee to a greater extent over time (Chagas et al., 2006; Hallemans, et al., 2006a; Gontijo et al., 

2008; Chang et al., 2009). Notably, ankle plantarflexion increases with walking experience 

(Sutherland et al., 1988; Bertsch et al. 2004). In this study, we evaluated infants longitudinally 

across the first year of walking development. Understanding the biomechanical activity is important 

to better predict the walking development in infancy and onwards.  

 

We present the kinematics (joint angles), kinetics (joint torques), and spatiotemporal parameters for 

8 infants who participated in gait across 1 year. The hip was modelled with 3 degrees of freedom, 

the knee with 1 degree of freedom, and the ankle with 2 degrees of freedom. We present a series of 

graphs for each infant and the trends discussed after. 
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4.2 Methods 

4.2.1  Participants 

Participants consisted of typically developing infants (n = 8 participants) aged 1-2 years of age. 

They were recruited from the Auckland district in New Zealand through collaboration with Plunket 

and Turuki Health and through the AUT Millennium Lab. Three healthy adults were included for 

reference values of the gait parameters (Clark and Phillips, 1993).  

 

The infants were able to walk unsupported and performed at least three to five independent forward 

steps at the first examination (Yaguramaki and Kimura, 2002; Rodriguez et al., 2013). In addition, 

infants had no developmental and motor disabilities. Exclusion criteria were cardiovascular, 

musculoskeletal, and neurological disorders, and gestational age less than 37 weeks. This study 

followed the guidelines of the Declaration of Helsinki. Prior to the experiments, parents gave 

informed consent for their child´s participation.     

 

4.2.2. Biomechanical analysis 

The gait analysis was conducted at the AUT Millennium Lab. When possible, infants were 

examined during two or three occasions at the age of 12, 18 and/or 24 months, respectively. During 

the walking trials we collected kinematic and kinetic data to investigate the hip, knee and ankle 

movements. Infants were allowed to walk across the force plates in their desired speed. An average 

of 4-5 walking trials were selected to capture the motion data in the Vicon Nexus software (Oxford, 

UK). The OpenSim software (Stanford, USA) suite was used to calculate joint angles and joint 

torques.  
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4.3 Results 

 

Hip biomechanics 

As infants grew and learned to walk, we observed that the hip extension angles increased between 

20% and 60% of the gait cycle, i.e., during the period from midstance to toe-off (Figure 4.1a and 

Supplementary Figure 4.1). Across the first year of an infant´s walking experience, the hip 

extension torques decreased with age during the stance phase and pre-swing (Figure 4.1b 

Supplementary Figure 4.2). In most infants, hip adduction angles approached adult values 

whereas hip abduction torques decreased during the stance phase and across age (Figure 4.1c, 

Figure 4.1d, Supplementary Figure 4.3 and Supplementary Figure 4.4). Inverse kinematics 

revealed that internal hip rotation decreased with age (Figure 4.1e and Supplementary Figure 

4.5). As can be seen from inverse dynamic plots (Figure 4.1f and Supplementary Figure 4.6), 

internal hip rotation torques in infants were not well-defined during the first 20% of the gait cycle, 

which is in contrast with adults, however, they presented a trend of decreasing with age. 

Additionally, the swing phase exhibited little to no external rotation torques in infants compared to 

adults (Figure 4.1f and Supplementary Figure 4.6). In general, it was observed that infant hip 

biomechanics was converging towards adult characteristics as walking progressed from 12 to 24 

months. The odd infant displayed outlier behaviour, but in general the changes in the first year of 

walking started to adopt adult trends. 

 

Knee biomechanics 

In general, we observed increased knee flexion angles during the first year of walking (Figure 4.1g 

and Supplementary Figure 4.7). More specifically, the mid-swing included more knee flexion 
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angles as infants grew. For knee kinetics, there were more extension torques in the mid-stance phase 

and pre-swing (Figure 4.1h and Supplementary Figure 4.8). Knee flexion torques were observed 

mainly in the terminal stance.  

 

Ankle biomechanics 

Over the second year of life, there were more plantarflexion angles and joint torques (Figure 4.1i, 

Figure 4.1j, Supplementary Figure 4.9 and Supplementary 4.10). Interestingly, the data 

indicated that plantarflexion torques became more common with age, especially between mid-

stance and pre-swing. A more adult-like walking pattern was more evident over time. Importantly, 

infants presented more ankle eversion angles between the initial stance and mid-swing (Figure 4.1k 

and Supplementary Figure 4.11). Furthermore, ankle eversion torques increased from initial 

stance to midstance, as infants improved their walking performance (Figure 4.1l and 

Supplementary Figure 4.12). Eversion joint torques also became more prevalent in pre-swing. 

 

Spatiotemporal Parameters 

During the longitudinal study spatiotemporal parameters were collected for eight infants. The 

parameters included cadence (steps/ min), walking speed (m/ s), step time (s), stride length (m), 

step length (m) and step width (m). As can be seen on Figure 4.2, most infants presented a higher 

walking speed with age. The exceptions were subject A, I and K. In terms of cadence, there was a 

decrease for subject A, H and K and an increase for subject C, G and J. Subject E and I did not 

present much difference in cadence. The step time increased in most cases, more specifically in 

subjects C, E, G, H and J. Step length increased in all participants except for subject J and step 

width decreased except for subject A, C and I. Lastly, stride length increased with subject I being 

the only participant showing a decrease. 
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Figure 4.1. Hip, knee and ankle kinematics and kinetics for a typically developing infant across days of 
walking experience. The infant was analysed at 3 different time points and compared against an adult. Mean 
and standard deviations (+2/-2) are shown. Colour notes: Blue (Time point close to 12-month age mark), 
Green (Time point close to 18-month mark), Orange (Time point close to 24-month age mark), Black: Adult. 
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Figure 4.2. Spatiotemporal parameters (cadence, walking speed, step time, stride length, step length and 
step width) collected for eight infants in the longitudinal study. Days refer to days after walking onset.  Units 
are shown in parentheses after each spatiotemporal parameter. 

 

 

Gait Deviation Index 

A method of quantification of gait changes known as the Gait Deviation Index (GDI) was adapted 

from Schwartz et al. to compare gait at the hip, knee, and ankle across three time points for subjects 

A to K (Schwartz & Rozumalski, 2008; Figure 4.3). A GDI score of 100 is associated with typical 

adult gait and every 10 points below the optimal GDI score represents one standard deviation (SD) 

away. The method is a simple single digit index that captures all the changes across the gait cycle. 

In general, most subjects displayed a gradual convergence in GDI score towards 100 across the 

three time points (T1 to T3) with a few subjects displaying oscillating GDI results. Most subjects 

 Subject J  Subject K 
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started at ~1SD away from the typical adult gait at T1 for hip flexion and number of subjects started 

at ~2SD away for the ankle at T1. The knee flexion showed the least change across the three time 

points, while the hip showed the most change and the ankle the second biggest change. For most 

subjects the biggest changes occurred between T1 and T2 indicating the first 6 months of walking 

development is where most of the development occurs. 

 

 

Figure 4.3. Gait deviation index for the hip, knee, and ankle across three time points for subjects A-K. 

 

4.4 Discussion 

Learning how to walk involves many different developmental changes. The body must adapt to 

stand from a quadrupedal to a bipedal posture (Minetti, 1998). Infants improve their body 

stabilization and acquire a more erect body stance and intralimb coordination (Ledebt et al., 1995; 

Ledebt and Bril, 2000: Pang and Yang, 2001). In this study, we examined the extent to which infants 

flexed and rotated the hip, knees, and ankle.  

 

The adult walking ground reaction force pattern is characterized by three main energy-related 

events (Figure 4.4). (1) The first event is a shock-absorbing wave occurring in the initial stance (2 

– 12% of gait cycle). Here, the contact foot loads potential energy upon heel strike. (2) This is 

subject T1 T2 T3 T1 T2 T3 T1 T2 T3
A 91.5 95.3 96.1 96.1 97.5 95.6 83.7 91 90.5
C 93.6 94.3 96.3 94.8 91.8 93.9 87 90 90.5
D 87 96.5 95.1 93.9 85.8 86.4
E 95.1 93.7 96.8 87.3 85.8 89.3
G 89.7 93 93.7 94.8 79.7 83.8
H 93.6 95.8 95.7 94.8 82.1 84.7
I 92.7 92.8 94.8 95.5 88.4 85.7
J 90.8 90 94.8 93.5 89.5 85.2
K 95.9 96.6 92 95.1 96.6 96.8 71.1 88.4 89.1

hip knee ankle
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followed by an energy-propulsion event during 12 – 40 % of the gait cycle. At this stage, the 

potential energy is converted into kinetic energy. (3) The last and third event occurs during the latter 

part of the mid-stance, pre-swing, and initial swing (40 – 73 % of gait cycle). During this period, 

the kinetic energy is distributed to the contralateral foot. It is important to note that a second shock-

absorbing wave occurs at the terminal swing (85 – 100 % of gait cycle), thus preparing the next 

heel contact and the end of the gait cycle. The potential energy (event 1) is once again generated 

when the heel strikes the ground (Silva & Stergiou, 2020). 

 

In infants, increased hip extension and hip adduction angles over time have been shown by different 

researchers, primarily in the second half of the stance phase (Okamato et al., 2002; Hallemans et 

al., 2006a, Figure 4.1a and 4.1c). Hip flexion angles in early stance help to absorb some kinetic 

energy and transfer it to the opposite foot during the double-support phase (Grumillier et al., 2008, 

Figure 1). In terms of hip kinetics, it has been proposed that hip extension torques occur during 

initial stance (2 – 12 % of gait cycle) for body energy purposes (Figure 4.1b). This reduces and 

distributes the amount of energy needed to move forward (Zhao et al., 2021). Even though we could 

not see the first shock-absorbing wave clearly throughout the first year of infant walking, infants 

exerted some degree of hip extension torques during this period of the gait cycle (Figure 4.1b and 

Figure 4.1c). Most of the infants in our study produced fewer hip extension torques (Figure 4.1b) 

during the loading response and mid-stance compared to adults. As previously mentioned, this 

period is characterized by an energy-propulsion phase when the body moves forward (Silva & 

Stergiou, 2020). From Figure 4.1b we also observe that infants do not exert hip flexion torques, 

particularly in terminal stance and pre-swing, to the same degree as adults. When hip extension 

torques occur again during swing, particularly in late swing (85 – 100 % of gait cycle), a second 

power absorption wave is generated (Hallemans et al., 2006a). Again, this was not as evident in 
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infants. This suggests that hip flexion and extension torques are not yet fully developed during the 

second year of life, but significant changes towards the hip adult-walking pattern are in process 

(Cheron et al., 2001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Interestingly, the hip does not rotate much in adults (Figure 4.1e). As infants grow, the hip produces 

fewer joint torques during the swing phase (Figure 4.1f). Importantly, the hip is used in the 

stabilization of the human body (Assaiante et al., 1998;  Chang et al., 2009). In kinematics, the hip 

adducts and rotates internally during the stance phase (Figure 4.1c and 4.1e). When this occurs, the 

Figure 4.4. Mean vertical ground reaction forces and corresponding left leg body movements during a gait cycle in 

24-month infant and adult (normalised to 100 data points and body weight). The five movements for the left leg during 

the stance phase are the following: (1) First double-support phase (initial contact), (2) Mid-stance (toe-off for 

contralateral foot), (3) Mid-stance: forward swing for contralateral foot, (4) Second double-support phase: heel-strike 
for contralateral foot and (5) Toe-off (for left foot). The vertical GRF is presented as a green arrow. Note that the first 

and second peak forces.  
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hip moves closer to the body centre of mass. This could be again explained by a medial-lateral 

oscillation finetuning during the walking development (Bril & Brenière, 1992; Chang et al., 2009). 

Furthermore, as Hallemans and colleagues suggested, a bent hip and knee position outwards in 

infants could result in a lower body centre of mass, moving the hip further away from the head 

(Hallemans et al., 2006b). Consequently, this results in hip abduction torques and internal hip 

rotation torques, as observed in adults and growing infants during initial stance (Figure 4.1d and 

4.1f). As previously described, the first shock-absorbing wave emerges during initial stance (0 – 15 

%). In addition, the adult-like abduction and external hip rotation torques (Figure 4.1d and 4.1f) 

seen during the swing phase are not as pronounced in infants. The reasons for this are various. 

Infants have not yet fully developed the intralimb coordination (Clark et al., 1988; Ivanenko et al., 

2005). Moreover, their legs and feet are still learning how to use energy more efficiently when 

walking (Zamparo et al., 1995).  

 

For the knee, we found increased flexion angles in the initial swing over time (Figure 4.1g). There 

was also a convergence in knee flexion angles during initial swing and mid-swing towards adult 

values. During these time intervals, the knee flexes to create potential energy (Figure 4.1h) for the 

swinging foot to use (Jansen et al., 2012). Importantly, early stance (0 – 15 % of cycle) kinetics is 

defined by larger knee extension torques with improved walking skills. A second bump in knee 

extension torques is seen during pre-swing. One possible reason for this is the function of the LG 

and MG. Both these muscles are knee flexors and are involved in the body balance during stance 

(0 – 40 % of the gait cycle) and in the initiation of swing (around 50 % of the gait cycle) and thus 

in propelling the body forward (Neptune et al., 2001, Figure 4.1g). As adults have bigger 

gastrocnemius muscles than infants do, adults can execute more knee flexion throughout the swing 

phase. In knee kinematics, we observed that infants extend their knees more across age during 
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terminal stance (31 – 50 % of the gait cycle). This period (event 2) is characterized by the energy-

propulsion phase, as previously described. Knee extension has been suggested to be important for 

the roll-off foot pattern (Sutherland et al., 1980; Neptune et al., 2001). Lastly, the well-defined 

knee-extension torques at the terminal swing (85 – 100 %) are not yet visible during the first year 

of infant walking (Figure 4.1h). 

 

During walking development, infants flexed their ankles more similar to adult ankle kinematics. 

With increased experience, infants showed more plantarflexion angles (Figure 4.1i) during pre-

swing and initial swing (Hallemans et al., 2006a; Samson et al., 2013). The swing phase initiates 

by plantarflexing the supporting foot, and swinging the opposite foot by dorsiflexing the latter 

(Nahorniak et al., 1999; Twomey & McIntosh, 2012). Regarding kinetics, we found an increase in 

plantarflexion torques from mid- to terminal stance with age. The largest plantarflexion torques are 

seen around 50 % of the gait cycle. This period (event 3) is represented by the second potential 

energy loaded while standing, as shown in Figure 4.4. Upon dorsiflexion of the swinging foot, the 

potential energy is distributed from the standing foot to the swinging foot as kinetic energy. This 

allows the body to propel forward and act as a pendulum (Holt et al., 2010; Samson et al., 2011). 

Hence, the greater plantarflexion torques are observed when infants stand in the beginning of the 

gait cycle. Another contributing factor is the growth of the LG and MG during this period. When 

infants grow, the bigger size of the LG and MG generates a stronger force to plantarflex the foot. 

These muscles are attached to the Achilles tendon, and are known to be knee flexors and ankle 

plantarflexors (Honeine et al., 2013; Lichtwark et al., 2013).  

 

Additionally, the kinematic results revealed change in the inversion and eversion angles during 

certain parts of the gait cycle (Mei & Gu, 2015). Primarily, infants exhibited more ankle eversion 
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angles during the loading response and midswing (Figure 4.1k). In terms of ankle kinetics (Figure 

4.1l), we observed that infants inverted their ankles more from loading response to mid-stance (0 – 

30 %) compared to adults (Drewes et al., 2009). The inversion torques in 12- to 18-month-old 

infants resulted in more body stability during the stance phase (Fong et al., 2007). As the infants 

grow, the inversion torques still occur to some extent during the stance phase to stabilize the body. 

However, the feet are now able to evert more and create more body stability by moving closer to 

one another (Kim & Collins, 2017). More specifically, step width decreases with age when there is 

more stabilization around the center of mass (Adolph et al., 2003; Snapp-Childs & Corbetta, 2009). 

The adult-like energy-propulsion stage (event 2, 31-50 % of the gait cycle) in ankle kinetics is not 

as pronounced in infants. Interestingly, infants walk more similar to adults towards the end of the 

gait cycle, particularly during terminal swing. Samson and colleagues has suggested that foot 

maturation is finally developed at the age of 5 years (Samson et al., 2011). 

 

We also observed changes in spatiotemporal parameters throughout the first year of independent 

walking (Figure 4.2). Primarily, in many instances we found a higher walking speed, increases in 

stride length, and decreases in cadence over time. This is in agreement with results published by 

other research groups (Beck et al., 1981; Bril & Breniere, 1989). In addition, the results showed an 

increase in step length and step time, whereas step width decreased with more walking experience. 

Previous literature in infants have presented these trends (Bril & Brenière, 1992; Ledebt et al., 

2004). Interestingly, we observed contrary patterns occurring in a few infants to the ones expected. 

For example, there were three infants presenting increased cadence over the course of the walking 

sessions. There could be various reasons for these variations between infants. 
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Firstly, it was difficult to instruct infants to have the same walking pace throughout the experiments. 

Depending on the infant’s motivation, the same infant walked faster or slower between sessions, 

and even during the same session. Hence, the differences in cadence (steps/ min) and walking speed. 

As suggested by Bril and Breniere, in adults the walking speed is proportionally correlated with 

increased cadence and step length (Bril & Brenière, 1992). However, in infants that are learning to 

walk, the determining factor resulting in increased walking speed is the step length (Bril & Brenière, 

1992). All the infants in our study, except for one, showed increased step length as they grew 

(Figure 4.2). 

 

Secondly, there is no standardized method to calculate the spatiotemporal parameters. In our study, 

we used the Vicon Nexus plugin to calculate the spatiotemporal parameters. This software package 

uses the heels as references points. Ledebt and colleagues also utilized the heels to calculate step 

width in the same way as ours (Ledebt et al., 2004). However, they used centre of mass displacement 

analysis to calculate walking speed. Ledebt calculated step width as the lateral displacement of 

centre of pressure between two foot contacts (Ledebt, 2000). Vicon Nexus uses the distance 

between the heels on opposite feet (Looper et al., 2006). Also, the advent of technologies such as 

3D motion capture technology has allowed for a more precise walking data analysis compared to 

video recording (Burnett & Johnson, 1971; Blandine Bril & Breniere, 1989). 

 

Thirdly, infant walking could be seen as a finetuning process of the body’s movements and 

improvement of intralimb coordination (Clark & Phillips, 1993). McCollum and co-researchers 

have pointed out that infants could be classified into three groups, each one using a different strategy 

to acquire good balance and walk effectively (McCollum et al., 1995). These strategies are referred 

by the authors as falling, stepping and twisting (McCollum et al., 1995). Falling implies that the 
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infant uses a forward body movement to generate potential energy, followed by a conversion of 

kinetic energy (Kubo & Ulrich, 2006b) In twisting, the trunk moves mediolaterally to swing and 

support one leg at the time during stance, thereby creating an inverted pendulum motion and 

stabilization of the body (Ivanenko et al., 2004). The last walking strategy is stepping, meaning that 

infants take small step lengths and big step width when moving forward (Snapp-Childs & Corbetta, 

2009). The infants in our study could have utilized one or a combination of these three walking 

strategies. As infants grew, it might also have been possible that the same infant changed strategy 

as their walking experience improved. For this reason, a spatiotemporal parameter could have a 

varied pattern throughout the gait sessions. For example, for subjects C and K, step time either 

increased or decreased during the second session, but then decreased and increased again in the 

third session, respectively (Figure 4.2).  

 

Returning to our discussion about ground reaction forces we can see that infants are not yet fully 

developed at the age of 24 months (Figure 4.4). Despite showing parts of the shock-absorbing wave 

during event 1 and the energy distribution to the contralateral foot during event 3, the energy-

propulsion is not yet matured in event 2.  The inefficiency of the energy-propulsion causes fewer 

joint torques in hip extension, hip abduction, internal hip rotation, knee extension, ankle 

plantarflexion and ankle eversion compared to adults. One explanation for this energy inefficiency 

has been proposed by different research groups. More specifically, infants learn to activate their 

muscles in an antagonist-agonist activation pattern (Neptune et al., 2001). Eventually, this optimizes 

the energy consumption when propelling the legs and the overall body forward (Chang et al., 2006; 

Holt et al., 2007; Okamoto et al., 2003). Future studies have the potential to further evaluate the 

muscle activity in relation with anatomical changes in typically developing infants during the first 

year of human walking. As mentioned, infants develop rapidly during the first year of independent 
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walking. Maturation of the neuromuscular system allows for a better posture as well as smoother 

movements to walk (Okamoto et al., 2003). The period between walking onset and the 2-year mark 

is a window of opportunity to explore how typical walking development occurs. Understanding the 

development of the typical gait development may have implications on our understanding of 

cerebral palsy development.  

 

4.5 Key Points 

• At the hip as infants go from 12 to 24 months of age, hip extension torques decreased and 

hip adduction angles increased. Hip internal torques decreased but were less consistent 

across infants.  

• At the knee as infants go from 12 to 24 months of age, increased knee flexion angles and 

increased knee extension torques were observed. 

• At the ankle as infants go from 12 to 24 months of age, increased plantarflexion angles and 

joint torques were observed. Increased inversion angles and increased eversion torques were 

identified. 

• Spatiotemporally from 12 to 24 months of age, a higher walking speed, increased step time, 

increased step length, decreased step width, and increased stride length were observed in 

general. 
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Chapter 5: Infant Gastrocnemius Muscle 

Growth Evaluated Using 3D Ultrasound 

 
 

 
 

 

 

This chapter presents an evaluation of muscle volume changes in the infant gastrocnemius across 

age and associates this with gait analysis from chapter 4. Muscle volume is captured using a 3D 

ultrasound setup and we present evaluation of this method for accuracy and repeatability. A 

statistical shape analysis is also present to provide deeper insight into the nature of muscle volume 

changes.  
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5.1 Aims and Introduction 

Infants experience rapid muscle growth in volume and shape in their triceps surae. During the first 

year of walking development important biomechanical changes may explain this muscle adaptation. 

For instance, step width decreases over this period, while step length and walking speed increases 

(Adolph et al., 2003; A. Ledebt et al., 2004; Snapp-Childs & Corbetta, 2009). In addition, important 

muscle anatomical changes appear during the first years of life. One such change is muscle 

differentiation between the medial and lateral gastrocnemius, which has implications for early 

infant walking (Bradshaw, 2018). 

 

Lower leg muscles have several functions. Three of the most notable lower limb muscles for 

adequate gait function are the lateral gastrocnemius (LG), medial gastrocnemius (MG) and the 

soleus (Honeine et al., 2013). These three muscles are often referred to as the triceps surae. In this 

study, we are interested to analyse the gastrocnemius muscle only for various reasons. Firstly, we 

are interested to evaluate a muscle that is representative for the lower leg. Secondly, the 

gastrocnemius is more superficial compared to the solues, and thus it is easier to visualise the 

gastrocnemius compared to the soleus in ultrasound imaging. Thirdly and lastly, previous studies 

have indicated that differentiation occur between the LG and MG. Specifically, the LG and MG 

volume are similar before walking onset, but differentiate when weight-bearing load begins. As 

Figure 5.1 shows, the MG grows bigger compared than the LG into adolescence and adulthood, 

showing a differentiation in muscle volume between the LG and the MG (Agur et al., 2003; 

Bradshaw, 2018). Importantly, the gastrocnemius is attached to the calcaneus via the Achilles 

tendon, an important connection to conduct plantarflexion and inversion and eversion, resulting in 

proper gait (Lichtwark et al., 2013; Lenhart et al., 2014; Vieira et al. 2013).  
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Figure 5.1: Gastrocnemius volume differentiation across age from infancy into adulthood. MG: Medial 

gastrocnemius. LG: Lateral gastrocnemius. Adapted with permission from Luke Bradshaw Thesis (2018). 

 

Despite the knowledge in biomechanical parameters, the underlying anatomical changes in the 

gastrocnemius muscles are not fully understood. Understanding these changes in infancy have 

important implications for early interventions in muscle pathology (such as cerebral palsy) by 

providing reference muscle data from typically developing infants. In this chapter we present 

muscle volume changes in the infant LG and MG across the first year of walking development and 

where the primary shape differentiation occurs between the LG and MG (Figure 5.1). Particularly, 

to analyse the underlying muscle shape and volume changes in the LG and MG for the observed 

plantarflexion/dorsiflexion and inversion/eversion changes. To do this, we firstly quantify the 

accuracy in our muscle segmentation through an inter- and intra-observer analysis. We provide a 

unique insight into muscle differentiation using a principal component analysis and finally contrast 

these changes with identified associations from the gait data in chapter 4 to explain the form-

function relationship between the MG and LG differentiation and biomechanics. 
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5.2 Methods 

5.2.1 Three Dimensional Ultrasound 

Two researchers performed scans on typically developing infant participants. Infants were 

positioned such that the ankle allowed a natural and relaxed posture on their hip, knee and ankle 

(Barber et al., 2019). On average each muscle was scanned four times during a session. Four 

OptiTrack cameras (Flex 13-TrackingTools, OptiTrack, Corvallis, OR, USA) were placed on the 

corners of a room. We calibrated the cameras by using an “axis wand”. Next, we removed the “axis 

wand” and masked all noise from the background. A calibration wand was moved through the 

scanning area. The ground plane was defined by placing the “axis wand” on the scanning area. 

Finally, we setup the ultrasound transducer with the attached markers as a rigid body.  

 

The Stradwin software (25 Hz, v6.0: UK) was used for recording the 3D ultrasound. The scanner 

consisted of a 128-element beam former and a sampling frequency of 8.0 MHz with a 60 x 60 mm 

field view (Ecoblaster, Telemed, Lithuania).  A single-sweep method was used for the MG and LG, 

since the transducer covered the entire leg on the infant. The 3D ultrasound images collected in 

Stradwin were then imported and segmented in Stradview (v6.0: UK). One of the researchers 

conducted manual segmentation of the MG and LG by using Stradview (v6.0: Mechanical 

Engineering, Cambridge University, Cambridge, UK). Variability of muscle volume measurement 

was assessed by considering inter- and intra-observer segmentation accuracy. The purpose of the 

3D ultrasound was to evaluate the muscle volume for the gastrocnemius muscle in a portable 

manner. The ultrasound muscle volume was previously shown to be consistent with the ‘gold 

standard’ MRI volume of the same muscle, as part of our validation work and not significantly 

different (Bell, 2020). 
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5.3 Results 

5.3.1   Muscle Segmentation Errors 

Firstly, a study with adult participants was conducted to establish the errors associated with our 3D 

ultrasound segmentation pipeline, and to evaluate the technique before proceeding with infant 

participants (Figure 5.2). Twelve healthy adults participated in the study (University of Auckland 

ethics approved) to segment the flexor pollicis brevis (FPB) muscle in the hand, which is similar in 

size and shape to an infant gastrocnemius muscle head. A single sweep of the ultrasound probe at a 

speed of 3-6m/s was used to capture the muscle geometry. This was then processed using the 

pipeline in section 5.2.1 and using the setup described in the ‘Ultrasound Methods’ section of 

chapter 3. 

 

Figure 5.2: Segmentation of left hand FPB muscle (B); 2D ultrasound view (B-1); and segmented 3D muscle 

volume (B-2). 

Inter-segmentation reliability was assessed as the amount of variation in muscle volume between 

segmentations from two observers. Intra-segmentation reliability was assessed as the amount of 

variation in muscle volume by one observer when segmenting the same muscle volume twice. The 

muscle volume mean and standard deviation, and intra-class correlation coefficient (ICC) with two-

way mixed effect model and absolute agreement in SPSS (Version 24, IBM, Armonk, NY, USA) 

is shown in Table 5.1. Intra-segmentation reliability was very high at 0.993 with only ~3.3% 
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absolute error in muscle volume. Inter-segmentation reliability was also an acceptable standard at 

0.93 with only ~12% absolute error in muscle volume. This suggests that with the same person 

repeating the segmentations as in this thesis there is minimal error associated with our ultrasound 

imaging pipeline. Furthermore, if a second investigator was to join the study the errors would also 

be low for reproducibility. More details can be found in Bell et al. 2022 (Bell et al., 2022).  

 

 Segmentation 1 

(cm3) 

Segmentation 2 

(cm3) 

Intra- 

class correlation 

coefficient (ICC) 

Inter-segmentation 

reliability 

1.97±0.6 1.87±0.55 0.931 

Intra-segmentation 

reliability 

1.97±0.6 1.91±0.58 0.993 

Table 5.1: Inter and intra segmentation errors. 

 

Segmentation of FPB revealed that the primary segmentation volume differences were at the muscle 

ends and edges where the muscle interfaces with the tendon and other soft tissues (Figure 5.3). For 

investigator muscle segmentation differences in standard deviation ranged from 1.5 mm smaller 

than the mean to 2.5 mm larger than the mean. For investigator 2, muscle segmentation differences 

were slightly higher and ranged from 1.5 mm smaller than the mean to 4 mm larger than the mean. 

The primary differences of segmentation in shape were at the interface with other muscles, where 

tissue identification may be interpreted differently between investigators. Integration with the 

tendon is often a point of difference in segmentation and reflected in the experience levels of 

segmentation operators. 
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Figure 5.3: Repeatability of muscle segmentation for flexor pollicis brevis (FPB) muscle for investigator 1 

(left) and investigator 2 (right).  

 

5.3.2   Muscle Volume Across Age 

Seven families were followed where we collected two or more time points. Unfortunately, further 

families we captured only had one time point and we lost their participation during the Covid-19 

pandemic of 2020/2021. We kept their data for the statistical shape analysis but were unable to use 

information for the longitudinal component of the study. Nevertheless, the information for the seven 

families clearly demonstrated trends. 
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Figure 5.4: Segmented muscles for the infants in the longitudinal study. 

 

Figure 5.4 presents muscle segmentations for the infants in the longitudinal study for LG and MG. 

In most cases it was observed that the MG grew wider and bigger than the LG across age. Table 

5.2 shows the changing volume for the LG and MG across participants at 3 time points. Each time 

points shows the number of days since the infant displayed independent walking. It can be seen in 

Table 5.2 that the muscle volume increases for the LG and MG with age. In addition, the overall 

MG volume was bigger compared to the LG volume over time. This became more evident after the 

second and third time point in the longitudinal study. However, the overall muscle volume increase 

between the LG and MG across age was not significantly different, both in the same leg and between 

the left and right leg (p = 0.001, two-sided two-sample t-test with unequal variance). 
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Table 5.2: Muscle volumes (in cm3) across 3 time points for seven participants for the LG and MG muscles 

(both left and right sides). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Muscle Volumes as a function of days of walking experience. Two to three time points 
were analysed for each infant. Days after walking onset (3-5 independent steps) LG: Lateral 

Gastrocnemius. MG: Medial Gastrocnemius. ±SD are shown for each time point. 

Figure 32: Muscle Volumes as a function of days of walking experience. Two to three time
points were analysed for each infant. Days after walking onset (3-5 independent stepsLG: Lateral
Gastrocnemius. MG: Medial Gastrocnemius. ±SD are shown for each time point.
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Figure 5.5 presents the muscle volume as a function of days of walking experience. It is clear that 

the MG had a higher volume than the LG and this is consistent with our observation of adult muscle 

growth trends. Furthermore, the right and left LG are similar in trend, however, the right MG 

increases faster than the left MG. This is most likely explained by the fact that many infants were 

right leg dominant, and the MG grows faster than the LG during development. 

 

5.3.3   Principal component analysis of muscle shape variation 

One researcher segmented the MG and LG manually for all infants using the software Stradview 

(v6.0: Mechanical Engineering, Cambridge University, Cambridge, UK). The reference anatomical 

points for the LG and MG were the femoral condyle and the distal musculotendinous junction for 

each respective muscle, respectively (Barber et al., 2019). To study the differentiation of muscle 

shape we conducted principal component analysis (PCA). This was achieved by first meshing the 

segmented muscles to a template structure. Then, we rigidly aligned the meshed muscles around a 

centre of mass. We examined the muscle shape variation in the LG and MG occurring from the age 

of 3 months up to 24 months using standard Principal Component Analysis (PCA) in the Geometry 

Image-Analysis Statistics (GIAS2) software (Fernandez et al., 2019). The mean shapes and the 

principal component variations are plotted using the software CloudCompare 

(https://github.com/cloudcompare/cloudcompare) with variations shown in mm. 

 

Firstly, we examined the PCA modes shown in Figure 5.6 with the primary PCA modes for the 

four gastrocnemius muscles (left LG, right LG, left MG, and right MG) shown separately. The first 

mode represents the muscle size (PC0), the second mode corresponds to the muscle width (PC1), 
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and the third mode showed only minor variations (PC2). Muscle size accounted for more than 50 

% of the population variance in the infants. 

 

Figure 5.6: Principal components in an infant population. The analysis was done across age (four 

gastrocnemius muscles studied separately). Top left: Left lateral gastrocnemius. Top right: Left medial 

gastrocnemius. Bottom left: Right lateral gastrocnemius. Bottom right: Right medial gastrocnemius.  

 

Muscle Size – First PCA Mode 

Figure 5.7 show the first mode of variation PC0, which is interpreted as the muscle size change 

across age in a population of infants from 3 up to 24 months of age. A few infants were collected 

from a parallel infant study, whereas the majority came from our longitudinal study. The LG and 

MG are presented for the right leg. Mean ± 2SD are shown for the muscles. We found that the MG 
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was slightly bigger than the LG in both the +2SD and -2SD. This shows that from 3 to 24 months 

there is a remarkable change in the size of the LG and MG. More importantly, the MG is starting 

to show some early signs of being larger than the LG, which is what we observe in adults. The 24 

months infant data are up to 68 mm larger than the mean muscle data, and the 3 months infant data 

are up to 24 mm smaller than the mean muscle data. 

 

Figure 5.7: First mode of muscle variation (muscle size), PC0, shown mean and ±2SD for the LG and MG. 

 

Muscle Width – Second PCA Mode 

Figure 5.8 show the second mode of variation PC1, which is interpreted as the muscle width or 

belly change across age in a population of infants from 3 up to 24 months of age. The LG and MG 

are presented for the right leg. Mean ± 2SD are shown for the muscles. Once again, we found that 

the MG was slightly wider than the LG in both the +2SD and -2SD. This shows that from 3 to 24 

months there is a remarkable change in the belly width of the LG and MG with variations going 
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from thick to thin. The 24 months infant data are up to 67 mm wider than the mean muscle data, 

and the 3 months infant data are up to 29 mm smaller in width than the mean muscle data. 

 

Figure 5.8: Second mode of muscle variation (muscle width), PC1, shown mean and ±2SD for the LG and 

MG. 

 

Minimal Muscle Change – Third PCA Mode 

Figure 5.9 show the third mode of variation PC2, which is interpreted as a very subtle change in 

the shape from 3 up to 24 months of age. The LG and MG are presented for the right leg. Mean ± 

2SD are shown for the muscles. The third mode shows very minimal changes and suggests that only 

the first two modes are useful in describing shape variation in the LG and MG muscles. 

Consequently, there is little value in seeking further modes. 
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Figure 5.9: Third mode of muscle variation (minimal muscle changes), PC2, shown mean and ±2SD for 

the LG and MG. 

 

Procrustes Analysis 

 

In order to investigate the shape, we removed size from the analysis, which is known to be the 

biggest variation. We scaled the muscles to the same size before conducting the PCA analysis, 

which is known as a ‘Procrustes Analysis’. Figure 5.10 shows the PCA modes for the four 

gastrocnemius muscles in the Procrustes analysis. The first mode (PC0) now represents the muscle 

width since size is removed, and the second and the third mode (PC1 and PC2) correspond to subtle 

variations in the muscle belly.  
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Figure 5.10: Procrustes Analysis - Principal components in an infant population (3 months up to 24 months 

of age). The analysis was done across age (four gastrocnemius muscles studied separately). Top left: Left 

lateral gastrocnemius. Top right: Left medial gastrocnemius. Bottom left: Right lateral gastrocnemius. Bottom 

right: Right medial gastrocnemius.  

 

Muscle Width - First Procrustes PCA Mode 

Figure 5.11 show the first mode of Procrustes variation PC0, which is now interpreted as the muscle 

width since size has been removed. The LG and MG are presented for the right leg. Mean ± 2SD 

are shown for the muscles. With size removed we can clearly observe that the MG is slightly larger 

in width and length than the LG in both the +2SD and -2SD. This shows that from 3 to 24 months 

the MG is clearly becoming longer and wider in shape irrespective of the size of the infant. The 24 

months infant data are up to 51 mm larger than the mean muscle data, and the 3 months infant data 

are up to 22 mm smaller than the mean muscle data. 
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Figure 5.11: First mode of muscle Procrustes variation (muscle width), PC0, shown mean and ±2SD for 

the LG and MG. 

 

Minimal Muscle Change - Second and Third Procrustes PCA Modes 

The second and the third Procrustes modes (PC1 and PC2) correspond to subtle variations in belly 

shape (Figures 5.12 and 5.13). This shows that once size is removed only the first mode (PC0) 

shows dominant feature variations and the second and third modes are less useful in describing 

shape variations. However, it should still be noted that the MG is still slightly larger than the LG in 

both the second and third modes, which shows that once size is removed the MG is still dominant 

irrespective of infant size. 
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Figure 5.12: Second mode of muscle Procrustes variation (minimal muscle change), PC1, shown mean 

and ±2SD for the LG and MG. 

 

 

Figure 5.13: Third mode of muscle Procrustes variation (minimal muscle change), PC2, shown mean and 

±2SD for the LG and MG. 
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5.3.4   Muscle Volume Association with Ankle Torques 

Plantarflexion torques were seen to increase with increased gastrocnemius muscle volume (Figure 

5.14). On the second timepoint we observed unnatural gait for subject K. Comparison of ankle 

torques from chapter 4 revealed that increased MG muscle volume across 7 infants was associated 

with increasing ankle inversion torques (Figure 5.15). The MG muscle contracts and inverts the 

ankle in response to external eversion torques created by the lateral contact centre of pressure with 

the ground. Two subjects (C and E) were revealed to have some gait processing issues with their 

second time point that explains the lower-than-expected torque values (Figure 5.14 and 5.15). 

Figure 5.16 and 5.17 shows that plantarflexion and eversion torques increased across age and days 

of walking experience. It should be noted that the differentiation between the MG and LG muscle 

volume was not consistent or significantly different across age as shown in Table 5.2 and this 

supports our idea that muscle volume alone is not the only determinant of increasing strength. The 

MG belly increased in width as shown by our Procrustes PCA analysis compared to the LG and 

therefore is likely to have thicker bundles of muscle fibres which is associated with increased 

strength.  
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Figure 5.14: Normalised dorsi- (+) and plantarflexion (-) ankle torques (Nm/Kg) versus total gastrocnemius 

muscle volume (mL). 

 

Figure 5.15: Normalised inversion (+) and eversion (-) ankle torques (Nm/Kg) versus total gastrocnemius 

muscle volume (mL). 
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Figure 5.16: Normalised ankle dorsi- (+) and plantarflexion (-) torques (Nm/Kg) versus days of walking 

experience in the longitudinal study. 

Figure 5.17: Normalised ankle inversion (+) and eversion (-) torques (Nm/Kg) versus days of walking 

experience in the longitudinal study. 
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5.4 Discussion 

Muscle development in early childhood is critical to acquire a healthy gait. For instance, muscles 

in children with cerebral palsy have been identified to be smaller, therefore resulting in less force 

production (Barber et al., 2011). In addition, muscle size in the lower limb is important for 

maintaining a proper balance and performing adequate knee kinematics and plantarflexion while 

walking (Okamoto et al., 2003; Barber and Boyd, 2016). 

 

This chapter aimed to investigate changes in the muscle development during the first two years of 

life. We studied the four gastrocnemius muscles due to their involvement in plantarflexion and 

ankle support during walking (Dalmau-Pastor et al., 2014). Firstly, we conducted an inter- and intra- 

observer error analysis to identify the error in our 3D ultrasound pipeline. We found very high intra-

observer repeatability with ICC of 0.993, which suggests that the method of a single segmenting 

operator in this study produced a high accuracy. We also showed that if we had two different 

operators the accuracy was also very acceptable with ICC of 0.931. In general, we found higher 

variability on the muscle edges when segmenting with high repeatability towards the centre of the 

muscle. This highlights that segmenting near boundaries and adipose tissue is the most challenging 

source of errors when extracting muscle shapes from 3D ultrasound. 

 

General calf muscle volume changes across age showed an increase in muscle volume in the LG 

and MG, both in the left and the right leg. This would be associated with increased weight and 

activity levels across age. The trendlines indicated that the MG volume increased more compared 

to the LG. Nevertheless, the increase in LG and MG volume across age was not significantly 

different, both within the same leg and between the two legs. This suggests that muscle volume 

changes alone do not explain muscle development. Understanding the muscle shape differentiation 
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is equally important to understand early infant walking.  In all age groups, we found a larger 

variability in the right leg muscle size compared to the left leg, and larger variability in the MG than 

the LG in their respective legs. Interestingly, Del Bel and colleagues found that the dominant leg 

showed greater EMG magnitude in the LG (Del Bel et al., 2017). This suggests that most of the 

infants in our study could have bigger right than left gastrocnemius muscles, and thus be right foot 

dominant (McCreesh & Egan, 2011). However, it is difficult to identify this in the lab, since babies 

are not able to show leg dominance experimentally, such as kicking a ball (Van Melick et al., 2017).  

 

PCA analysis of muscle across age revealed that muscle size accounted for 55-70% of variation, 

whereas muscle width and belly corresponded to the rest of population variance. We found that the 

variance in muscle size was overall bigger in the MG than the LG. A Procrustes analysis was 

conducted to examine the muscle shape differentiation across age by excluding muscle size as a 

differentiation factor. It was revealed that the MG belly grew wider compared to the LG in both 

legs. Interestingly, the LG has been found to contract before the MG during knee flexion and ankle 

plantarflexion (Antonios & Adds, 2008; Rabey et al., 2021). Interestingly, we observed more ankle 

eversion joint torques in our longitudinal study of 12-to 24-old-month infants, especially in pre-

swing and initial swing (chapter 4 and Figure 5.15). 

  

In this chapter we specifically investigated the shape and size differentiation between the LG and 

MG, and their association with ankle torques. We showed that eversion torques increased with more 

walking experience (Figure 5.17). Importantly, it has been described that MG activation contributes 

to inversion to some extent during neutral position (Lee & Piazza, 2008). Similar findings were 

reported by Vieira and co-researchers (Vieira et al., 2013). Also, it has been suggested that the LG 

is involved in stabilizing the body during ankle plantarflexion by strengthening the eversion 
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muscles (Antonios & Adds, 2008). This makes sense as the external centre of pressure is more 

lateral and produces an external eversion torque, hence, the muscles (namely the MG) must counter 

this with an internal inversion torque to balance the ankle. The increased MG is associated with this 

shift of the foot centre of pressure moving more laterally from 12 to 24 months of age. In other 

words, the MG muscle contracts and inverts the ankle in response to external eversion torques 

created by the lateral contact centre of pressure with the ground (Figure 5.15 and 5.17). The larger 

eversion torques might be explained by a larger moment arm for the LG compared to the MG, as 

indicated by Formula 5.1. However, it is worth mentioning that LG and MG activation should not 

be generalized, but also seen in a context. The pose of the subject is equally important to take into 

consideration when studying the importance of muscle activation (Lee & Piazza, 2008; Héroux et 

al., 2014).  

 

6789:;	<=>9;				?				6=@;AB	C>@			 = 				E=FAB	G=>07;																(H. 5) 

 

In terms of knee flexion and plantarflexion in Chapter 4, the Procrustes analysis also agrees with 

our longitudinal gait studies. From 12 months up to 24 months of age, knee flexion angles increased 

from initial contact to midstance, and during initial swing to terminal swing. Higher prevalence was 

found for ankle plantarflexion in kinematics and kinetics across increased gastrocnemius muscle 

volume and age, respectively (Figure 5.14 and 5.16), particularly during mid-stance to initial swing. 

Bigger gastrocnemius muscles contribute to more knee flexion and plantarflexion joint angles and 

torques during the first year of independent walking. As mentioned previously, the gastrocnemius 

muscles have a minor role in knee flexion, but are especially important in plantarflexion (Chang et 

al., 2006; Lanshammar & Ribom, 2011).  
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Understanding muscle shape differentiation during the first two years of life is important to gain 

more knowledge about gait disabilities and offer more effective treatments at an early stage. For 

example, it has been suggested that individuals with cerebral palsy exhibiting equinus gait, 

characterized by excessive plantarflexion, could have shorter muscle bellies and longer Achilles 

tendons (Wren et al., 2010; Gao et al., 2011). Hence, comparison of muscle bellies with our 

typically developing gait population could be a way to differentiate and identify pathology. Further 

studies might investigate the muscle activity and fascicle length changes occur across age in infants, 

to understand how LG and MG activation relates ankle rotation (Arampatzis et al., 2006). Moreover, 

it is important to consider that infants are not able to stand and sit still in a neutral knee-foot position 

for a long period, which might require additional research protocols to address how different ankle 

poses affect LG and MG activation. 

 

5.5 Key Points 

• There is a high repeatability of muscle volume segmentation for single observer intra-

repeatability when using 3D ultrasound. 

• Across age, the calf muscle volume (both MG and LG) increases with walking activity, but 

the ratio of MG/LG is not consistent and there is no significant difference between the MG 

and LG increases. This suggests muscle volume differentiation is not the only determinant 

of strength. 

• PCA analysis reveals that the MG muscle belly becomes wider than the LG across the first 

2 years of life and this suggests that wider muscle belly may be associated with more muscle 

strength rather than muscle volume alone. 

• Increased MG muscle volume is associated with inversion movement to counteract the 

increased eversion torques observed from 12 to 24 months of age.  
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Chapter 6: Form and Function in the Infant 

Foot 

 
 

In this chapter a finite element model of the infant foot is presented to explore infant bone 

development across the first year of walking. It uses muscle forces and ground reaction information 

from previous chapters integrated with a bone remodelling algorithm to predict bone density and 

architecture evolution in the calcaneus (heel bone) as a demonstration of infant foot development. 

The presented modelling framework can be extended to explore development of other foot tissues 

including muscles and ligaments and be coupled to the rigid body mechanics presented in chapter 

4. 
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6.1  Aims and Introduction 

Early human walking consists of different phases. One of the initial stages towards independent 

walking is infant cruising, which occurs around 6-9 months of age (Okamoto et al., 2003). During 

this stage, infants begin to stand up and move horizontally with support of objects in the 

environment (Adolph et al., 2011). Cruising is soon followed by supported walking, where infants 

experience walking for the first time but still require help from caregivers to move around (Price et 

al., 2018b). Infants begin to walk independently first at the age of approximately 12 months 

(Zeininger et al., 2018). 

 

During the first and second years of life a variety of factors are involved in walking development. 

These factors include neuromuscular, anatomical and biomechanical changes (Dewolf et al., 2020). 

For instance, the foot pad in the foot sole ossifies to form longitudinal arches in the first years of 

life (Bertsch et al., 2004; Dewolf et al., 2020). Along with a gradual bone ossification, maturation 

of spinal central pattern generators increases spring stiffness in infants during the first year of 

independent walking (Forssberg, 1985; Holt et al., 2007). This results in increased step frequency 

and thus faster walking speed over the course of early walking development (Bril & Brenière, 1992). 

Thus, infant walking development is a complex exchange of developmental factors changing over 

a short period of time. 

 

The foot is one of the most important components for stabilizing the human body and maintaining 

the body upright. Studies have also reported a flat foot contact pattern at the beginning of 

unsupported walking (Bertsch et al., 2004; Kermoian et al., 2006). After 2 weeks of walking 

experience, heel contact during initial foot strike begins to increase, resulting in a bigger foot contact 
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area over time (Hallemans et al., 2003; Bertsch et al., 2004). More specifically, the foot contact 

pressure redistributes from the primarily site, the midfoot, to the heel and toes when children grow 

(Alvarez et al., 2008). As can be mentioned, the tibialis anterior, a dorsiflexor, has been observed 

to be weaker in infants during the swing phase (Rose & Gamble, 2006; Zeininger et al., 2018). 

Thus, infants are not able to exert heel-strike properly during the last part of the gait cycle.     

 

Also importantly is the role of the foot in kinematics and kinetics. As infants mature, they acquire 

greater inter-limb coordination (Pang & Yang, 2001; Ivanenko et al., 2005). In addition, muscle 

agonist-antagonist activation on the lower limbs decreases during walking development, as shown 

by different studies (Okamoto et al., 2003;  Chang et al., 2006). Changes on ankle biomechanics 

occurs as independent walking development progresses. For instance, ankle dorsiflexion becomes 

more prevalent and power generation increases, which is observed as a shock-absorbing wave upon 

foot contact with the ground (Hallemans et al., 2005; Hallemans et al., 2006a). Interestingly, infants 

lack a double peak foot lift, as seen in adults, and present instead a single foot peak lift on ground 

reaction force data (Hallemans et al., 2006b; Dominici et al., 2007).  

 

Understanding foot biomechanics is necessary to identify deviations in gait progress at an early 

stage of an infant’s walking development. The aim of this article is to present a multi-segmental 

infant foot model, which can be implemented for various purposes and applications in infant 

biomechanics research. To our knowledge this is the first ever finite element foot model developed 

from cadaveric data of a 6-month infant from collaborators at the University of Toronto, Anatomy 

Department. The aim is to present a continuum mechanics-based foot with bone and soft tissue to 

explore internal stresses and strains and can be coupled with rigid body mechanics simulations from 

OpenSim simulations. 
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In this study, we have analysed the changes in foot bone stresses, bone density evolution, centre of 

pressure (CoP), ground reaction forces (GRF), and bone architecture evolution from 12 months up 

to 24 months of walking. The bone evolution algorithm is based on a well-known bone remodelling 

implementation in the FE software Abaqus with details provided. Specifically, we are exploring 

how the calcaneus bone develops in density and architecture during foot walking development as 

this bone is the first to make ground contact during gait and is connected to the Achilles tendon, 

plantar fascia ligaments, and makes contact with the talus as part of joint contact. This knowledge 

can help in the development of orthotic paediatric devices, and in the examination of infant gait and 

foot anatomy in clinical settings (Wolf et al., 2008; Mahaffey et al., 2016).  

 

6.2 Methods 

6.2.1  Digitization and file import 

A 6-month-old infant foot cadaver was digitized from 3T MRI images captured from the Anatomy 

lab of the University of Toronto. Axial scans were obtained for the right foot, resulting in 123 slices. 

Next, we imported the files in IMA format into Stradview (v6.0: Mechanical Engineering, 

Cambridge University, Cambridge, UK). Foot bones were classified as following: phalanges, 

metatarsals, midfoot bones and rear foot bones. The midfoot bones included the cuneiforms, 

navicular and cuboid. The rear foot bones were separated into the calcaneus and talus.  

 

In addition to the foot bones, we imported soft tissue surrounding the foot representing a lumped 

soft tissue. Lastly, we took into consideration the lower part of the tibia and fibula to include muscle 

forces that these two bones exerted during foot biomechanics. 
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6.2.2  Segmentation of bones and soft tissue 

Individual bones were manually segmented on Stradview. As presented on Figure 6.1, the soft 

tissue along the outer part of the foot was segmented, as well as the soft tissue surrounding each of 

the foot bones. The 3D structures of the bones and soft tissue are shown on Figure 6.2. The 3D 

structures of the bones were exported from Stradview as VRML files and imported in Meshlab 

(v2020.07: Visual Computing Lab, ISTI-CNR, Pisa, Italy). Finally, the VRML files were exported 

from Meshlab as STL files (ASCII) for mesh generation in Hypermesh. 
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6.2.3  Generation of surface meshes and solid structures  

 Firstly, each 3D structure was shrink-wrapped, thus generating a new structure composed of 

triangles (Figure 6.3). The element size was initially set to 3 mm. Consequently, triangles were 

converted to quadrilaterals using the Mask tool in HyperMesh. Secondly, we produced a 2D surface 

mesh of the structure from step 1 (shrink-wrap). This was achieved by using the Automesh Tool in 

HyperMesh. During this step, quadrilaterals were reverted to triangles, but now with an element 

size of 10 mm (Figure 6.4). Thirdly and lastly, we created a solid structure with the Tetramesh Tool 

in HyperMesh. The Mask Tool was used again, to show tetrahedrals instead of triangular elements. 

Importantly, only the solid structure was of interest for post- processing in Abaqus (Figure 6.5). 
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6.2.4  Finite element model 

 We aligned foot bones into a finite element (FE) model in HyperMesh. (Altair Engineering Inc., 

Hyperworks, United States). Solid tetrahedral elements were then generated with element size of 

2.0mm for bones and 3.0mm for soft tissue as this mesh size was found to be efficient for 

computations and FE solutions converged for the Von Mises stress. All meshes were quality 

checked before exporting by looking at the quality of the element Jacobian being greater than 0.3. 

Soft tissue and infant bones were then assembled and exported to be analysed in the Abaqus 

software suite. The assembled finite element foot is shown in Figure 6.6. 

 

The bones were modelled as linearly elastic isotropic materials with Young’s Modulus of 7300MPa 

and Poisson’s Ratio of 0.3, and the lumped soft tissue surrounding the bone was a linear elastic 

model with Young’s modulus of 0.15MPa and Poisson’s ratio of 0.45 (Cheung & Zhang, 2005). 

The tibia and fibula proximal surface were fixed as boundary conditions for a quasi-static simulation 

and the ground reaction force was applied to the foot plate.  Three different FE foot models were 

packaged across ages of 12 months, 18 months, and 24 months, respectively, for one typically 

developing infant. 
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The bone remodelling algorithm adopted in this thesis was implemented from the paper by Doblaré 

and García and readers are referred to that paper for the details of this method. We used all 

parameters identical to that paper (Doblaré & García, 2002). Macroscopic apparent bone density 

was predicted based on the principles of continuum damage mechanics. The bone architecture 

adapts to the principal components of stress. This model has been shown to give anatomically and 

biologically realistic bone adaptation predictions in the proximal femur. 

 

6.2.5  Tendons, Ligaments and Force Plate 

After exporting the FE model, we added four wires representing four tendons at the posterior side 

of the FE model in Abaqus (Figure 6.7). Two tendons corresponded to the lateral gastrocnemius 

(LG) and the other two tendons to the medial gastrocnemius (MG). Tendons were considered 

mechanical categories and added from the centre of the calcaneus to the lower part of the tibia. We 

used static optimization in the OpenSim software to calculate the total peak muscle forces (Table 

6.1). Muscle forces were calculated using Formula 6.1, based on a ratio of their respective muscle 

volumes. Since each muscle, LG and MG, are composed of two tendons each, the muscle force 

ratio was divided by two (Formula 6.1). Four reference points (RP1 to RP4) were assigned to each 
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calculated muscle force and added to their respective Tendon in the FE model in Abaqus (Figure 

6.7). Each time point along the development (12 months, 18 months and 24 months) had different 

muscle forces. 

Formula 6.1: Calculation of muscle forces on each tendon. For values see Table 6.1. 

(!. #)	%&'()*	+,-(*	.*-	/*01,0 =
	
(/,34)	5*46	%&'()*	+,-(* ∗ /,34)	84'3-,(0*9:&'	%&'()*	;,)&9*)

(<8	;,)&9* + %8	;,)&9*) 	

2
 

Where: 

• Total Peak Muscle Force = Peak LG Force + Peak MG Force (Obtained from static optimization, 

OpenSim software) 

 

• Total Gastrocnemius Muscle Volume = LG Volume + MG Volume (Obtained from muscle 

segmentation, Stradview software) 

 

Once the tendons were added, five plantar fascia ligaments were added to the FE model along the 

foot sole (Figure 6.8). No reference points were made when adding the ligaments. Ligaments were 

considered basic connectors with the elasticity of 1N/mm. Each ligament was added from the centre 

of the calcaneus to the beginning of each phalange (Figure 6.8).  
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After adding the tendons and the ligaments, we added a force plate to the FE foot model. The aim 

was to simulate the foot stresses that the foot exerted upon loading on the ground during gait. To 

make the force plate, we measured the length and width of the foot (Figure 6.9a). The length 

corresponded to the y-axis, whereas width was the x-axis (Figure 6.9b). Based on the 

measurements, the dimensions of the force plate were determined to 250 mm x 100 mm (Figure 

6.9c). The thickness was set to 3 mm. Thereafter, the force plate was translated and rotated, and 

finally meshed to the foot model (Figure 6.9d and 6.9e). The completed FE foot model with the 

meshed force plate is shown on Figure 6.9f. 

 

 

 

 

 

Volume (in cm3) Peak Gastrocnemius Force 
(in Newton)

Time Point for Foot 
Model Simulation

Right Lateral 
Gastrocnemius

Right Medial 
Gastrocnemius

Right Lateral 
Gastrocnemius

Right Medial 
Gastrocnemius

12-months 2.9 3.4 50 N 250 N

18-months 3.4 5.7 500 N 75 N

24-months 7.0 8.2 175 N 600 N

Table 6.1. Approximate volumes and peak gastrocnemius forces for the right lateral and medial gastrocnemius.
Three time points along the development were studied.
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6.2.6  Local and Global Centre of Pressure  

During the analysis of the FE foot model, we examined the changes in Centre of Pressure (CoP) 

that occurred while the infant walked at the gait lab. We were interested in analysing the 
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mediolateral and anteroposterior translation movements during the stance phase (first 60 % of the 

gait cycle), since this is the period when foot loading occurs, and CoP can be measured. To achieve 

this, local coordinates were calculated from spatiotemporal parameter data obtained from walking 

trials (Vicon Nexus). The local coordinates along the mediolateral (x-axis) and anteroposterior (y-

axis) axis are shown on Figure 6.10. Importantly, we compared the change of CoP along these axes 

from the age of 12 months up to 24 months for a typically development infant.   
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Figure 6.10. Local coordinates for the centre of pressure (CoP) during stance phase. Top: Measurement of the CoP along 
the mediolateral (x-) axis. Bottom: Measurement of the CoP along the anteroposterior (y-) axis.  
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For the FE foot model to show correct foot stresses, we converted local coordinates into global 

coordinates to obtain the correct CoP in the FE model. We defined three local anatomical points in 

Abaqus, shown in red (Figure 6.11). The anatomical points were located at (1) the central calcaneus 

(point A), (2) the toe tip (point B) and (3) the medial ankle (point C). These points corresponded to 

(1) the posterior foot, (2) the frontal foot and (3) the medial foot, respectively. The local 

anteroposterior vector (AB) corresponded to AB à = B – A and the local mediolateral vector (AC) 

corresponded to AC à = C – A.  Next, we calculated the magnitude of the local anteroposterior and 

the mediolateral vectors (Formula 6.2).  

The magnitude is the square root of the sum of the squared vectors (Formula 6.2). To calculate the 

global spatial vectors, each local vector was then divided by the magnitude of respective local vector 

(Formula 6.3). The global vector i represented the mediolateral axis (x-axis), whereas the global 

vector j represented the anteroposterior axis (y-axis). Thereafter, local CoP coordinate values 

(Figure 6.10) were multiplied with the global vector i and j. For example, the mediolateral 

translation was calculated by multiplying the local mediolateral CoP values with the vector i. This 

yielded local translation for the local CoP values (Formula 6.4). The combined local translation 

was obtained by adding the mediolateral and anteroposterior translation at each time point along 

the gait cycle (Formula 6.5). Lastly, global coordinates were calculated by adding the combined 

local translation with the local central calcaneus point coordinates, point A (Formula 6.6 and 
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Figure 6.11). The global coordinates were used as the reference points in the Abaqus FE foot model. 

These steps were repeated in the 18-month and 24-foot FE foot model. 

Formula 6.2: Calculation of magnitude for the local anteroposterior or mediolateral vector 

<,(4)	;*(3,-	%4?0:3&1* = @(B! + C! +	D!) 

Where: 

• X, Y and Z are the x-, y- and z-axes distances for the anteroposterior (AB) or mediolateral vector (AC) 

 

Formula 6.3: Global vectors (i or j) for the local anteroposterior or mediolateral vectors, respectively: 

8),F4)	;*(3,- =
<,(4)	;*(3,-

<,(4)	;*(3,-	%4?0:3&1*
 

Where: 

• Local vector is the local anteroposterior (AB) vector or mediolateral vector (AC) 

• Local vector magnitude from Formula 6.2 

 

Formula 6.4: Local translation for local anteroposterior or mediolateral CoP: 

<,(4)	G,5	/-40')43:,0 = 	<,(4)	G,5 × 8),F4)	;*(3,- 

Where: 

• Local CoP is the anteroposterior or mediolateral CoP observed during walking (Figure 6.10) 

• Global vector (i or j) from Formula 6.3 
 

Formula 6.5: Combined local CoP translation: 

G,9F:0*1	<,(4)	G,5	/-40')43:,0 = I03*-,.,'3*-:,- +%*1:,)43*-4)	<,(4)	G,5	/-40')43:,0 
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Where: 

• Anteroposterior and mediolateral local CoP translation obtained from Formula 6.4.  

Formula 6.6: Calculation of global coordinates: 

8),F4)	G,,-1:043*' = G,9F:0*1	<,(4)	G,5	/-40')43:,0 + 5,:03	I	G,,-1:043*' 

Where: 

• The point A coordinates are the x-, y- and z-axes coordinates for the central calcaneus (Figure 6.11) 

• Combined local CoP translation calculated from Formula 6.5.  

• Global coordinates are used as the reference points in the FE foot model in Abaqus 
 

 

 

6.2.6  Ground Reaction Force and Coordinate System 

Next, we calculated the ground reaction force (GRF) during the stance phase to include it in the FE 

foot model. We took into consideration the vertical GRF during the stance phase since this is the 

period when foot load occurs (see previous section). The GRF during the stance phase is shown in 

Figure 6.12. Three different ages were compared in a typically developing infant. The GRF data 

was added to the 6 reference points (RPA to RPF) along with the global CoP data of the force plate 

(see Figure 6.13). Next, we created a coordinate system for the FE foot model. For each axis (x, y 

and z), we defined three points. An example of how the x-axis was defined is shown in Figure 6.14. 
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Figure 6.13. Tendon reference points (RP1 to RP4) and GRF reference points (RPA to RPF). LeC:
Before including the GRF data. Right: ACer including the GRF data.
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6.3 Results 

Centre of Pressure Changes During Gait Development 

Important CoP changes occur during the first year of walking development in infants. We observed 

a shift in the location of CoP, both in the mediolateral and the anteroposterior axes (Figure 6.10). 

For the anteroposterior axis, we observed a general increase of frontal CoP displacement along the 

foot with increased walking experience (Figure 6.10). Importantly, we observed a longer and more 

defined plateau when the infant was 24 months old compared to previous time points. In terms of 

the mediolateral CoP displacement, we observed that the 12-month-old infant exhibited a high 

degree of medial CoP movement (Figure 6.10). Particularly, the increase in medial CoP movement 

is seen to occur from 80 – 100 % of stance. At the age of 18 months, the CoP moved medially 

during the first 20 % of the stance phase. However, during most part of the stance phase at 18 

months, the CoP displaced laterally and moved medially again during late stance. As the infant 

Figure 6.14. Developing a coordinate system in the FE foot model. Each axis (x, y and z) was defined by
three points on the force plate. Here, we are defining three points (red) for the x-axis.
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approached the age of 24 months, the CoP only occurred medially and to a higher extent than at the 

age of 18 months of age. Interestingly, the range of mediolateral movement for the 24-month-old 

infant occurred between the 12-month and the 18-month CoP values. 

 

Ground Reaction Force Changes During Gait Development 

From the ages of 12 to 24 months, a rapid development occurs for the GRF in infants. As presented 

in Figure 6.12, when the infant is 12 months old, the mid-stance (approximately 40 – 60 % of 

stance) does not present the typical dip in GRF at 50% gait. During this period of the stance phase, 

there is an energy-propulsion phase when potential energy is converted to kinetic energy, resulting 

in the contralateral foot to swing forward. As the infant is 18 months old, the GRF was still showing 

a horizontal pattern without the classic GRF dip between the first and the second double-support 

phase (20 – 80 %), but to a lesser extent compared to the 12-month-old infant. However, we 

observed that at the age of 24 months, the infant began to present the characteristic “double-peak” 

GRF pattern during stance that we often observe in adults. 

 

Foot Stress Loading 

Foot stresses were analysed throughout the ages of 12 to 24 months. Figure 6.15 shows the foot 

stresses in a 12-month-old infant foot. The heatmaps show that the foot stresses are highest around 

the tibia and fibula due to the fixed boundary conditions as expected. Our interest is in the foot 

region away from the fixed boundaries. At 12 months the peak Von Mises stress is primarily centred 

around the joint contact articulation points. As the infant approached the age of 18 months, the Von 

Mises values increased in these regions due to increased body weight (Figure 6.16). At the same 

time, the foot stresses also increased progressively along the second and third metatarsals as the 
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infant starts to plantarflex more and push the CoP more anteriorly. When the infant was 24 months 

old, the foot stresses have increased throughout most foot regions (Figure 6.17). As shown, the toe 

and rearfoot regions present the highest foot stresses, and thus the biggest change compared to the 

12-month and 18-month foot. This is due to the infant having a plantarflexion motion more similar 

to an adult with a clear heel strike and plantarflexion leading to toe-off. Hence, increased stresses 

are observed in the calcaneus and toe regions. The midfoot region presents the lowest foot stresses 

relative to the heel and toe, and therefore the smallest change in foot loading throughout the walking 

development. 
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Bone Density 

Figure 6.18 shows the calcaneus Von Mises (VM) bone stress and predicted bone fabric tensor, 

representing bone fibre directions. The data was computed in Abaqus for an infant foot with 12-

month-old gait boundary conditions. The medial and lateral gastrocnemius forces were predicted in 

OpenSim using static optimisation. It can be observed in the sagittal plane that there is a 

concentration of VM stress at the proximal site where the Achilles tendon inserts. This is consistent 

with thicker bone density in this region observed in CT images (Mei, 2021).  

 

It can also be observed that the stress pattern is primarily proximal to distal in pattern, and this is 

consistent with the boundary conditions where the infant primarily makes contact vertically with 

the heel of their foot and does not articulate with the forefront when first learning to walk. The 

predicted bone fibre directions are primarily aligned from proximal to distal, consistent with the 

principal components of stress and dominant loading direction. There are also some fibres arising 

from the Achilles tendon insertion site moving in the anterior-posterior direction. In the coronal 

plane it can be observed that the stress is concentrated at the proximal region where the Achilles 

tendon inserts but is slightly focused on the medial aspect. However, the stress is primarily centrally 

focused with the medial and lateral gastrocnemius force being similar at age 12 months. The fibre 

directions are also primarily aligned in the proximal-distal direction in the coronal plane. 
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Next, we examined bone stresses and bone fabric tensor in a foot representing 18-month-old gait 

boundary conditions (Figure 6.19). In contrast to the 12-month-old infant, it can be noticed in the 

sagittal plane that there are multiple concentration points of stress, including the Achilles tendon 

insertion site posteriorly and at the contact interfaces proximally and anteriorly. The stress pattern 

is also more concentrated at the bone boundary. This is consistent with the cortical density being 

thicker around the edges and at the contact and tendon insertion sites in adults (Mei, 2021). The 

infant now makes more contact with the forefoot, and this creates tension in the plantar fascia 

ligaments which pulls the calcaneus in the anterior direction. This gives rise to increased stresses 

directed anteriorly. The bone fibre directions now show a pattern of vertical alignment at the top 

near the contact interface and horizontally distally aligned with the pull of the plantar fascia 

Figure 6.18. Von Mises stresses and estimated bone fabric tensors calculated in Abaqus software for a 12-

month-old infant foot.   
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ligaments. This is in agreement with bone fibre directions, as observed in CT data in adults (Saers 

et al., 2020). In the coronal plane it can be observed that the stress is now more concentrated towards 

the medial side compared to the 12-month-old infant. This is consistent with the medial 

gastrocnemius force starting to increase relative to the lateral head by age 18-months. The fibre 

directions are still primarily aligned in the proximal-distal direction in the coronal plane but now 

more angled towards the medial side. 

 

 

 

 

 

Figure 6.19. Von Mises stresses and estimated bone fabric tensors calculated in Abaqus software for 

an 18-month-old infant foot.   
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Lastly, we investigated the calcaneus Von Mises (VM) bone stress and predicted bone fabric tensor 

in an infant foot with 24-month-old gait boundary conditions (Figure 6.20). In the sagittal plane, 

we observed that the concentration points of stress are now more prominent at the Achilles tendon 

insertion site posteriorly, and at the contact interfaces proximally and anteriorly. The stress pattern 

is also elliptical and has a Hertzian pattern at the contact points (Mei, 2021). The higher stress is 

further increased at the bone boundary. This is in agreement with the cortical density being thicker 

around the edges and at the contact and tendon insertion sites in adults (Mei, 2021).  

 

 

 

Figure 6.20. Von Mises stresses and estimated bone fabric tensors calculated in Abaqus 

software for an 24-month-old infant foot.  
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To include infant-specific parameters, we performed a secondary analysis that included cartilage-

material properties (Figure 6.21). We observed that forefoot and midfoot areas show higher stresses 

when all material properties are used compared. Nevertheless, the rearfoot and calcaneus present 

similar stresses in both simulations (Figure 6.21). This is in agreement with previous findings, as 

seen on Figure 6.18-6.20.   

 

Figure 6.21. FE foot model with infant cartilage material properties (top) and all bone material properties 

included (bottom). Higher stresses are presented when all bone material properties are included. Similar 

stresses are observed in the rearfoot and calcaneus between both simulations.    

 

 

 

 

Q&As

10. In chapter 6, elaborate how your FE results are not affected by the fact that

your infant foot looks more like an adult FE model.
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proximally and anteriorly. The stress pattern is also elliptical and has a Hertzian pattern at the 

contact points (Mei, 2021). The higher stress is further increased at the bone boundary. This is in 

agreement with the cortical density being thicker around the edges and at the contact and tendon 

insertion sites in adults (Mei, 2021).  

 

 

The infant makes full contact with the forefoot similar to an adult and this creates higher tension in 

the plantar fascia ligaments which pulls the calcaneus in the anterior direction. The anteriorly 

directed stresses are much clearer at 24 months compared to previous time points. The bone fibre 

directions show strong horizontal alignment with the plantar fascia tendon pull, while the contact 

points near the talus bone show bone fibre directions emanating away from the contact points in a 

Figure 6.20. Von Mises stresses and estimated bone fabric tensors calculated in Abaqus software for an 18-

month-old infant foot.   
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the plantar fascia ligaments which pulls the calcaneus in the anterior direction. The anteriorly 
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directions show strong horizontal alignment with the plantar fascia tendon pull, while the contact 

points near the talus bone show bone fibre directions emanating away from the contact points in a 

Figure 6.20. Von Mises stresses and estimated bone fabric tensors calculated in Abaqus software for an 18-

month-old infant foot.   

New Findings
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 The infant makes full contact with the forefoot similar to an adult and this creates higher tension 

in the plantar fascia ligaments which pulls the calcaneus in the anterior direction. The anteriorly 

directed stresses are much clearer at 24 months compared to previous time points. The bone fibre 

directions show strong horizontal alignment with the plantar fascia tendon pull, while the contact 

points near the talus bone show bone fibre directions emanating away from the contact points in a 

circular pattern. This is consistent with bone fibre directions as observed in CT in adults (Saers et 

al., 2020). In the coronal plane it can be observed that the stress is exclusively on the medial side 

compared to the 18-month infant. This is consistent with the medial gastrocnemius force and muscle 

volume being larger by age 24-months. The fibre directions are still primarily aligned in the 

proximal-distal direction in the coronal plane but increasingly angled towards the medial side. 

 

Lastly, we compared the foot stress in the infant foot versus an adult foot. Figure 6.22 highlights 

Von Mises stress contrasted with an actual CT of the calcaneus (adapted from Mei, 2021). The 

results indicate that the infant bone adaptation is converging towards an adult bone density and 

stress distribution. 
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Figure 6.22. A. Von Mises stress, B. bone density prediction, and C. CT Hounsfield values in the calcaneus 

for a healthy typical adult foot. Adapted from PhD thesis of Mei (2021), University of Auckland.  

 

6.4 Discussion 

The foot is responsible for bearing weight load, but also for moving the body forward (Hennig, 

2002; Hallemans et al., 2006b). The foot pressure changes as infants learn to walk more efficiently 

and as their gait becomes more stable. Three main progresses were observed: (1) A shift of CoP 

location, (2) maturity in the ground reaction force and (3) changes in foot stresses leading to bone 

density and bone architecture adaptation, indicating the form-function response of the foot.  
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Firstly, there is a change in the CoP. Recall that our reference point is the calcaneus (point A), from 

which we base the mediolateral and the anteroposterior CoP displacements. Importantly, we 

observed that the 12-month-old infant places the CoP towards the centre of the body, thus causing 

a general increase in medial CoP displacement (Figure 6.10). During the early stages of infant 

walking, infants need to place the pressure along the centre of the body to maintain proper balance 

(Bril et al., 2015). Over the course of 12 months, infants learn to place the CoP more laterally, as 

can be seen on the 18-month-old infant. Musculoskeletal changes occur during this time frame. For 

example, Héroux and co-researchers suggest that medial gastrocnemius (MG) activity is greater in 

standing than lateral gastrocnemius (LG) activity (Héroux et al., 2014).  

 

Results from muscle imaging from our lab point out that muscle growth differs between the MG 

and LG. More specifically, the MG grows wider compared to the LG (see chapter 5). Finally, at the 

age of 24 months, the infant is able to finetune their mediolateral movements. In other words, the 

infant has also learnt successfully to control both the medial and the lateral movement of the foot. 

The latter results in an intermediate mediolateral CoP displacement between 12-month and 18-

month CoP mediolateral values, as the infant has the reached the age of 24 months. Hallemans and 

co-authors indicate that a mature roll-over pattern is characterized by a lateral CoP displacement 

and subsequent medial CoP displacement when the forefoot strikes the ground (Hallemans et al., 

2003).This is in accordance with our CoP findings (Figure 6.10). Assaiante and colleagues suggest 

that lateral centre of gravity movement is modulated by increased hip stabilization with improved 

walking ability (Assaiante et al., 1998). The second observation in CoP changes was the 

anteroposterior CoP displacement. Here, we found that the infant moves the foot further from the 

calcaneus to the toe regions. In addition, we observed that the anteroposterior CoP displacement is 

smoother, i.e., the infant displays a more defined plateau when moving the foot forward during 
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early stage (0 – 40 %). MacKinnon and Winter have explained that frontal balance of the body is a 

function of better regulation of the subtalar and hip joint moments (MacKinnon & Winter, 1993). 

Hence, infants are able to walk with longer steps forward and supporting the stance leg, creating an 

inverted pendulum (Ivanenko et al., 2004; Looper et al., 2006). 

 

Secondly, there is a gradual appearance of a shock-absorbing wave as infants grow due to changes 

in GRF (Figure 6.12). We identified an appearance of the energy-propulsion phase, characterized 

by a “double-peak” GRF pattern, where potential energy converts to kinetic energy to move the 

swinging foot forward. Figure 6.23 shows normalized GRF by body weight (full gait cycle) for a 

24-month-old infant and an adult for comparison. External energy recovery is lower in infants than 

adults (Kimura et al. 2005). The shock absorbing wave reflects the transition from knee flexion to 

knee extension (Hallemans et al., 2007). As children grow and learn to walk their hip, knee and 

ankle joint torques became more regular, indicating better control of muscles, and hence in body 

segment movements (Hallemans et al., 2007).  This improvement not only helps infants to stabilize 

better, but to use energy more effectively. In other words, the foot evolves to act as a lever, thus 

propelling infants forward as they walk while also maintaining proper balance and posture 

(Anderson & Pandy, 2001; Nahorniak et al., 1999).  
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Thirdly, we observed a change in foot stress loading. Importantly, at 12 months of age the foot 

loading is highest on the lower part of the tibia-fibula and the midfoot, particularly on the second 

and third metatarsals (Figure 6.15). Successively, foot loading increases in the tibia-fibula, the 

metatarsals and the phalanges as infants are 18 months and 24 months (Bertsch et al., 2004, Figure 

6.16 and 6.17). Interestingly, the posterior base of the metatarsals and the posterior calcaneus 

showed few foot loads over time (Figure 6.15-6.17). This has also been observed by Bertsch and 

colleagues, who reported some decrease of peak pressure on the midfoot (Bertsch et al., 2004). Foot 

loading appears first at 24 months of age along the cuneiforms, navicular, cuboid and the anterior 

parts of the calcaneus. Cavanagh and colleagues found that foot peak pressure is highest under the 

Figure 6.23. Mean vertical ground reaction forces and corresponding left leg body movements during a gait cycle 

in 24-month infant and adult (normalised to 100 data points and body weight). The five movements for the left leg 

during the stance phase are the following: (1) First double-support phase (initial contact), (2) Mid-stance (toe-off for 

contralateral foot), (3) Mid-stance: forward swing for contralateral foot, (4) Second double-support phase: heel-strike 

for contralateral foot and (5) Toe-off (for left foot). The vertical GRF is presented as a green arrow. Note that the 

first and second peak forces.  
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second and third metatarsal heads in adults (Cavanagh et al., 1987). This agrees with our 

observations, where we found that the highest foot stresses occur along these regions (Figure 6.17).  

 

In infants, it has been shown that relative loads under the midfoot and hallux diminish after a couple 

of months of walking development, whereas relative load increases under the third and fifth 

metatarsals (Hennig & Rosenbaum, 1991). Hennig and colleagues refer to the relative load as the 

local impulse divided by the sum of all local impulses (Hennig & Rosenbaum, 1991). Interestingly, 

with increased walking experience there is a shift in relative load as the weight load is displaced 

from the medial to the lateral parts of the foot (Hallemans et al., 2003; Price et al., 2018b). In 

summary, body weight with respect to the foot area was found to have an effect on foot pressure in 

children (Hennig, 2002). No significant gender differences in plantar pressure have been identified 

in childhood (Hennig et al., 1994). The maturity of the roll-off walking pattern, described previously 

by Hallemans and co-researchers, showed that pressure increased under the metatarsals and the 

hallux, and a decrease under the heel and the midfoot, as we observed in Figure 6.17 (Hallemans 

et al., 2003). 

 

Lastly, we focused on examining the foot VM bone stresses in the calcaneus regions and 

investigated how the bone density and bone architecture differentiated in this region across age. We 

found that the VM stresses increased progressively at the Achilles tendon insertion point from 12 

to 24 months of age (Figure 6.18-6.20). Specifically, the density of the bone fibre directions 

increased (proximal regions to the Achilles tendon), suggesting that more load was applied across 

this region as walking skills improved (Giddings et al., 2000).  



142 

 

In addition, the bone fibres became denser with age, particularly along the medial side of the 

calcaneus, as indicated in the coronal view (Figure 6.19 and 6.20). This is in accordance with our 

findings of a bigger growth of the MG width compared to LG width during the first year of 

independent walking (Figure 5.11-5.13 in chapter 5). Our findings indicate that the calcaneus bone 

VM stresses increased along the edges, primarily along the anterior, proximal, and posterior contact 

points (Figure 6.18 - 6.20). Across the period between 12 and 24 months, the infant foot adapts to 

external loads, and begins to add more pressure to the metatarsals and hallux and less on the heels 

(Figure 6.15-6.17; Hallemans et al., 2003). By adding more tension to the plantar fascia ligaments 

at the head of the metatarsals, the foot is able to move in a posterior-anterior pattern (Figure 6.8, 

Bourne et al., 2021). This is important during toe-off, which presents the greatest loading phase 

during the human gait cycle (Saers et al., 2020; Bourne et al., 2021). Hence, the gradual increases 

in proximal-distal VM bone stresses from 12 to 24 months of age; seen on the sagittal perspectives 

of the calcaneus bone (Figure 6.18-6.22). 

 

As explained by Price and colleagues, the ossification of foot bones initiates in the calcaneus and 

is proceeded by the cuboid and navicular bones (Price et al., 2018a). On the microscopic level it 

has been found that the number of trabeculae per volume decreases, while the thickness of 

trabeculae increases into adulthood (Saers et al., 2020). More specifically, trabeculae adapt to the 

changing external stresses by aligning in the same direction (Sreenivasan, 2015). Along with 

calcium intake, weight gain and walking exercises are important contributors for bone 

mineralization, and more bone density over time (Young et al., 2005; Miyamoto et al., 2019). 

Importantly, our secondary analysis including the cartilage material properties in the FE infant foot 

model show that the rearfoot and calcaneus stresses are similar to the FE foot model with all material 
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properties included (Figure 6.21), showing validity of the infant FE foot model to predict calcaneus 

adaptation with age.  

 

Infant foot biomechanics is not yet fully understood, and this study is an early model in the 

development towards a better understanding. It should be noted that while the geometry and 

boundary conditions were taken from an infant the material properties were adapted from the 

literature and may not be suitable. However, this does not detract from the modelling outcomes and 

study conclusions that show relative increases in bone density and bone fibre architecture across 

12-24 months consistent with the literature.  Further, external factors such as footwear and clothing 

could lead to variation in infant foot biomechanics and comfort (Wenger et al., 1989; Hallemans et 

al., 2005) and were not considered here. Moreover, studies investigating infant foot biomechanics 

use plantar pressure mats on flat surfaces (Price et al.,2018b). Nevertheless, the ground surface 

outside laboratories is more complex and involves walking in different directions and uneven 

surfaces. Future studies could take these factors into consideration, in order to observe more 

variations on biomechanical parameters, as infants are allowed to walk freely in their external 

environment (Lee et al., 2017; Price et al., 2018b).  
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6.5 Key Points 

• As infant walking progresses across 12 to 24 months of age the Centre of Pressure (CoP) is 

observed to migrate more anteriorly and laterally. This is consistent with the plantar pressure 

pattern being primarily towards the ball of the foot and on the outer lateral side in the adult. 

• From 12 to 24 months the classic double hump GRF pattern starts to take shape consistent 

with adult GRF. This occurs as infants learn to transfer store, and use energy better between 

the ankle, knee, and hip motion.  

• At 12 months the infant primarily loads their calcaneus (heel bone) in a vertical motion 

leading to cortical stresses and increased bone density primarily at the contact with the talus 

and Achilles’ tendon insertion sites. The bone fibres are primarily vertical.  

• At 18 months the infant starts to propel their CoP more anteriorly engaging the plantar fascia 

ligaments leading to calcaneus tension in the anterior direction. This gives rise to a 

combination of vertical and horizontal bone fibre directions and increased cortical density.  

• At 24 months the infant is plantar flexing more like an adult and the full range of stress is 

experienced by the calcaneus leading to dominant horizontal calcaneus fibre directions 

similar to an adult. Cortical density is thicker with peaks at the contact and Achilles’ tendon 

insertion sites.  
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Chapter 7: Conclusions 

 

 
The chapter synthesizes the key findings across the thesis and discusses the future development of 

paediatric biomechanics. A step-towards an infant OpenSim model is presented, which was created 

but not used in this thesis, as the next progressive step in the field. Finally, we discuss limitations 

associated with the thesis work. 
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A. Thesis Conclusions and the Future 

The present thesis investigated human gait and muscle growth in the lower limbs at the earliest 

stages of autonomous walking; from 1-2 years of age. Understanding this association aims to 

inform: (A) clinicians in paediatric examinations by determining which biomechanical and leg 

muscle shape parameters characterises typical gait development, respectively, and (B) explain the 

form-function relationship between infant gait and muscle growth. From this project, we have 

gained knowledge in: 

 

1. Identifying infant kinematic and kinetic changes across the first year of walking. 

2. Quantifying infant gastrocnemius muscle growth across the first year of walking, 

understanding muscle shape changes using principal component analysis, and muscle 

changes associated with ankle biomechanics. 

3. Modelling and predicting the form-function relationship in the developing infant foot. 

 

B. Reflections on chapter findings 

Chapter 2 presented an overview in the field of paediatric biomechanics, with a focus in infant data. 

The scoping review described the following biomechanical parameters: kinematics, kinetics, 

spatiotemporal and plantar pressure. The purpose of reading the existing literature was dual. On one 

hand, we observed how the biomechanical parameters change during the first year of independent 

walking. For instance, infants plantarflex and evert their ankles more as they approach the age of 2 

years. In addition, step width decreases, walking speed increases and the heel-to-toe walking pattern 

develops. On the other hand, we learnt which data is missing in the scientific literature and why this 

is the case. As can be mentioned, we realized there were two main points not being considered yet: 
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(1) Muscle growth and infant gait have not been studied together to explain a form-function 

relationship; and (2) There is no study that had developed and analysed a finite element model of 

an infant foot. The reasons for these limitations are various. In the case of infant gait and imaging 

studies, it is difficult to recruit them in a longitudinal study, capture static trials in a motion lab, and 

ultrasound muscles in the same limb pose consistently. Furthermore, not all gait labs have the 

correct equipment to study infant gait properly. In our case, we used a split-belt treadmill to study 

infant gait. This means that infants can walk naturally with one foot on each plate of the treadmill, 

instead of having to step on separate plates, thus changing their natural gait pattern. In the case of 

the finite element foot model, there is a lack of digital images for medical examination and 

subsequent development of finite element foot models. 

 

In chapter 3, we described the methods used in this project and presented examples of inverse 

kinematic and inverse dynamic results, respectively for infant pilot testing. Our primary methods 

include motion capture and 3D ultrasound. They were used to study infant biomechanics and to 

obtain 3D medical images of lower leg muscle, respectively. We specifically present methods for 

capturing infant gait that require an infant marker suit and use of dynamic trials to establish the 

static marker connections. In addition, we used different software suites (OpenSim, Mimics, and 

HyperMesh) to develop an infant musculoskeletal model and muscle shape differentiation between 

the LG and MG. The 3D ultrasound setup is also described and the process of collecting 2D images 

to create a 3D muscle is presented. 

 

Chapter 4 investigated infant walking development in a longitudinal analysis. We followed 12-

month- to 24-month-old infants. Motion capture and force plate data were used to obtain kinematic 

and kinetic data, respectively. In general, we observed increased hip extension angles, increased 
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hip adduction angles and more frequency of internal hip rotation over time. Hip kinetics showed 

fewer extension torques, adduction torques, and internal hip rotation torques as infants grew. Knee 

kinematics indicated more flexion angles, particularly during mid-swing. Knee joint torques also 

approached adult-like values. Regarding ankle kinematics and kinetics, we found that plantarflexion 

angles and torques increased. Overall, infants walked more similar as adult towards the end of the 

second year of life.  

 

Muscle shape and size differentiation across age using ultrasound was presented in chapter 5. This 

chapter combined medical imaging obtained from 3D ultrasound with PCA shape analysis. Firstly, 

we conducted an inter-subject and intra-subject error analysis to establish repeatability in our 

imaging pipeline. We identified that intra-subject reliability had a very high repeatability and inter-

subject reliability presented high repeatability also. A shape analysis revealed that most 

segmentation errors occurred at the muscle boundaries and where the muscle interfaces with other 

tissues, reflective of operator experience when segmenting. Secondly, we conducted a shape 

analysis across age for infants between 3 months to 24 months. We found that muscle size (LG and 

MG) increased with age. Interestingly, the LG grew more elongated and thinner, whereas the MG 

grew wider at the muscle belly. Following this, we removed muscle size as a confounder in a 

Procrustes analysis and revealed that muscle belly width increased across age especially in the MG, 

irrespective of muscle size. This suggests that the increased strength observed in the MG as we 

grow is not entirely related to the muscle volume and size but also the shape and structure of the 

muscle. Finally, using the data from chapter 4 about infant biomechanics and the muscle shape data 

from chapter 5 we suggest the following form-function relationships: (1) increased plantarflexion 

torques are correlated to increased LG and MG muscle size, and (2) increased inversion torques are 

associated with greater body stability and MG activity across age. Previous adult EMG and 
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ultrasound data showed that inversion torques are seen in relation to increased MG work, whereas 

LG activity relates to eversion torques (Antonios & Adds, 2008; Vieira et al., 2013). 

 

Chapter 6 presented the form-function relationship in an infant foot. For this purpose, we developed 

a finite element model from digitized infant foot bones and soft tissue in collaboration with the 

University of Toronto. We used motion capture data from one of the participants in the longitudinal 

study as input to the model. Centre of pressure (CoP) data revealed more ability to displace the foot 

forward. Moreover, the foot CoP shifted from the lateral parts of the foot to the medial parts. 

Interestingly, we observed a gradual modulation of the mediolateral CoP movement from 18 to 24 

months of age. Ground reaction force results showed the emergence of shock-absorbing waves and 

a higher similarity towards adult gait at the end of the second year. Adopting a previous bone 

remodelling algorithm in Abaqus we showed that as the infant modified their CoP and muscle forces 

increased (especially in the MG) across age a number of form-function changes occurred in the 

calcaneus bone. This bone was chosen to study as it makes contact with the ankle joint and is where 

the Achilles tendon inserts from the gastrocnemius. Finite element predicted stresses showed that 

the cortical density increased from 12 to 24 months consistent with what is observed in CT imaging. 

Moreover, as the CoP moved more anteriorly, the plantar fascia tendons were strained giving rise 

to both vertical and horizontal bone fibres in the calcaneus, similar to that observed in the adult 

calcaneus. In general, our results were very consistent with a previous imaging study of the infant 

foot bones and showed that in the first year of walking rapid changes occur that shape the density 

and structure of the infant foot that start to converge to the adult foot. 
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C. Combining biomechanical and medical imaging 

data with finite element modelling 

The objectives of this thesis were to describe the form-function relationship between walking 

development and muscle shape differentiation during the second year of life. We focused on the 

lateral and medial gastrocnemius, two important muscles primarily involved in plantarflexion, and 

eversion and inversion. In addition, we developed an infant finite element foot model from digitized 

3T MRI data of a 6-month-old cadaver to investigate how the foot bones form in response to 

mechanical loads.  

 

Human posture, balance and walking all depend on coordination between the different body parts 

and effective energy usage. As mentioned earlier, infants have low kinetic energy due to their small 

body size but apply different strategies to move forward (Kimura et al., 2005; Kubo & Ulrich, 

2006b). As the gastrocnemius muscles differentiate in shape and grow in size, it is not only easier 

to produce stronger foot loads, more ankle plantarflexion, and more knee flexion, but also more 

ability to regulate the walking pattern. This regulation occurs in various ways:  

 

(1) A more effective conversion of potential energy to kinetic energy, as evidenced from the 

emergence of a “double-peak” GRF pattern. As the foot longitudinal arch ossifies, the heel to the 

distal part of the metatarsals begin to act as a spring, allowing for a greater storage of elastic/ 

potential energy (Forssberg, 1985; Holt et al., 2007). The generation of potential energy is seen as 

a shock-absorbing wave when heel strike occurs during initial stance (event 1 in chapter 4). 
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Improved body propulsion forward causes longer step and stride lengths, lower cadence, and faster 

walking speed over the first year of walking development.  

 

(2) A higher stability of the body along the centre of mass. We observed a convergence of GRF and 

CoP values towards adult gait. We found that the infant foot pressure initially only occurred 

medially, but gradually the foot moved both laterally and medially across age. The shift in foot 

stresses is the result of an overall higher foot contact area over time (Hallemans et al., 2003). As 

infants grow, we also observed shorter step width. This is because as infants grow, it is no longer 

necessary to lower the centre of mass (Ivanenko et al., 2004). Additionally, a shorter step width 

allows for a better alignment of the CoM with respect to the CoP, thus producing more propulsive 

forces (event 2 in chapter 4) in the anteroposterior axis (Bril et al., 2015). 

 

(3) More inter- and intralimb coordination, which implies that the thigh and shank regions within 

and between legs is more organized (Clark & Phillips, 1993). As we observed, the kinematic and 

kinetic infant values resembled more the adult values towards the end of the second year of life. 

The hip is used to stabilize the human body by providing mediolateral and anteroposterior 

oscillations (Assaiante et al., 1998;  Chang et al., 2009). Furthermore, the hip is together with the 

trunk involved in the falling strategy, as described by McCollum and colleagues (McCollum et al., 

1995). Knee extension has been suggested to be important for the roll-off foot pattern (Sutherland 

et al., 1980; Neptune et al., 2001). We found that knee extension torques became more prevalent 

during terminal stance, which characterizes kinetic energy being distributed to the contralateral foot 

(event 3 in chapter 4). Lastly, the ankle biomechanics shows that ankle eversion torques could 

suggest increased LG activity over time (Antonios & Adds, 2008). As we explained, both the LG 

and MG are equally important in body movement. LG activation is suggested to be involved in 
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stabilization of the body by inducing plantarflexion and eversion torques, whereas inversion torques 

are associated with MG activity (Antonios & Adds, 2008; Vieira et al., 2013). 

 

D. Future and Ongoing Work – Development of 

Infant Musculoskeletal Model  

Biomechanics is the study of a biological body’s motion and function with respect to its 

environment (Schellenberg et al., 2017). A commonly used software in the biomechanical 

community is OpenSim (Pizzolato et al., 2017). Many studies have addressed the biomechanical 

activity in adults using this software (Symeonidis et al., 2010; Jindal et al., 2017).  

 

Currently, all the OpenSim models have been derived from adult data (Lundberg, 1996; Lund et al., 

2015). Therefore, there is no OpenSim model that has been developed from infant data.  

Although not a goal of this thesis it was identified that an infant specific OpenSim model may 

provide better analysis due to correct anatomical geometry, muscle insertions and moment arms 

instead of using a scaled down adult model. Hence, in this conclusion chapter I present some 

preliminary work I completed towards this goal and a starting point for future research. The infant 

OpenSim model was developed by modifying an adult OpenSim model to include infant masses, 

centre of masses (COMs), moments of inertia (MOI), and muscle origin and insertion points.  
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Methods 

Calculation of bone masses 

Computer tomography (CT) images were collected from a 6-month-old infant cadaver (Department 

of Surgery, University of Toronto, Canada). The software Materialise Mimics (version 22.0) was 

used to segment the infant bones and export the data in STL format (see Figure 7.1a-c).  

 

Figure 7.1. Example of segmentation for infant bones. A: Segmentation of right infant toes on Materialise 

Mimics. B and C: Infant bones before rotations and translations. The skull is depicted in pink and the trunk 
is shown in light purple. B: Anterior view of infant bones. C: Posterior view.  

 

Next, volumes were obtained from the infant bones. Bone density was set to 1,800 kg/m3 (Roush, 

2010). Based on this information, the masses for the infant bones were calculated. 

 

Bone rotations and translations 

Infant bones were in STL format and imported to HyperMesh (version 2017.1). The pelvis was 

defined as the centre of mass for the infant OpenSim model. This was done by using three reference 
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points for the pelvis: left anterior superior iliac spine (ASIS), right ASIS and sacrum (Letter to the 

Editor, 2002; Dandachli, 2008; Christophy et al., 2012; Lund et al., 2015).  

 

Each reference point yielded three coordinate values, and the average for each reference point was 

used to calculate the pelvis rotation (see Figure 7.2). The pelvis coordinates were rotated only, not 

translated. This is because the pelvis bones already assumed the correct translation when imported 

to OpenSim. Based on the pelvis location, translations and rotations for the remaining body 

segments were done. The infant joint centre coordinates in the remaining body parts were converted 

to OpenSim coordinates. This was done by performing rotations and translations in HyperMesh. 

All parts were in STL format.  

  

 

Figure 7.2: Reference points for the infant pelvis rotation: Green (right ASIS), blue (left ASIS) and red 

(sacrum). Three coordinates were obtained for each reference point. The average for each point was used 

to rotate the pelvis.  
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Muscle attachment sites 

Muscle origin and insertion points were not changed in the infant OpenSim model. Instead, the 

muscles were attached to the bones by using the adult OpenSim 2392 model as reference (see 

Figure 7.3). The infant anatomical bones, however, would give rise to new muscle moment arms. 

The drag and drop function to move muscles was used in OpenSim. 

 

               
 

Figure 7.3: Anterior and posterior view of infant (Left) and adult (Middle) OpenSim model. The muscle 

insertion points in the infant model were positioned on the same locations as in the adult model using the 

drag and drop function (Right). 

 

Calculation of bone centre of masses and moments of inertia 

 

Infant bones were imported into HyperMesh to smooth and convert bone structures from polygons 

to triangles. To perform these steps, we used the shrink wrap and mesh options in HyperMesh. 
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Thereafter, we exported the STL images from HyperMesh and imported into Solidworks. The latter 

software was used to obtain the centre of masses (COM) and moments of inertia (MOI). The units 

were in meters and kg * m2 respectively, as shown in OpenSim.  

 

Comparison of infant model to adult model in OpenSim 

Skull and Body Length 

 

The infant and adult OpenSim models are shown in Figure 7.4a and 7.4c, respectively. As 

predicted, the skull proportion to the rest of the body is bigger in the infant compared to the adult 

(Huelke, 1969). In addition, the upper and lower body lengths are more equal in the infant, as 

opposed to the adult. The latter present a longer lower body than upper body. To further compare 

the bone differences, an adult scaled to a 12-month infant is shown in Figure 7.4B. We observed 

that the scaled adult OpenSim model does not have infant proportions (Figure 7.4A and 7.4B). As 

seen, this scaled model still preserves the anatomical proportions and shapes of the adult OpenSim 

model. 

 

Pelvic Cavity 

Notably, the pelvic cavity is larger in the adult compared to the infant. We hypothesize that this 

anatomical difference results in changes of the kinetic (joint forces) results for the pelvis during 

biomechanical analysis in OpenSim. 
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Spine Curvature 

Another important aspect to take into consideration is the spine curvature in infants and adults, 

respectively. Figure 7.4d and 7.4e shows lateral views for each model. Primary curvatures along 

the thoracic and sacral regions are present in both infants and adults. Nevertheless, infants lack 

secondary curvatures characterizing the cervical and lumbar spine (Huelke, 1969).  

 

Comparison of Kinetics between Infant and Adult Model 

After developing the infant model, we aimed to compute joint torques for the pelvis and knee and 

compare the results between the infant and adult OpenSim model. The findings are presented on 

Figure 7.5. The most noticeable difference between the models is in the standard deviations. As 

shown, the standard deviations are smaller in the infant model (red) compared to the adult model 

(grey). However, the opposite occurs during the initial phases of knee flexion.  Nevertheless, both 

the adult and the infant model yield similar patterns in the hip and knee kinetics, thereby suggesting 

the adult model could still be used in future biomechanical research in infants and was appropriate 

for analysis in this thesis. 

 

Conclusions 

Developing an infant OpenSim model with bone and muscle geometry has been challenging due to 

a lack of medical data. To our knowledge, this is the first attempt to establish an infant OpenSim 

model. The development of an infant model provided a comparison to examine joint torques. We 

did not find significant differences in the pelvis and knee kinetics, as shown on Figure 7.5. Hence, 

our longitudinal data analysis using the adult OpenSim model will yield similar results compared 

to kinetics data obtained from the infant musculoskeletal model. Our aim is that both the adult and 
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infant OpenSim model will be used (interchangeable or separately) in biomechanical studies 

evaluating a variety of joint torques, both in typical gait development as well as in various gait 

disabilities.          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4. A-C: Frontal view. A: Infant OpenSim model (6-month-old). B: Scaled adult OpenSim model 

(scaled to 12-month-old infant). C: Adult OpenSim model (2392 OpenSim model). D and E: Lateral view. 

D: Infant OpenSim model (6-month-old). E: Adult OpenSim model.  
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Figure 7.5: Pelvis and knee joint torques (moments) using the adult 2392 OpenSim model (grey) and the 

infant-specific model (red).   

 

E.  Synthesizing data 

During this project there were various factors that were taken into consideration. These included 

family recruitments, ethics approval, and time constraints due to unforeseen circumstances (for 

example Covid-19 restrictions to enter research facilities).  
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Limitations during the biomechanical analysis in the gait lab are worth considering. Firstly, infants 

were required to step on the force plates with one foot on each plate. Therefore, researchers were 

required to remove steps in which infants stepped with the foot on the wrong plate. In general, each 

walking trial included 2-4 successful steps and five walking trials were analysed for each 

participant. The static trial was not done separately for infants, as infants move more frequently 

than adults do. Instead, we selected individual frames from the walking trials, where infants were 

still. Secondly, we did not change the coordinate system and degrees of freedom for the joint angles 

and joint moments in the gait analysis. Instead, we used the same parameters for infants as in adults: 

three degrees of freedom for the hip, one for the knee and two for the ankle. This is a factor to 

consider for future studies.  

 

Regarding the biomedical imaging, we segmented both the right and left legs, lateral and medial 

gastrocnemius, respectively. Subsequently, we conducted four to five segmentations for each of the 

four muscles. Importantly, the segmentation of the leg muscles in infants does not always yield 

smooth structures. Instead, some of the slices might appear slightly curved to some degree. This is 

because infants do not always sit still when the segmentation is conducted. However, the smoothest 

muscle structures were always chosen in the principal component analysis. In addition, we tried to 

keep infants in the same position during the ultrasound scanning, to avoid adding pressure and alter 

the muscle volume acquired during the scans. 

 

Lastly, we explored the form function in the foot. The force data implemented in this model was 

acquired from our gait experiments. By analysing the foot deformation, we observed the regions 

where the force was greatest. Regions of interest were the midfoot, the hallux and the heels 

(Hallemans et al., 2003; Bertsch et al., 2004). Our results are in accordance with previous research 
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literature and indicate that a rapid maturity between the medial and lateral side of the leg occurs, as 

indicated by the changes in foot stresses, bone density, CoP and GRF. The steps and methods listed 

here allowed us to explain how typical gait and muscle growth occurs in infants that are learning to 

walk from walking onset onwards. 

 

F.  Reflections on lack of validation data 

Recruiting families and following infants in a longitudinal setup is challenging, specifically, time 

availability and interest from families, and adequate gait lab equipment to allow infants to walk 

naturally and safe. For these reasons, recruiting more than 10 families is challenging and time 

consuming. In fact, most longitudinal studies in the literature investigating infant gait have less than 

10 infants. The more infants participate in a study the greater the statistical power will be obtained.   

 

As we initiated the walking assessments, we realized there were additional factors to consider when 

analysing infants: (1) Motion capture markers should not be placed directly on infants’ skin.  

Instead, we used a tight-fitting suit, i.e., a dance tight, to avoid any displeasing experiences for 

infants. (2) It was challenging to obtain static trials for infants, since they tend to move more 

frequently than adults do. Thus, we had to use individual short frames, where infants did not move, 

from walking trials directly. (3) There is only one gait lab (AUT Millennium) in New Zealand where 

treadmills have split-belt force plates, meaning that each plate collects kinetic data for each foot 

separately. The rest of the gait labs only include plates separated and in front of each other. (4) 

There were several Covid-19 lockdowns occurring during the research, making it difficult to enter 

the research facilities when needed. (5) Importantly, ethical aspects need to be undertaken to study 

infants, not valid for adult participants. For instance, no photography is allowed for infants without 
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parent permission. We believe this is the main reason for the lack of infant digitized images. By 

obtaining special permits, we had the possibility of obtaining unique and valuable infant images, 

which allowed us to reconstruct infant models. We were also aware of the limitations of using bone 

parameters in the infant foot FE model, and therefore included the cartilage-parameters in a new 

analysis in the infant foot model in chapter 6. 

 

In the future, we intend to further validate the infant OpenSim model by comparing this model 

against a 5-year old CT image that we have available. Furthermore, future analysis could modify 

the degrees of freedom to better adapt infant leg movement. Finally, no EMG examinations were 

conducted within the scope of this thesis, which is an important method to further expand the 

analysis of the form-function relationship for infant biomechanics and muscle development. These 

findings could help validate similar results, as those presented by other researchers in the paediatric 

biomechanics field.  

 

G. Improving the field of infant paediatrics 

The observations from the longitudinal study (chapter 4) involving biomechanical and 3DUS 

imaging to provide a means to evaluate how typical human gait and muscles evolve during the first 

year of walking learning. This period is critical since rapid and fine-tuning processes occur in infant 

gait. By understanding typical gait, we obtain reference values that can be used in the evaluation of 

gait disabilities such as cerebral palsy. Along with muscle shape PCA we studied the muscle shape 

in chapter 5. These latter findings are important to describe the anatomical changes influenced by 

children’s gait. Until this point, there has been a lack of information about the form-function 

correlation between muscle growth and gait development. As mentioned previously, we observed 
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that increased inversion torques are associated with greater muscle width in the MG compared to 

the LG. Future studies in infant gait could investigate how MG activation relates to inversion 

torques and muscle width by using electromyography.  

 

Lastly, an infant finite element foot element model was developed in chapter 6. With the finite 

element model, we visualized how the plantar pressure shifts on the surface of the foot as infants 

walking ability improves. The bone density predictions shed light into the bone ossification process 

in early infancy and thereby how the musculoskeletal system in the foot evolves in typical 

conditions. The FE foot model helps to explain the form-function relationships in the infant foot 

when infants progress through their walking skills development, from 12 up to 24 months of age. It 

suggests how important the first year of walking is and if delayed due to musculoskeletal 

impairment can have long lasting implications. 

 

In summary, we aimed to provide clinical information about important biomechanical changes 

concerning lower limb movements, focusing on the hip, knee, and ankle regions in the infant. In 

addition, our primary objectives have been to assist the paediatric community with models that 

better reflect infant soft tissue and bone geometry for more accurate biomechanical results. These 

models and information could be used for a variety of clinical settings, both in studies about typical 

gait development and in studies investigating gait disabilities, such as cerebral palsy and spina 

bifida. The Auckland Bioengineering Institute are pioneers of the IUPS Physiome project that seeks 

to model the human body across the spatial scales from proteins to organs over the last 20 years 

(Hunter et al., 2005). Much of the effort over the last 20 years has primarily been at the mature adult 

musculoskeletal system. This is one of the first efforts as part of the Physiome project to explore 

infant biomechanics and share our models with the scientific community. 
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Studies identified through 

database searching (n = 303) 

Additional studies identified 

through other sources 

Studies after duplicates removed (n = 283) 

Studies screened (n = 283) 

Studies excluded (n = 107) 

 

(Review articles, Conference posters/ 

Editorials/ Commentaries/Expert opinions/ 

Book chapters/ Unavailable full texts) 

Full-text studies 

assessed for eligibility 

Studies included in 

methodological quality 

assessment (n = 49) 

Full-text studies excluded based on 

inclusion/exclusion criteria 

For a list of inclusion and exclusion criteria see below 

ProQuest (124) 

PubMed (6) 

Ovid (99) 

Science Direct (74) 

Inclusion criteria:  

1. Study includes infant participants up to 3 years of age and include at least one 
participant. 

2. Infants are at the start of autonomous walking development. 
3. Study reporting at least one of the following four biomechanical parameters: 

kinematics (upper or lower body kinematics), kinetics (upper and lower body 
kinetics, and ground reaction force), spatiotemporal gait parameters (ground 
contact time, step/stride length, width and frequency, and walking speed) and 
plantar pressure distribution.  

4. Study has a longitudinal structure (i.e., the same infant is investigated at least 
two times across a period, thus reflecting a change in development). 

5. Original publication (also short communications included) written in English.  

Exclusion criteria:  

1. Study with only participants older than 3 years. 
2. Infants do not have typical development (e.g., neurological, cardiovascular, and 

musculoskeletal disorders). 
3. Cross-sectional study (i.e., study investigating infants at one single time point). 
4. Study not written in English. 
5. Study does not report biomechanical parameter. 
6. Theory-based study (i.e., no practical experiments are performed). 
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Appendix 2: Data Extraction for Eligible Publications 
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Appendix 3: Quality Assessment for Eligible Publications 
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Appendix 4: Infant gait data in longitudinal study  
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Supplementary Figure 4.1: Hip flexion and extension angles in infants and adult. The same infant was 
analysed at 2 or 3 different time points and compared against an adult. Mean and standard deviations (+2/-
2) are shown. Colour notes: Blue. (Time point close to 12-month age mark), Green (Time point close to 18-
month mark), Orange (Time point close to 24-month age mark), Black: Adult. 
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Supplementary Figure 4.2: Hip flexion and extension torques in infants and adult. The same infant was 
analysed at 2 or 3 different time points and compared against an adult. Mean and standard deviations (+2/-
2) are shown. Colour notes: Blue (Time point close to 12-month age mark), Green (Time point close to 18-
month mark), Orange (Time point close to 24-month age mark), Black: Adult.   
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Supplementary Figure 4.3: Hip adduction and abduction angles in infants and adult. The same infant was 

analysed at 2 or 3 different time points and compared against an adult. Mean and standard deviations (+2/-

2) are shown. Colour notes: Blue (Time point close to 12-month age mark), Green (Time point close to 18-

month mark), Orange (Time point close to 24-month age mark), Black: Adult. 
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Supplementary Figure 4.4: Hip adduction and abduction torques in infants and adult. The same infant 

was analysed at 2 or 3 different time points and compared against an adult. Mean and standard deviations 

(+2/-2) are shown. Colour notes: Blue (Time point close to 12-month age mark), Green (Time point close to 

18-month mark), Orange (Time point close to 24-month age mark), Black: Adult 
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Supplementary Figure 4.5: Hip internal and external rotation angles in infants and adult. The same infant 
was analysed at 2 or 3 different time points and compared against an adult. Mean and standard deviations 
(+2/-2) are shown. Colour notes: Blue (Time point close to 12-month age mark), Green (Time point close to 
18-month mark), Orange (Time point close to 24-month age mark), Black: Adult.   
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Supplementary Figure 4.6: Hip internal and external rotation torques in infants and adult. The same infant 
was analysed at 2 or 3 different time points and compared against an adult. Mean and standard deviations 
(+2/-2) are shown. Colour notes: Blue (Time point close to 12-month age mark), Green (Time point close to 
18-month mark), Orange (Time point close to 24-month age mark), Black: Adult.   
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Supplementary Figure 4.7:  Knee flexion and extension angles in infants and adult. The same infant was 
analysed at 2 or 3 different time points and compared against an adult. Mean and standard deviations (+2/-
2) are shown. Colour notes: Blue (Time point close to 12-month age mark), Green (Time point close to 18-
month mark), Orange (Time point close to 24-month age mark), Black: Adult.   
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Supplementary Figure 4.8: Knee flexion and extension torques in infants and adult. The same infant was 
analysed at 2 or 3 different time points and compared against an adult. Mean and standard deviations (+2/-
2) are shown. Colour notes: Blue (Time point close to 12-month age mark), Green (Time point close to 18-
month mark), Orange (Time point close to 24-month age mark), Black: Adult. 
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Supplementary Figure 4.9: Ankle dorsi- and plantarflexion angles in infants and adult. The same infant was 
analysed at 2 or 3 different time points and compared against an adult. Mean and standard deviations (+2/-
2) are shown. Colour notes: Blue (Time point close to 12-month age mark), Green (Time point close to 18-
month mark), Orange (Time point close to 24-month age mark), Black: Adult.   

 

 

 

 

 

 

 

 



195 

 

 

Supplementary Figure 4.10. Ankle dorsi- and plantarflexion torques in infants and adult. The same infant 
was analysed at 2 or 3 different time points and compared against an adult. Mean and standard deviations 
(+2/-2) are shown. Colour notes: Blue (Time point close to 12-month age mark), Green (Time point close to 
18-month mark), Orange (Time point close to 24-month age mark), Black: Adult.   
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Supplementary Figure 4.11. Ankle inversion and eversion angles in infants and adult. The same infant was 
analysed at 2 or 3 different time points and compared against an adult. Mean and standard deviations (+2/-
2) are shown. Colour notes: Blue (Time point close to 12-month age mark), Green (Time point close to 18-
month mark), Orange (Time point close to 24-month age mark), Black: Adult.   
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Supplementary Figure 4.12. Ankle inversion and eversion torques in infants and adult. The same infant 
was analysed at 2 or 3 different time points and compared against an adult. Mean and standard deviations 
(+2/-2) are shown. Colour notes: Blue (Time point close to 12-month age mark), Green (Time point close to 
18-month mark), Orange (Time point close to 24-month age mark), Black: Adult. 
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Appendix 5: Ethics Forms 

 
 



200 

 

 

 

 

Parent Information sheet 

Measuring motor skills and musculoskeletal development in infants 
 
In our first years of life musculoskeletal growth is extraordinary. Infant bone and muscle 

development helps shape a child’s future health, growth and development. Despite this paramount 

importance, we know very little about musculoskeletal growth in response to motor milestones 

during the first years of life. 

 
Surprisingly, there is little research documenting typical muscle growth in infants and how this relates 

to motor skills and independent walking milestones. Understanding typical growth of infants through 

this important period of development has the potential to help us identify ‘at risk’ infants and plan 

earlier intervention for those struggling to achieve these key motor-milestones. This project will 

address this gap in knowledge. 

 
What is involved in this research? 

We would like to take motion analysis measures of your child’s walking activity and ultrasound scans 

of your child’s lower limb muscles at 3 time points from when they first start to walk independently 

to 2 years of age. We will also collect information on their motor milestones. We appreciate this can 

be a busy time in yours and your child’s lives so we want to make your participation as convenient 

and rewarding as possible. 

• Prior to your child showing signs of independent walking, we will arrange a good time to meet 
with you to discuss the study and to plan the best arrangements for scheduling appointment 
dates for you. 

• When you identify that your child is walking independently, we will plan an appointment at the 
AUT Millennium motion analysis facility to measure walking motion and ultrasound. This will 
take no longer than 30 minutes. This will be repeated 6 and 12 months later. 

 
Who is eligible for this study? 
To be in the study, you and your child must meet all of the following criteria: 

ü Have a full-term pregnancy (give birth any time after 37 weeks gestation) 

ü Have an uncomplicated labour and birth with a healthy child 
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More information on: 
 
Motion Analysis and Ultrasound 

In this study, your child will have three (approximately 30 minutes each) 

appointments which will involve motion analysis and an ultrasound scan. 

o Session 1: At 1 year od 
o Session 2: At 1.5 years od 
o Session 3: At 2 years od 

We will work around your schedule and book the appointments for a convenient 
time for you. 

 
The motion analysis and ultrasound scans will be at AUT Millennium, which is 

situated at 17 Antares Pl, Rosedale, Auckland, in the North Shore. We will provide 

you with a map, directions and parking information. Please dress your baby in warm 

but firm fitting clothes. 

Motion analysis is a safe technique for capturing the movement of your body and 

assessing your motion development. It involves placing reflective markers on your 

limbs as shown below and walking on a force belt. You will be encouraged to 

participate and walk in the lab with your child. We will be assessing the development 

of your child’s motor skills. 
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Who is doing the research? 

This project brings together a multidisciplinary team of researchers from the University of Auckland 

working towards an improved understanding in infant development. Biomechanics researchers 

Associate Professors Justin Fernandez and Thor Besier, from the Auckland Bioengineering 

Institute, Dr Ali Mirjalili, a GP and ultrasound expert from the Department of Anatomy and Medical 

Imaging, and Professor Susan Stott and Dr Sian Williams from the Department of Surgery who 

have many years in infant research. 

 
What are the benefits of this study? 
After the study is completed, you will be given a report of the information collected on your child’s 

growth and development, including images of your child’s muscles. 

 
This study is the first of its kind, and the information gathered will advance paediatric knowledge in 

the medical field. By understanding the development of typically developing motor skill development 

and muscle growth through infant development, we can better understand and assess impaired 

muscle growth in infants with conditions such as cerebral palsy. 

 
Will I be compensated? 
Your time will be compensated in this study by means of a $30 voucher for travel expenses each 

time you participate in an imaging and motion analysis session. 

 
Are there any risks, side-effects, discomforts? 
There are no risks associated with ultrasound scans or motion analysis. We will also let your GP 

or Paediatrician know if any abnormal (or absence of movements) are identified early on by our 

measures of movement. 

 
Who will have access to my information? 
You and your child’s identity in this research will remain confidential. All the information collected 

will be de-identified with a participant identification number, and only accessible to the research 

team. Any information we collect and use during this research will be treated as confidential. Only 

the research team will have access to the information we collect in this research. 

Electronic data collected from this study will be password-protected and hard copy data will be in 

locked storage. 
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If you have more queries about the study, please feel free to contact: 
 
 
 

Assoc Prof. Justin Fernandez 
Primary-Investigator 
j.fernandez@auckland.ac.nz 

 
Assoc Prof. Thor Besier 
Co-Investigator 
t.besier@auckland.ac.nz 

 
Dr. Ali Mirjalili 
Co-Investigator 
a.mirjalili@auckland.ac.nz 

 
Prof. Susan Stott 
Co-Investigator 
s.stott@auckland.ac.nz 

Dr. Sian Williams 
Co-Investigator 
sian.williams@auckland.ac.nz 

Mr. Ricardo Florez 
PhD candidate 
rflo977@aucklanduni.ac.nz

 
The information we collect in this study will be kept under secure conditions at Auckland University 

until the children in the study have reached 26 years of age, and then it will be destroyed. The results 

of this research may be presented at conferences or published in professional journals. You will 

not be identified in any results that are published or presented. 

 
Will you tell me the results of the research? 
You will receive a report containing a summary of your baby’s growth, you will be allowed access 

to all of your baby’s ultrasound scans and motor skill development. You will not be given any 

information about other participants in this study. The results of this research may be presented at 

conferences and published in medical journals. 

 
Do I have to take part in the research project? 
Taking part in a research project is voluntary. If you decide to take part and then change your 

mind, you are free to withdraw at any time. You do not have to give us a reason. Please let us know 

if you want to stop so we can make sure you are aware of any thing that needs to be done so you 

can withdraw safely. Your decision will not affect your health care or any relationship you have with 

your midwife, doctor or staff of the University. If you chose to leave the study, we will use any 

information collected unless you tell us not to. Your identity will be kept confidential. 

 
What happens next and who can I contact about the research? 
If you decide to take part in this research, we will ask you to sign the consent form. By signing it is 

telling us that you understand what you have read and what has been discussed. Signing the 

consent indicates that you agree to be in the research project and have your health information used 

as described. Please take your time and ask any questions you have before you decide what to do. 

You will be given a copy of this information and the consent form to keep. Note that you do not have 

to print this out, we will have copies for you, when we meet with you for the first time. 
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For any queries regarding ethical concerns you may contact: 

The University of Auckland Human Participants 

Ethics Committee, The University of Auckland, 

Research 

Office, 

Private 

Bag 92019, 

 

 

 

Auckland 1142. 
Telephone 09 373-7599 ext. 83711. Email: ro-ethics@auckland.ac.nz. 

 

For Māori health support please contact: 
For support, talk to your whānau in the first instance. Alternatively, you may 
contact the administrator for He Kamaka Waiora Māori Health Team on 09 486 
8324 ext 2324. 

 
If you have any questions or complaints about the study, you may contact the 
Auckland and Waitematā District Health Boards' Māori Research Committee or 
Māori Research Advisor by phoning 09 486 8920 ext 3204 

 
Approved by the University of Auckland Human Participants Ethics Committee on xxx for three 
years, Reference Number 023174. 
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VOLUNTEERS NEEDED 

Measuring motor skills and musculoskeletal development in infants 
 

 
 

 

Ricardo Florez PhD Candidate, The University of Auckland Auckland 
Bioengineering Institute  rflo977@aucklanduni.ac.nz. A/P Justin 
Fernandez, Principal Investigator, The University of Auckland 
j.fernandez@auckland.ac.nz (09) 3737599 ext. 89196 

 

 

Is your child nearly walking independently? 

You could help us learn about infant muscle and motor skill development. 

There is very little known about musculoskeletal growth in response to motor 
milestones during a child’s first years of life. Understanding typical growth of 
infants through this important period of development has the potential to help 
us identify ‘at risk’ infants and plan earlier intervention for those struggling to 
achieve these key motor-milestones. 

We are looking to analyse your child’s motion and ultrasound their lower limb 
on 3 occasions to help answer this important question. 

If you are interested to participate contact the study investigators below for 
more information and how to join! 

 



206 

 

 



207 

 

References  

Adolph, E. K., Berger, E. S., & Leo, J. A. (2011). Developmental continuity? Crawling, cruising, 

and walking. Developmental Science, 14(2), 306–318. https://doi.org/10.1111/j.1467-

7687.2010.00981.x 

Adolph, E. K., Vereijken, B., & Shrout, P. E. (2003). What changes in infant walking and why. 

Child Development, 74(2), 475–497. https://doi.org/10.1111/1467-8624.7402011 

Agur, A., Tubiani, G., Loh, E., Babik, D., & Mckee, N. H. (2003). Muscle architecture and 

innervation patterns of the medial and lateral heads of gastrocnemius: a 3D modelling study. 

Clinical Anatomy, 16(6), 542–564. 

Alvarez, C., De Vera, M., Chhina, H., & Black, A. (2008). Normative data for the dynamic 

pedobarographic profiles of children. Gait and Posture, 28(2), 309–315. 

https://doi.org/10.1016/j.gaitpost.2008.01.017 

Anderson, F. C., & Pandy, M. G. (2001). Dynamic optimization of human walking. Journal of 

Biomechanical Engineering, 123(5), 381–390. https://doi.org/10.1115/1.1392310 

Antonios, T., & Adds, P. J. (2008). The medial and lateral bellies of gastrocnemius: A cadaveric 

and ultrasound investigation. Clinical Anatomy, 21(1), 66–74. https://doi.org/10.1002/ca.20533 

Arampatzis, A., Karamanidis, K., Stafilidis, S., Morey-klapsing, G., Demonte, G., & Bruggemann, 

G. (2006). Effect of different ankle- and knee-joint positions on gastrocnemius medialis 

fascicle length and EMG activity during isometric plantar flexion. Journal of Biomechanics, 

39(10), 1891–1902. https://doi.org/10.1016/j.jbiomech.2005.05.010 

Assaiante, C., Thomachot, B., & Aurenty, R. (1993). Hip stabilization and lateral balance control in 

toddlers during the first four months of autonomous walking. Neuroreport, 4(7), 875–878. 

http://www.ncbi.nlm.nih.gov/pubmed/8369477 

Assaiante, C., Thomachot, B., Aurenty, R., & Amblard, B. (1998). Organization of lateral balance 

control in toddlers during the first year of independent walking. Journal of Motor Behavior, 

30(2), 114–129. https://doi.org/10.1080/00222899809601329 

Badaly, D., & Adolph, K. E. (2008). Beyond the average: walking infants take steps longer than 



208 

 

their leg length. Infant Behavior & Development, 31(3), 554–558. 

https://doi.org/10.1016/j.infbeh.2007.12.010.Beyond 

Barber, L. A., & Boyd, R. N. (2016). Growing muscles in children with cerebral palsy. 

Developmental Medicine and Child Neurology, 58(5), 431–432. 

https://doi.org/10.1111/dmcn.12980 

Barber, L., Alexander, C., Shipman, P., Boyd, R., Reid, S., & Elliott, C. (2019). Validity and 

reliability of a freehand 3D ultrasound system for the determination of triceps surae muscle 

volume in children with cerebral palsy. Journal of Anatomy, 234(3), 384–391. 

https://doi.org/10.1111/joa.12927 

Barber, Lee, Hastings-Ison, T., Baker, R., Barrett, R., & Lichtwark, G. (2011). Medial 

gastrocnemius muscle volume and fascicle length in children aged 2 to 5years with cerebral 

palsy. Developmental Medicine and Child Neurology, 53(6), 543–548. 

https://doi.org/10.1111/j.1469-8749.2011.03913.x 

Beck, R. J., Andriacchi, T. P., Kuo, K. N., Fermier, R. W., & Galante, J. O. (1981). Changes in the 

gait patterns of growing children. The Journal of Bone & Joint Surgery, 63(9), 1452–1457. 

https://doi.org/10.2106/00004623-198163090-00012 

Beggs, J. S. (1983). Kinematics. Hemisphere Pub. Corp. 

https://books.google.co.nz/books?id=y6iJ1NIYSmgC&redir_esc=y 

Bell, A. M., & Fox, A. N. (1996). Crawling experience is related to changes in cortical organization 

during infancy: evidence from EEG coherence. Developmental Psychobiology, 29(7), 551–

561. https://doi.org/10.1002/(SICI)1098-2302(199611)29:7<551::AID-DEV1>3.0.CO;2-T 

Bell, M., Fernandez, J., Florez, R., Mirjalili, A., & Kim, H. K. (2022). 3-D Ultrasonographic 

Quantification of Hand and Calf Muscle Volume: Statistical Shape Modeling Approach. 

Ultrasound in Medicine and Biology, 48(3), 565–574. 

https://doi.org/10.1016/j.ultrasmedbio.2021.12.005 

Bell, M. G. K. (2020). The feasibility and reliability of in vivo muscle volume of the triceps surae 

using freehand 3D ultrasonography imaging in 3-month-old and 6-month-old typically 

developing infants [honours’s thesis]. Auckland, New Zealand: University of Auckland. 



209 

 

Bernstein, N. (1967). The coordination and regulation of movements. Academy Press. 

https://www.jns-journal.com/article/0022-510X(68)90166-4/pdf 

Bertsch, C., Unger, H., Winkelmann, W., & Rosenbaum, D. (2004a). Evaluation of early walking 

patterns from plantar pressure distribution measurements. First year results of 42 children. Gait 

and Posture, 19, 235–242. https://doi.org/10.1016/S0966-6362(03)00064-X 

Bertsch, C., Unger, H., Winkelmann, W., & Rosenbaum, D. (2004b). Evaluation of early walking 

patterns from plantar pressure distribution measurements. First year results of 42 children. Gait 

and Posture, 19(3), 235–242. https://doi.org/10.1016/S0966-6362(03)00064-X 

Bisi, M. C., Riva, F., & Stagni, R. (2014). Measures of gait stability: performance on adults and 

toddlers at the beginning of independent walking. Journal of NeuroEngineering and 

Rehabilitation, 11(1), 131. https://doi.org/10.1186/1743-0003-11-131 

Bisi, M. C., & Stagni, R. (2015). Evaluation of toddler different strategies during the first six-

months of independent walking: A longitudinal study. Gait & Posture, 41, 574–579. 

https://doi.org/10.1016/j.gaitpost.2014.11.017 

Bosch, K., & Rosenbaum, D. (2010). Gait symmetry improves in childhood-A 4-year follow-up of 

foot loading data. Gait and Posture, 32(4), 464–468. 

https://doi.org/10.1016/j.gaitpost.2010.07.002 

Bourne, M., Talkad, A., & Varacallo, M. (n.d.). Anatomy , Bony Pelvis and Lower Limb , Foot 

Fascia Blood Supply and Lymphatics. In StatPearls [Internet]. StatPearls Publishing. 

Bradshaw, L. R. (2018). The architecture of the 6-month-old gastrocnemius and soleus muscles: A 

3D volumetric study. The University of Auckland. 

Brenière, Y., & Bril, B. (1998). Development of postural control of gravity forces in children during 

the first 5 years of walking. Experimental Brain Research, 121(3), 255–262. 

https://doi.org/10.1007/s002210050458 

Breniere, Y., Bril, B., & Fontaine, R. (1989). Analysis of the transition from upright stance to 

steady state locomotion in children with under 200 days of autonomous walking. Journal of 

Motor Behavior, 21(1), 20–37. https://doi.org/10.1080/00222895.1989.10735464 

Bril, B., & Brenière, Y. (1993). Chapter 13: Posture and independent locomotion in early 



210 

 

childhood: learning to walk or learning dynamic postural control? (V. 97. T. development of 

coordination in infancy Advances in psychology (ed.); In G. J. P, Vol. 97, pp. 337–358). 

North-Holland/Elsevier Science Publisher. https://doi.org/10.1016/s0166-4115(08)60959-0 

Bril, B., Dupuy, L., Dietrich, G., & Corbetta, D. (2015). Learning to tune the antero-posterior 

propulsive forces during walking: a necessary skill for mastering upright locomotion in 

toddlers. Experimental Brain Research, 233(10), 2903–2912. https://doi.org/10.1007/s00221-

015-4378-6 

Bril, B., & Ledebt, A. (1998). Head coordination as a means to assist sensory integration in learning 

to walk. Neuroscience and Biobehavioral Reviews, 22(4), 555–563. 

https://doi.org/10.1016/S0149-7634(97)00044-4 

Bril, Blandine, & Breniere, Y. (1989). Steady-state velocity and temporal structure of gait during 

the first six months of autonomous walking. Human Movement Science, 8, 99–122. 

https://ac.els-cdn.com/0167945789900122/1-s2.0-0167945789900122-

main.pdf?_tid=5ebd7deb-b609-49b9-a1ba-

f96dce89b638&acdnat=1543355746_c58b666ff2248a559aa7c30888c4db3f 

Bril, Blandine, & Brenière, Y. (1992). Postural requirements and progression velocity in young 

walkers. Journal of Motor Behavior, 24(1), 105–116. 

https://doi.org/10.1080/00222895.1992.9941606 

Burnett, C. N., & Johnson, E. W. (1971). Development of Gait in Childhood. Part II: Method. 

Developmental Medicine & Child Neurology, 13(2), 196–206. https://doi.org/10.1111/j.1469-

8749.1971.tb03245.x 

Cappello, A., Cappozzo, A., La Palombara, P. F., Lucchetti, L., & Leardini, A. (1997). Multiple 

anatomical landmark calibration for optimal bone pose estimation. In Human Movement 

Science (Vol. 16, Issues 2–3, pp. 259–274). https://doi.org/10.1016/S0167-9457(96)00055-3 

Cappozzo, A., Catani, F., Leardini, A., Benedetti, M. G., & Della Croce, U. (1996). Position & 

orientation in space of bones during movement: experimental artefacts. Clinical Biomechanics, 

11(2), 90–100. 

Carroll, M., Parmar, P., Dalbeth, N., Boocock, M., & Rome, K. (2015). Gait characteristics 

associated with the foot and ankle in inflammatory arthritis: a systematic review and meta-



211 

 

analysis. BMC Musculoskeletal Disorders, 16(1), 134. https://doi.org/10.1186/s12891-015-

0596-0 

Cavanagh, P. R., Rodgers, M. M., & Liboshi, A. (1987). Pressure Distribution under Symptom-Free 

Feet during Barefoot Standing. Foot & Ankle International, 7(5), 262–276. 

https://doi.org/10.1177/107110078700700502 

Chagas, P. S. C., Mancini, M. C., Fonseca, S. T., Soares, T. B. C., Gomes, V. P. D., & Sampaio, R. 

F. (2006). Neuromuscular mechanisms and anthropometric modifications in the initial stages 

of independent gait. Gait and Posture, 24(3), 375–381. 

https://doi.org/10.1016/j.gaitpost.2005.11.005 

Chang, C.-L., Kubo, M., & Ulrich, B. D. (2009). Emergence of neuromuscular patterns during 

walking in toddlers with typical development and with Down syndrome. Human Movement 

Science, 28(2), 283–296. https://doi.org/10.1016/j.humov.2008.12.002 

Chang, C. L., Kubo, M., Buzzi, U., & Ulrich, B. (2006). Early changes in muscle activation patterns 

of toddlers during walking. Infant Behavior and Development, 29(2), 175–188. 

https://doi.org/10.1016/j.infbeh.2005.10.001 

Chang, Chia Lin, Kubo, M., & Ulrich, B. D. (2009). Emergence of neuromuscular patterns during 

walking in toddlers with typical development and with Down syndrome. Human Movement 

Science, 28(2), 283–296. https://doi.org/10.1016/j.humov.2008.12.002 

Chang, T. T., Li, Z., Wang, X. Q., & Zhang, Z. J. (2020). Stiffness of the Gastrocnemius–Achilles 

Tendon Complex Between Amateur Basketball Players and the Non-athletic General 

Population. Frontiers in Physiology, 11(December), 1–8. 

https://doi.org/10.3389/fphys.2020.606706 

Chen, Y., He, L., Xu, K., Li, J., Guan, B., & Tang, H. (2010). Variability in Postural Control During 

Infancy - Implications for Development, Assessment and Intervention. Physical Therapy, 

90(12), 1838–1849. 

Cheron, G., Bengoetxea, A., Bouillot, E., Lacquaniti, F., & Dan, B. (2001). Early emergence of 

temporal co-ordination of lower limb segments elevation angles in human locomotion. 

Neuroscience Letters, 308(2), 123–127. https://doi.org/10.1016/S0304-3940(01)01925-5 



212 

 

Cheron, G., Bouillot, E., Dan, B., Bengoetxea, A., Draye, J. P., & Lacquaniti, F. (2001). 

Development of a kinematic coordination pattern in toddler locomotion: planar covariation. 

Experimental Brain Research, 137(3–4), 455–466. https://doi.org/10.1007/s002210000663 

Cheron, Guy, Bengoetxea, A., Bouillot, E., Lacquaniti, F., & Dan, B. (n.d.). Early emergence of 

temporal co-ordination of lower limb segments elevation angles in human locomotion. 

Retrieved November 26, 2018, from www.elsevier.com/locate/neulet 

Cheung, T. A., & Zhang, M. A. (2005). A 3-Dimensional Finite Element Model of the Human Foot 

and Ankle for Insole Design. Archives of Physical Medicine and Rehabilitation, 86(2), 353–

358. https://doi.org/https://doi.org/10.1016/j.apmr.2004.03.031 

Christophy, M., Senan, N. A. F., Lotz, J. C., & O’Reilly, O. M. (2012). A Musculoskeletal model 

for the lumbar spine. Biomechanics and Modeling in Mechanobiology, 11(1–2), 19–34. 

https://doi.org/10.1007/s10237-011-0290-6 

Cioni, G., Duchini, F., Milianti, B., Paolicelli, P. B., Sicola, E., Boldrini, A., & Ferrari, A. (1993). 

Differences and variations in the patterns of early independent walking. Early Human 

Development, 35(3), 193–205. https://ac.els-cdn.com/0378378293901065/1-s2.0-

0378378293901065-main.pdf?_tid=eb8d26e5-aa11-4267-9d59-

a18a39d24c7d&acdnat=1543198502_f7ec599615f77210711000af8d060fcc 

Clark, J. E., Whitall, J., & Phillips, S. J. (1988). Human interlimb coordination: the first 6 months of 

independent walking. Developmental Psychobiology, 21(5), 445–456. 

https://doi.org/10.1002/dev.420210504 

Clark, Jane E, & Phillips, S. J. (1993). A Longitudinal Study of Intralimb Coordination in the First 

Year of Independent Walking: A Dynamical Systems Analysis. In Source: Child Development 

(Vol. 64, Issue 4). 

https://www.jstor.org/stable/pdf/1131331.pdf?refreqid=excelsior%3A53c8c044ca7722dd2268

0e3ddc095999 

Dalmau-Pastor, M., Fargues-Polo, B., Casanova-Martínez, D., Vega, J., & Golanó, P. (2014). 

Anatomy of the triceps surae: A pictorial essay. Foot and Ankle Clinics, 19(4), 603–635. 

https://doi.org/10.1016/j.fcl.2014.08.002 

Dandachli, W. (2008). Frames of Reference for Morphometric Analysis of the Hip Joint. Imperial 



213 

 

College London. 

De Groote, F., Jonkers, I., & Duysens, J. (2014). Task constraints and minimization of muscle effort 

result in a small number of muscle synergies during gait. Frontiers in Computational 

Neuroscience, 8(115), 115. https://doi.org/10.3389/fncom.2014.00115 

Deeks, J., Dinnes, J., D’Amico, R., Sowden, A. J., Sakarovitch, C., Song, F., Petticrew, M., & 

Altman, D. G. (2003). Evaluating non-randomised intervention studies. Health technology 

assessment. 7(27), 1–173. 

Del Bel, M. J., Fairfax, A. K., Jones, M. L., Steele, K., & Landry, S. C. (2017). Effect of limb 

dominance and sex on neuromuscular activation patterns in athletes under 12 performing 

unanticipated side-cuts. Journal of Electromyography and Kinesiology, 36, 65–72. 

https://doi.org/10.1016/j.jelekin.2017.07.005 

Delp, S. L., Anderson, F. C., Arnold, A. S., Loan, P., Habib, A., John, C. T., Guendelman, E., & 

Thelen, D. G. (2007). OpenSim: Open-source software to create and analyze dynamic 

simulations of movement. IEEE Transactions on Biomedical Engineering, 54(11), 1940–1950. 

https://doi.org/10.1109/tbme.2007.901024 

Dewolf, H. A., Sylos-Labini, F., Cappellini, G., Lacquaniti, F., & Ivanenko, Y. (2020). Emergence 

of different gaits in infancy: relationship between developing neural circuitries and changing 

biomechanics. Frontiers in Bioengineering and Biotechnology, 8(May), 1–16. 

https://doi.org/10.3389/fbioe.2020.00473 

Doblaré, M., & García, J. M. (2002). Anisotropic bone remodelling model based on a continuum 

damage-repair theory. Journal of Biomechanics, 35(1), 1–17. https://doi.org/10.1016/S0021-

9290(01)00178-6 

Documentation - OpenSim Documentation. (n.d.). Retrieved March 11, 2019, from https://simtk-

confluence.stanford.edu:8443/display/OpenSim/Documentation 

Dominici, N., Ivanenko, Y. P., & Lacquaniti, F. (2007). Control of foot trajectory in walking 

toddlers: adaptation to load changes. Journal of Neurophysiology, 97(4), 2790–2801. 

https://doi.org/10.1152/jn.00262.2006 

Downs, S. H., & Black, N. (1998). The feasibility of creating a checklist for the assessment of the 



214 

 

methodological quality both of randomised and non-randomised studies of health care 

interventions. Journal of Epidemiology and Community Health, 52(6), 377–384. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1756728/pdf/v052p00377.pdf 

Drewes, L. K., Mckeon, P. O., Paolini, G., Riley, P., Kerrigan, D. C., Ingersoll, C. D., & Hertel, J. 

(2009). Altered Ankle Kinematics and Shank-Rear-Foot Altered Ankle Kinematics and Shank-

Rear-Foot Coupling in Those With Chronic Ankle Instability. Journal of Sport Rehabilitation, 

18, 375–388. https://doi.org/10.1123/jsr.18.3.375 

Editor, L. to the. (2002). ISB recommendation on definitions of joint coordinate system of various 

joints for the reporting of human joint motion—part I: ankle, hip, and spine. Journal of 

Biomechanics, 35, 543–548. https://doi.org/10.1080/00131850120040627 

Epperson, H. E., & Sandage, M. J. (2019). Neuromuscular development in neonates and postnatal 

infants: Implications for neuromuscular electrical stimulation therapy for dysphagia. Journal of 

Speech, Language, and Hearing Research, 62(8), 2575–2583. 

https://doi.org/10.1044/2019_JSLHR-S-18-0502 

Fernandez, J., Yeung, S., Swee, A., Schneider, M., Besier, T., & Zhang, J. (2019). On the use of 

population-based statistical models in biomechanics. In Roger Narayan (Ed.), Encyclopaedia 

of Biomedical Engineering (pp. 229–237). Elsevier. https://doi.org/10.1016/B978-0-12-

801238- 3.99924-0 

Forssberg, H. (1985). Ontogeny of human locomotor control I. Infant stepping, supported 

locomotion and transition to independent locomotion. Experimental Brain Research, 57(3), 

480–493. https://link.springer.com/content/pdf/10.1007%2FBF00237835.pdf 

Fry, N. R., Gough, M., & Shortland, A. P. (2004). Three-dimensional realisation of muscle 

morphology and architecture using ultrasound. Gait and Posture, 20(2), 177–182. 

https://doi.org/10.1016/j.gaitpost.2003.08.010 

Gao, F., Zhao, H., Gaebler-Spira, D., & Zhang, L. Q. (2011). In vivo evaluations of morphologic 

changes of gastrocnemius muscle fascicles and Achilles tendon in children with cerebral palsy. 

American Journal of Physical Medicine and Rehabilitation, 90(5), 364–371. 

https://doi.org/10.1097/PHM.0b013e318214f699 

Garciaguirre, J. S., Adolph, K. E., & Shrout, P. E. (2007). Baby carriage: infants walking with 



215 

 

loads. Child Development, 78, 664–680. 

Giddings, V. L., Beaupré, G. S., Whalen, R. T., & Carter, D. R. (2000). Calcaneal loading during 

walking and running. Medicine and Science in Sports and Exercise, 32(3), 627–634. 

https://doi.org/10.1097/00005768-200003000-00012 

Goble, D. J., Marino, G. W., & Potvin, J. R. (2003). The influence of horizontal velocity on 

interlimb symmetry in normal walking. Human Movement Science, 22(3), 271–283. 

https://doi.org/10.1016/S0167-9457(03)00047-2 

Gontijo, A. P. B., Mancini, M. C., Silva, P. L. P., Chagas, P. S. C., Sampaio, R. F., Luz, R. E., & 

Fonseca, S. T. (2008). Changes in lower limb co-contraction and stiffness by toddlers with 

Down syndrome and toddlers with typical development during the acquisition of independent 

gait. Human Movement Science, 27(4), 610–621. https://doi.org/10.1016/j.humov.2008.01.003 

Grimshaw, P. N., Marques-Bruna, P., Salo, A., & Messenger, N. (1998). The 3-dimensional 

kinematics of the walking gait cycle of children aged between 10 and 24 months: cross 

sectional and repeated measures. Gait and Posture, 7(1), 7–15. https://doi.org/10.1016/S0966-

6362(97)00025-8 

Grumillier, C., Martinet, N., Paysant, J., André, J.-M., & Beyaert, C. (n.d.). Compensatory 

mechanism involving the hip joint of the intact limb during gait in unilateral trans-tibial 

amputees. https://doi.org/10.1016/j.jbiomech.2008.07.018 

Hallemans, A., Aout, K. D., De Clercq, D., & Aerts, P. (2003). Pressure distribution patterns under 

the feet of new walkers: the first two months of independent walking. Foot & Ankle 

International, 24(5), 444–453. 

https://journals.sagepub.com/doi/pdf/10.1177/107110070302400513 

Hallemans, A., De Clercq, D., Otten, B., & Aerts, P. (2005). 3D joint dynamics of walking in 

toddlers A cross-sectional study spanning the first rapid development phase of walking. Gait & 

Posture, 22(2), 107–118. https://doi.org/10.1016/j.gaitpost.2004.07.010 

Hallemans, A., Dhanis, L., De Clercq, D., & Aerts, P. (2007). Changes in mechanical control of 

movement during the first 5 months of independent walking: a longitudinal study. Journal of 

Motor Behavior, 39(3), 227–238. https://doi.org/10.3200/JMBR.39.3.227-240 



216 

 

Hallemans, Ann, Clercq, D. De, & Aerts, P. (2006a). Changes in 3D joint dynamics during the first 

5 months after the onset of independent walking: A longitudinal follow-up study. Gait and 

Posture, 24(3), 270–279. https://doi.org/10.1016/j.gaitpost.2005.10.003 

Hallemans, Ann, Clercq, D. De, & Aerts, P. (2006b). Changes in 3D joint dynamics during the first 

5 months after the onset of independent walking: A longitudinal follow-up study. Gait & 

Posture, 24(3), 270–279. https://doi.org/10.1016/j.gaitpost.2005.10.003 

Hallemans, Ann, De Clercq, D., & Aerts, P. (n.d.). Changes in 3D joint dynamics during the first 5 

months after the onset of independent walking: A longitudinal follow-up study. 

https://doi.org/10.1016/j.gaitpost.2005.10.003 

Hallemans, Ann, De Clercq, D., Dongen, S. Van, & Aerts, P. (2006). Changes in foot-function 

parameters during the first 5 months after the onset of independent walking: A longitudinal 

follow-up study. Gait and Posture, 23(2), 142–148. 

https://doi.org/10.1016/j.gaitpost.2005.01.003 

Hallemans, Ann, De Clercq, D., Van Dongen, S., & Aerts, P. (n.d.). Changes in foot-function 

parameters during the first 5 months after the onset of independent walking: a longitudinal 

follow-up study. https://doi.org/10.1016/j.gaitpost.2005.01.003 

Hennig, E. M., & Rosenbaum, D. (1991). Pressure distribution patterns under the feet of children in 

comparison with adults. Foot and Ankle, 11(5), 306–311. 

https://doi.org/10.1177/107110079101100507 

Hennig, E. M., Staats, A., & Rosenbaum, D. (1994). Plantar pressure distribution patterns of young 

school children in comparison to adults. Foot and Ankle International, 15(1), 35–40. 

https://doi.org/10.1177/107110079401500107 

Hennig, M. E. (2002). The human foot during locomotion - Applied research for footwear (Issue 

January 2002, pp. 1–16). 

Héroux, M. E., Dakin, C. J., Luu, B. L., Inglis, J. T., & Blouin, J. S. (2014). Absence of lateral 

gastrocnemius activity and differential motor unit behavior in soleus and medial gastrocnemius 

during standing balance. Journal of Applied Physiology, 116(2), 140–148. 

https://doi.org/10.1152/japplphysiol.00906.2013 



217 

 

Holt, K. G., Saltzman, E., Ho, C.-L., Kubo, M., & Ulrich, B. D. (2006). Discovery of the pendulum 

and spring dynamics in the early stages of walking. Journal of Motor Behavior, 38(3), 206–

218. https://doi.org/10.3200/JMBR.38.3.206-218 

Holt, K. G, Saltzman, E., Ho, C.-L., & Ulrich, B. D. (2007a). Scaling of dynamics in the earliest 

stages of walking. Physical Therapy, 87(11), 1458–1467. https://doi.org/10.2522/ptj.20060299 

Holt, K. G, Saltzman, E., Ho, C., & Ulrich, B. D. (2007b). Scaling of Dynamics in the Earliest 

Stages of Walking. Physical Therapy, 87(11), 1458–1467. 

Holt, Kenneth G, Saltzman, E., Ho, C.-L., Kubo, M., & Ulrich, B. D. (2010). Discovery of the 

Pendulum and Spring Dynamics in the Early Stages of Walking. 

https://doi.org/10.3200/JMBR.38.3.206-218 

Honeine, J. L., Schieppati, M., Gagey, O., & Do, M. C. (2013). The Functional Role of the Triceps 

Surae Muscle during Human Locomotion. PLoS ONE, 8(1), 1–12. 

https://doi.org/10.1371/journal.pone.0052943 

Huelke, D. F. (1998). An overview of anatomical considerations of infants and children in the adult 

world of automobile safety design. Annual Proceedings / Association for the Advancement of 

Automotive Medicine, 42, 93–113. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3400202/pdf/aam42_p093.pdf 

Huelke, F. D. (1969). An Overview of Anatomical Considerations of Infants and Children in the 

Adult World of Automobile safety design. Journal of Biomechics, 2(3), 267–280. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3400202/pdf/aam42_p093.pdf 

Hunter, P., Smith, N., Fernandez, J., & Tawhai, M. (2005). Integration from proteins to organs: The 

IUPS Physiome Project. Mechanisms of Ageing and Development, 126(1), 187–192. 

https://doi.org/10.1016/j.mad.2004.09.025 

Ivanenko, Y. P., Dominici, N., Cappellini, G., Dan, B., Cheron, G., & Lacquaniti, F. (2004). 

Development of pendulum mechanism and kinematic coordination from the first unsupported 

steps in toddlers. Journal of Experimental Biology, 207(21), 3797–3810. 

https://doi.org/10.1242/jeb.01214 

Ivanenko, Yuri P, Dominici, N., Cappellini, G., Lacquaniti, F., & Kinematics, F. L. (2005). 



218 

 

Kinematics in Newly Walking Toddlers Does Not Depend Upon Postural Stability. J 

Neurophysiol, 94, 754–763. https://doi.org/10.1152/jn.00088.2005 

Jansen, K., De Groote, F., Massaad, F., Meyns, P., Duysens, J., Jonkers, I., & Groote, D. F. (2012). 

Similar muscles contribute to horizontal and vertical acceleration of center of mass in forward 

and backward walking: implications for neural control. J Neurophysiol, 107, 3385–3396. 

https://doi.org/10.1152/jn.01156.2011 

Jindal, D., Randhawa, J. S., Kant, S., Gupta, I., & Singla, S. (2017). Conversion of Gait data into 

OpenSim. International Research Journal of Engineering and Technology, 4(6), 2339–2342. 

https://irjet.net/archives/V4/i6/IRJET-V4I6456.pdf 

Kane, T. R., & Levinson, D. A. (1985). Dynamics, theory and applications (First Edition). 

McGraw-Hill. 

Kermoian, R., Johanson, M. E., Butler, E. E., & Skinner, S. (2006). Development of gait. In Human 

Walking, Rose, J. Gamble J. (Eds.).: Vol. Ovid (Issue 3rd ed.). https://doi.org/10.1016/S0966-

6362(97)00029-5 

Kimura, T., Yaguramaki, N., Fujita, M., Ogiue-Ikeda, M., Nishizawa, S., & Ueda, Y. (2005). 

Development of energy and time parameters in the walking of healthy human infants. Gait and 

Posture, 22(3), 225–232. https://doi.org/10.1016/j.gaitpost.2004.09.005 

Kubo, M., & Ulrich, B. (2006a). A biomechanical analysis of the “high guard” position of arms 

during walking in toddlers. Infant Behavior and Development, 29(4), 509–517. 

https://doi.org/10.1016/j.infbeh.2006.05.001 

Kubo, M., & Ulrich, B. D. (2006b). Early stage of walking: development of control in mediolateral 

and anteroposterior directions. Journal of Motor Behavior, 38(3), 229–237. 

https://doi.org/10.3200/JMBR.38.3.229-237 

Kuo, A. D. (1999). Stabilization of lateral motion in passive dynamic walking. The International 

Journal of Robotics Research, 18(9), 917–930. 

https://deepblue.lib.umich.edu/bitstream/handle/2027.42/66765/10.1177_02783649922066655.

pdf?sequence=2&isAllowed=y 

Kuo, A. D. (2007). The six determinants of gait and the inverted pendulum analogy: a dynamic 



219 

 

walking perspective. Human Movement Science, 26(4), 617–656. 

https://doi.org/10.1016/j.humov.2007.04.003 

Lamb, T., & Yang, J. F. (2000). Could different directions of infant stepping be controlled by the 

same locomotor central pattern generator? Journal of Neurophysiology, 83(5), 2814–2824. 

www.physiology.org/journal/jn 

Lanshammar, K., & Ribom, E. L. (2011). Differences in muscle strength in dominant and non-

dominant leg in females aged 20-39 years - A population-based study. Physical Therapy in 

Sport, 12(2), 76–79. https://doi.org/10.1016/j.ptsp.2010.10.004 

Ledebt, A., & Bril, B. (2000). Acquisition of upper body stability during walking in toddlers. 

Developmental Psychobiology, 36(4), 311–324. Ann Hallemans 

Ledebt, A., Bril, B., & Brenière, Y. (1998). The build-up of anticipatory behaviour. An analysis of 

the development of gait initiation in children. Experimental Brain Research, 120(1), 9–17. 

https://doi.org/10.1007/s002210050372 

Ledebt, A., van Wieringen, P. C. W., & Savelsbergh, G. J. P. (2004). Functional significance of foot 

rotation asymmetry in early walking. Infant Behavior and Development, 27(2), 163–172. 

https://doi.org/10.1016/j.infbeh.2003.12.001 

Ledebt, Annick. (2000). Changes in arm posture during the early acquisition of walking. Infant 

Behavior and Development, 23(1), 79–89. https://doi.org/10.1016/S0163-6383(00)00027-8 

Ledebt, Annick, Bril, B., & Wiener-Vacher, S. (1995). Trunk and head stabilization during the first 

months of independent walking. NeuroReport, 6(13), 1737–1740. 

https://doi.org/10.1097/00001756-199509000-00008 

Lee, D. K., Cole, W. G., Golenia, L., & Adolph, K. E. (2017). The cost of simplifying complex 

developmental phenomena: a new perspective on learning to walk. Developmental Science, 

21(4), 1–14. https://doi.org/10.1111/desc.12615 

Lee, S. M., & Piazza, S. J. (2008). Inversion-eversion moment arms of gastrocnemius and tibialis 

anterior measured in vivo. Journal of Biomechanics, 41(16), 3366–3370. 

https://doi.org/10.1016/j.jbiomech.2008.09.029 

Lenhart, R. L., Francis, C. A., Lenz, A. L., & Thelen, D. G. (2014). Empirical Evaluation of 



220 

 

Gastrocnemius and Soleus Function During Walking. Journal of Biomechanics, 47(12), 2969–

2974. https://doi.org/10.1038/jid.2014.371 

Leurs, F., Bengoetxea, A., Cebolla, A. M., De Saedeleer, C., Dan, B., & Cheron, G. (2012). Planar 

covariation of elevation angles in prosthetic gait. Gait and Posture, 35(4), 647–652. 

https://doi.org/10.1016/j.gaitpost.2011.12.017 

Lichtwark, G. A., Cresswell, A. G., & Newsham-West, R. J. (2013). Effects of running on human 

Achilles tendon length-Tension properties in the free and gastrocnemius components. Journal 

of Experimental Biology, 216(23), 4388–4394. https://doi.org/10.1242/jeb.094219 

Looper, J., & Chandler, L. S. (2013). How do toddlers increase their gait velocity? Gait and 

Posture, 37(4), 631–633. https://doi.org/10.1016/j.gaitpost.2012.09.009 

Looper, J., Wu, J., Barroso, R. A., Ulrich, D., & Ulrich, B. D. (2006). Changes in step variability of 

new walkers with typical development and with Down syndrome. 38(5), 367–372. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2254170/pdf/nihms-39106.pdf 

Lowry, A. T. J. (2019). On the development of infant walking [University of Auckland]. 

https://books.google.co.nz/books?id=0PB6DwAAQBAJ&pg=PA413&lpg=PA413&dq=On+th

e+development+of+infant+walking+master+thesis&source=bl&ots=Hxpqh63UXs&sig=ACfU

3U1fBqaMi8vXsXEidra1wjIZY-

DUPg&hl=en&sa=X&ved=2ahUKEwis1dnz0_jgAhXBX30KHZytDdgQ6AEwAXoECAkQA

Q#v=onep 

Luab, T.-W., & O’Connorb, J. J. (1999). Bone position estimation from skin marker co-ordinates 

using global optimisation with joint constraints. Journal of Biomechanics, 32(2), 129–134. 

https://ac.els-cdn.com/S0021929098001584/1-s2.0-S0021929098001584-

main.pdf?_tid=c46aff7c-8b0d-49ea-8417-

43ad97c0dcf5&acdnat=1552428161_9dfedb40bbec0f7238f3c6ab1b6fa78f 

Lund, M. E., Andersen, M. S., De Zee, M., & Rasmussen, J. (2015). Scaling of musculoskeletal 

models from static and dynamic trials. International Biomechanics, 2(1), 1–11. 

https://doi.org/10.1080/23335432.2014.993706 

Lundberg, A. (1996). On the use of bone and skin markers in kinematics research. Human 

Movement Science, 15(3), 411–422. https://doi.org/10.1016/0167-9457(96)00008-5 



221 

 

Ma, Y., Xie, S., & Sun, C. (2016). Evaluation of the patient-specific electromyography (EMG)-

driven neuromuscular model for cerebral palsy patients. IEEE/ASME International Conference 

on Advanced Intelligent Mechatronics, AIM, doi: 10.1109/AIM.2016.7576778, 270–275. 

https://doi.org/10.1109/AIM.2016.7576778 

MacKinnon, C. D., & Winter, D. A. (1993). Control of whole body balance in the frontal plane 

during human walking. Journal of Biomechanics, 26(6), 633–644. https://ac.els-

cdn.com/002192909390027C/1-s2.0-002192909390027C-main.pdf?_tid=20c6a0dc-1d3d-

4378-bd03-d926cf5d7f26&acdnat=1551238595_d019324e8fedcacccf925fe021d7304a 

Mahaffey, R., Morrison, C. S., Bassett, P., Drechsler, I. W., & Cramp, C. M. (2016). The impact of 

body fat on three dimensional motion of the paediatric foot during walking. Gait and Posture, 

44, 155–160. https://doi.org/10.1016/j.gaitpost.2015.12.009 

Marques-Bruna, P., & Grimshaw, P. (2000). Changes in coordination during the first 8 months of 

independent walking. Perceptual and Motor Skills, 91, 855–869. 

https://journals.sagepub.com/doi/pdf/10.2466/pms.2000.91.3.855 

McCollum, G., Holroyd, C., & Castelfranco, A. M. (1995). Forms of early walking. Journal of 

Theoretical Biology, 176, 373–390. https://ac.els-cdn.com/S0022519385702068/1-s2.0-

S0022519385702068-main.pdf?_tid=ed800493-57c4-4abf-a1a6-

8270433a702d&acdnat=1551226148_201b8bd75b17cf1ce5a8782089c59043 

McCreesh, K., & Egan, S. (2011). Ultrasound measurement of the size of the anterior tibial muscle 

group: The effect of exercise and leg dominance. Sports Medicine, Arthroscopy, 

Rehabilitation, Therapy and Technology, 3(1), 1–6. 

http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L362628242

%0Ahttp://www.smarttjournal.com/content/3/1/18%0Ahttp://dx.doi.org/10.1186/1758-2555-3-

18 

Mcgraw, M. B. (1932). From reflex to muscular control in the assumption of an erect posture and 

ambulation in the human infant. Child Development, 3(4), 291–297. 

https://www.jstor.org/stable/pdf/1125356.pdf?refreqid=excelsior%3Abd777dca47000d7a6f9e0

cc5c68570b5 

McGraw, M. B. (1940). Neuromuscular development of the human infant as exemplified in the 



222 

 

achievement of erect locomotion. The Journal of Pediatrics, 17(6), 747–771. 

https://doi.org/10.1016/S0022-3476(40)80021-8 

McGraw, M. B. (1945). The neuromuscular maturation of the human infant. Columbia University 

Press. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2601401/pdf/yjbm00508-0156a.pdf 

Mei, Q. (2021). Towards improved understanding of form and function in the foot. University of 

Auckland. 

Mei, Q., & Gu, Y. (2015). Foot Function Assessment through Kinematic and Kinetic Analysis. July, 

1–5. 

Minetti, A. E. (1998). The Biomechanics of Skipping Gaits: A Third Locomotion Paradigm? (Vol. 

265, Issue 1402). https://www-jstor-

org.ezproxy.auckland.ac.nz/stable/pdf/50978.pdf?refreqid=excelsior%3A931e6b79f84145634

b7de7205760c001 

Miyamoto, T., Miyakoshi, K., Sato, Y., Kasuga, Y., Ikenoue, S., Miyamoto, K., Nishiwaki, Y., 

Tanaka, M., Nakamura, M., & Matsumoto, M. (2019). Changes in bone metabolic profile 

associated with pregnancy or lactation. Scientific Reports, 9(6787), 1–13. 

https://doi.org/10.1038/s41598-019-43049-1 

Moher, D., Liberati, A., Tetzlaff, J., & Altman, D. G. (2009). Preferred reporting items for 

systematic reviews and meta-analyses: the PRISMA statement. PLOS Medicine, 6(7), 

e1000097. https://doi.org/10.1371/journal.pmed.1000097 

Myklebust, B. M. (1990). A review of myotatic reflexes and the development of motor control and 

gait in infants and children: a special communication. Physical Therapy, 70(3), 188–203. 

https://doi.org/10.1093/ptj/70.3.188 

Nahorniak, M. T., Gorton Iii, G. E., Gannotti, M. E., & Masso, P. D. (1999). Kinematic 

compensations as children reciprocally ascend and descend stairs with unilateral and bilateral 

solid AFOs. In Gait and Posture (Vol. 9). https://ac.els-cdn.com/S0966636299000144/1-s2.0-

S0966636299000144-main.pdf?_tid=03146866-f792-4212-abd9-

32b83acf03ac&acdnat=1541718545_66e2ca078adaf3eb1c59222ab15f8427 

Neptune, R. R., Kautz, S. A., & Zajac, F. E. (2001). Contributions of the individual ankle plantar 



223 

 

flexors to support , forward progression and swing initiation during walking. Journal of 

Biomechanics, 34(34), 1387–1398. 

Okamoto, T., Okamoto, K., & Andrew, P. D. (2003). Electromyographic developmental changes in 

one individual from newborn stepping to mature walking. Gait and Posture, 17(1), 18–27. 

https://doi.org/10.1016/S0966-6362(02)00049-8 

Pang, M. Y. C., & Yang, J. F. (2001). Interlimb co-ordination in human infant stepping. Journal of 

Physiology, 533(2), 617–625. https://doi.org/10.1111/j.1469-7793.2001.0617a.x 

Piper, M. C., & Darrah, J. (1994). Motor assessment of the developing infant. Saunders Company. 

Pizzolato, C., Reggiani, M., Modenese, L., & Lloyd, D. G. (2017). Real-time inverse kinematics 

and inverse dynamics for lower limb applications using OpenSim. Computer Methods in 

Biomechanics and Biomedical Engineering, 20(4), 436–445. 

https://doi.org/10.1080/10255842.2016.1240789 

Prager, R. W., Rohling, R. N., Gee, A. H., & Berman, L. (1998). Rapid calibration for 3-D freehand 

ultrasound. Ultrasound in Medicine and Biology, 24(6), 855–869. 

https://doi.org/10.1016/S0301-5629(98)00044-1 

Price, C., Morrison, C. S., Hashmi, F., Phethean, J., & Nester, C. (2018). Biomechanics of the infant 

foot during the transition to independent walking: A narrative review. Gait & Posture, 59, 

140–146. https://doi.org/10.1016/j.gaitpost.2017.09.005 

Price, Carina, McClymont, J., Hashmi, F., Morrison, S. C., & Nester, C. (2018). Development of 

the infant foot as a load bearing structure: Study protocol for a longitudinal evaluation (the 

Small Steps study). Journal of Foot and Ankle Research, 11(1), 1–9. 

https://doi.org/10.1186/s13047-018-0273-2 

Rabey, K. N., Satkunam, L., Webber, C. A., & Hocking, J. C. (2021). Isolated fatty infiltration of 

the gastrocnemius medial head, a cadaveric case study. Human Pathology: Case Reports, 23, 

200480. https://doi.org/10.1016/j.ehpc.2021.200480 

Riad, J., Haglund-Akerlind, Y., & Miller, F. (2008). Power generation in children with spastic 

hemiplegic cerebral palsy. Gait and Posture, 27(4), 641–647. 

https://doi.org/10.1016/j.gaitpost.2007.08.010 



224 

 

Rodriguez, E. B., Chagas, P. S. C., Silva, P. L. P., Kirkwood, R. N., & Mancini, M. C. (2013). 

Impact of leg length and body mass on the stride length and gait speed of infants with normal 

motor development: A longitudinal study. Brazilian Journal of Physical Therapy, 17(2), 163–

169. https://doi.org/10.1590/s1413-35552012005000080 

Rose, J., & Gamble, J. (2006). Human Walking (3rd edn.). Lippincott Williams & Wilkins. 

Roush, G. C. (2010). Finding Cadaveric Human Head Masses and Center of Gravity: a Comparison 

of Direct Measurement To 3D Modeling [Wright State University]. In Wright State University 

CORE Scholar. https://doi.org/10.1017/CBO9781107415324.004 

Saers, J. P. P., Ryan, T. M., & Stock, J. T. (2020). Baby steps towards linking calcaneal trabecular 

bone ontogeny and the development of bipedal human gait. Journal of Anatomy, 236(3), 474–

492. https://doi.org/10.1111/joa.13120 

Samson, W. [Author], Van Hamme, A. [Author], Desroches, G. [Author], Dohin, B. [Author], 

Dumas, R. [Author], & Cheze Reprint Author; E-mail: laurence.cheze@univ-lyon1.fr], L. 

[Author. (2013). Biomechanical maturation of joint dynamics during early childhood: Updated 

conclusions. Journal of Biomechanics, 46(13), 2258–2263. 

https://doi.org/http://dx.doi.org/10.1016/j.jbiomech.2013.06.017 

Samson, W., Van Hamme, A., Desroches, G., Dohin, B., Dumas, R., & Chèze, L. (2013). 

Biomechanical maturation of joint dynamics during early childhood: updated conclusions. 

Journal of Biomechanics, 46, 2258–2263. https://doi.org/10.1016/j.jbiomech.2013.06.017 

Samson, William, Dohin, B., Desroches, G., Chaverot, J.-L., El Dumas, R., & Cheze, L. (2011). 

Foot mechanics during the first six years of independent walking. 

https://doi.org/10.1016/j.jbiomech.2011.01.007 

Samson, William, Van Hamme, A., Desroches, G., Dohin, B., Dumas, R., & Chèze, L. (2013). 

Biomechanical maturation of joint dynamics during early childhood: Updated conclusions. 

https://doi.org/10.1016/j.jbiomech.2013.06.017 

Schellenberg, F., Taylor, W. R., Jonkers, I., & Lorenzetti, S. (2017a). Robustness of kinematic 

weighting and scaling concepts for musculoskeletal simulation. Computer Methods in 

BiomeChaniCs and BiomediCal Engineering, 20(7), 720–729. 

https://doi.org/10.1080/10255842.2017.1295305 



225 

 

Schellenberg, F., Taylor, W. R., Jonkers, I., & Lorenzetti, S. (2017b). Robustness of kinematic 

weighting and scaling concepts for musculoskeletal simulation. Computer Methods in 

Biomechanics and Biomedical Engineering, 20(7), 720–729. 

https://doi.org/10.1080/10255842.2017.1295305 

Schwartz, M. H., & Rozumalski, A. (2008). The gait deviation index: A new comprehensive index 

of gait pathology. Gait and Posture, 28(3), 351–357. 

https://doi.org/10.1016/j.gaitpost.2008.05.001 

Shabana, A. A. (1998). Dynamics of multibody systems ((2nd ed.)). Cambridge University Press. 

https://books.google.co.nz/books?id=zxuG-

l7J5rgC&pg=PA28&redir_esc=y#v=onepage&q&f=false 

Silva, M. L., & Stergiou, N. (2020). Biomechanics and Gait Analysis (N. Stergiou (Ed.)). Academic 

Press. ISBN 9780128133729 

Snapp-Childs, W., & Corbetta, D. (2009). Evidence of early strategies in learning to walk. Infancy, 

14(1), 101–116. https://doi.org/10.1080/15250000802569835 

Sreenivasan, S. (2015). Integrating micro-CT and computational bone mechanics to evaluate bone 

treatment outcomes (Vol. 1994). University of Auckland. 

Straus, W. L. (1926). The growth of the human foot and its evolutionary significance. 

https://www.worldcat.org/title/growth-of-the-human-foot-and-its-evolutionary-

significance/oclc/30849355 

Sutherland, D. H. (2002). The evolution of clinical gait analysis. Part II Kinematics. Gait and 

Posture, 16(2), 159–179. www.elsevier.com/locate/gaitpost 

Sutherland, D., Olsen, R., Biden, E., & Wyatt, M. (1988). The development of mature walking. 

MacKeith Press. http://www.mackeith.co.uk/shop/development-of-mature-walking/ 

Sutherland, David H., Sutherland, D. H., Olshen, R., Olshen, R., Cooper, L., Cooper, L., Woo, S., & 

Woo, S. (1980). The development of mature gait. The Journal of Bone and Joint Surgery, 62, 

336–353. https://doi.org/10.1016/S0966-6362(97)00029-5 

Symeonidis, I., Kavadarli, G., Schuller, E., & Peldschus, S. (2010). Simulation of Biomechanical 

Experiments in OpenSim. IFMBE Proceedings, 29, 107–110. https://doi.org/10.1007/978-3-



226 

 

642-13039-7 

Taylor, W. R., Ehrig, R. M., Duda, G. N., Schell, H., Seebeck, P., & Heller, M. O. (2005). On the 

influence of soft tissue coverage in the determination of bone kinematics using skin markers. 

Journal of Orthopaedic Research, 23(4), 726–734. 

https://doi.org/10.1016/j.orthres.2005.02.006 

Thelen, E. (1986). Treadmill-elicited stepping in seven-month-old infants. Child Development, 

57(6), 1498–1506. https://www.jstor.org/stable/pdf/1130427.pdf 

Thelen, E. (1995). Motor development: a new synthesis. American Psychologist, 50(2), 79–95. 

https://doi.org/10.1037/0003-066X.50.2.79 

Thelen, E., Corbetta, D., Kamm, K., Spencer, J. P., Schneider, K., & Zernicke, R. F. (1993). The 

transition to reaching: mapping intention and intrinsic dynamics. Child Development, 64(4), 

1058–1098. 

https://www.jstor.org/stable/pdf/1131327.pdf?refreqid=excelsior%3A9ae885485ff2a0b70902a

cac8f75c17f 

Thelen, E., Corbetta, D., & Spencer, J. P. (1996). Development of reaching during the first year: 

role of movement speed. Journal of Experimental Psychology: Human Perception and 

Performance, 22(5), 1059–1076. https://doi.org/10.1037/0096-1523.22.5.1059 

Thelen, Esther. (1991). Hidden skills: A dynamic systems analysis of treadmill stepping during the 

first year. Monographs of the Society for Research in Child Development, 56(1), 1–104. 

https://doi.org/10.1037/0003-066X.50.2.79 

Thelen, Esther. (1994). Three-month-old infants can learn task- specific patterns of interlimb 

coordination. Psychological Science, 280–285. 

https://journals.sagepub.com/doi/pdf/10.1111/j.1467-9280.1994.tb00626.x 

Thelen, Esther, Fisher, D. M., & Ridley-Johnson, R. (1984). The relationship between physical 

growth and a newborn reflex. Infant Behavior and Development, 7, 479–493. https://ac.els-

cdn.com/S0163638384800077/1-s2.0-S0163638384800077-main.pdf?_tid=c07dd6e2-04d2-

4a7c-81e3-4cb1a0971ce8&acdnat=1551223410_9d3b90440db5c7c6aeae44e2f401aa79 

Thiese, M. S. (2014). Observational and interventional study design types; an overview. Biochemia 



227 

 

Medica, 24(2), 199–210. https://doi.org/10.11613/BM.2014.022 

Twomey, D. M., & McIntosh, A. S. (2012). The effects of low arched feet on lower limb gait 

kinematics in children. The Foot, 22, 60–65. https://doi.org/10.1016/j.foot.2011.11.005 

Van Melick, N., Meddeler, B. M., Hoogeboom, T. J., Nijhuis-Van Der Sanden, M. W. G., & Van 

Cingel, R. E. H. (2017). How to determine leg dominance: The agreement between self-

reported and observed performance in healthy adults. PLOS ONE, 12(12), e0189876. 

https://doi.org/10.1371/journal.pone.0189876 

Vasudevan, E. V., Patrick, S. K., & Yang, J. F. (2016). Gait Transitions in Human Infants: Coping 

with Extremes of Treadmill Speed. PLoS ONE, 11(2), 1–23. 

https://doi.org/10.1371/journal.pone.0148124 

Vereijken, B., Pedersen, A. V., & Størksen, J. H. (2009). Early independent walking: a longitudinal 

study of load perturbation effects. Developmental Psychobiology, 51(4), 374–383. 

https://doi.org/10.1002/dev.20377 

Vieira, T. M. M., Minetto, M. A., Hodson-Tole, E. F., & Botter, A. (2013). How much does the 

human medial gastrocnemius muscle contribute to ankle torques outside the sagittal plane? 

Human Movement Science, 32(4), 753–767. https://doi.org/10.1016/j.humov.2013.03.003 

Wenger, D. R., Mauldin, D., Speck, G., Morgan, D., & Lieber, R. L. (1989). Corrective shoes and 

inserts as treatment for flexible flatfoot in infants and children. Journal of Bone and Joint 

Surgery - Series A, 71(6), 800–810. https://doi.org/10.2106/00004623-198971060-00002 

Winter, A. D. (1995). Human balance and posture control during standing and walking. Gait and 

Posture, 3(4), 193–214. https://doi.org/10.1016/0014-5793(86)80927-9 

Winter, D. A. (1990). Biomechanics and motor control of human movement (2nd Ed.). Wiley. 

www.wiley.com. 

Wolf, S., Simon, J., Patikas, D., Schuster, W., Armbrust, P., & Döderlein, L. (2008). Foot motion in 

children shoes-A comparison of barefoot walking with shod walking in conventional and 

flexible shoes. Gait and Posture, 27(1), 51–59. https://doi.org/10.1016/j.gaitpost.2007.01.005 

Woollacott M.H., & Jensen J.L. (1996). Posture and locomotion (Handbook of motor skills (Ed.)). 

Academic. https://psycnet.apa.org/record/1996-97991-006 



228 

 

Wren, T. A. L., Cheatwood, A. P., Rethlefsen, S. A., Hara, R., Perez, F. J., & Kay, R. M. (2010). 

Achilles tendon length and medial gastrocnemius architecture in children with cerebral palsy: 

And equinus gait. Journal of Pediatric Orthopaedics, 30(5), 479–484. 

https://doi.org/10.1097/BPO.0b013e3181e00c80 

Yaguramaki, N., & Kimura, T. (2002). Acquirement of stability and mobility in infant gait. Gait 

and Posture, 16(1), 69–77. https://doi.org/10.1016/S0966-6362(01)00205-3 

Young, R. J., Antonson, D. L., Ferguson, P. W., Murray, N. D., Merkel, K., & Moore, T. E. (2005). 

Neonatal and infant feeding: Effect on bone density at 4 years. Journal of Pediatric 

Gastroenterology and Nutrition, 41(1), 88–93. 

https://doi.org/10.1097/01.mpg.0000183807.68033.6d 

Zamparo, P., Francescato, M., De Luca, G., Lovati, L., & di Prampero, P. (1995). The energy cost 

of level walking in patients with hemiplegia. Scandinavian Journal of Medicine & Science in 

Sports, 5(6), 348–352. 

Zeininger, A., Schmitt, D., Jensen, J. L., & Shapiro, L. J. (2018). Ontogenetic changes in foot strike 

pattern and calcaneal loading during walking in young children. Gait and Posture, 

59(September 2016), 18–22. https://doi.org/10.1016/j.gaitpost.2017.09.027 

Zelazo, P. R., Zelazo, N. A., & Kolb, S. (1972). 'Walking" in the newborn. Science Reports, 

176(4032), 314–315. https://doi.org/10.1126/science.138.3544.949 

Zhao, G., Grimmer, M., & Seyfarth, A. (2021). The mechanisms and mechanical energy of human 

gait initiation from the lower-limb joint level perspective. Scientific Reports, 11(1), 1–12. 

https://doi.org/10.1038/s41598-021-01694-5 

 


