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ABSTRACT 
 
 
 

To prevent high fall rates, foot injury and ankle sprain during daily activities and sport, footwear 

should be designed based on foot shape and ankle kinematics. The purpose of this thesis is to 

develop an accurate 3D photogrammetric images captured by smartphone cameras technique 

that is non-invasive, low-cost and high-quality to analyse the morphology of the foot surface, 

investigate the foot shape characteristics of both genders, and evaluate the medial longitudinal 

arch (MLA) in static and dynamic conditions. Furthermore, the validation and investigation of 

ankle kinematics during gait according to gender is undertaken, as is an assessment of ankle 

kinematics in normal and unsteady gait.  

 

The photogrammetry technique utilises images of objects captured by multiple cameras from 

differing viewpoints to produce a digital 3D model of objects.  In photogrammetry, camera 

calibration is an important step to improve the accuracy of measured imaged coordinates (x, y). 

This system calibration process involves individual calibrations of 7-Galaxy smartphones and 

the internal accuracy is 0.36 pixels. In this study, 33 healthy voluntary participants (18 males 

and 15 females, aged between 25 and 47 years), all of whom were Middle Eastern postgraduate 

students at the University of Southern Queensland (USQ) were recruited. 

 

In clinical settings, a number of landmarks were mounted on foot skin to measure the angles 

and the distances between anatomical bone locations. The results indicated that there were 

significant differences in some morphological characteristics of the feet of each gender. For 

example, the mean value of the foot length of males (26.01cm) was larger than females 

(22.39cm), and the mean values of arch length, ankle height and Chippaux-Smirak ratio for 

males was higher than for females.  An accurate geometrical 3D close-range photogrammetry 

(CRP) method was used to evaluate the MLA in static (50% weight-bearing (WB), 10% WB, 

90% WB standing and sitting non-WB) and dynamic motion during gait. MLA angle 

differences between males and females in static and dynamic conditions were also measured. 

In the static condition, the observation of the MLA angle was lower at about (137°) when sitting, 

indicating that the MLA was higher in non-WB. In the dynamic condition during walking, the 

higher mean value was found in the mid-stance phase (150.57°) when the foot tended to flatten.  
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The results of ankle kinematics during walking refer to significant differences between females 

and males for the transverse plane of range of motion of the ankle (F=12.21, Sig=0.013) 

however no significant differences of coronal and sagittal planes were found between genders. 

The CRP technique was also used to measure ankle kinematics during normal gait and three 

unsteady gait trials ((1) eyes closed, (2) on single beam, and (3) dragging ankle weights) in 

four phases of stance. We found that the eyes closed gait had higher ankle kinematic values than 

other gait conditions in the heel strike phase (3.38°, 11.72° and 8.48°) of  the coronal, sagittal 

and transverse planes, respectively. Overall, the study was appropriate because it used a novel 

precise 3D images technique to evaluate foot morphology and ankle kinematics during gait. 
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Chapter 1. Introduction 

 
1.1 General overview 

 
Because of the increasing interest in foot morphology and ankle kinematics, studies conducted 

in these areas have become more prevalent in the last two decades. These studies provide 

significant information about orthotics and treatment approaches for the human foot suffering 

abnormalities or ulceration. As a result, they also inform the design of appropriate therapeutic 

footwear that fits the shape of the individual foot. Therapeutic footwear helps to sustain many 

of the important functions of the body, including the maintenance of body balance, body weight 

distribution and shock absorbance (McPoil & Cornwall, 1996; Scott et al., 2007; Zhao et al., 

2017; Buldt & Menz, 2018).  

 

In clinical settings, static anthropometric measurements are used to determine foot morphology. 

These measurements are often inferred by studying the differences in the positions of bone 

landmarks using non-invasive techniques. They are easier to implement on surface markers that 

are commonly used in three-dimensional multi-segmented foot models (Li et al., 2017; 

Nicholson et al., 2018). Similarly, ankle kinematics are evaluated with dynamic anthropometric 

measurements which are calculated by assessing the angles from three-dimensional bone 

orientations (Liu et al., 2004b; Okita et al., 2009; Fukano et al., 2018). 

 

Accurate 3D photogrammetric images of foot dimensions are important for allowing 

researchers to study foot morphology in static and dynamic loading, thus classifying the foot 

arch, and aiding in the development of a set of guidelines for footwear design. In medical 

applications, the measurement of the three-dimensional human foot and ankle (whether in static 

or dynamic condition), in normal and unsteady gait, requires a high level of accuracy. The need 

for accuracy is especially important in impeded gait which leads to an increased risk of falls 

and lower extremity injuries (Hill et al., 1999; Robinovitch et al., 2013). Accurate 3D 

photogrammetric images could provide orthopedic information in a more accurate and low-cost 

way.  

 

Techniques commonly utilized to determine a 3D surface model of the human foot include 

close-range photogrammetric approaches (Kimura et al., 2008, Al-Kharaz & Chong, 2019b), 
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3D Scanner (Mauch et al., 2008; Menz et al., 2014), 3D computed tomography scan (CT scan), 

magnetic resonance imaging (MRI) (Budhabhatti et al., 2007; Antunes et al., 2008), and 3D 

Time-of-Flight (ToF) (Oggier et al., 2005; Liu et al., 2011).  

 

Human foot morphology is diverse because of natural biological variance, climatic factors, 

lifestyle and population groups. In addition, age, sex and body mass index (BMI) lead to a 

significant impact on morphology (Hawes et al., 1994; Ashizawa et al., 1997; Otsuka et al., 

2003; Voracek et al., 2007; Hong et al., 2011; Sacco et al., 2015; Al-Kharaz & Chong, 2019a).  

Adults with varying ethnicities may show differences in foot morphology and tend to have 

different foot shape characteristics (Hisham et al., 2012; Shariff et al., 2019; Shariff et al., 

2020). Arch function depends on the shape of the foot, ligamentous stability and bony structure, 

while factors like race, age and gender are found to influence the formation of the MLA (Nielsen 

et al., 2009). Age and gender are both influential factors that may change ankle ROM. A number 

of studies have demonstrated that females have a higher ankle ROM compared to males 

(Fukano et al., 2018; Sung & Kim, 2018). Additionally, there is a decrease in ROM for subjects 

in the oldest age groups (Nigg et al., 1994; Brockett & Chapman, 2016). Unsteady gait, which 

occurs on narrow roads, descending walking and eyes closed walking may also be affected by 

gender (Nigg et al., 2010). 

 

The participants in this study are from Middle Eastern countries. The Middle East refers to a 

number of states or territories such as Turkey, Syria, Lebanon, Iraq, Iran, Jordan, Egypt, 

Afghanistan, Libya, Saudi Arabia, Kuwait, Oman, Bahrain and Qatar. The history of the Middle 

East dates back to ancient times, and the geopolitical importance of the region has been 

recognized for millennia. The populations of the Middle East have body morphology 

differences compared with other ethnics group or other regions of the world (Al-Rawi et al., 

1985; Abledu et al., 2015; Al-Kharaz & Chong, 2019a). Very few studies have analysed foot 

morphology or ankle kinematics of Middle Eastern populations. Therefore, this study could 

contribute to the biomechanics knowledge of Middle Eastern adults. 

1.2 Research gaps 

In spite of many existing research projects analysing human foot morphology and ankle 

kinematics during gait using several types of apparatus such as callipers and X-rays, according 

to the literature review in Chapter 2, four gaps required research. These gaps are: 
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1. Existing devices for measurements are not readily available and cannot offer precise 

measurements, thus there is a need to carry out research to determine the ease of proper 

use of the smartphone and stereophotogrammetric techniques for high accuracy 

dynamic 3D human foot/ankle imaging systems 

2. Previous research has not analysed and evaluated foot characteristics and dynamic 

motion of the MLA of Middle Eastern adults 

3. Published studies do not provide investigations of ankle kinematics 

(dorsiflexion/plantar flexion, inversion/eversion and adduction/abduction) during gait 

according to the gender of Middle Eastern adults 

4. Ankle biomechanical characteristics during normal and unsteady gait have not been 

assessed and compared in previous studies. 

 

1.3 Research hypotheses 

 
The hypotheses to be tested in this study were: 

 

1. Smartphone cameras and video imaging systems are low-cost, easy to use, precise and 

effective tools for capturing and addressing 3D spatial data in static and dynamic 

characteristics of the foot shape  

2. Multi-stereophotogrammetric techniques can provide high quality, low cost and non-

invasive ways to measure and evaluate human ankle kinematics during normal and 

unsteady stance phase of gait. 

The hypothesis of this research can be formulated as: 

 “Smartphone video imaging and multi-stereophotogrammetric techniques can provide 

accurate techniques to study foot morphology and ankle kinematics during the stance phase of 

gait of Middle Eastern adults “ 

 

1.4 Research aim 

  
The aim of this research is to study high accuracy 3D human foot characteristics and dynamic 

3D ankle kinematics during gait using smartphone video imaging and multi-

stereophotogrammetry. 
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1.5 Research objectives  

The research aim and questions will be addressed through the following research objectives: 

1. Determination of the quality of smartphone cameras and close-range photogrammetry 

systems for simultaneous accurate 3D imaging system of the human foot shape  

2. Investigation of the 3D human foot shape characteristics of female and male Middle 

Eastern adults 

3. Evaluation and determination of the MLA in static and dynamic conditions 

4. Validation and investigation of 3D ankle kinematics during gait according to gender   

5. Assessment and determination of ankle kinematics in normal and unsteady gait.  

 

1.6 Research questions 

This study needs to answer 15 significant research questions. These questions are:   

1. What are the limitations of past and currently available techniques developed for 

capturing 3D imaging systems for the human foot and ankle during human gait?  

2. Are commercial low cost and accurate smartphone video cameras suitable for 

capturing the geometrical change of ankle kinematics during gait?  

3. Are the right foot measurements of a person similar to their left foot measurements? 

4. Is close-range photogrammetry an appropriate technique to evaluate human foot 

morphology? 

5. Are the 7-smartphone cameras suitable to measure foot dimensions? 

6. Are the assessments of the dynamic measurement accurate, precise and reliable?   

7. Are the cameras that were calibrated for developing 3D image-based measurement 

systems accurate? 

8. Is there a difference in MLA geometry between static and dynamic conditions? 

9. Are foot shape characteristics different between females and males for the Middle 

Eastern ethnic group?  

10. What are the MLA differences between non-weight bearing (non-WB) and weight 

bearing (WB) in the static condition? 

11. Are the MLA angles when sitting different from 50% weight-bearing standing?    

12. Is close-range photogrammetry accurate for comparison of ankle kinematics between 

males and females during gait analysis? 

13. What are the differences of ankle kinematics between normal and unsteady gait?  

14. What is the ROM of ankle during normal gait? 
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15. What are the differences between eyes closed, walking on a single beam, and dragging 

ankle weights during unsteady gait? 

 

 

1.7 Research significance 

The significance of this research lies in the following: 

1. Development of measure capture techniques for gait which allow for high-accuracy 

3D anthropometric measurement of the foot 

2. Determination of the relationship between static and dynamic MLA measures 

3. Identification of differences between WB scores of the MLA in the static condition 

4. Identification of any individual differences of foot length and weight variation with 

MLA scores 

5. Understanding of the differences of ankle kinematics between normal gait and 

unsteady gait.  

 

1.8 Research beneficiaries 
 
Analysis of 3D photogrammetric images of the foot and ankle can be utilised in many 

applications such as medicine, forensic science, physiotherapy, anthropology, foot orthoses and 

prosthetics, footwear manufacturing, and sport and exercise. The following list addresses a 

number of significant practical applications that may benefit from the outcomes of this research: 

 

1. The evaluation of 3D photogrammetric images can provide podiatrists and other 

clinicians with essential information about the dimensions and flexible dynamics of the 

feet of patients who suffer from a foot abnormality (whether from disease or injury) and 

help understand acute and chronic injuries in athletes and other physically dynamic 

individuals. This evaluation is essential in developing foot treatment strategies which 

may involve designing appropriate therapeutic footwear that matches the dynamic foot’s 

characteristics. In addition, a 3D foot image offers precise information on foot 

movement to assist in the manufacture of foot prostheses  

2. The 3D photogrammetric images can provide physiotherapists with a new 

understandings of ankle kinematics during normal gait and unstable gait  

3. The knowledge of the ankle biomechanical variables could help to improve operative            

techniques and prosthetic design  
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4. Assessment of the MLA and recognition of altered foot alignment in pes planus and pes 

cavus and foot dimensions can assist in the design of footwear that minimises foot stress 

and strain  

5. The evaluation of ankle motion during walking is essential to develop the production of 

foot orthoses in the management of foot and ankle disorders 

6. Static and dynamic load distribution, as shown on 3D foot and ankle images, can help 

sports scientists and trainers in the analysis of foot and ankle motions of the athlete’s feet, 

thus improving techniques and training programs. 

 

1.9 Research limitations 
 

The limitations of this research are: 
 

1. Multi-stereophotogrammetry techniques can provide exterior information about 

foot/ankle characteristics in standing and during gait, but cannot detect the interior foot 

structures such as bone, tendons, ligaments and muscles. 

2. The number of participants in this research was limited to 33 (18 males and 15 

females), and other human activities like running or jogging were not considered.  

3. The walking speed of subjects during test could not be determined accurately, i.e., the 

subject walked at a self-selected speed. 

 

1.10 Thesis Layout  

 
Figure 1.1 outlines the thesis structure. A brief of the remaining thesis chapters is reviewed 

below:  

 

 

Chapter 2: Literature review  
 

This chapter reviews basic foot morphology and ankle joint kinematics, and gait cycle analysis, 

and demonstrates the factors that have an effect on the foot and ankle. Furthermore, human 

foot/ankle measurement techniques include manual measurement techniques and optical 

scanning techniques for 3D models. The chapter also discusses and compares these techniques 

and the ability to use close-range photogrammetry and video imaging systems to capture the 

shape of the foot and measure ankle kinematics during gait. The chapter ends with a conclusion 

of the literature review. 
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Chapter 3: Design of an accurate 3D image-based system for foot morphology and 

kinematics of ankle measurements 

 
This chapter describes the design of the accurate image-based measurement technique and 

contains a theoretical background, mathematical algorithms and the schematic of foot posture 

and gait direction. It also discusses the methods used to calibrate the smartphone cameras. In 

addition, this chapter investigates the reliability of the designed system. Discussion of the 

accuracy of the 3D image-based system is provided at the end of this chapter. 

 
 

Chapter 4: Close-range photogrammetry to measure foot morphology and investigate the 

differences between genders 
 

The introduction to this chapter focuses on the significance of foot shape helping to demonstrate 

the techniques which have been used to measure foot dimensions as well as the gender factors 

that affects foot characteristics. The chapter sets out the specific methodologies use to 

investigate the 3D shape of human foot characteristics. It also contains the results, giving 

correlates between foot dimensions and calculating the differences between genders. The 

results are discussed and the conclusions are presented based on the main findings of the 

chapter. 

 

Chapter 5: Evaluation of the medial longitudinal arch in static and dynamic behaviour 

during the stance phase of gait  

 
One of the most important structural characteristics of the foot is the MLA. The importance and 

role of the MLA are included in the introduction of this chapter.  Specific methodology is used 

to compute the MLA angle and evaluate the MLA in static and dynamic behaviour during the 

stance phase of gait. In addition, this chapter computes and illustrates the differences in the 

MLA angle between females and males. A brief discussion and conclusion summarising the 

main findings ends the chapter. 

 

Chapter 6:  Investigation of ankle kinematics according to gender during the stance phase 

of gait 
 
The introduction of this chapter reviews previous studies of ankle kinematics. It validates the 

dynamic ROM of the ankle (dorsiflexion/plantar flexion, inversion/eversion, and 

adduction/abduction) during the stance phase of gait using close-range photogrammetry, and 
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compares all the results between females and males. In addition, data collection and statistical 

analysis are discussed, and the outcomes are demonstrated through figures, graphs, and tables.  

A brief discussion and conclusion summarising the main findings complete the chapter. 

 

 

Chapter 7: Assessment of ankle kinematics during normal and unsteady walking 

 
The importance of studying unstable walking is included in the introduction to this chapter. The 

chapter evaluates ankle ROM during unsteady gait, including walking with eyes closed, 

walking on a single beam, and dragging ankle weights; all of which may increase the risk of 

falls during walking. The outcomes of this chapter contain the differences between normal and 

unsteady walking, and discussion compares the results with previous studies. The chapter ends 

with a brief summary and conclusion.   

 

Chapter 8: Conclusion and future directions 

 
This chapter summarises the main findings of the thesis and discusses future research 

directions.  
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Figure 1.1. Thesis organization 
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Chapter 2. Literature review 

  
2.1 Introduction 
 

The chapter provides a detailed review of relevant literature to aid in the understanding of the 

research issues, direct the reader to the research gap, and provide an understanding of the 

research aim and objectives. The first part of the chapter explains human foot morphology and 

ankle kinematics. The second part demonstrates conventional foot measurement techniques and 

highlights their limitations. The chapter ends with conclusions showing that close-range 

photogrammetry is the least costly and most accurate technique to measure human foot 

morphology and gait analysis.  

 

2.2 Human foot morphology and ankle kinematics 

 
2.2.1 Foot morphology  

 
Foot morphology is most important for orthotic design, forensics and manufacturing suitable 

footwear (Schwarzkopf et al., 2011; Davies et al., 2014; Lee & Wang, 2015; Zhao et al., 2017). 

The internal shape of the shoe must closely approximate the shape of a foot to be comfortable 

(Hawes & Sovak, 1994). The human foot is very complex. Each foot consists of 26 bones, more 

than 30 articulations, tendons and ligaments, and other surrounding soft tissues enabling three 

the fundamental functions of supporting, shock absorbing and weight bearing. (Abledu et al., 

2015; BPT et al., 2015; Domjanić, 2015; Xu et al., 2018). The 26 bones (seven tarsals, five 

metatarsals, and 14 phalanges) and (six joints) ankle (talocrural), subtalar, midtarsal (Chopart), 

tarsometatarsal (Lisfranc), metatarsophalangeal (MTP) and interphalangeal (IP) joints) of the 

foot make up its three segments: the hindfoot, the midfoot and the forefoot as shown in Figure 

2.1 (Riegger, 1988; Abboud, 2002; Sherman, 2010).  

 

The hindfoot consists of the talus and calcaneus. The talus is orientated to transmit reactive 

forces from the foot through the ankle joint to the leg. Lying between the calcaneus and tibia, 

it communicates thrust from one bone to the other. The calcaneus is the largest and most 

posterior bone in the foot. 
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Figure 2.1. The foot segments (Sherman, 2010) 

 

The navicular, cuboid and three cuneiforms make up the midfoot. The navicular medial to the 

cuboid articulates with the head of the talus anteriorly and is the keystone at the top of the 

medial longitudinal arch. 

 

There are five metatarsals in the forefoot, all tapered distally and articulating with the proximal 

phalanges. The first metatarsal is the shortest and widest. The phalanges constitute digits. The 

big toe (hallux) consists of two phalanges, all other toes contain three. The heads of the proximal 

and middle phalanges tend to be trochlear shaped allowing for greater stability. Functionally, 

the toes contribute to weight bearing and load distribution and also effect propulsion during the 

push-off phase of gait (Abboud, 2002). 

 

The characteristic of foot shape is varied as many factors are associated with foot morphology. 

Aside from natural biological variation, distinctive age classes and population groups show 

prevalent qualities in foot dimensions (Hawes et al., 1994; Ashizawa et al., 1997; Kouchi, 2003; 

Hisham et al., 2012; Sacco et al., 2015). Differences in foot shape are also influenced by factors 

such as BMI (Price & Nester, 2016; Zhao et al., 2017), age (Mauch et al., 2008), shoe wearing 

habits (Brathwaite et al., 2013; Barisch-Fritz et al., 2016), sex (Manna et al., 2001; Otsuka et 

al., 2003; Cho et al., 2004; O’Connor et al., 2006; Voracek et al., 2007; Krauss et al., 2010; Xu 

et al., 2018) and ethnicity (Picón‐Reátegui et al., 1979; Chaiwanichsiri et al., 2008). Kouchi 

(1998) reported that Mongoloid populations have a wider foot compared to Caucasoid and 

Australian populations, and East Asian populations have a shorter foot length compared to 
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Southeast Asians and Africans. Hawes et al. (1994) found that the East Asian’s forefoot is wider 

than that of their white counterparts. Sacco et al. (2015) revealed variation in anthropometric 

foot breadth between German and Brazilian children. Tobias et al. (2014) recruited 500 subjects 

of both genders. Their results demonstrated that men’s foot length, height and breadth were 

significantly greater than that of their female counterparts. Mrozkowiak (2010) described the 

changes in mean length and width of the foot during fast and slow phases of growth between 

the ages of 4 and 18 years in the 9804 girls and 8699 boys. The results show that the rate of 

increase in the length and width of the foot in the female and male populations is steady between 

the ages of 4 and 18 years, but shows a drop at the age of 14 years. 

 

A number of studies to determine sex through foot or foot pieces – as they are more accessible 

than any other part of the body in most cases – are very common in forensics. Atamturk (2010) 

compared 253 females and 253 males from Turkey and identified some of foot parameters to 

determine the sex. The findings of his study indicate that the calcaneus bone seems to have been 

the basic criterion to determine gender. A similar result was found in studies such as Bidmos & 

Asala (2003) and Moneim et al. (2008).  

 

Foot shape dimensions including the length, breadth, height, and perimeter were the most 

commonly measured in previous studies (Hawes & Sovak, 1994; Witana et al., 2006; Krauss et 

al., 2010). Robinson et al. (1984) presented a photographic image technique and recruited a 

sample of 938 male and female subjects for measuring foot length and width, heel width, medial 

and lateral metatarsal - phalangeal joint length and height, and dorsum height. They found the 

impact of prolonged running on the shape of the foot. Witana et al. (2006) used a foot scanner 

to measure 18 foot dimensions of 20 Hong Kong students and evaluated them through 

comparisons with simulation, manual and commercial software. Hong et al. (2011) identified 

foot shape in 1,236 young Chinese men and 1,085 young Chinese women by measuring 19 foot 

shape variables including girth, length, width, height and angle. They found that foot width, 

medial ball length, ball angle and instep height showed significant differences between foot 

types in the same foot length for both genders. Zhao et al. (2017) investigated the characteristics 

of foot morphology for 108 Japanese adults. Their study showed that gender has the bigger 

impact on length, width, height and girth parameters of the foot. Xu et al. (2018) recruited 2543 

Chinese children and 12 foot shape measurements were acquired. They concluded that foot 

morphology difference is associated with sex and age. Mauch et al. (2008) reported that 

deficient mass could be verified for the comprehensive foot morphology based on a foot type 
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classification. Yadav et al. (2015) recruited 110 medical students from Nepal to assess different 

foot measurements using foot caliper and digital photography methods and compared 

measurements.  

 

The elastic properties of the arch of the human foot are important (Bibby et al., 1987). The arch 

of the foot affects the normal biomechanics of the lower limb and serves as an adaptable, 

supportive base for the entire body. The flexibility conferred to the foot by these arches 

facilitates functions such as walking and running by bearing the weight of the body and 

absorbing the shock produced during locomotion (Franco, 1987; Ward et al., 2011). The foot 

has three arches, two longitudinal (medial and lateral) arches across the length of the foot 

and one anterior transverse arch across the width of the foot. They are formed by the tarsal and 

metatarsal bones, and supported by ligaments and tendons in the foot (BPT et al., 2015). The 

lateral longitudinal arch is on the outer side of the foot, and the medial one on the inner side of 

the foot. The lateral arches act as pillars for the transverse arch (Ridola & Palma, 2001). See 

Figure 2.2. The medial longitudinal arch is more important as it provides necessary shock 

absorption during activity (Xiong et al., 2010). 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 2.2. The longitudinal and transverse arches of the foot (Zeidan et al., 2019) 

 

 

The relationship between foot length and longitudinal arch height have been studied. Nielsen 

et al. (2009) demonstrated that the dynamic navicular drop (ND) is influenced by foot length 

and gender. For a positive correlation between foot length and dynamic ND. The correlation 

r measures the strength of the linear relationship between two quantitative variables and in their 

study, the r value was found to be approximately 0.25. In contrast, Hill et al. (2017) reported 
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no significant relationships between arch height and foot length. However, the MLA has been 

shown to play an important role in shock absorbance and provides the most significant support 

to the foot during weight-bearing activities (Ker et al., 1987; Ogon et al., 1999). Its significance 

lies in its ability to dissipate plantar pressure forces (Balsdon et al., 2016). Clinical assessments 

regard the MLA as the main source of foot variability (Razeghi & Batt, 2002), and it is the 

largest arch of the foot and is regarded as the most important foot arch in clinical assessments 

due to its influence on lower limb function (Nigg et al., 1994; Murley et al., 2009), postural 

stability (Cote et al., 2005) and foot pain (Burns et al., 2006). The MLA is made up of the 

calcaneus, talus, navicular, cuneiform, and the medial metatarsal bones (Abboud, 2002). 

Stolwijk et al. (2014) used markers to measure foot length and mounted the markers on the heel, 

first metatarsal and navicular to measure the MLA at different speeds. This study indicated a 

flattening of the MLA during gait.  

 

Mickle et al.’s (2008) study agreed with previous research that preschool boys had a 

significantly thicker midfoot fat pad than girls, displayed significantly flatter feet than the girls, 

and had a significantly thicker midfoot fat pad than girls. They measured the degree of flat-

footedness of each child’s arch height using the AI. Balsdon et al. (2021) measured the MLAs 

of 13 participants of different foot types: five pes planus, four pes cavus, and four normally 

arched. The MLA angle was measured to quantify kinematic differences between foam and 

plaster impression methods for custom foot orthoses by three-dimensional bone models using 

biplane fluoroscopy images during midstance.  

 

A number of methods are currently used to quantify the MLA in a static state (Xiong et al., 

2010): 

1. Visual observation which depends on the clinician’s experience 

2. Foot print parameters such as the AI, the ALI, Staheli’s Index and the Chippaux-

Smirak Index. The fundamental premise of these indices is that the height of the arch 

is related to the footprint 

3. Posture-related indices such as Valgus Index and the Foot Posture Index 

4. Dimension-related indices such as arch height or navicular height, dorsum height/foot 

length, navicular drop and navicular drift 

5. Foot function-related indices such as the rear-foot-forefoot angle and the Centre-of-

Pressure Excursion Index 
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6. Angle-related indices such as Longitudinal Arch Angle (LAA), the rear foot angle, and 

calcaneal-first metatarsal angle. 

The most popular techniques use the navicular bone measurements as a point of reference for 

assessing the MLA. These static measurements are then used to predict the behaviour of the 

foot arch in a dynamic state. The Navicular Drop Test (NDT) was originally developed by 

Brody (1982) to quantify sagittal plane mobility of the mid-foot. The NDT measures the change 

in height of the navicular bone when the foot position is changed from subtalar neutral (loaded) 

to a relaxed WB state (minimally loaded). Brody (1982) reported that a navicular drop value of 

approximately 10 mm is regarded as normal, and anything greater than 15 mm is classified as 

abnormal. The MLA is mainly responsible for related structural problems throughout the lower 

limb.  

 

Deviations in the normal structure of the MLA produce unbalanced, functionally unstable 

conditions of the foot such as pes cavus or pes planus (Franco, 1987). Giladi et al. (1985) 

demonstrated that subjects with pes planus were less likely than subjects with normal or pas 

cavus to show the development of stress fractures in the lower extremity. Dahle et al. (1991) 

study was an assessment of MLA posture. In their study, subjects having a LAA equal to 90° 

were classified as having low arches, whereas individuals with a LAA equal to 180° were 

considered to have high arches. Subjects with a LAA between 120° and 150° were classified as 

having normal arches. Balsdon et al. (2019) reported the MLA angle in different foot types was 

between 120.8° and 141.1°. Traditionally, feet are classified as being high, normal or low 

arched. A larger MLA angle indicates a decrease or lowering of the MLA (flat arch), whereas 

a smaller, more acute angle indicates an increase in height of the MLA (high arch). 

Arch function depends on the shape of the foot, bony structure ligamentous stability and 

muscular fatigue, while factors like race (Stewart, 1970), footwear (Sachithanandam & Joseph, 

1995) and gender (Volpon, 1994) are found to influence the formation of the MLA (Ogon et 

al., 1999). 

 

2.2.2 Ankle kinematics 
 

The human ankle joint plays a principal role in mechanics and energetics during gait and other 

activities of daily living (Brockett & Chapman, 2016; Panero et al., 2017; Hedrick et al., 2019). 

The ankle joint is considered one of the most important joints for balancing strategy execution 

to decrease fall risk (Studenski et al., 1991). Kinematics is the study of bodies in motion without 
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considering the forces that cause body movement. It describes and analyses positions, velocities 

and angles in a specific plane. The three common planes used in the description of gait 

kinematics are the sagittal plane for the flexion-extension movements, the frontal (coronal) for 

inversion and eversion movements, and the transversal (Axial) plane for the internal-external 

rotations, as shown in Figure 2.3.  

 

 

 

 

 

 

 

Figure 2.3. The three common planes of ankle kinematics (Kaneda et al. 2019) 

 

Most studies have been interested in knee, hip, and ankle kinematics (Bonnefoy-Mazure & 

Armand, 2015). Because the ankle joint complex is crucial to human locomotion, accurate 

knowledge of the kinematics of these joints is essential for proper diagnosis and treatment of 

injuries and diseases in this region (Wong et al., 2005). Ankle sprain is a common sports-related 

injury, with an estimated 302,000 new ankle sprains each year in the UK (Ferran & Maffulli, 

2006). The most common mechanism of lateral ankle sprain is excessive inversion and internal 

rotation of the hindfoot while the leg is in external rotation (Ferran et al., 2009). Evaluation of 

ankle motion is required in footwear design, forensics, medical reasons and the diagnosis acute 

or chronic injuries in athletes (Fawzy & Kamal, 2010; Blenkinsopp et al., 2012; Davies et al., 

2014). 

 

The ankle joint consists of a bony fit between the talus and the tibia proximally and medially 

(internally), and the talus and the fibula laterally (externally). The width between the malleolus 

is greater anteriorly than posteriorly. The anterior width of the ankle is wider (mean 28.5 mm) 

than the posterior width (mean 21.5 mm), and the articular component of the lateral malleolus 

is longer than that of the medial malleolus (Kerkhoffs et al., 2020).  

 

Because the axes of motion for the ankle, subtalar, and midtarsal joints are oblique in three 

planes, motions within the sagittal plane are dorsiflexion (DF/upward) and plantar flexion 

(PF/downward), the coronal plane are inversion (IV) and eversion (EV), and the transverse 
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plane are adduction (AD), or internal rotation, of the foot and abduction (AB), or external 

rotation. Combinations of these motions across both the subtalar and tibiotalar joints create 

three-dimensional motions called supination and pronation (Riegger, 1988; Chan & Rudins, 

1994). Motion about these axes cannot occur simultaneously, and the transition between axes 

during motion is estimated to occur close to the neutral position of the joint (Brockett & 

Chapman, 2016). 

 

Numerous studies have been carried out to analyse the kinematic characteristics of the ankle 

joint complex (Roaas & Andersson, 1982; Leardini et al., 1999). For clinical applications, joint 

mobility is often quantified by active (Youdas et al., 1993; Thoms & Rome, 1997; Grossman, 

2003; Krause et al., 2011) or passive (Grossman, 2003; Krause et al., 2011) ROM in prone 

(Kim et al., 2015) and during gait (Kidder et al., 1996; Rao et al., 2006). Age and gender are 

both influential factors that may change ankle ROM. Lee and Hertel (2008) compared gender 

differences between 18 and 50 years of age. This demonstrated that younger females (20-39 

years old) have a higher ankle ROM compared to males. However, with increasing age, older 

females demonstrated less dorsiflexion and greater plantar flexion compared to male patients 

in the oldest age group (70-79 years old). Additionally, there was a decrease in ROM for both 

genders in the oldest age groups. Murray et al. (1985) described minimal differences of ROM 

between females and males. The ROM during stance was greatest for dorsiflexion/plantar 

flexion (DP) in both genders and least for eversion/ inversion (EI) in males group (Sung & Kim, 

2018). Gabriel et al. (2008) compared dynamic joint stiffness (DJS) of the ankle in the sagittal 

plane during natural cadence along a 12m pathway walking in both genders. They mounted five 

skin markers on the lateral aspect of the leg and the foot. Their results demonstrated DJS was 

not significantly different between females and males during the second sub-phase, but that 

DJS was significantly higher in males than females during the fourth sub-phase. 

 

2.2.3 Gait cycle analysis 

 
The gait cycle can be defined as a period of time between any two nominally identical events 

in the gait process. It was identified as the most common movement during daily routines such 

as jogging, walking and running (Bonnefoy-Mazure & Armand, 2015; Panero et al., 2017). Gait 

analysis is an important instrument in various fields of clinical research and its protocols are 

intended to make kinematics interpretable for clinicians (Krauss et al., 2008b).  
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Human gait depends on a complex interplay of the major parts of the nervous, musculoskeletal 

and cardiorespiratory systems. Individual gait pattern is influenced by age, personality, mood 

and sociocultural factors. Generally, gait cycle is considered to begin when one foot strikes the 

ground and end when the same foot strikes the ground again (called initial contact or IC). During 

the gait cycle, lower limb considered an alternate stance phase (foot in contact with the ground) 

and swing phase (foot without ground contact). Thus, a gait cycle is divided into a period of 

stance phase (about 60% of the cycle) and a period of swing phase of the lower limbs (about 

40% of the cycle) (Bonnefoy-Mazure & Armand, 2015). Each phase is associated with one limb 

and is composed of different sub phases. As shown in Figure 2.3, the stance phase consists of 

the following sub-phases: heel strike (A), loading response (B), midstance (C), terminal stance 

(D). The swing phase consists of the following sub-phases: preswing (E), toe-off, mid-swing 

(F) and terminal swing (G).  

 

Root (1977) divides the gait cycle into two separate phases: the stance and swing phase. The 

description provided by Root (1977) focused almost entirely on the movement of the foot during 

the stance phase. The stance phase is divided by Root (1977) into three separate phases: the 

contact phase, midstance phase and propulsion. More specifically, the main phases of stance 

phase that will be detected are shown as follows (Mohammed et al., 2016): 

 

• Initial contact: During the initial contact, the leg starts contacting the ground and the Ground 

Reaction Force (GRF) appears only at the heel level 

• Loading response: Time period immediately following initial contact to the lift of the 

contralateral extremity from the ground, during which weight shift occurs 

• Midstance: When both the forefoot and heel start contacting the ground 

• Terminal stance: As the centre of body mass moves forward in the terminal stance phase, 

the heel starts taking off, as shown in Figure 2.4. In this phase, only the forefoot touches the 

ground. 
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Figure 2.4. Phases of the normal gait cycle (Pirker & Katzenschlager, 2017) 

 

 

Gait analysis is commonly used to evaluate lower extremity kinematics and kinetics of both 

normal and pathological motion patterns (Cross et al., 2017). It is an important assessment tool 

that uses physical measurements and models, including the movement of the person’s centre of 

mass, joint kinematics, ground-reaction forces, the resultant loads, body segment energy 

variation and muscular work.  Motion capture acquires the data of a moving human via sensors 

and processes the acquired data using a mathematical model. In motion capture, either 

conventional photography or optoelectronic systems are used for the acquisition of quantitative 

information (Surer & Kose, 2011). 

 

Marker-based motion capture uses video-based optoelectronic systems, and retro-reflective 

markers are attached on the human body. Marker-based analysis is generally performed by 

mounting retro-reflective markers on subjects’ bodies and reconstructing their 3-D position via 

video-based optoelectronic systems. Retro-reflective markers are used together with infrared 

stroboscopic illumination produced by an array of light-emitting diodes (LEDs) mounted 

around the lens of each camera. The thresholds of the cameras can be adjusted so that only 

bright reflective markers are sampled and the markers are recognized via image-based methods. 

If the marker is visible from at least two calibrated cameras at the same time, the 3-D position 

of a marker in a reference frame fixed to the laboratory (global frame) can be reconstructed.  

The estimation of 3-D points of objects from two or more images is called 

‘stereophotogrammetry’ (Surer & Kose, 2011). 
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2.3 Basic foot and ankle geometry measurement techniques 

 
Measurement techniques of the human foot have become widely used for many clinical 

applications including orthopaedics, orthotics, sports medicine (Davies et al., 2014; Moorthy & 

Mond, 2018) and the design and manufacture of footwear (McHenry et al., 2015; Grau & 

Barisch-Fritz, 2017; Hill et al., 2017; Mishra et al., 2017; Zhao et al., 2017; Dobson et al., 

2018). The medical field makes extensive use of different scanning techniques such as X-rays, 

CT, MRI and ultrasound. These techniques are quite useful for providing information about the 

internal organs like bones of foot (Haleem & Javaid, 2019). However, many of these scanning 

techniques are not suitable for capturing external organs like the foot surface and a minor to 

measure dynamic foot during gait. Therefore, in this section, the review is limited to techniques 

related to the study of static condition foot and ankle images. To date, a number of techniques 

have been utilised to capture the foot and ankle (Witana et al., 2006; Cornwall & McPoil, 2011; 

Liu et al., 2011; Štajer et al., 2011; McHenry et al., 2015; Dobson et al., 2018). According to 

the literature, the most common techniques are: 

 

1. Measurement sticks, callipers and Brannock devices (Nixon et al., 2006; Witana et al., 

2006; Schaiwanichsiri et al., 2008; Cornwall & McPoil, 2011; McHenry et al., 2015; 

López-López et al., 2016) 

2. Casting and foam impression (Guldemond et al., 2006; Štajer et al., 2011, Bushey, 2012) 

3. 3D scanner (Mauch et al., 2008; Zhao et al., 2008; Luximon & Luximon,  2011; Menz 

et al., 2014; McHenry et al., 2015; Grau & Barisch-Fritz, 2017; Dobson et al., 2018) 

4. ToF cameras (Lindner et al., 2010; Castaneda et al., 2011; Liu et al., 2011) 

5. X-ray and CT scan (Razavi et al., 2003; Cheung & Zhang, 2005; Antunes et al., 2008; 

Spyrou & Aravas, 2012) 

6. MRI (Dai et al., 2006; Cheung & Nigg, 2008). 

7. Image-based close-range photogrammetry (Coudert et al., 2006; Luhmann & Robson, 

2006; Luhmann, 2010; Al-Baghdadi et al., 2011; Alshadli et al., 2011; Kimura et al., 

2011) 

8. Camera projector system (Kimura et al., 2008; Schmeltzpfenning et al., 2011) 

9. Moiré technique (Takasaki, 1970; Madden & Karlan, 1979; Gomes et al., 2010; Vecchio 

et al., 2012). 

Some of these techniques are measurement by contact and others are non-contact. Based on 

their features, we can divide the techniques in two groups: manual and optical techniques. The 
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features and the limitations of each technique are highlighted in following sections. 

 

2.3.1 Manual techniques  

2.3.1.1 Measuring sticks, callipers and Brannock tools  

 

The simple, manual tools are used to measure foot dimensions and shoe length (Schwarzkopf 

et al., 2011; McHenry et al., 2015).  Most measure in inches (in) and centimetres (cm).  Digital 

calliper measurement tends to be influenced by human error (Lee et al., 2014). Details of these 

measurements can be found in Cornwall and McPoil (2011) and Pohl and Farr (2010).  

 

The Brannock device is the most common foot measurement technique for developing shoes 

and measurement of foot length, arch length, and foot width. The device name was given to the 

inventor name Charles Brannock (Figure 2.5). Rossi (1983) reported a large survey of foot 

dimensions of a total of 4000 women and 2800 men. The measurements were conducted by 

many shop assistants across the USA. A flat ruler and a Brannock device were used to collect 

two length and two breadth measurements. The measuring position was not standardized and 

varied from non-weight-bearing to full-weight-bearing. Xiong et al. (2010) determined foot 

deformations with nine foot dimensions using the Brannock device.  

 

Nixon et al. (2006) assessed the prevalence of poorly fitting footwear in individuals with and 

without diabetic foot ulceration by measurement stick. McHenry et al. (2015) focused on 

establishing the correct sizing and tolerances for safe and effective footwear in order to prevent 

the discomfort and injury described while maintaining performance characteristics. They found 

a mean size reduction of almost four UK shoe sizes between the climbers’ street shoe size and 

that of their climbing footwear using a calibrated foot/shoe ruler. 

 

Tomassoni et al. (2014) assessed age-related changes of foot morphology for developing 

appropriate footwear with particular reference to the elderly using a tape measure and calliper. 

They found that foot circumference was the parameter showing the most relevant age-related 

differences both in males and in females. 

 

Although the measuring stick, callipers and Brannock devices are inexpensive, lightweight, 

easy to carry, non-invasive, accurate enough for most of foot length and width measurements, 
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and suitable for linear foot/shoe measurements such as shoe size, foot length and ball width, 

these devices cannot be assumed to be appropriate for heel girth or ball girth, as the relationship 

between ball width and girth is not standardised. Moreover, these techniques more widely used 

to create an axis going from the pternion to the second toe or hallux. This will ensure that the 

axis position is dependent on the foot size. The disadvantage of these devices are that some feet 

may have deformed second toes or hallux valgus (Witana et al., 2006), thereby creating an 

inappropriate central axis. Therefore, they are used to measure normal subjects’ feet. 

Furthermore, the shoe orders may need a more accurate measurement of foot dimensions to 

select optimum shoe size. Therefore, these devices are not sufficiently accurate to measure 

foot/shoe (Menz et al., 2014).  

 

In addition, these devices are not suitable to measure internal foot segments’ locomotion and 

cannot be used to examine the foot during gait analysis. 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Illustrating measurement (from left): measuring stick (McHenry et al., 2015), 

calliper (Pohl & Farr, 2010), and Brannock (Kong et al., 2015) 

 
2.3.1.2 Casting and foam impression tools 

 

In podiatry, foot impression foams are still the preferred method for designing semi weight-

bearing custom insoles (Rogati et al., 2019). Preferred custom-made foot orthotic fabrication 

processes are casting and the use of foam impression tools (Chuter et al., 2003, Ross, 2018). 

Although, both techniques are considered relatively traditional, they are still commonly utilised 

in clinical examinations due to the low cost of required equipment and materials (Štajer et al., 

2011). However, new technology has emerged permitting the use of 3D scanning, computer 

aided design (CAD) and computer aided manufacturing (CAM) in the fabrication of foot molds 

and custom foot orthotic components (Dombroski et al., 2014). The existing casting and foam 
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impression tools have been designed to obtain negative casts or impressions of static human 

feet and 3D foot models of the foot during walking (Štajer et al., 2011), see Figure 2.6. 

 

Patients are often cast for custom foot orthoses in subtalar joint neutral, and the most common 

impression (or casting) methods used by practitioners include plaster bandage, foam box, 

fiberglass (Balsdon et al., 2021). However, a number of drawbacks are associated with the use 

of casting and foam impressions methods which reduce. These major drawbacks are: 

inefficiency, unclean process, low accuracy and the requirement of a static foot position (Al-

Baghdadi et al., 2012). 

 

  

 
 
 
 
 

Figure 2.6. (a) Casting process; (b) Foam impression techniques; (c) Dynamic impression 

during walking (Al-Baghdadi et al., 2012) 
 

 

2.3.2 Optical techniques  

Optical technology, as a non-contact measurement technique, has gained more attention in the 

last few decades because of its non-destructive imaging characteristics combined with high 

accuracy and sensitivity (Goda et al., 2019). Generally, optical measurement techniques can be 

classified into two main approaches. The first approach uses laser beams which move across 

the scanned surface and reflect back to a light sensor (Urbanova et al., 2015). They consist of 

3D scanning systems (Telfer & Woodburn, 2010; Menz et al., 2014), CT and MRI systems 

(Cheung & Nigg, 2008; Luximon & Luximon, 2011; Spyrou & Aravas, 2012). The second 

approach uses white light and is called image-based systems like video camera systems 

(Coudert  et al., 2006; Luhmann, 2010; Al-Baghdadi et al., 2011; Alshadli et al., 2011) and ToF 

cameras systems (Lindner et al., 2010; Castaneda et al., 2011; Liu et al., 2011).  

 

Optical measurement methods, such as photographic, 3D scanners or video camera systems, 

might offer several advantages over manual clinical measurement methods. Recently, optical 

techniques have been adopted for the fast topographic mapping of foot surface (Ross, 2018; 
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Balsdon et al., 2019). Since light is the means of measurement, the total absence of mechanical 

contact can be achieved along with high measurement speed. Consequently, foot measurements 

are feasible with such non-invasive techniques. A brief overview of optical techniques is 

provided in this section. 

 

2.3.2.1 X-ray, CT scan, MRI and 3D scan  

X-ray, CT, MRI, and laser scanning provide a platform to study anatomy and physiology and 

aid in diagnosis and disease monitoring (Haleem & Javaid, 2019). It is the type of 

electromagnetic radiation probably most well-known for their ability to see through a person's 

skin soft tissue such as organs, skin that cannot absorb high-energy rays, and pass beams 

through them and reveal images of the bones beneath it and use small amounts of radiation to 

create images of your body (Furlanetto et al., 2012).  

 

Lundberg et al. (1989) investigated ankle and subtalar joint kinematics for eight healthy subjects 

using x-ray tubes and a reference grid. Biplanar x-ray fluoroscopic system have recently 

become wide-spread in dynamic kinematic measurement of humans. Ito et al. (2015) confirmed 

that biplanar x-ray fluoroscopy for direct assessment of 3D bone kinematics was sufficiently 

accurate for actual analysis of foot kinematics (Figure 2.7). Stagni et al. (2005) used x-ray 

projections to measure ankle joint morphology, including length, height and width, for 36 

patients with ankle sprain or trauma. The level of radiation exposure is considered safe for most 

adults, but not for a developing baby. However, dense materials like bones absorb radiation 

when the status of bone is captured through the X-ray (Haleem & Javaid, 2019).  

 

CT combines multiple X-ray images into a 3D model of a region of interest. It provides detailed 

information about the body such as brain and its vessels, heart, lungs, neck, spine, shoulder, 

reproductive system and in some studies to demonstrate that diabetic subjects (Ledoux et al., 

2006; Telfer et al., 2017) with a high-resolution image (Haleem & Javaid, 2019). It works on 

the principle that a high number of 2D scans is produced using an X-ray source and these slices 

are merged together into one 3D model (Herman, 2009). CT reaches up to 0.2 mm spatial 

resolution in an output 3D model (McCollough & Zink, 1999). Although it reaches the desired 

resolution, it cannot be used because of the high expositions of ionizing radiation. For this 

reason, use of this modality is recommended as rarely as possible and repeated scanning is 

completely out of the question. CT devices are also very expensive to purchase and operate 

(Chromy & Zalud, 2014). 
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Figure 2.7. Biplanar X-ray fluoroscopy system (Ito et al., 2015) 

 

Compared to the technologies mentioned above, MRI is the best modality for capturing 3D 

models of bone, soft tissue, organs and other internal structures of the body (Haleem & Javaid, 

2019). It doesn’t use X-rays, and with sufficient resolution (approximately 1 mm), does not 

produce harmful radiation, so it can be used repeatedly (Novelline & Squire, 2004). So, there 

is no limitation on number of models scanned. But, MRI is complex, and machines are 

expensive to purchase and operate (Chromy & Zalud, 2014).   

 

The 3D scanner has become a complementary scanning tool for other scanning technologies, 

and is having a significant impact on a variety of medical applications (Treleaven & Wells, 

2007) and footwear manufacturing (Menz et al., 2014). It is applied to measure the dimensions 

of a foot template (Barisch-Fritz et al., 2014; Mchenry et al., 2015; Grau & Barisch-Fritz, 2017; 

Dobson et al., 2018). Most of the existing 3D foot measurement systems use laser scanning 

technologies which take several seconds to scan the foot which is not feasible for dynamic foot 

applications. Krauss et al. (2008a) investigated sex-related differences in foot morphology. In 

total, 847 subjects were scanned using a 3D foot scanner. Their study supplements the field of 

knowledge for the manufacturing of shoes. Mauch et al. (2008) used 12 relevant 3D foot 

measures for 1437 girls and 1450 boys using a three-dimensional (3D) foot scanner. The 

benefits of using 3D foot scanning are that it allows a high number of participants to be scanned 

speedily and the measurement is sturdy, and it is efficient and provides repeatable digital 
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representations of foot/ankle shape. The 3D scanner is also used to obtain digital footprints to 

assemble reliable foot dimensions (Telfer & Woodburn, 2010; Lee et al., 2014). Lee et al. 

(2015) compared foot shape and foot dimensions of Taiwanese and Japanese females and 3D 

foot scanning were used for their comparison. 

 

The difference between 3D scanning with X-rays, CT scan, MRI scan and ultrasound is that 

scanning through 3D scanning provides information about the outer surface of the body whereas 

scanning by X-rays, ultrasound, CT, MRI ultrasound technologies provide internal geometry of 

body parts like bone, tissue and organs. However, 3D scanning techniques are not appropriate 

for capturing the dynamic alterations of the foot shape during gait.  

 

There are two main drawbacks associated with 3D scanners: high initial set-up cost (Lee et al., 

2014) and the requirement of proper static foot positions during scanning. Therefore, scanner 

systems are not suitable for capturing accurate digital 3D surfaces of the dorsal of the foot 

during gait (Al-Baghdadi et al., 2012). 

 

2.3.2.2 Moiré method 

 

Moiré topography is one of the optical measurement techniques based on the effect, Moiré, 

which is produced by the overlapping of two optic grids or periodic structures with slight 

differences (Yeras et al., 2003). Brooks and Heflinger (1969) introduced projection Moiré 

techniques for gauging the surface deformations of an object or differences in the surface 

configuration of two similar objects.  

 

Takasaki (1970) was the first researcher to conduct human body measurement and evaluation 

using the Moiré technique. Takasaki (1982) found that Moiré techniques were very suitable for 

the measurement of unstable, soft objects such as the human body, hence the technique began 

to be widely used in medical research, for the detection and assessment of conditions such as 

scoliosis or curvature of the spine. Del Vecchio et al. (2012) measured the plaster mold of a 

human foot through an optical system based on projection Moiré and phase-shifting and 

compared the results with the measurement obtained from a coordinate measuring machine. 

The Moiré method can be divided into a projection of light and the shadow-based method of 

measurement. Moiré technology relies on fringe counting for measurements which introduced 

measurement uncertainties and sign ambiguities. To deal with this issue, a great deal of 
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information regarding the shape of the measured object is required. The technique uses two 

gratings, namely a master grating and a reference grating, from which contour fringes can be 

generated and resolved by a charge coupled device (CCD) camera. 

 

Although the current technology has the advantage of easy application, fast processing, and low 

cost experimental setup (Cortizo et al., 2003), the complexity in construction and the 

measurement accuracy are the drawbacks in industrial and commercial applications (see Figure 

2.8). When it comes to the foot, measurement errors of 2.0 mm have been reported around the 

MLA and high levels of uncertainties were found in the Z coordinate. Applications and related 

references can be found in Bieman and Harding (1997) and Chen et al., (2000). 

 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.8. Images of foot at heel strike, mid stance, and heel off from CCD camera and 

Moiré method, (Cortizo et al., 2003) 
 

 
 

2.3.2.3 Time-of-Flight (ToF) cameras  

 

3D ToF technology is revolutionizing machine vision and is being applied in various areas such 

as automotive, healthcare, smart advertising, gaming and entertainment by providing 3D 

imaging using a low-cost complementary metal-oxide-semiconductor (CMOS) pixel arrays 

together with an active modulated light source from a source point to the receiver point (Moring 

et al., 1989; Li, 2014). Figure 2.9 illustrates the ToF concept. 
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Figure 2.9. 3D ToF camera operation (Li, 2014) 

  

Basically, ToF cameras systems can provide 3D image information of captured objects for up 

to 50 frames in a second (Oggier et al., 2005; Sturmer et al., 2008; Liu et al., 2011). The ToF 

camera has been utilised to investigate the dynamic behaviour of the human foot and to visualise 

the 3D foot surface during gait (Sturmer et al., 2008; Liu et al., 2011). Sturmer et al. (2008) 

utilised the camera to develop a dynamic foot morphology scanning system for measuring and 

visualising dynamic deformation of 3D foot models during walking. The system consisted of 

three synchronised SR4000 ToF cameras (one in the left camera, one in the right camera and 

one in the bottom camera) fixed onto a walk-away platform.  

 

Liu et al. (2011) used three ToF cameras to determine foot deformation from dynamic 3D 

models. The deformation was determined using the point set registration technique for 

consecutive image frames provided by Myronenko and Song (2010). Samson et al. (2014) also 

used the ToF technology with three cameras to investigate the behaviour of the foot during 

dynamic foot rollover. The intra-class correlation (ICC) between trial reliability was greater 

than 0.88.  

 

A ToF camera has a variety of advantages. It can measure 3D depth maps at video rate and thus 

lends itself to integration into a fast object scanner. It is an active sensor that measures the travel 

time of infrared light, and as a result does not interfere with the scene in the visual spectrum. 

Its core components are a CMOS chip and an infrared light source which gives the potential for 

low cost production in high volume. Finally, its practical operation is no different from a video 
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camera and can be easily used by everyday users (Cui et al., 2010). Therefore, TOF cameras 

are an attractive solution for a wide range of applications due their compact construction, ease-

of-use, high accuracy and frame-rate makes.  

 

During gait, using the ToF camera for the acquisition of 3D foot data during gait can provide 

moderate-cost, highly accurate and non-invasive 3D surface models of the human foot (Sturmer 

et al., 2008; Liu et al., 2011). Jensen et al. (2009) used a version of the ToF camera (the 

SwissRangerTMSR4000 compared to the SR3000) to improve reflection and precision. 

However, the technique has some limitations: 1) low quality and low resolution images, 2) the 

generated 3D foot models may contain a lot of noise and 3) the technique is suitable only for 

monitoring and visualising slow movement of the human body, such as slow gait, due to the 

limited number of image frames captured per second (i.e. 40 or 50). More detail of the technique 

can be found in Oggier et al. (2005), Sturmer et al. (2008) and Liu et al. (2011). 

 

However, CT, MRI and scanner systems are not popular for measuring the foot because these 

sensors require the foot to be in a static position for a short duration. The advanced ToF camera 

systems can produce low-resolution dynamic 3D models only. In comparison, the reliability of 

high-definition (HD) video cameras and photogrammetric image processing techniques for 

obtaining a dynamic 3D surface of the foot is confirmed in Kimura et al. (2005), Coudert et al. 

(2006) and Al-Baghdadi et al. (2011). Kimura et al. (2005) developed a 12 video camera system 

for the 3D measurement of the whole foot during gait. Their results show that a 3D measurement 

accuracy of ±0.5 mm could be achieved. A video camera can offer low cost, high quality and 

non-invasive 3D dorsal surface images of the foot during normal gait (Kimura et al., 2005; 

Amstutz et al., 2008; Al-Baghdadi et al., 2011; Chong, 2011). 

 

2.3.2.4 3D Images systems and photogrammetric techniques  

 
 
The photogrammetry technique falls into the second group of optical techniques. It is used to 

extract the geometry, displacement and deformation of a structure using photographs or digital 

images (Goda et al., 2019). Photogrammetry has been extensively used in the aerospace, civil 

engineering, wind power blade, and structural monitoring fields (Sansoni et al., 2009; Liu et 

al., 2012; Valença et al., 2012; Nishiyama et al., 2015). Recently, researchers have used 

photogrammetry to investigate the dynamic characteristics of structures (Lee & Rhee, 2013; 

Gwashavanhu et al., 2016). In the last few years, video cameras have been used for capturing 
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and modelling the three dimensional surface of the whole human body and for more specific 

dynamic segments of the human body such as the foot (AL-Baghdadi et al., 2011; Ferber & 

Benson, 2011; Hong et al., 2011; Chong et al., 2015; Al-Kharaz & Chong, 2019a), the leg 

(Alshadli et al., 2011), and the arm (D’Apuzzo, 2003).  Sinclair et al. (2014), using an eight 

camera motion analysis system, found gender differences in multi-segment foot kinematics and 

plantar fascia strain during running. Azevedo et al. (2020) compared the multisegmented foot 

kinematics between professional dancers and non-dancers, during forward and lateral single-

leg jump-landings using 10-camera three-dimensional motion capture system. Mousavi et al. 

(2020) used a three camera, 3D motion capture system to investigate the validity and reliability 

of a smartphone application for selected lower-limb kinematics during treadmill running. 

 

Photogrammetry is a fast, accurate 3D measurement method in static and dynamic conditions 

based on photography. Kinematic data captured by video camera system is one of the most 

powerful tools to analyse the human motion (Kim et al., 2009).  

 

Ferber and Benson (2011) recruited 20 subjects and placed retroreflective markers on the right 

limb to measure AHI and MLA using an eight camera motion capture system while participants 

walked on a treadmill. Chong et al. (2015) applied video clips and photogrammetric 3D image 

processing techniques to investigate the plantar deformation as a result of having a strip of 

kinesiology tape on the plantar surface through the loading phase of walking. Three camera 

pairs were arranged around the force plate into a running lane for dynamic surface and 

deformation measurements of the dorsal foot during running (Blenkinsopp et al., 2012), see 

Figure 2.10.  

 

 

 

 

 

 



30 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 2.10. Cameras configuration around the foot (Coudert et al., 2006) 

 

The 3D photogrammetry reconstruction technique employs the bundle adjustment principle, 

where the geometric model and the orientation of the bundles of light rays in a photogrammetric 

shape is implemented by the least squares procedure (Wester-Ebbinghaus, 1988). It typically 

uses one of the stereo techniques (defocus, shading or scaling) to measure the 3D shape. Close-

range photogrammetry applies to objects ranging from 1m to 200m in distance, with accuracies 

under 0.1mm at the smaller end (manufacturing industry) and 1cm accuracy at the larger end 

(architecture and construction industry) (Luhmann & Robson, 2006). It is utilised because it is 

accessible to a majority of professionals, it is a low-cost tool, and presents reproducible results 

with easy registration and archiving. Interest in this evaluation technique has increased as one 

advantage of photogrammetry is that it is a non-invasive tool for posture evaluation (Antoniolli 

et al., 2018). 

 

 

2.4 Discussion 
 

The foot is the base of support for the chain of motion and body posture (Mauch et al., 2008). 

Foot morphology and function has received increasing attention from both biomechanics 

researchers and footwear manufacturers (Shu et al., 2015). In addition, the scientific study of 

human movement and kinematics of the ankle have considered performance and function by 

applying the sciences of biomechanics, anatomy, physiology, and neuroscience (Musumeci, 

2016). Therefore, this chapter has focused on previous research which measures foot shape and 

ankle kinematics during gait. 

 

 

 Camera 1 

 Camera 2 

 Camera 3 



31 
 

Although there are many studies measuring foot dimensions and analysing foot characteristics 

in different ethnicities (Kouchi, 1998; Manna et al., 2001; Witana et al., 2006; Zhao et al., 2017; 

Xu et al., 2018), there is an apparent lack of research in the foot morphology of the Middle East 

population. Furthermore, the measurements in this study including an analysis and comparison 

between females and males for many dimensions of foot bones.  

 

The MLA provides an elastic connection between the forefoot and the hindfoot and energy 

transfer during gait (Balsdon et al., 2016), and shock absorbance during landing and walking. 

Many techniques have been used to measure MLA but most of these are either inaccurate or 

expensive (Cavanagh & Rodgers, 1987; Villarroya et al., 2009).  Furthermore, the most popular 

methods use the navicular drop test to evaluate the MLA in static state. In contrast, the close-

range photogrammetry technique has high accuracy and low cost compared with other 

techniques. In addition, it is suitable technique in static and dynamic states.  

 

One of factors found to impact the formation of MLA is sex (Volpon, 1994; Scott et al., 2007; 

Krauss et al., 2008a). Therefore, it is essential to study the differences between genders 

practically with various states such as non-WB, partial-WB, and WB (Bandholm et al., 2008; 

Fukano & Fukubayashi, 2012).     

 

Ankle kinematics assessment is essential for medical problems and footwear design (Fawzy & 

Kamal, 2010; Sinclair et al., 2012; Kim et al., 2015). Gender differences affect ankle kinematics 

and females are thought to have better ankle joint flexibility than males, causing females to 

have larger ankle ROM than males. (Fukano et al., 2018; Sung & Kim, 2018). Therefore, this 

study focuses on ankle kinematics during walking and finds the differences between males and 

females of Middle Eastern adults using the close-range photogrammetry technique. 

 

Ankle kinematics during unsteady walking conditions such as uneven land, narrow paths and 

sloping surfaces (Gates et al., 2013; Koehler-McNicholas et al., 2017; Hamacher et al., 2019) 

increase the risk of fall and lower extremity injuries (Damavandi et al., 2010; Robinovitch et 

al., 2013), and may require further analysis. Dixon and Pearsall (2010) reported a decreased 

inversion of the up-slope ankle and increased inversion of the down-slope ankle on the cross-

slope walking surface. Tulchin et al. (2010b) studied the effects of surface slope on foot 

kinematics in healthy adults and found differences in sagittal plane ROM. Comparing the ankle 

kinematics of the normal and unsteady gait of the same subjects shows how much ROM is 
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necessary to avoid acute ankle sprain while walking. 

Based on previous studies, various techniques are available to measure foot shape and ankle 

kinematics. Consequently, shoe manufacturers and foot specialists such as podiatrists and 

physiotherapists can find it difficult to choose the best foot modelling procedure. The outcomes 

of this review confirm the findings of other researchers and these results are summarized 

according to their manual and optical type techniques in Tables 2.1. 

 

Table 2.1 provides a comparison of the geometry techniques used for measuring foot 

morphology and ankle kinematics. Despite being simple, non-invasive and inexpensive, manual 

techniques are unsuitable for human gait and inaccurate due to the impact human error (Lee et 

al., 2014; Menz et al., 2014). Accuracy is essential if the technique is to be used for high 

accuracy measurement applications (Samson et al., 2012).  

 

Most optical technologies continue to have limitations. For example, ToF cameras and 

radiography techniques are expensive technologies and not suitable for motion artefacts 

(Vecchio et al., 2012; Samson et al., 2014; Thabet et al., 2014). To understand foot function, it 

is necessary to measure the foot in a dynamic condition, hence the above mentioned 

technologies are unsuitable. Most of the current optical and laser-based foot scanning devices 

are either too expensive for small clinics, are non-commercial applications, or do not allow foot 

scanning in WB conditions (Rogati et al., 2019). 

 

AL-Baghdadi et al. (2011) evaluated the accuracy of a photogrammetric technique for capturing 

3D foot models during gait using a newly developed imaging system that can capture precise, 

dynamic 3D dorsal and plantar surfaces of the human foot during gait with an accuracy ±0.3 

mm. Video imaging techniques can also offer a lower cost system for capturing dynamic foot 

surfaces during slow movement with the best 3D foot model quality.  On the other hand, the 

video camera system using low speed video camera is unreliable for capturing 3D foot 

parameters during fast foot movement (running, jogging or jumping). Blenkinsopp et al. (2012) 

used three stereo-pairs of high speed cameras (250 fps) to rebuild a 3D model of the dorsum of 

the foot during running. Their method enabled foot morphology to be assessed but no accuracy 

information was provided in the study. However, high-speed cameras capable of recording at 

200 or more frames per second, can provide an accurate and reliable imaging system for 

capturing the human foot during fast movement. But, high speed cameras would be costly in a 

clinical environment. 
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Table  2.1. Comparison of geometry techniques used for measuring foot morphology and 

kinematics of ankle 

 
Tec. 

type 

Technique  

 

Authors Accuracy Advantages Disadvantages 

M
a

n
u

a
l 

 

Stick, callipers and 

Brannock tools 

(Menz et al., 2014; 

Moorthy & Mond, 

2018) 

Low - Simple 

- Light weight 

- Low cost 

- Non-invasive 

- Inaccurate 

- Not fitting for girth 

measurement 

- Difficult to use in 

gait 

Casting and  

foam  

impression 

(Štajer et al., 2011; 

Al-Baghdadi et al., 

2012) 

Low   

(> 3mm) 

- Low cost 

- Non-invasive 

- Inaccurate 

- Difficult to use in 

gait 

O
p

ti
ca

l 

3D scanner (Zhao et al., 2008; 

Schmeltzpfenning et 

al., 2011; Lee et al., 

2014;  Novak et 

al.,2014) 

High 

(<0.5mm) 

 

-High accuracy for 

static foot scanning 

-Non-invasive 

- High cost 

- Takes time even to  

position suitable foot  

MRI and  

CT 

(Dai et al., 2006;  

Budhabhatti et al., 

2007; Wu, 2007; 

Cheung & Nigg, 

2008; Chromy & 

Zalud, 2014) 

Moderate  

(< 1mm) 

-High accuracy -High cost 

-Invasive,  

especially CT  

scanner 

- Difficult to use in 

gait 

- Only internal 

geometric like bone 

ToF 

cameras 

(Oggier et al., 2005; 

Sturmer et al., 2008; 

Myroneko & Song, 

2010; Liu et al., 

2011; Samson et al., 

2012; Samson et al., 

2014) 

- High <0.8° 

angular error 

and  

 Between 

trial 

reliability 

ICC better 

than 0.88 

-Compact size 

- Relatively lower 

cost compared to 

other scanning 

technologies 

- Fast data 

acquisition rates 

- High accuracy 

- Non-invasive 

- Time consuming 

data processing 

- High cost 

-Low resolution 

-Numerous sources 

of measurement 

errors 

-No validity and 

accuracy information 

for foot applications.   

Moiré technique (Cortizo et al., 2003; 

Vecchio et al., 2012) 

Errors greater 

than 2 mm 

-Low cost 

experimental setup 

-Automation 

- Fast processing 

-Low measurement 

accuracy   

-High levels of 

uncertainty in the z 

coordinate 

Image-based close- 

range 

photogrammetry 

(Kimura et al., 2005; 

Wang et al., 2008; 

Coudert et al., 2006; 

Amstutz et al., 2008; 

Al-Baghdadi et al., 

2011; Blenkinsopp et 

al., 2012; Yoshida et 

al., 2012; Antoniolli 

et al., 2018) 

High 

<0.8 mm           

Error range = 

0.23 mm – 

0.37 mm    

-High precision and 

accuracy  

- Low cost  

- Non-invasive 

-Instantaneous data 

capture ability 

- Post processing 

capability  

 -Rapid data 

acquisition 

-Requires camera 

synchronisation for 

dynamic applications 
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2.5 Conclusion   

A number of techniques that can be used to obtain accurate 3D measurements of the human 

foot have been investigated in this chapter. The assessment of these techniques was based on 

measurement accuracy, advantages and disadvantages. In the case of foot morphology, the 

manual techniques have been found to be the most appropriate techniques for measuring foot 

during standing. For the capture of the 3D foot model during gait, the investigation revealed the 

weakness in the current clinically applied methods. These weaknesses have come from the use 

of static modelling approaches to observe the dynamic changes during foot movement. Based 

on the achievable high quantity of the 3D model obtained by video imaging technique and ToF 

camera systems, it is recommended that they be used to capture dynamic models.  

 

This overview demonstrates that no previous research studies have investigated the capture of 

accurate foot morphology and ankle kinematics during gait using a precise photogrammetric 

technique and optical video imaging system. Thus, in the current investigation, the video 

imaging technique is adopted for capturing human foot shape including medial arch and 

measuring the kinematics of the human ankle during four stance gait phases (heel-strike, 

loading response, mid-stance and terminal stance) while walking.  

 

As a result of the advantages of the close-range photogrammetric technique (outlined in this 

chapter) which outweigh the disadvantages, this technique is developed for the application of 

the dynamic assessment of the ankle during gait. Details of the design and development of the 

close-range photogrammetric technique for capturing foot morphology and ankle kinematics 

during gait are provided in the next chapter.   
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Chapter 3.  Design of an accurate 3D images-based system 

for foot morphology and kinematics of ankle measurements 
 

3.1 Introduction 
 

This chapter details the design of the accurate image-based measurement technique used for 

foot morphology and ankle kinematics during gait based on the concepts of close-range 

photogrammetry. Accuracy, precision and reliability assessments of the designed system will 

be investigated in this chapter, thus achieving the research aim and objectives outlined in 

Chapter 1. The chapter begins with a theoretical background of the concepts used to construct 

3D models from 2D images. The concepts include the mathematical fundamentals, camera 

calibration and bundle triangulation. The next section explains the requirements of the designed 

system. After that, the methodology of the designed dynamic photogrammetric system and an 

initial testing of the capability of the developed system is investigated. The final section 

includes a discussion of the capability of the developed system and the expected research 

contribution that can be achieved from its use. 

 

3.2 Theoretical background 
 
Photogrammetry is a three-dimensional measurement technique which uses central projection 

imaging as its fundamental mathematical model. As the imaging geometry within the camera 

and the location of the imaging system in object space are known, every image ray can be 

defined in 3D object space. Close-range photogrammetry offers the potential of measurement 

precision to 1:500,000 with respect to the largest object dimension (Luhmann, 2010). 

Photogrammetry is comprised of two fields – terrestrial and aerial photogrammetry. Terrestrial 

implies that the images are taken from the ground while aerial photogrammetry is usually taken 

from an aerial platform such as a drone or satellite. Terrestrial photogrammetry is classified as 

being close-range photogrammetry if the distance between the camera(s) position and the object 

is less than 300 metres. Close-range photogrammetry has a variety of applications (Luhmann 

et al., 2014; Evin et al., 2016; Fawzy, 2019). The following are applications (with examples) 

that are among the most important in close-range photogrammetry (Luhmann et al., 2014): 

 Automotive, machine and shipbuilding industries 
– Inspection of tooling jigs 

– Reverse engineering of design models 

– Manufacturing control 

– Optical shape measurement 

– Recording and analysing car safety tests 

– Robot calibration 
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 Aerospace industry 
– Measurement of parabolic antennae 

– Control of assembly 

– Space simulations 

 

 Architecture, heritage conservation, archaeology 

–Reconstruction of damaged buildings 

– Mapping of excavation sites 

– 3D city models and texturing 

 

 Engineering 
– As-built measurement of process plants 

– Measurement of large civil engineering sites 

– Deformation measurements 

– Pipework and tunnel measurement 

– Mining 

– Road and railway track measurement 

 Police work and forensic analysis 
– Accident recording 

– Scene-of-crime measurement 

– Legal records 

– Measurement of individuals 

 Animation and movie/film industries 

– Body shape record 

– Motion analysis 

– 3D movies 

– Virtual reality 

 

 Medicine and physiology 

– Dental measurement 

– Spinal deformation 

– Plastic surgery 

– Neuro surgery 

– Motion analysis and ergonomics 

– Microscopic analysis 

– Computer-assisted surgery 

 

 Close-range photogrammetry has significant links with aspects of graphics and photographic 

science. For example, computer graphics and computer vision, digital image processing, 

geographic information systems (GIS), cartography and, recently, links with biomedical 

analysis used by 3D reconstruction techniques from 2D images sourced from film, digital 

sensors or video sensors employing the bundle adjustment principle where the geometric model 

and the orientation of the bundles of light rays in a photogrammetric relationship is developed 

analytically and implemented by the least squares procedure (Wester-Ebbinghaus, 1988; 

Luhmann, 2010; Fraser, 2015). It is carried out with bright markers on the surface of the object 

being measured, and multiple video sensors used to record a dynamic scene. This makes it 

essential to synchronise the sensors to record the exact position on the object. Extensive 
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research has been carried out by Fraser (1992) to improve accuracy to one part in 1,000,000 

and minimise errors associated with motion artefacts (Johnson et al., 2009; Leifer et al., 2011). 

Photogrammetric measurements extract metric data in the 3D object space from 2D images. 

The photograph is a perspective (central) projection. During the image formation process, the 

physical projection centre object side is the centre of the entrance pupil while the centre of the 

exit pupil is the projection centre image side. The two projection centres are separated by the 

nodal separation. The two projection centres also separate the space into image space and object 

space as indicated in Figure 3.1. The collinearity equations in 3.1 provide the perspective 

projection relationship between the 3D coordinates in the object space and corresponding 2D 

coordinates in the image plane (Liu et al., 2012). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. The concept of image and object space (Schenk, 2005) 

 

 

3.2.1 Mathematical fundamentals 

 

The basic problem in analytical photogrammetry is to mathematically relate the positions in 

space of imaged objects (X, Y, Z) to the positions of their image points in the plane of the image 

(x, y, z) and vice versa (Mikhail et al., 2001; Zhang & Yao, 2008). The collinearity condition is 

used to develop solutions to this problem which is that the camera station, the image point, and 

the imaged object all lie on a straight line. Usually, the form of the image coordinates of an 

object are expressed as functions of the interior orientation as defines the form of the bundle of 



38 
 

rays emerging from the perspective center to the points in the object space. Interior orientation 

parameters that consist of: a) the perspective center position (The point at which the three lines 

connecting the polygon vertices of perspective triangles (from a point) concur), b) the principal 

distance (the distance of the perpendicular line from the perspective center (center of lens 

opening) to the image plane of the camera), c) the principal point (point on the image plane 

which is at the base of the perpendicular from the 'centre of the lens', or more correctly, from 

the rear nodal point ) position (𝑥𝑖
′, 𝑦𝑖

′) relative to the image plane’s reference system and d) the 

lens distortion (lens produces curved lines where straight lines should be) parameters (Δx and 

Δy). To solve the transformation of the object coordinates (X, Y, Z) into corresponding image 

coordinates (x, y, z), it is essential to determine the exterior orientation parameters as defines 

position and orientation in the object space for object transformations. This consists of six 

parameters which describe the spatial position and orientation of the camera’s coordinate system 

with respect to the global object coordinate system (Luhmann & Robson, 2006), see Figure 3.2. 

These parameters are comprised of three projection center coordinates (X0, Y0, Z0) and three 

parameters around the three axes (ω, φ, κ) around the X, Y, Z axes respectively (Chong et al., 

2013). The set of equations is known as the collinearity equations (Equations 3.1).  These 

equations are used to link the interior orientation and the exterior orientation parameters (Liu et 

al., 2012; Kortaberria et al., 2017) as shown below, and are derived in Appendix B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Exterior orientation and projective imaging (Luhmann & Robson, 2006) 
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𝑥′ = 𝑥0
′ + 𝑧′

𝑟11(𝑋 − 𝑋0) + 𝑟21(𝑌 − 𝑌0) + 𝑟31(𝑍 − 𝑍0)

𝑟13(𝑋 − 𝑋0) + 𝑟23(𝑌 − 𝑌0) + 𝑟33(𝑍 − 𝑍0)
+ ∆𝑥′ 

                                                                                                                          … (3.1) 

𝑦′ = 𝑦0
′ + 𝑧′

𝑟12(𝑋 − 𝑋0) + 𝑟22(𝑌 − 𝑌0) + 𝑟32(𝑍 − 𝑍0)

𝑟13(𝑋 − 𝑋0) + 𝑟23(𝑌 − 𝑌0) + 𝑟33(𝑍 − 𝑍0)
+ ∆𝑦′ 

 

 

Where, x′, y′ are the image coordinates and  𝑥0
′
 , 𝑦0

′
 represent the position of the offset principal 

point, 𝑧
′
 is the principal distance, is equal to (-ƒ) the focal length of the measured image and   

Δ x′, Δ y′ represent the lens distortion parameters. These equations describe the transformation 

of object coordinates (X, Y, Z) into corresponding image coordinates (x′, y′) as functions of the 

interior orientation parameters (𝑥0
′
, 𝑦0

′
, 𝑧′, Δ x′, Δ y′) and exterior orientation parameters (X0, 

Y0, Z0, ω, ϕ, κ) of one image. In the local coordinate system which results, object coordinates 

are denoted by X*, Y*, Z* (Hui et al., 2012). 

Where rij (i,j=1,2,3) are the elements of the rotation matrix M=M(κ)M(ϕ)M(ω)=[rij] that are 

functions of the Euler orientation angles(ω ,ϕ, κ), equations 3.2 (Liu et al., 2012; Borlin, 2014). 

r11= cos ϕ cos κ,  

r12 = sin ω sin ϕ cos κ + cos ω sin κ, 

r13 = -cos ω sin ϕ cos κ + sin ω sin κ,    

r21 =- cos ϕ sin κ,  

r22= - sin ω sin ϕ sin κ + cos ω cos κ,                                                           … (3.2) 

r23 = cos ω sin ϕ sin κ + sin ω cos κ,  

r31 = sin ϕ,  

r32 = - sin ω cos ϕ,  

r33 = cos ω cos ϕ.  

 

3.2.2 Camera calibration 

 

Camera calibration is an important part of the photogrammetric process for obtaining the lens 
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parameters such as the principle distance or calibrated focal length, the lens distortion 

parameters and the lens decentring parameters which are required for subsequent image 

processing to eliminate systematic errors from the processed 3D data (Fryer, 2001). This type 

of calibration involves the determination of the principal distance or calibrated focal length, the 

principal point offset (Xp, Yp), radial lens distortion parameters (K1, K2, and K3), the decentring 

parameters (P1 and P2) and, in some instances, the dynamic fluctuation (affinity and shear) 

(Jiang & Jauregui, 2010). Generally, equations (3.3) are used in the photogrammetry self-

calibration bundle adjustment (Wolf & DeWitt, 2000; Chong et al., 2009; Al-Kharaz & Chong, 

2018): 

 

  

∆𝑥′ = ∆𝑥0  
′ − 

𝑥′

𝑃𝐷
 ∆𝑃𝐷 + 𝐾1𝑥

′𝑟′2
 +  𝐾2𝑥

′𝑟′4
 + 𝐾3𝑥

′𝑟′6 

+ 𝑃1 ( 𝑟
′2 + 2𝑥′2 

) + 2𝑃2 𝑥′𝑦′ −

𝐶1𝑥
1 + 𝐶2𝑦

′
           

  ∆𝑦′ = ∆𝑦0  
′ − 

𝑦′

𝑃𝐷
 ∆𝑃𝐷 + 𝐾1𝑦

′𝑟′2
 +  𝐾2𝑦

′𝑟′4
 + 𝐾3𝑦

′𝑟′6 

+ 2𝑃1 𝑥′𝑦′ + 𝑃2 ( 𝑟
′2 + 2𝑦′2 

)

+ 𝐶2𝑥
′
 

…(3.3) 
Where 
 ∆x′, ∆y′   ∶ Axis-related correction values for imaging errors, 
∆x0  

′ , ∆y0  
′

  : Small corrections for perspective centre (Xp, and Yp), 
∆PD             : Small corrections for principle distance, 
K1 , K2 , K3 : Lens distortion parameters,  
p1 , p2          : Decentring distortion parameters,  
c1 , c2           : Affinity and shear parameters, and 
r′

                   : Radial distance. 

 
 

The camera parameters used to reconstruct the bundle of rays relative to the object space from 

the image points are known as the interior orientation parameters. Any distortion in the lens 

alters the ideal central projection and needs to be determined and accounted. Lens distortion is 

one of the main factors affecting camera calibration (Fryer & Brown, 1986; Wang et al., 2008). 

There are two types of lens distortion: radial lens distortion (δr) and tangential lens distortion 

(Δx and Δy) (Fryer, 2001). 

 

Radial lens distortion is a significant problem in the analysis of digital images (Hartley & Kang, 

2007). Radial distortion is caused by the flawed radial curvature of a lens (Wang et al., 2008).  

It is the result of the radial displacement of an imaged object from the principal point (Vass & 

Perlaki, 2003). The magnitude of radial distortion varies with the radial position and is 

dependent on changes in the focus of the camera lens. A Gaussian radial distortion graph is 
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used to depict the relationship between the radial distortion and the radial position, see Figure 

3.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Radial distortion versus radial position (Hartley & Kang, 2007) 

 

The radial distortion (δr) which is measured in microns (μm) is modelled using the following 

polynomial relationship (Wang et al., 2008): 

 

δr = K1r2 + K2r4 + K3r6 +… +Knr n*2               … (3.4) 

 

Where, K1, K2, K3 are the radial distortion coefficients corresponding to infinity focus,  n is a 

degree of polynomial, and r is the radial distance in millimeters which is calculated in Equation 

3.5 as: 

 

r = [(xo – xi)2 + (yo – yi)2]0.5           …(3.5) 

 

The tangential lens distortion is a result of any vertical or rotational displacement of the lens 

elements within the objective. Brown (1971) developed a function to compensate for the 

tangential lens distortion (Δx, Δy) on an image point that is represented by x, y (Fryer, 2001): 

 

 

Δx = P1 (r2 + 2(xo – xi)2 ) + 2P2 (xo – xi) (yo – yi)    …(3.6) 
 
Δy = P2 (r2 + 2(yo – yi) 2 ) + 2P1 (xo – xi) (yo – yi)   … (3.7) 
 
Where, P1 and P2 are the coefficients of the decentring distortion at infinity focus, x0 and y0 

R
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are the undistorted coordinates in the image plane, (xi, yi) is principle point, and r is the radial 

distance. 

 

 

3.2.3 Bundle triangulation 
 

The bundle method of photogrammetric triangulation, more usually known as bundle   

adjustment, is vital to close range photogrammetry (Luhmann & Robson, 2006). Bundle 

triangulation (bundle block adjustment, multi-image triangulation, multi-image orientation) is 

a method for the simultaneous numerical fit of an unlimited number of spatially distributed 

images (bundles of rays) (Luhmann et al., 2014). When multiple cameras are used to image an 

object from different convergent views, a multi-image triangulation is achieved, see Figure 3.4. 

This produces line convergences in the image space which can be used to solve for the point in 

the object space. A bundle adjustment is a method used to simultaneously determine the 3D 

object coordinates, the camera calibration parameters, orientation of the images, and accuracy 

and reliability information through the process of triangulation in a single ‘bundle’ (Triggs et 

al., 1999; Luhmann & Robson, 2006). 

 

The bundle adjustment computations are determined through a least squares estimate (Brown, 

1976; Granshaw, 1980) which is used to determine the best possible agreements between the 

measurements and their residuals with the definite model (Cooper and Robson, 2001). The 

bundle adjustment technique is the most accurate, powerful and flexible technique used in 

photogrammetry due to the large number of degrees of freedom resulting from the large number 

of elements that are combined in the same calculation (Luhmann & Robson, 2006). The bundle 

adjustment theory and mathematical model are highlighted in Appendix B. 
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Figure 3.4. Multi-image triangulation s1, s2 and s3 are three cameras, p1 to p5 are five target 

points, XYZ coordinates determined from intersecting rays (iWitnessPRO User Manual) 

 

 

 

3.3 Practical requirements of the designed system 
 
The main requirements for the practical work in this thesis include the design of an accurate 

image-based measurement tool to study the 3D foot morphology and dynamic ankle changes in 

the stance phase during gait. The practical requirements for the designed measurement system 

for this project are as follows: 

 

1. Easy to setup 

2. Low cost solution 

3. Able to measure dynamic 3D anthropometric measurements of the foot and ankle 

4. Able to achieve a high level of static and dynamic object measurement accuracy 

5. Able to capture the dorsal foot and ankle from the medial, lateral, anterior and posterior 

positions using multiple stereo and convergent images 

6. Able to incorporate and synchronise video camera data during imaging.  

 

As the main design requirement is to develop a photogrammetric system that can be used to 

measure a dynamic scene to a high level of accuracy, instantaneous records from multiple 

video-based sensors are required. For this purpose, smartphones have become an important and 
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common electronic device in everyday life (Ebrahim, 2004; Derawi et al., 2010). Recent 

research has indicated that the number of smartphone users is expected to reach 2.87 billion in 

2020 (www.statista.com). Many applications have used the smartphone camera (Raghavendra 

et al., 2013; Wang et al., 2014; Al-Kharaz & Chong, 2019a).  

 

A number of factors that determined the distance between camera and object include the image 

resolution, scale of image, number of control points, field of view and number of image points 

(Saadatseresht et al., 2005). Equation 3.8, identifies the maximum allowable camera to object 

distance (Dmax): 

 

𝐷𝑚𝑎𝑥 = 
�̅�𝑓√𝑘

𝑞𝜎
                  … (3.8) 

Where, 𝜎 ̅ is the object point’s coordinate standard errors, 

σ is the image point coordinate standard errors, 

f  is the camera principal distance, 

k is the average number of exposures at each camera station, and 

q is the factor of the camera station configuration strength, a larger value for the q indicates the 

higher geometric strength for the network. 

 

 
To carry out the automatic smartphone cameras’ calibration via iWitness software which is 

designed for determining 3D object point coordinates from 2D images recorded with a digital 

camera or cameras. In order to apply iWitness to digital images created by take or scan images, 

some instructions were required (iWitnessPRO User Manual, 2018):  

 

 The smartphone cameras to be calibrated in order to ensure photogrammetric 

measurement is both accurate and reliable  

 An array of coded calibration targets were placed on white carton box area, 

approximately 2.5 x 1.5m, on which to position the coded targets. This formed the 

target range, which was photographed from a camera-to-object distance of about 3-

4m, depending on the lens focal length and field of view. The red codes, which were 

printed from a pdf file were saleable.  It is very desirable that some of the target point 

array do not lie in a perfect plane; more than one of the coded targets were placed out 

of the plane by 15-20cm or more. In spite of the planar array is still working  but a 

target array with some 3D distribution is much better than a planar array 
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 Both target array stability and fixed focus are very important, therefore all targets did 

not move at all. It is very useful to set this and then leave it set for the subsequent 3D 

measurement projects. All smartphone cameras have a set manual focus then focus 

lock. It is very important to calibrate the camera at the same zoom/focus that will be 

employed for follow-up measurements. Typically, the focus will be set to infinity and 

the zoom at one of its ‘hard stops’, usually zoomed fully out (widest field of view). 

Once these settings are made, the operator can balance the requirements of imaging 

distance versus target field dimensions. The ‘focal length’ actually refers to the 

Principal Distance, which changes with focusing. The nominal lens focal length 

usually relates to infinity focus. Also, with zoom cameras this focal length value can 

vary dramatically, but we seek only one value for the camera used in the survey.  Radial 

distortion can reach significant levels in digital camera lenses and it needs to be 

corrected when computing the 3D feature point positions to even modest accuracy 

levels. Radial distortion also varies with focusing which is a further reason not to alter 

focus or zoom within a measurement network. Furthermore, attention needs to be given 

to lighting, with well-exposed images displaying minimum saturation or 

underexposure. Therefore, LED projectors were used during the video recording 

calibration. A high-precision invar scale bar (length 864 mm) with an accuracy 

(±0.025mm) was placed on the middle of the calibration box. The scale bar had two 

high signalized targets attached to both ends to recognize and measure the scale length 

precisely from the captured images. To evaluate the accuracy of each calibration 

procedure, the measured calibrated length of the scale bar was compared to the true 

length.  Example layouts are shown in Figure 3.5 

 Images were recorded in mixed ‘landscape’, 45 degree and portrait orientation. It is 

absolutely critical that this 90˚ variation of roll angle is present. It is not really 

important which images are rolled 90˚, but at least two must be. About 25 images were 

captured in different view and orientation for each smartphone camera. The camera 

roll arrangements in Figure 3.6 are example configurations. 
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Figure 3.5. 25-target array and invar scale bar for smartphone cameras’ calibration in iWitness 

software 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 3.6.  Convergent images of target array for each of the smartphone cameras 

 

3.4 Method 
 

3.4.1 Software 

 
For calibration of the designed system, two software were used. To extract the image frames 

from the video clips, Virtual Dub (V.1.6.15) freeware was selected. With Virtual Dub 

Invar scale bar 
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(V.1.6.15), 60 images can be extracted from every second of video recording. For determining 

3D object point coordinates from 2D images recorded with a digital camera or cameras in both 

accurate and reliable measurement, off-the-shelf multi-image bundle adjustment software, 

iWitnessPRO-V4 Photometrix software (2018), was utilised for the smartphones’ calibration. 

 

 

3.4.2 The designed system 

 
High definition (HD) Samsung Galaxy S6 cameras were selected. These cameras provided the 

most cost-effective solution for high quality video recording and large internal memory storage 

capability (Wang et al., 2014; Al-Kharaz & Chong, 2018). The smartphone camera 

specifications are listed in Table 3.1. 

 

 

 
Table 3.1. Smartphone Galaxy 6.0 specifications 

 
Imaging sensor 1/ 2.6 inch (5.5 mm x 4.1 mm)  

Pixel size 0.001μm 

Focal length 4.3mm 

Format size 1920 ×1080 (5.17x2091 mm) 

Video frames 60fps 

 

 

Participants stand on the ground in a normal upright posture and walk at a natural pace with the 

smartphone cameras set up on a tripod to record the video clips for the foot from the medial, 

lateral, dorsal, anterior and posterior sides simultaneously. Basically, the number of imaging 

sensors used in any photogrammetric project is dependent on the object coverage which 

requires sufficient overlapping correspondences between the images (Barazzetti et al., 2010). 

Usually 55% - 60% overlap strength between images provides a first approximation of an 

optimal sensor configuration (Fraser, 1996). 

 

From Equation 3.8 the maximum allowable distance determined for this project was 1.3 metres. 

The values for q and k were representative of a strong network geometry and were selected as 

q = 0.8 and k = 1 (Fraser, 1996). A minimum camera to object distance of 0.9 metres was 

selected to provide sufficient coverage of the foot location, the anthropometric (retro-reflective) 

targets and the control target boards were placed on the right side of the foot location, Figure 

3.6. The convergence angle between cameras was selected as 45° with distances between 
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camera pairs specified at 0.5 metres to achieve the appropriate overlap percentage between 

images. 

 

The custom-built mounts consist of scale bar with predefined base distances where the distance 

between the centres of the camera lenses can be adjusted according to the project requirements.  

The smartphones devices were labelled S1 to S7 and were setup in the same position each time 

the foot posture and gait trials were conducted. A schematic diagram of the convergent camera 

pair setups achieved through the smartphone configurations used to image the foot is shown in 

Figure 3.8. 

 

For smartphone synchronisation during recording, a timing clock and 3-flash LED were used 

at 30 second intervals; each flash lasted 0.05 seconds for the subject’s foot posture and during 

gait, see Figure 3.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Schematic of foot posture and gait direction 

 

 
Before utilizing the designed system for data collection, camera calibration is an important step 

in photogrammetric work to improve the accuracy of measured imaged coordinates (x, y). The 

system calibration process involved individual calibrations of the seven Galaxy smartphones. 

The calibration methods are discussed in the following sections. 

Red 
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bar 
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In this study, all tests of foot morphology and ankle kinematics during gait depended on 2 mm 

diameter reference points which were mounted on the dorsal foot and ankle regions. A number 

of podiatrists provided knowledge and guidance for positioning of the markers on these region. 

See the letter of confirmation for one podiatrist in Appendix C.  

 

All seven smartphone cameras were calibrated by finding the focal length (c), principal point 

(Xp, Yp), radial distortions (k1,k2,k3), decentring  distortions (p1,p2), and linear distortion (B1, 

B2). The selected cameras were calibrated individually using a self-calibration technique 

(Fraser & Al-Ajlouni, 2006; Remondino & Fraser, 2006; Udin & Ahmad, 2011; Al-Kharaz, & 

Chong, 2018).  

 

Each image is sequentially processed, and once the calibration is complete, the calibration 

results are displayed as indicated in Figure 3.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Calibration process and results 

 

 

An acceptable calibration is generally indicated by an internal accuracy of referencing value 

about 0.3 pixels. Seven smartphones were calibrated and the internal accuracy was 0.36 pixels, 

see Figure 3.9. 
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Figure 3.9. Calibration parameters and internal accuracy 

 

 

 

 

3.4.3 Reliability of designed system  
 

To measure the reliability of the designed system, one subject’s foot was used to test the static 

(foot morphology) condition and consistency ankle of kinematics during gait. 

 

3.4.3.1 High reliability foot morphology measurements 

 
Because they reflect the foot’s anatomical structure, surface reference points are essential for 

motion and foot shape analysis (Liu et al., 2004a). In this test, 11 reference points of 2mm in 

diameter were used on the dorsal foot region. Figure 3.10 shows the captured images that 

computed some basic 3D foot shape measurements including foot length, foot breadth, heel 

breadth, bimalleolar breadth, height at 50% of foot length, and navicular height of right foot for 

an adult. For more details about reference point locations see next chapters. After mounting the 

reference points, participants stood in an upright bipedal position with their weight equally 

distributed on both bare feet, while seven smartphone videos were used to record for about 5 

seconds.  The timing clock and three flashes of an LED were adjusted to synchronise with the 

video clips. To evaluate the accuracy of each calibration procedure, the measured calibrated 

length of the scale bar length of 48.866 mm and precision of ±0.05 mm (AL-Baghdadi et al., 

2011; Alshadli et al., 2011) and ruler were utilized to evaluate the accuracy of the derived 3D 

foot coordinates. 
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Figure 3.10. The reference points to measure foot morphology in designed system 

 

Seven images were used, the 3D shapes coordinate for the foot was collected, and the distance 

of each parameter of foot dimension was calculated using the self-calibration bundle 

adjustment, see Figure 3.11. For reliability of testing, the procedure was repeated three testing 

sessions, and the ICC of measurements were found.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11.  Seven smartphone cameras to compute 3D coordinates of reference points on the 

foot 

 

 
3.4.3.2 Two feet or one foot to measure ankle kinematics 

  

One of the major lower extremity joints used during normal daily walking is the ankle joint. 

Evaluation of ankle kinematics is dependent on one foot or two feet. The degree of association 

between right and left feet in the same subject could be greater than the association between 

different subjects. This means that you cannot use two feet from the same person in the sample 

as they are related (not independent of each other; i.e. they are paired). The use of the two feet 
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of one subject is no longer acceptable in research due to this lack of independence. (Menz, 

2004; Bus & de Lange, 2005; Menz, 2005). 

 

The right leg is the dominant leg in medical and sport research (de la Vega et al., 2015; Holowka 

et al., 2018; Behling & Nigg, 2020; Behling et al., 2020). Therefore, the right leg of all 

participants was used for each measure of all operations discussed in the next chapters. 

However, right and left ankle kinematics during gait for one subject was measured to establish 

the level of consistency between two feet. Seven reference points were mounted on the left and 

right feet, and the subject was asked to walk at a self-selected speed while the seven cameras 

captured the motion, see Figure 3.12. Subsequently, data was collected and analysed using 

iWitness software. For more details of reference point position and analysis, see Chapter 6.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. Ankle kinematic measurement of left and right feet during walking  

 
 

 

3.4.3.3 Statistical analysis 

 

Data analysis was implemented using the Statistical Software for Social Sciences (SPSS) 

version 25 for Windows (IBM Company). Intrarater reliability was determined through data 

analysis from the three testing sessions to measure foot shape. The intraclass correlation 

coefficient (ICC) and standard error of measurement (SEM) data for the distance measures were 

computed. Descriptive statistics and Pearson correlation were computed to find the relationship 

between left and right feet. 
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3.5 Results 
 

3.5.1 Smartphone lens stability analysis 
 

The parameter values of calibrated lens of the seven smartphones used in this research are 

provided in Table 3.2. These parameters include the camera focal length (FL), the coordinates 

of the principle point of auto-collimation (Xp and Yp), the radial lens distortion parameters (K1, 

K2 and K3), and the decentring distortion parameters (P1 and P2). Linear distortion parameters, 

B1 and B2, effectively model any relative error in the specified pixel size. They can generally 

be set ‘fixed’ to zero and ignored.  Generally, Xpand Ypare close to zero (e.g. 0.5mm or less). 

Overall, root mean square (RMS) error values can be expected to range from about 0.1 to 2.0 

pixels, the smaller value indicating greater accuracy. Most commonly, an RMS value of around 

0.2-1.5 pixels is good when using a calibrated camera. The results in Table 3.2 indicate the 

stability of the lenses for all seven smartphone cameras.  

 

 
Table 3.2. Seven smartphone cameras calibrated intrinsic lens parameters 

 

 

3.5.2 Human foot morphology trials 

 
3D foot shape measurements for an adult were captured and repeated in three testing sessions. 

The reliability of measurements was found using intraclass correlation coefficient (ICC) and 

standard error of measurement (SEM), see Table 3.3. The values of ICC indicated a high level 

of agreement between the repeatable measures. The average value of ICC was high (0.88) for 

all foot parameters which means test-retest measurement is a very accuracy of image sensor. 

N FL 
(mm) 

Xp 
(mm) 

Yp 
(mm) 

K1 
(coefficient) 

K2 
(coefficient) 

K3 

(coefficient) 

P1 

(coefficient) 
P2 

(coefficient) 
RMS 

(pixels) 

#1 1.7 -0.0407 -0.0237 -6.6751e-

02 

2.8551e-

02 

1.5354e-

02 

-5.4262e-

04 

-5.3674e-

05 

0.56 

#2 1.4 -0.0042 -0.0007 -5.7753e-

02 

3.1808e-

02 

1.9200e-

02 

-8.4440e-

04 

7.4769e-04 0.46 

#3 1.5 0.0017 0.0101 -4.4230e-

02 

2.7185e-

02 

1.9490e-

02 

-1.1553e-

03 

-5.8129e-

04 

0.63 

#4 1.4 -0.0285 0.0017 -5.1763e-

02 

2.6423e-

02 

1.6538e-

02 

8.0998e-04 1.3029e-03 0.71 

#5 1.5 -0.003 -0.004 -6.289e-02 4.019e-

02 

2.395e-

02 

-1.778e-04 -5.354e-04 0.36 

#6 1.5 0.0142 -0.0083 -6.4124e-

02 

3.7086e-

02 

2.2092e-

02 

3.5010e-04 2.0969e-04 0.36 

#7 1.7 -0.005 -0.006 -3.276e-02 1.413e-

02 

6.228e-

03 

9.688e--5 4.300e-05 0.28 
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Table 3.3. Reliability of foot morphology measurement 

 
Foot morphology parameters ICC SEM 

Foot length 0.91 2.9 
Foot breadth 0.94 3.3 
Heel breadth 0.89 3.5 

Bimalleolar breadth 0.81 4.1 
Height at 50% of foot length 0.90 2.8 

Navicular height 0.88 3.2 
Average 0.88 3.3 

 

 

 

3.5.3 Correlation between left and right feet of one subject  

 
The outcomes of left and right subject ankle kinematics during gait indicate that there are high 

correlation in three planes of ankle (0.968), Table 3.4 show this correlation. Mean difference 

between the subject’s left and right feet on three planes for 4 phases of stance during gait ranged 

between 0.05 and 0.4 mm. 

 

Table 3.4. The correlation of the left and right feet (for one subject) of three planes for 

4 phases of stance phase during gait 

 
Correlations Right foot Left foot 

Right foot Pearson Correlation Sig. 

(2-tailed) 

1 0.968** 

 N 12 12 

Left foot Pearson Correlation Sig. 

(2-tailed) 

0.968** 1 

 N 12 12 

**. Correlation is significant at the 0.01 level (2-tailed) 

 

 

 

 

3.6 Discussion 
 
This chapter demonstrates the design of an accurate 3D images-based system for foot 

morphology and ankle kinematics measures using smartphone cameras to capturing the video 

images and applies the close-range photogrammetry technique to compute the 3D coordinate 

points. The design requirements such as the number and type of imaging sensors, geometry of 

the sensors and distribution of project control were optimised. The photogrammetry technique 
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utilises images of objects captured by multi-cameras from differing viewpoints to determine 

the digital 3D model of objects. Mathematical models are used to transform the 2D image to 

3D digital models. It is necessary to apply calibration procedures for calibrating smartphone 

cameras to remove various image distortions such as lens distortions and sensor geometrical 

distortion. 25 convergent images were used in the calibration to determine the effect of 

increasing the number of convergent images on the 3D RMS of the control targets. Therefore, 

close-range photogrammetry provides high precision 3D measurement of the objects. The many 

advantages provided by this technology include its high level of measurement accuracy and 

precision (De Menezes et al., 2010; Chong, 2012; Al-Kharaz & Chong, 2018), low cost (Chong, 

2011), non-invasiveness (Ladeira et al., 2001, Ahmadi and Layegh, 2014), rapid rate of data 

acquisition (Kau et al., 2011) and post-processing ability (Luhmann et al., 2014). Furthermore, 

the system can be developed to allow the capture of images from different imaging sensors, 

making it ideal for measuring moving objects (Wong et al., 2008).  

The RMS of smartphone camera calibration ranging between 0.28 and 0.71 pixels demonstrates 

stability of all smartphone cameras. In the foot morphology, six foot shape parameters were 

computed and repeated for the same adult for three sessions. The average reliability using ICC 

and SEM indicated high level of agreement of the repeatable measures. ICC and SEM were 

used to determine the measurement accuracy of the image sensors, and indicated a high level 

of agreement between the repeatable measures. The correlation value (0.968) and the mean 

differences not exceeding (0.4) indicate that the results of the foot measurements were strongly 

convergent and the differences between left and right feet could be ignored. 

The significant key points of this chapter can be summarised as follows:  

1. Accurate 3D photogrammetric images to achieve high level of static and dynamic 

measurement accuracy 

2. Incorporating and synchronising high resolution of seven smartphone cameras can 

generate high accuracy of 3D shape images 

3. 3D images-based systems to measure foot morphology and ankle kinematics have high 

reliability 

4. The discrepancies between the left and right feet for measures in conducting the same 

measurements were not statistically significant.  
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 3.7 Conclusion 

A low cost 3D close-range photogrammetric system for measuring foot morphology and ankle 

kinematics during gait was presented in this chapter. The system was developed as a cost 

effective solution for obtaining high accuracy 3D static and dynamic foot measurements. 

Detailed comparative accuracy, precision and reliability analysis tests of foot morphology 

measurements using the developed image-based system is assessed in Chapter 4. 
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Chapter 4. Close-range photogrammetry to measure foot 

morphology and investigate the differences between 

genders  
 

 

4.1 Introduction  

 
The foot plays an important role in supporting body weight, preserving balance and absorbing 

ground reaction forces generated during general daily activities and sports (Zhao et al., 2017). 

Therefore, clarifying which factors affect foot morphology may be helpful in understanding the 

basis of foot deformities and foot dysfunction. Furthermore, inappropriate footwear can cause 

foot pain and deformity (Nixon et al., 2006; Krauss et al., 2010; Schwarzkopf et al., 2011; Hill 

et al., 2017; Zhao et al., 2017; Buldt & Menz, 2018). Therefore, to design suitable footwear, fit 

foot shape characteristics should be considered (Janisse, 1992; Lee et al., 2012; Lee & Wang, 

2015; Mishra et al., 2017). Foot morphology is also essential for forensics, orthotics design and 

medical purposes (forensic scientists, anatomists, physicians, anthropologists, podiatrists, and 

many other groups) and to understand acute and chronic injuries in athletes and other physically 

dynamic individuals (Krauss et al., 2008a; Davies et al., 2014; Moorthy & Mond, 2018; Al-

Kharaz & Chong, 2019b). Human foot morphology is diverse because a number of factors may 

have a significant impact on morphology (e.g.  ethnicity (Hawes et al., 1994; Ashizawa et al., 

1997; Kouchi, 1998; Mauch et al., 2008; Hisham et al., 2012), living habits (Branthwaite et al., 

2013), age (Scott et al., 2007; Mauch et al., 2008; Ciccarelli et al., 2011), gender (Krauss et al., 

2008a; Krauss et al., 2011; Echeita et al., 2016) and BMI (Mauch et al., 2008; Price & Nester, 

2016; Zhao et al., 2017). 

 

Various techniques that have been used to measure foot morphology including visual 

assessment (Dahle et al., 1991), foot printing (Shiang et al., 1998; Ciccarelli et al., 2011; 

Moorthy & Mond, 2018), calliper-based measurements (McPoil et al., 2009; Tomassoni et al., 

2014; Hajaghazadeh et al., 2018), digital photography (Wang et al., 2008; Pohl & Farr, 2010; 

Yadav et al., 2015), radiographic imaging (Williams & McClay, 2000; Murley et al., 2009), 

and 3D scanning (Xiong et al., 2010; Lee et al., 2012; Lee & Wang, 2015; Mishra et al., 2017). 

In addition, the close-range photogrammetry technique has been used for a large number of 

medical applications (Majid et al., 2005) and has distinct advantages over other 3D model 

building methods. Being non-contact, cheap, portable, non-invasive and instantaneous, it 
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achieves the greatest accuracy with high contrast and real-world colour, and texture and it 

provides a permanent record. A permanent record allows re-measurement if it is needed (Black 

& Pappa, 2003; Majid et al., 2005; Al-Kharaz & Chong, 2019b). The close-range 

photogrammetry technique requires only minimal accompanying equipment with setup and 

conventional cameras (Schenk, 2005; Evin et al., 2016) such as  smartphone cameras that have 

properties like being secure, easy to use, portable, having video download, and an ability to edit 

that can be used for particular effects (Al-Kharaz & Chong, 2019a).  

 

Many studies have reported that foot morphology differs between genders in different ethnic 

populations (Picón‐Reátegui et al., 1979; Hawes et al., 1994; Kouchi, 1998; Cho et al., 2004; 

Gonda & Katayama, 2006; Chaiwanichsiri et al., 2008; Moorthy & Mond, 2018). Kouchi (1998) 

reported that Mongoloid populations have a wider foot compared to Caucasoid and Australian 

populations, and East Asian populations have a shorter foot length compared to Southeast 

Asians and Africans. Hawes et al. (1994) found that the East Asian’s forefoot is wider than that 

of their white counterparts. Sacco et al. (2015) revealed variances in anthropometric foot 

breadth between German and Brazilian children. However, there have been only a few studies 

investigating the foot shape of Middle Eastern populations. One of these studies measured 21 

foot dimensions in northwest Iran (Hajaghazadeh et al., 2018) but a sample measuring technique 

was used and only in northwest Iran. Therefore, there are scant studies offering knowledge on 

the morphology of Middle Eastern adults’ feet, and so it is necessary to measure foot 

morphology of Middle Eastern adults. Furthermore, this chapter investigates the differences 

between the two participating genders.  

 
 

4.2 Methods  

 
4.2.1 Participants  

Thirty-three participants with healthy feet (18 males 28-47 years and 15 females 25-46 years, 

male BMI ranging from 21.54 to 35.85 kg/m2 and female BMI ranging from 18.93 to 30.48 

kg/m2) were recruited for this research. The participants were chosen from postgraduate 

students from Middle Eastern countries studying at the University of Southern Queensland. No 

participant had a history of foot surgery or problems affecting foot function. The anthropometric 

data of participants were observed to be normally distributed using the Shapiro-Wilks test. 

Table 4.1 shows the anthropometric data of the participants. The anthropometric data of every 
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participant is provided in Appendix A. Every participant read and signed an informed consent 

form before their assessment. The study was approved by the Research Human Ethics 

Committee of the University Southern Queensland where it was performed (approval number 

H18REA168). The Participant Information Sheet and Consent Form are provided in Appendix 

D. The same participants apply to all chapters of the thesis. 

 

Table 4.1. Statistics (descriptive mean ± SD) of participating subjects 

 
 

 

 

 

 

 

 

4.2.2 Equipment and software  

Body height was determined with a measuring tape and weight was measured by a digital scale. 

Seven smartphone Galaxy 6.0 devices were used (pixel count =1920*1080, focal length=4.3 

mm, pixel size=0.0012, video frames=60 fps). All seven smartphones were placed on tripods 

around the participants and facing towards them. The smartphones captured video recordings 

of the participants standing upright. Virtual Dub software (v 1.6.15) was used to convert the 

video frames to images for measurement (Al-Kharaz  &  Chong, 2019a).  

  

Camera calibration is essential for all smartphone cameras involved in accurate measurements. 

Camera calibration software is more user friendly for nonmetric film-based cameras and digital 

cameras (Fryer, 1989; Fraser & Edmundson, 1996). The process includes the determination of 

the CCD format size, principal point of auto collimation, principal distance, and radial lens 

distortion parameters  (Majid et al., 2005). Software iWitnessPRO-V4 Photometrix (2018) was 

used to calibrate the smartphone cameras to avoid errors from lens distortions and to determine 

foot coordinates using a bundle adjustment technique. Calibration was undertaken to reduce 

measurement error. Calibration for testing the accuracy of smartphones was carried out before 

GENDER (N=33) 

 

AGE 

(years) 

WET 

(kg) 

HEIGHT 

(cm) 

BMI 

(kg/m2) 

MALES (N=18)  37  

± 6  

89.90  

±13.26  

175.72 

±6.55 

29.12 

±3.96  

SHAPIRO-WILK 

VALUE  

0.235  0.644  0.542 0.915  

FEMALES (N=15)   37 

± 6  

64.89 

±8.71  

160.67 

±4.20 

25.26 

±4.16  

SHAPIRO-WILK 

VALUE  

0.742  0.592  0.347 0.151  
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using the devices for research. The range of measurement error using RMSE was less than 0.07 

pixels for all images’ adjustment.  

 

4.2.3 Foot anthropometrics and markers  

Fourteen dimensions of the right foot, including the length, breadth, height, and perimeter were 

measured (Figure 4.1), and 2mm diameter self-adhesive stickers were placed at anatomical 

locations.  

 

 The dimensions were those most commonly measured in previous studies (Hawes & Sovak, 

1994; Witana et al., 2006; Krauss et al., 2010), see Table 4.2. In addition, some of the 

comprehensive parameters for assessing the arch and foot were computed after extracting the 

coordinate points of foot dimension and determining the distance between points, see Table 4.3.  

 

 

 

 

Figure 4.1. The fourteen right foot dimensions were measured  
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Table 4.2. Foot dimension definitions 
No.  Foot dimension  Definitions  

1  foot length (FL)  The distance between the most posterior aspect of the heel and the 

tip of the longest toe measured along the foot axis (Hill et al., 

2017). 

  
2  truncated foot length 

(TFL)  
The perpendicular distance from the posterior aspect of the heel to 

the joint line of the first metatarsophalangeal joint (Hill et al., 

2017).  

 
3  arch length (AL)  The distance along the Brannock axis from the pternion to the 

most medially prominent point on the first metatarsal head 

(Witana et al., 2006).  
  

4  outside ball-of-foot  
length (OBFL)   

  

The distance from the most posterior aspect of the heel to the fifth 

MTP (Mauch et al., 2008).  

5  instep length (IL)  The distance between the most posterior aspect of the heel and the 

instep (Xu et al., 2018). 

 

6  foot breadth (FB)  The maximum horizontal breadth (Y-direction), across the foot 

perpendicular to the Brannock axis in the region in front of the 

most laterally prominent point on the fifth metatarsal head 

(Witana et al., 2006). 

  

7  heel breadth (HB)  The breadth of the heel 40mm forward of the pternion (Witana et 

al., 2006).  

  
8  bimalleolar breadth 

(BIB)  
The distance between the most medially protruding point on the 

medial malleolus and the most laterally protruding point on the 

lateral malleolus measured along a line perpendicular to the 

Brannock axis (Witana et al., 2006).  

 

9  mid-foot breadth 

(MB)  
The maximum horizontal breadth, across the foot perpendicular to 

the Brannock axis at 50% of foot length from the pternion (Witana 

et al., 2006).  
  

10  height at 50% of 

foot length (HMF)  
The maximum height of the vertical cross-section at 50% of the 

foot length from the pternion (Witana et al., 2006).  

 
11  navicular height 

(NH)  
The maximum length of the vertical line from body surface to the 

navicular tuberosity (Kanai et al., 2019). 

   

12  ankle joint 

height(AJH)  
The maximum length of the vertical line from the body surface to 

the ankle joint (Tomassoni et al., 2014). 

  
13  ball girth (BG)  The circumference of the foot, measured with a tape touching the 

medial margin of the head of the first metatarsal bone, the top of 

the first metatarsal bone and the lateral margin of the head of the 

fifth metatarsal bone (Witana et al., 2006).   

  
14   heel girth (HG)  The minimum girth around the back heel point and dorsal foot 

surface (Witana et al., 2006).   
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Table 4.3. Popular parameters for assessing the foot 

 
No.  Parameters  Definitions  

1  foot index (FI)  (foot breadth/foot length)*100 (Moudgil et al., 2008; Sen et 

al., 2011).  

 

2  arch height ratio (AHR)  AHR (%) =navicular height×100/foot length (Xu et al., 2018; 

Kanai et al., 2019). 

 
3  arch height index (AHI)  AHI= instep height/medial ball of foot length (Butler et al., 

2006; Zhao et al., 2017). 

  

4  normalised navicular  
height to total foot  
length (NNH-TFL)  

NNH_TFL=navicular height/total foot length (Hill et al., 

2017). 

5  normalised navicular  
height to truncated foot 

length (NNH-I)  

 

NNH_ I = navicular height/truncated foot length (Hill et al., 

2017).    

6  arch height index to total 

foot length (AHI-TFL)  
AHI _TFL=instep height/total foot length (Hill et al., 2017). 

 

        

7  arch height index to  
truncated foot length  
(AHI-I)  

  

AHI_I= instep height/truncated foot length (Hill et al., 2017).    

8  Chippaux-Smirak index 

(CSI)  
CSI= the ratio between minimum width of midpoint and the 

widest width of toes (Papuga & Burke,  2011; Tománková et 

al., 2015; Costea et al., 2017).  

 
9  Chippaux-Smirak index 

ratio (CSIR)  

 

CSIR=CSI*100 (Costea et al., 2017). 

10  heel-ball index (HBI)  HBI=BHEL*100/BBAL(Krishan et al., 2012).  
   Where BHEL=foot breadth at heel  
               BBAL=foot breadth at ball 

  
11  Staheli index (SAI)  SAI= the ratio between minimum width of midfoot and the 

widest width of the heel (Papuga & Burke,  2011; Costea et 

al., 2017).  

 
 
Where:  FI was used to determine the foot types such as, slender, standard, and broad (Jung et 

al., 2001; Sen et al., 2011). Both AHR and AHI are comprehensive parameters for assessing the 

arch and foot. A value for AHI close to 0 represents a lower arch, and a value for ASI close to 

1 represents a stiffer arch (Zhao et al., 2017). NNH_TFL, NNH_ I, AHI _TFL, and AHI_I to 

evaluate MLA and measure a relationship between arch height and foot length (Hill et al., 

2017). The Chippaux-Smirak index (CSI) and Staheli index (SAI) classify arch foot types, the 

results of (CSIR) were High Arched [0-20); Normal [20-30); Intermediary [30-40); Low arch 

[40-45); Flat >45 (Onodera et al., 2008; Costea et al., 2017). HBI may be applied in sex 



63 
 

determination when a part of the foot is used for medico‐legal investigation (Krishan et al., 

2012).  

 

4.2.4 Statistical analysis 

The mean, standard deviation, minimum, and maximum values were computed as descriptive 

statistics. Levene’s test of equality of variance and independent samples of the t-test were used 

to determine the gender differences using Statistical Software for Social Sciences (SPSS) 

version 25 for Windows (IBM Company), and each statistical analysis was considered 

significant if p<0.01 and p<0.05. Intraclass correlation coefficients (ICCs) were calculated on 

the test-retest for each of the 33 feet.  

4.2.5 Experimental procedure  

Height and weight were measured using a fixed tape on the wall and a digital weight scale. The 

ball and heel girth were measured by tape before mounting the markers. All of the reference 

points were marked manually. After mounting the reference points, participants stood in an 

upright bipedal position, with their weight equally distributed on both bare feet (Krauss et al., 

2011), while seven smartphone videos were used to record for about 5 seconds Timing clock 

and three flashes of an LED were used at 30 second intervals; each flash lasted 0.050 seconds, 

adjusted to synchronise with the video clips. When the seven videos photographed by seven 

cameras are cut into images, the images will be cut at the same synchronization in each video, 

depending on the time that appears at each image in the timing clock and the color shown in 

LED flash. To evaluate the accuracy of each calibration procedure, the measured calibrated 

length of the scale bar and ruler were compared to the true length, see Figure 4.2. Seven images 

were used, the 3D shapes coordinate for each foot was collected, and the distance of each 

parameter of foot dimension was calculated using the self-calibration bundle adjustment. 
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Figure 4.2. The reference points marked on the right foot 

 

4.3 Results  
 

Mean values and standard deviations were calculated for the 18 males and 15 females to 

characterize the 14 foot dimensions and 11 parameters of the foot. As in Table 4.4, according 

to difference in means, we noted that most of the mean parameters were higher in males except 

FI 0.870 and AHI_TFL 0.002.  

  

Levene’s and t-tests for the right foot, in the case of the female group, were compared to the 

male group with reference to all foot dimensions in this study. The results indicated that there 

were significant differences (p<0.05 and p<0.01) in most morphologic characteristics of the 

feet of each gender. In addition, the mean differences of HG, FL, AHR, and CSIR (4.544, 3.617, 

3.011, and 3.766 respectively) were much higher between males and females, indicating that 

the heel girth, foot length, arch height ratio and Chippaux-Smirak index were longer and wider 

for males., see Table 4.5.  

 

Analysis to determine test-retest reliability and intraclass correlation coefficients (ICCs) was 

determined for each participant. The measurements were between 0.78 and 0.91 for all 

parameters.  
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Table 4.4. Mean and SD of foot dimension and parameters for gender 

 
Foot 

dimension 

and  

parameters  

Total n=33 Males Females 

Mean 

cm 

SD Min. 

cm 

Max. 

cm 

Mean 

cm 

SD Min. 

cm 

Max. 

cm 

Mean 

cm 

SD 

FL  24.200 1.080 24.000 28.000 26.011 1.181 20.900 24.000 22.393 0.978 

FB  9.480 0.660 9.000 12.000 10.083 0.845 8.000 10.000 8.867 0.476 

MB  5.930 0.440 5.600 7.300 6.483 0.472 4.300 6.100 5.375 0.416 

HB  6.080 0.490 5.700 7.800 6.544 0.549 5.000 6.500 5.613 0.422 

BIB  9.310 0.570 8.480 11.410 9.777 0.742 8.200 9.930 8.836 0.405 

BG  22.440 1.340 21.000 28.000 23.683 1.641 19.000 23.000 21.200 1.032 

HG  31.570 1.210 31.000 37.000 33.844 1.641 28.000 31.000 29.300 0.775 

TFL  18.610 1.670 14.070 23.530 19.261 2.013 15.880 21.220 17.959 1.324 

AL  15.590 1.160 15.010 19.520 16.372 1.075 13.040 17.870 14.802 1.243 

HMF  6.630 0.960 5.340 9.120 7.111 0.879 4.270 7.810 6.148 1.038 

NH  4.530 0.690 3.900 7.200 5.240 0.757 3.010 4.600 3.825 0.615 

OBFL  16.620 1.420 11.010 20.300 17.048 2.030 14.760 17.830 16.197 0.805 

IL  12.460 1.110 10.770 14.200 12.503 0.892 9.800 15.280 12.418 1.332 

AJH  7.780 0.680 7.260 10.120 8.663 0.774 5.790 7.900 6.886 0.576 

AHR  18.670 3.090 15.820 28.240 20.178 3.035 13.090 21.260 17.167 3.146 

FI  39.200 2.380 33.330 43.140 38.761 2.590 36.960 45.450 39.631 2.164 

AHI  0.300 0.040 0.230 0.410 0.301 0.043 0.210 0.370 0.290 0.045 

NNH_TFL  0.190 0.030 0.160 0.280 0.203 0.030 0.130 0.210 0.171 0.032 

NNH_I  0.240 0.030 0.230 0.320 0.273 0.031 0.170 0.260 0.213 0.033 

AHI_TFL  0.280 0.040 0.220 0.360 0.274 0.033 0.190 0.340 0.277 0.051 

AHI_I  0.360 0.040 0.320 0.420 0.369 0.032 0.250 0.430 0.342 0.056 

CSI  0.630 0.050 0.570 0.760 0.646 0.045 0.510 0.730 0.607 0.051 

CSIR  62.610 4.810 56.670 75.790 64.490 4.453 50.590 72.500 60.723 5.163 

HBI  64.220 4.590 59.090 73.680 65.017 3.978 55.000 75.000 63.422 5.193 

SAI  0.980 0.030 0.940 1.030 0.992 0.028 0.860 0.980 0.957 0.034 
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Table 4.5. Levene’s test and t-test analysis of foot dimension and parameters 

  

*Mean significant if p<0.05 

** Mean significant if p<0.01 

Foot dimension  Levene’s Test  P  T-Test  P  Mean  

Difference  

Std. Error 

Difference  

95% Confidence 

Interval of the 

Difference  

Lower  Upper  

FL  0.137  0.714  9.461     0.000**  3.617  0.382  2.837  4.397  

TFL  0.685  0.414  2.146    0.040*  1.302  0.606  0.064  2.540  

AL  0.378  0.543  3.891      0.000**  1.570  0.403  0.747  2.393  

OBFL  3.926  0.056  1.524   0.138  0.851  0.558  -0.287  1.990  

IL  1.483  0.233  0.219   0.828  0.085  0.388  -0.707  0.878  

FB  2.820  0.103  4.954      0.000**  1.216  0.245  0.715  1.717  

HB  0.991  0.327  5.371      0.000**  0.931  0.173  0.577  1.284  

BIB  5.016   0.032*  4.390      0.000**  0.940  0.214  0.503  1.377  

MB  1.097  0.303  7.087      0.000**  1.108  0.156  0.789  1.427  

HMF  2.574  0.119  2.887      0.007**  0.963  0.333  0.282  1.643  

NH  0.041  0.840  5.811      0.000**  1.414  0.243  0.918  1.911  

AJH  0.908  0.348  7.349      0.000**  1.777  0.241  1.284  2.270  

BG  2.405  0.131  5.076      0.000**  2.483  0.489  1.485  3.481  

HG  3.875  0.058  9.830      0.000**  4.544  0.462  3.601  5.487  

AHR  1.067  0.310  2.791      0.009**  3.011  1.078  0.810  5.211  

FI  0.771  0.387  -1.035   0.309  -0.870  0.841  -2.587  0.845  

AHI  0.651  0.426  0.720   0.477  0.011  0.015  -0.020  0.042  

NNH_TFL  0.938  0.340  2.960      0.006**  0.032  0.010   0.009  0.054  

NNH_I  0.634  0.432  5.314      0.000**  0.060  0.011   0.037  0.083  

AHI_TFL  9.758    0.004**  -0.152   0.880  -0.002  0.014  -0.032  0.027  

AHI_I  9.769    0.004**  1.731   0.093  0.026  0.015  -0.004  0.058  

CSI  0.049  0.827  2.276     0.030*  0.038  0.016    0.003  0.072  

CSI ratio  0.095  0.760  2.251     0.032*  3.766  1.673    0.353  7.179  

HBI  1.456  0.237  0.999   0.326  1.594  1.596   -1.661  4.851  

SAI  0.042  0.839  3.229      0.003**  0.034  0.010    0.012  0.056  
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4.4. Discussion 
 

This chapter discusses the gender differences of foot morphology of Middle Eastern adults using 

close-range photogrammetry.  Fourteen dimensions of the right foot were measured for 33 

Middle Eastern adults and 11 popular parameters were used to assess the foot shape. According 

to Tables 4.4 and 4.5, FL, AL, AJH, BG, HG, AHR, CSI ratio, and HBI of males had a higher 

mean than females. The results indicated that there were significant differences in some 

morphologic characteristics of the feet of each gender.  The gender variety in foot morphology 

reported was consistent with the variety found in previous studies (Krauss et al., 2008a; Hong 

et al., 2011; Krauss et al., 2011; Tomassoni et al., 2014), indicating that men had longer, higher 

and wider feet than women.   

 

According to Hong et al. (2011) the range of the common FL values in women was smaller than 

in men. In our study, the FL of males 26.011cm was larger than females 22.393cm. This result 

was consistent with Tomassoni et al. (2014) who focused on Caucasian participants, particularly 

people born in Italy, and showed that the measurement of foot length of men was 26.17cm and 

of women was 23.37cm. In addition, Tobias et al. (2014) recruited 250 males and 250 females 

from Western Nigeria. The results demonstrated that the length, height and breath of men’s feet 

were significantly greater than those of women. These results can be compared with those of 

Lee et al. (2015) whose study showed the differences between Taiwanese and Japanese females. 

It was reported that mean FL in Japanese women was 23.02cm and in Taiwanese women it was 

23.53cm. These results accord with our results for FL of Middle Eastern women. Luo et al. 

(2009) reported that the feet of females and males differ with respect to FL, TFL and AL, which 

is similar to our results for these dimensions.  

  

In the current study, the BIB and HB was significantly different between genders; the mean 

value of BIB was 9.777cm for men and 8.836cm for women, and HB value was 6.54cm for 

men and 5.61cm for women. These results were compatible with those of Bindurani et al. (2017) 

and Agnihotri et al. (2007).  Bindurani et al. (2017) determined that there was a correlation of 

various measurements of the feet with sex. The mean values of FL, FB, and BIB were 

significantly higher in males than females. Agnihotri et al. (2007) were able to determine sex 

(male/female) by foot measurements. They found the average foot length was about 3cm greater 

in males compared to females and the average foot breadth of males was about 1cm wider than 
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that females. The difference in ankle width, Achilles tendon width, and heel width between 

males and females was also distinct in the 3D foot shape (Stanković et al., 2018). 

Chaiwanichsiri et al. (2008) compared foot characteristics between genders and showed that 

the foot breadth, ball girth, toe depth, and ankle height in the men were larger than women while 

arch length and foot length were the same in both genders. Our results for these dimensions 

agree with this study, where the AL was 16.372cm for men and 14.802cm for women, while 

BG was 23.683cm for men and 21.20cm for women. According to Moudgil et al. (2008), 

concerning sex detection based on foot measurements among the North-Indian population, there 

were no significant differences between the male and female foot index. This outcome is 

consistent with our study and the mean differences of females was slightly higher than males 

0.87.   

 

The Heel-ball index (HBI) is a new index from foot dimensions to determine sexual 

dimorphism. Krishan et al. (2012) reported that the mean HBI is 64.3 for men and 65.5 for 

women, indicating that women have higher HBI than men. In contrast, our study showed that 

the mean HBI of men was higher than that of women (65.017 and 63.422, respectively).    

 

The evaluations of foot arches, including the MLA are very important in the clinical arena 

(Cashmere et al., 1999). Many parameters are used to assess this arch: arch height index (AHI), 

normalised navicular height to total foot length (NNH_ TFL), normalised navicular height to 

truncated foot length (NNH_ I), arch height index to total foot length (AHI_ TFL), arch height 

index to truncated foot length (AHI_I), Chippaux-Smirak index (CSI), Chippaux-Smirak index 

ratio (CSIR), and Staheli index (SAI). Our study measured these parameters and may give an 

indication of the range from pes planus (flat foot/ low-arched) to pes cavus (high-arched) of the 

foot arch type. Costea et al. (2017) computed CSIR of the feet of elderly women to classify foot 

typology. They found the mean of the index between 28.71 to 27.24 for left and right foot, 

respectively, and the average type of feet in the normal foot where the index value is between 

20 and 30. In comparison with the current study, the CSIR was 64.490 for men and 60.723 for 

women which implies the average of male and female with a flat foot has the index value >45. 

The close-range photogrammetry technique is one of techniques used to measure the object in 

high precision (De Menezes et al., 2010; Luhmann, 2010), low cost (Chong, 2011) and non-

invasiveness (Ladeira et al., 2001). A limited number of researchers have used a close-range 

photogrammetry technique to evaluate the human body, particularly the foot shape (Van Loon 

et al., 2010; Catherwood et al., 2011). However, no previous study has examined the foot 
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characteristics of Middle Eastern adults according to gender. The results show the accuracy of 

close-range photogrammetry as a means of measuring foot dimensions and identifying 

differences between genders. 

 

4.5 Summary and conclusions  
 

In this chapter, geometric morphometric methods using a close-range photogrammetry 

technique were applied to study the shape of feet of Middle Eastern adults of both genders. The 

close-range photogrammetry technique has enabled us to measure the foot in high precision 

and at low cost. The findings confirm the men have longer feet than women. The results indicate 

that the mean of FL, AL, AJH, BG, HG, AHR, and CSI ratio for males was higher than females. 

Furthermore, the BIB and HB differed significantly between genders. In contrast, there were 

no significant differences between the male and female foot index. In addition, the mean HBI 

of men was higher than that of women. The high value of CSIR for both genders indicates that 

the participants in our results have flat feet. These outcomes for many shapes and dimensions 

show significant differences between genders that may be useful in the diverse fields of 

designing well-fitting and comfortable footwear for both men and women, for medicine and, 

as an extension, for criminal investigations. Arch shape is very important in the clinical 

researches that is medial longitudinal arch which evaluated in the next chapter. 
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Chapter 5. Evaluation of the medial longitudinal arch in 

static and dynamic behaviour during the stance phase of 

gait  
    

5.1 Introduction  

 
One of the most important structural characteristics of the foot is the MLA (Shiang et al., 1998). 

The mechanical behaviour of the MLA is important in both research and the clinical arena 

(Cashmere et al., 1999; Zuil-Escobar et al., 2018) because the MLA shows a high degree of 

flexibility and provides an elastic connection between the forefoot and the hindfoot (Balsdon et 

al., 2016). Furthermore, shock absorbance is provided via lengthening in initial loading and 

recoiling to form a relatively rigid lever facilitating energy transfer during gait. This area of the 

foot is particularly important for foot function. For example, some foot pain due to altered foot 

alignment in pes planus and pes cavus is related to MLA, and approximately 25% of sports-

related knee injuries are related to MLA stability (Bandholm et al., 2008; Nielsen et al., 2009; 

Yalçin et al., 2010; Nilsson et al., 2012; Balsdon et al., 2019).  

 

Depending on the structure of the MLA, foot type is classified as either pes cavus (high-arched), 

pes planus (flat foot/ low-arched) or normally arched (Morrison et al., 2007; Chang et al., 2010; 

Woźniacka et al., 2013; Balsdon et al., 2016). Currently, a number of techniques and apparatus 

are used to evaluate and classify the foot in static or dynamic conditions based on measurements 

of the MLA. Giladi et al. (1985) demonstrated that subjects with pes planus were less likely 

than subjects with normal or pas cavus to show the development of stress fractures in the lower 

extremity by a visual assessment alone. Dahle et al. (1991) used the longitudinal arch angle to 

classify foot type by visual observation and assessment of medial longitudinal arch posture. 

However, visual categorization of the arch is highly inconsistent (Giladi et al., 1985; Cowan et 

al., 1994). Other techniques to evaluate the MLA, for example footprint parameters, can be 

obtained by ink (Cavanagh & Rodgers, 1987; Volpon, 1994; Villarroya et al., 2009). Hawes et 

al. (1992)   measured the highest point of the soft tissue along the MLA in full weight bearing 

by footprint measurements. Although these techniques can be easily obtained and are non-

invasive and inexpensive, the measurements do not necessarily represent the state of the bony 

architecture of the foot (Williams & McClay, 2000). Furthermore, the major associated 

disadvantages are difficulties in interpretation and the imprecision of measurements (Shiang et 

al., 1998; Yalçin et al., 2010; Zuil-Escobar et al., 2018). Some researchers have incorporated 
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the use of radiographs or photographs like X-ray and ultrasound to classify the medial 

longitudinal arches of their subjects (Villarroya et al., 2009; Fukano & Fukubayashi, 2012). 

Radiographs have several limitations, including ionizing radiation exposure and, therefore, 

potential health risks. Moreover, they are relatively expensive and require special facilities 

(Shiang et al., 1998). Other researchers have used a 3D scanner (Chang et al., 2012) and biplane 

fluoroscopy (Balsdon et al., 2016; Balsdon et al., 2019) to measure the MLA, both of which use 

real time rays and have greater accuracy for bone images. Furthermore, they have only been 

used to a limited extent in developing countries because of the high cost and because they are 

invasive techniques (Hajaghazadeh et al., 2018). In addition, they are most useful for static 

conditions or just the first step when walking. The literature states that after the first four strides, 

there is an increase in walking speed. Thus, a person’s walking cannot be considered their 

average speed until the fifth stride (Balsdon et al., 2019). According to Muir et al. (2014), the 

steps of normal walk begin after the first four strides. Therefore, the first strides may not be 

representative of the normal gait speed of the participants (Balsdon et al., 2016).  

 

However, the close-range photogrammetry technique is concerned with obtaining reliable 

information from images about the properties of surfaces (Whitehead & Hugenholtz, 2014). It 

is extensively used in the civil engineering, aerospace, structural monitoring (Liu et al., 2012; 

Valença et al., 2012; Nishiyama et al., 2015), and physiotherapeutic applications (Antoniolli et 

al., 2017), and is suitable for dynamic applications (Gwashavanhu et al., 2016; Al-Kharaz & 

Chong, 2019a). It also has been used in the medical field (Chong et al., 2008; Chong, 2011) 

because it is a non-invasive technique, low cost compared with radiography techniques and 

achieves the greatest accuracy with high contrast, solid-coloured circular targets. The high 

contrast is most often achieved using retro-reflective targets with smartphone cameras (Black 

& Pappa, 2003; Al-Kharaz & Chong, 2019b). In addition, 60 frames per second (fps) 

smartphones can record videos and the resolution is adequate for foot movement stereo-image 

capture. Furthermore, smartphones are secure, easy to use, portable, have video download and 

an ability to edit that can be used for particular effects (Al-Kharaz & Chong, 2019b). Therefore, 

images captured with smartphones and photogrammetric techniques are precise, three 

dimensional techniques to measure foot in static and during gait (Al-Kharaz & Chong, 2019a). 

This chapter used an accurate geometric 3D method (CRP) to evaluate the MLA in static (non-

WB sitting and 50% WB, 10% WB, 90% WB standing) and dynamic motion during gait, based 

on the MLA angle. In addition, MLA angle differences between males and females in static and 

dynamic conditions were measured.  
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5.2 Methods 

 
5.2.1 Participants 

The MLA of the right foot of thirty-three healthy adult participants were tested while sitting, 

equal, partial bodyweight standing, and during the stance phase of walking were measured. 

Subject characteristics are presented in Table 5.1. 

  

Table 5.1. Subject characteristics, mean (SD) 

 

 

5.2.2 Equipment and Software 

 

Height and weight for each participant were measured using a fixed tape on the wall and a 

digital weight scale. Three Smartphone Galaxy 6.0 devices (pixel count =1920*1080; focal 

length=4.3 mm; pixel size=0.0012; video frames=60 fps) were used to capture videos from the 

medial aspect of the foot being recorded. To convert the video frames to images for 

measurement, Virtual Dub software (v 1.6.15) was used and iWitnessPRO-V4 Photometrix 

software (2018) was used to calibrate the smartphone cameras to avoid errors from lens 

distortions and to determine foot coordinates using a bundle adjustment technique. MATLAB 

software calculated the angle created by these three markers in the coordinate system using the 

dot product of two vectors, from the most medial aspects of the medial calcaneus, navicular 

tuberosity and head of the first metatarsal joined by straight lines (Tome et al., 2006), the 

function code as shown: 

>> acos(dot(u,v)/(norm(u)*norm(v))) 

Where the u and v are vectors. Microsoft Excel software and SPSS version 25 for Windows 

(IBM Company) were used to analyse data and conduct each statistical analysis. 

 

5.2.3 Smartphone camera calibration 

Digital camera calibration is essential to achieve the precision of the measurement task (Hamid 

Gender Age  

(y) 

BMI  

(kg/m2) 

Foot length 

(cm) 

Foot breadth 

(cm) 

Heel breadth 

(cm) 

Female 37 

(6) 

25.26 

(4.16) 

22.39 

(0.98) 

8.87 

(0.48) 

5.61 

(0.42) 

Male 37 

(6) 

29.12 

(3.96) 

26.01 

(1.18) 

10.08 

(0.84) 

6.54 

(0.55) 

Average 37 

(6) 

27.19 

(4.06) 

24.20 

(1.08) 

9.48 

(0.66) 

6.08 

(0.48) 
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& Ahmad, 2014). To carry out the automatic smartphone camera calibration using 

iWitnessPRO-V4 Photometrix software, an array of target boards were put with an invar scale 

bar on a white carton box area. The invar scale bar had two high signalized targets attached to 

both ends to identify and measure the scale length precisely from the captured images. To 

evaluate the accuracy of each calibration procedure, the measured calibrated length of the scale 

bar was compared to the true length; example layouts are shown in Figure 5.1. Orthogonal roll 

angles were used for the camera; images were recorded in mixed ‘landscape’, 45° and portrait 

orientation. 25 images were captured in different view and orientation for each smartphone 

camera. Three smartphone cameras were calibrated by finding the focal length (c), principal 

point (xp, yp), radial distortions (k1, k2, k3) and decentring distortions (p1, p2), and linear 

distortion (B1, B2) as mentioned in Chapter 3. The selected cameras were calibrated individually 

using a self-calibration technique (Udin & Ahmed, 2011; Fraser, 2015; Al-Kharaz & Chong, 

2018). An acceptable calibration is generally indicated by an internal accuracy of referencing 

value about 0.3 pixels.   Three smartphones were calibrated and an internal accuracy was 0.32 

pixels. 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Array of target boards and an invar scale bar for smartphone camera calibration  

in iWitness software 

 

 

5.2.4 Experimental protocol 

In this method, five 2-mm diameter reference points were used on the right barefoot only for 

further analysis see references (Menz, 2004; Bus & de Lange, 2005).  All of the reference points 

were marked manually. Each subject’s subtalar joint was in a neutral position (relaxed state) 

Invar scale bar 
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and markers mounted on anatomical locations: two markers measuring foot length were 

mounted on the posterior aspect of the heel and the most distal aspect of the longest toe, and 

three were mounted on the navicular tuberosity, medial aspect of the first metatarsal head, and 

the medial side of the calcaneal bone to measure the MLA angle consistent with Tome et al. 

(2006), Shultz et al. (2011), Balsdon et al. (2016) and Yoon et al. (2017), Figure 5.2. MLA 

posture is generally calculated as the angle between two 3-dimensional vectors bounded by 

those markers. Each subject was constantly observed during the five seconds that was required 

to obtain the digital image to ensure that sitting, 10% WB, 50% WB, 90% WB standing posture. 

 

 

 

 

 

 

 

 

Figure 5.2. Five reference points to measure foot length (1, 2) and MLA angle (3, 4, 5) 

 

Subjects were weighed on a standard scale, and 10% and 90% of each subject’s weight were 

calculated. They then placed their right foot on the scale and their left foot on the ground. The 

subjects were asked to lower the amount of weight bearing by lifting the foot on the scale 

straight up and not leaning to either side until the scale showed that 10% of weight bearing had 

been achieved. Foot measurements were then taken. The process was repeated for 90% of 

weight bearing. Measurements taken at 10% and 90% of weight bearing may be important in 

establishing a description of arch mobility (Williams & McClay, 2000). The researcher chose 

10% and 90% of weight bearing because they found that these conditions were close to non–

weight bearing and full weight bearing respectively, and that subjects could maintain a stable 

and upright posture in these conditions, see Figure 5.3. Then, the researcher asked each subject 

to sit on a height adjustable chair, keeping the hip and knee joints at 90o of flexion and the ankle 

joint in a neutral position, and raise the left leg behind the right leg and place the right foot on 

ground in a non-weight bearing condition.  
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Figure 5.3. Subject 10%WB standing 

 

To measure the MLA in a dynamic condition, subjects walked down a 14 m walkway and the 

researcher placed the three smartphones about halfway along the walkway so the self-selected 

walking speed was recorded using the smartphones. Four calibrated boards and retro-reflective 

markers were placed using the self-calibration bundle adjustment digitized points (circles) that 

were used to calculate the axis-coordinate for three markers (MLA angle) and two markers to 

compute foot length. Calibration was undertaken to reduce measurement error, and smartphone 

accuracy testing was carried out before using the devices to record the subjects (Al-Kharaz & 

Chong, 2019b). Timing clock and LED flash were used at 30 second intervals. Each flash, 

lasting 0.05 seconds, was used to synchronise the video clips. To evaluate the accuracy of each 

calibration procedure, the measured calibrated length of the scale bar and ruler were compared 

to the true length, see Figure 5.3.  Stance phase was defined as heel strike (HS), loading response 

(LR), mid-stance (MS) and terminal stance/heel off (HO) (Mohammed et al., 2016).  

 

The MLA was calculated in a manner similar to the method used by Tome et al. (2006) and 

Balsdon et al. (2016) using Eq.5.1. The MLA was defined as the angle subtended by two 

vectors: one (A) from the marker on the medial aspect of the calcaneus to the navicular 

tuberosity and the other (B) from the head of the first metatarsal to the navicular tuberosity 

(Leardini et al., 2007; Rabbito et al., 2011). 

 

MLA angle= cos-1 
A⃗⃗ ⋅B⃗⃗ 

|A||B|
        … (5.1) 

 

 

5.2.5 Statistical analysis 

Mean and standard deviation values were calculated for MLA angles during static (non-WB, 

10% WB, 50% WB, 90% WB) and dynamic motion of stance phase of gait (HS, LR, MS and 

Scale bar 
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HO) for all 33 adults. The relationship between the MLA measurements in static and dynamic 

conditions was examined using 2-tailed Pearson’s correlation coefficients at 0.05 and 0.01 

levels of significance. The range measurement error using RMSE was less than 0.07 for all 

image adjustments. The intraclass correlation coefficient (ICC) is a widely used reliability index 

in test-retest, therefore three test-retests measured the MLA angles in the static condition and 

during four phases in stance gait for each subject.  

 

5.3 Results 

 
5.3.1 MLA angle in static and dynamic conditions 

The mean and standard deviation (SD) were computed for MLA angles obtained for four 

conditions in the static foot (non-WB, 10% WB, 50% WB, 90% WB) and four phases in the 

stance phase during gait. Table 5.2, shows that the minimum value of MLA angle in sitting 

when non-WB was 137.83° and the SD was 7.53, while the maximum value of the MLA angle 

when dynamic during gait in the mid-stance phase was 150.57° and the SD was 8.66. A larger 

MLA angle indicates a decrease or flattening of the arch, whereas a smaller, more acute angle 

indicates an elevation of the MLA. 

 
Table 5.2.  Mean static and dynamic barefoot measurement of the MLA angle degrees with 

standard deviation (SD) 

 

 
 

 

 

5.3.2 MLA angle gender differences 

The differences between males and females in static and dynamic conditions were measured. 

Although there were some differences, no significant differences between males and females 

were found. Table 5.3 shows that the maximum mean differences of MLA angle in sitting was 

3.75 and in terminal step of stance phase during gait was 3.76. Furthermore, the males had a 

slightly higher MLA angle than females in standing, sitting and in heel off (OH) step during 

gait. 

 

Subject 

(n=33) 

Static Dynamic 

50% 

WB 

10% 

WB 

90% 

WB 

Sitting 

non-

WB 

HS LR MS HO 

Average 144.79° 

(9.45) 

140.95° 

(7.67) 

141.30° 

(9.03) 

137.83° 

(7.53) 

149.72° 

(0.1) 

149.83° 

(8.41) 

150.57° 

(8.66) 

148.58° 

(8.76) 
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Table 5.3. Mean static and dynamic barefoot measurement of the MLA angle degrees with 

standard deviation (SD), and differences between genders 
 

 
 

 

 

5.3.3 Reliability  

 
To explore the change of the MLA angle in the static condition and during walking as it affects 

reliability and validity, measurements were made on three test-retests in static foot and during 

dynamic condition. Table 5.4 shows the ICC results. Excellent reliability values in the static 

condition were 0.98-0.99. During the dynamic condition, the mean value of ICC was 0.86; i.e. 

less than the static condition. In all, the average value of ICC was (0.92) and  the reliability of 

test-retest in static and dynamic conditions gave an excellent reliability. 

 

 

Table 5.4.  Mean reliability values between test-retest of MLA angle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gender 

(n=33) 

Static Dynamic 

50%  

WB 

10% 

WB 

90% 

WB 

Sitting 

non-WB 

HS LR MS HO 

Male (n=18) 145.45° 

(10.98) 

141.06° 

(5.58) 

143.64° 

(6.95) 

139.71° 

(6.23) 

149.80° 

(10.9) 

148.8° 

(7.57) 

149.86° 

(6.82) 

150.46° 

(7.76) 

Female 

(n=15) 

144.12° 

(8.08) 

140.85° 

(10.65) 

138.95° 

(12.00) 

135.96° 

(9.32) 

149.60° 

(10.8) 

150.86° 

(9.41) 

151.27° 

(11.49) 

146.70° 

(9.92) 

Differences 1.33 0.21 4.69 3.75 -0.08 -2.06 -1.41 3.76 

MLA condition 

 

Intrarater Coefficient of Correlation 

Intraclass 

correlation 

95% Confidence Interval 

Lower 

bound 

Upper 

bound 

Sitting Non-WB 0.99 0.87 0.99 

Standing 10%WB 0.98 0.63 0.99 

50% WB 0.99 0.73 0.99 

90% WB 0.99 0.73 0.99 

Walking HS 0.78 0.08 0.93 

LR 0.86 0.13 0.96 

MS 0.91 0.44 0.99 

HO 0.89 0.18 0.97 

Average  0.92 - - 
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5.4 Discussion 
 
The MLA plays an important role in allowing the foot to transfer weight and absorb shocks 

when walking or running (Staheli et al., 1987), and provides a resilient connection between 

the forefoot and hindfoot. Therefore, it is necessary to evaluate the arch (Yalçin et al., 2010). 

To date, there are many methods for evaluating the MLA both statically and dynamically 

(Cavanagh & Rodgers, 1987; Staheli et al., 1987; Hawes et al., 1992; Volpon, 1994; Chang et 

al., 2012; Chang et al., 2014), but most techniques are inaccurate or expensive. Close-range 

photogrammetry is more precise and is inexpensive (Ab Aziz et al., 2010; Herráez et al., 2013). 

Data were collected for four static and dynamic barefoot conditions in four stance phases 

during gait. Results of the current study showed that the average value of the MLA angle in 

four stance phases during gait was slightly more than in the static condition, see Table 5.2. 

This is consistent with Balsdon et al. (2016) who reported that static barefoot MLA angles 

were statistically significantly smaller than dynamic angles, meaning the MLA flattened 

during dynamic gait. A larger MLA angle indicates a decrease or lowering of the MLA (flat 

arch), whereas a smaller, more acute angle indicates increase in height of the MLA (high arch) 

(Tome et al., 2006) because an increased height of the MLA leads to the shortening of the 

distance between the heel bone and the metatarsals and a secondary contracture of the plantar 

fascia. Such a foot is described as a high-arched foot (Woźniacka et al., 2013). In this study, 

the MLA angle in dynamic conditions was about (150°) which was higher than the study by 

Balsdon et al. (2019) because the participants in our study carried more weight. Increasing 

body weight would increase the pressure on the plantar area, so it is reasonable to postulate a 

change in foot size would be associated with obesity (Chen et al., 2009).  

 

In the static condition, the observation of the MLA angle was lower at about (137°) when 

sitting, indicating that the MLA was high in non-WB and the arch also tended to be high. 

However, in the dynamic condition during walking, the higher mean value in the mid-stance 

phase was (150.57°) when the foot tends to flatten.  

 

Although no significant gender-based differences were observed in MLA angles under all 

conditions, the results did show that males had a low-arched foot compared with females when 

standing and sitting, probably because the foot length and weight of males is greater than 

females (Nielsen et al., 2009; Ezema et al., 2014). These results contrast with Zhao et al.’s 



79 
 

(2020) outcomes that women tend to have a significantly lower AHI than men. 

 

  

In the dynamic condition, our finding in (MS) stance phase was consistent with the Fukano and 

Fukubayashi (2012) study which reported that the MLA angle for females was higher than 

males during landing, see Figure 5.4.  According to the previous study the functional arch 

deformation is greater in the soft tissues of the foot of females than in those of males (Fukano 

and Fukubayashi, 2012). Therefore, females have a higher danger of sustaining soft-tissue 

injuries, such as fasciitis, than males (Scher et al., 2009). 

 

 

 

 

 

 

 

 

Figure 5.4. The differences of MLA angle between gender in our study during MS stance 

phase gait and (Fukano and Fukubayashi) study in dynamic condition (landing) 
 

 

Our results emphasized the results of the Nielsen et al. (2009) study when testing ND during 

walking and impact of foot length on ND in both genders. Their study found that female and 

male mean ND was approximately the same (5.2cm and 5.3cm respectively), and that foot 

length had a significant influence on ND. In the dynamic condition, as shown in Figure 5.5, 

the MLA angle in males experienced a small decrease after HS and then the arch rose at HO. 

In contrast, the MLA angle in females started to steadily flatten at HS and drop slightly until 

HO. There was a higher mean value in the dynamic condition during walking in the mid-stance 

phase (149.86° and 151.27°) for males and females respectively. Furthermore, when the foot 

tended to flatten at the LR and MS phases, gait was nearly to the MLA angle measured during 

standing (WB) in males, similar to the study by Bandholm et al. (2008). In addition, the Ezema 

et al. (2014) study indicated that male children were twice more likely to be affected by pes 

planus than female children.  
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Figure 5.5. The change in MLA angle and standard deviation during the stance phase of gait 

for males and females 

 

 

The results of our study are consistent with Bandholm et al. (2008) who showed the high 

reliability of test-retest ICC values for the MLA during gait of 0.86 in dynamic conditions. 

Williams and McClay (2000) evaluated the MLA using ND during 10% and 90% WB, and 

found the ICC was 0.87 and 0.91 respectively. The ICC in the current study was higher (0.98-

0.99). 

 

To the best of our knowledge, this is the first study to examine the MLA angle of the foot in 

static and dynamic conditions for adults using the innovative method of close-range 

photogrammetry. A few studies recently published have used close-range photogrammetry to 

measure skeletal foot kinematics in vivo during static and dynamic walking (Al-Baghdadi et 

al. 2012; Al-Kharaz and Chong 2019b; Al-Kharaz and Chong 2020). These study results might 

be an extremely valuable reference for clinical screening of the foot arch to decide an accurate 

treatment protocol. The close-range photogrammetry method allows for improved 

collaboration between researchers and therapists, and will help further elucidate the 

differences of the MLA with WB and without WB to avoid the risk of various injuries and 

pathologic conditions of the foot and lower extremity. In addition, custom foot orthoses are 

widely prescribed to treat cavus foot pain because they can improve pressure distribution. 

Kinematic analysis of the foot arch has been used extensively in an attempt to document the 

effectiveness of foot orthotics which are increasingly prescribed by podiatric physicians, 

orthopedic surgeons and rehabilitation specialists for patients with chronic cavus foot pain 

(Burns et al. 2006; Jafarnezhadgero et al. 2017). 
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5.5 Conclusion 

The MLA performs one of the important roles for foot function. The measurement of the MLA 

angle could indicate foot arch type and behaviour of the foot during static and dynamic 

conditions using the non-invasive and low cost close-range photogrammetry technique. The 

self-calibration bundle adjustment was used to measure 3D coordinates of five reference points 

on the right foot and then compute the MLA angle. The results demonstrated that the arch in 

sitting tended to be high and the average value of the MLA angle in four stance phases during 

gait was slightly more than in the static condition. These results validate the importance of the 

longitudinal arch angle for the foot during physical activity and physical therapy, and may add 

information to the clinical arena. Another part of foot that is important during physical activity 

is the ankle which will be discussed in next chapter.  
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Chapter 6. Investigation of ankle kinematics according to 

gender during the stance phase of gait  

 
 

6.1 Introduction  
 
The ankle plays an important role in standing, walking and other activities (Cho et al., 2016; 

Wei et al., 2016; Fukano et al., 2018). The evaluation of ankle motion ankle is required in 

footwear design and manufacture. Inappropriate footwear increases discomfort through 

deformation from poor posture and the risk of foot problems such as bunions, ankle injuries, 

and chronic foot pain (Lee et al., 2012; Lee & Wang, 2015). It is also essential for identifying 

forensic and medical problems and acute or chronic injuries in athletes (Wunderlich & 

Cavanagh, 2001; Fawzy & Kamal, 2010; Blenkinsopp et al., 2012; Davies et al., 2014). 

Furthermore, the evaluation of ankle motion during walking is essential to develop the 

production of foot orthoses in the management of foot and ankle disorders (McPoil & Cornwall, 

1996). Ankle joint dorsiflexion is an important motion that normally occurs during the midstep 

phase of the gait cycle.  It allows for continued forward progression of the body over the weight 

bearing foot while both the rearfoot and the forefoot are in contact with the ground (Dananberg 

et al., 2000). Movement of the dorsiflexion (DF) and plantar flexion (PF) is necessary to allow 

optimal force generation and balance strategy execution to decrease fall risk (Studenski et al., 

1991). Mecagni et al. (2000) reported that inversion (IV) and eversion (EV) ROM was also 

found to be significantly associated with balance and functional test performance. The 

limitation of the ankle joint or talocrural (i.e. the joint between the talus and the tibia) ROM 

influences many aspects of function and balance such as the limitation of plantarflexion and 

dorsiflexion and reducing postural stability. Several studies reported that limited dorsiflexion 

impacts many functional movement patterns such as lateral step down, the squat, and even 

landing from a jump (Bennell & Goldie, 1994; Sung & Kim, 2018). Inability to dorsiflex the 

ankle to beyond neutral, and gait becomes inefficient, tiring and, at times, painful. Abnormal 

stresses are placed upon adjacent articulations (Ribbans & Rees, 1999; Macklin et al., 2012). 

The human body finds ways to compensate and gain the required movement in other joints 

when ankle joint dorsiflexion is limited. These compensations can lead to conditions such as: 
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 Arthritis in the midfoot 

 Pain in the forefoot (balls of the feet) due to the increase in pressure 

 Medial tibial stress syndrome (shin splints) 

 Stress fractures in the forefoot 

 Sinus tarsi syndrome 

 Ulcers on the forefoot (Mueller et al., 2003). 

The measurement of ankle motion depends on the ankle joint, and the transverse tarsal and 

subtalar joints (Chan & Rudins, 1994; Simoneau et al., 2007). Based on a previous study, the 

stance phase was defined as heel strike (HS), loading response (LR), mid-stance (MS) and 

terminal stance/heel off (HO) (Mohammed et al., 2016; Takabayashi et al., 2017). The 

movement of the ankle joint is of great importance as it allows shock absorption on initial 

contact with the floor, or heel strike, and provides forward propulsion force during the terminal 

stance phase. 

 

In motion, three cardinal planes (coronal, sagittal and transverse) are important (Chan & 

Rudins, 1994). Thus, ankle motions within the coronal plane are IV and EV, in the sagittal plane 

they are DF/upward and PF/downward, and in the transverse plane they are adduction (AD), or 

internal rotation, of the foot and abduction (AB), or external rotation. Combinations of these 

motions across both the subtalar and tibiotalar joints create three-dimensional motions called 

supination and pronation (Chan & Rudins, 1994; Brockett & Chapman, 2016). The ankle is 

focused primarily on PF and DF. Movement of the DF and PF is necessary to balance 

performance to decrease the risk of falling (Studenski et al., 1991). Moreover, the ankle IV and 

EV ROM are also found to be significantly associated with balance and functional test 

performance (Mecagni et al., 2000).  

 

The ankle centre of rotation was approximated as the midpoint between the tip of the medial 

malleolus and the tip of the lateral malleolus for dorsiflexion-plantar flexion (DP) and external-

internal rotation (EI). The approximation is also valid for inversion-eversion (IE) at ankle 

neutral position when DP, IE, and EI angles are all zero (Ficanha et al., 2015). 

 

A diversity of apparatus has been used to quantify ankle kinematics while static and during gait, 

from simple plastic protractors to complex three-dimensional motion systems. The universal 

goniometer remains the most widely used instrument to measure ankle joint dorsiflexion. It is 
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simple to use, non-invasive and inexpensive (Rome & Cowieson, 1996; Cho et al., 2016; 

Johansen et al., 2020). Konor et al. (2012) examined the reliability of three techniques (standard 

goniometer, digital inclinometer and tape measure) to measure ankle ROM in a weight bearing 

lunge. All three techniques had good reliability. However, these techniques are difficult to use 

during walking. Other methods for ankle analysis include a combination of physical 

examination, observation, and radiographs (Kidder et al., 1996; Fukano et al., 2018; Canton et 

al., 2020). However, the major drawback of the observation measurement is inaccuracy. 

Radiographs have several limitations including ionizing radiation exposure and, therefore, 

potentially carry health risks. They are also relatively expensive and require special facilities 

(Kidder et al., 1996). A 3D camera system was used to investigate the contribution of the ankle, 

knee, and hip to the total lower extremity internal rotation and external rotation ROM (Lidge et 

al., 2020). VICON motion systems and a multi-axis strain gauge force plate imbedded under a 

custom-built treadmill measured dorsiflexion of the ankle during static standing trials and 

dynamic trials. Retroreflective markers adhered to the skin at the anatomical landmarks of the 

lower extremity were used to obtain force and video data (Drewes et al., 2009; Phinyomark et 

al., 2016). One limitation of VICON motion systems is the need for a laboratory with particular 

specifications which is relatively expensive. Among optical techniques, close-range 

photogrammetry is commonly utilised because it is accessible to the majority of professionals, 

is a non-invasive, high accuracy, low-cost tool, and presents reproducible results with easy 

registration and archiving (Antoniolli et al., 2018).  

 

Ankle ROM has been shown to vary significantly between individuals due to geographic and 

cultural differences based on activities of daily living. One influential factor that may change 

ankle ROM is gender. Brockett and Chapman (2016) compared gender differences and 

demonstrated that younger females (20 to 39 years old) have a higher ankle ROM compared to 

males. Murray et al. (1985) indicated that there are minimal differences of ROM between fe-

males and males (Sung & Kim, 2018). However, there are very few studies regarding ankle 

ROM and the difference between adult males and females during gait (Al-Rawi et al., 1985; 

Hallaceli et al., 2014). This chapter evaluates ankle kinematics during stance phase gait 

according to the gender of adults. 
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6.2 Methods 
 

6.2.1 Subjects 

 
Thirty-three adults with healthy feet participated in this study. The details are provided in Tables 

4.1 and 5.1. 

  

 

6.2.2 Foot markers and software 

  
The markers on the body surface are important to shape and motion analysis, as the particular 

shape of the markers often reflects the underlying structures in the ankle region (Liu et al., 

2004b). The ankle joint axis is close to a mediolateral axis through the ankle joint complex. All 

axes were close to parallel to the bimalleolar axis (Lundberg, 1989). Based on previous studies 

(Gastwirth, 1996; Tochigi, 2003; Hallaceli et al., 2014; Antoniolli et al., 2018), seven 

anatomical locations were identified on the right foot and 2-mm diameter self-adhesive stickers 

were placed on these locations. Table 6.1 explains these markers and Figure 6.1 illustrates the 

locations of markers. 

 
Table 6.1. Specifics of seven markers and locations 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Seven markers mounted on the right lower shank 

No. Definitions of Landmarks Location 

1 The fifth metatarsophalangeal 

joints, lateral MPJ(LMPJ) 

The fifth metatarsal on the lateral side of the foot  

2 Lateral malleolus (LM) Tip of the lateral malleolus  

3 Medial malleolus (MM) Tip of the medial malleolus  

4 Lateral of the fibula (LF) 15cm superior the lateral malleolus  

5 Top of the second MPJ (SMPJ) On the dorsal aspect of the head of the second metatarsal 

6 Inter-malleolar point (ankle joint 

centre) (IM) 

Anterior midway between medial malleolus and Lateral 

malleolus 

7 Anterior shank (AS) 15cm tibia anterior aspect from the Inter-malleolar point 
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Close-range photogrammetry techniques were used and the subjects’ feet were recorded by 

smartphone cameras during gait. Three-dimensional (3D) coordinates of foot markers were 

collected from a video recording. To convert the video frames to images for measurement, 

Virtual Dub software (v 1.6.15) was used.  Three-dimensional marker positions were calculated 

using iWitnessPRO-V4 Photometrix software (2018) and to calibrate the smartphone cameras 

to avoid errors from lens distortions and to determine foot coordinates using a bundle 

adjustment technique. MATLAB software calculated the angle created by each of three markers 

in the coordinate system using the dot product of two vectors. Microsoft Excel software and 

SPSS version 25 for Windows (IBM Company) were used to analyse data and conduct each 

statistical analysis. 

 

6.2.3 Experimental procedure 

Seven 2 mm diameter reference point markers were used on the bare right foot for further 

analysis (Menz, 2004; Bus & de Lange, 2005). Subjects placed the subtalar joint in a neutral 

position (relaxed state) and then markers were mounted on anatomical locations, see Table 6.2. 

All of the markers were marked manually by the researcher. The subject was standing during 

the 10 seconds that were required to obtain the digital image to ensure that the subjects’ feet 

were in neutral posture (the ankle joint at neutral flexion). Then, subjects walked down a 14 m 

walkway. Seven smartphones were placed about half way along the walkway, and a self-

selected walking speed was recorded using the smartphones. Self-calibration bundle adjustment 

was used to digitize the four calibrated boards and retro-reflective markers and calculate the 

axis-coordinate of each marker. Calibration was undertaken to reduce measurement error 

calibration, and smartphone accuracy testing was carried out before using the devices on the 

subjects (Al-Kharaz & Chong, 2019a). A timing clock and the flash of a LED was used at 30 

second intervals, with each flash lasting 0.050 seconds to synchronise with the video clips. To 

evaluate the accuracy of each calibration procedure, the measured calibrated length of the scale 

bar and ruler were compared to the true length, see Figure 6.2. 
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Figure 6.2. (a) Timing clock, (b) Flash of a LED, (c) Scale bar, (d) Ruler and (e) Four 

calibrated boards for synchronisation and accurate calibration procedure 

 

 

 
For measurement the rotational angles, dorsiflexion and plantar flexion angles were defined as 

the angle created by: (A) the line from LF to LM and (B) the line from LM to LMPJ (Kaufman 

et al., 1999). Eversion and inversion angles were created by (A) the line from AS to IM and (B) 

the line from LM to MM during IM in line with Spink et al. (2010). The line (A) from LM to 

MM and (B) IM to SMPJ created internal-external rotation angles. For this investigation, an X-

Y-Z Cardan sequence was applied. This describes sagittal plane motion around an x-axis, 

coronal plane motion around a y-axis, and transverse plane motion around a z-axis. This is 

similar to that described by Grood and Suntay (1983). Information from the International 

Society of Biomechanics (ISB) was used to describe motions of the ankle and subtalar joints. 

As a result, rotation in the sagittal plane (y-z plane) was defined as dorsiplantarflexion, in the 

coronal plane (x-z plane) as inversion-eversion, and in the transverse plane (x-y plane) as 

internal-external rotations, see Figure 6.3. 

 

The change in the position and orientation of the ankle bone angles of each triplane for each of 

the stance phases (HS, LR, MS, and HO) from the neutral posture was quantified. The rotational 

angles around the x, y and z axes represent dorsiflexion (+) / plantarflexion (-), inversion (+) / 

eversion (-) and internal (+) / external (-) rotation, respectively; similar to ISB definitions. The 

angles were calculated in a manner similar to the method used by Tome et al. (2006) using 

Eq.6.1.  

Rotational angle= cos-1 
A⃗⃗ ⋅B⃗⃗ 

|A||B|
       … (6.1) 
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Figure 6.3. Depicts the x-y-z coordinate to describe a screw axis orientation of ankle. The x-

axis was oriented PF&DF, the y-axis IN&EV, and the z-axis AD&AB, (Tochigi, 2003) 

 

6.2.4 Statistical analysis 
 

SPSS version 25 for Windows (IBM Company) was used for data processing and analysis. 

Descriptive analysis used mean and standard deviation for general characteristics. Consistent 

with previous studies (Chuter, 2010; Kim et al., 2013; Morasiewicz et al., 2017; Miller et al., 

2020), the independent Levene’s test was used to measure significant ankle ROM differences 

between genders. The statistical significance level was less than 0.05 in P-value. The intraclass 

correlation coefficient (ICC) is a widely used reliability index in intra-sessions, so three sessions 

were used to measure the three cardinal planes’ angles in four phases in stance phase during 

gait for all participants.  

 

6.3 Results 

Eighteen males and 15 females participated in this study, see Table 5.1. The mean, standard 

deviation and mean differences for ROM of the ankle were computed, see Table 6.2. Levene’s 

test for equality of variances and independent sample t-tests were performed to evaluate 

differences between genders for the ankle kinematic angles, with (p<0.05) considered 

significant. The results demonstrated significant differences between females and males for the 

transverse plane of ankle ROM (F=12.21, Sig=0.013 and 95% confidence interval of the 

differences between -5.312 and 1.587). However, no significant differences of coronal and 

sagittal planes were found between males and females.  
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Table 6.2. Mean ±SD of triplane angles during stance phase gait for males and females 
 

 

 

 
The intraclass correlation coefficient (ICC), lower and upper bounds, and standard error of 

measurement (SEM) data of triplane angles of the ankle during stance phase for three sessions 

of both genders are presented in Table 6.3. The average of ICC for the triplane angle during 

stance phase was 0.89 for males, and for females was 0.83. The overall ICC value of both 

genders was 0.86 “very good”. Furthermore, the SEM for triplane angles of the ankle during 

stance phase ranged from 2.3 to 9.7 for males, and for females it ranged from 2.3 to 10.6. In 

total, the SEM of both genders was approximately 5. Note that both the SEM and the ICC are 

indicative of reliable measures. 

 

Table 6.3. Mean reliability values between intra-sessions errors for ankle of gender groups 

during gait 

 

 

 

Plane Males Females Differences 

HS LR MS HO HS LR MS HO HS LR MS HO 

Coronal 

IV(+)°/ 

EV(-)° 

1.15 

±0.39 

-4.12 

±0.99 

0.84 

±1.14 

2.94 

±0.48 

0.85 

±0.33 

-5.68 

±1.15 

0.34 

±0.20 

3.17 

±0.22 

0.30 -1.56 0.50 -0.23 

Sagittal 

DF(+)°/ 

PF(-)° 

3.20 
±0.59 

9.45 
±3.71 

2.73 
±2.66 

-7.84 
±2.10 

3.67 
±0.10 

10.93 
0.91 

7.55 
±1.46 

-12.85 
±0.03 

-0.47 -1.48 -4.82 -5.01 

Transverse 

AD(+)°/ 

AB(-)° 

2.51 

±1.41 

2.13 

±1.56 

2.56 

±0.33 

1.72 

±0.46 

0.72 

±14.71 

3.01 

±15.37 

7.00 

±17.67 

5.64 

±15.31 

1.79 -0.88 -3.92 -3.92 

Stance 

phase 

 

Plane Intra-sessions coefficient of correlation and standard error of measurement 

Males Females 

Intraclass 

corr. 

95% Confidence 

interval 

SEM Intraclass 

corr. 

95% Confidence 

interval 

SEM 

Lower 

bound 

Upper 

bound 

 Lower 

bound 

Upper 

bound 

 

HS Coronal 0.85 0.68 0.94 6.67 0.89 0.75 0.96 5.01 

Sagittal 0.92 0.83 0.96 2.97 0.98 0.95 0.99 2.30 

Transverse 0.86 0.69 0.94 5.88 0.50 -0.17 0.82 10.63 

LR Coronal 0.95 0.90 0.98 4.26 0.87 0.70 0.95 7.04 

Sagittal 0.94 0.88 0.97 4.87 0.69 0.27 0.88 7.36 

Transverse 0.86 0.70 0.94 6.06 0.63 0.13 0.86 7.93 

MS Coronal 0.96 0.92 0.98 3.90 0.92 0.83 0.97 4.38 

Sagittal 0.98 0.96 0.99 2.37 0.89 0.75 0.96 6.73 

Transverse 0.94 0.88 0.97 3.06 0.79 0.51 0.92 2.81 

HO Coronal 0.92 0.83 0.96 4.13 0.92 0.82 0.97 4.74 

Sagittal 0.94 0.88 0.97 3.69 0.91 0.78 0.96 4.76 

Transverse 0.62 0.18 0.84 7.94 0.95 0.89 0.98 2.96 

Average 0.89    0.83    
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6.4 Discussion 

The aim of this chapter was to evaluate the ankle kinematics during gait according to gender of 

Middle Eastern adults. Motion of the ankle occurs primarily in the sagittal plane, with plantar- 

and dorsiflexion occurring predominantly at the tibiotalar joint (Brockett & Chapman, 2016), 

but also includes eversion, inversion, and internal and external rotation. In the literature, the 

overall ROM in the sagittal plane moves from 10° to 20° of DF and 40° to 55° of PF. The ROM 

in the coronal plane is about 23° IN and 12° EV, while in the transverse plane the ROM is 

between 5-6° (Valderrabano et al., 2003). In our results, the ROM of DF was 4° to 13° and 5° 

to 13° for PF. In the coronal plane the ankle ROM was approximately 4° to 6° and in the 

transverse plane the ROM was between 3° and 23°. 

 

In general, the ankle joint begins in a few degrees of dorsiflexion at heel strike and then rapidly 

leads to plantar flexes under the control of an eccentric (lengthening) contraction of the ankle 

dorsiflexors (primarily anterior tibialis) until the foot is flat on the ground. At this stage, the 

foot is in mid-stance to maintain body balance during the entire gait cycle (Wei et al., 2016).  

At the position of foot flat, the ankle begins the process of dorsiflexion. The foot becomes 

stationary and the tibia becomes the moving segment. The heel then begins to lift at the 

beginning of double support, causing a rapid ankle plantar flexion at the termination of the 

stance phase (De Ridder et al., 2013; Frontera et al., 2019).  In our results, for both genders, the 

ankle joint was slightly dorsiflexed on HS. After heel contact, the ankle rapidly dorsiflexed to 

a maximum of 13°, just prior to MS. The ankle then plantar flexed progressively, reaching a 

maximum PF of 13° until HO. A small range of IN in the coronal plane on HS then gradually 

moved to EV until MS, then increased slightly to IN on HO. In the transverse plane, all stance 

phases were AD in both genders. 

 

In females, the transverse plane of ankle ROM was significantly larger in the stance phase of 

gait (Sig=0.013) compared with males. However, there were no significant differences between 

genders in relation to ankle joint ROM in the sagittal and coronal planes. Since females tend to 

have more ligamentous laxity than males (Schwarz et al., 2011), females are thought to have 

better flexibility than males in the ankle joint, causing females to have a larger ankle ROM than 

males. Many previous studies report that females have larger ankle ROM than males (Kerrigan 

et al., 1998; Kato et al., 2005; Røislien et al., 2009; Ko et al., 2011; Fukano et al., 2018; Sung 
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& Kim, 2018). The outcomes of our study are consistent with these studies.  

 

Furthermore, to reduce the risk of balance-related falls and to prevent balance-related ankle 

injury, ankle ROM differences between females and males should be considered. Murray et al. 

(1985) established that there are minimal ROM differences between females and males. The 

ROM during stance was greatest for DP in both gender and least for EI in males (Sung & Kim, 

2018). Our findings are consistent with the study conducted by Murray et al. (1985). Overall, 

females have greater ankle ROM planes during the stance phase except the beginning of 

walking (HS) values, when males had values converging with females, see Figure 6.4.  

 

Reliability determination is essential for validity. The acceptable intraclass reliability was 

determined through analysis from three testing sessions focusing on the reliability of ankle 

kinematics. Reliability mean value between intra-sessions for the female group was 0.83 and 

for the male group it was 0.89. The composite measure of ankle kinematics results demonstrates 

good reliability (ICC=0.86) compared with Konor et al. (2012) which had very good reliability 

(ICC>0.85) when measuring with a goniometer. 
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Figure 6.4. Ankle kinematics during stance phase of gait for males and females 
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6.5 Summary and conclusion 

 
The ankle plays an important role in human locomotion because the ankle’s ROM is necessary 

to balance the body and decrease the risk of falling during human walking for both genders. 

However, little information exists on sex-based variations in ankle joint kinematics during the 

stance phase of gait.  

 

Thirty three participants (18 males and 15 females) were recruited in the study and they walked 

at a self-selected speed. Seven retro-reflective targets were mounted on the skin of each 

participant’s right foot and seven smartphone cameras were used to capture videos. A self-

calibration method using a photogrammetric bundle adjustment technique determined the ankle 

coordinates.  

 

The results demonstrated that the females had a significantly greater range of ankle motion than 

the males in the transverse plane throughout the stance phase, and the maximum mean angle of 

adduction in the heel strike phase for males was higher than for females. The maximum mean 

angle of inversion/eversion rotation of the ankle for females and males was closer. No 

significant differences in the range of ankle motion in the coronal and sagittal planes were 

observed between the males and females. The overall value of the ICC was 0.86, which is 

considered “very good”.  

 

In conclusion, this study demonstrates the gender difference of ankle ROM. Specifically, our 

results show that females have more joint laxity and flexible ankle ROM than males and males 

have a higher ROM of AD in the HS phase. Therefore, it is necessary to plan and assess the 

training program for ankle ROM in males. Further research is needed to ascertain the most 

effective way to improve ankle joint flexibility in males. This would be beneficial for fall 

prevention, especially for older adults. These results may contribute to the effectiveness of 

understanding gender differences in ankle function and may be useful for understanding and 

treating ankle joint pathologies with a gender-specific method. The outcomes emphasize that 

the close-range photogrammetry technique can easily measure joint angles during gait. Ankle 

kinematics during uneven surfaces also requires further investigation, therefore the next chapter 

assesses the ankle during unsteady gait. 
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Chapter 7. Assessment of ankle kinematics during normal 

and unsteady walking  

 

7.1 Introduction 
 

Gait analysis for research into lower extremities has often focused on regular ground walking 

at a self-selected speed to perform various daily activities. However, most falls occur outdoors 

and lower extremity injuries are caused by environmental factors such as uneven surfaces, 

narrow paths, and sloping surfaces (Gates et al., 2012; Gates et al., 2013; Hamacher et al., 2019; 

Kim et al., 2019). Furthermore, walking on a poorly lit path or with closed eyes leads to 

disturbed balance in gait (Tulchin et al., 2010b). Recently, uneven surfaces have become a topic 

of growing interest, especially in the disparate areas of orthopaedics and rehabilitation (Eckardt 

& Kibele, 2017). The ability to walk independently on an uneven surface is identified as one of 

the criteria to distinguish the highest functional improvements in a clinical evaluation indicating 

excellent clinical reliability for patients (Kim et al., 2019; Romkes et al., 2020). During walking, 

the ankle joint is of great importance as it allows shock absorption on initial contact with the 

floor (heel strike) and provides forward propulsion force during the terminal stance phase. A 

well-balanced body is important because previous research has shown that the foot joints are 

susceptible to injury (Silverman et al., 2012; Novak & Brouwer, 2013), and during unsteady 

gait an acute ankle sprain may occur and develop into a residual condition called chronic ankle 

instability (David et al., 2013). Therefore, studying ankle kinematics is important for the 

prevention of fall during walking on different surfaces. 

 

Stable walking on an even surface enables healthy subjects to have increased ROM during gait, 

particularly as this involves hip and knee flexion and ankle dorsiflexion. The increased ROM 

improves minimum foot clearance (Bruijn et al., 2009; Gates et al., 2012; Blair et al., 2018), 

and increases walking speed and step length during uneven surface walking (Kim et al., 2019). 

Sometimes, when walking over potentially slippery surfaces, people take shorter steps and 

exhibit a flatter shoe–floor angle at heel strike (Gates et al., 2012). Other adaptations to adjusted 

walking on uneven surfaces include increased step time and step width variability, change in 

stance phase duration, and increased foot height (Romkes et al., 2020). In slope walking, there 

is an increase in knee flexion and ankle dorsiflexion, while in upslope walking, the foot induces 

kinematic postural changes that are needed for toe clearance at heel strike (Breloff et al., 2019). 

Different instruments have been used to measure ankle kinematics during walking on both even 
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and uneven surfaces (Lay et al., 2006; Dixon & Pearsall, 2010; Tulchin et al., 2010a; Gates et 

al., 2012; Shultz & Goldfarb, 2018; Breloff et al., 2019), but most of them have used the VICON 

system. Dixon and Pearsall (2010) recruited ten young adult males. The participants were 

required to walk barefoot along an inclinable walkway using a six camera VICON system. They 

reported a decreased inversion of the up-slope ankle and increased inversion of the down-slope 

ankle. Tulchin et al. (2010a) studied the effects of surface slope on foot kinematics in twenty-

four healthy adults using a twelve camera VICON motion capture system operating at 120 Hz 

(VICON, Denver, CO) and found differences in sagittal plane ROM. A study by Breloff et al. 

(2019) compared lower extremity kinematics of the upslope and downslope legs with level 

walking using the VICON 612 system at 120 Hz. Although the VICON system is one of the 

key players in optoelectronic motion capture systems based on markers (Merriaux et al., 2017), 

and it is a very accurate and reliable optical motion capture system (Bai et al., 2017), there are 

some major disadvantages including the system's high price, the need for technical support 

(Levanon, 2013), and its lack of availability in many clinical settings (Pfister et al., 2014).  

 

Photogrammetry has the potential to be used as an alternative low-cost and accurate motion 

analysis technique. Recently, researchers have used photogrammetry to investigate the dynamic 

characteristics of structures (Lee and Rhee, 2013; Gwashavanhu et al., 2016). One advantage 

of photogrammetry is that it is a non-invasive tool for posture evaluation (Antoniolli et al., 

2018). Video images have several potential advantages over other techniques in terms of time 

consumption, cost, and potential image distortion of the development process, such that video-

based optoelectronic systems are (nowadays) the most popular in movement analysis (Chiari et 

al., 2005). In the last few years, video cameras have been used for capturing and modelling the 

three dimensional surface of the whole human body and for more specific dynamic segments 

of the human body such as the foot (Al-Baghdadi et al., 2011; Ferber & Benson, 2011; Hong et 

al., 2011; Al-Kharaz & Chong, 2019a), foot arch (Al-Kharaz & Chong, 2020), and the leg 

(Alshadli et al., 2011).  Kinematic data captured by a video camera system is one of the most 

powerful tools to analyse human motion (Kim et al., 2009). Because of this advantage, it was 

used in the current study to achieve high accuracy at low cost. Therefore, the purpose of this 

chapter is to discuss ankle kinematics assessment during normal and unsteady gait using close-

range photogrammetry and through trials on adults.  

 

 

 

 



96 
 

 

7.2 Methods 

 
7.2.1 Participants 

Thirty three adults from Middle Eastern countries underwent gait analysis with informed 

consent, see Tables 4.1 and 5.1.  

 
 

7.2.2 Data collection procedure 

 
To increase the risk of falls, various experiments were designed to imitate an unsteady gait by 

changing the walking environment, including walking with eyes closed, walking on a single 

beam, and dragging ankle weights. These three walking conditions were compared with normal 

gait. Four walking conditions were performed by each subject as shown in Figure 7.1, and the 

subjects performed three trials for each condition: 

1. Normal gait: subjects walked normally and barefoot at a self-selected speed while the  

smartphone cameras recorded 

2. Eyes closed: subjects walked barefoot in a straight line on 14m walkway with their 

eyes close at a self-selected speed while the smartphone cameras recorded 

3. Single beam: subjects walked barefoot in a straight line on a wood beam while the 

smartphone cameras recorded. The beam length was 140cm and width 4cm and the 

height 2.4cm. Because of the beam’s elevated path, the subjects attempted to 

maintain their centre of gravity during gait 

4. Dragging ankle weights: subjects had 2 kg of weights tied at their ankles (creating the 

experience of heaviness) and walking barefoot. 

 

To measure ankle ROM during the four gait conditions, participants were fitted with seven 

reflective markers placed over the bony landmarks of the foot and ankle (see Figure 6.1) in 

accordance with Table 7.1. The 3-D positions of the highly reflective markers were measured 

using seven Smartphone Galaxy 6.0 devices positioned around the foot being recorded. The 

software iWitnessPRO-V4 Photometrix (2018) was used to calibrate the smartphone cameras 

to avoid errors from lens distortions and to determine ankle coordinates using a bundle 

adjustment technique. Microsoft Excel software and SPSS version 25 for Windows (IBM 

Company) were used to analyse data and conduct each statistical analysis. Analyses of Variance 

(ANOVA) with (p<0.05) statistical comparison were used to evaluate the ankle kinematic angle 
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differences between the normal and three unsteady conditions for the four phases of gait. 

MATLAB software calculated the angles created by these seven markers in the coordinate 

system of sagittal, coronal and transverse planes of the ankle in a manner similar to the method 

used by Tome et al. (2006), using Eq.7.1.  

 

To measure the rotational angles, dorsiflexion and plantar flexion angles were defined as the 

angle created by the (A) line from LF to LM and (B) the line from LM to LMPJ (Kaufman et 

al., 1999). Eversion and inversion angles were created by (A) the line from AS to IM and (B) 

the line from LM to MM during IM in line with Spink et al. (2010). The line (A) from LM to 

MM and (B) IM to SMPJ created internal-external rotation angles. 

 

 

Angle= cos-1 
A⃗⃗ ⋅B⃗⃗ 

|A||B|
        … (7.1) 

 

 

 

 
 

 

 

 

 

 

 

Figure 7.1.  Three unsteady walking conditions ((a) Eyes closed, (b) On single beam and (c) 

Dragging of ankle weights) with timing clock, flash of a LED, scale bar, ruler and four 

calibrated boards for the accuracy calibration procedure  

 
Table 7.1. Specifics of seven markers and locations. 

   

No. Definitions of Landmarks Location 

1 The fifth metatarsophalangeal 

joints, lateral MPJ (LMPJ) 
The fifth metatarsal on the lateral side of the foot. (Gajdosik et al., 1987; Gastwirth, 1996; 

Hallaceli et al., 2014) 

2 Lateral malleolus (LM) Tip of the lateral malleolus. (Gajdosik et al. 1987;  Gastwirth, 1996;  Hallaceli  et al., 2014) 

3 Medial malleolus (MM) Tip of the medial malleolus.  (Gajdosik et al., 1987;  Gastwirth, 1996;  Hallaceli  et al., 

2014) 

4 Lateral of the fibula (LF) 15cm Superior the lateral malleolus (Gajdosik et al., 1987; Hallaceli et al., 2014;  

Antoniolli et al., 2018)  

5 Top of the second MPJ 

(SMPJ) 
On the dorsal aspect of the head of the second metatarsal. (Tochigi et al., 2003; Antoniolli 

et al,. 2018) 

6 Inter-malleolar point (ankle 

joint centre) (IM) 
 Anterior midway between medial malleolus and lateral 

 Malleolus (Tochigi et al., 2003; Antoniolli et al., 2018) 

7 Anterior shank (AS) 15cm tibia anterior aspect from the inter-malleolar point.(Tochigi  et al., 2003;  Antoniolli 

et al., 2018) 
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The change in the position and orientation of the ankle bone angles of each triplane for each of 

the stance phases from the neutral posture was quantified. The rotational angles around the x, y 

and z axes represented dorsiflexion (+) / plantarflexion (-), inversion (+) / eversion (-) and 

internal (+) / external (-) rotation, respectively; similar to the International Society of 

Biomechanics (ISB) definitions (Tochigi, 2003), see Figure 6.3. The rotation in the sagittal 

plane (y-z plane) was defined as dorsiflexion-plantarflexion (DF-PF), in the coronal plane (x-z 

plane) as inversion-eversion (IN-EV), and in the transverse plane (x-y plane) as internal-

external rotations (IR-ER). 

 

7.3 Results 

 
 

The results of the thirty three participants, whose ankle kinematics during normal gait and three-

unsteady gait trials (eyes closed, on single beam and dragging ankle weights) in four phases of 

stance phase (heel strike, loading response, mid-stance and terminal stance) are recorded in 

Table 7.2. The difference between normal and three unsteady gait trials was evaluated. The 

maximum mean differences between eyes closed and walking on a single beam was (1.548°) 

while the minimum mean differences between walking dragging of ankle weight and on single 

beam was (0.004°). The results demonstrated no significant differences in ankle kinematics 

between the normal and three-unsteady gaits, see Table 7.3. Three trials were conducted and 

reliability coefficients were used to assess agreement between them.  The intraclass correlation 

coefficient, which describes the degree of agreement of the repeated measures of three testing 

sessions, focused on the reliability of ankle kinematics during normal and unsteady gait. 

Reliability mean value between intra-sessions for the normal gait was 0.86 and the average for 

unsteady gait was 0.78. Thus, the composite measure of ankle kinematics results demonstrated 

very good reliability (ICC=0.82). 
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Table 7.2. Mean of triplane angles during stance phase of gait in normal, eyes closed, single 

beam and dragging ankle weights 

 
Stance phases Planes Normal                  

gait (°) 

Eyes closed (°) Single beam (°) Dragging of 

ankle weights (°) 

Heel strike Coronal 1.00 3.38 1.29 2.18 

Sagittal 3.43 11.72 7.90 5.22 

Transverse 0.90 8.48 2.99 2.56 

Loading 

response 

Coronal -4.90 -0.47 -0.44 -0.24 

Sagittal 10.19 8.43 7.66 8.13 

Transverse 0.44 4.71 3.11 2.00 

Mid-stance Coronal 0.59 2.59 2.67 2.49 

Sagittal 5.14 3.40 3.19 3.95 

Transverse 4.78 0.65 0.82 2.97 

Terminal 

stance 

Coronal 3.05 5.06 3.90 4.53 

Sagittal -10.34 -6.58 -3.80 -3.57 

Transverse 3.68 1.09  0.21 0.19 

 
 
Table 7.3. One-way ANOVA Post Hoc Bonferroni to evaluate the ankle kinematic angles 

differences between normal and three unsteady of four stance phases of gait 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

7.4 Discussion  

 
The purpose of this chapter was to assess the ankle kinematics during normal and three unsteady 

types of gait. Several previous studies reported on ankle joint kinetics during up- and down-

slope walking or on rocking supports (Kaya et al., 2003; Lay et al., 2006; Franz et al., 2012; 

Silverman et al., 2012; Gates et al., 2013; Novak & Brouwer, 2013), but these studies did not 

Multiple Comparisons 

Dependent Variable:  

Bonferroni 

Conditions Mean Difference  Std. 

Error 

Sig. 95% Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

1- Normal 2 -0.676 1.205 1.0 -4.004 2.650 

3 0.871 1.203 1.0 -2.455 4.199 

4 0.867 1.202 1.0 -2.460 4.195 

2- Closed eyes 1 0.676 1.207 1.0 -2.650 4.004 

3 1.548 1.206 1.0 -1.779 4.875 

4 1.544 1.204 1.0 -1.783 4.871 

3- On Beam  1 -0.871 1.206 1.0 -4.199 2.455 

2 -1.548 1.203 1.0 -4.875 1.779 

4 -0.004 1.201 1.0 -3.331 3.323 

4- Weight 1 -0.867 1.205 1.0 -4.195 2.460 

2 -1.544 1.207 1.0 -4.871 1.783 

3 0.004 1.204 1.0 -3.323 3.331 
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discuss ankle kinematics. Some studies articulated the kinematics of the ankle on a sloping 

surface (Lay et al., 2006; Damavandi et al., 2010), and other studies compared foot kinematics 

on treadmill and ground-surface walking (Alton et al., 1998; Riley et al., 2007). However, this 

study is the first to evaluate ankle kinematics during normal and unsteady gait using close-range 

photogrammetry and trialing on adults.  

 

The triplane angles of the ankle were varied in the sagittal plane during heel strike phase, the 

foot was nearly flat and there was almost no ankle plantarflexion during normal and unsteady 

gait. Peak dorsiflexion angle was (11.72°) during eyes closed. The subjects maintained 

dorsiflexion of their ankles until terminal stance changed to plantarflexion in all gaits. However, 

this study reports no significant differences in ankle dorsiflexion or plantarflexion between 

normal and unsteady gait which is consistent with previous studies that compared differences 

between treadmill and overground conditions (Alton et al., 1998; Riley et al., 2007). 

 

In the coronal plane, the ankle has less kinematics than the sagittal plane and it always tends to 

inversion during all gaits except for the loading response phase which tends to eversion to give 

greater stability. As can be seen in Table 7.2, the normal gait in the loading response phase has 

a higher ankle kinematics value because the subjects in unsteady gait are walking slowly 

according to Dingwell and Marin (2006). Studies conducted by England and Granata (2007) 

show that slow walking is more stable than fast walking. The ankle kinematics values in the 

mid-stance phase in all unsteady gaits were very close because the subjects’s bodies were more 

stable in this phase. In the transverse plane, all ankle kinematics have positive values, indicating 

that all subjects in this phase have internal rotation (adduction) in order to help the body push 

forward. 

 

As can be seen in Table 7.3, the maximum of mean difference values between normal and all 

unsteady gait reached (0.871°) showing that the triplanes of ankle angles during unsteady gait 

were consistent with normal gait, while the ankle angle is considerably less consistent when 

walking on a single beam, dragging weight, and eyes closed, where the mean differences were 

(1.548°) between eyes closed and on single beam gait, and (1.544°) between eyes closed and 

drag weight gait. 

 

In spite of the lack of significant differences between normal and unsteady walking, Table 7.2 

shows that in the heel strike the eyes closed gait has higher ankle kinematics values than other 
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gait types; perhaps because closed eyes lead to an increase in sway (disturbed balance) (Yelnik 

et al., 2015) and the ankle joint attempts to plays a dominant role in balancing (Gates et al., 

2013). 

 

Overall, gait patterns showed an increased dorsiflexion angle at initial contact followed by a 

continuous plantarflexion movement until terminal stance, similar to that reported by Nigg et 

al. (2010). Because the foot was nearly flat at heel strike, there was almost no ankle 

plantarflexion during initial contact when walking on an irregular surface. Subjects dorsiflexed 

their ankles quickly during mid-stance when walking over an irregular surface, but still 

maintained similar dorsiflexion prior to terminal stance compared to normal ground (Gates et 

al., 2012). Decreasing inversion/eversion motion at heel strike until mid-stance then slightly 

increasing at terminal stance is consistent with other studies (Silverman et al., 2012; Novak & 

Brouwer, 2013). All participants had internal ankle rotation in the stance phase for normal and 

unsteady gait due to the internal rotation that occurs during dorsiflexion (Brockett & Chapman, 

2016) and the ankle in dorsiflexion was more stable in the majority of the conditions tested, see 

Figure 7.2.  

 

Table 7.3 shows the mean differences between normal and unsteady walking. The maximum 

mean differences between eyes closed and walking on beam (±1.548°). This means that the 

orientation and behaviour of subjects’ ankles varied when walking under these conditions. In 

contrast, the minimum mean differences between walking on beam and dragging weight was 

(±0.004°), indicating that the subjects’ walking behaviour was the same in these conditions. 
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Figure 7.2. Angles of three planes of ankle kinematics during stance phase of gait in normal, 

closed eyes, single beam, and dragging weight 
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7.5 Summary and Conclusion 
 
The ankle joint is of great importance during gait as it allows shock absorption and provides 

forward propulsion force during the terminal stance phase in both normal and unsteady gait. 

The aim of this chapter was to evaluate ankle kinematics during instance phase in normal and 

unsteady gait. Thirty-three adults from Middle Eastern countries were recruited. Seven 

reflective markers were placed over the bony landmarks of foot and ankle of each participant, 

and measurement were taken using seven smartphone cameras. Ankle coordinates were 

determined using a photogrammetric bundle adjustment technique during normal gait and three 

unsteady gait trials ((1) eyes closed, (2) on single beam, and (3) dragging ankle weights) in four 

phases of stance (heel strike, loading response, mid-stance and terminal stance). The findings 

were that the eyes closed gait has higher ankle kinematics values than other gait conditions in 

heel strike phase (3.38°, 11.72°, and 8.48°) in the coronal, sagittal, and transverse planes, 

respectively. 

 

However, no significant differences in ankle kinematics were found between the normal and 

the three unsteady gaits, and the results demonstrated very good reliability (ICC=0.82). The 

information obtained from this study enhances understanding of the kinematics of the human 

ankle in the stance phase during normal and unsteady walking. A better understanding of the 

biomechanical ankle variables involved could help prevent potential falls. Furthermore, this 

knowledge could help with prosthetic design, as well as the design and manufacture of shoes. 

 

The results show that close-range photogrammetry can measure ankle and other joints 

accurately and reliably whilst undertake various activities and are in a variety of conditions. 
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Chapter 8. Conclusion and future directions  
 

8.1 Conclusion  
 
Advancing the knowledge of human foot function and ankle kinematics in daily activities’ 

impact on foot performance and is a crucial field of human health research. This knowledge is 

particularly important for the study and treatment of pathological injuries, deformed feet and 

ankle sprain, and to help design appropriate therapeutic footwear that fits the individual foot’s 

shape features. In this thesis, a number of investigations were implemented to capture 3D video 

images of the foot shape and ankle kinematics during walking to assist in understanding the 

morphology and structural behaviour of the foot and ankle kinematics during gait. 

 

This study introduces close-range photogrammetric techniques using HD smartphone cameras 

which are becoming popular for capturing accurate 3D models of the human body. They have 

also been shown to be useful for the study of the human foot morphology and ankle behaviour 

during normal and unsteady gait. The study discusses various methods of measuring foot shape, 

behaviour of the MLA, and kinematics of ankle. Five objectives were established to accomplish 

the research aim. These objectives were: 1) Determine the quality of smartphone cameras and 

close range photogrammetry system for simultaneous accurate 3D imaging system of the human 

foot shape; 2) Investigation of  the 3D human foot shape characteristics between females and 

males; 3) Evaluation and determination of  the Medial Longitudinal Arch (MLA) in static and 

dynamic conditions; 4) Validation and investigation of 3D ankle kinematics during gait 

according to genders; and 5) Assessment and determination of the ankle kinematics in normal 

and unsteady gait. Below are the conclusions of the study based on each research objective.  

 

Objective 1  

 
An investigation of 3D foot morphology was achieved during this study. Many techniques have 

been used to measure foot shape and analyse foot dimensions include foot print, calliper, and 

radiographic. Most of these techniques are either high cost or poor quality. However, this study 

used high accuracy and cheap tools to capture foot dimensions using smartphone cameras and 

a close-range photogrammetry technique. Close-range photogrammetry has enabled non-

contact, high accuracy and low cost measurement of foot dimensions. The research study 

concluded that the RMS of smartphone camera calibration ranging between 0.2 and 0.7 pixels, 

and that means high quality stability of the lens for all smartphone cameras used to capture foot 
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images. In this study 14 foot dimensions and 11 foot parameters were computed and repeated 

that for the same adults for three sessions. The average reliability using ICC and SEM indicated 

a high level of agreement of the repeatable measures. The results indicate that close-range 

photogrammetry is a reliable and simple technique to measure foot morphology. 

 

Objective 2  

 
Very few studies have investigated the 3D foot shape characteristics of adult females and males 

of Middle Eastern populations. The outcome of the research shows that all the mean values of 

foot dimensions and parameters in males were higher than females except the FI and the 

AHI_TFL; females have higher mean values. There were significant differences between FL, 

TFL, AL, FB, HB, BIB, MB, HMF, NH, AJH, BG, HG, AHR, NNH_TFL, NNH_I, CSI, CSIR 

and SAI characteristics of the feet of each gender. The high value of CSIR for both genders 

indicates that the participants in our results have flat feet. Compared to other countries, the 

adults of Middle Eastern countries have smaller differences in foot shape than other ethnicities 

that should be incorporated into designing shoes to meet the requirements for the shoe fit and 

comfort of Middle Eastern adults. 

 

 

Objective 3  
 

Foot type is classified as either pes cavus (high-arched), pes planus (flat foot/low-arched) or 

normally arched depending on the structure of the MLA. Most of apparatus and methods used 

to evaluate and classify the foot are based on ND in the static condition. However, in this study, 

tests showed that the video-based photogrammetric system developed is suitable for the 

mapping of the plantar surface during sitting, standing and walking, and that HD smartphone 

video cameras can be used to produce accurate mapping precision of ±0.3 mm and high quality 

3D textured models. Our results show that the MLA in sitting (non-WB) was (137.83°) and in 

50% standing was (144.79°). MLA values in 10% WB and 90% WB standing were (140.95°) 

and (141.30°), respectively. During dynamic conditions in the stance phase, MLA values were 

(149.72°), (149.83°), (150.57°) and (148.58°). These results show that the arch in sitting tended 

to be high and the average value of the MLA angle in four stance phases during gait was slightly 

more than in the static condition. These results validate the importance of the longitudinal arch 

angle for the foot during physical activity and physical therapy, and may add information to the 

clinical arena.  The close-range photogrammetry technique developed could be used to evaluate 
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the extent of tissue/structural, compression/stretching and loading variation at different 

locations of the plantar surface when walking on level and inclining surfaces.  

 

Objective 4  

 
This objective was achieved using 3D photogrammetric measurement to validate and 

investigate ankle joint kinematics during the stance phase of gait according to gender. The tests 

show that females had a significantly greater range of ankle motion than the males in the 

transverse plane throughout the stance phase, and the maximum mean angle of adduction in the 

heel strike phase for males was higher than for females. The maximum mean angle of 

inversion/eversion rotation of the ankle for females and males was closer. No significant 

differences in range of ankle motion in the coronal and sagittal planes were observed between 

males and females. The overall value of the ICC was 0.86, which is considered “very good”. 

 

In conclusion, this study demonstrates the gender difference of ankle ROM. Specifically, our 

results show that females have more joint laxity and flexible ankle ROM than males, and males 

have a higher ROM of AD in the HS phase. Therefore, it is necessary to assess and plan training 

programs for ankle ROM in males. Further research is needed to ascertain the most effective 

way to improve ankle joint flexibility in males. This would be beneficial for the prevention of 

falls, especially for older adults. These results may contribute to the effectiveness of 

understanding gender differences in ankle function and may be useful to understand and treat 

ankle joint pathologies in a gender-specific way. The test results show that the video-based 

photogrammetric technique developed provides accurate values for major phases of gait were 

used in the testing: HS, LR, MS and TO. 

 

 

Objective 5  

 
To achieve the last objective, close-range photogrammetry was used to assess and determine 

the ankle kinematics during normal and unsteady walking. During unsteady walking, four 

walking conditions were performed by each subject and the subjects performed three trials for 

each condition (walking eyes closed, walking on a single beam and walking while dragging 

ankle weights). The findings were that the eyes closed gait has higher ankle kinematics values 

than other gait conditions in the heel strike phase. However, no significant differences in ankle 

kinematics were found between the normal and the 3-unsteady gaits, and the results 
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demonstrated very good reliability (ICC=0.82). The information obtained from this study 

enhances understanding of the kinematics of the human ankle in the stance phase during normal 

and unsteady walking. A better understanding of the biomechanical ankle variables involved 

could help prevent falls. Furthermore, this knowledge could help to improve surgical techniques 

and prosthetic design, as well as the design and manufacture of shoes. 

In conclusion, this research was successful because it has provided convincing answers to the 

research questions, and it has accomplished all the research objectives.  

 

Table 8.1 Overview of main points of objectives 

Objectives Conclusions 

Objective 1 -The RMS of smartphone camera calibration ranging between 0.2 and 0.7 

pixels, and that means high quality stability of the lens for all smartphone 

cameras used to capture foot images.  

-The results indicate that close-range photogrammetry is a reliable and 

simple technique to measure foot morphology. 

Objective 2 -All the mean values of foot dimensions and parameters in males were higher 

than females except the FI and the AHI_TFL.  

-There were significant differences between FL, TFL, AL, FB, HB, BIB, 

MB, HMF, NH, AJH, BG, HG, AHR, NNH_TFL, NNH_I, CSI, CSIR and 

SAI characteristics of the feet of each gender. 

Objectives 3  -MLA in sitting (non-WB) was (137.83°) and in 50% standing was 

(144.79°). MLA values in 10% WB and 90% WB standing were (140.95°) 

and (141.30°), respectively.  

-During dynamic conditions in the stance phase, MLA values were 

(149.72°), (149.83°), (150.57°) and (148.58°).  

-Results show that the arch in sitting tended to be high and the average value 

of the MLA angle in four stance phases during gait was slightly more than 

in the static condition. 

Objective 4 -Females had a significantly greater range of ankle motion than the males in 

the transverse plane throughout the stance phase. 

- The overall value of the ICC was 0.86, which is considered “very good”. 

-It is necessary to assess and plan training programs for ankle ROM in males. 
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- Close-range photogrammetry technique can easily measure joint angles 

during normal and unsteady gait. 

Objective 5 No significant differences in ankle kinematics were found between the 

normal and the 3-unsteady gaits. 

-Results demonstrated very good reliability (ICC=0.82). 

 

8.2 Future directions   
 
Overall, the results achieved by this study demonstrate the effectiveness of close-range 

photogrammetric techniques for high accuracy metric analysis of foot morphology and ankle 

kinematics during gait. Furthermore, the study may open doors to new and further 

investigations into the foot and to capture accurate dynamic foot data and carry out tests to 

determine the suitability of data for preventing the occurrence of falls during unsteady gait. As 

an extension of this research, investigations could provide vital information about the 

characteristics of foot morphology and could involve another foot classification method known 

as the Foot Posture Index (FPI) which has gained popularity due to its high validity and 

reliability. The development of effective methods for monitoring a large sample of the 

population from Middle Eastern countries or other geographical locations could give still more 

reliability. 

 

The study investigates ankle kinematics therefore could involve the kinematics of a complete 

3D model of the whole foot including forefoot and hindfoot during the stance phase of gait. 

Furthermore, research could include plantar surface pressure data of the dynamic foot during 

gait. Subsequently, research could be carried out to determine the correlation between the centre 

of pressure (COP) and the plantar rotation angle during gait for each segment of the foot. 

 

Further works could also include developing a comprehensive human ankle evaluation in ascent 

or descent conditions during gait, which increase the probability of ankle sprain. However, 

images alone provide only partial information about the foot and ankle, and the foot pressure 

data could provide the kinetics information about the force and pressure of the dynamic foot 

during gait. In addition, the close-range photogrammetry technique and imaging sensors can be 

used to capture details of footwear with the ground surface during gait. This could be useful for 

designing and manufacturing foot orthotics and footwear. Other suitable applications could 

include detailed studies on foot deformities. 
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Appendix A   

 

Anthropometric data of participants (18 males and 15 Females) 

 
No Age Height Weight BMI 

1 32 184 119.3 35.23 

2 44 167 94.6 33.92 

3 35 174 85.9 28.37 

4 28 182 88.5 26.71 

5 40 182 88.5 26.71 

6 40 166 82.2 29.83 

7 34 180 69.8 21.54 

8 30 175 85.4 27.88 

9 44 169 93.7 32.8 

10 39 176 90 29.05 

11 40 172 80.2 27.1 

12 42 162 70.6 26.9 

13 29 179 104.6 32.64 

14 42 178 94.6 29.85 

15 32 173 107.3 35.85 

16 30 178 78.9 24.9 

17 47 185 107 31.26 

18 39 181 77.1 23.53 

19 25 167 52.8 18.93 

20 38 157 73.9 29.98 

21 36 158 60.2 24.11 

22 33 163 66.3 24.95 

23 28 166 55.9 20.28 

24 37 164 62.2 23.12 

25 38 156 71 29.17 

26 36 165 55.2 20.27 

27 42 160 48.7 19.02 

28 46 156 74.2 30.48 

29 43 160 77.9 30.42 

30 46 154 67 28.25 

31 32 165 72 26.44 

32 34 162 68 25.91 

33 37 157 68 27.58 
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Appendix B   

 

Bundle adjustment Principles 

  

Bundle adjustment also known as bundle triangulation bundle block adjustment, multi-image 

triangulation, and  multi-image orientation is a method for the simultaneous numerical fit of an 

unlimited number of spatially distributed images (bundles of rays), see Figure B.1. It uses tie 

points in the object surface that can be reconstructed in three dimensions.  Bundle adjustment 

is a very general technique which combines elements of geodetic and photogrammetric 

triangulation, space resection and camera calibration. Since the early 1980s, bundle adjustment 

has been accepted in all areas photogrammetry. Input data for bundle adjustments are typically 

photogrammetric image coordinates generated by digital cameras and the outputs of the bundle 

adjustment process are corrections of image coordinates, interior and exterior orientations, 

statistics error analysis, and the principal results of 3D coordinates of object points (Luhmann 

et al., 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1:  Multi-image triangulation (Luhmann et al., 2014) 

 

 

The mathematical model of the bundle adjustment is based on collinearity equations (Wolf & 

DeWitt, 2000; Luhmann et al., 2014). The coordinates of an object point P can be derived from 

the position vector to the perspective center X0 and the vector from the perspective center to the 
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object point X*, see Figure 3.2. 

 X = X0 + X*       …(b.1) 

Vector X* is given in the object coordinate system. The image vector x′ may be transformed 

into object space by rotation matrix R and a scaling factor m. Then, since it is in the same 

direction as x*: 

 X* = m.R.x′       …(b.2) 

Where 

 

R=[
𝑟11 𝑟12 𝑟13
𝑟21 𝑟22 𝑟23
𝑟31 𝑟32 𝑟33

]     and  

 

r11= cos ϕ cos κ,  

r12 = sin ω sin ϕ cos κ + cos ω sin κ, 

r13 = -cos ω sin ϕ cos κ + sin ω sin κ,    

r21 =- cos ϕ sin κ,  

r22= - sin ω sin ϕ sin κ + cos ω cos κ,               …(b.4) 

r23 = cos ω sin ϕ sin κ + sin ω cos κ,  

r31 = sin ϕ,  

r32 = - sin ω cos ϕ,  

r33 = cos ω cos ϕ. 

Where ω, κ, ϕ (tilt about horizontal axis), κ (roll around optical axis) and ϕ (azimuth). Hence, 

the projection of an image point into a corresponding object point is given by: 

 

X= X0 + m.R.x′ 

 

[
𝑋
𝑌
𝑍
]=[

𝑋0

𝑌0

𝑍0

] + m . [
𝑟11 𝑟12 𝑟13
𝑟21 𝑟22 𝑟23
𝑟31 𝑟32 𝑟33

]. [
𝑥′
𝑦′

𝑧′

]         ...(b.5) 

 

By inverting eq. (b.5), adding the principal point H′ (𝑥0
′ , 𝑦0

′ ) and introducing correction terms 

∆𝑥′(∆𝑥, ∆𝑦)(image distortion parameters), the image coordinates are given by: 

 

x′−𝑥0
′ − ∆𝑥′ =

1

𝑚
  . R-1. (X-X0) 
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[
𝑥′−𝑥0

′ − ∆𝑥

𝑦′−𝑦0
′ − ∆𝑦

𝑧′

]=
1

𝑚
  . [

𝑟11 𝑟21 𝑟31
𝑟12 𝑟22 𝑟32
𝑟13 𝑟23 𝑟33

]. [

𝑋 − 𝑋0

𝑌 − 𝑌0

𝑍 − 𝑍0

] 

 

By dividing the first and second equations by the third equation, the unknown scaling factor 𝑚 

is eliminated and the collinearity equations follow: 

 

𝑥′ = 𝑥0
′ + 𝑧′

𝑟11(𝑋 − 𝑋0) + 𝑟21(𝑌 − 𝑌0) + 𝑟31(𝑍 − 𝑍0)

𝑟13(𝑋 − 𝑋0) + 𝑟23(𝑌 − 𝑌0) + 𝑟33(𝑍 − 𝑍0)
+ ∆𝑥′ 

𝑦′ = 𝑦0
′ + 𝑧′

𝑟12(𝑋 − 𝑋0) + 𝑟22(𝑌 − 𝑌0) + 𝑟32(𝑍 − 𝑍0)

𝑟13(𝑋 − 𝑋0) + 𝑟23(𝑌 − 𝑌0) + 𝑟33(𝑍 − 𝑍0)
+ ∆𝑦′ 

     …(b.6) 

 

 

Equation (b.6) describe the transformation of object coordinates (X, Y, Z) into corresponding 

image coordinates ( 𝑥′, 𝑦′) as functions of the interior orientation parameters (𝑥0
′ , 𝑦0

′ , c, ∆𝑥′, ∆𝑦′) 

and exterior orientation parameters (𝑋0, 𝑌0, 𝑍0, ω, κ, ϕ ) of one image (Luhmann et al., 2014). 
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Appendix C   
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Appendix D   

 

Ethical Clearance Forms 

Human ethics clearance has to be obtained for all research involving human participation 

according to the laws of the Office of Research and Higher Degrees at the University of 

Southern Queensland (USQ). Therefore, in this study two ethical clearance forms were given 

to each participant, whether male or female, to ensure that they understood the purpose and 

nature of the study, and to obtain their approval to participate in the study. These forms are: 

 Participant Information Sheet 

 Consent Form. 

A sample of these two forms is presented below: 
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TO:   Participants 
 

Full Project Title:         3D photogrammetric images to evaluate foot morphology and ankle kinematics during gait of 

Middle Eastern adults  

Principle Researcher:  Dr Albert Chong  

Student Researcher: Ali Abdulmunim Ibrahim Al-Kharaz 

Associate Researcher(s):  

 

This research project is part of a PhD where the aim is to develop an approach that provides low-cost, high-quality 3D 
surface models that can be used to study the dynamics of the foot. Please read this Plain Language Statement carefully. 
Its purpose is to explain to you as openly and clearly as possible all the procedures involved so that you can make a fully 
informed decision as to whether you are going to participate. Feel free to ask questions about any information in the 
document. You may also wish to discuss the project with a relative or friend or your local health worker. Feel free to do 
this. 

 

Once you understand what the project is about and if you agree to take part in it, it is asked that you sign the attached 
Consent Form. By signing the Consent Form, you indicate that you understand the information and that you give your 
consent to participate in the research project. 
 
1. Purpose of Research 
 
Accurately collecting and analysing pressure and kinematic data of the foot during gait trials often requires the use of 
advanced and expensive equipment. As such, this type of equipment is not readily available in all clinics where gait 
assessments would be useful in helping to assess common movement abnormalities (such as cerebral palsy). With the 
recent advancement in video technology in smartphones, there perhaps is now an option for clinics that don’t have 
large amounts of funding, or staff with advanced expertise in using biomechanical equipment, to undertake accurate 
gait assessments. Thus, the first purpose of the research is to develop an accurate photogrammetric approach that 
provides low-cost, high-quality and non-invasive 3D surface models of the human foot. If successful, this will allow us to 
study the dynamics of the foot, foot dorsal and plantar performance and the foot plantar pressure/force during gait using 
smartphone video. In addition, previous research has yet to measure the precise alterations of the plantar aspect of the 
foot contours in relation to distribution and location of ground reaction forces during the stance phase of the gait cycle 
and thus the investigation of this will be the second purpose of the research.  
 
The outcomes of the research will result in an in-depth understanding of: 1) the stress of plantar structures of the foot 
via determining the weight distribution on the foot during gait; 2) the biomechanical aspects of dorsal and plantar 
structures during gait via analyzing foot movement; and 3) a low-risk, low-cost method of analysing dynamic 
performance of the foot using smartphone video. 
 
2. Procedures 
 

 Prior to agreeing to participate in the experiment, participants will need to meet the requirements for being 

included in this experiment: 

 No current or recent history of neuromuscular disease or injury that may impact on the person’s 

ability to walk 

 No requirement to use an assistive device to walk 

 Aged between 18-50 years 

 Participants who agree to be a part of this study will be required to visit the (S113) at the University of Southern 

Queensland, Toowoomba Campus for one session of about 15 min in duration. 

 

U n i v e r s i t y  o f  S o u t h e r n  Q u e e n s l a n d  
 

The University of Southern Queensland  
 

Participant Information Sheet  
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 Once the informed consent document has been signed, participants will be asked to remove their shoes in 

preparation for the trials. 

 Participants will then be asked to walk with a natural speed along a 4-m long walking platform. Embedded in the 

walking platform is a pressure mat that sits flush with the level of the walking platform. Participants will be required 

to perform three trials walking along the platform and over the pressure mat. While the participant is walking along 

the walking platform, pairs of smartphone cameras arranged around the walking platform will record the feet and 

legs of the participant. 

 

3. Expected Benefits 

 

Participants will not directly benefit from the study. However, the wider community that the participant is a member of will 

benefit from the development of a low-cost, low-risk and accurate method of analysing the foot during gait. This will assist 

doctors and other clinics to achieve an appropriate individualised treatment strategy for the patients who suffer from foot 

problems.   

 

4. Risks 

 

As the participants will be walking as they normally do during day-to-day activities, there are no added risks of participating 

in this study. 

 

5. Confidentiality 

 

Video footage requires a large storage capacity. Because of limited computing resources, these video clips will be 

discarded as soon as the models are derived and analysed. Any information obtained in connection with this project that 

can identify you will remain confidential. It will only be disclosed with your permission, subjected to legal requirements. 

The results of this project are planned to be published in a scientific journal or conference presentation. In any publication, 

information will be provided in such a way that you cannot be identified including the removal of any names, images or 

video that could identify an individual. The results from the research will not target an individual and thus group 

data will be presented. Personal data that will be collected will be restricted to information pertinent for the 

accurate running of the research and ensures that suitable participants are only included.  

6. Voluntary Participation 

 

Participation is entirely voluntary. If you do not wish to take part you are not obliged to. If you decide to take part and later 

change your mind, you are free to withdraw from the project at any stage.  Any information already obtained from you will 

be destroyed.  

Your decision whether to take part or not to take part, or to take part and then withdraw, will not affect your relationship 

with the University of Southern Queensland. 

Before you make your decision, a member of the research team will be available to answer any questions you have about 

the research project. You can ask for any information you want. Please only sign the Consent Form once you have had 

a chance to ask your questions and have received satisfactory answers. 

If you decide to withdraw from this project, please notify a member of the research team. This notice will allow the research 

team to inform you if there are any special requirements linked to withdrawing. 

 

7. Queries or Concerns 

 

Should you have any queries regarding the progress or conduct of this research, you can contact the principal researcher:  

 

Ali Abdulmunim AL-Kharaz 
Faculty of Engineering and Surveying 
Toowoomba 
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ph: +61 403680102 

Email: Ali.Al-Kharaz@usq.edu.au 

 

 

If you have any ethical concerns with how the research is being conducted or any queries about your rights as a participant 

please feel free to contact the University of Southern Queensland Ethics Officer on the following details. 

 

Ethics and Research Integrity Officer 

Office of Research and Higher Degrees 

University of Southern Queensland 

West Street, Toowoomba 4350 

Ph: +61 7 4631 2690 

Email: ethics@usq.edu.au 

  

mailto:ethics@usq.edu.au
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TO:  Participants 

Full Project Title: 3D photogrammetric images to evaluate foot morphology and ankle kinematics during gait of Middle 

Eastern adults  

HREC Number : H18REA168 

Principle Researcher: Ali Abdulmunim Ibrahim Al-Kharaz; Email: Ali.Al-Kharaz@usq.edu.au  

Principle Researcher: Dr Albert Chong;   Email: albertkon-fook.chong@usq.edu.au 

I agree for that by signing below: 

 

 I have read the Participant Information Sheet and the nature and purpose of the research project has been 
explained to me. I understand and agree to take part. 

 

 I understand the purpose of the research project and my involvement in it. 
 

 I have had any questions answered to my satisfaction. 
 

 I understand that I may withdraw from the research project at any stage and that this will not affect my 
status now or in the future. 

 
 I confirm that I am between the ages 18 to 50 years. 

 

 I understand that while information gained during the study may be published, I will not be identified and my 
personal results will remain confidential.  

 

 I understand that any data collected may be used in future research activities 
 

 I understand that only my foot will be videotaped during the study. 
 

Name of participant………………………………………………………………....... 
 
 
Signed…………………………………………………….Date………………………. 

 
Please return this sheet to a research team member prior to participating. 
 

 

U n i v e r s i t y  o f  S o u t h e r n  Q u e e n s l a n d  
 

The University of Southern Queensland  
 

Consent Form 


