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Abstract 

 

Personal identification of human remains is an imperative element in most 

forensic investigations. Forensic anthropologists have an important role, to 

facilitate the identification of human remains in those investigations. With the 

increased number of mass disasters, homicides and accidents, the identification 

of remains can be problematic when the deceased can no longer be 

recognized, due to the nature of the injuries sustained. The aim of the present 

thesis was to develop standards to estimate sex and stature from hand and 

handprint measurements specifically for a Western Australian population. 

Stature and sex estimation standards formulated from different parts of the 

skeleton or body limbs, including the hand, are useful towards establishing 

personal identity. 

 

The sample analysed comprised 91 males and 110 females (a total of 210 adult 

subjects). Seven measurements were collected from the hand: hand breadth 

and length; palm and thumb length; and index, middle and ring finger lengths. 

The corresponding measurements were also collected for handprints. Sex was 

analysed using linear discriminant function analyses and stature was analysed 

using simple linear and multiple regression analyses. 

 

It was found that all hand and handprint measurements were significantly larger 

in males compared to females (p < 0.05). Those measurements were also 

found to be bilaterally symmetrical, except for the hand (male and female) and 

handprint (female only) breadth measurements in which the significant 

differences were relatively small (< 0.08cm).  

 

A series of standards for the combined left and right hand and handprint 

measurements for estimating sex and stature were formulated. Using hand and 

handprint measurements, the expected sex classification accuracy ranged from 

79.4% to 96.3% and from 76.1% to 93.8% respectively. All hand and handprint 

measurements were also found to be significantly correlated to stature (p < 

0.01); the r-values ranged from 0.45 to 0.87. Multiple regression models for both 

hand (± 4.66 to 5.96cm) and handprint (± 5.16 to 6.74cm) measurements were 
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found to be more accurate compared to simple linear regression models (hand 

SEE = ± 4.76 – 7.10cm; handprint SEE = ± 5.42 – 7.68cm). 

 

An important outcome of this research is that it has established that it is 

possible to estimate sex and stature using hand and handprint measurements 

with a high degree of expected accuracy in a heterogeneous Western 

Australian population. Sex and stature estimation standards formulated in the 

present study, therefore, are useful in assisting forensic investigators to narrow 

down the pool of potential victims in mass fatality scenarios or in routine 

criminal case work. 
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CHAPTER ONE 

 

Introduction: Background and Objectives 

 

 

1.1 Biological profiling of human remains 

Personal identification of human remains is imperative for forensic 

investigations. Forensic anthropologists have an important role to facilitate the 

identification of human remains in such investigations. This involves estimating 

biological attributes in unknown skeletal remains or fleshed body parts towards 

establishing their identity. This procedure, known as ‘biological profiling’, is 

often required in medico-legal practice. The four fundamental biological 

attributes that forensic anthropologists estimate are sex, stature, age, and 

ancestry (Littleton & Kinaston 2008; Franklin 2010). 

 

In predicting these key indicators of identity, reference standards are 

conventionally utilized which are based on morphological and osteometric 

analyses of large documented skeletal collections. This method, however, is 

limited to some extent, as the highest accuracy of such estimations is achieved 

when the standards are applied to the same population from which they are 

derived (Komar 2003; Iscan 2005). In addition, many skeletal collections utilised 

to formulate anthropological standards are comprised of prehistoric individuals 

and are thus unable to appropriately account for ‘modern’ secular changes, 

particularly in regards to stature (Cole 2000). As an alternative, recent studies 

have shown that standards (e.g. stature) derived from anthropometric 

measurements of the living are able to provide comparable accuracy to skeletal 

standards (Adams & Herrmann 2009). Furthermore, the former is more 

reflective of secular changes and the current demographic structure in modern 

populations.  
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1.1.1 Sex and stature estimation  

As stated above, sex and stature estimation are two of the four most important 

biological attributes towards establishing personal identity. With the increased 

number of mass disasters, homicides and accidents, the identification of 

remains can be problematic when the deceased can no longer be recognized, 

due to the nature of the injuries sustained. Estimation of the sex and stature of 

human remains is therefore crucial, as it helps to narrow down the possible 

number of suspects or victims. In some situations, a forensic anthropologist has 

to work with commingled, dismembered, and incomplete (or fragmented) 

remains (Kanchan et al. 2010a). Sex and stature estimation standards 

formulated from different parts of the skeleton or body limbs (including the 

hand) are, therefore, useful in such situations. Furthermore, prints are often left 

behind by the criminal(s) at crime scenes, thus, sex and statute estimation 

using handprint measurements may also be useful in profiling individuals for 

criminal investigation. 

 

1.1.2 Hand and handprint measurements in estimating sex and stature 

Studies to estimate sex (e.g. Agnihotri 2006; Kanchan & Rastogi 2009) and 

stature (e.g. Agnihotri et al. 2008; Rastogi et al. 2008) from hand 

measurements have been conducted on various modern human populations. 

By comparison, however, only limited research has been undertaken into the 

potential of handprint measurements in estimating sex and stature. As 

discussed above, standards developed from a population in order to estimate 

sex or stature are best suited to that particular population only. It is for this 

reason that forensic anthropologists have continued to investigate population 

specific approaches and methods to acquire the utmost accuracy in their 

estimations. Thus, this research project aims to develop sex and stature 

estimation standards specifically for a Western Australian population on the 

basis of hand and handprint measurements. 

 

 

1.2 Research aims and objectives 

The main objective of the present research is to produce standards to estimate 

sex and stature from hand and handprint measurements specifically for a 

Western Australian population.  
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The specific aims of this project are:  

 

 (i) To assess sexual dimorphism in hand and handprint measurements 

This study will first examine if there is any significant sexual dimorphism in hand 

and handprint measurements taken from a Western Australian population. From 

this assessment, sex estimation standards can be formulated and the 

requirement of sex-specific stature estimation standards can be evaluated (see 

section 1.2 – iii and iv). Recent studies have investigated the degree of sexual 

dimorphism in hand dimensions and it has been demonstrated that hand 

dimensions in males are significantly larger than females (e.g. Agnihotri 2006; 

Kanchan et al. 2008a; Kanchan & Rastogi 2009). These studies, however, have 

only examined hand dimensions and not on handprints; the latter maybe useful 

for profiling purposes as mentioned above. 

 

(ii) To assess bilateral asymmetry in male and female hand and 

handprint measurements 

There has been considerable research undertaken to assess if there are any 

significant differences between left and right hand measurements. Most studies 

have reported no significant bilateral difference in hand length (e.g. Abdul Malek 

et al. 1990; Sanli et al. 2005; Krishan & Sharma 2007; Agnihotri et al. 2008). 

Hand breadth, however, has been found to present bilateral variation in some 

populations (e.g. North and South Indian - Rastogi et al. 2008) and not in other 

populations (e.g. Turkish - Agnihotri et al. 2008).  

 

The second aim of the present study, therefore, is to assess the level of 

bilateral asymmetry and variations of hand and handprint measurements within 

the Western Australian sample. By assessing the level of bilateral asymmetry, 

the requirement of developing sex and stature estimation standards that are 

hand side-specific can be evaluated. It will be important to have side-specific 

standards if there is significant bilateral asymmetry, because such variation 

would influence the accuracy of sex and stature estimation. Conversely, the 

application of one single standard for both hand sides is appropriate if no 

significant bilateral differences are found. 
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(iii) To develop hand and handprint sex estimation standards for 

Western Australia  

Estimation of sex is an important biological attribute in the process of identifying 

unknown human remains, as accurate sex estimation helps to narrow down the 

pool of unknown identities by half (Klepinger 2006; Kanchan & Rastogi 2009). 

The present study aims to formulate sex estimation standards for a Western 

Australian population on the basis of hand and handprint measurements. These 

standards are necessary because it enables sex estimation to be made from 

amputated or severed hands or fingers discovered from a crime scene or from 

mass disaster sites, which will be an important contributor towards establishing 

the identity of unknown individuals. At most routine crime scenes there will not 

be any dead bodies; frequently, however, prints are left behind by the 

perpetrator(s). Thus, sex estimation standards using handprint measurements 

may also be useful in profiling individuals for criminal investigation in Western 

Australia. 

 

(iv) To develop hand and handprint stature estimation standards for 

Western Australia 

Stature is one of the key parameters for personal identification and is routinely 

estimated in forensic anthropological assessments. The correlation between 

stature and various body parts (e.g. the upper and lower extremities) has 

allowed forensic anthropologists to estimate stature from different parts of the 

body (Krishan & Sharma 2007). The final aim of the present study is to 

formulate stature estimation standards for a Western Australian population on 

the basis of hand and handprint measurements. Standards formulated from 

hand and handprint measurements will also be compared to examine which of 

the two has a higher correlation to stature. As previously noted (see section 

1.1.1), there is always a need for different approaches in identifying individuals 

from dismembered and fragmented remains, especially in mass disaster 

scenarios. In such situations, measurements of the hands can provide an 

approximation of the height of the deceased. Further, stature estimation 

calculated from these standards (using prints) may support or supplement 

height estimation of suspects made by eye-witnesses.  
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1.3 Sources of data 

Data for the present research was collected from 201 adult individuals, age 

ranging from 18 to 68 years. Subjects were both male and female with no 

history of hand, foot or back problems. All individuals who volunteered to have 

their height and hands measured were required to sign a consent form 

(Appendix I) and answer a questionnaire (Appendix II). The questionnaires are 

anonymised to protect the privacy of the participants. The sample consists of 

people of different ethnic backgrounds, which is assumed to comprise a typical 

Western Australian population (ABS 2006). Ethical approval was granted from 

the University of Western Australia’s Human Research Ethics Committee 

(Project No RA/4/1/2382) prior to any data collection. 

 

 

1.4 Limitations 

Sexual differences (sexual dimorphism) between male and female sub-adults 

are not fully developed and are generally indistinctive (Scheuer 2002; Komar & 

Buikstra 2008). In addition, sub-adults have not achieved their maximum height 

and are still growing with varying growth rates between individuals and sexes 

(Franklin 2010). For this reason, in the present project only adult participants 

over the age of 18 years were included, as the inclusion of non-adult individuals 

could potentially affect the accuracy of sex and stature estimations. 

 

The second issue is related to the number of subjects. To develop a more 

robust standard, it is often required to have a large number of subjects. In 

general, the larger the sample size, the smaller sampling error tends to be 

(Madrigal 1998; Perini et al. 2005); therefore, it will produce a more accurate 

analysis. However, in reference to previous research (e.g. Abdul Malek 1990; 

Sanli et al. 2005; Kanchan & Rastogi 2009), the sample size (201 subjects) 

examined in the present research is sufficiently large. 

 

The last issue concerning the sample groups; participants were primarily 

recruited from the Western Australian Police Service and staff and student from 

the University of Western Australia. As such, there may possibly be an inherent 

bias in the sample, e.g. large males in the police sample. From the statistical 

analyses, however, the sample data was found to be normally distributed and 
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should be regarded as being representative of a ‘typical’ Western Australian 

population. 

 

 

1.5  Thesis format 

This thesis is presented in six chapters. Chapter One is the introduction and 

outlines the aims, sources of data and limitations of the present study. Next, the 

literature review will be divided into two chapters: Chapter Two will briefly 

review selected aspects of human populational variability relating to body size 

and shape and Chapter Three overviews the roles of the forensic 

anthropologists in biological profiling unknown individuals. This chapter will also 

review literature relevant to the present study with discussions focusing on the 

estimation of sex and stature using anthropometric measurements and skeletal 

elements. Chapter Four at first briefly describes the basic surface and gross 

anatomy of the hand, and then provides an outline of the materials examined 

and the methods that were used to analyse the data. Results from statistical 

analyses of the data will be covered in Chapter Five. Finally, Chapter Six 

provides the discussion and conclusions of what was ascertained from the 

results. Forensic applications and limitations of the present study and the 

recommendations for future research are also included in this final chapter.  

 

 

1.6 Summary 

In spite of the ethnic diversity of the Western Australian population, it is still 

expected that the hand and handprint measurements to be sexually dimorphic 

and positively correlated to stature. The present research anticipates in 

developing local Western Australian standards for sex and stature estimation 

using hand and handprint measurements. These standards can assist 

anthropological investigations by narrowing down the pool of suspects or 

victims that matches the estimated height, and further reduced it by 50% of 

those matches according to the estimated sex or vice-versa.  These standards 

would thus be applicable (and useful) for routine criminal, disaster victim 

identification (DVI), plane crash, and accident investigations in a Western 

Australian population. 
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CHAPTER TWO 

 

A Brief Introduction to Aspects of Human Variation in 

Body Size and Shape  

 

 

2.1 Introduction 

Humans are all part of the same species; Homo sapiens. As a species, 

however, we are comprised of a variety of groups (or ethnicities), which results 

in differences; either anatomical or physiological, especially with regard to 

growth and developmental rates (Overfield 1995; Ruff 2002). These differences, 

at their most basic level, are known as human variation. Differences between 

human groups are deeply embedded in our evolutionary and more recent 

migratory history and have largely developed as a result of long-term 

adaptations to environmental influences. 

  

The aims of this chapter are, therefore: outline 1) a succinct overview of the 

basics of population variability in human groups; 2) explore some of the genetic 

and environmental influences on human variation; and finally to 3) discuss 

secular trends in growth, especially stature. The review will be more focused on 

forensically relevant topics and issues regarding human variation. 

    

 

2.2 The basics of population variability in human groups 

Historically, local populations developed within geographically isolated areas, 

generally along continental lines. Oceans, mountains, deserts and distance are 

all barriers to migration (Overfield 1995). The anatomical and physiological 

variation between and within a local population is due to differences in their 

gene pool, environments, and the interactions between the two factors. These 

differences are more obvious in physical traits, which are often directly 

associated with an individual’s genetic ancestry (Eveleth & Tanner 1990; 

Tishkoff & Verrelli 2003). These include facial features, skin colour, hair texture, 

and to some extent body size (magnitude of growth, i.e. adult height) and shape 

(body proportions). 
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The study of human variation has been approached in different ways by 

scientists from various sub-fields of physical anthropology, depending on their 

research interest, training and life experiences. Typically, a forensic 

anthropologist focuses more on the practical use of human variation towards 

constructing a biological profile of unknown identities, specifically to narrow 

down the pool of possible identifications. Globally, humans show geographically 

patterned variation in their body size and shape, which can be statistically 

quantified to classify into groups or populations with a rather high degree of 

accuracy (Ousley et al. 2009). Absolutely certain ancestral classification (i.e., 

100% accuracy), however, is impossible to achieve because of overlap (in 

terms of morphology) both between and within populations (Roseman 2004; 

Ousley et al. 2009).  

 

It is also important to consider that populations have continuously evolved and 

have not remained ‘static’ (Eveleth 1986; Tishkoff & Verrelli 2003). In the past 

(especially prior to modern air travel) populations were more stable because 

there was less migration (Overfield 1995). Further, in our modern society, 

previously prohibitive boundaries have become less of a constraint because of 

increased mobility and a more open-acceptance of cross-cultural marriages. 

With respect to Australia, there is considerable demographic diversity, even 

between the states and territories (ABS 2006). Western Australia is considered 

particularly unique due to its geographical isolation from not only the East 

Coast, but from the rest of the world (Loesch et al. 2000). Immigration, 

therefore, has had a considerable influence in shaping the Australian population 

demographic and each region within the country has attracted different ethnic 

groups for a variety of reasons (e.g. economic opportunities and proximity to the 

country of origin).  

 

The presence of specific regional variation in human groups (which include 

growth, sexual dimorphism and individual variation) means that any attempt to 

estimate age, sex and stature are most appropriately attempted using 

population specific standards. It has been demonstrated that applying 

standards to populations different to those of the original reference population 

will decrease prediction accuracy (Ross & Konigsberg 2002; Komar 2003). A 

lack of local standards is particularly challenging in Australia, as the general 
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population is comprised of many different ethnic groups (Littleton & Kinaston 

2008). For example, according to the Australian Bureau of Statistics (2006), the 

Australian population comprises (amongst others) 70% Anglo-Celtics, 18.2% 

other Europeans and 6.57% Asians. The most appropriate approach, therefore, 

is to have population specific standards derived from reference samples that 

comprise the ‘current’ demographic structure. These standards will be 

especially beneficial for heterogeneous populations, such as for Western 

Australia. 

 

 

2.3 Genetics and environmental influences on human variation 

It is clear that the interaction of genes and environment are largely responsible 

for the apparent diversity in modern human populations. This continuous 

interaction influences the final ‘size’ and ‘shape’ that a child achieves as an 

adult. The following sections will briefly examine some of the genetic and 

environmental factors contributing to human variation, with specific reference to 

body size and proportions. 

 

 

2.3.1 Genetics of human variation 

It is well known that the human growth is a polygenic process; final adult size 

and shape are controlled not only by one gene, but through the interaction of 

numerous genes (Silventoinen 2003). It has been suggested that between 70 to 

90% of a child’s final adult height is genetically determined (Preece 1996; 

Silventoinen et al. 2008; Wei & Gregory 2009). Differences in growth curves 

between different ethnic groups have been described, which highlights the 

contribution of ones genes (Eveleth 1986; Rona & Chinn 1986; Martorell et al. 

1988; Eveleth & Tanner 1990; Ulijaszek 1994). Recently, with modern 

techniques in DNA fingerprinting using genetic markers (e.g. SNPs and 

VNTRs), clear and significant genetic variation relating to geographic worldwide 

patterning, have been demonstrated (Pritchard et al. 2000; Rosenberg et al. 

2002; Bamshad et al. 2003; Alloco et al. 2007). This allows accurate 

classification of individuals according to their ethnicity, as the DNA of individuals 

from the same continent tend to cluster together.  
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Inherited variability is clearly derived from several sources, but an important 

source of all variation is mutation. On average 19 new mutations are estimated 

to occur in any one individual, however, most of these will be missense (or 

silent) mutations with little or no functional significance (Sommer 1992). These 

mutations, therefore, do not usually alter normal anatomical and physiological 

functioning, but they do permit more phenotypic variation. The other two 

mechanisms that also contribute to genetic variability are drift and gene flow. 

Genetic drift occurs because of random fluctuations in gene frequencies in 

small populations. Gene flow occurs when people migrate to and settle in a 

different region from where they were born, which can change the gene 

frequencies in that particular population by introducing more variability (Tishkoff 

& Verrelli 2003). 

 

 

2.3.2 Environmental influences on human variation 

A considerable proportion of the mean differences between and within 

populations are due to the effects of the environment. The physical environment 

(climate and altitude) is known to be a major influence of long-ranged 

adaptation differences in human body size and proportions (Ruff 2002). 

However, nutrition and diseases have also shown to significantly contribute to 

human variation (Silventoinen 2003). The following section will explore the 

influence of physical environment, nutrition and diseases on human growth. 

Other developmental influences such as socio-economic status, urbanization, 

and smoking and other toxins that also contribute to human variation are only 

briefly considered. 

 

 

2.3.2.1 Physical environment 

Climate and altitude are part of the physical environment that has clearly 

influenced biological variation in humans. Anatomical and physiological 

adaptation to the surrounding environment is the result of natural selection 

which has taken place for thousands of years (Trinkaus 1981; Ruff 1994, 2002). 

The variability in the timing and amplitude of growth development provides a 

relative mechanism that underlies population variability in body size and 

proportions. This can be viewed as an adaptive strategy, whereby growth 
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patterns are adapted to withstand certain ecological conditions (Lampl & 

Johnson 1993; Lampl 2009). 

 

Human growth and development is a process of integrated physiology, where 

the human body is constructed as internal (e.g. growth hormones) and external 

stimuli (i.e. physical environment) effects gene expression (Lampl 2009; 

Blangero 2009). An experimental study by Serrat et al. (2009) found that mouse 

epiphyses exposed to cold temperature have lower solute transport (which is 

important for cartilaginous growth) than the control mouse epiphyses. This 

resulted in shorter limb length of the mouse exposed to cold and relatively 

longer limbs in the control mouse. This finding reveals that improvements in 

cultural buffering against cold temperature could result in longer limb lengths 

(Serrat et al. 2009). It also implies that improved cultural buffering against 

extreme environmental conditions in modern populations can influence human 

phenotypic variation. Over a short period of time, however, the recent effect of 

improved cultural buffering in some populations residing in extreme 

environmental condition might not yet leave any significant morphological 

differences, which have been largely shaped by long-term responses to the 

natural environment.  

 

 

(i)  Warm and hot climates 

In warm and hot climates adaptation to maximize heat loss is important for 

survival. Heat production is proportionate to body mass, conversely, heat loss is 

proportionate to body surface area (Kleiber 1961). According to Allen’s rule, 

endothermic animals (e.g. mammals) from colder climates usually have shorter 

limbs (or appendages) than the equivalent animals from warmer climates (Allen 

1877). This theory suggests that people who reside in warmer environments 

generally have relatively longer limbs and narrower body than those from cold 

environments (Trinkaus 1981; Ruff 1994, 2002).  

 

Adaptations to thermal stress has been cited as a factor explaining the tall lean 

proportions of the Nilotic peoples of East Africa and the small stature of tropical 

rainforest inhabitants such as the Mbuti (Hiernaux 1974). Both these 

adaptations show larger surface area to body mass ratio to facilitate heat loss 
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from sweating. The ratio of body surface area to body mass is a variable of 

great importance for thermoregulation; thus, large variation of body size and 

proportion are apparent in populations living in warmer climates.  

(ii)  Cold climates 

Generally, individuals indigenous to colder climates have broader upper body 

and increased body fat than individuals living in warmer climates (Alexeeva 

1980; Endo et al. 1993). Bergmann’s rule states that latitude correlates with 

body mass in animals (Bergmann 1847). This theory proposes that within a 

species body mass increases with latitude and colder climate; or that closely 

related species that differs only in relation to size, are expected to be larger if 

they are found at higher latitudes. As it is colder in higher latitude regions, a 

smaller surface area to body mass ratio helps prevent heat loss through the 

skin. However, Endo et al. (1993) found that there is a higher correlation 

between body size and caloric intake, than with environmental temperature; 

increased food consumption helps to regulate the body temperature in a cold 

environment.  

 

Previous research has presented conflicting evidence regarding the effect of a 

cold environment on body size and proportions (Overfield 1995). Holliday & 

Hilton (2010) recently demonstrated that Inuit people exhibit few body 

proportion differences from Europeans. The authors had anticipated that the 

former circumpolar group, who resides in an extreme cold climate, would show 

bodily proportions that are more ‘cold-adapted’ (e.g. most foreshortened limbs 

and broadest pelvises) than the Europeans. The possible explanation behind 

this finding is that most high latitude dwellers, including Europeans, had likely 

experienced (and are possibly still experiencing) significant selection for cold-

adapted body proportion. However, the circumpolar group did show significant 

differences in their body proportions from North Africans (Holliday & Hilton 

2010). This, however, is a contrast between two extremes. 

  

 

(iii)  Altitude 

Individuals indigenous to high altitudes have been demonstrated as having 

relatively enlarged chest and lungs compared to people residing in lower 

altitudes (Baker 1969; Eveleth & Tanner 1990; West 2006). These adaptations 
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most likely arose because the air is thinner at higher altitudes, which can lead to 

hypoxia; respiratory system adaptations in these individuals are thus important 

for survival in such an environment. Haas et al. (1982) examined highland 

Bolivian infants and reported that their growth may also be affected at high 

altitude; highland infants were well-nourished, but were found to have a 

significantly smaller recumbent length (by around 1 to 3 cm) compared to 

lowlanders from at birth to 12 months of age. Highland infants, however, had a 

higher percentage of body fat with larger skinfolds by the age of 3-12 months, 

despite their smaller length (Haas et al. 1982). Growth in children residing in 

high altitude is also known to be slower and prolonged (Baker 1969), however, 

they will typically attain a final living height similar to that of their ethnic 

counterparts at lower attitudes (Eveleth & Tanner 1990). This suggests that 

altitude does not actually affect adult height, per se, but does lead to some 

physiological adaptations. 

 

 

2.3.2.2  Nutrition and diseases 

Inadequate nutrition and prevalence of diseases in childhood are regarded as 

two of the main factors that affect growth and final adult size (Silventoinen 

2003). The effect of unfavourable conditions (e.g. poor nutrition or health) on 

growth appears to depend upon the duration and the severity of the insult and 

also the age at which it occurs. In many populations, the period when the child 

is most at risk from the combination of malnutrition and infection is from birth to 

5 years of age (Eveleth & Tanner 1990). Body size differences do correlate to 

malnutrition and poor health in children from low socioeconomic families and 

they are more likely to experience growth retardation (Bradley & Corwyn 2002). 

Therefore, prolonged periods of under-nutrition during childhood and 

adolescence may have permanent effects on final adult size, especially height.  

 

Diseases contracted during childhood can also have a detrimental effect on 

growth because they can indirectly prevent food intake and interfere with 

nutrition absorption. Furthermore, diseases can also cause direct nutrient 

losses, increase metabolic requirements or catabolic losses and impair 

transportation of nutrients to the target tissues (Stephensen 1999). In most 

developing countries, it appears that diarrhoeal diseases in children are the 
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most potent cause of growth restriction (Martorell 1980; Alam et al. 2000). 

Inflammatory and chronic diseases (e.g. congenital heart disease and renal 

failure) have also been found to hinder growth, as well as final living height 

(Poskitt 1993; Skerry 1994; Furth et al. 2002).  

 

Growth in children tends to slow down during illness (even a mild insult). In 

countries where nutrition is adequate this slow-down is followed by a catch-up 

growth phase, which rapidly restores the child to a ‘normal’ growth curve. The 

energy intake needed to sustain the catch-up velocity, however, is considerably 

above the normal-velocity requirement (Prader et al. 1963). Catch-up growth 

occurs, for example, in children treated for growth hormone deficiency (Tanner 

et al. 1971; Hokken-Koelega et al. 2001), malnutrition (Hansen et al. 1971; 

Manary et al. 2004) and hypothyroidism (Von Harnack et al. 1972; Ranke et al. 

1998). However, in countries where the level of nutrition is below the optimal 

intake, catch-up growth most likely will not be achieved after an illness. Thus, 

children that do not go through catch up growth are unlikely to reach their actual 

potential stature.  

 

 

2.3.2.3 Other factors: socio-economic status, urbanization, and smoking 

and other toxins 

Socio-economic status, urbanization and toxicant exposure can also affect 

human growth and they are linked directly (or indirectly) to nutritional and health 

status (Eveleth 1986). For example, epidemiological data show that the world’s 

populations living under low socio-economic conditions have higher rates of 

parasitic diseases (Crompton & Nesheim 1982), and therefore a 

correspondingly smaller body size. Conversely, urbanization has largely been 

associated with a tendency towards larger body size and rapid maturation in 

Europe over the last hundred years (Eveleth & Tanner 1990). Urbanization 

provides improved living conditions in developed countries (for example regular 

supply of food, clean water, health, and sanitation services) which positively 

influence growth. In developing countries, however, many areas of high 

population density are impoverished ‘shanty’ towns created because of the 

rapid migration from rural areas into the margins of the cities. These towns 
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would have minimal services and institutions and individuals living in these 

environments will likely suffer restricted growth. 

 

Smoking and other toxins can have negative effects on human growth. A 

developing fetus and young children are especially sensitive to toxins in the 

environment, and are thus more susceptible to air- and food-borne toxins than 

adults (Bearer 2000). This may greatly affect their growth potential. For 

example, a current (and ongoing) investigation on the Akwesasne people 

(Native American) has shown that toxicants have entered the food chain and 

there was evidence of its negative effects on the prenatal (i.e. impaired 

development of thyroid hormone regulation system) and postnatal (i.e. delayed 

sex maturation) development of the Akwesasne people (Schell et al. 2009). 

 

 

2.4 Secular trends in growth (with specific reference to stature) 

Over the past few decades (especially in most developed countries), children 

have both been growing taller, and maturing at a far more rapid pace, than in 

earlier years  (Eveleth & Tanner 1990). Adult height has also steadily increased 

at a rate of about 1 to 3cm per decade (Cole 2000). These changes in human 

growth and development are known as a ‘secular trend’. Secular changes 

involve (to a varying degree) different aspects of human growth; birth weight 

and growth rate, adult height and weight. The following discusses secular 

trends in adult stature, which is the most directly relevant topic in the present 

study. 

 

Longitudinal studies of human growth (especially stature) have demonstrated 

the plasticity of humans in response to environmental changes. Adult height 

represents the end product of the continuous interaction between genetic and 

environmental conditions (see section 2.3). Secular trends towards an increase 

in height among modern populations have been related to improved standards 

of living (Bogin 1999; Padez 2003). Nutrition and health are seen as the most 

important factors to influence secular trends; indirectly they are also link to 

improved socio-economic living conditions, which includes better sanitary 

conditions, vaccinations and quality of food (Tanner 1992; Padez 2003). 

Gustafsson et al. (2007) found that there were no significant change in stature 
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from the 10th to the 17th century in a Swedish population, but a significant 

increase was evident in both male and female stature during the 20th century, 

which the authors suggested was most likely related to a general increase in 

the standard of living (Gustafsson et al. 2007).  

 

The occurrence of a secular trend in final adult height has been well 

documented from many European countries. Schmidt et al. (1995) collected 

data from 11 European countries; their results demonstrated an increase in 

height between 1960 and 1990. The Dutch population was found to be the 

tallest with a mean height of 1.81m and the Portuguese population was the 

shortest with a mean height of 1.70m (data from 1990) (Schmidt et al. 1995). A 

recent study by Larnkjær et al. (2006) found that living height had plateaued 

after 1990 in some Scandinavian countries (Denmark, Norway, and Sweden) 

and Netherlands and Italy. However, the authors also found that height still 

continued to increase in Belgium, Portugal and Spain at a rate of 2 to 3cm 

between 1990 and 2000 (Larnkjær et al. 2006). 

 

There are also reports showing increases in adult height for Chinese (Bi & Ji 

2005), Taiwanese (Pen-Hua et al. 2007), Mexican (Malina et al. 2004), Brazilian 

(Castilho and Lahr 2001; Silva and Padez 2006), and South African (Hawley et 

al. 2009) populations. In Japan, Tanner et al. (1983) found that secular changes 

were extremely strong between 1950 and 1980. The increase in adult height 

was almost entirely due to an increase in leg length (Eveleth and Tanner 1990). 

This result was later confirmed by Takamura et al. (1988) and Zhang & Huang 

(1988) in Japanese students and Chinese children. However, Masuoka et al. 

(1999) found that there was little evidence of secular trend in bone maturation 

and height of Japanese children between 1986 and 1996.  

 

Blanksby (1995) examined Western Australian children aged between 12 and 

18 years. He found that between 1940 and 1984, the average stature of males 

and females had increased by 4% and 2%, respectively (Blanksby 1995). Adult 

height of Australian Aboriginals in Northern Territory has also increased (around 

5.5cm) over the last century (Barrett & Brown 1971). Loesch et al. (2000) also 

found a positive secular trend in adult stature of Caucasian Australians during 

the 20th century, with the rate of increase varying between 0.4 and 2.1 
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cm/decade in males and 0.01 and 1.6 cm/decade in females. The authors, 

however, established that the secular increase in stature has significantly 

slowed during the last two decades of the 20th century (Loesch et al. 2000).  

 

In general, from the literature reviewed, it appears that stature will cease to 

increase when the population has reached their full genetic potential, or that 

their socio-economic conditions have ceased to improve (Lindgren 1998; 

Krawczynski et al. 2003; Larnkjær et al. 2006; Gustafsson et al. 2007). 

 

 

2.5 Summary 

Genetic and environmental factors (and the continuous interaction between 

them) clearly have contributed to the diversity, both between and within 

populations. Furthermore, the secular changes in stature is also largely due to 

these factors. From the aforementioned studies, it is evident that different 

populations have shown varying degree of biological variation in terms of body 

size and shape. There is also a growing recognition of the limited applicability of 

data from comparative skeletal collections gathered as recently as 100 years 

ago because of secular changes. Continuous population based studies, 

therefore, are crucial to obtain appropriate knowledge of the ever changing 

genetic constituents in populations and its interaction to the ambient 

environment. Thus, population based studies that are reflective of modern 

human populations are extremely important towards establishing and 

developing personal identification standards in forensic science.     
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CHAPTER THREE 

 

The Estimation of Sex and Stature:  

Applications for the Hands and Other Body Parts 

 

 

3.1 Introduction 

It is well established that sex and stature can be estimated, both from skeletal 

elements and in the fleshed body parts. The purpose of this chapter is to give a 

brief overview of the role of a forensic anthropologist in estimating sex and 

stature. The current methods that can be applied using anthropometric 

measurements of the living, specifically of the hands, will then be reviewed in 

detail. Finally, as a point of comparison, a brief overview of approaches using 

skeletal elements will be provided. 

 

 

3.2 Towards personal identification: the role of the forensic 

anthropologist 

The field of forensic science includes disciplines of study in medicine and 

jurisprudence that relate to legal issues; both criminal and civil. The recovery of 

skeletonised remains from individuals whose death could be the result of 

criminal activity or other causes (e.g. suicide or natural death) often require the 

expertise of a forensic anthropologist. Forensic anthropology is a branch of 

forensic science that involves the study of skeletal material that comes under 

the jurisdiction of law enforcement (Cattaneo 2006). The goal of the forensic 

anthropologist is to examine human bones (or fleshed body parts) in order to 

derive information about the person and the circumstances surrounding their 

death.  

 

Forensic anthropologists are one of a number of experts who contribute 

evidence in an investigation. The evidence they provide is the analysis of 

skeletal remains, and with the increased incidence of mass death scenarios, 

their expertise also involve analyses from fleshed body parts (Adams & 

Herrmann 2009). Their main focus is to provide a tentative identification of 
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unknown remains by formulating a ‘biological profile’ (or osteobiography), which 

involves the estimation of sex, stature, age and ancestry (Franklin 2010). When 

a tentative identification has been established, unique features that may 

sometimes be present in skeletons (e.g. anomalies or pathological condition 

based on direct comparisons of documented antemortem medical records and 

post-mortem data) may also provide valuable information towards obtaining a 

positive identification of the deceased (Komar & Buikstra 2008). Positive 

identification provides an undisputed association between the unknown remains 

to a known person through a match of the skeletal or other unique features and 

is usually established using fingerprinting, DNA testing and dental records. 

 

A circumstantial identification is important as it helps to narrow down the pool of 

victims in mass death scenarios, or suspects in routine criminal cases, by 

excluding individuals who do not have the same biological attributes. Indirectly, 

it also facilitates the process of conclusively determining the identity of unknown 

individuals or remains. 

 

 

3.3 Current applications of anthropometry in forensic anthropology 

Historically, anthropometry of the living is considered an essential element of 

physical anthropology because of its role in classifying biological characteristics 

of humans. However, anthropometry has being re-evaluated for its potential 

contribution in forensic investigation (Adams & Herrmann 2009). Adam and 

Herrmann (2009) found that stature estimation models derived from 

anthropometric measurements provide comparable results to skeletal 

standards, but without the need for dissection. In mass death scenarios, with 

large number of commingled casualties, maceration of body parts is time 

consuming. Thus, measurement of fleshed body parts affords a practical and 

accurate alternative method for biologically profiling victims. A selection of such 

standards for estimating sex and stature are reviewed in the following sections.  

 

It is important to note that population specificity is an issue that must be duly 

considered when applying skeletal and/or anthropometric standards. Studies 

have clearly shown that standards developed for one population may not 

provide reliable and accurate estimations when applied to a population foreign 
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to the reference group of the original standard (Konigsberg et al. 1998; Ross & 

Konigsberg 2002; Franklin et al. 2005). Furthermore, many existing skeletal 

standards may not exactly represent today’s ‘modern population’; as the 

reference samples used to formulate the statistics were from non-modern (i.e. 

19th and early 20th century individuals) collections, and therefore, secular 

changes in a population (especially stature) will reduce prediction accuracy (see 

Chapter Two). 

 

 

3.4 Sexual dimorphism 

The estimation of sex is an important element of an anthropological assessment 

as it theoretically cuts the possible number of matching identities by half (Loth & 

Iscan, 2000). Methods for estimating sex in the human skeleton are based on 

biological differences between males and females, which are dependent on the 

existence of sexual dimorphism. These biological differences are apparent to 

some degree in the size, shape and architecture of the skeleton (Frayer & 

Wolpoff 1985; Iscan 2005; Byers 2008).  

 

Sexual dimorphism largely arises under the influence of sex hormones which 

regulate the development of sex-specific characteristics (Harrison et al. 1977; 

Humphrey 1998). On the basis of a simple visual observation of men and 

women, it is clearly apparent that generally men on average are taller, larger 

and more strongly built than women (although there are always exceptions and 

outliers). This applies to all human populations, however, the magnitude of 

sexual dimorphism is known to vary between populations (van Vark et al. 1989; 

Guegan et al. 2000; Walker 2008).  

 

Several hypotheses have been suggested to explain variation in sexual 

dimorphism between populations. For example, it is known that male growth is 

more susceptible to nutritional deficiencies during development than females. 

Therefore, malnourished male individuals tend to present reduced sexual 

dimorphism in this situation (Hiernaux 1974; Brauer 1982). Females, however, 

are more stable and less affected by malnutrition than males, most probably 

because of reproductive demands, storage of more subcutaneous fat, and an 

overall smaller body size (Frayer & Wolpoff 1985). 
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It has also been suggested that sexual dimorphism is related to natural 

selection acting differentially on males and females, depending on the 

environment in which they live (Frayer 1980, 1981). Sex differences are related 

to different ways of adaptation to the environment between males and females, 

for example in high and low altitudes (Zamudio et al. 1993), as well as hot 

(Havenith & van Middendorp 1990), and cold (Light et al. 1993) conditions. 

Further, it has also been suggested that sexual dimorphism is (to some extent) 

associated with sexual selection; populations with polygamous marriage were 

found to be significantly taller on average than populations following a 

monogamous pattern, because of increased intra-male competition for females 

in societies practicing polygamy (Alexander et al. 1979). However, marriage 

systems explain very little of the variation of human sexual dimorphism in 

stature, which is known to be more influenced by genetic component and 

dietary factors (Gray & Wolfe 1980).  

 

On the basis of these factors, it is obvious that the degree of human sexual 

dimorphism can be influenced by a variety of environmental and genetic factors, 

and also the interaction between them. The factors influencing human variation 

were previously considered (see Chapter Two). 

 

 

3.5 Sex estimation 

The literature demonstrates that there is a considerable amount of research into 

the accuracy of sex estimation from fleshed body parts and their skeletal 

remains. Estimation of sex from adult skeletal remains is known to provide high 

degrees of accuracy of correct sex classification (see section 3.8.1). However, it 

is important to note that sex estimation in immature skeletal remains has been 

found to be inaccurate, particularly for individuals in the first few years of life 

(Rosing 1983; Franklin et al. 2007). Even the most experienced forensic 

anthropologist may face difficulties attempting to reliably assign sex in 

subadults (Saunders 1992). There is thus no widely accepted standard for 

estimating sex in subadult skeletal materials.  

 

The inherent problem with attempting to estimate sex in the sub-adult skeleton 

is related to a lack of morphological sex differences between males and 
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females (see section 3.4). Sexual dimorphism is not manifested at a significant 

level until after pubertal modifications (or secondary sexual characteristics) take 

place (Scheuer 2002). For this reason, it is logical that sex estimation in the 

skeleton (or fleshed body parts) from fully developed individuals will afford a 

more accurate classification of sex compared to sub-adults. 

 

 

3.5.1 Sex estimation methods 

There are two broad categories of sex estimation methods; visual assessment 

of morphological features in skeletal elements (also termed morphoscopic or 

non-metric analysis) and linear measurements that incorporate statistical 

analyses (also known as morphometric or metrical analysis). Morphoscopic 

analysis is the most rapid (and straightforward) method of estimating sex, 

however, it is highly subjective and requires considerable experience (Bruzek 

2002). Conversely, metrical assessment is by nature less subjective and 

generally can be applied by a less experienced investigator (Gonzalez et al. 

2009). 

 

Published literature demonstrates that sex classification accuracy of between 

90% and 100% can be achieved when assessing a complete skeleton 

(Krogman 1962, 1979; Krogman & Iscan 1986). However, accuracy drops to 

between 90% and 95% when analysing the pelvis only (Phenice 1969; Lovell 

1989; Ubelaker & Volk 2002), and if only the skull is analysed, the reported 

accuracy is between 75% and 90% (Giles & Elliot 1963; Franklin et al. 2005). If 

only the long bones are available for analysis, an accuracy ranging from 76% to 

90% is expected (Iscan & Miller-Shaivitz 1984a, 1984b; Steyn & Iscan 1999; 

Mall et al. 2001; Purkait & Chandra 2004; Barrier & L'Abbé 2008).  

 

Practically every individual element of the human skeleton has been assessed 

for its sex classification potential; claimed accuracies vary between different 

published reports. For example: sternal rib ends, 86.5% to 88.6% (Koçak et al. 

2003); metatarsals, 87.5% to 93.5% (Robling & Ubelaker 1997); metacarpals, 

74.1% to 85.7% (Case & Ross 2007); patellae, 76.3% to 83.8% (Introna et al. 

1998); and talus and calcaneus, 87.9% to 95.7% (Gualdi-Russo 2007). Claimed 

sex classification accuracy from living measurements also varies, for example: 
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hands, 81.7% to 91.9% (Kanchan & Rastogi 2009); and feet, around 96% 

(Zeybek et al. 2008). 

 

According to previous studies, generally, all human populations are sexually 

dimorphic. However, the magnitude of sexual dimorphism varies between 

populations (see section 3.4). Therefore, precautions need to be taken when 

sex estimation standards are applied on populations outside of their reference 

sample; as standards that are accurate in one population, may produce high 

error rates and sex determination biases when applied to a foreign population. 

In consideration of this limitation, sex estimation from different parts of the body 

has also been evaluated in many different global populations. For example: 

pelvis (European – Bruzek 2003; South African black and white – Patriquin et 

al. 2003), skull (South African white – Steyn & Iscan 1998; South African black; 

Franklin et al. 2005; European, African, and Native Americans – Walker 2008); 

and long bones (South African white – Steyn & Iscan 1997; German – Mall et 

al. 2000; Indian – Purkait & Chandra 2004; Turkish – Celbis & Hasan 2006). 

 

 

3.6 Stature estimation 

Stature is one of the primary attributes of a biological profile and is often 

considered to be the most straightforward to estimate. An estimation of stature 

is useful (if the degree of error, and hence the estimated range, is low) in 

reducing the pool of potential identities. Furthermore, it is a routine practice in 

the analysis of skeletal or decomposed human remains, and is increasingly 

applied in disaster victim identification (DVI). Reconstructing the stature of 

individuals is typically performed using either an anatomical (Fully 1956) or 

mathematical (Trotter & Gleser 1952, 1958, 1977; Trotter 1970; Lundy 1985; 

Hauser et al. 2005; Hasegawa et al. 2009) method. 

 

Modern revisions of anatomical methods, which utilise elements representing 

the whole skeleton, have the advantage of global applicability, as the relative 

proportions of the segments of the body that contribute to height are 

supposedly already factored into the equation (Raxter et al. 2006).  

Unfortunately, many forensic cases consist of fragmented and/or incomplete 

remains that do not have sufficient material to apply this method.  It is for this 
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reason that forensic anthropologists have endeavoured to continue 

investigating population specific approaches using the mathematical method.   

 

 

3.6.1 Anatomical (or Fully) method 

 In 1956, Georges Fully (a French physician) published a method for 

estimating stature from skeletal remains which incorporate measurements of 

skeletal elements from vertex to heel (Fully 1956). The method and 

measurements are described in Stewart (1979) and Lundy (1988) and was later 

revised by Raxter et al. (2006). This technique estimates height from summed 

heights and lengths of the body segments that contribute to living stature (which 

is the sum of skeletal remains). The body dimensions (taken in centimetres) are 

skull height, the heights of the vertebrae, the lengths of the femur and the tibia, 

and the ankle height (Raxter et al. 2006).  

 

For the original Fully anatomical method (1956), there was no regression 

equation given, and therefore, no standard error was presented. Based on the 

sum of skeletal remains of Fully (1956), Raxter et al. (2006) has formulated a 

regression equation which also includes the corresponding standard error of 

estimation (SEE). The revised method of Raxter et al. (2006) is most commonly 

applied in a modern setting. The regression equation is shown below: 

 

 Stature = 0.996 x sum of skeletal remains + 11.7 (SEE ± 2.31 cm) 

 

Soft tissue corrections can also be added to the sum of skeletal remains in the 

above equation to get a more accurate approximation of living stature. Some 

studies have found that the original soft tissue correction factors recommended 

by Fully (1956) appear to underestimate living stature by around 2cm on 

average (King 2004; Raxter et al.  2006). The updated regression equation 

formulated by Raxter et al. (2006) offers new correction factors which provide 

unbiased living stature estimates in all sex and ancestry groups examined with 

95% of all individuals correctly estimated to within ± 4.5cm. 
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3.6.2 Mathematical method (regression analyses) 

The anatomical method is often not forensically viable because it requires 

complete (and relatively undamaged) skeletal elements, which are not always 

available, especially in DVI/mass death scenarios. Stature estimation using 

individual skeletal elements, however, is possible using either complete or 

fragmented (following estimation of original length) long bones.  

 

Stature is an indicator of body size on the basis of bone length; this is directly 

related to the strong correlation between their length and total living height 

(Bhatnagar et al. 1984). Stature estimation standards are constructed based on 

this assumption. In the regression standards formulated, stature is used as the 

dependent variable and regressed against dry bone lengths or body limb 

segments. For example, regression equations can be derived from a database 

of measured long bones taken from cadavers of measured or ‘known’ ante-

/postmortem stature. However, the use of ante- or postmortem stature requires 

specific correction factors for the latter (e.g. soft tissue). Because the magnitude 

of the contribution of limbs and particular limb segments to stature varies 

somewhat predictably on the basis of sex, separate regression equations are 

generally formulated. 

 

Like many other forensic anthropological practices, the most frequently cited 

standards for stature estimation have come from research undertaken in the 

United States (Komar & Buikstra 2008) where there is greater opportunity to 

access large skeletal collections with documented living height data. For 

example, Trotter and Gleser’s (Trotter & Gleser 1952, 1958, 1977; Trotter 1970) 

regression equations, which employ measurements from the long bones, have 

become standard inclusions in textbooks (White & Folkens 2005; Burns 2007). 

However, there have been some issues regarding the method that was used by 

Trotter and Gleser (1952, 1958) in measuring the length of tibia, thus, those 

particular standards may not provide an accurate estimation of height (Jantz et 

al. 1994). Subsequent research has also shown that those stature estimation 

equations provided are generally not appropriate for populations outside their 

country of origin because of the increased error of estimation (Iscan 2005).  
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There has, however, been an increase in the number of studies conducted to 

estimate stature from different parts of the body on different global populations. 

For example, measurements of complete long bones (Thais – Jitapunkul & 

Benchajareonwong 1998; Portuguese – De Mendonca 2000; Bulgarian – 

Radoinova et al. 2002; Turkish – Duyar & Pelin 2003; Polish – Hauser et al. 

2005; Balkan – Jantz et al. 2008; Indo-Mauritinian – Agnihotri et al. 2009; 

Japanese – Hasegawa et al. 209); fragmented long bones (Indian – Mysorekar 

et al. 1980, 1984; African American and European – Holland 1992; South 

African whites – Bidmos 2008a); the skull (Japanese – Chiba & Terazawa 1998; 

indegenous South African – Ryan & Bidmos 2007); vertebrae (Turkish – Pelin 

et al. 2005; Indian – Nagesh & Pradeep Kumar 2006); metacarpals (British – 

Musgrave & Harneja 1978; Caucasian and African American - Meadows & 

Jantz 1992; Turkish – Sagir 2006); metatarsals (Caucasian and African 

American - Byers et al. 1989; South African – Bidmos 2008b; Portuguese – 

Cordeiro et al. 2009); and living measurements of the hands (Indian – Krishan & 

Sharma 2007; Mauritian – Agnihotri et al. 2008) and feet (Turkish – Ozden et al. 

2005; Indian – Kanchan et al. 2008b).  

 

The following sections review the sex and stature estimation standards 

formulated for anthropometric measurements (see section 3.7) and then briefly 

describe standards specific for skeletal remains (see section 3.8) as this is a 

useful point of comparison in establishing the practicality of the standards in the 

present study. 

 

 

3.7 Sex and stature estimation: anthropometry 

The estimation of sex and stature of living individuals has significant importance 

in forensic cases. Because of the mounting incidences involving large numbers 

of casualties (Kieser et al. 2006; Gill 2006), especially in the past few decades, 

there has been increased research evaluating the potential of using 

anthropometric measurements from the living to estimate sex and stature; this 

is very useful towards establishing a tentative identification of the deceased 

(Robinson et al. 2008). Often remains are highly fragmented, therefore, 

alternative methods are required, but the formulated standards should also be 

applicable in routine criminal cases. 
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3.7.1 The estimation of sex from fleshed hands  

It is well documented that the bones of the hand are sexually dimorphic (Falsetti 

1995; Cass & Ross 2007), therefore, measurements taken from a living subject 

should also prove useful for distinguishing the sexes. Despite this, there has 

only been limited research examining the potential of estimating sex using 

fleshed hand measurements, which are accordingly reviewed.   

 

 

(i) Kanchan & Rastogi (2009) 

Kanchan and Rastogi examined the potential of using hand dimensions to 

estimate sex in North and South Indian populations. They examined 120 males 

and 100 females in a North Indian sample; the South Indian sample consisted 

of 110 males and 170 females. This gave a total of 500 subjects who were all 

between 20 to 30 years of age. The North and South Indians had different body 

proportions, arguably due to the climatic differences between the two regions 

(Eveleth 1986; Kanchan & Rastogi 2009). Three measurements were taken 

using vernier callipers; hand length, palm length and hand breadth. The authors 

also assessed the sex discrimination potential of the hand and palm index; 

hand breadth divided by hand length or palm length x 100.  

 

The results of the study demonstrated that hand dimensions were significantly 

larger in males compared to females in both the North and South Indian 

populations; but no metrical differences were observed between the two 

populations in both sexes. For the entire study sample, sex classification 

accuracy ranged from 81.7% to 88.7% in males and from 88.5% to 91.9% in 

females. Palm length of the left hand had the highest accuracy in females, 

conversely, in males it was the hand breadth of the left hand.  

 

All of the hand dimensions were found to be sexually dimorphic. However, the 

results for the hand and palm indices were not promising. The indices were 

found to be a poor sex indicator, with only 53.9% of males and 55.9% of 

females correctly classified. 
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(ii) Agnihotri et al. (2006) 

Agnihotri et al. examined a Mauritian population; the sample consisted of 125 

males and 125 females aged between 18 to 30 years. Average hand length and 

breadth measurements in males were found to be 1 cm larger compared to the 

females. The hand index (see section 3.7.1 – i) was also calculated and a 

sectioning point was formulated (44) for males and females. The authors did not 

provide any information regarding the statistical significance of their results. 

Unusually, they also did not state the sex classification accuracy of the hand 

index. The authors, however, concluded that there was a relationship between 

an individual’s sex and hand dimensions. 

 

 

(iii) Kanchan et al. (2008a) 

In this study, the index and ring finger ratio was evaluated as a potential sex 

classifier in adults; adolescents are examined in a subsequent study (Kanchan 

et al. 2010b, see section 3.7.1 – iv). The authors examined 300 adult subjects 

from a South Indian population; 150 males with a mean age of 22.14 years and 

150 females with a mean age of 20.53 years. Index and ring finger lengths were 

measured according to Standring (2005); the distance between the proximal 

flexion crease of the finger, to the tip of the respective finger.  

 

In both sexes, it was found that the ring finger was significantly larger than the 

index finger. However, both finger lengths were significantly larger in males 

than in females; with the ring finger length being more sexually dimorphic 

compared to the length of the index finger. The sectioning point was calculated 

to be 0.97 with an accuracy of 80% of males from both right and left hands, and 

74% and 78% of females, from the right and left hands, respectively.  

 

 

(iv) Kanchan et al. (2010b)  

Following the methodology of their 2008 study (see section 3.7.1 – iii), the 

authors examined 350 juvenile subjects (175 males and 175 females) aged 

between 13 to 18 years, from a South Indian population. Ring finger length was 

found to be significantly larger in males than females, however, no significant 

differences were found in the length of the index finger. The index to ring finger 
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ratio ranged between 0.88 and 1.00 (with a mean of 0.95), and between 0.90 

and 1.06 (with a mean of 0.99) in males and females, respectively. The 

sectioning point was calculated to be 0.97 with expected accuracy of 82% to 

83% in males and 74% to 80% in females. The sectioning point was peculiarly 

identical with the adult counterpart (Kanchan et al. 2008a).  

 

 

3.7.2 The estimation of stature from fleshed hands 

There has recently been a considerable amount of research examining the 

accuracy of estimating stature from hand dimensions; some of the population 

examined include Egyptian (Abdel-Malek et al. 1990; Habib & Kamal 2010), 

Turkish (Sanli et al. 2005; Özaslan et al. 2003), Mauritanian (Agnihotri et al. 

2008) and Indian (Krishan & Sharma 2007; Rastogi et al. 2008; Bhatnagar et al. 

1984). A selection of those studies are reviewed below. 

 

 

(i) Bhatnagar et al. (1984) 

Bhatnagar et al. was one of the earliest to examine the accuracy of estimating 

stature from hand measurements. Their study examined bilateral hand length 

and hand breadth measurements taken from 100 healthy Punjabi males, from 

Punjab, India, aged 19 to 25 years. The results showed that there were no 

significant bilateral differences, although all the subjects included were right 

handed. The authors also formulated single linear regression equations for both 

measurements, however, they did not provide the corresponding standard 

errors (SEE) for those equations. As such, no statistical accuracy for their 

standards or correlation coefficient values (r) were stated.  

 

 

(ii) Krishan & Sharma (2007) 

Krishan and Sharma examined both hand and foot dimensions in a North Indian 

population. Their sample comprised 123 male and 123 female Rajputs (which 

are one of the major endogamous caste groups of North India) aged 17 to 20 

years. Four measurements were taken; hand length and breadth and foot 

length and breadth. For all measurements the males were found to be 
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significantly larger than the females. With the exception of hand breadth, the 

above measurements were found to be bilaterally symmetrical in both sexes.  

 

For both males and females the length measurements had higher correlation 

coefficient values (r) compared to the breadth measurement. Foot length and 

breadth showed the highest and the lowest r-values, respectively, in both sexes 

(male foot length r = 0.74, foot breadth r = 0.32; female foot length r = 0.74, foot 

breadth = 0.29). The r-values for male hand length were 0.61 and 0.60, and for 

hand breadth were 0.54 and 0.51 (for left and right hands, respectively). In 

females the r-values were 0.68 and 0.69 for left and right hand length and 0.54 

and 0.51 for left and right hand breadth. The SEE for the single linear 

regression models ranged between ± 4.38 and ± 6.19cm for males, and 

between ± 3.50 and ± 4.97cm for females. Conversely, the SEE for multiple 

regressions models ranged between ± 2.10 and ± 3.25cm and between ± 2.06 

and ± 3.16cm, for males and females respectively. 

 

 

(iii) Rastogi et al. (2008) 

Rastogi et al. produced stature estimation standards according to sex and 

hand-side for North and South Indian populations. Their sample consisted of 

500 medical students; 220 North Indians (120 males, 100 females) and 280 

South Indians (110 males, 170 females), ranging in age from 20 to 30 years. 

They collected measurements of hand length and breadth; however, the hand 

length measurement was taken using both skin (HL-1) and bone landmarks 

(HL-2). They found that in both populations, the hand dimensions were 

significantly larger in males compared to females. However, in both sexes, 

there were no significant differences between the two populations. The right 

hand was significantly larger than the left hand for the measurement of HL-2 

and hand breadth in both sexes.   

 

Their r-values were in the range of 0.38 to 0.73, with SEE(s) of ± 3.7 to ± 

5.73cm for single linear regression equations. For the multiple linear regression 

equations that incorporated all three measurements, the r-values ranged from 

0.67 to 0.75, with SEE(s) of ± 4.73 to ± 5.01cm, and 0.69 to 0.74 with SEE(s) of 

± 3.67 to ± 4.18cm, in males and females respectively.  
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(iv) Abdul-Malek et al. (1990) 

In this study, hand length and breadth measurements were taken in 87 female 

and 79 male Egyptian individuals, aged 18 to 23 years. The authors found that 

there was no significant difference between right and left hand length in both 

males and females, however, right hand breadth was significantly larger than 

the left side in both sexes. Non sex-specific and sex-specific simple linear 

regression standards were computed; the correlation coefficient ranged from 

0.39 to 0.69, but the corresponding SEE for the individual standards are not 

stated. A multiple regression equation (non sex-specific and non side-specific) 

was also formulated; the r-value (0.85) was higher compared to individual 

standards, and the SEE was ± 5cm.  

 

 

(v) Habib & Kamal (2010) 

Habib and Kamal examined hand and phalange length in 82 male and 77 

female Egyptian individuals aged 18 to 25 years. Their aim was to formulate 

stature estimation standards for an Egyptian population. The authors found no 

bilateral asymmetry in the above measurements. However, the measurements 

were found to be sexually dimorphic. The r-values were higher for hand length 

than for the phalange measurements in both sexes, however, hand length of 

the males was more highly correlated to stature compared to the females. 

Overall, the r-values ranged between 0.24 and 0.70 in males and 0.23 and 0.56 

in females; the SEE for single and multiple linear regressions in males and 

females ranged from ± 5.30 to ± 7.27cm, and from ± 4.54 to ± 5.48cm, 

respectively.   

 

 

(vi) Sanli et al. (2005) 

Sanli et al. examined hand and foot lengths in a Turkish population. They 

collected measurements from 80 males and 75 females aged between 17 and 

23 years. Sex-specific and non sex-specific linear regressions were formulated; 

the non sex-specific standard had a higher r-value (0.87) with a lower SEE      

(± 4.6cm) compared to the sex-specific standards (male r = 0.722, SEE = ± 

4.3cm; female r = 0.71, SEE = ± 3.5cm). However, the non sex-specific multiple 

linear regression standard using both hand and foot length had the highest 
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correlation to stature (0.93). The sex-specific standard using both hand and foot 

length from females had the smallest SEE (± 3.1cm).  

 

 

(vii) Özaslan et al. (2006) 

Özaslan et al. examined 202 male (mean age 31 years) and 108 female (mean 

age 35 years) Turks; the total arm, upper arm, forearm and hand lengths, plus 

hand and wrist widths, were taken on all subjects. All measurements were 

analysed using stepwise and direct regression analyses. Using the stepwise 

method, only the upper arm, forearm, and hand lengths were selected into the 

equations (male r = 0.61 – 0.73, SEE = ± 4.58 – 5.25cm; female r = 0.66 – 0.74, 

SEE = ± 4.38 – 4.88cm). Using the direct method, the length measurements 

were found to have higher r-values, ranging from 0.53 to 0.79 and from 0.35 to 

0.80, in males and females respectively. The correlation of the width 

measurements to stature in both males and females were extremely low (0.14 

to 0.29). Overall, the SEE(s) ranged from ± 4.09 to ± 6.58cm and from ± 3.88 to 

± 6.41cm, in males and females respectively.  

 

  

(viii) Agnihotri et al. (2008) 

Agnihotri et al. conducted a study to estimate stature from hand length and 

breadth. A total of 125 male and 125 female Mauritanian adults, aged 18 to 30 

years, were examined. Individuals were categorized into three groups according 

to their age: <20; 20 to 22; and >22. Linear and curvilinear regression analyses 

were used in an attempt to formulate sex-specific stature estimation standards 

for each age group and for the whole study (pooled sample). In the results, 

however, no standard was formulated for the former and only the latter was 

presented; the authors only commented that the sex-specific standards 

according to age group were not reliable, as the number of subjects according 

to age group was too small (i.e. age category > 22 has only 25 subjects).  

 

Overall, their results showed that males have a lower correlation coefficient      

(r = 0.63) with a higher SEE (± 4.81 cm) compared to females (r = 0.75, SEE = 

± 4.16cm), when both left hand length and right hand breadth were used as 

independent variables. Nevertheless, the left hand length measurement alone 



Chapter Three The Estimation of Sex and Stature: Applications for the Hands and Other Body Parts 
 

 33 

was significantly correlated to stature in males (r = 0.59, SEE = ± 4.96cm) and 

females (r = 0.74, SEE = ± 4.23cm). 

 

 

(ix) Jasuja & Singh (2004) 

This appears to be the only study to-date that has examined the potential of 

stature estimation from palm print measurements. Their sample comprised 30 

male and 30 female individuals, ranging in age from 18 to 60 years, from the Jat 

Sikh caste, North India. Hand length and individual phalange length was 

measured using a sliding calliper. Palm prints were taken from each subject 

using the traditional inking method; handprint length and individual phalange 

print length measurements were taken using a transparent scale.  

 

No bilateral differences were found in all hand and phalange measurements 

(both physical and prints). The hand length measurements were found to be 

sexually dimorphic, however, the individual phalange measurements were not 

dimorphic. They also found no significant difference between the actual hand 

and print lengths for all of the measurements, including the phalanges. All 

measurements were positively correlated with stature, with r-values between 

0.22 and 0.65. Regression models were formulated for each individual 

measurement and the SEE(s) ranged between ± 3.74 and ± 5.46cm for males, 

and between ± 4.70 and ± 5.27cm for females. Although the standard error 

difference between print and actual hand measurements are between ± 0.4 and 

± 1.0cm, the authors claimed that either parameter is suitable for stature 

estimation. 

 

 

3.7.3  The estimation of sex and stature from the feet: a brief overview  

Fragmented remains of the lower extremity are often recovered in mass 

disaster scenarios (Özaslan et al. 2003; Tatarek & Sciulli 2005). In this 

circumstance, the feet may be particularly well preserved because of the 

protection provided by shoes (Saul & Saul 2005). For that reason, the foot 

potentially holds a significant importance in the personal identification of victims. 

Previous research has demonstrated that anthropometric measurements of the 

feet are sexually dimorphic (Ozden et al. 2005; Kanchan et al. 2008b; Moudgil 
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et al. 2008) and have a strong positive relationship with living height (Robbins 

1986; Giles & Vallandigham 1991; Tatarek & Sciulli 2005). As a point of 

comparison to the hand data, a selection of sex and stature estimation 

standards for the feet are reviewed below. 

 

 

(i) Zeybek et al. (2008) 

Zeybek et al. examined the utility of foot dimensions to estimate both sex and 

stature in a Turkish population. Foot length and width were collected from 136 

males and 113 females aged 18 to 44 years. Sex was estimated using logistic 

regression analysis; the equations were able to correctly assign sex at around 

96% accuracy. However, the results regarding stature estimation were 

disputable (Kanchan et al. 2010c); the error differences were too large between 

non sex-specific and sex-specific stature estimation standards, which were less 

than 4cm and 9 to 10cm respectively.  

 

 

(ii) Ozden et al. (2005) 

Ozden et al. examined the potential of estimating stature and sex using both 

foot and shoe dimensions of a Turkish population. The sample consisted of 294 

males and 275 females aged from 19 years. Four measurements were taken; 

foot and shoe length and width. The authors found that all the measurements 

were bilaterally symmetrical and exhibited significant sex differences between 

males and females.  

 

Sex estimation standards were formulated using logistic regression analysis. 

However, the article did not state the sex classification accuracy. The left foot 

length had the highest correlation to stature in males (0.61) and females (0.49). 

The results generally demonstrated that length measurements (r = 0.46 – 0.61) 

were more strongly correlated to stature than breadth (r = 0.16 – 0.21). Stature 

estimation standards were formulated using foot and shoe length, and shoe 

size; the SEE in males was ± 2.94cm for both right and left feet and in females 

were ± 3.11cm and ± 3.17cm for right and left foot respectively. 
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(iii) Moudgil et al. (2008) 

Moudgil et al. examined the sexual dimorphism in foot dimensions (indices) of a 

North Indian population using indices method. Both foot length and breadth 

measurements were taken in 100 male and 100 female individuals aged 18 to 

80 years. They had little success in using the indices to estimate sex; 

differences in the foot index between males (right foot = 38.0; left foot = 38.6) 

and females (right foot = 38.3; left foot = 38.2) were statistically insignificant. 

However, the measurement of foot length and breadth were sexually dimorphic, 

but the authors did not provide any sex estimation accuracy from foot 

dimensions or index. 

 

 

(iv) Kanchan et al. (2008b) 

Kanchan et al. conducted a study to estimate stature using foot dimensions 

(foot length and breadth) of the Gujjar tribe in North India. The sample 

comprised of 200 adults (100 males and 100 females) aged 18 to 80 years. 

Their results showed that there was no bilateral asymmetry in any foot 

measurement in both sexes, except for foot breadth in males. The highest 

correlation to stature was left foot length in males (r = 0.76), and for females it 

was right foot breadth (r = 0.80). Sex-specific and non sex-specific stature 

estimation standards were formulated; correlation coefficients ranged from 0.41 

to 0.82, with SEE(s) between ± 2.98 and ± 5.44cm. 

 

 

(v) Krishan (2008)  

Footprints are also a common type of trace evidence that can be recovered 

from the scene of a crime (DiMaggio 2005). Krishan examined the potential of 

footprint and foot outline dimensions in estimating stature. The author 

conducted the study on 1040 adult Gujjar males from North India, with ages 

ranging from 18 to 30 years. Ten footprint and eight foot outline measurements 

were taken.  

 

Significant bilateral asymmetry was only found in two of the footprint 

measurements (i.e. footprint length from heel to the second and fifth toes) and 

three of the foot outline measurements (i.e. foot outline length from heel to the 
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first and fourth toes, and breadth at ball). All measurements were significantly 

correlated to stature, except for the toe 1-5 angle of declination for both 

footprints and foot outlines. The highest correlation coefficients were for the toe 

lengths in both footprint (0.82 to 0.87) and foot outline (0.82 to 0.86) 

measurements. Big toe pad breadth of the footprint (right r = 0.30; left r = 0.32) 

and breadth at heel of the foot outline (right r = 0.52; left r = 0.53) had the 

weakest correlation to stature. Overall, the stature estimation standards 

formulated had SEE(s) ranging from ± 2.12 to ± 3.92cm.  

 

 

3.8 Sex and stature estimation: skeletal elements  

From the literature reviewed, there are greater more studies on sex and stature 

estimation using skeletal elements, as compared to living measurements. The 

purpose of this section is, therefore, to provide a comparison between the 

accuracy of sex and stature estimation using skeletal elements and living 

measurements (see section 3.7). A selection of pertinent studies are according 

reviewed below.    

 

 

3.8.1 Sex estimation  

Adult human bones are known to be sexually dimorphic (see section 3.4). 

However, the degree of sexual dimorphism varies between different skeletal 

elements,   both within and between populations. The following section will 

briefly discuss the estimation of sex using different human skeletal elements, 

including their reported accuracy. 

 

 

3.8.1.1 Pelvis  

The pelvis is widely regarded as the most reliable bone from which to estimate 

sex. The morphological differences in the male and female pelvis obviously 

reflect the female capacity to give birth. Many studies on pelvic sex estimation 

are based on visual observation and scoring of morphological traits. One such 

example is from the Workshop of European Anthropologists (WEA 1980) who 

outlined a scoring system that ‘weights’ different pelvic attributes into one of five 

categories; from hyperfeminine through to hypermasculine. Buikstra & Ubelaker 
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(1994) also provided both a scoring system and associated diagrams for the 

form of the preauricular sulcus and the greater sciatic notch. The diagrams are 

important because the method can be difficult to apply without some form of 

visual representations of the attributes (Buikstra & Ubelaker 1994). Specific 

studies are outlined below. 

 

 

(i) Phenice (1969) 

An important early study is that of Phenice, who correctly assigned sex to 

almost 96% of 275 cases, based on the presence (or absence) of three 

morphological features of the pubis; the ventral arc, subpubic concavity, and 

ischiopubic ramus ridge. However, subsequent evaluations of the Phenice 

method have been somewhat inconsistent, ranging from 59% to 96% 

(Sutherland & Suchey 1991) accuracy. These differences in sex estimation 

accuracy could be attributed to either population variation or the degree of 

observer experience (MacLaughlin & Bruce 1990; Ubelaker & Volk 2002). Such 

inconsistency is also probably due to the fact that sexual dimorphism of the 

whole hip bone should be considered and should not be restricted to the pubis 

(Bruzek 1992).  

 

 

(ii) Albanese (2003) 

Albanese used the Coimbra (n = 232) and Terry (n = 324) skeletal collections to 

formulate metrical sexing standards for the hipbone and femur. The author 

intended to develop a new and more accurate method of sex estimation that 

has global applicability regardless of ancestry. The traditional pubis 

measurement was found to have higher intra-observer error (2.7%) compared 

to an alternative pubis measurement (known as the superior pubis ramus 

length) which can be measured more reliably with less inta-observer error 

(0.57%). By using logistic regression analyses, it was demonstrated that a 

combination of hipbone and femur measurements can estimate sex at between 

90% to 98.5% accuracy.  
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(iii) Gonzalez et al. (2009) 

Gonzalez et al. recently applied a geometric morphometric method (based on 

traditional and semi-landmarks) to examine dimorphism in the ilium and 

ischium-pubic regions. Their sample consisted of 121 adult hip bones from the 

Coimbra collection (Portugal); those individuals were Europeans who were 

buried during the 19th and 20th centuries. The landmarks were digitized on 2D 

photographic images and sex classification accuracy was found to be between 

90.1% and 93.4%. They also concluded that the technique is highly replicable 

and observers of different level of experience can use the method.  

 

 

3.8.1.2 Skull  

The skull is widely claimed to be the next most reliable indicator of sex (after the 

pelvis) for both metrical and non-metrical methods (Krogman & Iscan 1986). 

Non-metrical features are often the initial deciding factor in sexing a skull. 

Classifying sex from cranial features, however, can be difficult without some 

form of illustrative representation of what constitutes ‘large’ versus ‘medium’ or 

‘small’ traits (WEA 1980; Krogman & Iscan 1986). This problem was addressed 

to some degree by Buikstra and Ubelaker (1994), who both describe and 

illustrate a scoring system for five sexually dimorphic cranial features: the 

nuchal crest; mastoid process; supra-orbital margin; supra-orbital ridge/glabella; 

and the mental eminence.  

 

 

(i) Giles & Elliot (1963) 

Giles and Elliot undertook a detailed study of 408 male and female American 

Caucasian and African crania; they stated that their discriminant functions, 

accurate to between 82% and 89%, are applicable to populations other than 

those upon which the statistics were based. This is supported by favourable 

results on other populations, and even an experiment using chimpanzees 

yielded 89.4% accuracy (Giles & Elliot 1963). However, Franklin et al. (2005) 

demonstrated a slight drop in accuracy when they applied the discriminant 

function of Giles and Elliot (1963) to a foreign population (see section 3.8.1.2 – 

ii). 

 



Chapter Three The Estimation of Sex and Stature: Applications for the Hands and Other Body Parts 
 

 39 

(ii) Franklin et al. (2005) 

Franklin et al. examined the potential of discriminating sex in the crania of 

indigenous South Africans; the sample consisted of 332 (182 males and 150 

females) adult crania from the Dart collection. Population specific functions 

were computed from eight measurements collected from the crania; the 

attained accuracy was between 75% to 80%. The authors also tested the 

standards of Giles and Elliot (1963); when their discriminant functions were 

applied to the South African sample, the accuracy of correct sex classification 

was only 70%. When a modified sectioning point was employed, the accuracy 

was 75%. This was still 5% lower than the accuracy of the functions derived 

specifically for the South African population.  

 

 

(iii) Walker (2008) 

In a novel study, Walker examined the accuracy of sex estimation using 

discriminant function analyses (linear, kth-nearest-neighbor, logistic, and 

quadratic) of five visually assessed cranial traits, as described in Buikstra & 

Ubelaker (1994). The study was conducted on 304 skulls from modern people 

of European American, African American, and English ancestry, in addition to 

156 non-modern Native American’s. Ordinal scores of the sexually dimorphic 

traits were then used to formulate sex estimation standards. Logistic regression 

discriminant functions gave the most accurate sex classification for both 

modern (84% to 88%) and non-modern (73.4% to 78%) samples, with a 

negligible sex bias of 0.1% and 0.2% respectively. The author also found similar 

cranial trait frequency distributions in same-sex comparisons of the modern 

American/English samples, however, the sexual dimorphism of these modern 

people differs distinctly (albeit expectedly) with the non-modern Native 

Americans. 
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(iv) Franklin et al. (2008) 

It is well established that the mandible is also sexually dimorphic. The bone is 

forensically important because it is often recovered largely intact compared to 

other less ‘robust’ skeletal elements (Lyman 1994). Franklin et al. examined the 

mandible of 120 male and 105 female of Indigenous South African individuals. 

The sample was drawn from the R.A. Dart skeletal collections. Nine mandibular 

measurements obtained from mathematically transformed three-dimensional 

landmark data were analysed using a series of discriminant function analyses. 

All of the measurements examined were found to be sexually dimorphic; sex 

classification accuracy ranged from 63.6% to 84%.  

 

 

3.8.1.3 Long bones  

Sexual dimorphism of the long bones is subtle and is usually identified through 

measurement and statistical analysis. Overall, long bones in females are 

generally shorter in length and have a smaller midshaft thickness, with a 

slighter muscle relief than those of males (Krogman & Iscan 1986; White & 

Folkens 2005).  

 

 

(i) Steyn & Iscan (1997) 

Steyn and Iscan examined both the femur and tibia for their value in estimating 

the sex in South African whites; six femoral and seven tibial measurements 

were collected from 56 male and 50 female individuals from the Pretoria and 

R.A. Dart skeletal collections. Sex discriminant functions were computed using 

different combinations of measurements from the two bones; accuracy ranged 

from 86% to 91%. The combination of three femoral and four tibial 

measurements using a stepwise discriminant function analysis yielded the 

highest accuracy (91%). For the individual measurements, the distal breadth of 

the femur was the most sexually dimorphic (90.5%); the use of this 

measurement alone was nearly as accurate as the combined function (90.5% 

compared to 91%).  
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(ii) Mall et al. (2000) 

Mall et al. examined 170 (100 males and 70 females) femurs to evaluate sexual 

dimorphism in a modern German population; six different measurements were 

collected and analysed using discriminant function analyses. The authors found 

that the functions using only one measurement of the femur were capable of 

correctly classifying sex at between 67.7% to 89.6% accuracy; transverse head 

diameter was most accurate. The least sexually dimorphic measurement was 

maximum length. When using the stepwise method, all measurements were 

entered but only the midshaft diameter and head circumference were selected; 

91.7% of cases were correctly sex classified. 

 

 

(i) Mall et al. (2001) 

Mall et al. examined the sex estimation potential of all three upper limb bones 

(humerus, radius, and ulna) of a contemporary European population. The 

sample consisted of 64 males and 79 females. Three measurements were 

taken and analysed using discriminant function analysis. Discriminant functions 

were formulated using single and multiple combinations of measurements from 

the three bones. For functions using single measurements, the vertical humeral 

head diameter had the highest accuracy (90.4%) and proximal ulnar width was 

the least accurate (72.1%). When all the radial measurements were combined 

in an equation, the expected accuracy was 94.9%; the humerus (93.2%) and 

ulna (90.6%) were the next most accurate bones respectively 

 

 

3.8.1.4 Other skeletal elements 

Long bones of the skeleton are delicate and are often damaged or fragmented, 

therefore, the sex discriminating potential of other postcranial bones has been 

investigated. Accuracy from these bones varies and again applicability of these 

standards is limited to the condition of the sample. 
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(i) Patellae – Introna et al. (1998) 

Introna et al. studied 80 intact patellae of a documented contemporary Southern 

Italian population; seven measurements were taken to estimate sex using 

discriminant function analysis. The seven standards formulated had accuracies 

ranging from 76.3% to 83.8%. This clearly shows that the patella is sexually 

dimorphic and can be used to estimate sex with relatively high accuracy.  

 

 

(ii) Sternal rib ends – Koçak et al. (2003) 

Koçak et al. examined the potential estimating sex from sternal rib ends in a 

Turkish population. Their sample consisted of 78 females and 173 males, 

ranging from 15 to 89 years of age. The samples were separated into three 

groups according to age; young (15 to 32 years), old (33 to 89 years) and the 

total sample (15 to 89 years). Using discriminant function analyses, the 

accuracy of sex estimation was 88.6%, 86.5% and 86.1% for the young, old, 

and total sample groups respectively. This study indicated that sex can be 

reliably estimated by using only a single rib of the human skeleton. 

 

 

(iii)  Hand and foot bones – Case & Ross (2007)  

Case and Ross examined the sexing potential of hand and foot bones in a 

European American population. Maximum axial length measurements were 

taken from the metacarpals and all phalanges of each hand, as well as the 

metatarsals, proximal phalanges, and first distal phalanx of the right foot. A total 

of 342 (171 females and 171 males) individuals from the Terry skeletal 

collection were examined. Overall, the range of correct sex classification was 

between 74.1% to 85.7%. The discriminant function using all five metatarsal 

lengths was found to be the least accurate (74.1%). Conversely, combination of 

five distal phalange lengths proved to be the most accurate (85.7%) function. 
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3.8.2 Stature estimation 

A number of studies have been undertaken to estimate stature from different 

skeletal elements. Thus, relevant studies on estimation of stature from complete 

and fragmented long bones, and other skeletal elements, are reviewed in the 

following section. 

 

.  

3.8.2.1 Complete long bones  

The estimation of stature is most often performed on the long bones of the 

upper and especially the lower limbs (Neruda 2007). These skeletal elements 

are known to be highly correlated to stature (Raxter et al. 2006) and thus can 

generally provide the most accurate stature estimations. 

 

 

(i) Trotter & Gleser (1952, 1958, 1977 and Trotter 1970) 

Some of the earliest studies were by Trotter and Gleser; the authors produced a 

series of regression equations based on measured long bone length from 

identified World War II (comprised of Caucasian and Afro-American soldiers) 

and Korean War casualties (comprised of Caucasian and Afro-American, Asian, 

Mexican and Puerto Rican) with known living stature. Their stature estimation 

standards are mostly employed in the United States for American populations. 

The devised standards have an accuracy of between ± 3.00 and ± 5.05cm 

(Trotter 1970). However, there were some issues regarding the accuracy using 

equations involving tibiae measurements (see section 3.6.2). Furthermore, the 

sample studied was largely people who died in the early 1900s, thus, they do 

not necessarily reflect the secular changes in bone length and body height 

since. 

 

 

(ii) Hauser et al. (2005) 

Hauser et al. examined the potential of using the femur to reconstruct living 

stature of modern Central Europeans. Their sample consisted of 91 individuals 

(71 males and 20 females) from a contemporary Polish population. The 

maximum length of both left and right femurs were measured. Non sex-specific 

and sex-specific standards were formulated; female femurs were found to have 
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a lower correlation to stature (0.83 to 0.89) with a smaller SEE (± 1.77 to           

± 2.17cm) compared to males (r = 0.92 – 0.93, SEE = ± 2.99 – 3.05cm). The 

non sex-specific standards were found to have a higher correlation to stature 

(0.95), however, the SEE(s) were slightly smaller compared to the males         

(± 2.79 to ± 2.88cm).  

 

 

(ii) Hasegawa et al. (2009) 

Hasegawa et al. formulated stature estimation standards in a Japanese 

population. Their method, however, did not require the maceration of bones 

they examined (femur, tibia, and humerus). The authors measured the 

maximum lengths of these bones radiographically using dual-energy X-ray 

absorptiometry (DXA) on 434 living subjects (342 females and 92 males; 18 to 

59 years of age). Sex-specific single and multiple regression equations were 

computed. Overall, bones of the lower limb were found to be more accurate for 

estimating stature (r = 0.81 – 0.90, SEE = ± 2.85 – 3.03cm), compared to the 

humerus  (r = 0.67 – 0.71, SEE = ± 3.77 – 4.45cm). Multiple regression models 

using the combination of all three bones and only two leg bones showed no 

significant difference in the accuracy (r = 0.87 – 0.93, SEE = ± 2.16 – 2.54cm), 

however, the accuracy was higher than the single regression equations. 

 

 

3.8.2.2 Fragmented long bones 

In many forensic investigations, skeletal remains are often damaged to some 

degree, including the long bones. However, it is possible to estimate stature 

from fragments of long bones. Steele (1970) demonstrated that there is a strong 

correlation between bone segments and total (or maximum) bone length. The 

length of a prescribed segment is thus used to estimate maximum bone length 

which can then be used to estimate stature (Steele 1970). In other words, the 

method involves the reconstruction of long bone maximum length based on its 

fragmentary measurements and then the estimation of stature from the 

reconstructed long bone maximum length. The estimation error from 

fragmented long bones would undoubtedly be larger compared to complete 

long bones, because it involves two levels of estimation. Nonetheless, 
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standards formulated would be useful in the absence of complete long bones or 

cases of highly fragmented remains (e.g. bomb explosions). 

 

 

(i) Steele & McKern (1969) 

Steele and McKern examined the femur, humerus, and tibia of 117 (81 males 

and 36 females) prehistoric American Indian individuals to estimation the total 

long bone lengths from fragmentary remains and subsequently estimate 

stature. The authors established five segments in the femur and six in the 

humerus and tibia; the accuracy of original bone length reconstruction for 

femur, humerus and tibia ranged from ± 0.28 to ± 2.11cm, ± 0.13 to ± 1.52cm, 

and ± 0.26 to ± 1.97cm respectively. Using stature estimation equations from 

Genoves (1967) and Trotter and Gleser (1958), the standard error of stature 

estimation were found to be higher (around ± 4 to ± 8cm). This is because the 

range of standard error for stature using fragmented long bones is the 

multiplication of the standard error of the estimated maximum long bone length, 

with the first constant in the stature regression equation, and then adding the 

product to the standard error of the estimated stature.   

 

 

(ii) Bidmos (2008a) 

Bidmos examined the potential of measurements in femur fragments for 

estimating stature of South African Whites. The study sample comprised of 50 

male and 50 female complete skeletons from the R.A. Dart collection. Six 

measurements were taken: vertical neck diameter; upper breadth of femur; 

epicondylar breadth; bicondylar breadth; lateral condyle length; and medial 

condyle length.  Sex-specific regression equations for the estimation of stature 

were formulated; the correlation coefficients ranged from 0.53 to 0.83 and the 

SEE(s) for these equations (± 3.71 to ± 5.31cm) were found to be slightly higher 

than those obtained for intact long bones (± 2.13 to ± 3.79cm).  

 

 

(iii) Chibba & Bidmos (2007) 

Chibba and Bidmos examined the accuracy of estimating stature using tibial 

fragments of South African whites. Similar to Bidmos (2008a), samples were 
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from the R.A. Dart collection (50 males and 50 females), a total of six tibial 

measurements were collected. Sex-specific single and multiple regression 

equations for the estimation of stature were formulated; the equations in 

females were found to be more accurate (r = 0.63 – 0.70, SEE = ± 5.20 – 

5.94cm) compared to males (r = 0.58 – 0.61, SEE = ± 6.52 – 6.71cm) 

 

 

3.8.2.3 Other skeletal elements  

(i) Metacarpals – Meadows & Jantz (1992) 

Sometimes complete metacarpals or metatarsals are recovered when all the 

long bones are incomplete or unavailable. Meadows and Jantz presented 

regression equations based on metacarpal length using samples from the Terry 

Collection; African (53 males and 55 females) and Caucasian (56 males and 48 

females) Americans. Individual standards were formulated using midline 

metacarpal length that were sex and ethnicity specific. The results showed that 

metacarpals were correlated to stature with coefficients ranging from 0.57 to 

0.83 and SEE(s) was between ± 4.68 and ± 5.96cm.  

 

 

(ii) Metatarsals – Bidmos (2008b) 

Bidmos examined the potential of metatarsal measurements for stature 

estimation. A total of 226 complete skeletons of South African individuals from 

the Dart collection were examined; white (58 males and 55 females) and black 

(60 males and 53 females). Six measurements were taken and single and 

multiple linear regressions were formulated according to sex and subgroup. For 

the standards using single measurements, the correlation coefficients ranged 

between 0.44 and 0.73, with SEE(s) from ± 4.14 to ± 5.58cm. However, multiple 

regressions were found to be more accurate (r = 0.67 – 0.76, SEE = ± 3.81 – 

5.07cm). 

 

 

(iii) Vertebrae – Nagesh & Kumar (2006) 

Nagesh and Kumar examined the accuracy of stature estimation using 

measurements of the vertebrae from South Indian individuals. The length of 

different segments of the vertebral column was measured in 72 male and 45 



Chapter Three The Estimation of Sex and Stature: Applications for the Hands and Other Body Parts 
 

 47 

female individuals. Sex-specific regression equations were then formulated; 

correlation coefficients ranged from 0.58 to 0.78 in males and 0.33 to 0.71 in 

females. The SEE(s) ranged from ± 4.38 to ± 5.65cm and from ± 4.16 to           

± 5.58cm, in males and females respectively. 

 

 

(iv)  Sternum – Menezes et al. (2009)   

A preliminary study by Menezes et al. examined accuracy of estimating stature 

using sternal length in South Indian males. The sample consisted of 35 intact 

sternal of individuals 20 to 83 years of age. From their linear regression 

equation, the correlation coefficient was 0.64, with a SEE of ± 5.64cm. This 

preliminary study concluded that sternal length can be used to accurately 

estimate stature. 

 

 

3.9 Summary 

From the reviewed studies, a wide range of accuracies between different 

methods of sex and stature estimation are evident. This implies that different 

anthropometric measurements of the body or skeletal elements demonstrate 

different degree of sexual dimorphism and correlation to stature. It also shows 

that the methods to estimate sex and stature are population specific. Thus, to 

acquire the highest accuracy in any biological estimation, it is most appropriate 

to apply population specific standards.    
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CHAPTER FOUR 

 

Materials and Methods 

 

 

4.1  Introduction 

Anthropometry is an important research tool in both biological and forensic 

anthropology. Defining landmarks and acquiring precise and accurate 

measurements from different parts of the body (or bones) requires knowledge 

(and experience) of the underlying anatomy and biology of any given 

measurement. This chapter at first briefly describes the surface and gross 

anatomy of the hand. The study sample and the anthropometric and statistical 

methods that were applied are then discussed.  

 

 

4.2  Study design 

A precision (measurement error) study was first undertaken prior to the 

collection of research data. A precision test allows the calculation of intra-

observer (personal) error, which is important for assessing the precision and 

accuracy of the measurements being taken (Ulijaszek & Kerr 1999). A 

coefficient of reliability (R) higher than 0.9 and a relative technical error of 

measurement (rTEM) of less than 5% are considered to indicate precision in 

measurement data (Ulijaszek & Kerr 1999; Weinberg et al. 2005).  

 

The analysis of measurement data is divided into four parts: i) basic descriptive 

statistical calculations (mean, standard deviation, and t-test); ii) direct and 

stepwise discriminant analysis for estimating sex; iii) Simple linear correlation 

analysis (Pearson r) to evaluate the strength of the relationship between stature 

and the hand and handprint measurements; and iv) simple linear and multiple 

regression analysis to estimate stature from the hand and handprint 

measurements.  
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4.3 Brief introduction to the surface and gross anatomy of the hand 

The data collected in the present study are anthropometric measurements 

derived from landmarks located on the surface of the hand. This study only 

examines hand measurements from adult individuals, from whom the 

underlying bony structure is fully developed. To this end, the following section 

will briefly review basic surface and gross (including skeletal) anatomy of the 

hand; aspects of hand growth and development are not considered because 

juvenile individuals are not examined. 

 

 

4.3.1 Basic surface anatomy of the hand  

Most of the macroscopic anatomy of the body surface reflects the underlying 

structure of the superficial bones and muscles (Saladin 2010). Anthropometric 

measurements of the body, therefore, can be used to describe the size and 

shape of individuals (Kippers 1996; Adams & Herrmann 2009). Anthropometric 

landmarks from the surface of the hand (e.g. hand crease) are easily identified 

and, unlike bone landmarks, can be visually located. Bone landmarks of the 

hand can only be identified by palpating the hand surface and surrounding 

muscles (e.g. locating the styloid process of the ulna) which can be difficult to 

identify by an inexperience observer. 

 

Figure 4.1 illustrates (a) the surface of the hand and its creases and (b) the 

corresponding joints and bone structure of the hand. These surface creases of 

the hand are important for defining the anthropometric landmarks used in the 

present study (see below for specific details). 
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                          (a)        (b) 

Figure 4.1 Surface anatomy of palmar aspect of hand: (a) hand surface and 

creases; (b) joints and bone structure of the hand (from Moore et al. 2010). 

 

 

4.3.2 Bones of the hand  

The human hand consists of 27 bones: eight carpals; five metacarpals; and 14 

phalanges. Figure 4.2 illustrates the (a) anterior and (b) posterior view of right 

hand and its bone structure. The carpal bones, which form the foundation of the 

hand (the wrist), are arranged in two rows of four bones each (White & Folkens 

2005). These short bones allow movement of the wrist medially-laterally and 

anterior to posterior. Distal to the carpals are single rows of five metacarpals; 

they form the palm of the hand. The proximal end of a metacarpal bone is the 

base, the shaft is the body, and the distal end is the head (Saladin 2010). The 

head of the metacarpals form knuckles when the hand is clasped into a fist.  
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Figure 4.2 Bones of the hand, showing the carpal bones (wrist bones), 

metacarpal bones (bones of the palm), and phalanges (finger bones) of the 

right hand from the (a) anterior and (b) posterior view (from Tortora and 

Derrickson 2006). 

 

Distal to the metacarpals are single rows of five proximal phalanges, single 

rows of four intermediate (middle) phalanges (the thumb has no intermediate 

phalange) and lastly, single rows of five distal (or terminal) phalanges (White & 

Folkens 2005). The phalanges are the bones that form human fingers or digits. 

Similarly, the three parts of a phalanx are the same as in a metacarpal; base, 

body and head (Saladin 2010).  
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4.4  Materials  

The study sample comprised a total of 201 individuals, aged between 18 and 68 

years; subjects were mostly police officers and civilian staff from the Western 

Australian Police Service, and staff and students from the University of Western 

Australia. Data collection occurred over a four-month period and aimed to 

acquire measurements from normal healthy Western Australians. Both males (n 

= 91) and females (n = 110) without any medical history of hand, foot and 

backbone problems were recruited for the study. The sample consists of 

various ethnic backgrounds, which are assumed to represent a ‘typical’ Western 

Australian population (ABS 2006).  

 

Subjects were given an information sheet and were required to sign a consent 

form (Appendix I) before participating in the study. Each subject was required to 

fill in a questionnaire (Appendix II) providing that the consent form had been 

signed by the subject. The questionnaire contains general (e.g. self-reported 

height, sex, handedness, and leisure activities) and basic demographic 

questions. Throughout the study, all data and information collected from each 

subject was kept confidential and anonymous. No identifying data can be linked 

to any single individual that participated in the study. Only questionnaire 

numbers were keyed to the data collection form for each individual.  

 

 

4.5  Ethical considerations 

Ethical approval was granted from the University of Western Australia’s Human 

Research Ethics Committee (Project No RA/4/1/2382) prior to any data 

collection. In accordance with the National Health and Medical Research 

Council’s (NHMRC), National Statement on Ethical Conduct in Humans 

Research (2007), basic ethical principles were maintained throughout the study 

(see section 4.4). This included a commitment to research questions that are 

designed to contribute knowledge and a reliance on research methods 

appropriate to the discipline. 
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4.6  Methods 

The following section outlines the specific equipment and techniques used to 

measure stature, hands and handprints. The statistics used to analyse the data 

are then described. 

 

  

4.6.1 Stature 

In the present study, stature was measured using a stadiometer (Seca 204). 

Each subject was asked to stand bare-footed on the flat platform of the 

stadiometer, which is at a right angle to the vertical board of the stadiometer. 

The heels were placed together, touching the base of the vertical board and the 

medial borders of the feet are at an angle of about 60º. The head should be 

positioned in the Frankfort Horizontal (FH) plane; a horizontal plane represented 

in profile by a line between the lowest point on the margin of the orbit and the 

highest point on the margin of the auditory meatus (Comas 1960). Arms were 

placed on the side on the thigh with palms in a prone position. The heel, 

scapulae, buttocks, and the posterior aspect of the cranium need to be in 

contact with the vertical board when the measurement was taken. The subject 

was required to suspend inspiration and maintain an erect position. The 

movable board was brought onto the most superior point on the head and 

stature was recorded (see Figure 4.3) (Gordon et al. 1991).  
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Figure 4.3 The measurement of stature (living height). 

 

 

4.6.2 Hand and handprint measurement techniques 

A total of seven different hand measurements were selected and measured on 

each individual hand and its corresponding handprint. A 150 mm digital sliding 

caliper (Mitutoyo 700-12X – accurate to ± 0.1 millimetres) was used to take the 

hand measurements. For hand measurements that were larger than 150 mm, a 

measuring tape (Paleo-Tech Concepts, Inc.) was utilized. A flatbed scanner 

(CanoScan LiDE 100) was used to capture images of the hands, which were 

then converted to handprints (see below). The cover of the scanner was 

removed and was modified by mounting a box covering the plenum, which 

enables subjects to place their hand on the glass plate of the scanner. The box 

also provides a uniform background during the scanning process as ambient 

light can interfere with the quality of the scanned image. A measuring scale and 

a polystyrene plate which acts as a stopper for the hand of the subject, were 
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fixed to the bottom and top part of the glass plate respectively. The scanned 

images were then edited using Photoshop (SC3 edition) and printed at 1:1; 

handprints were then measured using the same digital caliper and measuring 

tape (see 4.6.2.2 for specific details). Definitions of all measurements are 

described below. 

 

 

4.6.2.1  Hand measurements 

(i)  Hand breadth (HB): straight distance measured between the most 

laterally placed point on the head (lower epiphyses) of the 2nd metacarpal 

(metacarpal radiale) to the most medially placed point located on the head of 

the 5th metacarpal (metacarpal ulnare) (Figure 4.4) (Krishan & Sharma 2007). 

The measurement was taken over the dorsum of the hand in full extension, with 

the thumb abducted and the other fingers held together. The landmarks can be 

identified by palpating the area near the heads of the metacarpal. Once the 

landmarks were identified, the fixed and sliding arm of the calipers were each 

placed on the most lateral point on the head of the 2nd metacarpal and on the 

most medial point located on the head of the 5th metacarpal respectively. The 

hand breadth measurement is slightly slanting or oblique with regards to the 

axis of the hand (Krishan & Sharma 2007). 

 

 

 

 

 

 

 

 

 

 

 

                                     

 

Figure 4.4 Illustration of individual hand measurements: a. hand breadth (HB). 
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(ii) Hand length (HL): distance measured from the mid-point of the distal 

transverse crease of the wrist (extending from the ulnar to radial side) to the 

most anterior projection of the skin of the middle finger which is the tip of the 

middle finger (Figure 4.5) (Agnihotri et al. 2008). 

 

The subject’s hand and fingers were placed on a flat surface, palm up 

(supinated position), and extended in the direction of the longitudinal axis of the 

forearm. In this position the fingers were held together and extended, but not 

hyperextended. The bar of the sliding calipers was held parallel to the 

longitudinal axis of the hand. Next, the fixed arm of the caliper was aligned with 

the distal transverse crease of the wrist (extending from the ulnar to radial side) 

while the sliding arm of the caliper was placed on the fleshy tip of the middle 

finger (third digit), touching it lightly (Gordon et al. 1991).  

 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Illustration of individual hand measurements: b. hand length (HL); c. 

palm length (PL); d. middle finger or third digit (3D); e. thumb or first digit (1D); 

f. index finger or second digit (2D); and g. ring finger or fourth digit (4D). 
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(iii)  Palm length (PL): distance measured from the mid-point of the distal 

transverse crease of the wrist (extending from the ulnar to radial side) to the 

proximal flexion crease of the middle finger (Figure 4.5) (Kanchan & Rastogi 

2009). The technique used to obtain palm length is similar to the hand length 

measurement (see above). The hand and calipers were positioned similarly, 

except that the measurement was taken from the distal transverse crease of the 

wrist to the proximal flexion crease of the middle finger. 

 . 

 

(iv) Thumb, index, middle and ring finger length: distance between the 

proximal flexion crease of the finger (or inter-phalangeal digital crease) to the tip 

of the respective finger (Figure 4.5) (Moore et al. 2010). The hand was placed 

on a flat surface with palm facing upwards and the fingers extended and close 

to each other (Kanchan et al. 2008a). Measurements were taken similarly to the 

procedure for hand length (see above) and each finger was measured one after 

another. 

 

 

4.6.2.2 Handprint measurements 

Handprints were obtained by gently pressing each hand on to the scanner 

(CanoScan LiDE 100) and the image of the prints was collected at a resolution 

of 400 dpi (Figure 4.6a). The images were saved in JPEG file format. Each 

subject has two print images consisting of the right and left hand. Prints were 

then edited using Photoshop (SC3 edition) to obtain the clearest representation 

of a handprint. The first step in the editing process involves the conversion from 

a coloured image to a grey scaled image. The grey scaled image was then 

inverted to produce a negative image of the original. Finally, the brightness and 

the contrast were adjusted until the image resembled a handprint (Figure 4.6b). 

All seven measurements collected for the hand (see above) were also taken on 

the corresponding handprints. 
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     (a)                             (b) 

Figure 4.6 (a) Scanned image of the hand palm; (b) edited image resulting in 

handprint. 

 

The definition for the handprint measurements are similar to the previously 

described hand measurements (see above and Figure 4.7), with the exception 

of handprint breadth (HPB) and handprint length (HPL) because it is not 

possible to locate the skin or bone landmarks required to define those 

measurements. Therefore, the measurement techniques of handprint breadth 

and handprint length were modified accordingly as follows: 

 

(i) Handprint breadth (HPB): handprint breadth is the distance from the 

most laterally projected part of the palmprint estimated near the head of the 2nd 

metacarpal to the most medially projected part of the palmprint at the end of the 

distal transverse crease of the palm (or distal palmar crease - Figure 4.7a). 
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             (a)        (b) 

Figure 4.7 The definition for each handprint measurements: (a) a. handprint 

breadth (HPB); (b) b. handprint length (HPL); c. palmprint length (PPL);            

d. middle finger or third digit print (3DP); e. thumb or first digit print (1DP);         

f. index finger or second digit print (2DP); and g. ring finger or fourth digit print 

(4DP). 

 

 

(ii) Handprint length (HPL): the handprint length measurement was 

modified from a technique based on footprints (see Robbins 1986). A base line 

was drawn at the base of the print (Figure 4.7b). The tip of the middle finger of 

the print was identified and marked; a straight line perpendicular to the baseline 

was then drawn from the tip of the middle finger to the baseline of the print. 

Handprint length is thus the distance from baseline of the print to the tip of the 

middle finger of the print (Figure 4.7b). 
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4.7  Statistical methods 

The following section describes the precision test and the statistical methods 

that were used to analyse the measurement data. 

 

 

4.7.1 Measurement error calculations 

Measurement error calculations (or precision testing) are commonly used in 

anthropometric studies. Important calculations included in a precision test are 

the technical error of measurement (TEM); relative TEM (rTEM); and the 

coefficient of reliability (R). The precision test is design to quantify the variability 

of anthropometrical measurements from a person taking repeated 

measurements; this is also commonly known as the intra-observer (personal) 

error (Ulijaszek & Lourie 1994). 

 

Intra-observer error for the hand measurements was assessed by measuring 

the hands of the same four subjects on four different evaluation days, with at 

least 24 hours between each re-measurement to minimize the possibility of 

recalling figures. The aim was to assess the amount of intra-observer error 

using repeated measurements on the same four people; the error was 

calculated for stature and all of the hand and handprint measurements. 

Precision data for hand and handprint measurement are outlined fully in 

Appendices III and IV respectively; results are summarized below.  

 

 

4.7.1.1  Technical error of measurement (TEM) 

The technical error of measurement (TEM) is the standard deviation between 

repeated measurements taken independently of one another on the same 

subject. This is also known as an accuracy index; the amount of error observed 

between repeated analyses of the sample by the same or different observer 

(Reynolds et al. 2008). It is calculated using the following formula:  

  

 TEM = (D2)/xN 

 D = Difference between (x) measurements; 

 N = Number of replicates; 

 x = Number of subjects measured.  
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4.7.1.2 Relative technical error of measurement (rTEM) 

Norton and Olds (1996) recommended the conversion of the absolute TEM to 

rTEM as the latter provides an estimation of the error magnitude comparative to 

the size of the measurement and is expressed in the form of percentage (Goto 

& Mascie-Taylor 2007). To calculate rTEM it is necessary to obtain the variable 

average value (VAV); the arithmetical mean of mean from the repeated 

measurements of each subject for the same variable (Perini et al. 2005). It is 

calculated using the following formula: 

  

 rTEM = (TEM/VAV) x 100 

 VAV = variable average value 

 

 

4.7.1.3 Coefficient of reliability (R) 

The coefficient of reliability (R) represents the proportion of between-subject 

variance which is the result of measurement error (Reynolds et al. 2008). 

Scores ranging from 0 to 1, where the value of 1 indicates no measurement 

error, were present. R is calculated using the following equation: 

  

 R = 1- (TEM2/S2) 

 S2 = population variance of a character  

  

 

4.7.2 Measurement error results 

Tables 4.1 and 4.2 present the precision test results for the left and right hand 

measurements respectively. Error rates for stature and all the hand 

measurements (both left and right) are within acceptable limits (R > 0.9 and 

rTEM < 5%). The largest rTEM was for the ring finger of the right hand (1.52) 

and it also scored the lowest R value (0.90). Even though the ring finger of the 

right hand showed the highest rTEM, the error rate was still less than 5% and 

rTEM scores less then 5% are considered to be precise (Weinberg et al. 2005). 

 

The rTEM for all other measurements were well below 1. Stature has the lowest 

rTEM value (0.09). The R values for the right and left palm length (0.94 and 

0.93), and the index finger of the left hand (0.93) are all above 0.9. R values 
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greater then 0.75 are considered precise for anthropometric purposes 

(Weinberg et al. 2005). The R values for all of the remaining measurements 

were well above 0.95 (Tables 4.1 and 4.2).  

 

Table 4.1 Left hand (and stature) measurement error. 

Measurement 
Technical Error 
of Measurement 

(TEM) 

Reliability 
(R) 

Relative 
TEM (%) 

Stature 1.38 1.00 0.09 
Hand breadth  0.34 0.97 0.46 
Hand length  0.80 0.98 0.46 
Palm length 0.61 0.93 0.63 
Middle finger length 0.54 0.97 0.72 
Palm length + middle finger length 0.81 0.98 0.47 
Thumb length 0.39 0.98 0.65 
Index finger length 0.60 0.93 0.90 
Ring finger length 0.49 0.98 0.72 

 

 

Table 4.2 Right hand measurement error. 

Measurement 
Technical Error 
of Measurement 

(TEM) 

Reliability 
(R) 

Relative 
TEM (%) 

Hand breadth  0.48 0.97 0.63 
Hand length  0.64 0.99 0.37 
Palm length 0.76 0.94 0.78 
Middle finger length 0.34 0.99 0.45 
Palm length + middle finger length 0.80 0.98 0.47 
Thumb length 0.35 0.97 0.59 
Index finger length 0.27 0.99 0.40 
Ring finger length 1.05 0.90 1.52 

 

 

Tables 4.3 and 4.4 outline the precision test results for the left and right 

handprint measurements respectively.  All measurements had reliability greater 

than 0.97 and rTEM less then 5%. Overall, the precision test demonstrates that 

measurement error in the present study (for both hand and handprint 

measurements) is relatively small and well within acceptable levels.  
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Table 4.3 Left handprint measurement error. 

Measurement 

Technical 
Error of 

Measurement 
(TEM) 

Reliability 
(R) 

rTEM 
(%) 

Handprint breadth  0.27 0.98 0.41 
Handprint length  0.25 1.00 0.16 
Palmprint length  0.10 1.00 0.11 
Middle finger print length 0.12 1.00 0.18 
Palmprint length + middle finger print length 0.15 1.00 0.10 
Thumb print length 0.17 1.00 0.32 
Index finger print length 0.16 1.00 0.25 
Ring finger print length 0.15 1.00 0.24 

 

 

Table 4.4 Right handprint measurement error. 

Measurement 

Technical 
Error of 

Measurement 
(TEM) 

Reliability 
(R) 

rTEM 
(%) 

Handprint breadth  0.13 1.00 0.20 
Handprint length  0.22 1.00 0.15 
Palmprint length  0.19 1.00 0.23 
Middle finger print length 0.21 1.00 0.30 

Palmprint length + middle finger print length 0.26 1.00 0.17 

Thumb print length 0.17 1.00 0.31 
Index finger print length 0.17 1.00 0.28 
Ring finger print length 0.18 1.00 0.27 

 

 

4.7.3  Assessment of variability 

The Statistical Package for Social Sciences Program version 17.0 for Windows 

(SPSS 17.0) was used in this study for all statistical analyses. Firstly, all 

descriptive analyses were performed and then the data were tested for 

‘normality’ using the Kolmogorov-Smirnov method. Normal data is a 

symmetrical, bell-shaped curve, which has the greatest frequency of scores in 

the middle, with smaller frequencies towards the extremes (Gravetter & Wallnau 

2004).  
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4.7.4 Univariate significant tests 

A dependent (or paired) sample t-test is frequently used to evaluate the 

differences between the mean value of two variables from the same sample 

(e.g. the weight of a group of individuals before and after a diet program) 

(Madrigal 1998). In the present study, paired sample t-tests were used to 

examine if there was a significant difference between self-reported height and 

measured stature, and between the left and right hand measurements of the 

same subjects. Mean values of those measurements are compared and the 5% 

level is taken as significant (p < 0.05). 

 

Conversely, the independent (or unpaired) sample t-test is most commonly 

used method to evaluate the differences in means between two groups 

(Madrigal 1998). Univariate metrical comparisons are made using unpaired t-

tests to examine if there was a significant difference in the hand and handprint 

measurements between male and female subjects. As for the paired sample t-

test (see above), mean values between male and female measurement data 

are compared and the 5% level is taken as significant (p < 0.05). 

 
 

4.7.5 Direct and stepwise linear discriminant analyses 

Linear discriminant function analysis evaluates which variable(s) can most 

accurately discriminate between individuals belonging to two or more naturally 

occurring groups (e.g. sex). The analysis can also determine which of the 

variable or combinations of variables are the best predictors in categorizing 

those groups (Hill & Lewicki 2006). Direct and stepwise discriminant analyses, 

therefore, were used to assess the accuracy of estimating sex using hand and 

handprints measurements. Linear discriminant function analyses were used 

because of its ability to distinguish sex using any number of hand and handprint 

measurements in a single equation. Stepwise discriminant analysis was 

employed to select measurements, both individually and in combination, that 

are the most discriminatory. Other functions are developed in order to allow sex 

estimation from disarticulated hands and to establish which measurement, or 

combination of different measurements, can estimate sex with the highest 

accuracy. 
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The method used to estimate sex from these discriminant functions involved the 

following actions: 

1. taking the measurements; 

2. calculating the discriminant function scores (x) from these 

measurements; 

3. and comparing (x) with the discriminant values and with the sectioning 

point. 

 

The male-female sectioning point is determined as being halfway between the 

mean score for males and the mean scores for females. Discriminant scores (x) 

are obtained by multiplying each variable with its unstandardised coefficient, 

summing them and adding in the constant (Slaus et al. 2003). If (x) is smaller 

than the sectioning point, then the individual is most likely female; (x) is larger 

than the sectioning point, then the individual is most likely to be male (Franklin 

et al. 2008). However, when a single variable is used, it can simply be 

compared to the relevant demarking point. The demarking point is the simple 

average of the mean measurement value for each sex. A larger value generally 

implies male sex and a lower value female sex (Slaus et al. 2005).  

 

 

4.7.6 Simple linear correlation (Pearson r) 

Pearson’s correlation coefficient (r) was used to assess the degree of linear 

association (or relationship) between hand and handprint measurements to 

stature. Thus, the r-value is important to examine the magnitude of the linear 

relationship between the dependent variable (stature) and the independent 

variables (hand and handprint measurements). The correlation coefficient is 

measured on a scale that varies from +1 through 0 to -1. Perfect correlation 

between two variables is expressed by either +1 or -1; the correlation is positive 

as one variable increases and the other also increases, where else when one 

variable decreases as the other increases it is negatively correlated. A score of 

0 indicates that the two variables are completely uncorrelated (Swinscow & 

Campbell 2002).  
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4.7.7 Simple linear and multiple regression 

Based on the results from discriminant analysis, sex-specific simple linear and 

multiple regression equations (or standards), to estimate stature using hand 

and handprint measurements were produced. A regression analysis focuses on 

the relationship between two variables; one dependent variable and one or 

many independent variables. It is a method by which the values of one 

characteristic (stature) can be determined from the values of other 

characteristics (hand and handprint measurements). This cannot be determined 

by the Pearson’s r analysis because correlation coefficient only describes the 

strength of association between two variables (Swinscow & Campbell 2002). 

 

The regression equation calculates how much of the dependent variable (y) 

changes with any change of the independent variable(s). A simple linear 

regression equation I shown below: 

 

y = α + βx (± SEE) 

y = predicted value of the dependent variable (stature) 

α = the distance above the baseline at which the regression line intercepts the  

      vertical (y) axis (or constant) 

β = regression coefficient (slope of the regression line) 

x = value of the independent variable 
SEE = amount of error involved in the prediction of (y) 
 

 

In a multiple regression equation, two or more independent variables are used 

in the prediction of the dependent variable. A multiple regression equation is as 

follows: 

 

y = α + β1x1 + β2x2 ……. + βnxn (± SEE) 

y = predicted value of the dependent variable (stature) 

α = constant 

β1 = regression coefficient for first independent variable 

x1 = value of the first independent variable 

β2 = regression coefficient for the second independent variable  

x2 = value of the second independent variable 

βn = regression coefficient for the ‘n’th variable 

xn = value of the ‘n’th independent variable 
SEE = amount of error involved in the prediction of (y) 
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The coefficient of determination (or R2) and standard error of estimation (SEE) 

for each formulated models are also outputted as part of the regression 

analyses. R2 is the proportion of variation in the dependent variable (y) 

explained by the independent variable(s) (x) which is expressed in a scale of 0 

to 1; high R2 values show that the x explains most of the variation in the y; if    

R2 = 0, then x does not explain any of the variation in y (Madrigal 1998). The 

SEE is the predictive deviation of estimated stature from the actual stature 

(Montgomery et al. 2001); smaller SEE values are indicative of a higher 

accuracy in stature estimation. 
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CHAPTER FIVE 

 

Results 

 

 

5.1  Introduction 

This chapter presents the results of the statistical analyses performed on the 

hand and handprint measurements. A total of 201 subjects (91 males and 110 

females) were studied to estimate sex and stature from both hand and 

handprint measurements. The data were divided and analysed according to 

three groups: males only; females only; and pooled sex.  

 

 

5.2  Descriptive statistics: age, self-reported height and stature  

Table 5.1 shows the descriptive statistics for age in the sample, including the 

range, mean and standard deviation (SD). The youngest male in the sample 

was 19 and the oldest was 68 years of age; for females the corresponding ages 

were 18 and 63 years respectively. The mean age for males and females was 

38 and 36 years respectively.  

 

Table 5.1 Age distribution (in years) for the total sample (individual sex). 

Sex n Minimum Maximum Mean SD 

Male 91 19 68 38.24 11.00 

Female 110 18 63 36.49 12.85 

 

 

The total number of subjects providing data for self-reported height was 196 

because five subjects (consisted of three males and two females) did not fill in 

their self-reported heights in the questionnaire form. For males the self-reported 

heights ranged between 162 to 203cm; for females it was 144 to 193cm (Table 

5.2). The mean male self-reported height was 179.58cm and for females it was 

163.75cm; both very close to actual mean stature (Table 5.3). 
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Table 5.2 Self-reported height (in cm) for the total sample (individual sex).  

Sex n Minimum Maximum Mean SD 

Male 88 162.00 203.00 179.58 6.96 

Female 108 144.00 193.00 163.75 7.87 

 

 

The average measured male stature was 178.5cm (range 162.4 to 200.5cm); 

for females it was 163.67cm (range 149.4 to 191.3cm – Table 5.3). 

 

Table 5.3 Measured stature (in cm) for the total sample (individual sex). 

Sex n Minimum Maximum Mean SD 

Male 91 162.40 200.50 178.50 7.05 

Female 110 149.40 191.30 163.67 7.14 

 

 

5.2.1 Difference between self-reported height and measured stature 

The strength of difference between self-reported height and stature (living 

height) was evaluated using a dependent (or paired) sample t-test. A significant 

difference was found between self-reported height and stature for males (self-

reported height 179.58cm; measured stature 178.5cm:  t = 3.803, p < 0.05). 

However, there was no significant difference for the females (self-reported 

height 163.75cm; measured stature 163.67cm: t = 0.619, p > 0.05). This 

establishes that males significantly overestimated their height (Figure 5.1). 
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Figure 5.1 Difference between mean (in cm) self-reported height and measured 

stature in the male and female sample. 

 
Key: * p < 0.05. 
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5.3 Hand analyses 

The following outlines the results for all the statistical analyses of the hand 

measurement data, which include the analyses of bilateral asymmetry, and the 

sex and stature estimation analyses. 

 

 

5.3.1 Descriptive statistics: individual left and right hand 

Descriptive statistics for hand measurements in the male, female and pooled 

sex samples are given in Tables 5.4 to 5.6 respectively. It is evident that the 

mean values for all hand measurements were larger in males compared to 

females. The measurement of hand length (left and right hand) had the largest 

difference between the sexes. The next largest difference was for palm length, 

followed by hand breadth. The finger measurements had the smallest difference 

between males and females (Tables 5.4 and 5.5). 

 

 

5.3.2 Descriptive statistics: combined left and right hand 

Descriptive statistics for combined left and right hand measurements were also 

calculated for the male, female and pooled sex samples (Tables 5.7 to 5.9). As 

expected, it is evident that the overall mean values for all hand measurements 

were larger in males compared to females. The same sex-differences were 

evident, with the hand length being the most dimorphic measurement, followed 

by palm length and hand breadth. The finger measurements again showed the 

smallest difference between males and females (Tables 5.7 and 5.8). 
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Table 5.4 Individual left and right male hand measurements (in cm). 

Measurement n 
Left hand  Right hand 

Minimum Maximum Mean SD  Minimum Maximum Mean SD 

Hand breadth 91 7.86 10.52 9.04 0.49  7.88 10.58 9.10 0.48 

Hand length  91 17.40 23.30 19.56 0.92  17.10 23.30 19.54 0.93 

Palm length  91 10.02 13.33 11.22 0.51  9.82 12.89 11.21 0.51 

Middle finger 91 7.36 10.01 8.35 0.50  7.25 10.39 8.34 0.51 

Palm length + middle finger  91 17.39 23.34 19.57 0.91  17.07 23.28 19.55 0.92 

Thumb  91 5.60 7.93 6.74 0.47  5.64 8.00 6.75 0.47 

Index finger 91 6.50 9.57 7.56 0.48  6.50 9.54 7.55 0.48 

Ring finger 91 6.96 9.21 7.79 0.45  6.56 9.22 7.76 0.47 

 

 

Table 5.5 Individual left and right female hand measurements (in cm).  

Measurement n 
Left hand  Right hand 

Minimum Maximum Mean SD  Minimum Maximum Mean SD 

Hand breadth 110 5.71 9.51 7.84 0.45  5.80 9.59 7.93 0.45 

Hand length  110 15.60 21.80 17.60 0.82  15.30 21.60 17.59 0.82 

Palm length  110 8.83 12.47 10.01 0.48  8.75 12.38 10.00 0.49 

Middle finger 110 6.59 9.37 7.61 0.41  6.62 9.20 7.61 0.40 

Palm length + middle finger  110 15.64 21.84 17.62 0.83  15.37 21.58 17.61 0.82 

Thumb  110 5.06 7.58 6.07 0.40  5.03 7.40 6.07 0.39 

Index finger 110 5.92 8.53 6.91 0.41  5.89 8.50 6.91 0.40 

Ring finger 110 6.23 8.85 7.11 0.39  6.13 8.93 7.10 0.39 
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Table 5.6 Individual left and right pooled sex hand measurements (in cm). 

Measurement n 
Left hand  Right hand 

Minimum Maximum Mean SD  Minimum Maximum Mean SD 

Hand breadth 201 5.71 10.52 8.38 0.76  5.80 10.58 8.46 0.74 

Hand length  201 15.60 23.30 18.48 1.31  15.30 23.30 18.47 1.30 

Palm length  201 8.83 13.33 10.56 0.78  8.75 12.89 10.54 0.78 

Middle finger 201 6.59 10.01 7.95 0.58  6.62 10.39 7.94 0.58 

Palm length + middle finger  201 15.64 23.34 18.50 1.30  15.37 23.28 18.49 1.30 

Thumb  201 5.06 7.93 6.38 0.55  5.03 8.00 6.38 0.55 

Index finger 201 5.92 9.57 7.20 0.55  5.89 9.54 7.20 0.54 

Ring finger 201 6.23 9.21 7.42 0.54  6.13 9.22 7.40 0.54 

 

 

Table 5.7 Combined left and right male hand measurements (in cm). 

Measurement n Minimum Maximum Mean SD 

Hand breadth 182 7.86 10.58 9.07 0.49 

Hand length  182 17.10 23.30 19.55 0.92 

Palm length  182 9.82 13.33 11.21 0.51 

Middle finger 182 7.25 10.39 8.34 0.50 

Palm length + middle finger  182 17.07 23.34 19.56 0.92 

Thumb  182 5.60 8.00 6.75 0.47 

Index finger 182 6.50 9.57 7.55 0.48 

Ring finger 182 6.56 9.22 7.77 0.46 
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Table 5.8 Combined left and right female hand measurements (in cm). 

Measurement n Minimum Maximum Mean SD 

Hand breadth 220 5.71 9.59 7.89 0.45 

Hand length  220 15.30 21.80 17.59 0.82 

Palm length  220 8.75 12.47 10.00 0.49 

Middle finger 220 6.59 9.37 7.61 0.41 

Palm length + middle finger  220 15.37 21.84 17.62 0.83 

Thumb  220 5.03 7.58 6.07 0.39 

Index finger 220 5.89 8.53 6.91 0.40 

Ring finger 220 6.13 8.93 7.10 0.39 

 

 

Table 5.9 Combined left and right pooled sex hand measurements (in cm). 

Measurement n Minimum Maximum Mean SD 

Hand breadth 402 5.71 10.58 8.42 0.75 

Hand length  402 15.30 23.30 18.48 1.30 

Palm length  402 8.75 13.33 10.55 0.78 

Middle finger 402 6.59 10.39 7.94 0.58 

Palm length + middle finger  402 15.37 23.34 18.50 1.30 

Thumb  402 5.03 8.00 6.38 0.55 

Index finger 402 5.89 9.57 7.20 0.54 

Ring finger 402 6.13 9.22 7.41 0.54 
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5.3.3 Hand measurement differences in males and females 

The strength of sexual dimorphism in hand measurements were assessed 

using independent (or unpaired) sample t-tests. Figure 5.2 illustrates the 

comparison of mean left and right hand measurements in males and females. It 

is evident that for all hand measurements, males are larger than females; these 

differences were all statistically significant (p < 0.05 – see Figure 5.2).  
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Figure 5.2 Comparison of mean (in cm) left and right hand measurements in 

the male and female sample. 

 
Key: HBL = hand breadth left; HBR = hand breadth right; HLL = hand length left; HLR = hand 
length right; PLL = palm length left; PLR = palm length right; 3DL = middle finger or third digit 
length left; 3DR = middle finger or third digit length right, 1DL = thumb or first digit length left, 
1DR = thumb or first digit length right, 2DL = index finger or second digit length left, 2DR = 
index finger or second digit length right, 4DL = ring finger or fourth digit length left, 4DR = ring 
finger or fourth digit length right. 
 
* p < 0.05. 
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5.3.4 Bilateral asymmetry 

The presence of bilateral asymmetry between right and left hand 

measurements was assessed; the data is comparatively summarized in Figure 

5.3 (males) and Figure 5.4 (females). For both males and females, there were 

no significant differences between the right and left side for all hand 

measurements, except for the hand breadth (males, t = 4.496, p < 0.05; 

females,    t = 8.077, p < 0.05). However, the bilateral difference in the hand 

breadth was relatively small; on average it was only 0.08cm for males and 

0.06cm for females.  

 

Since there were no evidence of bilateral asymmetry for the vast majority of the 

hand measurements, from this point onwards only combined left and right hand 

measurement data are used to formulate sex and stature estimation standards. 

These standards will be especially useful in situations where hand side cannot 

be determined. It is important to note, however, that the individual left and right 

hand measurement data is presented in Appendix V and can be applied where 

appropriate. 
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Figure 5.3 Comparison of mean (in cm) left and right hand measurements in 

males. 

 
Key: HB = hand breadth; HL = hand length; PL = palm length; 3D = middle finger or third digit 
length; 1D = thumb or first digit length; 2D = index finger or second digit length; 4D = ring finger 
or fourth digit length. 
 
* p < 0.05. 
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Figure 5.4 Comparison of mean (in cm) left and right hand measurements in 

females. 

 
Key to measurements is shown in Figure 5.3. 

 

 

5.3.5 Sex estimation 

The accuracy of sex estimation based on hand measurements was assessed 

using a series of linear discriminant analyses. A series of demarking points that 

are useful for sex differentiation were then calculated for all seven hand 

measurements (Table 5.10). Discriminant scores greater than the sectioning 

point are classified as male and smaller values as female. From the demarking 

points, hand breath was able to classify sex with the highest accuracy (93.3%), 

conversely, ring finger length has the lowest accuracy (79.4%).  

 

In the stepwise discriminant analysis of all seven variables, hand breadth, palm 

length, index finger length and thumb length were selected; the accuracy of 

correct sex classification after cross-validation was 94.5% (Table 5.11).  

 

Six direct discriminant functions using different hand measurement 

combinations were then calculated; discriminant equations, group centroids, 

sectioning points and cross-validated sex classification accuracies are shown in 

Table 5.12. Depending on the condition and parts of the hand that is available 
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to be measured (e.g. amputated fingers), these equations, formulated from 

different hand measurement combinations, offer a practical method for 

estimating sex. From Table 5.12, it was evident that the direct discriminant 

function of hand breadth and palm length plus middle finger length (Function 2), 

and hand breadth and length (Function 3) combinations have the highest 

accuracy of correct sex classification (96.3% and 96% respectively). The next 

highest classification accuracy was the equation with the combination of hand 

and palm length measurements (Function 4 – 95.8%). The equation using only 

finger length measurements (Function 6) had the lowest accuracy of 82.1%. 

Overall, the expected accuracies from using direct discriminant functions 

ranged from 82.1% to 96.3% (Table 5.12). 

 

As previously noted (section 5.3.4), only combined left and right hand 

measurement data are presented in this section as no statistically significant 

bilateral asymmetry (except for hand breadth) was elucidated. However, 

individual left and right hand measurement data is again presented (see 

Appendix V) and can be applied accordingly. Inspection of these standards 

demonstrates that sex estimation accuracy is comparable between the 

combined and individual data (see Appendix V.1).  
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Table 5.10 Combined left and right hand measurements demarking point (in cm) for sex differences. 

Measurement Demarking points Correctly assigned 

Hand breadth ♀ < 8.48 < ♂ ♂ 168/182; ♀ 207/220 [93.3%] 
Hand length ♀ < 18.57 < ♂ ♂ 161/182; ♀ 206/220 [91.3%] 
Palm length ♀ < 10.61 < ♂ ♂ 161/182; ♀ 204/220 [90.8%] 
Middle finger length ♀ <  7.98 < ♂ ♂ 144/182; ♀ 190/220 [83.1%] 
Palm length + middle finger length ♀ < 18.59 < ♂ ♂ 160/182; ♀ 205/220 [90.8%] 
Thumb length ♀ < 6.41 < ♂ ♂ 145/182; ♀ 184/220 [81.8%] 
Index finger length ♀ < 7.23 < ♂ ♂ 138/182; ♀ 189/220 [81.3%] 
Ring finger length ♀ < 7.44 < ♂ ♂ 136/182; ♀ 183/220 [79.4%] 
 
Key: ♀ = female; ♂ = male. 
 

 

Table 5.11 Stepwise discriminant function for combined left and right hand measurements. 

Step Variables 
Unstandardised 

coefficient 
Standardised 

coefficient 
Wilk’s 

lambda 
Structure 

point 
Group 

centroids 
Sectioning 

point 
Correctly Assigned 

1 
Hand 
breadth 

1.596 0.746 0.385 0.837 ♂ 1.665 0.148 ♂ 175/182; ♀ 205/220 [94.5%] 

2 Palm length 1.359 0.675 0.337 0.806 ♀ -1.369   
3 Index finger -1.520 -0.668 0.314 0.484    
4 Thumb 0.694 0.299 0.305 0.518    
 Constant -21.264       

 
Key: ♀ = female; ♂ = male. 
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Table 5.12 Direct discriminant functions (combination) for combined left and right hand measurements. 

Equation Group centroids and sectioning point Correctly assigned 

 
Function 1: all variables 
(HB x 1.587) + (HL x 1.877) + (PL x -0.493) + (3D x -1.749)  
+ (1D + 0.676) + (2D x -1.677) + (4D x 0.031) + -21.428 

♂ 1.681, [0.145], ♀ -1.391 ♂ 175/182; ♀ 207/220 [95%] 

Function 2: HB and PL + 3D  
(HB x 1.502) + (PL + 3D x 0.450) + -20.973 

♂ 1.450, [0.125], ♀ -1.200 ♂ 174/182; ♀ 213/220 [96.3%] 

Function 3: HB and HL  
(HB x 1.473) + (HL x 0.471) + -21.115 

♂ 1.458, [0.126], ♀ -1.206 ♂ 173/182; ♀ 213/220 [96%] 

Function 4: HB and PL  
(HB x 1.289) + (PL x 1.062) + -22.060 

♂ 1.538, [0.133], ♀ -1.272 ♂ 174/182; ♀ 211/220 [95.8%] 

Function 5: HB, HL, 1D, 2D and 4D 
(HB x 1.603) + (HL x 1.209) + (1D + 0.622) + (2D x -2.052)  
+ (4D x -0.511) + -21.250 

♂ 1.653, [0.143], ♀ -1.367 ♂ 172/182; ♀ 207/220 [94.5%] 

Function 6: 2D, 3D, and 4D  
(2D x -0.238) + (3D  x 1.515) + (4D x 1.029) 
+ -17.943 

♂ 0.899, [0.0775], ♀ -0.744 ♂ 141/182; ♀ 189/220 [82.1%] 

 
Key to measurements is shown in Figure 5.3; ♀ = female; ♂ = male. 
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5.3.6 Simple linear correlation (Pearson r) 

Table 5.13 outlines the correlation (r) between stature and combined left and 

right hand measurements in the male, female and pooled sex samples; 

Appendix V.2 can be referred to for the r-values of individual left and right hand 

measurements. Hand length exhibited the highest r-values of 0.74, 0.70 and 

0.87 for the male, female, and pooled sex samples respectively. Thumb length 

had the smallest r-value in the male and pooled sex samples (male, r = 0.47; 

pooled sex, r = 0.72); however, the correlation for hand breadth was the lowest 

in females (r = 0.47). Scatter-plot matrices illustrating the correlation between 

stature and combined left and right hand measurements in the male, female 

and pooled sex samples are shown in Appendix VI.  

 

Table 5.13 Correlation coefficient (r) between stature and combined left and 

right hand measurements in the male, female and pooled sex samples. 

Measurement 
r 

Male Female Pooled sex 

Hand breadth 0.52** 0.47** 0.78** 

Hand length 0.74** 0.70** 0.87** 

Palm length 0.67** 0.67** 0.85** 

Middle finger length 0.66** 0.61** 0.80** 

Palm length + middle finger length 0.74** 0.70** 0.87** 

Thumb length 0.47** 0.55** 0.72** 

Index finger length 0.68** 0.63** 0.79** 

Ring finger length 0.68** 0.63** 0.80** 
 
Key: ** p < 0.01 level (2-tailed). 
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5.3.7 Stature estimation 

Simple and multiple regression analyses were performed to estimate stature 

from the hand measurements. For multiple regression analysis, direct and 

stepwise methods were utilized. The regression analysis is used to formulate 

equations (or standards) based on the hand measurements to estimate stature. 

The stature estimation standards presented in this section were formulated 

using the combined left and right hand measurement data; standards for 

individual hands are outlined in Appendix V.3.  

 

 

5.3.7.1 Simple linear regression 

(i) Male: linear regression models formulated for each individual 

measurement to estimate stature are outlined in Table 5.14. The model using 

hand length and palm length plus middle finger length have the highest R2 

values (both 0.54); meaning that 54% of the total variation in stature is 

explained by those measurements. In addition, the model using hand length 

has the smallest SEE (± 4.76cm). In contrast, the model using thumb length has 

the smallest R2 value (0.22) with the highest SEE (± 6.23cm). Overall, the range 

of prediction error (SEE) is between ± 4.76 to ± 6.23cm (Table 5.14). 

 

Table 5.14 Linear regression equations for stature estimation(s) using 

combined left and right male hand measurements (in cm).  

Measurement r R2 
Adjusted 

R2 
Model/Equation 

SEE 
(cm) 

HB 0.52 0.27 0.27 S = 110.156 + 7.535 HB ± 6.01 

HL 0.74 0.54 0.54 S = 68.254 + 5.639 HL ± 4.76 

PL 0.67 0.44 0.44 S = 75.593 + 9.177 PL ± 5.27 

3D 0.66 0.44 0.44 S = 101.243 + 9.258 3D ± 5.27 

PL + 3D 0.74 0.54 0.54 S = 68.128 + 5.643 (PL + 3D) ± 4.78 

1D 0.47 0.22 0.22 S = 131.391 + 6.981 1D ± 6.23 

2D 0.68 0.46 0.46 S = 102.901 + 10.008 2D ± 5.16 

4D 0.68 0.46 0.45 S = 98.100 + 10.344 4D ± 5.20 

 
Key to measurements is shown in Figure 5.3. 
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(ii) Female: hand length and palm length plus middle finger length have the 

highest R2 values (both 0.49) with the smallest SEE (± 5.11cm and ± 5.12cm 

respectively). The model using hand breadth has the smallest R2 value (0.22) 

with the highest SEE (± 6.29cm). Overall, the range of prediction error (SEE) is 

between ± 5.11 to ± 6.29cm (Table 5.15). 

 

Table 5.15 Linear regression equations for stature estimation(s) using 

combined left and right female hand measurements (in cm). 

Measurement r R2 
Adjusted 

R2 
Model/Equation 

SEE 
(cm) 

HB 0.47 0.22 0.22 S = 104.773 + 7.467 HB ± 6.29 

HL 0.70 0.49 0.49 S = 56.254 + 6.090 HL ± 5.11 

PL 0.67 0.45 0.45 S = 65.180 + 9.847 PL ± 5.29 

3D 0.61 0.38 0.37 S = 81.459 + 10.799 3D ± 5.64 

PL + 3D 0.70 0.49 0.48 S = 57.675 + 6.017 (PL + 3D) ± 5.12 

1D 0.55 0.30 0.30 S = 103.444 + 9.916 1D ± 5.97 

2D 0.63 0.40 0.40 S = 86.777 + 11.126 2D ± 5.54 

4D 0.63 0.39 0.39 S = 82.141 + 11.476 4D ± 5.57 
 
Key to measurements is shown in Figure 5.3. 

 

 

(iii)  Pooled sex: hand length expectedly has the highest R2 (0.76) with the 

smallest SEE (± 5.07cm). Among the other models using the pooled data, 

thumb length has the smallest R2 value (0.52) with the highest SEE (± 7.10cm).  

Overall, the range of prediction error (SEE) is between ± 5.07 to ± 7.10cm 

(Table 5.16). 
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Table 5.16 Linear regression equations for stature estimation(s) using 

combined left and right pooled sex hand measurements (in cm).  

Measurement r R2 
Adjusted 

R2 
Model/Equation 

SEE 
(cm) 

HB 0.78 0.61 0.62 S = 81.124 + 10.597 HB ± 6.42 

HL 0.87 0.76 0.75 S = 44.313 + 6.823 HL ± 5.07 

PL 0.85 0.73 0.72 S = 52.768 + 11.148 PL ± 5.37 

3D 0.80 0.63 0.63 S = 59.084 + 14.011 3D ± 6.21 

PL + 3D 0.87 0.75 0.75 S = 44.053 + 6.831 (PL + 3D) ± 5.09 

1D 0.72 0.52 0.52 S = 84.216 + 13.508 1D ± 7.10 

2D 0.79 0.63 0.62 S = 63.159 + 14.888 2D ± 6.27 

4D 0.80 0.64 0.64 S = 57.624 + 15.224 4D ± 6.15 

 
Key to measurements is shown in Figure 5.3. 

 

 

5.3.8.2 Multiple regression 

Multiple regression standards were formulated using the direct and stepwise 

method. In addition, combinations of different hand measurements were 

analysed. The results for both sexes, individually and pooled are outlined 

below. 

 

 

(i) Male: multiple regression models for estimating stature in males are 

outlined in Table 5.17. Using the stepwise method, Function 3 has the smallest 

SEE (± 4.66cm), using the measurements of hand length and middle and ring 

finger length; those variables explain 57% of the variability in stature. The next 

most accurate model (± 4.67cm) was Direct Function 1 which included all seven 

hand measurements and explained 58% of the variability in stature. The 

combination of the index, middle and ring finger length measurements (Direct 

Function 6) has the largest SEE (± 5.04cm). Overall, the range of prediction 

error (SEE) is between ± 4.66 to ± 5.04cm (Table 5.17). 
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Table 5.17 Multiple regression equations for stature estimation(s) using 

combined left and right male hand measurements (in cm). 

Model/Equation r R2 Adjusted R2 SEE (cm) 

Stepwise Function 1:  
S = 68.254 + 5.639 HL*  

0.74 0.54 0.54 ± 4.76 

Stepwise Function 2:  
S = 69.019 + 4.314 HL* + 3.235 4D*  

0.75 0.56 0.55 ± 4.70 

Stepwise Function 3:  
S = 64.180 + 5.456 HL* + 5.320 4D*  
+ -4.037 3D*  

0.75 0.57 0.56 ± 4.66 

Direct Function 1: 
S = 65.791 + 0.558 HB + 12.554 HL  
+ -7.465 PL + -11.675 3D + -1.491 1D  
+ 1.419 2D + 5.494 4D* 

0.76 0.58 0.56 ± 4.67 

Direct Function 2: 
S = 68.221 + .396 HB + 4.544 HL*  
+ -1.686 1D + 0.015 2D + 3.746 4D* 

0.75 0.57 0.55 ± 4.70 

Direct Function 3: 
S = 68.153 + 5.634 PL* + 5.653 3D*  

0.74 0.54 0.54 ± 4.79 

Direct Function 4: 
S = 65.858 + 5.460 PL* + 5.197 3D*  
+ 0.887 HB 

0.74 0.54 0.54 ± 4.79 

Direct Function 5: 
S = 66.235 + 0.904 HB* + 5.324 HL*  

0.74 0.55 0.54 ± 4.76 

Direct Function 6: 
S = 94.750 + 5.557 2D* + 0.247 3D  
+ 5.109 4D* 

0.70 0.49 0.49 ± 5.04 

 
Key to measurements is shown in Figure 5.3 

 
* Variable significant at p < 0.05. 
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(ii)  Female: multiple regression equations for estimating stature in females 

are shown in Table 5.18. The smallest SEE (± 5.03cm) was Direct Function 1 

which included all seven hand measurements in the equation and explains 52% 

of the variability in stature. By using the stepwise method, only hand length was 

included in the equation which had a SEE of ± 5.11cm and R2 of 0.49. The 

combination of index, middle and ring finger length measurements (Direct 

Function 6) has the highest SEE (± 5.45 cm) and R2 of 0.42. Overall, the range 

of prediction error is between ± 5.03 to ± 5.45cm (Table 5.18). 

 

Table 5.18 Multiple regression equations for stature estimation(s) using 

combined left and right female hand measurements (in cm). 

Model/Equation  r R2 Adjusted R2 SEE (cm) 

Stepwise Function 1:  
S = 56.534 + 6.090 HL*  

0.70 0.49 0.49 ± 5.11 

Direct Function 1: 
S = 54.805 + 0.673 HB + 3.644 HL  
+ 2.455 PL + -5.246 3D + 1.506 1D  
+ 4.257 2D* + 2.290 4DL 

0.72 0.52 0.50 ± 5.03 

Direct Function 2: 
S = 55.583 + 0.886 HB + 4.586 HL*  
+ 1.289 1D + 2.531 2D + -0.69 4D 

0.71 0.50 0.49 ± 5.10 

Direct Function 3: 
S = 57.118 + 6.992 PL* + 4.810 3D* 

0.70 0.49 0.48 ± 5.12 

Direct Function 4: 
S = 55.561 + 6.715 PL* + 4.492 3D*  
+ 0.856 HB 

0.70 0.49 0.48 ± 5.12 

Direct Function 5: 
S = 54.825 + 0.934 HB* + 5.769 HL*  

0.70 0.49 0.49 ± 5.11 

Direct Function 6: 
S = 78.531 + 5.933 2D* + 0.943 3D  
+ 5.201 4D* 

0.65 0.42 0.42 ± 5.45 

 
Key to measurements is shown in Figure 5.3 
 
* Variable significant at p < 0.05. 
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(iii) Pooled: Direct Function 1, which included all seven hand 

measurements, in the equation has the smallest SEE (± 4.95cm) with a R2 of 

0.77. Stepwise Function 4, which includes hand length, hand breadth, palm 

length and ring finger length was the next most accurate (SEE ± 4.96cm) with 

the same R2 of 0.77. As expected, the combination of index, middle and ring 

fingers (Direct Function 6) was the least accurate model (SEE ± 5.96 cm). 

Overall, the range of prediction error is between ± 4.95 to ± 5.96cm (Table 

5.19). 

 

Table 5.19 Multiple regression equations for stature estimation(s) using 

combined left and right pooled sex hand measurements (in cm).  

Model/Equation  r R2 Adjusted R2 SEE (cm) 

Stepwise Function 1:  
S = 44.313 + 6.823 HL  

0.87 0.76 0.75 ± 5.07 

Stepwise Function 2:  
S = 45.583 + 5.869 HL + 1.941 HB  

0.87 0.76 0.76 ± 5.02 

Stepwise Function 3:  
S = 45.828 + 4.478 HL + 1.857 HB  
+ 2.480 PL  

0.87 0.76 0.76 ± 5.00 

Stepwise Function 4:  
S = 44.162 + 2.126 HL + 1.665 HB  
+ 4.493 PL + 3.445 4D  

0.88 0.77 0.77 ± 4.96 

Direct Function 1: 
S = 44.468 + 1.689 HB* + 6.023 HL*  
+ -0.511 PL + -6.370 3D* + 0.488 1D  
+ 1.633 2D + 4.150 4D* 

0.88 0.77 0.77 ± 4.95 

Direct Function 2: 
S = 44.939 + 1.904 HB* + 5.473 HL*  
+  0.255 1D + -0.255 2D + 1.439 4D 

0.87 0.76 0.76 ± 5.03 

Direct Function 3: 
S = 44.572 + 7.942 PL* + 5.289 3D*  

0.87 0.76 0.75 ± 5.07 

Direct Function 4: 
S = 45.888 + 6.948 PL* + 4.424 3D*  
+ 1.905 HB*  

0.87 0.76 0.76 ± 5.02 

Direct Function 5: 
S = 45.583 + 1.941 HB* + 5.869 HL*  

0.87 0.76 0.76 ± 5.02 

Direct Function 6: 
S = 54.504 + 5.325 2D* + 3.122 3D  
+ 7.119 4D* 

0.81 0.66 0.66 ± 5.96 

 
Key to measurements is shown in Figure 5.3; 
 
* Variable significant at p < 0.05. 
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5.4 Summary for hand analyses 

Male hand dimensions were significantly larger than females for all variables. 

However, there were no significant differences between the right and left sides 

for all hand measurements in males and females; except the hand breadth, with 

the right side being slightly larger than the left in both sexes. Even though there 

was a significant difference in hand breadth, the average differences were small 

for both sexes (0.08cm for males and 0.06cm for females).  All of the hand 

measurements were found to be sexually dimorphic; 94.5% of the sample was 

correctly classified using the stepwise method (Table 5.11). Overall, expected 

sex classification accuracies ranged from 79.4% to 96.3% (Tables 5.10 to 5.12).  

 

With regard to stature estimation, the simple linear regression model using 

hand length has the highest r-value with the smallest SEE in both the individual 

and pooled sex samples (Tables 5.14 to 5.16). Conversely, the model using 

thumb length has the smallest r-value with the largest SEE in the male and 

pooled sex samples (Tables 5.14 and 5.15), however, the model using hand 

breadth has the smallest r-value with the highest SEE in the female sample 

(Table 5.16). 

 

The multiple regression model using all hand measurements has the highest    

r-value with the smallest SEE in the female and pooled sex samples (Tables 

5.18 and 5.19). For the male sample, Stepwise Function 3 has the smallest 

SEE (± 4.66cm – Table 5.17). The combination of index, middle and ring finger 

measurements (Direct Function 6) was the least accurate model for individual 

and pooled sex samples (Tables 5.17 to 5.19).  
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5.5 Handprint analyses 

The following are the results for all the statistical analyses of the handprint data, 

including the analysis of bilateral asymmetry, sexual dimorphism and correlation 

to stature. 

 

 

5.5.1 Descriptive statistics: individual left and right handprint 

Descriptive statistics for handprint measurements in the male, female and 

pooled sex samples are given in Tables 5.20 to 5.22 respectively. Similar to 

hand measurements, the mean values for all handprint measurements were 

also larger in males compared to females. The measurement of handprint 

length (left and right hand) has the largest difference between the sexes. The 

next largest difference was the measurement of left handprint breadth, followed 

by palmprint length of the left and right hand. All finger measurements have the 

smallest difference between males and females (Tables 5.20 and 5.21). 

 

 

5.5.2 Descriptive statistics: combined left and right handprint 

Descriptive statistics for combined left and right handprint measurements were 

also calculated for the male, female and pooled sex samples (Tables 5.23 to 

5.25). As anticipated, it is evident that the overall mean values for all handprint 

measurements were larger in males compared to females; hand length 

measurement was the most dimorphic, followed by palmprint length and 

handprint breadth. The finger measurements still showed the least difference 

between males and females (Tables 5.23 and 5.24). 



Chapter Five Results 

 89 

Table 5.20 Individual left and right male handprint measurements (in cm). 

Measurement n 
Left handprint  Right handprint 

Minimum Maximum Mean SD  Minimum Maximum Mean SD 

Handprint breadth  91 7.01 9.78 8.21 0.49  7.13 9.52 8.21 0.48 

Handprint length  91 15.99 21.42 17.94 0.95  15.95 21.32 17.94 0.94 

Palmprint length  91 8.86 11.74 10.02 0.53  8.78 11.63 10.00 0.54 

Middle finger print length 91 6.87 9.69 7.92 0.53  6.83 9.69 7.93 0.51 

Palmprint length + middle finger print length 91 16.00 21.42 17.94 0.95  15.97 21.32 17.93 0.94 

Thumb print length 91 4.98 7.75 6.28 0.58  4.95 7.79 6.31 0.56 

Index finger print length 91 6.00 8.98 7.03 0.50  5.95 8.94 7.03 0.48 

Ring finger print length 91 6.26 8.82 7.39 0.46  6.21 8.75 7.36 0.47 

 

 

Table 5.21 Individual left and right female handprint measurements (in cm). 

Measurement n 
Left handprint  Right handprint 

Minimum Maximum Mean SD  Minimum Maximum Mean SD 

Handprint breadth  110 6.05 8.63 7.18 0.43  6.15 8.98 7.25 0.42 

Handprint length  110 14.16 19.99 16.17 0.83  14.35 19.89 16.17 0.83 

Palmprint length  110 7.87 11.14 9.00 0.51  7.79 11.02 8.99 0.52 

Middle finger print length 110 6.29 8.85 7.17 0.42  6.31 8.87 7.19 0.41 

Palmprint length + middle finger print length 110 14.16 19.99 16.17 0.83  14.35 19.89 16.17 0.83 

Thumb print length 110 4.82 6.94 5.68 0.40  4.81 6.98 5.70 0.42 

Index finger print length 110 5.39 7.85 6.36 0.40  5.51 8.06 6.37 0.40 

Ring finger print length 110 5.78 8.64 6.68 0.42  5.87 8.69 6.68 0.41 
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Table 5.22 Individual left and right pooled sex handprint measurements (in cm).  

Measurement n 
Left handprint  Right handprint 

Minimum Maximum Mean SD  Minimum Maximum Mean SD 

Handprint breadth  201 6.05 9.78 7.64 0.69  6.15 9.52 7.68 0.66 

Handprint length  201 14.16 21.42 16.98 1.25  14.35 21.32 16.97 1.24 

Palmprint length  201 7.87 11.74 9.46 0.73  7.79 11.63 9.45 0.73 

Middle finger print length 201 6.29 9.69 7.51 0.60  6.31 9.69 7.53 0.59 

Palmprint length + middle finger print length 201 14.16 21.42 16.98 1.25  14.35 21.32 16.97 1.24 

Thumb print length 201 4.82 7.75 5.95 0.57  4.81 7.79 5.97 0.57 

Index finger print length 201 5.39 8.98 6.66 0.56  5.51 8.94 6.67 0.55 

Ring finger print length 201 5.78 8.82 7.00 0.56  5.87 8.75 6.99 0.55 

 

 

Table 5.23 Combined left and right male handprint measurements (in cm).   

Measurement n Minimum Maximum Mean SD 

Handprint breadth  182 7.01 9.78 8.21 0.49 

Handprint length  182 15.95 21.42 17.94 0.94 

Palmprint length  182 8.78 11.74 10.01 0.54 

Middle finger print length 182 6.83 9.69 7.93 0.52 

Palmprint length + middle finger print length 182 15.97 21.42 17.94 0.94 

Thumb print length 182 4.95 7.79 6.29 0.57 

Index finger print length 182 5.95 8.98 7.03 0.48 

Ring finger print length 182 6.21 8.82 7.38 0.46 
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Table 5.24 Combined left and right female handprint measurements (in cm). 

Measurement n Minimum Maximum Mean SD 

Handprint breadth  220 6.05 8.98 7.21 0.42 

Handprint length  220 14.16 19.99 16.17 0.83 

Palmprint length  220 7.79 11.14 8.99 0.51 

Middle finger print length 220 6.29 8.87 7.18 0.42 

Palmprint length + middle finger print length 220 14.16 19.99 16.17 0.83 

Thumb print length 220 4.81 6.98 5.69 0.41 

Index finger print length 220 5.39 8.06 6.36 0.40 

Ring finger print length 220 5.78 8.69 6.68 0.41 

 

 

Table 5.25 Combined left and right pooled sex handprint measurements (in cm).  

Measurement n Minimum Maximum Mean SD 

Handprint breadth  402 5.71 10.58 8.42 0.75 

Handprint length  402 15.30 23.30 18.48 1.30 

Palmprint length  402 8.75 13.33 10.55 0.78 

Middle finger print length 402 6.59 10.39 7.94 0.58 

Palmprint length + middle finger print length 402 15.37 23.34 18.50 1.30 

Thumb print length 402 5.03 8.00 6.38 0.55 

Index finger print length 402 5.89 9.57 7.20 0.54 

Ring finger print length 402 6.13 9.22 7.41 0.54 
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5.5.3 Handprint measurement differences in males and females 

The strength of sexual dimorphism in handprint measurements were also 

assessed using unpaired (or independent) sample t-tests. Figure 5.5 illustrates 

the comparison of mean left and right handprint measurements in males and 

females. It is evident that for all handprint measurements, males are larger than 

females; these differences were all statistically significant (p < 0.05 – see Figure 

5.5).  
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Figure 5.5 Comparison of mean (in cm) left and right handprint measurements 

in the male and female sample. 

 
Key: HPBL = handprint breadth left; HPBR = handprint breadth right; HPLL = handprint length 
left; HPLR = handprint length right; PPLL = palmprint length left; PPLR = palmprint length right; 
3DPL = middle finger or third digit print length left; 3DPR = middle finger or third digit print 
length right; 1DPL = thumb or first digit print length left; 1DPR = thumb or first digit print length 
right; 2DPL = index finger or second digit print length left; 2DPR = index finger or second digit 
print length right; 4DPL = ring finger or fourth digit print length left; 4DPR = ring finger or fourth 
digit print length right. 
 
* p <0.05.  
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5.5.4 Bilateral asymmetry 

Bilateral asymmetry between right and left handprint measurements in males 

and females was assessed; the data is illustrated in Figure 5.6 (males) and 

Figure 5.7 (females). For both males and females, there were no significant 

differences between the right and left side for all hand measurements, except 

for the handprint breadth for females (t = 5.403, p < 0.05 – see Figure 5.7), 

however, the difference was relatively small (0.07 cm). 

 

As for the hand analyses (see above), only combined left and right handprint 

measurement data is used to formulate sex and stature estimation standards 

(see below) because there was no significant bilateral asymmetry in all the 

handprint measurements (except handprint breadth for females). As for the 

previous analyses, individual left and right handprint measurement data is 

available in Appendix VII. 
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Figure 5.6 Comparison of mean (in cm) left and right handprint measurements 

in males. 

 
Key: HPB = handprint breadth; HPL = handprint length; PPL = palmprint length; 3DP = middle 
finger or third digit print length; 1DP = thumb or first digit print length; 2DP = index finger or 
second digit print length; 4DP = ring finger or fourth digit print length. 
 
* p < 0.05.  
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Figure 5.7 Comparison between the mean (cm) of the right and left handprint 

measurements in females.  

 
Key to measurements is shown in Figure 5.6. 

 

 

5.5.5 Sex estimation 

The accuracy of sex estimation based on handprint measurements was 

assessed using a series of linear discriminant analyses. A series of demarking 

points that are useful for sex differentiation were then calculated for all seven 

measurements (Table 5.26). From the demarking points, handprint breath had 

the highest accuracy (90.5%) and thumb print length was found to be the least 

accurate (76.1%).  

 

In the stepwise discriminant analysis of all seven variables, handprint breadth, 

and palmprint length were selected; the correct sex classification accuracy after 

cross-validation was 91.5% (Table 5.27).  

 

Six direct discriminant functions of different handprint measurement 

combinations were then calculated; discriminant equations, group centroids, 

sectioning points and cross-validated sex classification accuracies are shown in 

Table 5.28. It was evident that the direct discriminant function of handprint 

breadth and handprint length (Function 2), and  handprint breadth and palmprint 
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length plus middle finger print length (Function 3) combinations have the 

highest accuracy of correct sex classification (both 93.8% - see Table 5.28). 

The next highest classification accuracy was for the Function 4 (91.5%). The 

equation using only finger length measurements (Function 6) had the lowest 

accuracy of 81.3%. Overall, the expected accuracies from using direct 

discriminant functions ranged from 81.3% to 93.8% (Table 5.28). 

 

As previously noted (section 5.5.4), only combined left and right handprint 

measurement data is presented in this section, as there was no statistical 

significant bilateral asymmetry (except hand breadth in females). However, 

individual left and right handprint measurement data is presented in Appendix 

VII which can be applied accordingly. Again, the overall differences in 

classification accuracy between the combined and individual hand standards 

are very small (see Appendix VII.1). 
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Table 5.26 Combined left and right handprint measurements demarking point (in cm) for sex differences. 

Measurement Demarking points Correctly assigned 

Handprint breadth ♀ < 7.71 < ♂ ♂ 161/182; ♀ 203/220 [90.5%] 
Handprint length ♀ < 17.1 < ♂ ♂ 156/182; ♀ 200/220 [88.6%] 
Palmprint length ♀ < 9.50 < ♂ ♂ 151/182; ♀ 192/220 [85.3%] 
Middle finger print length ♀ <  7.55 < ♂ ♂ 142/182; ♀ 185/220 [81.3%] 
Palmprint length + middle finger print length ♀ < 17.1 < ♂ ♂ 156/182; ♀ 201/220 [88.8%] 
Thumb print length ♀ < 5.99 < ♂ ♂ 128/182; ♀ 178/220 [76.1%] 
Index finger print length ♀ < 6.70 < ♂ ♂ 139/182; ♀ 186/220 [80.8%] 
Ring finger print length ♀ < 7.03 < ♂ ♂ 139/182; ♀ 183/220 [80.1%] 
 
Key: ♀ = female, ♂ = male. 

 

 

Table 5.27 Stepwise discriminant function for combined left and right handprint measurements. 

Step Variables 
Unstandardised 

coefficient 
Standardised 

coefficient 
Wilk’s 

lambda 
Structure 

point 
Group 

centroids 
Sectioning 

point 
Correctly assigned 

1 
Handprint 
breadth 

1.520 0.688 0.454 0.938 ♂ 1.281 0.1105 ♂ 161/182; ♀ 207/220 [91.5%] 

2 
Palmprint 
length 

0.815 0.427 0.423 0.830 ♀ -1.060   

 Constant -19.356       
 
Key: ♀ = female, ♂ = male. 
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Table 5.28 Direct discriminant functions (combination) for combined left and right handprint measurements. 

Equation Group centroids and sectioning point Correctly assigned 

 
Function 1: all variable 
(HPB x 1.584) + (HPL x -0.404) + (PPL x 1.232)  
+ (3DP x 0.829) + (1DP + 0.107) + (2DP x -0.845)  
+ (4DP x 0.192) + -19.512 

 
♂ 1.297, [0.112], ♀ -1.073 

 
♂ 161/182; ♀ 204/220 [90.8%] 

Function 2: HPB and HPL  
(HPB x 1.483) + (HPL x 0.469) + -19.318 ♂ 1.260, [0.109], ♀ -1.043 ♂ 164/182; ♀ 213/220 [93.8%] 

Function 3: HPB and PPL + 3DP  
(HPB x 1.485) + (PPL + 3DP x 0.470) + -19.345 ♂ 1.261, [0.109], ♀ -1.043 ♂ 174/182; ♀ 213/220 [93.8%] 

Function 4: HPB and PPL  
(HPB x 1.520) + (PPL x 0.815) + -19.356 
 

♂ 1.281, [0.1105], ♀ -1.060 ♂ 161/182; ♀ 207/220 [91.5%] 

Function 5: HPB, HPL, 1DP, 2DP and 4DP 
(HPB x 1.604) + (HPL x 0.758) + (1DP + 0.111)  
+ (2DP x -0.980) + (4DP x 0.020) + -19.418 

♂ 1.293, [0.112], ♀ -1.070 ♂ 161/182; ♀ 205/220 [91%] 

Function 6: 2DP, 3DP, and 4DP  
(2DP x 0.225) + (3DP x 0.987) + (4DP x 1.104) 
+ -16.641 
 

♂ 0.906, [0.078], ♀ -0.750 ♂ 140/182; ♀ 187/220 [81.3%] 

 
Key to measurements is shown in Figure 5.6; ♀ = female, ♂ = male. 
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5.5.6 Simple linear correlation (Pearson r) 

The correlation (r) between stature and combined left and right handprint 

measurements in the male, female and pooled sex samples are summarized in 

Table 5.29. The r-values for individual left and right handprint measurements 

are outlined in Appendix VII.2. Handprint length has the highest r-value of 0.64, 

0.65 and 0.83 for the male, female, and pooled sex samples respectively. 

Conversely, thumb print length showed the smallest r-value in all three groups 

(male, r = 0.51; female, r = 0.45; pooled sex, r = 0.66). A series of scatter-plot 

matrices illustrating the correlation between stature and combined left and right 

handprint measurements in the male, female and pooled sex samples are 

presented in Appendix VIII.  

 

Table 5.29 Correlation coefficient (r) between stature and combined left and 

right handprint measurements in the male, female and pooled sex samples. 

Measurement 
r 

Male  Female  Pooled sex  

Handprint breadth 0.57** 0.48** 0.78** 

Handprint length 0.64** 0.65** 0.83** 

Palmprint length 0.57** 0.63** 0.80** 

Middle finger print length 0.56** 0.50** 0.74** 

Palmprint length + middle finger length 0.64** 0.65** 0.82** 

Thumb print length 0.51** 0.45** 0.66** 

Index finger print length 0.57** 0.48** 0.72** 

Ring finger print length 0.58** 0.50** 0.74** 
 
Key: ** p < 0.01 level (2-tailed). 
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5.5.7 Stature estimation 

As for the hand measurements, simple and multiple regression analyses were 

performed to estimate stature from handprints. For multiple regression analysis, 

direct and stepwise multiple regression analysis methods were utilized. 

Combined left and right hand measurement data was utilized in formulating 

stature estimation standards presented in this section, however, individual left 

and right hand measurement data is outlined in Appendix VII.3.  

 

 

5.5.7.1 Simple linear regression  

(i) Male: linear regression models formulated for each individual 

measurement to estimate stature in males are outlined in Table 5.30. The 

model using handprint length has the highest R2 value of 0.41. Additionally, the 

model using handprint length has the smallest SEE (± 5.42cm). On the contrary, 

the model using thumb print length has the smallest R2 value (0.26) with the 

highest SEE (± 6.05cm). Overall, the range of prediction error (SEE) is between 

± 5.42 to ± 6.05cm (Table 5.30). 

 

Table 5.30 Linear regression equations for stature estimation(s) using 

combined left and right male handprint measurements (in cm). 

Measurement r R2 
Adjusted 

R2 
Model/Equation 

SEE 
(cm) 

HPB 0.57 0.33 0.32 S = 110.602 + 8.274 HPB ± 5.79 

HPL 0.64 0.41 0.41 S = 92.858 + 4.774 HPL ± 5.42 

PPL 0.57 0.33 0.33 S = 84.802 + 7.499 PPL ± 5.78 

3DP 0.56 0.32 0.31 S = 117.662 + 7.675 3DP ± 5.83 

PPL + 3DP 0.65 0.40 0.40 S = 93.473 + 4.740 (PPL + 3DP) ± 5.45 

1DP 0.51 0.26 0.26 S = 138.701 + 6.324 1DP ± 6.05 

2DP 0.57 0.32 0.32 S = 121.000 + 8.180 2DP ± 5.81 

4DP 0.58 0.33 0.33 S = 113.550 + 8.804 4DP ± 5.75 

 
Key to measurements is shown in Figure 5.6. 
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(ii) Female: handprint length and palmprint plus middle finger print length 

have the highest R2 value (0.42) with the smallest SEE (± 5.44cm). The model 

using thumb print length has the lowest R2 value (0.20) with the largest SEE    

(± 6.37cm). Overall, the range of prediction error (SEE) is between ± 5.44 to     

± 6.37cm (Table 5.31). 

 

Table 5.31 Linear regression equations for stature estimation(s) using 

combined left and right female handprint measurements (in cm). 

Measurement r R2 
Adjusted 

R2 
Model/Equation 

SEE 
(cm) 

HPB 0.48 0.23 0.23 S = 105.191 + 8.108 HPB ± 6.25 

HPL 0.65 0.42 0.42 S = 73.466 + 5.578 HPL ± 5.44 

PPL 0.63 0.40 0.40 S = 84.802 + 8.770 PPL ± 5.54 

3DP 0.50 0.25 0.25 S = 101.774 + 8.620 3DP ± 6.17 

PPL + 3DP 0.65 0.42 0.42 S = 73.341 + 5.585 (PPL + 3DP) ± 5.44 

1DP 0.45 0.20 0.20 S = 118.560 + 7.932 1DP ± 6.37 

2DP 0.48 0.23 0.23 S = 109.143 + 8.569 2DP ± 6.26 

4DP 0.50 0.25 0.24 S = 106.346 + 8.582 4DP ± 6.20 

 
Key to measurements is shown in Figure 5.6. 

 

 

(iii)  Pooled sex: as predicted, the model using handprint length has the 

highest R2 (0.68) with the smallest SEE (± 5.79cm). Among the other models in 

the pooled data, thumb print length has the smallest R2 value (0.44) with the 

highest SEE (± 7.68cm). Overall, the range of prediction error (SEE) is between 

± 5.79 to ± 7.68cm (Table 5.32). 
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Table 5.32 Linear regression equations for stature estimation(s) using 

combined left and right pooled sex handprint measurements (in cm).  

Measurement R R2 
Adjusted 

R2 
Model/Equation 

SEE 
(cm) 

HPB 0.78 0.61 0.60 S = 79.480 + 11.864 HPB ± 6.44 

HPL 0.83 0.68 0.68 S = 55.377 + 6.776 HPL ± 5.79 

PPL 0.80 0.65 0.64 S = 63.895 + 11.264 PPL ± 6.10 

3DP 0.74 0.55 0.54 S = 74.815 + 12.711 3DP ± 6.91 

PPL + 3DP 0.82 0.68 0.68 S = 55.371 + 6.776 (PPL + 3DP) ± 5.81 

1DP 0.66 0.44 0.44 S = 99.941 + 11.816 1DP ± 7.68 

2DP 0.72 0.52 0.52 S = 81.112 + 13.395 2DP ± 7.09 

4DP 0.74 0.55 0.55 S = 75.183 + 13.609 4DP ± 6.89 

 

Key to measurements is shown in Figure 5.6. 

 

 

5.5.7.2 Multiple regression  

Multiple regression standards were formulated using the direct and stepwise 

method. In addition, combinations of different handprint measurements were 

computed. The results for the male, female and pooled sex samples are 

outlined below. 

 

 

(i) Males: multiple regression models for estimating stature in males are 

outlined in Table 5.33. Direct Function 1 which included all seven handprint 

measurements in the equation has the smallest SEE (± 5.16cm) and explained 

48% of the variability in stature. Stepwise Function 2 was next most accurate 

(SEE ± 5.22cm), which uses hand length and breadth measurements; those 

variables explain 46% of the variability in stature. The combination of index, 

middle and ring finger print length measurements (Direct Function 6) has the 

largest SEE (± 5.69cm). Overall, the range of prediction error (SEE) is between 

± 5.16 to ± 5.69cm (Table 5.33). 

 

 

 

 

 



Chapter Five Results 

 102 

Table 5.33 Multiple regression equations for stature estimation(s) using 

combined left and right male handprint measurements (in cm). 

Model/Equation r R2 Adjusted R2 SEE (cm) 

Stepwise Function 1:  
S = 92.858 + 4.774 HPL*  

0.64 0.42 0.41 ± 5.42 

Stepwise Function 2:  
S = 83.482 + 3.463 HPL* + 4.008 HPB*  

0.67 0.46 0.45 ± 5.22 

Direct Function 1: 
S = 82.473 + 3.327 HPB* + 24.018 
HPL* + -19.884 PPL + -24.257 3DP*  
+ 1.648 1DP + -0.078 2DP + 2.629 4DP 

0.70 0.48 0.46 ± 5.16 

Direct Function 2: 
S = 84.083 + 3.819 HPB* + 3.169 HPL*  
+ 1.597 1DP + -1.434 2DP + 0.849 4DP 

0.68 0.46 0.45 ± 5.22 

Direct Function 3: 
S = 93.348 + 4.815 PPL* + 4.660 3DP*  

0.64 0.40 0.40 ± 5.46 

Direct Function 4: 
S = 82.833 + 3.850 PPL* + 2.886 3DP*  
+ 4.173 HBP 

0.67 0.45 0.44 ± 5.25 

Direct Function 5: 
S = 83.482 + 4..008 HPB* + 3.463 HPL*  

0.67 0.46 0.45 ± 5.22 

Direct Function 6: 
S = 111.586 + 3.601 2DP + 0.747 3DP  
+ 4.837 4DP* 

0.60 0.36 0.35 ± 5.69 

 
Key to measurements is shown in Figure 5.6. 
 
* Variable significant at p < 0.05. 
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(ii) Females: Stepwise Function 2 and Direct Function 1 have the smallest 

SEE (both ± 5.40cm) using combinations of handprint and middle finger print 

length and all seven handprint measurements respectively. Both models 

explained around 43% to 44% of the variability in stature. The combination of 

index, middle and ring finger print length measurements (Direct Function 6) has 

the highest SEE (± 6.14 cm), but only explained 27% of the variability in stature. 

Overall, the range of prediction error is between ± 5.40 to ± 6.14cm (Table 

5.34). 

 

Table 5.34 Multiple regression equations for stature estimation(s) using 

combined left and right female handprint measurements (in cm). 

Model/Equation r R2 
Adjusted 

R2 
SEE 
(cm) 

Stepwise Function 1:  
S = 73.466 + 5.578 HPL*  

0.65 0.42 0.42 ± 5.44 

Stepwise Function 2:  
S = 74.059 + 7.130 HPL* + -3.577 3DP*  

0.66 0.43 0.43 ± 5.40 

Direct Function 1: 
S = 71.010 + 0.638 HPB + 5.569 HPL  
+ 1.031 PPL + -3.381 3D + 2.409 1DP*  
+ -2.051 2DP + 1.849 4DP 

0.67 0.44 0.43 ± 5.40 

Direct Function 2: 
S = 70.668 + 0.829 HPB + 5.871 HPL*  
+ 2.407 1DP* + -3.761 2DP + -0.348 4DP 

0.66 0.44 0.42 ± 5.41 

Direct Function 3: 
S = 73.906 + 7.089 PPL* + 3.622 3DP* 

0.66 0.43 0.42 ± 5.41 

Direct Function 4: 
S = 73.403 + 6.938 PPL* + 3.417 3DP*  
+ 0.462 HBP 

0.66 0.43 0.42 ± 5.42 

Direct Function 5: 
S = 73.323 + 0.132 HPB + 5.528 HPL* 

0.65 0.42 0.41 ± 5.45 

Direct Function 6: 
S = 99.821 + 1.611 2DP + 4.174 3DP 
+ 3.537 4DP 

0.52 0.27 0.26 ± 6.14 

 

Key to measurements is shown in Figure 5.6. 
 
* Variable significant at p < 0.05. 
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 (iii) Pooled sex: Direct Function 1, which included all seven hand 

measurements had the smallest SEE (± 5.49cm) and explained 72% of the 

variability in stature. Stepwise Function 4 was the next most accurate               

(± 5.55cm) with a R2 of 0.71, for which the measurements of handprint length, 

handprint breadth, and middle and ring finger print length are included. The 

combination of index, middle and ring finger print length measurements (Direct 

Function 6) was the least accurate model (± 6.74cm). Overall, the range of 

prediction error is between ± 5.49 to ± 6.74cm (Table 5.35). 

 

Table 5.35 Multiple regression equations for stature estimation(s) using 

combined left and right pooled sex handprint measurements (in cm). 

Model/Equation r R2 
Adjusted 

R2 
SEE 
(cm) 

Stepwise Function 1:  
S = 55.377 + 6.776 HPL*  

 
0.83 

 
0.68 

 
0.68 

 
± 5.79 

Stepwise Function 2:  
S = 55.795 + 4.843 HPL* + 4.228 HPB*  

0.84 0.70 0.70 ± 5.60 

Stepwise Function 3:  
S = 55.875 + 6.315 HPL* + 4.310 HPB*  
+ -3.416 3DP*  

0.84 0.71 0.71 ± 5.55 

Stepwise Function 4:  
S = 55.758 + 6.078 HPL* + 4.221 HPB*  
+ -4.493 3DP* + 2.166 4DP*  

0.84 0.71 0.71 ± 5.55 

Direct Function 1: 
S = 55.210 + 4.021 HPB* + 14.527 HPL  
+ -8.345 PPL + -13.441 3DP* + 2.240 
1DP + -2.033 2DP + 2.569 4DP 

0.85 0.72 0.71 ± 5.49 

Direct Function 2: 
S = 55.399 + 4.500 HPB* + 5.214 HPL*  
+ 2.213 1DP* + -3.870 2DP* + 0.659 4DP 

0.84 0.71 0.71 ± 5.54 

Direct Function 3: 
S = 55.415 + 8.053 PPL* + 5.165 3DP*  

0.83 0.68 0.68 ± 5.78 

Direct Function 4: 
S = 45.844 + 6.184 PPL* + 2.949 3DP*  
+ 4.425 HBP*  

0.84 0.71 0.70 ± 5.57 

Direct Function 5: 
S = 55.795 + 4.228 HPB* + 4.843 HPL* 

0.84 0.70 0.70 ± 5.60 

Direct Function 6: 
S = 71.525 + 3.174 2DP + 4.363 3DP*  
+ 6.419 4DP* 

0.75 0.57 0.57 ± 6.74 

 
Key to measurements is shown in Figure 5.6. 
 
* Variable significant at p < 0.05. 
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5.6 Summary for handprint analyses 

As for the hand measurements (see above), the handprints of males were 

found to be significantly larger than females for all of the variables examined. 

However, no significant differences between the right and left side for all 

handprint measurements in males and females were found; except for the 

handprint breadth in females. Importantly, however, even though there was a 

significant difference in handprint breadth, the average difference was very 

small (0.07).  

 

The analysis clearly shows that handprints are sexually dimorphic; 91.5% of the 

sample was correctly classified using a stepwise discriminant analysis (Table 

5.27). Overall, the expected sex classification accuracies ranged from 76.1% to 

93.8% (Tables 5.26 to 5.28). 

 

For stature estimation, the simple linear regression standard using the 

handprint length has the highest r-value with the smallest SEE in the male, 

female, and pooled sex samples. On contrary, the equation using thumb print 

length has the smallest r-value with the highest SEE in all three groups (Tables 

5.30 to 5.32). 

 

The multiple regression model using all handprint measurements (Direct 

Function 1) has the highest r-value with the smallest SEE in the male, female, 

and pooled sex samples. In contrast, the combination of index, middle and ring 

finger measurements (Direct Function 6) equation has the lowest accuracy for 

individual sexes and pooled sex samples (Tables 5.33 to 5.35).  
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CHAPTER SIX 

 

Discussion and Conclusions 

 

 

6.1 Introduction   

The main objective of this thesis was to present an analysis of hand and 

handprint measurements to be used as a basis for developing sex and stature 

estimation standards specifically for Western Australian individuals. Firstly, the 

differences between self-reported height and measured stature are briefly 

discussed. Subsequently, the results of the sex and stature analyses and their 

implications are discussed in relation to the specific research aims outlined in 

Chapter One. Limitations, future research questions and final conclusions are 

then presented. 

 

 

6.2 Discussion  

6.2.1 Difference between self-reported height and measured stature 

There was a significant difference between self-reported height and measured 

stature for males but not for females. On average, male self-reported height 

was 1.08cm larger than measured height. For females, however, the mean 

difference was only 0.08cm. This shows that on average males tend to 

overestimate their height and females provide a more accurate self-reported 

height. Previous studies have also demonstrated similar sex-specific 

differences (e.g. Wang, 2002; Braziuniene et al. 2007). 

 

Furthermore, a study by Ousley (1995) demonstrated that there is bias between 

self-reported height and actual height that is measured in a controlled 

environment (e.g. for a medical report). Even on documents such as a driver’s 

license, males over-report their height by an average of 1cm and females 

generally only over-report their height by 0.5cm (Byers 2008). Investigators 

would rely on drivers license data (e.g. in the United States) for biological 

profiling purposes when other means of information are unavailable. Inaccurate 

self-reported information (including height), therefore, may influence the 
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progress of an investigation. However, a positive identification using a scientific 

method is still required (Kumar & Buikstra 2008).  

 

Inaccurate estimation of height provided by eye witnesses can also be 

misleading in forensic investigations. In mass fatality situations, for example, 

families are involved in the identification process by providing ante-mortem 

information, which includes the estimation of a relative’s height (Kontanis & 

Sledzik 2008). Reed and Price (1998) found that family informants do 

overestimate height (mean value of 1.4cm) of their family members, however, 

the height estimates were generally within 1% of actual measured height.   

 

The results of the present study suggest that self-reported height may be 

relatively unreliable (especially in males) and may not provide an accurate 

estimation of stature for comparative identification purposes.  

 

 

6.2.2 Sexual dimorphism in hand and handprint measurements 

The assessment of sexual dimorphism is important towards developing 

accurate sex estimation standards. However, the magnitude of sexual 

dimorphism varies between different skeletal elements (or body parts). These 

variations are also evident within and between populations (Guegan et al. 2000; 

Walker 2008).  

 

 

(i) Hand measurements 

A number of studies have assessed sexual dimorphism in the hand. In the 

present study, it was evident that there were significant sex differences (Figures 

5.2), with males being larger in all hand measurements compared to females. 

Danborno and Elukpo (2008) examined a Nigerian population and 

demonstrated that male hand length and breadth were approximately 1.4cm 

and 1.0cm (respectively) larger than females. Similarly, Agnihortri et al. (2006) 

established that Mauritanian males have an average hand length and breadth 

of about 1cm larger than females, however, they did not state whether this 

difference was statistically significant. 
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In a recent study on North and South Indians (Kanchan & Rastogi 2009), the 

mean difference between male and female hand length was around 2cm for 

both hands, which was slightly larger than that reported by Agnihotri et al. 

(2006). However, this difference between males and females is comparable to 

the present study; 1.96cm and 1.95cm for left and right hand length respectively 

(Tables 5.4 and 5.5). As expected, these findings suggested that different 

populations demonstrate varying degrees of sexual dimorphism in hand 

measurements.  

 

Finger length measurements showed the least degree of sexual dimorphism in 

the present study, albeit the difference was still statistically significant (Tables 

5.4 and 5.5). Kanchan et al. (2008a) evaluated the difference in index and ring 

finger length between males and females in a South Indian population; they 

reported that the mean values of the index and ring finger length for both hands 

were significantly larger in males (index finger 7.2cm; ring finger 7.5cm) than in 

females (index finger 6.7cm; ring finger 6.8cm). This supports the findings of the 

present study, by demonstrating that even the smallest hand measurements 

(e.g. thumb length) are still quantifiably sexually dimorphic. 

 

 

(ii) Handprint measurements 

The aforementioned studies have all only examined data on hand 

measurements and not handprints. In the present study, all handprint 

measurements were also found to be sexually dimorphic (Figure 5.5). Jasuja 

and Singh (2004) examined hand and phalange length, and handprint and 

phalange print length, in a North Indian population. The authors found that both 

hand and handprint length were sexually dimorphic; male measurements were 

around 2.4cm larger than females. Conversely, there were no significant sexual 

differences in the phalange lengths and their corresponding prints (Jasuja & 

Singh 2004). The reliability of these results, however, are somewhat 

questionable. The measurements of individual phalange length are much 

smaller compared to finger length, thus, the former potentially has higher 

measurement error rates (Blackwell et al. 2006), which can greatly influence the 

accuracy and reliability of the data (Habicht et al. 1979). Furthermore, the 
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sample size of their study was relatively small (30 males and 30 females) and 

thus their results may lack statistical robustness.  

 

 

(iii) Summary 

All hand and handprint measurements were found to be sexually dimorphic. 

However, a thorough search of the literature has not identified other research 

on sex differences in handprint measurements. Thus, it is not possible to make 

further comparisons; this aspect of the present study was novel. Considering 

that the print is a representation of the actual hand, it is not unexpected or 

unreasonable that they are also sexually dimorphic. 

 

 

6.2.3 Bilateral asymmetry in hand and handprint measurements 

Assessing bilateral asymmetry in both hand and handprint measurements was 

important because it determines whether hand-side specific standards for sex 

or stature estimation are required. In the absence of bilateral differences, one 

single standard for both the right and left hand or handprint measurements 

would be more directly practical for estimating sex or stature.  

 

 

(i) Hand measurements 

There has been considerable research on bilateral asymmetry in the hand.  In 

the present study, there was no significant bilateral difference in the 

measurements of hand length (Figures 5.3 and 5.4) in both sexes. A number of 

other comparable studies report similar findings (e.g. Abdul Malek et al. 1990; 

Sanli et al. 2005; Krishan & Sharma 2007; Agnihotri et al. 2008). However, 

there are exceptions. For example, Rastogi et al. (2008) found that right hand 

length was significantly larger than left hand length in a North Indian population. 

This suggests that different populations have different body physiques, 

including hand dimensions, which mostly relate to genetic and environmental 

factors (Harrison et al. 1977; Ruff 2002; Lampl 2009). 

 

In considering bilateral asymmetry, there was a significant difference between 

hand breadth measurement in both sexes (Figures 5.3 and 5.4). These findings 
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are in accordance with a selection of other comparable studies (e.g. Abdul 

Malek et al. 1990; Krishan & Sharma 2007; Rastogi et al. 2008). Conversely, 

Bhatnagar et al. (1984) found no bilateral asymmetry for hand breadth and 

hand length in Punjabi males from India. Similarly, Agnihotri et al. (2008) also 

found no bilateral asymmetry in a Mauritanian population.  

 

In the present study, 89.1% of the subjects were right handed (80 males and 99 

females). The muscles of the right hand, therefore, would likely be more 

developed than the left, which may contribute to bilateral asymmetry of the 

hand breadth. According to Saville and Smith (1966) and Lamb (1968), the 

growth of the hand (in terms of its breadth) is influenced predominantly by the 

effect of muscular contractions acting on the bones. It is important to remember 

that this measurement does not just reflect the bone length or width, but also 

the thickness of surrounding soft tissue and muscle. Irrespective, the present 

study demonstrated that hand breadth had the highest error in predicting 

stature (see below), and as such this measurement should only be used to 

estimate stature when other measurements are not available.  

 

 

(ii) Handprint measurements 

All handprint measurements were found to be bilaterally symmetrical; only 

handprint breadth in females was significantly different (Figure 5.7). Jasuja and 

Singh (2004) also found that there was no statistical significant difference in 

handprint and phalange print length in a North Indian population. However, 

Jasuja and Singh (2004) did not examine the handprint breadth, or the other 

handprint measurements used in the present study, and thus no further 

comparison can be made.  

 

During the scanning process to collect handprints, the subjects were asked to 

press their hand palm down on the glass plenum of the scanner, with the 

pressure (or force) perceived by them to be sufficient to produce an 

interpretable handprint image. The amount of pressure on the glass plenum, 

therefore, was not entirely controlled. This variability, however, more closely 

approximates how a print may be left at a crime scene. It can be suggested that 

the bilateral difference in handprint breadth of females (and not in males) could 
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be related to a different interpretation of how much force was required to 

produce a handprint. Furthermore, musculature differences in the hand and arm 

may have also influenced these sex-specific differences (see above). Although 

the handprints are edited scan images of the palm (and may not be 100% 

comparable), they are expected to be representative of handprints commonly 

found at crime scenes.  

 

 

(iii) Summary 

Overall, all hand and handprint measurements were bilaterally symmetrical, 

except for hand and handprint breadth, for which the differences were relatively 

small (< 0.08cm). The application of sex and stature estimation standards that 

incorporates both hand sides, therefore, is appropriate, as there is no influence 

on the accuracy of the standards. Thus, there is no benefit (improved accuracy) 

by having hand-side specific standards. Non hand-side specific standards will 

be more practical and useful in cases of highly fragmented hand parts (e.g. 

amputated fingers) where the determination of hand side could be difficult. 

However, individual left and right hand models are still included and can be 

applied where required; Appendices V and VI for hand and handprint 

measurements respectively.  

 

 

 6.2.4 Sex estimation standards using hand and handprint measurements 

for Western Australian individuals  

The ability to accurately estimate sex in unidentified human remains is one of 

the key elements in any forensic anthropological investigation. It is also usually 

the first stage towards establishing personal identification because it assists in 

eliminating potentially half of the possible matching profiles. As previously 

noted, the hand and handprint measurements taken in the present study were 

found to be sexually dimorphic (see above); accordingly, those measurements 

were used to formulate sex estimation standards specific to Western Australian 

individuals. 
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(i) Hand measurements 

Cross-validated sex classification accuracy using demarking points of the 

individual hand measurements ranged from 79.4% to 93.3% (Table 5.10). Using 

a stepwise discriminant analysis, sex classification accuracy from the hand 

measurements were 94.5% (Table 5.11). The expected sex classification 

accuracy using direct discriminant analyses ranged between 82.1% and 96.3% 

(Table 5.12). Depending on the preservation condition of a hand (e.g. 

amputated finger), these equations offer a practical method of estimating sex.  

 

Based on comprehensive literature review, there appears to be a paucity of 

studies that have examined the potential of hand (or handprint) measurements 

to estimate sex. However, there are studies that have assessed the potential of 

estimating sex using a hand and finger ratio (or index).  

 

Kanchan et al. (2008a) examined the accuracy of estimating sex using the ratio 

of the index and ring finger. The study was undertaken on a South Indian adult 

population and the derived ratio was found to be significantly different between 

males and females. It was suggested that a ratio of ≤ 0.97 classifies as male, 

whereas a ratio of > 0.97 is female; sex was correctly classified in 80% (both 

right and left hands) of the males and 74% (right hand) and 78% (left hand) of 

the female sample (Kanchan et al. 2008a). Sexual dimorphism has also been 

demonstrated in the index and ring finger ratio, where on average females 

exhibit larger digit ratio than males (see McFadden & Shubel 2002; Lippa 2003; 

Manning et al. 2003). Recently, Kanchan et al. (2010b) found that the index and 

ring finger ratio were also sexually dimorphic in juvenile subjects of the same 

population. However, the sectioning point was peculiarly identical (0.97) to 

Kanchan et al. (2008a). It is suggested, however, that the index and ring finger 

ratio does not change during growth in a population (Manning 2002), which may 

explain this unusual finding. 
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There have also been published studies of sex estimation using hand indices 

(Agnihotri et al. 2006; Kanchan & Rastogi 2009). Hand index is calculated 

following a similar method to foot index (Tyagi et al. 2004); hand breadth 

divided by hand length x 100. Agnihotri et al. (2006) examined a Mauritanian 

population and stated that a value of ≤ 44 is female and > 44 is male. However, 

as Kanchan and Rastogi (2009) noted, the demarking point in Agnihotri et al. 

(2006) was only based on the mean value of the hand index in different age 

groups and did not present any statistical significance of their findings or the 

expected accuracy of correct sex classification.  

 

In a study on North and South Indian individuals, Kanchan and Rastogi (2009) 

examined hand and palm indices. The calculation for palm index is similar to 

hand index; hand breadth divided by palm length x 100 (Kanchan & Rastogi 

2009). Their results demonstrated that only the left hand index had a 

statistically significant sex difference in North and South Indians; 53.9% in 

males and 55.9% in females (Table 6.1). But based on this extremely low 

degree of classification accuracy, hand and palm indices are of absolutely no 

sex estimation value in this population.  

 

Based on the aforementioned studies, Table 6.1 summarises the sex 

classification accuracy obtained in the present study, in comparison to other 

research. From Table 6.1, it is evident that the present study had the highest 

accuracy of correct sex classification (more than 95%) when using a 

discriminant function analysis; the next highest accuracy was Kanchan et al. 

(2010b), followed by Kanchan et al. (2008a) on South Indian juvenile and adult 

individuals respectively. Sex estimation using the hand indices for North and 

South Indian populations were found to be the least accurate (Kanchan & 

Rastogi 2009) (Table 6.1). 

 

 

 

 

 

 

 



Chapter Six Discussion and Conclusions 

 114 

Table 6.1 Comparison of sex estimation methods and accuracies from different 

populations based on hand measurements. 

Population n Method  Correctly assigned  

Western Australia 
(present study) 

♂ = 182 
♀ = 220 

Discriminant 
function analysis 

♂ = 74.7% – 95% 
♀ = 83.3% – 96.8% 

South Indian1 
♂ = 150 
♀ = 150 

Index and ring 
finger ratio 

♂ = 80% (left and right) 
♀ = 78% (left) and 74% (right) 

South Indian2 
♂ = 175 
♀ = 175 

Index and ring 
finger ratio 

♂ = 82% (left)  and 83% (right) 
♀ = 80% (left) and 74% (right) 

Mauritanian3 
♂ = 150 
♀ = 150 

Hand index ND 

North and South 
Indians4 

♂ = 230 
♀ = 270 

Palm index ND 

Hand index ♂= 53.9%; ♀: 55.9% 

 
Key: ♀ = female; ♂ = male; ND = No data. 
 
1. Kanchan et al. (2008a); 2. Kanchan et al. (2010b); 3. Agnihotri et al. (2006); 4. Kanchan & 

Rastogi (2009). 

 

 

Kanchan and Rastogi (2009) also noted that hand measurements were more 

accurate than indices for sex estimation. Table 6.2 summarises and compares 

the results of the present study to Kanchan and Rastogi (2009). In both studies 

it was evident that females were assigned with a higher degree of accuracy 

compared to males. Further, hand breadth has the highest accuracy for males 

and females in both studies (Table 6.2). However, the present study 

demonstrated that sex classification accuracy was highest when using the hand 

breadth and length measurements in combination (Tables 5.12 and 5.28). 

 

Table 6.2 Comparison of sex classification accuracies between the present 

study and North and South Indians. 

Hand 
measurement 

Western Australia  
(present study) 

 North and South Indians  
(Kanchan & Rastogi 2009) 

 Correctly assigned  Correctly assigned 

 Male Female  Male Female 

Hand length 161/182 
[88.5%] 

206/220 
[93.6%] 

 L: 190/230 [82.6%] 
R: 191/230 [83.0%] 

L: 240/270 [88.9%] 
R: 239/270 [88.5%] 

Palm length 168/182 
[88.5%] 

207/220 
[92.7%] 

 L: 188/230 [81.7%] 
R: 197/230 [85.7%] 

L: 248/270 [91.9%] 
R: 242/270 [89.6%] 

Hand breadth 168/182 
[92.3%] 

207/220 
[94.1%] 

 L: 204/230 [88.7%] 
R: 200/230 [87.0%] 

L: 247/270 [91.5%] 
R: 246/270 [91.1%] 

 

Key: L = left hand; R: right hand. 
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(ii) Handprint measurements 

Cross-validated sex classification accuracy using demarking points of the 

individual handprints measurements ranged from 76.1% to 90.3% (Table 5.26). 

Using a stepwise discriminant analysis, sex classification accuracy from the 

handprint measurements was 91.5% (Table 5.27). The expected sex 

classification accuracy using direct discriminant analyses ranged between 

81.3% and 93.8% (Table 5.28). From these results, it is apparent that sex can 

be estimated from handprint measurements with relatively high accuracy. From 

a comprehensive literature search, no comparative studies on estimating sex 

using handprint can be identified and thus again reiterates the novelty of this 

part of the present study. 

 

 

(iii) Summary 

The present study has demonstrated that sex can be reliably estimated using 

hand and handprint measurements. However, it was evident that the hand 

measurements were more accurate than the handprint measurements in 

estimating sex in the Western Australian population. In reality, handprints left at 

crime scenes are highly variable (e.g. partial handprint) and thus, it is expected 

that hand measurements would provide more accurate sex estimation 

compared to handprints. Nonetheless, the ability to accurately estimate sex 

from handprints or partial handprints at crime scenes may offer a potential novel 

application in suspect profiling. 

 

 

6.2.5 Stature estimation standards using hand and handprint 

measurements for Western Australian individuals  

Simple and multiple regression standards for stature estimation from hand and 

handprints were developed for the Western Australian population. Stature 

estimation is an important step towards establishing the identity of unknown 

individuals. An appropriate standard can be selected according to the scenario; 

for example, whole, amputated or severed hands or fingers at crime scenes or 

mass disaster sites. 
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6.2.5.1 Simple linear regression  

(i) Hand measurements 

In the present study, the model using hand length measurement has the highest 

r-values with the smallest SEE(s) in both the individual and pooled sex groups 

(Tables 5.14 to 5.16). Conversely, thumb length was most weakly correlated to 

stature and had the highest SEE for males (Tables 5.14), however, for the 

female sample hand breadth was least accurate (Table 5.15).  

 

Population specific studies on estimating stature using simple linear regression 

models derived from hand measurements have been conducted on a variety of 

different populations. A comparison of the current study to previous studies on 

different populations is summarized in Table 6.3. From Table 6.3, stature 

estimation using hand length was found to be most accurate in the Turkish 

population (Sanli et al. 2005), followed by the North (Krishan & Sharma 2007) 

and South Indian populations (Rastogi et al. 2008). When Tugcu (2006) 

examined another Turkish population, however, they reported the highest 

degree of prediction error. Importantly, however, the range of r-values and 

SEE(s) for the present study is comparable to the other research summarized in 

Table 6.3. 

 

It is also evident from Table 6.3 that stature estimation using hand length was 

generally more accurate than hand breadth in all of the populations examined, 

including the present study. Stature estimation using foot dimensions also 

shows that foot length has a higher correlation to stature with smaller SEE(s) 

compared to foot breadth (e.g. Ozden 2005; Zeybek et al. 2008). This 

demonstrates that hand length is forensically valuable for estimating stature. 

Nevertheless, other hand measurements (including the thumb) are as useful 

when other means of identification are unavailable. 
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Table 6.3 Comparison of r and SEE values for simple linear regression models 

between the present study and a variety of different populations.  

Population 
Hand 

measurement 
Hand 
side 

 Male    Female  

   n r 
±SEE 
(cm) 

 n r 
±SEE 
(cm) 

Western 
Australia 
(present 
study) 

1. HL (skin) 
2. HB 

L + R 182 0.74 
0.52 

4.76 
6.01 

 220 0.70 
0.47 

5.11 
6.29 

Egyptian1 
 

1. HL (bone) 
 
2. HB 

L 
R 
L 
R 

79 0.62 
0.64 
0.39 
0.42 

ND  87 0.69 
0.66 
0.40 
0.43 

ND 

Turkish2 1. HL (skin) R 80 0.72 4.27  75 0.71 3.5 

Turkish3 1. HL (bone) 
2. HB 

L 
L 

202 0.53 
0.14 

5.62 
6.58 

 108 0.35 
0.29 

6.06 
6.20 

Mauritanian4 1. HL (skin) L 125 0.59 4.96  125 0.74 4.23 

North 
Indian5 

1. HL (bone) 
 
2. HB 

L 
R 
L 
R 

123 0.61 
0.60 
0.54 
0.51 

5.17 
5.22 
5.50 
5.60 

 123 0.68 
0.69 
0.40 
0.50 

3.82 
3.78 
4.76 
4.50 

North 
Indian6 

 

1. HL (skin) 
 
2. HL (bone) 
 
3. HB 

L 
R 
L 
R 
L 
R 

120 0.66 
0.66 
0.67 
0.66 
0.44 
0.50 

4.97 
5.00 
4.96 
4.99 
5.97 
5.74 

 100 0.69 
0.72 
0.73 
0.74 
0.47 
0.46 

4.38 
4.24 
4.17 
4.11 
5.36 
5.40 

South 
Indian6 

 

1. HL (skin) 
 
2. HL (bone) 
 
3. HB 

L 
R 
L 
R 
L 
R 

110 0.71 
0.73 
0.72 
0.73 
0.59 
0.59 

5.04 
4.85 
4.94 
4.83 
5.73 
5.71 

 170 0.65 
0.68 
0.69 
0.70 
0.38 
0.39 

3.90 
3.76 
3.70 
3.65 
4.73 
4.72 

North 
Indian7 

 

1. HPL 
 
2. PhPL  

L 
R 
L 

 
R 

30 0.59 
0.65 

0.30 to 
0.61 

0.24 to 
0.65 

4.82 
4.03 

3.74 to 
5.46 

4.08 to 
5.45 

 30 0.58 
0.58 

0.30 to 
0.62 

0.24 to 
0.65 

5.09 
5.13 

4.70 to 
5.27 

4.94 to 
5.26 

 
Key: HL = hand length; HB = hand breadth; HPL = handprint length; PhPL – Phalange print 
length; L + R = combined left and right; L = left; R = right; skin = used skin landmarks; bone = 
used bone landmarks; r = correlation coefficient; SEE = standard error of estimation, ND = do 
data. 
 
1. Abdel-Malek et al. (1990); 2. Sanli et al. (2005); 3. Tugcu (2006); 4. Agnihotri et al. (2008); 5. 
Krishan & Sharma (2007); 6. Rastogi et al. (2008); 7. Jasuja & Singh (2004). 

 

 

 



Chapter Six Discussion and Conclusions 

 118 

From all the studies shown in Table 6.3, it is indisputable that hand 

measurements are correlated to stature. The strength of the correlation and the 

degree of accuracy, however, varies between different hand measurements and 

between (and within) populations. The biological variation in body proportions 

(i.e. hand measurements and stature) between (and within) populations had to 

some extent influenced the accuracy of these standards. Thus, formulation of 

population specific standards is necessary to ensure the highest stature 

estimation accuracy is achieved.  

 

 

(ii) Handprint measurements 

Similar to the hand measurements, the model using handprint length had the 

highest correlation to stature with the smallest SEE in all groups (Tables 5.30 to 

5.32). The model using thumb print length had the lowest correlation to stature 

with the highest SEE in all three groups (Tables 5.30 to 5.32). Jasuja and Singh 

(2004) formulated stature estimation standards using handprint and phalange 

print length in a North Indian population (Jat Sikh caste). The authors found that 

those measurements were correlated to stature in both males and females; 

both sexes apparently have similar r-values (0.24 to 0.65). The corresponding 

SEE(s) ranged from ± 3.74 to ± 5.46cm for males and ± 4.70 to ± 5.27cm for 

females (Jasuja & Singh 2004 – see also Table 6.3). As a whole, handprint 

measurements of the present study showed a stronger correlation to stature 

compared to Jasuja and Singh (2004), however, the former study had a larger 

range of estimation error than the latter. As mentioned above, the results from 

Jasuja and Singh (2004) are rather disputable. Clearly all of the handprint 

measurements were less correlated to, and less accurate in estimating, stature 

compared to hand measurements. Again, a thorough literature search has not 

revealed other comparative studies that can be discussed, which reiterates the 

novel basis of the present study.  
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(iii) Summary 

The hand measurements were found to be slightly more strongly correlated to 

stature compared to handprints. The pooled sex samples for both types of 

measurements were more strongly correlated to stature compared to the sex-

specific standards, however, males have the smallest SEE’s for any model. 

Overall, the hand measurements provide increased stature estimation accuracy 

compared to handprint measurements. The stature estimation error differences 

between hand and handprint measurements were small; around ± 0.65cm. 

Thus, it shows that stature estimation using the latter is potentially forensically 

useful. 

 

 

6.2.5.2 Multiple regression  

(i) Hand measurements 

Numerous studies have used a multiple regression approach to estimate 

stature from hand measurements. Table 6.4 presents a comparison of r and 

SEE values in multiple regression models between the present study and a 

variety of different populations. From Table 6.4, the Turkish population had the 

highest accuracy for stature estimation (Sanli et al. 2005). However, in that 

study the authors used hand and foot length combined as the independent 

variables. To that end, it is important to note that it has been demonstrated that 

foot dimensions are known to be more highly correlated to stature, with a 

smaller degree of error, compared to hand dimensions (c.f. Krishan & Sharma 

2007; Kanchan et al. 2008b). The next most accurate result was for the North 

Indian population (Krishan & Sharma 2007) and the present study appears to 

be the least accurate. However, the range of SEE(s) for the present study is 

comparable to the Egyptian (Abdel-Malek et al. 1990), Mauritanian (Agnihotri et 

al. 2008) and North and South Indian (Rastogi et al. 2008) populations (Table 

6.4). 
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Table 6.4 Comparison of r and SEE values in multiple regression models 

between the present study and a variety of different populations.  

Population Hand 
measurement 

Hand side Male  Female 

   n r ±SEE 
(cm) 

 n r ±SEE 
(cm) 

Western 
Australia 
(present 
study) 

1. HL (skin) 
2. HB  
 

L + R 
 
L + R  
(M + F) 

180 
 

180 

0.74 
 

0.87 

4.76 
 

5.02 

 220 
 

220 

0.70 
 

ND 

5.11 
 

ND 

Egyptian1  1. HL (bone) 
2. HB  

L + R  
(M + F) 

79 0.85  5  87 ND ND 

Turkish2 1. HL 
2. FL  
 

R 
 
R (M + F) 

80 
 

80 

0.84 
 

0.93 

3.39 
 

3.52 

 75 
 

75 

0.79 
 

ND 

3.09 
 

ND 

Mauritanian3 1.HL 
2.HB  

L  
R 

125 0.63 4.81  125 0.75 4.16 

North Indian4 1.HL 
2.HB 

L 123 ND 3.25  123 ND 3.16 

North Indian5 1. HL (skin) 
2. HL (bone) 
3. HB 

L 
R 

120 0.67 
0.67 

 

4.96 
5.01 

 100 0.73 
0.74 

 

4.18 
4.13 

South Indian5 1. HL (skin) 
2. HL (bone) 
3. HB  

L 
R 

110 0.73 
0.75 

 

4.89 
4.73 

 170 0.67 
0.67 

 

3.72 
3.67 

 
Key: HL = hand length; HB = hand breadth; FL = foot length; L = left hand; R = right hand; L + R 
= combined left and right;   M + F = pooled sex; skin = used skin landmarks; bone = used bone 
landmarks; r = correlation coefficient; SEE = standard error of estimation; ND = no data. 
 
1. Abdel-Malek et al. (1990); 2. Sanli et al. (2005); 3. Agnihotri et al. (2008); 4. Krishan & 
Sharma (2007); 5. Rastogi et al. (2008). 

 

 

In the present study, the r-values between hand measurements and stature are 

highest in the pooled sex sample (Table 5.19) compared to the males (Table 

5.17) and females (Table 5.18) individually. This is comparable to a study on a 

Turkish population (Sanli et al 2005), in which it was shown that hand length 

and foot length for the pooled sex sample had the highest correlation to stature, 

compared to the individual sex standards (Table 6.4). This relationship was 

confirmed in a separate study using the same population (see Atamturk & 

Duyar 2008).  
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Expectedly, the pooled sex sample has the highest SEE values for multiple 

regression standards (Table 5.19). Conversely, it was evident that the male 

standards were the most accurate (Table 5.17). Interestingly, most published 

studies included only the sex-specific standards and do not provide pooled sex 

standards. Pooled sex standards, however, would be most practical when the 

sex of the remains is uncertain. As this thesis has demonstrated that it appears 

possible to estimate sex from the hand with a high degree of expected 

accuracy, individual sex standard for stature estimation now have increased 

forensic utility.  

 

From the present and previous studies, it clearly shows that hand 

measurements are correlated to stature and further confirms the utility of these 

measurements in estimating stature with higher accuracy using multiple 

regression analysis (compared to simple linear regression analysis). The 

present study, however, showed a slightly higher range of prediction error 

compared to other studies (Table 6.4); this may be related to the 

heterogeneousity nature of the Western Australian population studied. The error 

range, however, was comparable to other studies, even on homogeneous 

populations (e.g. Egyptian, Mauritanian, and North and South Indian). This 

further indicates the reliability and usefulness of the standards formulated in the 

present study. 

 

 

(ii) Handprint measurements 

As expected, the correlation coefficient (r) values between handprint 

measurements and stature are again highest in the pooled sex sample (Table 

5.35) compared to the males (Table 5.33) and females (Table 5.34) individually. 

Similar to hand measurements, the pooled sex sample has the highest SEE 

values (Table 5.35). Conversely, multiple regression standards for male were 

found to be the most accurate (Table 5.33). From the extensive literature 

review, however, stature estimation standards using handprint measurements 

could not be identified, again highlighting the novel application of this study. 
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(iii) Summary 

Overall, hand measurements were found to be more accurate for stature 

estimation compared to handprint measurements. The stature estimation error 

differences between hand and handprint measurements were small (± 0.5 to 

2.1cm). Nonetheless, stature estimation from handprints is equally important in 

forensic investigations, especially in cases where only handprint evidence is 

available at a crime scene. This type of data may be useful for criminal profiling. 

 

 

6.3 Forensic applications 

On the basis of the present research project it is clearly evident that the 

predictive accuracy of sex and stature estimations varied with each different 

population. This is largely because of differences in genetics and environmental 

factors that can influence body size and shape, including sex differences and 

living height (Eveleth, 1975; Ruff 2002). This again highlights the importance of 

having local population specific standards to accurately estimate sex and/or 

stature. Importantly, previous studies have shown that hand measurements are 

sexually dimorphic and have also established that there is a strong correlation 

between stature and hand measurements. The present research, therefore, 

both confirms and expands upon those findings. 

 

The present study is the first of its kind for Australia; sex and stature estimation 

standards developed from this study would be useful in forensic investigations, 

specifically for Western Australia. Forensic investigations involving unknown 

skeletal or fleshed body remains routinely begin with the development of a 

biological profile (Kumar & Buikstra 2008). Thus, the standards presented in 

this study would be useful in such investigations. These standards offer reliable 

sex and stature estimations, with a high degree of expected accuracy, by simply 

using hand and handprint measurements. A tentative identification using these 

standards would also be extremely practical in cases of highly fragmented and 

commingled remains. Furthermore, handprint standards from this study would 

be very useful in profiling suspects from complete or partial handprint evidences 

left at crime scenes. 
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6.4 Limitations 

In the present research only adult subjects over the age of 18 years were 

included. This is because non-adult individuals are still growing and their rate of 

growth varies between individuals and sexes. Further, sex estimation in 

immature skeletal remains has been found to be inaccurate (Rosing 1983; 

Franklin et al. 2007). Sub-adult stature standards, therefore, are not entirely 

feasible due to their inherent inaccuracy.  

 

Another issue relates to the number of subjects; the larger the sample the 

smaller sampling error will be, therefore, it will produce a more accurate 

analysis. However, in reference to previous research, the sample (201 subjects) 

is large enough to yield statistically robust results.  

 

Finally, the sample analysed mainly comprised of police officers, university staff 

and students. This may not truly represent the ‘typical’ Western Australian 

population; male officers may actually be ‘larger’ than average given the often 

physical nature of their job. This could potentially inflate the level of dimorphism 

in the sample. Expanding the sample size will provide data to examine if this 

truly an issue or not. From the statistical analyses, however, the data were 

found to be normally distributed.  

 

 

6.5 Future research 

Is it highly recommended that future studies should analyse a broader range of 

Western Australian individuals to evaluate if a larger number and more diverse 

sample would provide more accurate estimations of sex and stature.  

 

Any expansion to the original sample should thus consist of data from subjects 

with different cultural and career backgrounds. Finally, a comparison study 

should be performed to assess if there is any statistically significant variation 

between measurements from scanned compared to inked handprints.  
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6.6 Conclusions 

The study clearly demonstrated that there is no evidence of bilateral asymmetry 

between the left and right hand and handprint measurements; except for the 

measurements of hand breadth (all those differences were very small; less than 

0.08 cm). Thus, a single standard of combined left and right hand and handprint 

measurements for estimating sex and stature is practical.  

 

The hand and handprint measurements were found to be both sexually 

dimorphic and highly correlated to stature. These measurements can be used 

to estimate sex with a high degree of expected classification accuracy, and 

stature estimation can be made with relatively small degree of prediction error 

(SEE).    The sex estimation standards using hand measurements were found 

to be more accurate compared to handprint measurements. However, the 

combinations of hand length and palm length plus middle finger length, and 

handprint length and breadth measurements have the highest accuracy (96.3% 

and 93.8% respectively). 

 

Overall, the multiple regression stature models for both hand (± 4.66 to             

± 5.96cm) and handprint (± 5.16 to ± 6.74cm) measurements were more 

accurate compared to the simple linear regression models (hand SEE = ± 4.76 

– 7.10cm; handprint SEE = ± 5.42 – 7.68cm). Simple and multiple regression 

models using the pooled sex sample were the least accurate for both the hand 

and handprint data. As a whole, the hand measurements are more accurate for 

estimating stature (± 4.66 to ± 7.10cm), however, the accuracy of handprint 

measurements are only slightly lower (± 5.16 to ± 7.68cm). 

 

Perhaps the single most important outcome of this research is that it has 

established that it is possible to estimate sex and stature on the basis of hand 

and handprint measurement with high degree of accuracy in a Western 

Australian population. Sex and stature estimation standards formulated in the 

present study, therefore, will be useful in assisting forensic investigators to 

narrow down the pool of victims in mass fatality scenarios or for profiling 

suspects in criminal cases. Subsequently, these estimations can be use in 

developing a tentative identification of unknown remains. 
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Information Sheet and Consent Form 

 
 

 
 

   Centre for Forensic Science 
   Faculty of Life and Physical Sciences 
   M420, 35 Stirling Highway, Crawley, WA  6009 
   Telephone +61 8 6488 7286 
   Facsimile +61 8 6488 7285 
   Email         forensic@uwa.edu.au 
   http://www.forensicscience.uwa.edu.au 

 
Dear Participant 
 
Thank you for agreeing to take part in this research project. 
 
Measurements obtained from modern living people can be invaluable for 
creating population specific models to profile individuals in medico-legal 
investigations. 
 
In this study we aim to investigate whether living height can be estimated using 
measurements taken from hands/handprints or feet/footprints. 
 
It is anticipated that this research will then be applied to forensic scenarios, 
such as disaster victim identification or for profiling suspects where handprints 
and footprints are recovered from a crime scene. 
 
The data we need to collect must be as accurate as possible and we appreciate 
your patience while we take the required measurements. 
 
We also require certain demographic information from you to improve the 
reliability of our mathematical models.  However, all data and information 
collected from you will be kept confidential. 
 
Please confirm your willingness to participate by signing below: 
 
 
 
 
Name ______________________ Signature ____________________ 

(Please print) 

 
 
 
Once again, we greatly appreciate your contribution to our research project. 
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Appendix II 
Questionnaire Form 

 
 
Date: _____________      Questionnaire No. (attach sticker) 

 
Personal Details 
 
Year of Birth: _____________ (dd/mm/yy)  Sex:  Male / Female (Please Circle) 
 
Year of arrival in Australia: ________________________________ (dd/mm/yy) 

(only participants who were not born in Australia) 
 
Current occupation: _______________________________________________________  
Previous occupation(s): ____________________________________________________ 
 
Self reported height: _____________ (cm)  Shoe Size: ______________ 
 
Handedness:   Left / Right / Both (Please Circle)     

 
Do you participate in any leisure activities (e.g. sports, playing musical instruments, gardening 
etc)? If YES, please specify the activities and complete the table below: 
 

Activity Hours  
per week 

Number of 
years  

participation 

1.   

2.   

3.   

 
Ethnicity 

 
Your Country of Birth: _____________________ 
 
Ethnicity (Please Circle)   

 
1. European Australian 4. European 7. Middle Eastern 

2. Asian Australian 5. South-East & North-East Asian 8. African 

3. Aboriginal Australian 6. Southern & Central Asian 9. Other (Please indicate)  

 
Mother’s Country of Birth: _____________________ 
 
Maternal Ethnicity (Please Circle)  
 

1. European Australian 4. European 7. Middle Eastern 

2. Asian Australian 5. South-East & North-East Asian 8. African 

3. Aboriginal Australian 6. Southern & Central Asian 9. Other (Please indicate)  

 
Father’s Country of Birth: _____________________ 
 
Paternal Ethnicity (Please Circle) 

 
1. European Australian 4. European 7. Middle Eastern 

2. Asian Australian 5. South-East & North-East Asian 8. African 

3. Aboriginal Australian 6. Southern & Central Asian 9. Other (Please indicate)  

 

- END OF QUESTIONNAIRE - 
- THANK YOU FOR YOUR PARTICIPATION – 
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Appendix III 
Precision Test Raw Data for Stature  

and Hand Measurements 
 

Table Appendix III.1 Stature and hand measurements taken from four subjects in four 

different days for the assessment of intra-observer error. 

  Measurements (mm) 

Subject  Day 1  Day 2  Day 3  Day 4 

  Right Left  Right Left  Right Left  Right Left 

A HB 77.9 74.7  78.5 74.8  77.5 75.4  77.2 74.5 
 HL 181 180  182 180  180 180  180 180 
 PL + 3D 179.4 178.7  179.3 179.6  179.7 179.9  180.4 180 
 PL 100 100  99.8 100.4  100.4 100.4  100.4 100.5 
 3D 79.4 78.7  79.5 79.2  79.3 79.5  80 79.5 
 1D 61.1 60.5  62.1 61  62.4 61.7  61.5 61.2 
 2D 71.2 70.9  70.6 71.2  71.4 71.3  71.8 70.8 

 4D 74.2 73.3  73.7 73.1  74.9 75  75.1 73.6 

 Stature 1615  1615  1615  1614 

B HB 75.6 75.4  77.7 75.7  76.2 75.4  76.7 75.4 
 HL 175 175  175 173  175 174  175 175 
 PL + 3D 175.7 174  176.5 174.6  174.2 173.4  175 176 
 PL 101.7 99.5  101.7 99.4  99 97.4  100 99.6 
 3D 74 74.5  74.8 75.2  75.2 76  75 76.4 
 1D 59.3 61.5  60 61.1  60.1 61  59.9 61.7 
 2D 66.7 65.3  66.8 66.7  66.9 66  67.1 66.9 

 4D 66.2 66.4  64.9 66.2  68.6 67  68.6 66.9 

 Stature 1610  1609  1609  1606 

C HB 71.4 71  71.1 70.8  71.2 71.1  71.6 70 
 HL 167 167  166 166  166 167  166 167 
 PL + 3D 166.3 167.1  163.7 165.8  165.7 167.4  165.4 165.3 
 PL 93.5 94.6  91.6 94.3  92.7 94.6  93 93.4 
 3D 72.8 72.5  72.1 71.5  73 72.8  72.4 71.9 
 1D 56.1 54.2  56.4 53.9  56.7 53.5  56 54.7 
 2D 65.9 65.9  66 65.2  66.4 66.7  66.1 65.6 

 4D 68.4 66.5  66.7 66.4  68.3 65.9  68.2 65.8 

 Stature 1570  1568  1567  1568 

D HB 77.3 74.6  77.4 75.1  77.5 74.5  77 74 
 HL 172 171  171 170  170 168  169 168 
 PL + 3D 168 165.7  166.2 166.8  167.5 167.4  168.5 167.9 
 PL 97.5 95.1  96.2 96.3  97.4 96.8  98 96.2 
 3D 70.5 70.6  70 70.5  70.1 70.6  70.5 71.7 
 1D 61.6 61.3  62.2 60.3  61.8 60.9  61.5 61.1 
 2D 65.2 65.5  65.4 65.6  65.8 66.1  65.4 65.6 

 4D 66.1 66.8  64.3 65.9  66.6 65.7  66.5 66.5 

 Stature 1568  1568  1572  1572 

 
Key: HB = hand breadth; HL = hand length; PL = palm length; 3D = middle finger or third digit 
length; 1D = thumb or first digit length; 2D = index finger or second digit length; 4D = ring finger 
or fourth digit length. 
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Table Appendix III.2 Mean, standard deviation and standard error for stature. 

Subject Mean Standard Deviation (SD) Standard Error (SE) 

A 1614.750 0.500 0.125 
B 1608.500 1.732 0.433 
C 1568.250 1.258 0.315 
D 1570.000 2.309 0.577 

 
 
Table Appendix III.3 Mean, standard deviation and standard error for hand 

measurements. 

Subject Variable Left Hand  Right Hand 

  Mean SD SE  Mean SD SE 

A HB 74.850 0.387 0.097  77.775 0.562 0.140 
 HL 180.000 0.000 0.000  180.250 0.500 0.125 
 PL + 3D 100.325 0.222 0.055  100.150 0.300 0.075 
 PL 79.225 0.377 0.094  79.550 0.311 0.078 
 3D 179.550 0.592 0.148  179.700 0.497 0.124 
 1D 61.100 0.497 0.124  61.775 0.585 0.146 
 2D 71.050 0.238 0.060  71.250 0.500 0.125 
 4D 73.750 0.858 0.215  74.375 0.814 0.203 

B HB 75.475 0.150 0.037  76.550 0.889 0.222 
 HL 174.250 0.957 0.239  175.000 0.000 0.000 
 PL + 3D 98.975 1.053 0.263  100.600 1.334 0.334 
 PL 75.525 0.846 0.212  74.750 0.526 0.131 
 3D 174.500 1.114 0.278  175.350 0.981 0.245 
 1D 61.325 0.330 0.083  59.825 0.359 0.090 
 2D 65.975 1.181 0.295  66.875 0.171 0.043 
 4D 66.625 0.386 0.097  67.075 1.839 0.460 

C HB 70.725 0.499 0.125  71.325 0.222 0.055 
 HL 166.750 0.500 0.125  166.250 0.500 0.125 
 PL + 3D 94.225 0.568 0.142  92.700 0.804 0.201 
 PL 72.175 0.585 0.146  72.575 0.403 0.101 
 3D 166.400 1.010 0.252  165.275 1.115 0.279 
 1D 54.075 0.506 0.126  56.300 0.316 0.079 
 2D 65.850 0.635 0.159  66.100 0.216 0.054 
 4D 66.150 0.351 0.088  67.900 0.804 0.201 

D HB 74.550 0.451 0.113  77.300 0.216 0.054 
 HL 169.250 1.500 0.375  170.500 1.291 0.323 
 PL + 3D 96.100 0.716 0.179  97.275 0.763 0.191 
 PL 70.850 0.569 0.142  70.275 0.263 0.066 
 3D 166.950 0.947 0.237  167.550 0.988 0.247 
 1D 60.900 0.432 0.108  61.775 0.310 0.077 
 2D 65.700 0.271 0.068  65.450 0.252 0.063 
 4D 66.225 0.512 0.128  65.875 1.072 0.268 

 
Key: HB = hand breadth; HL = hand length; PL = palm length; 3D = middle finger or third digit 
length; 1D = thumb or first digit length; 2D = index finger or second digit length; 4D = ring finger 
or fourth digit length. 
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Appendix IV 
Precision Test Raw Data for Handprint Measurements 

 
Table Appendix IV.1 Handprint measurements taken from four subjects in four 

different days for the assessment of intra-observer error. 

  Measurements (mm) 

Subject   Day 1  Day 2  Day 3  Day 4 

   Right Left  Right Left  Right Left  Right Left 

A  HPB 58.3 57.0  58.6 57.2  57.6 56.9  57.2 57.0 
 HPL 131.0 133.1  131.3 132.4  130.9 132.5  131.2 132.1 
  PPL 69.9 70.7  69.9 70.0  69.7 69.8  70.0 70.1 
  3DP 61.2 62.5  61.8 62.6  61.9 62.5  61.6 62.8 
 PPL + 3DP 131.2 133.2  131.7 132.6  131.6 132.4  131.6 132.9 
  1DP 49.5 44.3  49.2 44.2  49.4 43.9  49.0 44.3 
  2DP 54.3 53.1  54.1 53.7  53.6 53.3  53.7 53.2 

  4DP 60.5 59.9  60.1 59.5  60.1 60.1  60.0 59.7 

B  HPB 57.1 57.4  57.1 58.1  56.9 57.5  57.4 57.7 
 HPL 130.1 133.5  130.4 133.6  130.0 133.4  129.8 133.4 
  PPL 71.8 74.9  71.6 74.2  71.7 74.2  71.3 74.3 
  3DP 58.8 59.0  59.2 59.2  58.8 59.2  59.0 59.0 
 PPL + 3DP 130.5 133.9  130.8 133.5  130.4 133.5  130.2 133.4 
  1DP 44.5 46.0  44.4 46.2  44.2 45.6  44.5 45.6 
  2DP 50.5 51.2  51.1 51.6  51.4 51.6  51.1 51.6 

  4DP 55.0 54.6  55.1 54.1  55.1 54.0  55.3 53.9 

C  HBP 53.0 50.5  53.4 50.4  53.2 50.3  53.3 50.3 
 HPL 121.9 126.1  122.1 125.7  122.1 126.0  121.8 125.9 
  PPL 65.8 70.6  66.0 70.4  65.7 70.4  65.7 70.5 
  3DP 56.1 55.8  56.5 55.9  56.6 55.9  56.3 55.9 
 PPL + 3DP 121.9 126.3  122.5 126.2  122.3 126.2  122.0 126.3 
  1DP 44.1 41.7  43.8 41.8  43.8 42.0  43.9 42.0 
  2DP 50.5 50.6  50.8 50.7  50.7 50.9  50.5 50.8 

  4DP 51.8 53.0  52.0 52.7  51.6 52.6  51.7 52.7 

D  HPB 57.0 56.0  57.2 55.1  57.2 55.6  57.3 56.1 
 HPL 125.0 128.8  124.6 129.0  124.1 129.0  124.7 128.9 
  PPL 68.6 72.3  68.7 72.1  68.1 72.5  68.4 71.9 
  3DP 56.6 56.8  56.6 56.9  56.7 57.1  56.9 57.1 
 PPL + 3DP 125.1 129.1  125.3 129.0  124.8 129.6  125.2 129.1 
  1DP 48.3 44.7  47.4 44.3  47.5 44.0  47.7 44.3 
  2DP 48.7 50.8  48.4 51.1  48.3 51.3  48.4 51.3 

  4DP 51.7 50.1  51.8 50.4  51.8 50.2  51.6 50.1 

 
Key: HPB = handprint breadth; HPL = handprint length; PPL = palmprint length; 3DP = middle 
finger or third digit print length; 1DP = thumb or first digit print length; 2DP = index finger or 
second digit print length; 4DP = ring finger or fourth digit print length. 
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Table Appendix IV.2 Mean, standard deviation and standard error for handprint 

measurements. 

Subject Variable Left  Right 

   Mean SD SE  Mean SD SE 

A HPB 68.266 0.178 0.045  68.648 0.210 0.052 
  HPL 158.357 0.261 0.065  156.907 0.242 0.061 
  PPL 83.773 0.137 0.034  83.658 0.359 0.090 
  3DP 74.966 0.138 0.034  73.752 0.329 0.082 
  PPL + 3DP 158.739 0.268 0.067  157.410 0.137 0.034 
  1DP 52.922 0.105 0.026  58.966 0.282 0.071 
  2DP 63.889 0.236 0.059  64.437 0.283 0.071 
  4DP 71.547 0.268 0.067  71.982 0.290 0.073 

B HPB 69.004 0.187 0.047  68.245 0.171 0.043 
  HPL 159.696 0.164 0.041  155.864 0.284 0.071 
  PPL 88.833 0.089 0.022  70.536 0.259 0.065 
  3DP 70.891 0.179 0.045  156.332 0.200 0.050 
  PPL + 3DP 159.724 0.089 0.022  85.797 0.105 0.026 
  1DP 54.864 0.315 0.079  53.168 0.155 0.039 
  2DP 61.647 0.110 0.027  61.237 0.164 0.041 
  4DP 64.765 0.126 0.032  66.023 0.109 0.027 

C HBP 60.252 0.104 0.026  63.753 0.104 0.026 
  HPL 150.535 0.126 0.032  146.049 0.155 0.039 
  PPL 84.265 0.054 0.014  67.582 0.138 0.034 
  3DP 66.864 0.059 0.015  146.404 0.258 0.065 
  PPL + 3DP 151.129 0.066 0.016  78.822 0.189 0.047 
  1DP 50.133 0.164 0.041  52.458 0.063 0.016 
  2DP 60.853 0.104 0.026  60.689 0.207 0.052 
  4DP 63.069 0.064 0.016  62.030 0.200 0.050 

D HPB 65.818 0.551 0.138  68.484 0.089 0.022 
  HPL 152.996 0.475 0.119  149.030 0.314 0.079 
  PPL 85.194 0.137 0.034  67.910 0.164 0.041 
  3DP 67.422 0.163 0.041  149.851 0.372 0.093 
  PPL + 3DP 152.615 0.198 0.050  81.940 0.346 0.086 
  1DP 52.394 0.125 0.031  56.998 0.219 0.055 
  2DP 60.628 0.224 0.056  57.845 0.105 0.026 
  4DP 59.513 0.188 0.047  61.947 0.164 0.041 

 
Key: HPB = handprint breadth; HPL = handprint length; PPL = palmprint length; 3DP = middle 
finger or third digit print length; 1DP = thumb or first digit print length; 2DP = index finger or 
second digit print length; 4DP = ring finger or fourth digit print length. 
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Appendix V 
Statistical Analyses for Hand Measurements 

 

V.1 Sex estimation 

 

Table Appendix V.1 Left hand measurements demarking point (in cm) for sex differences. 

Measurement Demarking points Correctly assigned 

Hand breadth ♀ < 8.44 < ♂ ♂ 84/91; ♀ 105/110 [94.0%] 
Hand length ♀ < 18.58 < ♂ ♂ 80/91; ♀ 103/110  [91.0%] 
Palm length ♀ < 10.61 < ♂ ♂ 80/91; ♀ 102/110 [90.5%] 
Middle finger length ♀ <  7.98 < ♂ ♂ 72/91; ♀ 95/110 [83.1%] 
Palm length + middle finger length ♀ < 18.59 < ♂ ♂ 79/91; ♀ 102/110 [90.0%] 
Thumb length ♀ < 7.23 < ♂ ♂ 71/91; ♀ 91/110 [80.6%] 
Index finger length ♀ < 6.41 < ♂ ♂ 84/91; ♀ 105/110 [82.1%] 
Ring finger length ♀ < 7.45 < ♂ ♂ 69/91; ♀ 92/110 [80.1%] 

 

 

Table Appendix V.2 Stepwise discriminant function for left hand measurements. 

Step Variables Unstandardised 
coefficient 

Standardised 
coefficient 

Wilk’s 
lambda 

Structure 
point 

Group 
centroids 

Sectioning 
point 

Correctly 
assigned 

1 Hand breadth left 1.557 0.735 0.384 0.843 ♂ 1.643 0.1415 ♂ 87/91; ♀ 103/110 
[94.5%] 

2 Palm length left 1.381 0.685 0.337 0.814 ♀ -1.360   
3 Index finger length 

left 
-1.468 -0.649 0.315 0.490    

4 Thumb length left 0.628  0.273 0.307 0.513    
 Constant -21.061       
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Table Appendix V.3 Direct discriminant functions (combination) for left hand measurements. 
 

Equation Group centroids and 
sectioning point 

Correctly assigned 

Function 1: all variable 
(HBL x 1.558) + (HLL x 2.092) + (PLL x -0.692) + (3DL x -2.248) + (1DL + 0.606) + 
(2DL x -1.577) + (4DL x 0.302) + -21.308 

♂ 1.677, [0.145], ♀ -1.387 ♂ 87/91; ♀ 103/110 [95.0%] 

Function 2: HBL and PL + 3DL  
(HBL x 1.496) + (PLL + 3DL x 0.439) + -20.662 

♂ 1.446, [0.125], ♀ -1.196 ♂ 87/91; ♀ 106/110 [96.0%] 

Function 3: HBL and HLL  
(HBL x 1.458) + (HLL x 0.468) + -20.868 

♂ 1.456, [0.126], ♀ -1.204 ♂ 86/91; ♀ 106/110 [95.5%] 

Function 4: HBL and PLL  
(HBL x 1.268) + (PLL x 1.061) + -21.829 

♂ 1.534, [0.1325], ♀ -1.269 ♂ 87/91; ♀ 105/110 [95.5%] 

Function 5: HBL, HLL, 1DL, 2DL and 4DL 
(HBL x 1.573) + (HLL x 1.194) +(1DL x 0.522) + (2DL x -1.977) + (4DL x -0.451) +  
-21.003 

♂ 1.632, [0.141], ♀ -1.350 ♂ 86/91; ♀ 104/110 [94.5%] 

Function 6: 2DL, 3DL, and 4DL  
(2DL x -0.158) + (3DL x 1.133) + (4DL x 1.373) + -18.048 

♂ 0.910, [0.079], ♀ -0.753 ♂ 69/91; ♀ 93/110 [80.6%] 

 
Key: HBL = hand breadth left; HLL = hand length left; PLL = palm length left; 3DL = middle finger or third digit length left; 1DL = thumb or first digit length left, 2DL = 
index finger or second digit length left; 4DL = ring finger or fourth digit length left; ♀ = female; ♂ = male. 
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Table Appendix V.4 Right hand measurements demarking point (in cm) for sex differences. 

Measurement Demarking points Expected accuracy 

Hand breadth ♀ < 8.52 < ♂ ♂ 85/91; ♀ 104/110 [94.0%] 
Hand length ♀ < 18.56 < ♂ ♂ 81/91; ♀ 101/110 [90.5%] 
Palm length ♀ < 10.60 < ♂ ♂ 81/91; ♀ 101/110 [90.5%] 
Middle finger length ♀ <  7.98 < ♂ ♂ 71/91; ♀ 95/110 [82.6%] 
Palm length + middle finger length ♀ < 18.58 < ♂ ♂ 81/91; ♀ 103/110 [91.5%] 
Thumb length ♀ < 6.41 < ♂ ♂ 74/91; ♀ 92/110 [82.6%] 
Index finger length ♀ < 7.23 < ♂ ♂ 69/91; ♀ 93/110 [80.6%] 
Ring finger length ♀ < 7.43 < ♂ ♂ 69/91; ♀ 90/110 [79.1%] 

 

 

Table Appendix V.5 Stepwise discriminant function for right hand measurements. 

Step Variables Unstandardised 
coefficient 

Standardised 
coefficient 

Wilk’s lambda Structure 
point 

Group 
centroids 

Sectioning 
point 

Correctly 
Assigned 

1 Hand breadth right 1.660 0.766 0.383 0.833 ♂ 1.665 0.144 ♂ 88/91; ♀ 102/110 
[94.5%] 

2 Palm length right 1.312 0.656 0.336 0.795 ♀ -1.377   
3 Index finger length right -1.580 -0.694 0.312 0.476    
4 Thumb length right 0.765 0.328 0.302 0.520    
 Constant -21.379       

 
Key: ♀ = female; ♂ = male. 
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Table Appendix V.6 Direct discriminant functions (combination) for right hand measurements. 

Equation Group centroids and sectioning point Correctly assigned 

Function 1: all variable 
(HBR x 1.645) + (HLR x 1.686) + (PLR x -0.347) + (3DR x -1.264) + 
(1DR + 0.754) + (2DR x -1.792) + (4DL x -0.239) + -21.494 

♂ 1.689, [0.146], ♀ -1.379 ♂ 87/91; ♀ 103/110 [95.0%] 

Function 2: HBR and PLR + 3DR  
(HBR x 1.533) + (PLR + 3DL x 0.444) + -21.172 

♂ 1.452, [0.1255], ♀ -1.201 ♂ 86/91; ♀ 107/110 [96.0%] 

Function 3: HBR and HLR  
(HBR x 1.512) + (HLR x 0.458) + -21.257 

♂ 1.457, [0.126],♀ -1.205 ♂ 87/91; ♀ 107/110 [96.5%] 

Function 4: HBR and PLR  
(HBR x 1.327) + (PLR x 1.040) + -22.195 

♂ 1.538, [0.133], ♀ -1.269 ♂ 85/91; ♀ 107/110 [95.5%] 

Function 5: HBR, HLR, 1DR, 2DR and 4DR 
(HBR x 1.661) + (HLR x 1.207) + (1DR + 0.726) +  
(2DR x -2.107) + (4DR x -0.593) + -21.411 

♂ 1.674, [0.1445], ♀ -1.385 ♂ 88/91; ♀ 104/110 [95.5%] 

Function 6: 2DR, 3DR, and 4DR  
(2DR x -0.333) + (3DR x 1.867) + (4DR x 0.721) + -17.767 

♂ 0.887, [0.0765], ♀ -0.734 ♂ 72/91; ♀ 92/110 [81.6%] 

 
Key: HBR = hand breadth right; HLR = hand length right; PLR = palm length right; 3DR = middle finger or third digit length right; 1DR = thumb or first digit length 
right; 2DR = index finger or second digit length right; 4DR = ring finger or fourth digit length right; ♀ = female; ♂ = male. 
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V.2 Simple linear correlation (Pearson r)  

 

Table Appendix V.7 Correlation coefficient (r) between stature and left and 

right hand measurements in the male, female and pooled sex samples. 

Variable 
Value of r 

Male (n = 91) Female (n = 101) Pooled sex (n = 201) 

HBL 0.51** 0.50** 0.78** 

HBR 0.54** 0.45** 0.78** 

HLL 0.74** 0.70** 0.87** 

HLR 0.73** 0.69** 0.87** 

PLL 0.67** 0.68** 0.85** 

PLR 0.66** 0.67** 0.85** 

3DL 0.67** 0.62** 0.80** 

3DR 0.66** 0.61** 0.79** 

PLL + 3DL 0.74** 0.70** 0.87** 

PLR + 3DR 0.73** 0.70** 0.87** 

1DL 0.47** 0.57** 0.72** 

1DR 0.47** 0.53** 0.72** 

2DL 0.69** 0.64** 0.80** 

2DR 0.67** 0.62** 0.79** 

4DL 0.66** 0.63** 0.80** 

4DR 0.69** 0.62** 0.80** 

 
Key: HBL = hand breadth left; HBR = hand breadth right; HLL = hand length left; HLR = hand 
length right; PLL = palm length left; PLR = palm length right; 3DL = middle finger or third digit 
length left; 3DR = middle finger or third digit length right, 1DL = thumb or first digit length left, 
1DR = thumb or first digit length right, 2DL = index finger or second digit length left, 2DR = 
index finger or second digit length right, 4DL = ring finger or fourth digit length left, 4DR = ring 
finger or fourth digit length right. 
 
** p < 0.01 level (2-tailed). 
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V.3 Stature estimation 

V.3.1 Simple linear regression 

 
 
Table Appendix V.8 r, R2, and adjusted R2 for individual left and right male 

hand measurements. 

Variable Left Hand  Right Hand 

 r R2 Adjusted R2  r R2 Adjusted R2 

Hand breadth 0.51** 0.26 0.25  0.54** 0.29 0.29 

Hand length 0.74** 0.55 0.55  0.73** 0.54 0.53 

Palm length 0.67** 0.45 0.44  0.66** 0.44 0.43 

Middle finger length 0.67** 0.45 0.44  0.66** 0.43 0.43 

Palm length +  
middle finger length 

0.74** 0.55 0.54 
 

0.73** 0.53 0.53 

Thumb length 0.47** 0.22 0.21  0.47** 0.22 0.21 

Index finger length 0.69** 0.48 0.47  0.67** 0.45 0.45 

Ring finger length 0.66** 0.44 0.44  0.69** 0.47 0.46 

 
Key: ** p < 0.01 level (2-tailed). 
 

 

Table Appendix V.9 Linear regression equations for stature estimation(s) using 

individual left and right male hand measurements (in cm). 

Left Hand  Right Hand 

Regression equations 
SEE 
(cm) 

 Regression equations 
SEE 
(cm) 

S = 113.211 + 7.223 HBL  ± 6.11  S = 106.334 + 7.929 HBR ± 5.96 

S = 66.728 + 5.714 HLL ± 4.74  S = 69.723 +  5.567 HLR ± 4.83 

S = 75.165 + 9.209 PLL ± 5.27  S = 75.976 + 9.149 PLR ± 5.32 

S = 99.422 + 9.472 3DL ± 5.26  S = 102.964 + 9.056 3DR ± 5.34 

S = 66.762 + 5.710 (PLL + 3DL) ± 4.77  S = 69.433 + 5.580 (PLR + 3DR) ± 4.84 

S = 131.838 + 6.919 1DL ± 6.27  S = 130.931 + 7.045 1DR ± 6.26 

S = 102.152 + 10.101 2DL ± 5.14  S = 103.644 + 8.725 2DR ± 5.24 

S = 96.611 + 10.512 4DL ± 5.30  S = 99.223 + 10.222 4DR ± 5.16 

 
Key to measurements is shown in Table Appendix V.7. 
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Table Appendix V.10 r, R2, and adjusted R2 for individual left and right female 

hand measurements. 

Variable Left Hand  Right Hand 

 r R2 Adjusted R2  r R2 Adjusted R2 

Hand breadth 0.50** 0.25 0.24  0.45** 0.20 0.20 

Hand length 0.70** 0.50 0.49  0.69** 0.48 0.48 

Palm length 0.77** 0.60 0.59  0.67** 0.45 0.44 

Middle finger length 0.62** 0.38 0.37  0.61** 0.37 0.37 

Palm length +  
middle finger length 

0.70** 0.49 0.48 
 

0.70** 0.48 0.48 

Thumb length 0.57** 0.32 0.32  0.53** 0.28 0.27 

Index finger length 0.64** 0.41 0.40  0.62** 0.39 0.38 

Ring finger length 0.63** 0.40 0.39  0.62** 0.38 0.38 

 
Key: ** p < 0.01 level (2-tailed). 

 

 

Table Appendix V.11 Linear regression equations for stature estimation(s) 

using individual left and right female hand measurements (in cm). 

Left Hand  Right Hand 

Regression equations 
 SEE 
(cm) 

 Regression equations 
SEE 
(cm) 

S = 102.335 + 7.820 HBL  ± 6.22  S = 106.176 + 7.249 HBR ± 6.40 

S = 55.934 + 6.123 HLL ± 5.10  S = 57.135 + 6.057 HLR ± 5.17 

S = 63.711 + 9.988 PLL ± 6.53  S = 66.573 + 9.713 PLR ± 5.34 

S = 82.703 + 10.635 3DL ± 5.65  S = 80.111 + 10.976 3DR ± 5.68 

S = 58.253 + 5.982 (PLL + 3DL) ± 5.14  S = 57.069 + 6.054 (PLR + 3DR) ± 5.15 

S = 102.105 + 10.136 1DL ± 5.91  S = 104.845 + 9.685 1DR ± 6.08 

S = 86.060 + 11.234 2DL ± 5.51  S = 87.499 + 11.017 2DR ± 5.61 

S = 81.751 + 11.522 4DL ± 5.55  S = 82.505 + 11.434 4DR ± 5.63 

 
Key to measurements is shown in Table Appendix V.7. 
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Table Appendix V.12 r, R2, and adjusted R2 for individual left and right pooled 

sex hand measurements. 

Variable Left Hand  Right Hand 

 r R2 Adjusted R2  r R2 Adjusted R2 

Hand breadth 0.78** 0.61 0.61  0.78** 0.61 0.60 

Hand length 0.87** 0.76 0.76  0.87** 0.75 0.75 

Palm length 0.85** 0.73 0.73  0.85** 0.72 0.72 

Middle finger length 0.80** 0.64 0.64  0.79** 0.63 0.63 

Palm length +  
middle finger length 

0.87** 0.76 0.75 
 

0.87** 0.75 0.75 

Thumb length 0.72** 0.52 0.52  0.72** 0.52 0.51 

Index finger length 0.80** 0.63 0.63  0.79** 0.62 0.61 

Ring finger length 0.80** 0.65 0.64  0.80** 0.63 0.63 

 
Key: ** p < 0.01 level (2-tailed). 

 
 

Table Appendix V.13 Linear regression equations for stature estimation(s) 

using individual left and right pooled sex hand measurements (in cm).  

Left Hand  Right Hand 

Regression equations 
SEE 
(cm) 

 Regression equations 
SEE 
(cm) 

S = 82.075 + 10.532 HBL ± 6.41  S = 79.661 + 10.722 HBR ± 6.45 

S = 44.015 + 6.836 HLL ± 5.03  S = 44.605 + 6.810 HLR ± 5.14 

S = 52.392 + 11.176 PLL ± 5.35  S = 53.126 + 11.121 PLR ± 5.41 

S = 58.905 + 14.030 3DL ± 6.18  S = 59.261 + 13.991 3DR ± 6.27 

S = 44.040 + 6.828 (PLL + 3DL) ± 5.08  S = 44.055 + 6.834 (PLR + 3DR) ± 5.13 

S = 84.143 + 13.523 1DL ± 7.09  S = 84.288 + 13.493 1DR ± 7.14 

S = 62.981 + 14.912 2DL ± 6.21  S = 63.341 + 14.863 2DR ± 6.36 

S = 56.762 + 15.318 4DL ± 6.12  S = 58.389 + 15.143 4DR ± 6.21 

 
Key to measurements is shown in Table Appendix V.7. 
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V.3.2 Multiple regression 
 

Table Appendix V.14 Multiple regression equations for stature estimation(s) 

using left male hand measurements (in cm). 

Regression equations r R
2
 

Adjusted 
R

2
 

SEE 
(cm) 

Stepwise Function 1:  
S = 66.728 + 5.714 HLL*  

0.74 0.55 0.55 ± 4.74 

Direct Function 1: 
S = 67.157 + 0.031 HBL + 16.767 HLL + -11.754 PLL +  
-14.931 3DL + -1.623 1DL + 1.712 2DL + 4.835 4DL 

0.76 0.58 0.54 ± 4.77 

Direct Function 2: 
S = 69.359 + -0.167 HBL + 4.684 HLL* + -1.814 1DL + 
1.352 2DL + 2.704 4DL 

0.75 0.57 0.54 ± 4.77 

Direct Function 3: 
S = 67.042 + 5.603 PLL* + 5.820 3DL*  

0.70 0.49 0.48 ± 4.79 

Direct Function 4: 
S = 65.963 + 5.516 PLL* + 5.595 3DL* + 0.436 HBL 

0.74 0.55 0.53 ± 4.82 

Direct Function 5: 
S = 65.744 + 0.459 HBL + 5.553 HLL* 

0.74 0.55 0.54 ± 4.76 

Direct Function 6: 
S = 93.732 + 5.986 2DL* + 1.120 3DL + 3.873 4DL 

0.71 0.50 0.48 ± 5.08 

 
Key to measurements is shown in Table Appendix V.7. 
 
* Variable significant at p < 0.05. 

 

 

Table Appendix V.15 Multiple regression equations for stature estimation(s) 

using right male hand measurements (in cm). 

Regression equations r R
2
 

Adjusted 
R

2
 

SEE 
(cm) 

Stepwise Function 1:  
S = 69.723 +  5.567 HLR* 

0.73 0.54 0.53 ± 4.83 

Stepwise Function 2: 
S = 69.723 + 5.567 HLR* + 3.939 4DR*  

0.75 0.56 0.55 ± 4.74 

Direct Function1: 
S = 64.237 + 0.975 HBR + 6.483 HLR + -1.247 PLR + -
6.470 3DR + -1.549 1DR + 0.885 2DR + 6.503 4DR* 

0.76 0.58 0.55 ± 4.75 

Direct Function 2: 
S = 67.156 + 0.939 HBR + 4.462 HLR* +  
1.589 1DR + -1.556 2DR + 4.912 4DR* 

0.75 0.57 0.54 ± 4.77 

Direct Function 3: 
S = 69.186 + 5.665 PLR* + 5.495 3DR*  

0.73 0.53 0.52 ± 4.87 

Direct Function 4: 
S = 65.551 + 5.399 PLR* + 4.805 3DR* + 1.359 HBR 

0.73 0.54 0.52 ± 4.87 

Direct Function 5: 
S = 66.561 + 1.370 HBR + 5.091 HLR* 

0.74 0.54 0.3 ± 4.84 

Direct Function 6: 
S = 94.121 + 7.303 2DR* + -1.200 3DR + 5.032 4DR 

0.71 0.50 0.48 ± 5.08 

 
Key to measurements is shown in Table Appendix V.7. 
 
* Variable significant at p < 0.05. 
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Table Appendix V.16 Multiple regression equations for stature estimation(s) 

using left female hand measurements (in cm). 

Regression equations r R
2
 

Adjusted 
R

2
 

SEE 
(cm) 

Stepwise Function 1:  
S = 55.934 + 6.123 HLL*   

0.70 0.50 0.49 ± 5.10 

Direct Function 1: 
S = 52.756 + 0.999 HBL + 5.360 HLL + 0.673 PLL +  
-8.418 3DL + 1.687 1DL + 4.512 2DL + 3.474 4DL 

0.73 0.53 0.50 ± 5.04 

Direct Function 2: 
S = 55.288 + 1.114 HBL + 4.330 HLL* + 1.399 1DL +  
2.638 2DL + -0.460 4DL 

0.71 0.51 0.49 ± 5.12 

Direct Function 3: 
S = 57.223 + 7.132 PLL* + 4.606 3DL*  

0.70 0.49 0.48 ± 5.14 

Direct Function 4: 
S = 55.614 + 6.759 PLL* + 4.225 3DL* + 1.052 HBL 

0.70 0.49 0.48 ± 5.16 

Direct Function 5: 
S = 54.138 + 1.147 HBL + 5.714 HLL* 

0.71 0.50 0.50 ± 5.10 

Direct Function 6: 
S = 78.362 + 6.366 2DL* + 0.208 3DL + 5.590 4DL 

0.66 0.43 0.42 ± 5.45 

 
Key to measurements is shown in Table Appendix V.7. 
 
* Variable significant at p < 0.05. 

 

 

Table Appendix V.17 Multiple regression equations for stature estimation(s) 

using right female hand measurements (in cm). 

Regression equations r R
2
 

Adjusted 
R

2
 

SEE 
(cm) 

Stepwise Function1:  
S = 57.135 + 6.057 HLR*  

0.69 0.48 0.48 ± 5.17 

Direct Function 1: 
S = 56.243 + 0.415 HBR + 1.725 HLR + 4.449 PLR + 
-1.780 3DR + 1.189 1DR + 4.118 2DR + 1.012 4DR 

0.71 0.51 0.47 ± 5.19 

Direct Function 2: 
S = 55.976 + 0.692 HBR + 4.831 HLR + 1.168 1DL + 
2.476 2DR + -0.984 4DR 

0.70 0.49 0.47 ± 5.22 

Direct Function 3: 
S = 56.884 + 6.865 PLR* + 5.012 3DR*  

0.70 0.49 0.48 ± 5.17 

Direct Function 4: 
S = 55.489 + 6.664 PLR* + 4.762 3DR* + 0.669 HBR 

0.70 0.49 0.47 ± 5.18 

Direct Function 5: 
S = 54.138 + 1.147 HBL + 5.714 HLL* 

0.69 0.48 0.47 ± 5.19 

Direct Function 6: 
S = 78.349 + 6.388 2DR* + 0.138 3DR +  
5.646 4DR 

0.658 0.43 0.417 ± 5.45 

 
Key to measurements is shown in Table Appendix V.7. 
 
* Variable significant at p < 0.05. 
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Table Appendix V.18 Multiple regression equations for stature estimation(s) 

using left pooled sex hand measurements (in cm). 

Regression equations r R
2
 

Adjusted 
R

2
 

SEE 
(cm) 

Stepwise Function 1:  
S = 44.015 + 6.836 HLL* 

0.87 0.76 0.76 ± 5.03 

Stepwise Function 2:  
S = 45.477 + 5.942 HLL* + 1.797 HBL*  

0.88 0.76 0.76 ± 4.99 

Direct Function 1: 
S = 44.485 + 1.582 HBL + 7.978 HLL* + -1.496 PLL +  
-8.393 3DL + 0.444 1DL + 2.037 2DL + 4.065 4DL 

0.88 0.78 0.77 ± 4.95 

Direct Function 2: 
S = 44.961 + 1.762 HBL + 5.540 HLL* + 0.099 1DL +  
0.136 2DL + 0.896 4DL 

0.88 0.77 0.76 ± 5.02 

Direct Function 3: 
S = 44.505 + 7.945 PLL* + 5.286 3DL*  

0.87 0.76 0.76 ± 5.07 

Direct Function 4: 
S = 46.028 + 6.981 PLL* + 4.481 3DL* + 1.795 HBL* 

0.87 0.76 0.76 ± 5.03 

Direct Function 5: 
S = 45.477 + 1.797 HBL* + 5.942 HLL* 

0.86 0.77 0.76 ± 4.99 

Direct Function 6: 
S = 54.018 + 5.927 2DL* + 2.650 3DL + 7.094 4DL* 

0.82 0.67 0.67 ± 5.92 

 
Key to measurements is shown in Table Appendix V.7. 
 
* Variable significant at p < 0.05. 

 

 

Table Appendix V.19 Multiple regression equations for stature estimation(s) 

using right pooled sex hand measurements (in cm). 

Regression equations r R
2
 

Adjusted 
R

2
 

SEE 
(cm) 

Stepwise Function 1: 
44.015 + 6.836 HLL* 

0.87 0.75 0.75 ± 5.14 

Stepwise Function 2:  
S = 45.661 + 5.788 HLR* + 2.105 HBR*  

0.87 0.76 0.75 ± 5.08 

Direct Function 1: 
S = 44.327 + 1.804 HBR + 3.765 HLR + 2.796 PLR +  
-3.982 3DR + 0.489 1DR + 1.119 2DR + 4.356 4DR* 

0.88 0.77 0.76 ± 5.03 

Direct Function 2: 
S = 44.931 + 2.065 HBR* + 5.409 HLR* + 0.428 1DR +  
-1.330 2DL + 2.017 4DL 

0.87 0.76 0.75 ± 5.10 

Direct Function 3: 
S = 44.629 + 7.942 PLR* + 5.290 3DR*  

0.87 0.75 0.75 ± 5.12 

Direct Function 4: 
S = 45.725 + 6.910 PLR* + 4.361 3DR* + 2.028 HBR* 

0.87 0.76 0.76 ± 5.07 

Direct Function 5: 
S = 45.661 + 2.105 HBR* + 5.788 HLR* 

0.87 0.76 0.75 ± 5.08 

Direct Function 6: 
S = 54.963 + 4.600 2DL + 3.622 3DL + 7.237 4DL* 

0.81 0.66 0.65 ± 6.054 

 
Key to measurements is shown in Table Appendix V.7. 
 
* Variable significant at p < 0.05. 
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Appendix VI 
Scatter-Plot Matrices for  

Combined Left and Right Hand Measurements 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

Figure Appendix VI.1 Scatter-plot matrix illustrating the correlation between 

stature (dependent variable) and combined left and right hand measurements 

(independent variables) for the male sample.  

 
HB = hand breadth; HL = hand length; PL = palm length; 3D = middle finger or third digit length; 
1D = thumb or first digit length; 2D = index finger or second digit length; 4D = ring finger or 
fourth digit length. 
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Figure Appendix VI.2 Scatter-plot matrix illustrating the correlation between 

stature (dependent variable) and combined left and right hand measurements 

(independent variables) for the female sample.  

 
Key to measurements is shown in Figure Appendix VI.1.  
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Figure Appendix VI.3 Scatter-plot matrix illustrating the correlation between 

stature (dependent variable) and combined left and right hand measurements 

(independent variables) for the pooled sex sample.  

 
Key to measurements is shown in Figure Appendix VI.1.  
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Appendix VII 
Statistical Analyses for Handprint Measurements 

 

VII.1 Sex estimation 

 

Table Appendix VII.1 Left handprint measurements demarking point (in cm) for sex differences. 

Measurement Demarking points Correctly assigned 

Handprint breadth ♀ < 7.69< ♂ ♂ 81/91; ♀ 102/110 [91.0%] 
Handprint length ♀ < 17.06 < ♂ ♂ 77/91; ♀ 101/110 [88.6%] 
Palmprint length ♀ < 9.51 < ♂ ♂ 76/91; ♀ 97/110 [86.1%] 
Middle finger print length ♀ <  7.55 < ♂ ♂ 71/91; ♀ 93/110 [81.6%] 
Palmprint length + middle finger print length ♀ < 17.06 < ♂ ♂ 71/91; ♀ 101/110  [88.6%] 
Thumb print length ♀ < 5.98 < ♂ ♂ 63/91; ♀ 88/110 [75.1%] 
Index finger print length ♀ < 6.69 < ♂ ♂ 69/91; ♀ 93/110 [80.6%] 
Ring finger print length ♀ < 7.04 < ♂ 73/91; ♀ 93/110 [82.6%] 

 

 

Table Appendix VII.2 Stepwise discriminant function for left handprint measurements. 

Step Variables Unstandardised 
coefficient 

Standardised 
coefficient 

Wilk’s 
lambda 

Structure 
point 

Group 
centroids 

Sectioning 
point 

Correctly 
assigned 

1 Handprint 
breadth left 

1.528 0.699 0.442 0.941 ♂ 1.305 0.1125 ♂ 81/91; ♀ 103/110  
[91.5%] 

2 Palmprint length 
left 

0.797 0.415 0.413 0.823 ♀ -1.080   

 Constant -19.225       
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Table Appendix VII.3 Direct discriminant functions (combination) for left handprint measurements. 
 

Equation Group centroids and sectioning point Correctly assigned 

Function 1: all variable 
(HPBL x 1.600) + (HPLL x 0.243) + (PPLL x 0.561) + (1DPL + 0.102) + 
(2DPL x -0.646) + (4DPL x 0.184) + -19.250 

♂ 1.315, [0.1135], ♀ -1.088 ♂ 79/91; ♀ 103/110 [90.5%] 

Function 2: HPBL and PPLL + 3DPL  
(HPBL x 1.532) + (PPLL + 3DL x 0.434) + -19.076 

♂ 1.282, [0.111], ♀ -1.060 ♂ 82/91; ♀ 105/110 [93.0%] 

Function 3: HPBL and HPLL 
(HPBL x 1.533) + (HPLL x 0.433) + -19.069 

♂ 1.281, [0.1105], ♀ -1.060 ♂ 82/91; ♀ 105/110 [93.0%] 

Function 4: HPBL and PPLL  
(HPBL x 1.528) + (PPLL x 0.797) + -19.224 

♂ 1.305, [0.1125], ♀ -1.080 ♂ 81/91; ♀ 103/110 [91.5%] 

Function 5: HPBL, HPLL, 1DPL, 2DPL and 4DPL 
(HPBL x 1.658) + (HPLL x 0.695) + (1DPL x 0.104) + (2DPL x -0.875) + 
(4DPL x -0.016) + -19.152 

♂ 1.310, [0.113], ♀ -1.084 ♂ 80/91; ♀ 102/110 [90.5%] 

Function 6: 2DPL, 3DPL, and 4DPL  
(2DPL x 0.406) + (3DPL x 0.596) + (4DPL x 1.330) + -16.498 

♂ 0.911, [0.0785], ♀ -0.754 ♂ 72/91; ♀ 94/110 [82.6%] 

 
Key: HPBL = handprint breadth left; HPLL = handprint length left; PPLL = palmprint length left; 3DPL = middle finger or third digit print length left; 1DPL = thumb or 
first digit print length left; 1DPR; 2DPL = index finger or second digit print length left; 4DPL = ring finger or fourth digit print length left; ♀ = female; ♂ = male. 
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Table Appendix VII.4 Right handprint measurements demarking point (in cm) for sex differences. 

Measurement Demarking points Expected accuracy 

Handprint breadth ♀ < 7.73 < ♂ ♂ 79/91; ♀ 101/110 [89.6%]  
Handprint length ♀ < 17.05 < ♂ ♂ 79/91; ♀ 99/110 [88.6%] 
Palmprint length ♀ < 9.49 < ♂ ♂ 74/91; ♀ 95/110 [84.1%] 
Middle finger print length ♀ <  7.56 < ♂ ♂ 70/91; ♀ 93/110 [81.1%] 
Palmprint length + middle finger print length ♀ < 17.05 < ♂ ♂ 79/91; ♀ 100/110 [89.1%] 
Thumb print length ♀ < 6.00 < ♂ ♂ 65/91; ♀ 89/110 [76.6%] 
Index finger print length ♀ < 6.70 < ♂ ♂ 70/91; ♀ 92/110 [80.6%] 
Ring finger print length ♀ < 7.02 < ♂ ♂ 67/91; ♀ 90/110 [78.1%] 

 

 

Table Appendix VII.5 Stepwise discriminant function for right handprint measurements. 

Step Variables Unstandardised 
coefficient 

Standardised 
coefficient 

Wilk’s lambda Structure 
point 

Group 
centroids 

Sectioning 
point 

Correctly 
Assigned 

1 Handprint breadth right 1.660 0.679 0.465 0.936 ♂ 1.252 0.108 ♂ 80/91; ♀ 103/110 
[91.0%] 

2 Palmprint length right 1.312 0.436 0.433 0.837 ♀ -1.036   
 Constant -21.379       

 
Key: ♀ = female; ♂ = male. 
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Table Appendix VII.6 Direct discriminant functions (combination) for right handprint measurements. 

Equation Group centroids and sectioning point Correctly assigned 

Function 1: all variable 
(HPBR x 1.552) + (HPLR x -0.268) + (PPLR x 1.125) + (3DPR x 0.863) + 
(1DPR + 0.117) + (2DPR x -1.032) + (4DPL x 0.198) + -19.682 

♂ 1.275, [0.11], ♀ -1.055 ♂ 80/91; ♀ 101/110 [90%] 

Function 2: HPBR and PPLR + 3DPR  
(HPBR x 1.435) + (PPLR + 3DPL x 0.500) + -19.514 

♂ 1.236, [0.1065], ♀ -1.023 ♂ 82/91; ♀ 106/110 [93.5%] 

Function 3: HPBR and HPLR 
(HPBR x 1.430) + (HPLR x 0.500) + -19.465 

♂ 1.235, [0.1065], ♀ -1.022 ♂ 82/91; ♀ 106/110 [93.5%] 

Function 4: HPBR and PPLR  
(HPBR x 1.513) + (PPLR x 0.823) + -19.396 

♂ 1.252, [0.108], ♀ -1.036 ♂ 80/91; ♀ 103/110 [91%] 

Function 5: HPBR, HPLR, 1DPR, 2DPR and 4DPR 
(HPBR x 1.543) + (HPLR x 0.819) + (1DPR + 0.129) + (2DPR x -1.093) + 
(4DPR x 0.049) + -19.576 

♂ 1.273, [0.11], ♀ -1.053 ♂ 80/91; ♀ 102/110 [90.5%] 

Function 6: 2DPR, 3DPR, and 4DPR  
(2DPR x 0.083) + (3DPR x 1.390) + (4DPR x 0.813) + -16.701 

♂ 0.902, [0.078], ♀ -0.746 ♂ 68/91; ♀ 94/110 [80.6%] 

 
HPBR = handprint breadth right; HPLR = handprint length right; PPLR = palmprint length right; 3DPR = middle finger or third digit print length right; 1DPR = thumb or 
first digit print length right; 2DPR = index finger or second digit print length right; 4DPR = ring finger or fourth digit print length right; ♀ = female; ♂ = male. 
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VII.2 Simple linear correlation (Pearson r) 

 

Table Appendix VII.7 Correlation coefficient (r) between stature and left and 

right handprint measurements in the male, female and pooled sex samples. 

Variable 
Value of r 

Male (n = 91) Female (n = 101) Pooled sex (n = 201) 

HPBL 0.57** 0.47** 0.78** 

HPBR 0.57** 0.50** 0.78** 

HPLL 0.64** 0.65** 0.82** 

HPLR 0.64** 0.65** 0.83** 

PPLL 0.58** 0.64** 0.81** 

PPLR 0.57** 0.62** 0.80** 

3DPL 0.56** 0.50** 0.74** 

3DPR 0.56** 0.51** 0.74** 

PPLL + 3DPL 0.64** 0.65** 0.82** 

PPLR + 3DPR 0.63** 0.65** 0.82** 

1DPL 0.52** 0.46** 0.66** 

1DPR 0.50** 0.45** 0.66** 

2DPL 0.56** 0.51** 0.73** 

2DPR 0.56** 0.45** 0.71** 

4DPL 0.57** 0.50** 0.74** 

4DPR 0.59** 0.49** 0.74** 

 
Key: HPBL = handprint breadth left; HPBR = handprint breadth right; HPLL = handprint length 
left; HPLR = handprint length right; PPLL = palmprint length left; PPLR = palmprint length right; 
3DPL = middle finger or third digit print length left; 3DPR = middle finger or third digit print 
length right; 1DPL = thumb or first digit print length left; 1DPR = thumb or first digit print length 
right; 2DPL = index finger or second digit print length left; 2DPR = index finger or second digit 
print length right; 4DPL = ring finger or fourth digit print length left; 4DPR = ring finger or fourth 
digit print length right. 
 
** p < 0.01 level (2-tailed). 
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VII.3   Stature estimation 

VII.3.1   Simple linear regression 

 
 
Table Appendix VII.8 r, R2, and adjusted R2 for individual left and right male 

handprint measurements. 

Variable Left Hand  Right Hand 

 r R
2
 

Adjusted 
R

2
 

 r R
2
 

Adjusted 
R

2
 

Handprint breadth 0.57** 0.33 0.32  0.57** 0.32 0.32 

Handprint length  0.64** 0.40 0.40  0.64** 0.42 0.41 

Palmprint length 0.58** 0.33 0.32  0.57** 0.33 0.32 

Middle finger print length 0.56** 0.32 0.31  0.56** 0.32 0.31 

Palmprint length + middle finger 
print length 

0.64** 0.40 0.40 
 

0.63** 0.40 0.40 

Thumb print length 0.52** 0.27 0.26  0.50** 0.25 0.25 

Index finger print length 0.56** 0.32 0.31  0.57** 0.33 0.32 

Ring finger print length 0.57** 0.33 0.32  0.59** 0.34 0.34 

 
Key: ** p < 0.01 level (2-tailed). 
 

 

Table Appendix VII.9 Linear regression equations for stature estimation(s) 

using individual left and right male handprint measurements (in cm). 

Left Hand  Right Hand 

Regression equations 
SEE 
(cm) 

 Regression equations 
SEE 
(cm) 

S = 111.379 + 8.179 HPBL  ± 5.81  S = 109.775 + 8.375 HPBR ± 5.83 

S = 93.836 + 4.718 HPLL ± 5.48  S = 91.858 + 4.831 HPLR ± 5.42 

S = 102.476 + 7.584 PPLL ± 5.80  S = 104.265 + 7.424 PPLR ± 5.82 

S = 118.502 + 7.575 3DPL ± 5.85  S = 116.747 + 7.783 3DPR ± 5.87 

S = 93.772 + 4.772 (PPLL + 3DPL) ± 5.46  S = 93.164 + 4.758 (PPLR + 3DPR) ± 5.48 

S = 138.869 + 6.310 1DPL ± 6.05  S = 138.481 + 6.345 1DPR ± 6.13 

S = 122.120 + 8.018 2DPL ± 5.86  S = 119.814 + 8.353 2DPR ± 5.82 

S = 113.868 + 8.745 4DPL ± 5.82  S = 113.129 + 8.877 4DPR ± 5.75 

 
Key to measurements is shown in Table Appendix VII.7. 
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Table Appendix VII.10 r, R2, and adjusted R2 for individual left and right female 

handprint measurements. 

Variable Left Hand  Right Hand 

 r R
2
 

Adjusted 
R

2
 

 r R
2
 

Adjusted 
R

2
 

Handprint breadth 0.47** 0.22 0.21  0.50** 0.25 0.24 

Handprint length  0.65** 0.42 0.41  0.65** 0.42 0.41 

Palmprint length 0.64** 0.41 0.40  0.62** 0.39 0.38 

Middle finger print length 0.50** 0.25 0.24  0.51** 0.26 0.25 

Palmprint length + middle finger 
print length 

0.65** 0.42 0.42 
 

0.65** 0.42 0.41 

Thumb print length 0.46** 0.21 0.20  0.45** 0.20 0.19 

Index finger print length 0.51** 0.26 0.25  0.45** 0.20 0.120 

Ring finger print length 0.50** 0.25 0.24  0.49** 0.24 0.23 

 
Key: ** p < 0.01 level (2-tailed). 

 

 

Table Appendix VII.11 Linear regression equations for stature estimation(s) 

using individual left and right female handprint measurements (in cm). 

Left Hand  Right Hand 

Regression equations 
 SEE 
(cm) 

 Regression equations 
SEE 
(cm) 

S = 107.029 + 7.890 HPBL  ± 6.33  S = 102.598 + 8.430 HPBR ± 6.22 

S = 73.282 + 5.589 HPLL ± 5.46  S = 73.648 + 5.568 HPLR ± 5.47 

S = 83.115 + 8.950 PPLL ± 5.51  S = 86.405 + 8.599 PPLR ± 5.60 

S = 103.177 + 8.434 3DPL ± 6.22  S = 100.262 + 8.821 3DPR ± 6.17 

S = 73.227 + 5.592 (PPLL + 3DPL) ± 5.46  S = 73.455 + 5.578 (PPLR + 3DPR) ± 5.48 

S = 116.846 + 8.245 1DPL ± 6.37  S = 120.085 + 7.653 1DPR ± 6.42 

S = 105.284 + 9.186 2DPL ± 6.17  S = 112.854 + 7.978 2DPR ± 6.40 

S = 106.514 + 8.556 4DPL ± 6.22  S = 106.170 + 8.610 4DPR ± 6.25 

 
Key to measurements is shown in Table Appendix VII.7. 
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Table Appendix VII.12 r, R2, and adjusted R2 for individual left and right pooled 

sex handprint measurements. 

Variable Left Hand  Right Hand 

 r R
2
 

Adjusted 
R

2
 

 r R
2
 

Adjusted 
R

2
 

Handprint breadth 0.78** 0.61 0.60  0.78** 0.61 0.60 

Handprint length  0.82** 0.68 0.68  0.83** 0.68 0.68 

Palmprint length 0.81** 0.65 0.65  0.80** 0.64 0.64 

Middle finger print length 0.74** 0.54 0.54  0.74** 0.55 0.55 

Palmprint length + middle finger 
print length 

0.82** 0.58 0.68 
 

0.82** 0.68 0.68 

Thumb print length 0.66** 0.44 0.44  0.66** 0.44 0.43 

Index finger print length 0.73** 0.53 0.53  0.71** 0.51 0.51 

Ring finger print length 0.74** 0.55 0.55  0.74** 0.54 0.54 

 
Key: ** p < 0.01 level (2-tailed). 

 
 

Table Appendix VII.13 Linear regression equations for stature estimation(s) 

using individual left and right pooled sex handprint measurements (in cm).  

Left Hand  Right Hand 

Regression equations 
SEE 
(cm) 

 Regression equations 
SEE 
(cm) 

S = 81.646 + 11.608 HPBL ± 6.45  S = 76.984 + 12.162 HPBR ± 6.44 

S = 55.685 + 6.757 HPLL ± 5.82  S = 55.064 + 6.796 HPLR ± 5.79 

S = 63.059 + 11.340 PPLL ± 6.06  S = 64.688 + 11.191 PPLR ± 6.17 

S = 76.134 + 12.548 3DPL ± 6.96  S = 73.420 + 12.884 3DPR ± 6.89 

S = 55.636 + 6.760 (PPLL + 3DPL) ± 5.82  S = 55.102 + 6.793 (PPLR + 3DPR) ± 5.83 

S = 99.914 + 11.841 1DPL ± 7.69  S = 99.923 + 11.799 1DPR ± 7.71 

S = 80.735 + 13.457 2DPL ± 7.01  S = 81.499 + 13.333 2DPR ± 7.20 

S = 75.689 + 13.524 4DPL ± 6.89  S = 74.628 + 13.702 4DPR ± 6.93 

 
Key to measurements is shown in Table Appendix VII.7. 
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VII.3.2   Multiple regression 
 

Table Appendix VII.14 Multiple regression equations for stature estimation(s) 

using left male handprint measurements (in cm). 

Regression equations r R
2
 

Adjusted 
R

2
 

SEE 
(cm) 

Stepwise Function 1:  
S = 93.836 + 4.718 HPLL* 

0.64 0.40 0.64 ± 5.48 

Stepwise Function 2:  
S = 83.901 + 3.376 HPLL* + 4.146 HPBL*  

0.68 0.46 0.44 ± 5.26 

Direct Function 1: 
S = 83.247 + 3.762 HPBL* + 3.706 PPLL* + 0.855 3DPL 
+ 1.995 1DPL + -0.333 2DPL + 1.390 4DPL 

0.69 0.47 0.44 ± 5.30 

Direct Function 2: 
S = 85.005 + 4.128 HPBL* + 3.105 HPLL* + 2.094 1DPL 
+ -1.438 2DPL + 0.116 4DPL 

0.69 0.47 0.44 ± 5.29 

Direct Function 3: 
S = 93.504 + 4.861 PPLL* + 4.579 3DPL*  

0.64 0.40 0.39 ± 5.50 

Direct Function 4: 
S = 82.797 + 3.831 PPLL* + 2.881 3DPL + 4.202 HPBL* 

0.68 0.46 0.44 ± 5.29 

Direct Function 5: 
S = 83.901 + 4.146 HBPL* + 3.376 HPLL* 

0.68 0.46 0.44 ± 5.26 

Direct Function 6: 
S = 111.763 + 3.608 2DPL + 0.922 3DPL + 4.609 4DPL 

0.59 0.35 0.33 ± 5.77 

 
Key to measurements is shown in Table Appendix VII.7. 
 
* Variable significant at p < 0.05. 

 

 

Table Appendix VII.15 Multiple regression equations for stature estimation(s) 

using right male handprint measurements (in cm). 

Regression equations r R
2
 

Adjusted 
R

2
 

SEE 
(cm) 

Stepwise Function 1:  
S = 91.858 +  4.831 HPLR* 

0.64 0.42 0.41 ± 5.42 

Stepwise Function2: 
S = 83.073 + 3.559 HPLR* + 3.851 HPBR*  

0.67 0.45 0.44 ± 4.74 

Direct Function 1: 
S = 81.422 + 3.096 HPBR* + 25.167 HPLR* + -20.589 PPLR  + 
-26.473 3DPR* + 1.262 1DPR + -0.267 2DPR + 4.093 4DPR 

0.71 0.50 0.46 ± 5.20 

Direct Function 2: 
S = 83.060 + 3.600 HPBR* + 3.230 HPLR* +  
1.035 1DPR + -1.593 2DPR + 1.715 4DPR 

0.68 0.46 0.43 ± 5.32 

Direct Function 3: 
S = 93.141 + 4.775 PPLR* + 4.740 3DPR*  

0.63 0.40 0.39 ± 5.51 

Direct Function 4: 
S = 82.867 + 3.874 PPLR* + 2.888 3DPR + 4.141HPBR* 

0.67 0.45 0.43 ± 5.33 

Direct Function 5: 
S = 83.073 + 3.851 HPBR* + 3.559 HPLR* 

0.67 0.45 0.44 ± 5.27 

Direct Function 6: 
S = 111.454 + 3.540 2DPR + 0.481 3DPR + 5.209 4DPR 

0.60 0.36 0.34 ± 5.74 

 
Key to measurements is shown in Table Appendix VII.7. 
 
* Variable significant at p < 0.05. 
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Table Appendix VII.16 Multiple regression equations for stature estimation(s) 

using left female handprint measurements (in cm). 

Regression equations r R
2
 

Adjusted 
R

2
 

SEE 
(cm) 

Stepwise Function 1:  
S = 73.282 + 5.589 HPLL*   

0.65 0.42 0.41 ± 5.46 

Direct Function 1: 
S = 71.172 + -0.101 HPBL + 6.825 PPLL* +  
-0.922 3DL + 2.099 1DPL + 2.255 2DPL + 1.848 4DPL 

0.67 0.45 0.420 ± 5.44 

Direct Function 2: 
S = 71.551 + 0.296 HPBL + 5.451 HPLL* + 1.936 1DPL + 
-1.030 2DPL + -0.392 4DPL 

0.65 0.43 0.40 ± 5.53 

Direct Function 3: 
S = 73.467 + 7.378 PPLL* + 3.318 3DPL*  

0.66 0.44 0.42 ± 5.42 

Direct Function 4: 
S = 73.372 + 7.349 PPLL* + 3.282 3DPL + 0.085 HPBL 

0.66 0.44 0.42 ± 5.44 

Direct Function 5: 
S = 73.394 + -0.100 HPBL + 5.626 HPLL* 

0.65 0.42 0.41 ± 5.50 

Direct Function6: 
S = 99.878 + 4.642 2DPL + 1.632 3DPL + 3.381 4DPL 

0.53 0.28 0.26 ± 6.15 

 
Key to measurements is shown in Table Appendix VII.7. 
 
* Variable significant at p < 0.05. 

 

 

Table Appendix VII.17 Multiple regression equations for stature estimation(s) 

using right female handprint measurements (in cm). 

Regression equations r R
2
 

Adjusted 
R

2
 

SEE 
(cm) 

Stepwise Function1:  
S = 73.648 + 5.568 HPLR*  

0.65 0.42 0.41 ± 5.47 

Direct Function 1: 
S = 69.370 + 1.353 HPBR + 5.128 HPLR + 1.442 PPLR + 
0.249 3DPR + 2.861 1DPR + -6.132 2DPR + 1.439 4DPR 

0.68 0.46 0.42 ± 5.44 

Direct Function 2: 
S = 69.288 + 1.361 HPBR + 6.396 HPLR* + 2.894 1DPL + 
-6.532 2DPR* + 0.933 4DPR 

0.68 0.46 0.43 ± 5.39 

Direct Function 3: 
S = 74.225 + 6.811 PPLR* + 3.929 3DPR*  

0.65 0.42 0.41 ± 5.47 

Direct Function 4: 
S = 73.336 + 6.538 PPLR* + 3.540 3DPR* + 0.847 HBPR 

0.66 0.43 0.41 ± 5.49 

Direct Function 5: 
S = 73.254 + 0.381 HPBR + 5.421 HPLR* 

0.65 0.42 0.41 ± 5.50 

Direct Function 6: 
S = 99.123 + -1.180 2DPR + 6.769 3DPR + 3.505 4DPR 

0.52 0.27 0.25 ± 6.20 

 
Key to measurements is shown in Table Appendix VII.7. 
 
* Variable significant at p < 0.05. 
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Table Appendix VII.18 Multiple regression equations for stature estimation(s) 

using left pooled sex handprint measurements (in cm). 

Regression equations R R
2
 

Adjusted 
R

2
 

SEE 
(cm) 

Stepwise Function 1:  
S = 55.685 + 6.757 HPLL* 

0.82 0.68 0.68 ± 5.82 

Stepwise Function 2:  
S = 56.693 + 4.775 HPLL* + 4.269 HPBL*  

0.84 0.70 0.70 ± 5.62 

Stepwise Function 3:  
S = 56.536 + 2.783 HPLL* + 4.306 HPBL* + 3.560 PPLL*  

0.84 0.71 0.70 ± 5.57 

Stepwise Function 4:  
S = 56.332 + 1.347 HPLL + 4.278 HPBL* + 4.677 PPLL* + 
2.390 1DPL*  

0.85 0.72 0.71 ± 5.52 

Stepwise Function 5:  
S = 57.637 + 4.699 HPBL* + 6.263 PPLL* + 2.949 1DPL* 

0.85 0.71 0.71 ± 5.52 

Direct Function 1: 
S = 55.476 + 3.864 HPBL* + 6.048 PPLL* + -0.350 3DPL + 
2.195 1DPL + 0.074 2DPL + 2.458 4DPL  

0.85 0.72 0.71 ± 5.52 

Direct Function 2: 
S = 56.462 + 4.544 HPBL* + 4.809 HPLL* + 2.211 1DPL + 
-2.538 2DPL + 0.185 4DPL 

0.84 0.71 0.70 ± 5.60 

Direct Function 3: 
S = 55.485 + 8.286 PPLL* + 4.857 3DPL*  

0.83 0.69 0.68 ± 5.78 

Direct Function 4: 
S = 56.501 + 6.339 PPLL* + 2.797 3DPL* + 4.301 HPBL* 

0.84 0.71 0.70 ± 5.57 

Direct Function 5: 
S = 56.693 + 4.269 HBL* + 4.775 HPLL* 

0.84 0.70 0.70 ± 5.62 

Direct Function 6: 
S = 72.111 + 4.824 2DPL + 2.475 3DPL + 6.790 4DPL* 

0.76 0.57 0.57 ± 6.74 

 
Key to measurements is shown in Table Appendix VII.7. 
 
* Variable significant at p < 0.05. 
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Table Appendix VII.19 Multiple regression equations for stature estimation(s) 

using right pooled sex handprint measurements (in cm). 

Regression equations r R
2
 

Adjusted 
R

2
 

SEE 
(cm) 

Stepwise Function 1:  
S = 55.064 + 6.796 HLPR* 

0.83 0.68 0.68 ± 5.79 

Stepwise Function 2:  
S = 54.908 + 4.901 HPLR* + 4.207 HPBR*  

0.84 0.70 0.70 ± 5.62 

Stepwise Function 3:  
S = 54.881 + 6.029 HPLR* + 4.590 HPBR* + -3.307 2DPR*  

0.84 0.71 0.70 ± 5.58 

Stepwise Function 4:  
S = 54.739 + 5.796 HPLR* + 4.537 HPBR* +  
-4.768 2DPL* + 2.387 1DPL*  

0.85 0.71 0.71 ± 5.53 

Direct Function 1: 
S = 54.720 + 4.068 HPBR* + 15.283 HPLR +  
-8.826 PPLR + -13.016 3DPR + 2.282 1DPR +  
-4.109 2DPR + 2.887 4DPR 

0.85 0.72 0.71 ± 5.52 

Direct Function 2: 
S = 54.328 + 4.461 HPBR* + 5.640 HPLR* + 2.222 1DPR + 
-5.408 2DR + 1.270 4DR 

0.85 0.72 0.71 ± 5.54 

Direct Function 3: 
S = 55.276 + 7.825 PPLR* + 5.475 3DPR*  

0.83 0.68 0.68 ± 5.82 

Direct Function 4: 
S = 55.108 + 6.018 PPLR* + 3.098 3DPR* + 4.573 HPBR* 

0.84 0.70 0.70 ± 5.62 

Direct Function 5: 
S = 54.908 + 4.207 HPBR* + 4.901 HPLR* 

0.84 0.70 0.70 ± 5.62 

Direct Function 6: 
S = 70.884 + 1.651 2DPL + 6.167 3DPR* + 6.021 4DPR* 

0.75 0.57 0.56 ± 6.80 

 
Key to measurements is shown in Table Appendix VII.7. 
 
* Variable significant at p < 0.05. 
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Appendix VIII 
Scatter-Plot Matrix for  

Combined Left and Right Handprint Measurements 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure Appendix VIII.1 Scatter-plot matrix illustrating the correlation between 

stature (dependent variable) and combined left and right handprint 

measurements (independent variables) for the male sample.  

 
HPB = handprint breadth; HPL = handprint length; PPL = palmprint length; 3DP = middle finger 
or third digit print length; 1DP = thumb or first digit print length; 2DP = index finger or second 
digit print length; 4DP = ring finger or fourth digit print length. 
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Figure Appendix VIII.2 Scatter-plot matrix illustrating the correlation between 

stature (dependent variable) and combined left and right handprint 

measurements (independent variables) for the female sample.  

 
Key to measurements is shown in Figure Appendix VIII.1. 
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Figure Appendix VIII.3 Scatter-plot matrix illustrating the correlation between 

stature (dependent variable) and combined left and right handprint 

measurements (independent variables) for the pooled sex sample.   

 
Key to measurements is shown in Figure Appendix VIII.1. 
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