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NOMENCLATURE

Abbreviations

FOV Field of view

ICC Intra-class correlation coefficient

TEM Technical error 6f measurement

ISAK International Society for the Advancement of Kinanthropometry

RGB-D A sensor capable of obtaining colour data (RGB) and 3D depth (D)

NUI Natural user interaction

BSP Body segment parameter

FPS Frames per second

ASIS Anterior superior iliac spine

OEM Original equipment manufacturer

ICP Iterative closest point

PCA Principal component analysis

CSv Comma separated values

RMS Root mean square

BMI Body mass index

BVI Body volume index

Symbols

uv 2D image space coordinates, comprising horizontal and vertical
components

uvZ Coordinates comprising 2D horizontal and vertical components,
and a 3D depth

XYZ 3D real world components, comprising horizontal, vertical, and

depth components

Xiv



1 INTRODUCTION

The following chapters document the culmination of a three year programme of study
into the development of a low cost 3D body scanning system, with which person

specific segmental volume can be estimated.

1.1 Motivation for the research

Within biomechanical and healthcare communities, reliable estimates of person specific
body segment parameters (BSPs) are desirable for a number of analyses (Lerch et al.
2006). For example, biomechanics communities rely on the availability of accurate
measures of segment volume, which are used in conjunction with inverse dynamics
models to calculate joint force and power (Lerch et al. 2006; Piovesan et al. 2011).
Accuracy is paramount (Durkin et al. 2002), as small changes in parameter values have
been shown to greatly influence subsequent calculations, particularly when high
accelerations are involved (Damavandi et al. 2009; Pearsall & Costigan 1999; Rao et al.

2006; Piovesan et al. 2011).

Other applications lie within elite sport, where anthropometric assessment for
monitoring and assessing fitness and performance of athletes is ever increasing in
popularity (Williams & Reilly 2000; Pienaar et al. 1998; Mohamed et al. 2009; Bullock
et al. 2009; Hoare & Warr 2000). For example, anthropometric assessment can be used
within training environments to track the change in an athlete’s physique over time, and
in response to specific training interventions (Kerr et al. 1995). However, current
manual measurement techniques are time consuming, and can be prohibitive to normal
activities (Schranz et al. 2010). 3D scanning systems offer the ability to obtain such
measurements in a much quicker manner, whilst also providing much more information
about the athletes, such as BSPs. Scans collected over longitudinal periods can also be
overlaid, allowing analysis of both the magnitude and location of any change in body

morphology.

Healthcare communities are also increasingly demanding accurate measures of body
segment volume (Robinson et al. 2012) to use in conjunction with the newly developed

body volume index (BVI) (Rahim & Barnes 2009), designed to improve upon the
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of communities including: robotics (Henry et al. 2012), body scanning (Boehm 2012),
healthcare (Labelle 2011), graphics (Izadi et al. 2011) and apparel (Stampfli et al.
2012).

Despite this, there have been few studies investigating the accuracy, reliability, and
validity of raw measurement data provided by such devices. Recent studies typically
focus on simple measurements (such as Euclidian distances and plane fitting residuals)
from single sensors (Boehm 2011; Menna et al. 2011; Khoshelham 2010), whereas a
scanning system for anthropometric assessment would typically comprise multiple
sensors (Boehm 2012), and involve more complex measurements (such as girths and
surface distances), possibly leading to a compdunding of error. Nevertheless, the results
suggest potential that accurate and reliable person specific BSPs could be calculated

from the 3D scans obtained from such sensors.

Research has suggested there is a need for a new method of obtaining accurate and
reliable person specific BSPs. BSPs calculated with the system should meet sector
requirements for reliability, whilst accuracy should exceed that offered by existing BSP
estimation techniques. The scanning method must be timely, taking less than 10
minutes per person: representing a significant time saving when compared to current
techniques and hence permitting use within sports training environments without being
prohibitive to normal activities. The method must also be low cost, costing in the order
of £2000, rather than in the region of £20,000 as is typical of most commercial scanning
systems. A cost of this order would increase the likelihood of healthcare and
biomechanics communities accepting the system as a valid alternative to the freely

available current techniques.

It appears that a 3D scanning system based upon depth cameras, capable of obtaining
person specific BSPs from 3D scans would meet this need. Assuming the scanning
system meets the requirements highlighted above, it is anticipated such a system would
be greatly appreciated and accepted by both biomechanics and healthcare communities.
Firstly, a scanning system holds the potential to improve reliability and accuracy of the
BSPs offered by current techniques, owing to their person specific nature. A scanning
system may also improve the experience of participants, patients, or athletes which must

undergo anthropometric assessment and profiling exercises, taking far less time, and



being less invasive than conventional manual measurement techniques. Furthermore,
the significant time savings offered by a scanning system in comparison to current
techniques suggests measurement and assessment exercises could be completed in
environments where it is currently infeasible due to time constraints. For example,
anthropometric assessment could feasibly become further integrated within elite sport
training and competition environments, providing coaches and athletes with much richer

information.

For the purposes of this programme of study, it was decided to solely concentrate on
estimating segmental volume, forming a first step towards calculating the full range of
BSPs from person specific 3D scans. Once a technique to reliably and accurately
calculate segment volume has been demonstrated, then further work may focus upon

obtaining the range of additional BSPs.
1.2 Aims and objectives

Aim
e To develop a 3D body scanning system that is capable of obtaining estimates of
person specific segmental volume with accuracy greater than current techniques,
reliability in excess of clinical requirements, takes less than 10 minutes to obtain

a scan of an individual, and costs less than £2000 in hardware.

Objectives

e To investigate and critique the range of 3D scanning systems currently available
as commercial products or academic research output.

e To develop a 3D body scanning system which is simple to use, meaning that it
can be used by non-specialists

e To develop a range of user application software and data analysis algorithms to
allow person specific segmental volume to be calculated from the 3D scans.

e To perform initial system validation studies using geometric objects
representative of human body segments.

e To test the system on a range of living human participants, comparing BSPs

obtained from the system to those obtained using currently accepted techniques.



The overall aim of the research is therefore to answer the question: “Can low cost
consumer 3D surface scanning techniques be used to obtain estimates of person-specific
segmental volume with accuracy greater than current techniques and a reliability

meeting clinical requirements.”
1.3 Thesis structure

The chapters in this thesis form four main parts, namely: an introduction and
background to the area of BSPs and 3D scanning, the system development process and

testing methodology, results of validation studies, and final discussions.

The first stage of the project was to develop a simple to use and low cost 3D scanning
system, in conjunction with a range of algorithms and techniques in order that person
specific segmental volume could be calculated from the 3D scans. These stages are
discussed in chapter 3, 4, and 5. Before testing the scanning system on living
participants, a series of validation tests were carried out to evaluate the scanning system
and data analysis techniques. Validation studies were carried out using geometric
objects representative of typical body segments, discussed in chapter 6. Analysis of the
results provided an indication of accuracy and reliability obtained under ideal conditions
and limited external influential factors, providing a fundamental assessment of
performance with which the results of subsequent studies could be compared. The
system was then tested on a large cohort of living human participants, comparing
volume estimated with the scanning system to that calculated using a currently accepted
geometric modelling technique. Results were also compared to those previously
obtained as part of the validation study, providing background to likely real world
accuracy of the system, and differences in reliability which may be attributable to
human influential factors. Implications of the system upon current practice, and the
likelihood of acceptance of the system in relevant sectors are discussed in chapter 7 and
8.



2 LITERATURE REVIEW
2.1 Introduction

The aim of this program of study is to develop a low cost 3D scanning system, capable
of calculating segmental volume and representing a first step towards calculating the
full range of BSPs from person-specific 3D scans. In order to fulfil this aim, knowledge
of existing BSP estimation techniques and their shortcomings is required. Knowledge
of suitable 3D scanning systems and techniques for handling and processing 3D scan
data is also required. This chapter provides an overview of relevant literature in such

arecas.
2.2 Body segment parameters

In the study of human motion, the relationship between forces, moments, and motion is
of common interest. Such analysis — referred to as the kinetics of human motion — can
either be approached as a forward or inverse dynamics problem. Inverse dynamics is
used to calculate the joint force, torque, and power required to achieve an observed
sequence of human motion. Similarly, forward dynamics uses known joint forces,
torques, and powers to infer the expected motion. In each case, knowledge of
segmental volume, mass, moment of inertia, and centre of mass is required: properties

collectively referred to as body segment parameters (BSPs).

The ability to obtain accurate BSPs is paramount (Durkin et al. 2002) as many studies
have shown errors to have a large effect upon subsequent kinetic analysis (Challis 1996;
Rao et al. 2006; Piovesan et al. 2011), particularly in movements involving high
accelerations (Kwon 1996; Chiu & Salem 2005; Arampatzis et al. 1997). For these
reasons, users of BSP data are coﬁtinually seeking methods of obtaining BSPs of

increased accuracy and reliability.

Importantly, the use of BSPs spans a number of applications within both sports and
healthcare environments. For example, BSPs may be used within sports environments
to determine the maximal forces, torque, and power which can be exerted by an athlete

in order to determine whether training goals have been met. Similarly, BSPs may be
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Harless’ study were presented as a component model, allowing users to estimate
segmental mass, volume, and CoM knowing basic measurements such as total body

mass and height.

Similarly, Braune and Fischer developed a fourteen segment model for calculating mass
and CoM, based upon three male cadavers (average build German soldiers who had
committed suicide). Braune and Fischer criticised the work by Harless, suggesting the
loss of blood and fluids from the segments - accounted for via an average offset factor —
will have degraded the accuracy and reliability of the results. In response, the cadavers
used by Braune and Fischer were kept frozen throughout the investigation to prevent
loss of blood and fluid. The cadavers were segmented about key joints using
approximate centres of rotation. Segmental mass was calculated using a balance scale,
and CoM calculated by vertically suspending the segment about three axes and the
intersection of three externally fixed planes: assumed to be the centre of mass. The
thorough nature of the study meant it was used as standard laboratory practice for over
half a century (Bjornstrup 1995), however, significant questions have been raised
regarding the reliability of the joint centres used for segmentation and the impact that

freezing the segments had upon CoM (Dempster & Gaughran 1889).

Further advancement was made by Dempster (1955), as part of the US Air Force’s
investigations into human segmental properties and the impact upon cockpit design.
Dempster conducted the largest cadaveric study at the time, dissecting eight male
deceased war veterans (smaller and weighing less than an average male, but
representative of their age). Before segmentation about joint centres of rotation,
Dempster flexed the segments to mid-range, citing this would provide a more even mass
distribution. Like Braune and Fischer, Dempster also froze the limb segments after
segmentation. Mass was calculated using a balance scale, and volume calculated using
hydrostatic weighing. CoM was calculated using a knife edge balance technique, and
moments of inertia (MOI) calculated using a pendulum technique. Like previous
studies, Dempster also created a component model, allowing mass to be estimated from

total body mass, whilst CoM and MOI could be estimated from segment length.

Barter (1957) later combined the data from (Braune & Fischer 1889) and (Dempster

1955) to produce regression equations with the use of stepwise regression analysis.



Barter believed these equations would provide more reliable segmental mass estimates

than the component models presented in previous research.

Clauser et al (1969) and Chandler et al (1975) suggested the approximate joint centres
and axes of rotation used as the segmentation points in previous studies were hard to
locate, and potentially introduced large errors in previous studies. Segmenting six and
thirteen cadavers respectively, they instead chose to dissect the segments about clearly

palpable bony landmarks, citing this would lead to greater accuracy and reliability.

Whilst cadaveric studies have proved a popular and effective method of developing data
tables and models with which to estimate BSPs of living participants, all the previous
studies have significant shortfalls. For example, previous studies all use very small
sample sizes — due to the difficulty in obtaining cadavers, and the cost and intricacy of
the techniques — meaning results are likely unrepresentative of the wider population.
Similarly, the cadavers are typically of elderly Caucasian males, likely making
extrapolation of the results to different populations, ages, and genders very inaccurate
(Behnke 1959; Hinrichs 1985; Pataky et al. 2003; Cheng et al. 2000). Unfortunately all
the studies adopted their own segmentation techniques, preventing the data being

combined to produce more representative models.

Cadavers offer additional limitations, due to the loss of blood and fluid during
segmentation (Reid & Jensen 1990), and the differences between living and deceased
tissue (Pearsall & Reid 1994). Furthermore, the way the person died will likely have a
large impact upon mass and CoM measurements (Reid & Jensen 1990). For example,
Harless (1860) used cadavers which had been decapitated and are likely to have
suffered large losses of blood and fluid at the point of death: consequently weighing

much less than the cadaver of someone who died from natural causes.
2.3.2 Person specific direct measurement techniques

Limitations in BSP predictive models derived from cadaveric studies and the resulting
effect upon accuracy and reliability are commonly accepted by researchers, which has
led to the development of techniques to directly measure person specific BSPs using in

vivo kinematic and kinetic techniques. The use of person specific measurements to

10



estimate BSPs — rather than relying on models or assumptions — is likely to greatly

improve reliability, as model assumptions, generalisations, and bias are eliminated.

Water immersion techniques (Hughes 2005; Hughes & Lau 2008; Piovesan et al. 2011;
Bjornstrup 1995) relying on Archimedes principals have been a popular (Drillis et al.
1966; Dempster & Gaughran 1889; Bjornstrup 1995; Pearsall & Reid 1994) method of
estimating person specific segmental volume. For example, Plagenhoef (1983)
calculated segmental inertia parameters of one hundred and thirty six living participants
(one hundred females and thirty five males) using a combination of water immersion
techniques — to obtain volume measures — and Dempster’s equations (1955) to estimate
mass, CoM, and radius of gyration from the volumetric data. Results were published in
the form of a gender specific segmental inertia parameter model, enabling others to use
Plagenhoef’s values within their studies. As the study involved a large number of
participants of both male and female genders, it likely provides greater representation of
the population than many previous studies. However — like many other studies -
Dempster’s uniform segment density values were used as part of the process to obtain
segmental mass from the volumetric data. This approach is often criticised as the
segment density values were derived from cadavers, and therefore unlikely to be
representative of living tissue (Behnke 1959; Mungiole & Martin 1990). Furthermore,
there are a number of practical issues associated with suspending segments in water

receptacles within a laboratory environment for example.

Other person specific in vivo techniques typically make use of the motion capture and
force plate systems (Chen et al. 2011; Pataky et al. 2003; Kingma et al. 1995; Fuschillo
et al. 2012; Damavandi et al. 2009) typically found within biomechanics laboratories to
estimate person specific BSPs. For example, Chen et al (2011) compared BSP
estimates calculated using the models by Dempster (1955), Zatsiorsky (1983), and
Cheng (2000) to those obtained using a force plate and motion capture system. Twelve
participants were recruited, aged 24 + 2 years. Participants were asked to displace body
segments as far from the body as possible whilst standing on a force plate, with the
body movement recorded using a motion capture system. These data allowed segmental
mass, CoM, and moments of inertia to be calculated. Results showed comparable
segmental masses and moments of inertia derived using the four techniques, however

large differences were observed in CoM (up to 50.4% of segment length). Ostensibly,

11



BSPs derived using Chen et al’s method produced better estimates of whole body centre
of pressure and ground reaction force than the three investigated BSP models. As
discussed in previous studies, results highlighted performance of the predictive models

to be highly dependent upon the physique of the participants (Durkin & Dowling 2003).

Hatze (1975) developed a simple technique for measuring BSPs, based upon an
oscillation technique. The method requires a body segment to be set into oscillation
with an instrumented spring, ensuring the muscles are relaxed. This creates a spring
damper system, enabling mathematical equations based upon small oscillation theory
(Gregory 2006) to be used to calculate the required inertial parameters. Importantly
however, the method cannot be used on the trunk segment as it cannot be fully

separated from its adjoining segments.

Studies focussing upon BSPs derived using direct measurement techniques suggest they
are able to produce more accurate and reliable BSPs than those derived using model
based approaches. However, such techniques are inherently time consuming, require
specialist equipment, specialist training, and are often impractical. Therefore, such
techniques appear unsuitable for use within sports training and healthcare environments,
largely owing to the time demands that would likely be prohibitive to normal activities

(Schranz et al. 2010).
2.83.3 Medical imaging and scanning

Limitations in the previously discussed approaches, combined with a wider availability
of scanning systems, has led to an increased interest in the use of medical imaging and
scanning techniques (such as MRI, DEXA, and CT) to obtain BSP estimates, offering a
number of advantages. Firstly, 3D scans offer individual specific BSP estimates that do
not make significant assumptions about the shape of the body. Secondly, such scanning
techniques provide information about the structure of the segments underneath the skin.
This means uniform density assumptions do not have to be used when calculating mass,
instead allowing use of varying density values derived directly from the person being
scanned. However, use of uniform density assumptions has been shown to have little
impact upon subsequent calculations (Wicke & Dumas 2010). Thirdly, they eliminate

the need for any form of anthropometric measurement, thereby eliminating the inherent
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Martin et al (1989) developed a method of obtaining person-specific BSP estimates
from MRI scans. Although the method was tested upon eight baboon cadavers, the
method is directly applicable to living humans. The MRI-derived cross sectional slices
were used in conjunction with scan-derived density values to produce BSP estimates.
Centre of mass and moments of inertia showed good agreement (mean differences of -
2.4% and 4.4% respectively) between those derived from criterion techniques (balance
(Drillis et al. 1966) and oscillation techniques (Dempster 1955) respectively) and the
MRI scans. Volume estimates calculated from the MRI scans were found to be
systematically greater (mean of 6.3%) than those calculated using criterion techniques

(hydrostatic weighing).

Computed tomography scanners (CT) work on a similar principal to that of
conventional x-ray scanners, also using an x-ray source and detector. Unlike x-ray
scanners, the x-ray source and detector is moved around the body in a 360° rotation, as
well as moving along the length of the body. Multiple scans are captured in the
different positions, which are later aligned with one another to produce a model of the
body’s internal and external structure. CT scanners also work by capturing the scans in
cross-sectional ‘slices’ (figure 2.1), enabling change in the bodies shape and internal
structure to be analysed throughout its length. CT scans are comparable to MRI in terms
of time required to collect the scan, taking between twenty minutes and an hour (Harris

2002).

Pearsall et al (1996) performed a similar study to that of Martin et al (1989), instead
using CT imaging, and testing the method upon four living humans. CT slices were
collected at 10 mm intervals, allowing estimation of BSPs whilst also providing
segment-specific density values derived from the pixel intensities of the returned scans.
Whilst the technique proved effective, Pearsall et al choose to validate the obtained
BSPs against those derived from previously published techniques (including cadaver
studies, MRI scanning, gamma and x-ray scanning, water immersion, and photographic
techniques) rather than the criterion measures used in other comparative studies.
Results showed discrepancies when compared to previous techniques (mass differences
of up to 10% of whole body mass for example), however Pearsall et al expected this
was due to differences in the way the body was segmented, rather than fundamental

problems with the methods. Pearsall et al concluded by proposing a standardised

14



technique of segmenting the human body for the assessment of BSPs, defining a
consistent set of segmentation landmarks that should be used in future comparative

studies.

Dual energy x-ray absorptiometry (DEXA) scanners are based upon x-ray sources, and
are typically used in medical environments for determining the density and health of
bones. The person being scanned typically lies on an x-ray detector, with an x-ray
source located above them. The x-ray source emits x-rays, which are passed through
the body and attenuated by differing amounts owing to the density of the materiél they
are passed through. The intensity of the detected x-rays is recorded by the detector and
later converted into a colour coded intensity image, providing an indication of the
body’s external and internal structure. Some systems use multiple x-ray sourcés of
different intensities in order to calculate density, cited to achieve greater accuracy
(Derrer 2013). DEXA scans are typically quicker than MRI and CT, taking between ten

and twenty minutes dependent upon the area being scanned (Derrer 2013).

Durkin et al (2002) conducted a similar study to that of Pearsall et al (1996), instead
developing a technique based upon DEXA scanning. The DEXA scans provided both
surface geometric information and underlying density values, enabling calculation of
person specific BSPs. The method was tested upon eleven living male participants,
with the scan derived segmental masses summed and compared to whole body mass

derived from criterion weighing techniques.

In addition to the eleven living participants, a plastic cylinder and human cadaver leg
were scanned with the system, enabling comparison between centre of mass and
moments of inertia derived from the scans and criterion techniques (using a knife edge
balancing technique and an oscillation technique respectively). Results showed a mean
percentage difference of -1.05% + 1.32% in whole body mass between the scan-derived
values and those derived from criterion techniques. Differences for the cylinder and
cadaver leg were under 3.2% for all BSPs apart from the moment of inertia, (14.3% and
8.2% for the cylinder and leg respectively). However, this was attributed to uncertainty
in the pendulum balancing criterion technique. When compared to criterion geometric
calculations, the average error in the cylinder moments of inertia fell to 2.63%. Similar

to previous studies, results again suggest that medical scanning techniques are able to
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obtain accurate person-specific BSP estimates, however the interpretation and
comparison of results is limited due to differences in the way the studies have been

conducted.

Durkin and Dowling (2003) later conducted a study to compare BSPs derived from four
human body BSP models (Dempster 1955; Hanavan 1964; Zatsiorsky 1983; Zatsiorsky
& Seluyanov 1985) to those derived from DEXA scans. Durkin and Dowling recruited
participants from four different human populations (male and females, aged 19-30, and
aged 55+), expecting to see significant differences in the BSPs reported by each
technique, owing to the data used to produce the underlying models. Results showed
significant differences between the BSPs reported for the four populations (mass
differences up to 13% of whole body mass, CoM differences up to 42% of segment
length, and radius of gyration differences up to 33% of segment length), further
highlighting the problems previously discussed, and identifying the need for person
specific BSPs rather than generic models. Another potential source of discrepancy
between techniques was the inclusion of person-specific density values in the DEXA-
derived BSPs, whilst the predictive BSP models typically used segmental uniform
density assumptions. However, other studies suggest this would only account for small

differences (Wicke & Dumas 2010).

Cheng et al (2000) recognised the problems associated with the use of BSP models for
calculating BSPs of human populations that are different to the elderly Caucasians upon
which the models are typically based. For this reason, Cheng obtained BSP estimates of
eight male Chinese participants (aged 26 + 4) derived from MRI scans. In addition,
Cheng obtained equivalent BSPs using the models of Dempster (41955), Clauser et al
(1969), Martin et al (1989), and Pearsall et al (1994). Based upon the findings of
previous studies, Cheng expected to observe significant differences between BSPs
derived from the five methods. Segmental masses showed the most variation, likely
owing to the considerably different segment definitions used in the different studies.
Cheng et al’s segmentation protocol was most comparable to that used by Dempster
(1955), ostensibly, results of the two studies showed the closest agreement but still
showed considerable differences. For example, larger percentages of whole body mass
were suggested to exist in the upper arm (average increase of 4%) and thigh (average

increase of 13.6%) when compared to previous techniques. Cheng et al suggested the
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examined BSP models were not suitable for application to the Chinese population,

instead proposing the developed MRI based approach should be used.

Wicke and Dumas (2008) used a combination of DEXA scanning and photographic
techniques to obtain density and volume estimates of 25 female and 24 male
participants. The use of DEXA scanning in conjunction with photogrammetric
techniques enabled the raw measurements from photographs to be supplemented with
density values from the DEXA scans, obtaining segmental mass values. The
photogrammetric technique provided volume estimates with less than 5% error, and
DEXA scanning provided mass per unit area errors of less than 1%. However, issues
with data alignment were found when combining the two data sets in order to obtain

segmental mass.

Despite the accuracy and reliability reported in previous studies, medical imaging and
scanning techniques are not viable options for widespread BSP studies within research
laboratories, healthcare, and sports training environments: owing to their cost,
associated health risks, and time required to obtain the scans. A lower cost alternative

of equivalent accuracy without the associated health risks is therefore required.

2.3.4 Geometric models

Geometric techniques for estimating BSPs represent the bodies segments using a series
of geometric shapes, varying in complexity between the range of available techniques.

The shapes are dimensioned based upon a series of anatomical measurements, and
segmental properties calculated from the shapes. Unlike previously discussed
techniques based upon regression equations and data tables, geometric techniques are
more sensitive, and therefore often able to detect small changes in person specific
volume and shape (Kingma et al. 1996). As a result, they are often cited to be the most

accurate BSP estimation technique (Nigg 1999).

Hanavan (1964) developed a geometric model of the human body, representing the
bodies segments using fifteen simplified geometric solids (figure 2.2), dependent upon
the segment being modelled. The dimensions and properties of the shapes are

calculated using anthropometric measurements of the person being modelled, tailoring
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the shapes to the individual. As the shapes are geometrically simple, only twenty five
anthropometric measurements of the body are required to appropriately scale and

dimension the shapes, meaning the time required with participants is limited.
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Figure 2.2 - The 15 segment BSP model of Hanavan (1964)

Hanavan assumed a uniform density in all of the bodies segments, greatly reducing the
simplicity of the ensuing calculations. Results showed an average of 9.7% error in total
body mass when compared to that derived from a balance scale. An error of this
magnitude likely arises from two sources. Whilst the geometric shapes representing the
bodies segments are scaled and dimensioned to fit the individual using anthropometric
measurements taken directly from the body, the shapes are inherently very simple,
meaning they are likely to misrepresent or incorrectly report key areas of body mass.
Error is also undoubtedly introduced due to the uniform density assumption, which will
vary considerably between lean and fat people. However, this is expected to be a
smaller contributor to the overall estimation error than the geometric misrepresentation

(Wicke & Dumas 2010).

Jensen (1978) developed a geometric technique of representing the human body,

choosing to represent it as a series of 20 mm elliptical cross-sections (represented by the
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dashed lines in figure 2.3): a technique commonly used in conjunction with MRI and

CT scans.

Figure 2.3 - The elliptical body BSP model of Jensen (1978)

Ostensibly this requires a large number of body measurements be taken in order to
correctly dimension the elliptical representations. For this purpose, Jensen developed a
photographic digitisation technique. Instead of the participant having to undergo a
lengthy anthropometric measurement process, the required anthropometric
measurements are instead derived from photographs. Photographs are taken from the
sagittal and coronial planes (sagittal plane shown in figure 2.3), providing the width and
breadth dimensions required to dimension the representative ellipses. Like many other
anthropometric techniques (Stewart et al. 2011), Jensen only modelled one arm and leg,

assuming symmetry on the other side of the body.

Whilst the time required with the participant is very short, the time required to digitise
the two photographs takes around two hours per participant. Like Hanavan, Jensen
assumes a uniform density throughout the bodies segments, using the density values
published by Dempster (1955). Results show around 2% error in model-derived total
body mass when compared to that derived from balance scales, representing a big
improvement upon the model of Hanavan (1964). The improvement in accuracy likely
arises from the large number of anthropometric measurements, meaning small cross-
sectional anatomical features of the body are detected and modelled by the elliptical
zones, rather than being averaged throughout the length of a segment by the shapes used
in Hanavan’s model. In contrast, errors in Jensen’s model likely arise from some parts
of the body being inaccurately represented by ellipses, leading to an under or over
estimation of mass. As before, error is also likely partially introduced by the uniform

density assumption.
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Hatze (1980) developed a geometric model for estimating BSPs, based upon two
hundred and forty two anthropometric measurements divided amongst seventeen

segments of the body, figure 2.4.

Figure 2.4 - The 17 segment BSP model of Hatze (1980)

Hatze’s model offers many advantages over existing techniques. Firstly, the seventeen
segments are divided into small mass elements of different geometric structures,
allowing the shape of a segment to be modelled in detail. For example, intricate areas
of the body such as the shoulders are treated as separate entities rather than including
them in the arms or torso. Unlike previous techniques (Hanavan 1964; Jensen 1978),
there are no direct assumptions regarding the underlying shape of the body, instead
relying solely upon the anthropometric measurements.  Hatze’s model also
differentiates between males and females, defining differing mass distributions for
example. Importantly, Hatze’s model does not make a uniform density assumption,
meaning density is dependent upon the segment being modelled, whilst also including a
subcutaneous fat indicator to account for differences in densities of pregnant and obese

individuals for example.
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Results show the accuracy of whole body mass to be more than 3% on average, with a
maximum error of around 5% when compared to balance scales. Hatze suggests a large
portion of this accuracy is attributable to the anthropometric measurements being
derived from the person directly, rather than digitising photos. Whilst this means a long
time with each participant, it results in the accuracy reported above. Although the
anthropometric measurement process is very long, the ensuing data processing time is
very low, taking a computer program around half a second to produce the BSPs relating
to a series of input anthropometric measurements. It is interesting to note that whilst
Hatze’s model theoretically offers numerous accuracy improvements - owing to the lack
of assumptions in the underlying data - it actually produced a greater difference in
comparison to criterion techniques than that of Jensen (1978), whilst suffering from the

drawback of requiring a significant amount of time with each participant.

Yeadon (1990b) developed a geometric model of the human body with which to
calculate BSPs. Yeadon represented the human body using a series of forty geometric

shapes, known as stadium solids, figure 2.5.

Figure 2.5 - The stadium solid BSP model of Yeadon (1990b)
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Each stadium solid is defined between two anatomical landmarks, with the distance
between the two landmarks, and a circumference and breadth measurement taken at
either end of the segment used to appropriately scale the stadium solids, figure 2.6.
This results in ninety five anthropometric measurements per participant. Importantly,
Yeadon’s model allows the left and right arms and legs to be modelled individually,
rather than relying upon the symmetry assumptions of previous techniques. Yeadon
uses published density values (Dempster 1955) for each segment, which are

appropriately varied amongst the stadium solids which form a particular segment.

Width

Height
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Figure 2.6 - Yeadon’s stadium solid used to represent segments of the body
(Yeadon 1990b)

Results suggest around 2% error in total body mass when compared to that derived from
balance scales, in line with the model of Jensen (1978). Like previous studies, the
difference between techniques likely arises from the uniform density assumptions, and
the stadium solid segment representations. Whilst the stadium solids represent a
significant improvement upon the simple shapes used in previous techniques (Jensen

1978; Hanavan 1964), they are still likely to introduce a degree of error.

Although Yeadon’s model requires ninety five anthropometric measurements, it is still
quicker than the techniques of Jensen (1978) and Hatze (1980), whilst producing
comparable accuracy. For this reason, Yeadon’s geometric BSP model appears to be
the best technique currently available for use within sports and healthcare research

laboratories, training environments, and clinical environments.
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Importantly however, the accuracy of geometric models has been reported to vary
considerably between segments, likely due to the geometric shapes used to represent the
body being unrepresentative of reality (Wicke & Dumas 2010). This is likely to be
most apparent in the torso segment, having the most potential to considerably change
-shape as a result of excess abdominal fat (Wicke & Dumas 2010). In the case of
Yeadon’s geometric model, this may lead to under or over reporting of volume,
dependent upon the shape of the individual. Care must therefore be taken when
analysing previously reported accuracy and reliability results to ensure the study
includes a variety of somatotypes. Other problems associated with the torso segment
also originate from the likelihood it contains a higher amount of fat in comparison to
other segments (Wicke & Dumas 2010). Therefore, anatomical landmark identification
is likely to be harder and more prone to error than in other segments where anatomical
landmarks are usually located on bony prominences and not surrounded by fat
(Huijbregts 2002). The presence of fat also increases the likelihood of soft tissue
depression during anatomical landmark identification, which is likely to lead to further

CITor1S.

Gittoes et al (2009) recently improved upon Yeadon’s BSP method, developing a
technique to reduce the time required with each participant, instead deriving the ninety
five anthropometric measurements from three digitised photographs (coronial, left, and
right sagittal plane). Results were comparable to those derived using direct
measurement techniques, showing a 2.87% mean difference in whole body mass
between the measured value (weighing scales) and the image technique, versus a 2.1%
mean difference between the measured value and Yeadon’s direct measurement
techniques (tape measure and callipers). Results therefore suggest the practicality of
Yeadon’s BSP model can be further improved with this technique, suffering from only a
slight reduction in accuracy. The practicality of the manual anthropometric
measurement process should therefore be validated against the time savings offered by
the photographic technique and the trade off in accuracy before deciding upon the most

applicable technique for a specific application.

BSP models appear to offer increased accuracy and reliability when compared to
previous techniques based upon cadaver studies. The improved accuracy and reliability

typically arises as a result of the increased number of anatomical measurements which

23



)9 "HE G-
"HHD*

))

2,

)48&8&6



along the narrow line illuminated by the laser projector, therefore, the laser stripe is
moved across the full object to obtain a full geometric profile of the object being
scanned. Due to the nature of laser light, such systems are able to produce 3D models

of very high accuracy (Voosen 2011; Lerch et al. 2006).

Although typically offering high point accuracy (Nikon Corp 2011), the conventionally
cited accuracy of handheld laser scanners is likely reduced when scanning living
humans. In order to obtain a 3D scan of a full human body it is likely the person will
have to stand still for periods of up to thirty minutes, providing significant potential for
involuntary movement due to involuntary postural sway and breathing, having an

impact upon the geometry returned from the laser scan.

Outram et al (2011) recently used a handheld laser scanner (Model Maker D100, Nikon
Metrology) to obtain 3D scans of three male participants. BSPs were calculated directly
from the 3D scans using Pro-Engineer CAD software (PTC, Massachusetts, USA), as
well as extracting relevant anthropometric measurements. The anthropometric
measurements were used in conjunction with Yeadon’s geometric model to calculate
equivalent BSPs. Results showed Yeadon’s model to overestimate segmental mass
(assuming uniform density) by around 4% on average when compared to the scan
derived value. Importantly, the anthropometric measurements used in conjunction with
Yeadon’s model were derived from the 3D scan and were therefore not susceptible to
the usual manual measurement variation (O’Haire & Gibbons 2000). Were they
obtained using normal measurement techniques (tape measure and callipers), then

greater disparity between the two techniques would be expected.

In a similar study, Sheets et al (2010) obtained 3D scans of four male participants using
a full body laser scanner (Cyberware WBX, California, USA), providing a 4 mm
scanning resolution. The 3D scans were morphed to fit a generic fifteen segment model
of the body, enabling segmentation of the scans and calculation of relevant BSPs. Scan-
derived BSPs were compared to those calculated using Dempster’s (1955) and Clauser
et al’s BSP models (1969). Results showed the laser scan to overestimate whole body
mass by around 2.3% when compared to mass derived from balance scales. This may
arise in part from errors introduced when morphing the 3D scans to fit the segmental

model of the body. Alternatively, it may be due to the 3D scan detecting small
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variations in body morphology that the models by Dempster and Clauser are not

sensitive enough to detect.

Norton et al (2002) used a full body laser scanner (Hamamatsu body lines scanner,
Hamamatsu Photonics, Hamamatsu City, Japan) to obtain 3D scans of ten participant’s
legs. Scan derived volume measurements were compared to those derived using a water
displacement technique. Results showed good agreement between the two techniques,

with an average difference between techniques of 0.61% and a lack of systematic bias.

The studies by Outram et al (2011) and Sheets et al (2010) show the scan-derived
volume measurements to overestimate in comparison to values derived from commonly
used BSP models. It is likely the scan-derived values are nearer the ‘true’ value, as they
are likely to detect small variations in body morphology that may not be detected by the
BSP models. This is supported by results of the study by Norton et al (2002), showing
scan-derived volume measurements to be very close to those obtained via a water
immersion technique. The water immersion technique is likely more sensitive to small
variations in body morphology than the BSP models, and therefore closer to the laser

scanner.

Full body laser scanners appear more popular than handheld laser scanners, and are also
often used in anthropometric studies of athletes (Schranz et al. 2010). Although
offering a lower scanning resolution and accuracy (typically by a factor of ten (Nikon
Corp 2011; Vitronic 2011)), full body laser scanners offer much shorter scan times
(around twenty seconds versus around thirty minutes to scan a full body with a
handheld laser scanner (Vitronic 2011)), hence providing far less potential for errors to
occur in the 3D scans as a result of involuntary movement or breathing during the
scanning duration. For these reasons, it would not be recommended to use handheld

laser scanners for any form of body morphology study.

Although more widely available than MRI and DEXA scanners, full body laser scanners
still represent a considerable investment (around £100,000 (Vitronic 2011)) and are
likely prohibitively costly for the majority of sports and healthcare research laboratories
(Weiss et al. 2011). It is important to reiterate that despite their high cost, such scanners

are only ‘surface scanners’, providing only the outer geometry of observed surfaces.
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Unlike CT and DEXA scanners they are unable to obtain the densities of the underlying
tissue and bone, meaning uniform density assumptions must be used in a similar manner

to those used in conjunction with the BSP models discussed above.

Many other commercial 3D surface scanning systems are available, noteworthy is that
by 3dMD (3dMD 2014) utilising a projector-camera 3D vision system and primarily
designed for medical and healthcare sectors. Although offering high accuracy,
resolution, and reliability (Paul et al. 2009), such systems also represent a considerable
investment (around £100,000 (3dMD 2014)) and are likewise prohibitively costly for

the majority of sports and healthcare research laboratories (Weiss et al. 2011).

Considerably cheaper commercial 3D scanning systems are available, including those
by TC? (TC2 2011) and Sizestream (Sizestream 2014) , costing around £15,000 (TC2
2011). Accuracy and reliability is typically lower than more expensive systems, but is
still suitable for many body scanning applications. However, most are typically
designed towards applications within the apparel sector, and as such the data capture
software only allows limited access to the raw scan data and measurements (Sizestream
2014), making them unsuitable for other specialist applications such as that considered

here.

2.3.6 Summary

The literature suggests that BSP estimation techniques based upon cadaver data are
unsuitable for application to the general population as the underlying data typically
lacks any form of gender, age, or racial diversity: often being derived from the cadavers
of elderly Caucasian males (deceased war veterans). For example, (Cheng et al. 2000)
showed such techniques to be unsuitable for estimating the BSPs of participants
representative of the Chinese population. Similarly, the BSPs of a young female athlete
are likely to be very different to that of an elderly Caucasian male. Although such
techniques require few measurements of the human body — and are therefore very quick
— they are rarely used within research studies as they are unable to calculate BSPs that

are representative of the underlying participants.
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Geometric BSP estimation techniques have proved a popular method of estimating
BSPs within research studies, offering the best trade off in accuracy, time, and cost.
They offer the advantage of taking into account more person-specific features when
calculating BSPs, but the accuracy of current models varies considerably, dependent
upon the complexity of the geometric shapes used to represent the body. Accuracy and
reliability has been shown to vary between segments, with the greatest potential for
errors being in the torso segment due to the potential for abdominal fat. However,
studies have shown geometric estimation techniques to produce more accurate BSPs
than those derived from cadaver studies. Geometric estimation techniques suffer from
the drawback of requiring a large number of anthropometric measurements in order to
correctly dimension the representative geometric shapes, and as a result the
measurement process can be lengthy (taking in excess of forty minutes per person in
some cases). Whilst this is acceptable within dedicated research studies it is impractical

for sports training or competition environments.

Attention is turning towards methods of obtaining person specific BSPs derived from
kinetic measurements and surface representations, rather than relying upon modelling
techniques or equations. As a result, a number of in vivo BSP estimation techniques
have been developed, making use of the equipment already found within a typical gym
or biomechanics research laboratory: such as force plates. However, such techniques
are often criticised for making large assumptions about the shape or movement
properties of the bodies segments, leading to variable accuracy. They also suffer from
the drawback of being highly complex and time consuming, often requiring specialist
training. For this reason, such techniques are proving increasingly unpopular, and

typically constrained to a small number of specialised research studies.

Medical scanning systems (such as DEXA, MRI, and CT) have been used in a number
of research studies to obtain person specific BSPs. Scanning systems of this form offer
the unique advantage of being able to obtain person specific density values, rather than
relying upon the generic values used in the majority of studies. However, this has been
shown to have a limited effect upon further analyses (Wicke & Dumas 2010). Despite
their unique advantages, they offer a number of drawbacks and limitations. Firstly, the
availability of such systems is limited, meaning widespread use would be unrealistic.

The data capture and post processing steps are also highly complex and time
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consuming, meaning specialist training is required, and making the whole process
unrealistic to perform upon large cohorts of participants. Such systems are highly
expensive, meaning they could not be installed within typical sports training or
competition environments. However, most importantly, MRI and CT scanners pose
significant health risks — particularly if used repeatedly — making widespread use

infeasible.

Three dimensional surface scanning systems, such as those based upon laser and
projector-camera systems have been used in a number of studies to calculate person
specific BSPs. They offer the advantage over geometric and cadaver based techniques
of being able to obtain full 3D geometric representations of the individual, enabling
person specific BSPs to be calculated based upon real world 3D shapes. However, such
techniques typically suffer from the drawback of taking a long time to obtain the 3D
scans, requiring the person being scanned to stand still for long periods of time and
increasing the possibility for errors to arise due to postural sway and breathing.
However, previous studies have shown such techniques to produce accurate and reliable
BSPs. Importantly, such scanners still represent a considerable investment, require
specialist training, and involve lengthy and specialised post processing of the returned
3D data. For this reason, such techniques have been used in a limited number of studies

to date.

Considering previously published BSP estimation techniques, reported results, and
discussions, it appears the range of currently available BSP estimation techniques are
unable to provide BSPs that are both accurate and reliable, and hence likely to have
large impacts upon subsequent dynamics analysis. For these reasons, sports and
healthcare communities are currently seeking BSP estimation techniques offering
greater reliability and accuracy. Researchers and practitioners appear to be seeking
techniques of obtaining BSPs that are specific to an individual and not based upon
generic assumptions or heavily simplified models. Additionally, the technique should
be low cost (as current geometric and cadaver based techniques are free to use) in order
that it can be used in a large number of sports and healthcare environments. The
technique should also be as simple and quick as possible, in order that it can be used in
a large number of environments (such as sports training) without being prohibitive to

normal activities, and does not require lengthy training processes for practitioners.
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2.4 The influence of body segment parameter estimation errors upon

dynamics analyses

A number of studies have focussed on the influence of errors in BSP estimation upon
subsequent biomechanical analyses, such as dynamics analysis. Conclusions differ
largely between studies, suggesting the impact of errors in BSPs upon dynamics
analysis and the importance of high accuracy and reliability depends greatly upon the

type of movement being investigated.

For example, Challis (1996) suggested that segmental moment of inertia errors of up to
8% only had small effects on calculated joint moments during activities such as
walking, vertical jumping, and rapid elbow extensions. RMS differences in joint
moments for walking and vertical jumping activities were reported to vary by < 2%
between perturbed and non-perturbed values (see (Challis 1996) for the magnitude of
the perturbations). Similarly, 5% perturbations in forearm moments of inertia were
shown to produce RMS differences of 4.1% in joint moments during the rapid elbow
extension activity. Importantly however, Challis (1996) recognised the influence of
perturbations in BSPs may not have been prominent in the studied activities, owing to

the relatively slow accelerations involved.

Kwon (1996) investigated the observed differences in dynamics analysis due to the
BSPs calculated from ten different BSP estimation techniques, split into four categories:
cadaver based, medical scanning, and geometric modelling. Importantly, the activity
for which the dynamics were calculated (double somersault with full twist H-bar
dismounts) involved higher acceleration movements than those studied by Challis
(1996). For example, calculated CoM differed between methods by up to 3.5% of body

height, leading mean airborne angular momentum to vary by up to 10.4%.

A comparable study by Chiu and Salem (2005) calculated the BSPs of a male weight-
lifter using a DEXA scanner and the regression equations of Dempster (1955).
Calculated BSPs were used to determine knee and hip joint moments during a snatch-
pull activity. Results showed knee joint moments to vary by 5%, and hip joint moments
to vary by 10%, due to differences in the initial BSPs. Importantly, Chiu and Salem

found the largest differences between techniques to occur during the second pull phase
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of the activity, where the accelerations of the shank and thigh are at their greatest:

affirming the thoughts of Challis (1996) and findings of Kwon (1996).

Arampatzis (1997) studied differences in calculated joint moments during dynamic
jumping activities, owing to differences in BSPs calculated using the techniques of
Zatsiorsky and Seluyanov (1985) and Hanavan (1964). Results showed differences in
net joint moments at the ankle, knee, and hip to vary between * 3%, + 5%, and = 8%
respectively. Despite this, Arampatzis et al concluded that differences in BSPs didn’t
have a significant impact upon calculated net joint moments. However, given the
magnitude of the observed differences, the high acceleration movement involved, and

the agreement with previous studies, it is hard to agree with such conclusions.

Considering other measures, Pearsall and Costigan (1999) showed that a 20% increase
in thigh mass had the potential to increase the distal-proximal hip force by 14.7% during
a quiet stance activity. Similarly, a 40% increase in thigh mass was shown to increase
the distal-proximal hip force by 29.3% when compared to the norm. Pearsall and
Costigan also showed similar results within the low acceleration swing phase of normal
walking gait. Whilst a 40% increase in thigh mass may sound a considerable error,
given the relatively low total segment mass of the thigh (around 7kg (Pearsall &
Costigan 1999)), a 40% increase in mass would only represent an absolute mass
increase of 2.8kg. Importantly, Pearsall and Costigan showed that a 40% difference in
thigh mass was typical of that expected across commonly used BSP estimation models,

further supported by Kingma et al (1996).

Research suggests currently available BSP estimation techniques have a varying effect
upon subsequent dynamics analyses, dependent upon both the estimation technique and
the type of activity for which the dynamics are being investigated. For example, studies
have shown errors in BSPs to have a limited impact upon the calculated dynamics of
slow movements (walking for example). However, a much greater impact upon
dynamics has been found when higher acceleration movements are involved (such as
those typically found within running and tennis). For these applications, current BSP
estimation techniques appear unsuitable, suggesting a clear demand for methods of

calculating BSPs to a greater level of accuracy and reliability. Whilst current
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techniques may be suitable for slower movements, practitioners would undoubtedly

benefit from simpler and quicker methods of obtaining BSPs.
2.5 Low cost 3D surface scanning systems

Section 2.3.5 discussed a number of 3D scanning techniques which have previously
been used to obtain person-specific 3D scans from which BSPs were calculated.
However, the majority of systems are prohibitively costly for widespread use. Section
2.5 therefore discusses a number of lower cost 3D scanning techniques suitable for
widespread use, some of which having being previously used to obtain person-specific

BSPs.

Recently, Wicke and Dumas (2010) suggested that structured light 3D scanning systems
offer a low cost technique for obtaining person-specific 3D scans from which BSPs can
be calculated. However, the majority of current systems are still relatively costly
(around £20,000 (Rossi et al. 2013; Artec 2014)), require specialist training, and involve
lengthy skilled post processing techniques.

The recent interest in natural user interaction (NUI) has led to the development of low
cost (in the region of £200 (Amazon 2012)) depth cameras such as the Microsoft
Kinect® (Micrbsoft Corporation, Redmond, USA) and Asus Xtion Pro (ASUSTeK,
Taipei, Taiwan), able to capture human motion in 3D (Boehm 2012), figure 2.8.
Commonly using a combination of structured light (Shpunt & Zalevsky 2009) or time of
flight (TOF) techniques in conjunction with computer vision algorithms (Shotton et al.
2011), they are also capable of capturing 3D scan data at a rate of 30Hz (Khoshelham
2010). This provides a low cost method of obtaining person-specific 3D scans, from

which BSPs can be calculated.
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