
 
 

Libraries and Learning Services 
 

University of Auckland Research 
Repository, ResearchSpace 
 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 

 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognize the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material 
from their thesis. 

 

General copyright and disclaimer 
 

In addition to the above conditions, authors give their consent for the digital 
copy of their work to be used subject to the conditions specified on the Library 
Thesis Consent Form and Deposit Licence. 

 

 

http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/services/research-support/depositing-theses/licence-summary


 i 

  

 

 

KINEMATICS OF THE HUMAN SHOULDER 

COMPLEX: 

MODEL REGISTRATION, X RAY VIDEORADIOGRAPHY AND  

SOFT TISSUE ARTEFACTS 

By 

Ted Chi Tak Yeung 

Supervised By 

Dr Kumar Mithrarantne 

 

Auckland Bioengineering Institute 

The University of Auckland 

New Zealand 

August 2016 

 

A thesis submitted in fulfillment of the requirements for the degree of 

Doctor of Philosophy in Bioengineering at the University of Auckland, 2015. 



 



 

 

i 

i 

Abstract 

The shoulder complex is an intricate joint system of the human body that provides support and 

movement for the upper limb. It consists of four uniquely shaped bones that are responsible for three 

different articulations. An in-depth knowledge of shoulder motion would help clinicians, biomechanics 

researchers and physiotherapists to understand the complexities of the shoulder function, injury 

mechanisms and allow them to suggest preventive measures and improve treatment regimens. 

Determining shoulder complex kinematics accurately using the data from non-invasive methods such 

as optical motion capture (OMC) with skin-mounted markers is a challenging task. This is primarily 

due to the deformation of the soft tissue causing relative motion between the markers and underlying 

skeletal structure. This effect is known as soft tissue artefacts (STAs) and it leads to violation of rigid 

body assumptions, which can result in significant errors in joint angle calculations. Furthermore, the 

joint system’s anatomy also makes it difficult to infer kinematics of the clavicle reliably with skin-

mounted markers due to lack of well-defined bony landmarks.  

The use of homogeneously scaled generic models to simulate the motion and calculate joint kinematics 

is another source of error. The scaling and registration of a generic model is performed with the aid of 

anatomical landmarks. Since the investigator determines these landmarks, the accuracy of identifying 

them depends on the investigator’s experience and is therefore subjective.  

The methods and results presented in this thesis focused on investigating the uncertainties and errors 

in predicting the shoulder complex kinematics from motion data. The following three studies were 

conducted to determine these uncertainties and errors. 

1. A novel method was developed for registering a subject specific model to the OMC data using 

the Microsoft Kinect device and medical imaging.  

2. The degree in which STAs affect the motion of the shoulder was assessed using bi-planar x-

ray videoradiography (BXV) technology simultaneously with OMC data. 

3. In order to understand the nature of soft tissue deformation and investigate the effectiveness 

of linear methods for reducing its effects, two methods of estimating rigid body parameters 

were considered. The first method used singular value decomposition (SVD) of the mean-

centred cross-dispersion matrix while the other approach employed the polar decomposition 

(PD) of the deformation gradient tensor from the affine transformation. 

Using the proposed registration method, the need for palpated skeletal landmarks and scaling was 

eliminated. This has the benefit of accurately registering the model to the OMC data regardless of 

palpation experience. Additionally, the markers placed on the subject do not have to match any 

particular marker configuration because the registration process will automatically place the OMC 
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markers onto the virtual model. This method also has the benefit of easily quantifiable registration 

errors.  

It was found that for all the tasks involving the shoulder complex considered in this study, the 

kinematics derived from the OMC data did not give an accurate account of the rigid body motion. It 

was also unclear what type of soft tissue deformation (shearing, scaling and homogeneous/ 

heterogeneous) was the major cause of the errors. 

The accuracy of the two methods of estimating rigid body parameters were compared against the 

motion from the BXV data to investigate the effect of STA on shoulder kinematics. It was found that 

the SVD method provided a better estimation of the rigid body parameters than that obtained from 

the PD method. This was due to the presence of the additional rotation from the PD of shear.  

In order to improve the accuracy of the PD method, a mathematical model describing the shearing and 

scaling was used in the calculations. The modified PD method showed improved reduction in STA for 

some tasks, and these improvements were comparable to the SVD method in terms of accuracy.  
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The skeleton provides the body with an internal rigid framework. The 

muscles act as its shape transducers. Given neural stimulation, the 

muscles rearrange their own specific volumes. In doing so, they create 

movements within the joints of the human body. The skin and its 

underlying fascia, quite naturally, must provide adequate distensability 

for these activities. However, it is at this external interface that the 

problems of human movement research have typically occurred. 

 

Ball & Pierrynowski, (1998) 
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The shoulder is an important joint complex required for daily tasks such as grooming and carrying objects. 

An in-depth knowledge of shoulder motion would help clinicians and biomechanical researchers alike to 

understand the complexities of the shoulder kinematics and injury mechanism, and allow them to suggest 

preventative measures or improvements to treatment regimens. Despite the benefits this knowledge brings, 

the anatomy and large range of motion gives rise to issues that reduce the accuracy of its three-dimensional 

(3D) kinematics derived from the motion data using skin-mounted markers. This problem affects all studies 

involving technologies such as optical motion capture (OMC). OMC has been a popular tool for the study 

of human kinematics (from clinical applications to sports biomechanics). However, this mode of data 

acquisition has an inherent problem due to soft tissue deformation between skin-mounted markers and 

bones. It violates rigid body motion assumptions and leads to erroneous kinematics. This effect is referred 

to as soft tissue artefacts (STAs).  

 STA is a difficult problem to overcome and is a large area of study, especially for the shoulder complex. 

For example, least squares based optimisation techniques are predominantly used to reduce the errors due 

to STA [1]–[5]. However, these techniques are generally developed for gait analysis and not upper limb 

motion. Statistical and more elaborate deformation models could also reduce STA but this requires a large 

number of surface markers (or data points).  To reduce the scope of the presented study, it was assumed 

that the solution might lie in the OMC workflow and an approximate estimation of the skin deformation 

can be obtained from the skin-mounted markers. These are interesting areas of research as they are seldom 

explored in shoulder complex kinematics, and hence, will be the subject of this thesis. 

  

1 
Introduction 
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1.1 Motivation 

The human shoulder is an important joint system that provides attachment of the upper limb to the rest of 

the body. Its main function is the placement of the hand and forearm in front and above the head for tasks 

such as reaching or carrying objects and it also supports an individual’s body weight while climbing. Loss 

or reduction in the functionality of the shoulder will decrease the quality of life as the upper limb provides 

the means to carry out important day-to-day tasks. Repairing the shoulder due to injury or disease requires 

an in-depth knowledge of the kinematics, kinetics and the overall biomechanical function of the shoulder 

complex. However, collecting motion data to study its kinematics has obstacles. The main obstacle is its 

intricate anatomy (see section 1.2), which causes issues in determining accurate shoulder complex 

kinematics. 

1.1.1 Kinematics of the Shoulder Complex  

Kinematics plays a vital role in assessing and understanding the overall joint function. For clinicians, 

kinematics of the shoulder complex such as the range of motion and joint angles is a useful surrogate 

measure to determine the health of a subject’s shoulder. Kinematics of the shoulder complex can also be 

used to better understand the issues associated with repeated motion, for example, using the upper limb to 

manoeuvre a wheelchair [6]. There are several ways that shoulder complex kinematics can be collected, the 

most common method being to use an OMC system. OMC is a powerful tool that allows us to measure 

motion non-invasively and study human kinematics with no discernible health risk to the subject. However, 

it has problems; most noticeably STA.  

Shoulder complex kinematics could also be studied using other imaging modalities; one such modality is bi 

planar x-ray videoradiography (BXV). BXV images the bones directly using x-ray (see Chapter 4 for more 

information), therefore STA is not a problem. However, this technique uses dangerous ionising radiation 

that can potentially cause substantial harm to the subjects and investigators. This limits the type of the 

motion that could be studied using this technology, due to the measures taken to protect the subjects and 

investigators. This is why skin based-tracking systems such as OMC are generally preferred for capturing 

human motion. 

1.1.2 Shoulder Kinematics using Optical Motion Capture  

OMC systems have an inherent problem when capturing human motion, the deformability of the skin. Skin 

is a pliable organ and it is readily deformed by its underlying soft tissue structures, which causes errors in 

kinematics determined from the skin-mounted markers. This error is observed as a relative motion between 

the skin-mounted markers and the bones, otherwise known as STA. This relative motion causes errors 

because the methods of determining kinematics are based on the assumption that the motion on the skin 

surface is rigid and therefore a good representation of the underlying skeletal kinematics. Thus, because of 

STA, the derived joint angles from motion data may not be accurate.  
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1.1.3 Access to the Skeletal Landmark 

Another problem caused by soft tissue is the possible variability in skeletal landmark identification, which 

is usually obtained from palpation. Errors in identifying the skeletal landmarks will lead to subsequent model 

misalignment, which is a potential source of errors that could be passed to the kinematic calculations (see 

Chapter 3 for more information). Model alignment is the process of aligning an anatomical model to the 

markers in the OMC data. This step is required for calculating kinematics and kinetics of the joint system 

of interest. Commonly used alignment method relies on the palpated landmarks as reference points for 

determining scale factors and pose of the skeletal structure. Due to model misalignment and the 

aforementioned errors described in section 1.1.2, the accuracy of the human kinematics data determined 

from OMC data is limited, especially for the shoulder complex. Thus, the focus of this thesis is to investigate 

these sources of error and evaluate viable remedies to improve the accuracy of the predicted kinematics. 

1.2 The Anatomy of Human Shoulder Complex 

The human shoulder consists of several deformable soft tissue layers covering the underlying skeletal bones 

that form joints providing a large range of motions. The complex is located below the head on the thorax 

and is found on both sides of the body. The shoulder complex (also known as the shoulder girdle) has three 

bones that connect the shoulder to the rest of the skeleton via the sternoclavicular joint (joint between the 

clavicle and the sternum). 

1.2.1 Bones 

The most striking feature is perhaps the presence of independent articulations of the three uniquely shaped 

bones with only one skeletal attachment to the rest of the body via the sternum. The skeletal structures in 

the shoulder complex are the humerus (upper arm bone), scapula (shoulder blade) and clavicle (collarbone). 

1.2.1.1 Humerus 

The right humerus as shown in Figure 1.1 is the largest and longest bone in the shoulder complex. The 

proximal portion of the bone consists of the head (spherical articulating surface), greater and lesser 

tuberosity and the humeral shaft. The humeral head to shaft angle was reported to be between 130° - 150° 

and the humeral head was rotated 26° - 31° [7] about the long axis of the humerus. The distal end of the 

humerus consists of the epicondyles, radial fossa, coronoid fossa and olecranon fossa. 

The humerus has muscle attachment sites for the forearm and the shoulder muscles that will be described 

in section 1.2.2. The humerus provides a link between the forearm and the rest of the shoulder [8].  
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Figure 1.1  Illustration showing a model of the right humerus highlighting its landmarks in (a) anterior and 

(b) posterior views. 

1.2.1.2 Thorax Attached Skeletal Structure 

The shoulder complex has two skeletal structures that form the pectoral girdle: the scapula and clavicle. The 

scapula (shoulder blade) is a large, thin, triangular shaped bone that provides the link between the humerus 

and clavicle. The clavicle has a curve in its long axis that resembles an ‘S’ shape and it is the only structure 

that has a bony joint connection to the thorax (attaches to the sternum via the sternoclavicular joint).  
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Figure 1.2 3D model of the right scapula showing the main skeletal landmarks. 

1.2.1.2.1 Scapula 

The scapula (depicted in Figure 1.2) covers the ribs posterolaterally with respect to the thorax. Its main 

function is to provide muscle attachment sites for the shoulder complex. For example, the infraspinous 

fossa provides muscle attachment sites for the infraspinous muscles. There are several important skeletal 

landmarks for calculating shoulder skeletal kinematics (their role in the kinematics calculation is discussed 

in Chapter 2). These are the acromion, trigonum scapulae (root of the spine), anterior angle and inferior 

angle (Figure 1.3).  
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Figure 1.3 3D model of the right scapula showing important landmark points for kinematics calculation.  

1.2.1.2.2 Clavicle 

The clavicle (depicted in Figure 1.4) is curved in its long axis and serves as a site for muscle attachments, 

protection of underlying neurovascular structures and aid in the stabilisation of the shoulder complex by 

supporting the scapula in transferring the weight and forces from the upper limb to the torso [9]. 

The clavicle has a couple of non-prominent landmarks such as the conoid tubercle and the impression for 

the costoclavicular ligament (depicted in Figure 1.4). The lack of identifiable anatomical landmarks makes it 

difficult to determine the clavicle’s kinematics. 
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Figure 1.4 Clavicle highlighted in orange in the shoulder complex. Clavicle connects the rest of the shoulder 

complex to the thorax via acromioclavicular and sternoclavicular joints. Illustration on the right is 

the right clavicle with landmarks. Adapted from Tortora (2009). 

1.2.2 Muscles 

The main function of the shoulder muscles is to move the humerus, which in turn moves the upper limb to 

position the hands in their desired location. In order to generate motion, the muscles contract and shorten 

to pull the skeletal structure in the desired directions. Externally, this would be observed as a deformation 

of the skin surface in which the skin moves relative to the bone’s surface. For example, contraction of the 

biceps brachii muscle (depicted in Figure 1.5) lifts the forearm, which causes the shape of the belly of the 

biceps brachii to change due to the shortening of the muscle. This in turn causes deformation on the skin 

surface and it has a profound effect on the accuracy of motion data acquired using skin-mounted markers 

(see Chapter 4 and 5 for details on STA).   
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Figure 1.5  Change in the biceps shape in order to lift an object (blue box). As the biceps contracts, the muscle 

shortens and its shape changes. The elongated initial shape changes to a more compact shape when 

the arm is lifted. Adapted from Tortora [10]. 

The primary function of the ligaments is to stabilise the joint by holding the skeletal structures in place. 

However, in the case of the shoulder most of the strength and stability of the shoulder complex comes from 

the muscle groups like the rotator cuff muscles [11] (supraspinatus, infraspinatus, teres minor and 

subscapularis muscles) that join the humerus to the scapula forming the glenohumeral joint [10]. Activating 

these muscles to stabilise the joint will also cause deformation on the skin surface.The scapula (depicted in 

Figure 1.2) covers the ribs posterolaterally with respect to the thorax. Its main function is to provide muscle 

attachment sites for the shoulder complex. For example, the infraspinous fossa provides muscle attachment 

sites for the infraspinous muscles. There are several important skeletal landmarks for calculating shoulder 

skeletal kinematics (their role in the kinematics calculation is discussed in Chapter 2). These are the 

acromion, trigonum scapulae (root of the spine), anterior angle and inferior angle (Figure 1.3).  

1.2.2.1 The Muscles Involved in Movement  

The muscles in the rotator cuff (shown in Figure 1.7 and Figure 1.6) are also involved in the motion of the 

skeletal components of the shoulder such as the scapula and humerus. The deltoid muscles, for example, 

are responsible for the humeral elevation and flexion; the supraspinatus muscle helps rotate the humerus in 

humeral elevation. The levator scapulae on the other hand is the muscle that elevates the scapula. Once 

raised, different muscles such as the rhomboid and teres lower the scapula and humerus respectively. Other 

muscles such as the biceps and triceps brachii are also involved in the motion of the humerus but mainly 

due to moving the forearm.  
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Figure 1.6  Posterior view of the muscles involved in moving the humerus, scapula and clavicle. Adapted from 

Tortora [10]. 
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Figure 1.7  Anterior view of the muscles involved in moving the humerus, scapula and clavicle. Adapted from 

Tortora [10]. 

Anterior muscles illustrated in Figure 1.7 such as the pectoralis major/minor, serratus anterior, subscapularis 

and the subclavius helps move and stabilise the scapula and clavicle. For example, when the arm abducts 

and adducts, the pectoralis muscles will contract to aid in moving the arm up and also help preventing 

dislocation of the GH joint. 

1.2.2.2 Remarks on Muscles 

The primary action of muscles is to contract and then relax during joint movement. This means that they 

undergo active contraction and passive lengthening. In addition, lengthening can also occur while the muscle 

is partially activated in order to stabilise the motion. This is due to different muscles being active in different 

phases of motion. For example, the deltoids move the humerus upward during abduction, while the 

teres major moves the humerus downwards driving adduction. The skin surrounding these regions will 

deform differently between the two phases of motion. 

Muscles in the shoulder complex (depicted in Figure 1.6 and Figure 1.7) show overlapping of different 

muscles especially around the scapula, which causes additional complexity to the final deformation seen on 

the skin surface. For example, overlapping muscles may slide on top of one another. To simplify the problem 

of STA, the muscles and other soft tissues will be treated as one layer. 
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1.2.3 Joints 

In the shoulder complex, there are three joints and one coupled articulation. The joints (depicted in Figure 

1.9) are the sternoclavicular (SC) joint (the only skeletal connection to the thorax via the sternum), the 

acromioclavicular (AC) joint (connects the clavicle and scapula) and the glenohumeral (GH) joint (connects 

the scapula to the humerus). 

 

Figure 1.8  Illustration of shoulder complex joints adapted from Tortora [10]. 

1.2.3.1 Glenohumeral Joint 

The GH joint or the humeroscapular joint is a classic ball and socket joint with three degrees of freedom 

(three rotations). One interesting feature of the GH joint is the articulating surface on the scapula (glenoid 

cavity) is much smaller than the articulating surface on the humeral head. This means that the joint could 

be easily dislocated in daily activities but usually it does not occur, due to the ligaments holding the joint 

together. 

Ligaments are connective tissue that consist of collagen fibres that resist tensile forces. Their main function 

in the GH joint is to connect two bones (humerus and scapula) together and give joint structure and stability 

by limiting translation during motion. The main ligaments (shown in Figure 1.9) in the shoulder are the 

glenohumeral ligaments, coraco-acromial ligament, coraco-clavicular ligament and transverse humeral 
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ligament. Each ligament limits translation in a particular direction. For example, the superior glenohumeral 

ligament limits anterior translations [12].  

 

Figure 1.9  Anterior view of the shoulder joint with main ligaments labelled. Adapted from Tortora [10]. 

1.2.3.2 Acromioclavicular Joint 

The AC joint could be classified as a planar joint due to the shape of the articulating surfaces. Planar joints 

usually only allow sliding motions (translation in a given plane) that correspond to two degrees of freedom 

[10]. However, the AC joint, from experiments involving cadavers, has three degrees of freedom and all 

degrees of freedom are rotations [13]. 
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The SC joint is a synovial joint and its shape is similar to a saddle joint (a cross between a planar and pivot 

joint) where one of the articulating surfaces is saddle-shaped and the other articulating surfaces fits into the 

saddle-shaped cavity [10]. The structure and the saddle shape of the joint provides the SC joint with three 

degrees of freedom [13] allowing for limited flexion/extension, abduction/adduction and rotation along 

the z-axis of the clavicle (see Chapter 2, for definitions of joint coordinate systems). 
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section 1.2.2) connect the scapula to the torso, clavicle and humerus. This articulation allows the scapula to 

glide on the posterior side of the rib cage. 

1.2.4 Other Soft Tissues 

The shoulder complex has two other types of soft tissues: ligaments and skin. Ligaments, as mentioned in 

section 1.2.3.1, provide stabilisation for the joints by holding bones together [10] and they consist of fibrous 

connective tissues which normally do not regenerate. Damage to ligaments causes instability of the joint, 

which can lead to dislocation. This, however, does not contribute to skin deformation; therefore, to simplify 

the STA problem, it can be eliminated as a source of kinematics error determined from the skin surface. 

The skin is an organ that provides a protective barrier covering the entire body. The material properties and 

structures of the skin are not necessarily required for the study of shoulder complex kinematics other than 

its deformation and motion relative to the bone. These properties as mentioned cause artefacts in the 

measured kinematic data when it is recorded from the skin surface. Therefore, a basic knowledge of the 

skin’s structure is beneficial when dealing with the deformation of the skin surface. 

The skin consists of three layers: the epidermis, dermis and subcutaneous layer. The epidermis and dermis 

of the skin are thin layers of soft tissue covering other soft tissue structures. The subcutaneous layer of the 

skin contains adipose tissue and varies in thickness. The variation of thickness in this layer affects the 

deformation of the skin surface. For example, a thick layer of adipose tissue could reduce the deformation 

caused by the underlying muscles and increases the deformation caused by inertia of motion and gravity 

[15]. 

 

Figure 1.10  A sectional view of the skin’s structure and its three main layers. Adapted from Tortora [10]. 
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1.3 Thesis Objectives, Contributions and Overview 

1.3.1 Objective of the Thesis  

The shoulder is an interesting joint complex that provides vital function and support for the upper limb 

while containing three joints. Determining its kinematics is a challenging task, especially when it is derived 

from skin-based measurements. The main problem is caused by soft tissue deformation, which frequently 

occurs during motion. This has been cited as a major source of errors in using skin-mounted markers to 

derive kinematics [16].  

The aim of the thesis is the following: 

Investigate the STA in the kinematics of the shoulder complex, reduce subjectivity as a source of 

error in optical motion capture and determine the degree that heterogeneity affect the methods 

used to determine the rigid body motion.  

This aim can be broken down into three different objectives: 

1. Develop a method to reduce uncertainties and errors in model registration using MR imaging, 

infrared depth mapping and a subject specific model of the shoulder complex  

2. Determine the kinematics of the shoulder complex and its relative skin motion using BXV 

3. Investigate the use of SVD and polar decomposition to estimation rigid body transformation 

from the shoulder’s OMC data  

 

 

Figure 1.11  General OMC workflow: from data collection to kinematics calculations. 

There are different approaches that target different areas in the kinematic analysis that could be used for 

soft tissue correction. This ranges from data collection to calculating kinematics (a simplified kinematic 

analysis workflow is depicted in Figure 1.11). The accuracy of the position of the skeletal structure in the 

shoulder complex is important because muscle attachment sites on the bone are used for a variety of 

biomechanical studies. To investigate and develop methods of reducing associated with soft tissue 
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surrounding the shoulder complex, errors such as registration of the anatomically correct subject specific 

model needs to be taken in to account. Furthermore, a baseline for STA errors will also need to be 

established for the evaluation of the effectiveness of STA reducing methods. This involves using data from 

BXV as a ground truth for calculating STA errors. 

 

1.3.1.1 Model Registration using a Subject Specific Model 

The accuracy of skeletal model registration (alignment) is usually overlooked when dealing with kinematics 

derived from OMC data. This is because the most common method of reducing STA is to fit the skeletal 

model to every frame of motion using techniques such as global optimisation [4], rather than estimating the 

motion using rigid body transformations calculated from skin mounted markers. Although, this gives a 

reasonable approximation of the position of the skeletal structures, the accuracy is uncertain. This is due to 

the uncertainty in the actual positions of the bones. It was postulated that if the shoulder complex’s motion 

were tracked from a reference position (where the skeletal locations are known), the resulting kinematic will 

be more accurate. This could be possible due to the use of technologies such medical imaging (MRI) and 

depth mapping (body scanner or Microsoft Kinect) [17]. By aligning the model using these imaging 

modalities, uncertainties about the initial positions of the bones in the OMC space can be removed.  

1.3.1.2   Kinematics of the shoulder complex 

BXV is a technology that captures the motion of the bone by using x-rays.  It images the bones directly 

without the issue of STA. For this reason, shoulder complex kinematics was collected using BXV and used 

as the ground truth for evaluating STA reduction methods in OMC data. Due to the risk of the BXV 

technology, only five subjects took part in the BXV study, in which the data of only three of the subjects 

were used to determine the amount of STA in three tasks: scapula plane elevation, internal/external rotation 

and shoulder shrug. The characteristics of STA are identified by comparing the BXV data to the OMC 

motion data recorded simultaneously. The aforementioned tasks represent two possible coupled motions 

of the skeletal structures in the shoulder complex and one independent motion of the humerus. Using this 

data set, the methods for reducing STA (the third objective, see section 1.3.1.3) could be evaluated using 

in-vivo OMC and BXV data of the living subjects. 

1.3.1.3 Removing STA from the shoulder’s OMC data 

OMC tracking of perfect rigid body objects in three-dimensions is very accurate. However, when OMC is 

used to track human motion, the accuracy is compromised due to the deformability of the tracked surface. 

This causes uncertainties of the coupling between the soft tissue layer and the underlying skeletal structures. 

For example, the human joint structures such as the shoulder complex are generally covered with different 

layers of soft deformable tissues (muscles, adipose tissue) and surrounded by a pliable external surface (skin). 

The skin surface stretches due to the changes in shape of the muscle during contractions, which introduces 

errors to the relative position between the skin mounted markers and the underlying bone. 
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1.3.2 Novel Contributions of This Thesis 

The core ideas in this thesis cover various topics, each providing beneficial contributions to the literature. 

The contributions involve a number of areas in determining shoulder complex kinematics ranging from 

model registration to STA error in BXV. A brief description of the contributions is outlined below.  

 The methodology presented in Chapter 3 showed that a subject specific model of the shoulder 

complex could be registered to the OMC data. It was developed to reduce subjectivity. It uses 

a low cost portable infrared depth mapping technology such as Microsoft Kinect to scan the 

subject during OMC sessions. In addition, MR images of the subject were, in conjunction with 

the Kinect point cloud, used to align the anatomical model of the shoulder without scaling a 

generic model. This could lead to an automated pipeline reducing human error in model 

registration. 

 The BXV system used in the study (presented in Chapter 4) was the XROMM system located 

at Brown University in Providence, R.I., U.S. It is a high-speed x-ray imaging system capable of 

imaging the subject at 100 frames per second in two planes.  By comparing the XROMM data 

with the OMC data captured simultaneously, the amount of STA for each subject in a particular 

task was determined. Furthermore, by capturing the OMC data at the same time, the motion of 

the markers could be compared with the skeletal motion. The data collected for three subjects 

include the marker displacement error for each task, kinematics of the scapula and its correlation 

with the humerus angle, and the influence of soft tissue thickness on marker displacement error. 

This set of data can then be used to evaluate possible methods of reducing STA. 

 Rigid body motion could be estimated by decomposing an affine transformation or a cross-

dispersion matrix. However, finding the optimal rigid body components is difficult. Using 

techniques such as polar decomposition and singular value decomposition (SVD), the rigid body 

transformation component could be estimated from an affine or cross-dispersion matrix 

respectively. Chapter 5 demonstrates that the affine transformation provides an error prone 

estimation of the rotation, while cross-dispersion provided a better estimation in the real world 

OMC data. This was due to the shearing and scaling components in the affine transformation. 

By the addition of a simple shear model to estimate rotation, STA errors found on the scapula 

reduced compared to the polar decomposition of the affine transformation. It also showed that 

anisotropic scaling by itself does not cause large errors in the rotation estimates. Combing it 

with shear on the other hand increased the errors in the rotation and subsequent translation 

estimation, therefore anisotropic scaling is also taken into account in the simple shear model. 

1.3.3 Limitation of the Thesis 

There are several limitations of the work presented in this thesis with most predominant limitation being 

the small sample size of the test data. The reason for such a small sample size is the limitation of the 

technology. 
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1.3.4 Thesis Overview 

Chapter 2 provides background in to the rigid body kinematics model of the shoulder complex, details the 

workflow and uses the OMC to approximate the shoulder complex kinematics. The kinematics workflow 

could be generalised into three parts: data collection, data processing and kinematic calculations. Data 

collection involves the preparation of the subject and the selection of a marker configuration for the region 

of interest. Data processing involves cleaning the raw OMC data (fixing missing markers, marker swapping 

and marker segmentation). Finally, limitations such as alignment (registration) of an anatomical model to 

the OMC data, determining anatomical landmarks and calculating kinematics data such as joint angles are 

presented.  

Chapter 3 introduces a registration methodology that aligns a subject specific model of the shoulder 

complex using an infrared depth mapping technology to the OMC data. The process involves generating a 

3D scan of the subject with the marker configuration before motion capture, then using the scanned data 

to align a subject specific model to the OMC data. This methodology introduces additional steps in the data 

collection and processing parts of the OMC workflow. The benefit of these additional steps is that it will 

remove subjectivity during the model alignment process, which improves accuracy of the overall kinematics 

data and increases the predictability of the errors observed when using OMC to track shoulder complex 

motion. 

Chapter 4 presents a study using BXV to determine the shoulder complex’s kinematics and its relationship 

between the skeletal motion and the skin surface. BXV allows for the in-vivo study of the skeletal structures 

during motion without the problem of soft tissue artefacts. Therefore, if BXV is used simultaneously with 

OMC, the accuracy of the OMC data obtained using the skin-mounted markers could be determined. It was 

found that for all types of motion studies of the shoulder complex, the skin-mounted markers did not give 

an accurate account of the rigid body motion of the skeletal structures. The implication is that any kinematics 

predicted using OMC data would have errors due to STA. However, it was unclear whether soft tissue 

deformation from muscle contractions or inertia was the major cause of STA. 

Chapter 5 demonstrates the complexity of the soft tissue artefacts and the difficulty in reducing its effects 

using sparse data. To account for the deformation of the soft tissue around the shoulder, it was assumed 

that the soft tissue experiences homogeneous deformation. Common methods such as a joint preserving 

fitting method, cross-dispersion and deformation removal were evaluated for its potential in reducing STA. 

For all methods, the humeral kinematics shows a significant improvement in accuracy but not for the 

scapula. It was concluded that the errors found in the scapula kinematic data were due to the complex nature 

in the deformation of the soft tissue surrounding the scapula. To improve the estimation of the scapular 

motion, a simple shear model was applied to adjust the rotation obtained from polar decomposition, which 

resulted in a reduction of STA errors.  
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Chapter 6 presents the conclusions drawn from the studies as well as its limitations. It also provides possible 

future directions for extending the work, including improving the registration method, more subjects in the 

BVX study and a more in depth study of the STA. 

1.4 Publications and Grants 

1.4.1 Conference Abstracts 

The following is a list of abstracts presented at local and international conferences: 

 T. Yeung, V. Shim, J. Fernandez, S. Clutterbuck and K. Mithraratne., Tracking Scapula 

Kinematics Using Motion Capture and MRI Data. Presented in a podium presentation in the 1st 

Australian Biomedical Engineering Conference (ABEC), 17 -19 September 2012, Brisbane, QLD, 

Australia. 

 T. Yeung, K. Mithraratne., Anatomically-Based Model Registration Using MRI and Structure 

Light Surface Data Reconstruction. Presented as a poster in the 7th World Congress of Biomechanics 

(WBC), 6 - 11 July 2014, Boston, MA, USA.  

 T. Yeung, T. Besier, J. Crisco, K. Mithraratne., Quantifying Soft Tissue Artefacts on the 

Shoulder Complex Motion Using Bi-planar Videoradiography. Presented as a poster in the 7th 

World Congress of Biomechanics (WBC), 6 - 11 July 2014, Boston, MA, USA.  

1.4.2 Additional Grants Obtained for the Project 

The author also secured a travel grant from the International Society of Biomechanics to acquire bi-plane 

x-ray videoradiography data on the shoulder complex of five subjects using the X-Ray Reconstruction of 

Moving Morphology (XROMM) system at Brown University Providence, R.I., USA.  
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One of the best methods to study human motion is to use optical motion capture (OMC) data. This is 

because OMC is a safe, relatively in-expensive and non-invasive way of recording motion, and ideal for 

collecting a large sample of data, but it is not without its problems. 

For the shoulder, the limitations of the OMC systems such as soft tissue artefacts (STAs) can cause errors 

in the derived kinematics. Nevertheless, researchers still use them together with a shoulder complex model 

to calculate kinematics. These shoulder complex models have varying degrees of freedom. This is partly due 

to the shoulder’s large range of motion. However, not all degrees of freedom (DoF) could be tracked by 

OMC, which further limits the accuracy of the estimated kinematics. 

This chapter describes the problems and limitations of using OMC to track the motion of the shoulder 

complex. It reviews the models with different degrees of freedom and their uses with OMC to predict the 

shoulder complex kinematics. A brief description pertinent to the generalised OMC workflow and its theory 

and limitations when OMC is used to track the shoulder complex. 

  

2 
Shoulder Complex 
Kinematics  

Background and Literature Review 
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2.1 Introduction 

The shoulder complex is an interesting joint system that plays an important role in our day-to-day life. It 

provides complex functionality and motion while only having three joints. Hence, understanding its motion 

is the motivation behind studying the kinematics of the shoulder complex. Capturing accurate kinematics is 

an important part in understanding the functions of the shoulder from the points of view of injury 

prevention, in a diseased state and stability after repair. 

There are various areas of research involving using OMC to study the shoulder complex function, these 

include the shoulder function during daily activities, throwing and surgical outcomes. Examples are 

presented in the following list: 

 Daily activities 

o The function of the shoulder during typical daily activities is an area of interest because it 

provides a baseline on the normal loads that the shoulder experiences. Additional loads 

could be the cause of injury. Before joint load could be studied, kinematics of the shoulder 

needs to be acquired. Studies such as one performed by Henmi et al. [18] evaluated the 

use of OMC for simple tasks. They noted that motion of the skin during OMC data 

acquisition was a possible source of error, even though the results showed OMC provides 

a high-level of consistency when measuring the shoulder positions.  

 Throwing 

o In sports science, the function of the shoulder is important to tasks such as throwing. For 

example, in baseball, the shoulder along with the upper limb generates a large amount of 

force. A thrown ball can reach speeds above 140 km/h. Due to the biomechanics of the 

throw, injury readily occurs at the shoulder. Studies such as the one performed by Fleisig 

et al. [19] used OMC to investigate the kinematics and kinetics of baseball pitching with 

the aim of identifying injury mechanisms. The methodology of determining kinematics 

from OMC used by Fleisig et al. [19] was stated by Dillman et al. [20] to have an error of 

5° when calculating the joint angles. This error was caused by several factors, which include 

the resolution of the system used to STA. 

o Besides identifying the injury mechanisms, OMC could also be used to study how a motion 

changes with age as with the case of the studies by Dun et al. [21] and Aguinaldo et al. [22] 

where OMC was used to look at the kinematic differences of baseball pitching between 

different age groups from youths to pro-level baseball players.  

 Surgical Outcomes 

o An example of OMC used in clinical research was to determine the effectiveness of 

different surgical techniques on a cadaveric shoulder by tracking the skeletal structure [23]. 

In this case, the experiment was done on a cadaver so soft tissue was not a factor since 

bones were readily accessible.  
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As it can be seen in the presented examples, OMC is a useful tool for tracking the function of the shoulder 

complex. However, the extent of its suitability to track various skeletal structures in the shoulder complex 

is questionable due to STA. It is widely known that STA is a limitation of OMC systems and has been noted 

as the “most invalidating source of error” [16]. To reduce the effect of STA, researchers tried various marker 

configurations to reduce its impact on the motion measurements[24]–[27]. One such marker configuration 

that was studied was the acromion marker cluster (AMC). The AMC was placed on the acromion due to 

the conclusion by van Andel et al. [24]that the STA was minimum on the acromion for a large range of the 

motion, especially when the humerus is abducted less than 90°. In another example, a study by Lovern [25] 

investigated the viability of using OMC systems to track the scapula kinematics. Although the study found 

that OMC could be used to understand scapula kinematics, the accuracy of the results was limited due to 

STA. 

Before exploring the issue of STA in shoulder motion, this chapter will describe the general concept and 

background in the following sections:  

 The background of OMC is described in section 2.2, which includes the assumptions, camera 

calibrations and a general workflow. 

 Limitations on using OMC to study the shoulder, and the general remarks are described in 

section 2.7.1. 

 A brief account of shoulder kinematic and present the possible models of the shoulder complex. 

These models will be further discussed highlighting their advantages and disadvantages in 

subsections 2.3.1 – 2.3.4 

 Section 2.4 describes the dynamic radiographic technology and its uses, including the 

measurement of shoulder complex kinematics. It introduces the use of dynamic radiography in 

the literature, from fluoroscopy to measuring skeletal kinematics using bi-planar 

videoradiography. 

 The use of palpated skeletal landmarks for geometric model registration is described in section 

2.5. 

 Background in homogeneous transformation is explored in section 2.6. 

2.2 OMC Measurements of Shoulder Motion 

The motion of the human shoulder provides information that is useful in a wide variety of applications, 

from predicting where the arm is heading to the forces acting on the joints. This motion could be captured 

by a variety of ways from sensors placed on the human subject to videography. Video motion capture is a 

useful tool for measuring kinematics and there are a couple of types of video motion capture. For instance, 

OMC captures markers on the skin surface to track a particular segment of the body, while x-ray 

videoradiography is able to image and track individual bones directly. The errors due to the presence of the 

soft tissue layer may become an issue depending on the type of motion capture used. For example, errors 
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are common when OMC is used for capturing and analysing human motion (especially the shoulder). This 

section will explore the workflow used in OMC for measuring the shoulder kinematics. 

2.2.1 Brief Background in Optical Motion Capture 

There are generally two types of OMC systems: marker-based and marker-less motion capture. In the case 

of the marker-less motion capture, the subject is captured in as many views as possible and then usually a 

3D representation of the subject is created for each frame. Depending on the study, a skeleton is fitted to 

each of the 3D representations of the subject then decomposed into segments. The accuracy was dependent 

on the quality of the 3D representation created in the scene and the skeleton fitting process. The accuracy 

of such a system has yet to be validated to be as good as marker-based system.  

In marker-based motion capture, a multiple camera system is also used. Instead of tracking the surface of 

the subject, this type of OMC tracks reflective markers attached to the skin surface via an adhesive. Tracking 

the OMC markers gives several benefits over marker-less motion capture. Firstly, there is one to one 

correspondence with the tracked points. Secondly, the markers move with the skin meaning the deformation 

on the skin surface can be accurately determined given enough points. 

2.2.1.1 General Assumptions of OMC 

Tracking a subject in 3D space using OMC has some underlying assumptions. The assumptions listed in 

Table 2.2 are grouped into three types: movement, environment and subject. 

 

Table 2.1  OMC assumptions for passive infrared reflective markers. This a sub-list of the list of assumptions 

mentioned by Moeslund and Granum [28] in their survey of motion capture technologies.  

Movement Subject 

Motion of interest could be captured within 
the capture volume 

Known start pose 

Cameras are static or at constant motion Tracked segments are rigid bodies 

The subject is captured in more than 2 
cameras 

 

 

2.2.1.1.1 Assumptions Related to Movement 

There are three main assumptions related to movement. The first is the motion of the subject occurs within 

the capture volume (defined by the camera position). Movement outside the capture volume means the 

subject may no longer be in view of the cameras. The cameras used in the OMC system are usually stationary 

or in constant motion with relative locations remaining unchanged. If the cameras are in dynamic (with 
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acceleration) motion, it will have to be factored in to the calculation of the subject’s position in the capture 

volume. 

2.2.1.1.2 Assumptions Related to Subjects 

In terms of the subject, there are some simple assumptions that are required in order for accurate tracking.  

One of the most important and most problematic assumptions is the surface where the markers are attached 

to is a rigid surface [29], [30]. This means that the surface only undergoes rigid body rotation and translation 

during motion. This is problematic because this assumption is readily violated due to the deformable surface 

of the human subject [29], which makes it a major source of error. 

2.2.1.2 Marker-Based OMC and its Limitations 

Marker-based OMC is categorised in to two types of OMC systems: an active-marker system and a passive-

marker system. The active-marker system uses markers that broadcast its identification during the data 

acquisition session. Having the identification data reduces, if not removes, the possibility of common errors 

in the OMC such as marker swapping, recording more markers than the number of markers on the subject 

and missing markers. 

A passive-marker system, in contrast, uses markers that do not broadcast their identification to the motion 

capture system. Therefore, the motion capture system has to keep track of the markers during motion of 

the subject. However, the limitation is that the subject can move in ways that obscures the marker(s) from 

the sight of the cameras. If a marker is not seen by two or more cameras, then the motion capture system 

loses tracking of that marker. Generally, if the marker is lost and reacquired then a different label is applied 

to the same marker. In this case, manually relabelling of the markers in each frame will be required to correct 

this error. This is one example of a common error that effects the passive-marker system. These additional 

marker identifications also cause other errors such as markers miss labelling causing the effect of marker 

swapping. 

Although the passive-marker system has its limitations, it is widely used because it is relatively inexpensive 

and provides an accurate way of recording rigid body motion. It is for this reason that the passive-marker 

system is used in the studies presented in this thesis and, in turn, the techniques presented in section 2.2.3, 

aiming to improve the efficiency of processing the OMC data.  

2.2.1.3 Camera Calibration and Marker Triangulation 

In order to use the OMC system to capture motion data, a capture volume must be set up by performing a 

camera calibration. The process of calibration for the OMC system determines the parameters of the 

cameras. These parameters include each position of the camera in relation to other cameras in the system 

and the origin of the OMC system’s coordinate system. There are two types of calibrations: external 

(performed by the investigator) and internal calibration (performed by the OMC system). 
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External calibration (camera placement) is to ensure the cameras are positioned correctly so that the markers 

on the subject can be seen by two or more cameras. In addition, any object in the scene that could occlude 

the markers or provide false marker aberrations is removed or covered up to improve marker identification.  

The internal camera calibration is a process where a known feature is used to determine the camera’s location 

in space and parameters such as focal length. There are various algorithms that could be used to determine 

the camera parameters. It usually involves the use of an object of known dimensions and digitised landmark 

points to determine the camera’s position in relation to other cameras and its projection parameters from 

the camera to the scene. One such algorithm is Tsai’s algorithm [31], [32], which uses a checked pattern to 

determine the camera parameters. Another method was to use direct linear transformation [33]–[35], which 

uses known control points to archive the same result of estimating camera parameters.  

The relative position of the cameras and their parameters such as the field of view are important for 

triangulating the markers in 3D space. Marker triangulation is a method of determining marker positions in 

3D space. It works in a way similar to ray tracing. Under infra-red light, the marker lights up as a bright 

sphere. The pixels in these spheres are projected in to the scene as rays (in the form of vectors perpendicular 

to the plane of the image) and when the path of these rays intersects with the rays from a different camera, 

the point of intersection is the marker position in space. Therefore, triangulation of any markers requires 

the marker to be visible in a minimum of two cameras to find the intersection point in 3D space. 

2.2.2 Data Acquisition Session (OMC protocol) 

The protocol capture session for OMC is very straightforward and generally consists of the following steps: 

1. Mark out a video capture volume by the placement of the OMC cameras. The cameras are 

placed facing towards the centre of the capture volume. 

2. Setup the OMC system, for instance run calibration for the OMC system to determine internal 

(e.g. projective transformation matrix) and external camera parameters (e.g. relative camera 

position). 

3. Place markers on the object/subject that you want to track. 

4. Place the object/subject in the capture volume and record its motion. 

5. Triangulate (3D position) and export the recorded video data. 

For example, to track the right shoulder complex using OMC, the cameras are placed in a semi-circle around 

the subject’s right shoulder with the markers placed on the upper arm and the acromion (using the acromion 

marker cluster, otherwise known as AMC). 

2.2.3 Post-Processing of OMC Data 

Normally there are two post-processing tasks before the OMC data (Figure 2.1) can be analysed: fixing 

labelling and dealing with missing markers (also known as dropped markers) [36]. Marker labels are used to 

track a particular point in each frame of time. For passive systems, incorrect marker labelling occurs when 
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there are occlusions that result in the marker being not visible to the camera. This is represented as missing 

makers in the OMC data, which can lead to label swapping between markers as well as additional markers. 

The usual method for correcting this error was manually relabelling the markers.  The second step of the 

post-processing is to fill in the gaps in the data. 

 

Figure 2.1  An example of marker configuration and segment labelling in OMC data. This is the marker 

configuration used in the study presented in Chapter 4. 

However, filling in the gaps (example shown in Figure 4.16) in the data involves interpolation that in turn 

introduces additional errors. This may not be ideal for every study. For instance, this additional error could 

interfere with the characterisation of soft tissue error. For the study presented in Chapter 4, there were no 

interpolation between frames and the only post-processing performed was the synchronisation with the 

XROMM data and correcting marker labels.  

Since processing the OMC data was a major component of the studies presented in this thesis, a semi-

automated method was devised. This method is presented in section 3.2.1.1.2. 
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2.2.4 Limitations in OMC for Tracking the Shoulder Complex 

Although OMC is a powerful and safe technique to capture the motion of an object in 3D space, the main 

limitation is the reduction in the accuracy of the recorded motion for human subjects especially at the 

shoulder (errors caused by the soft tissue mass surrounding the bones).  

The soft tissue (especially the skeletal muscles) provides function and support to the skeletal structure in 

the body. For the shoulder, a group of muscles as explained in Chapter 1 provides support for the upper 

limb in terms of positioning and keeping the upper limb intact in tasks such as lifting, pointing and reaching. 

However, the primary way the muscles provide such support is to contract its muscle fibres to generate 

force. Contraction of the muscle causes a shape change, which in turn causes noticeable deformation on the 

surface of the skin.  

To reduce these effects, different marker configurations were used for different segments of the shoulder. 

For example, the AMC [24] together with the scapula locator could be used to track the initial position of 

the scapula, then the subsequent tracking was performed using only the AMC (the acromion was where van 

Andel et al. noted to have the smallest amount of STA). The scapula locator was not suitable to be used in 

dynamic motion, because it was a device that was used together with palpation for locating anatomical 

landmarks (AA, AI and TS) and it has to be held in place by the examiner. This makes the scapula locator 

only useful in a static sense, and was not used in the studies presented in this thesis. For the humerus, 

markers placed away from anatomical landmarks such as points just below the GH joint and points just 

above the elbow are used to track the humerus with the additional markers positioned on the forearm for 

tracking internal/external rotation of the humerus [37].  

Beside using different marker configurations, different methods of rigid body estimation were also 

employed. For example, least squares pose estimation [38] using singular value decomposition of a 

cross-dispersion matrix [1], [2] calculated from the markers on the segment (see section 2.3.4.2 for more 

details about the method). Another method, shear decomposition (outlined in Chapter 5) removes 

deformation (scaling and shear) from the deformation gradient tensor to extract the rigid body 

transformation [39] by the use of a simple shear model [40]. To date the author of this thesis is not aware 

of any studies that uses this method to estimate kinematics of the shoulder complex or any other joint in 

the human body. 

2.2.5 The Registration Problem and Rigid Body Transformation 

This chapter presented the workflow using the OMC system to measure the shoulder complex kinematics 

and its limitations. The soft tissue could be dealt with in a few places in the OMC workflow; in particular, 

model registration and estimating rigid body transformation from the markers.  

The registration problem is one of fitting a skeletal model to the OMC data. Techniques such as using a 

marker template to drive the skeletal model use a form of model registration to track skeletal structures [4], 

[41], [42]. This method uses a set of known marker positions on model (mesh) and the matching markers 
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on the subject to find the pose of the model. This is accomplished by the minimisation of the distance 

between the reference marker positions and the subject’s markers. However, due to STA, using a global 

fitting technique to track shoulder motion will not give an accurate position of the skeletal structures because 

there is no known bone size, position or the relative distance between the marker and the bone’s surface. 

2.3 Shoulder Complex Kinematic Models 

The limited in-vivo knowledge of shoulder motion of living subjects was not due to the lack of interest in the 

joint but rather, the anatomy obstructing access to the joint system. It has complex anatomy and large range 

of motion could be the reasons why the methodologies used to restore shoulder function (for example, 

prosthetic limbs) lag behind other joints (for instance, the knee). There is also a limited agreement in the 

degrees of freedom the shoulder has, which undoubtedly another reason that the shoulder kinematics is 

difficult to study. Although, this thesis focuses on the error associated with soft tissue. There are other 

possibilities in term of sources of errors and the shoulder complex kinematic model is one of them.  

2.3.1 Range of Motion of the Shoulder Complex 

Although the knowledge of kinematics of the shoulder can be considered limited, the basic knowledge of 

the shoulder constraints is known, such as the combined motion of the joints giving a range of motion 

described in Figure 2.2. These constraints and a standard definition of the joint system (details in section 

2.3.2) allow for the development of kinematics models (described in section 2.3.3.2). 

 

Figure 2.2  Range of motion of the shoulder stated by Klopcar et al, [43]. The illustration shows the possible 

reachable angle by the arm. The shoulder has a flexion/extension range between -60 to 170 

degrees, an abduction/adduction range between -10 to 170 degrees and an internal/external 

rotation range between -60 to 90 degrees [43]. 

 

Abduction 

 

170° 

-10° 

Adduction 

Extension 

-60° 

170° 

Flexion 

-60° 

90° 

Internal 

Rotation 

External Rotation 



2.3|  Shoulder Complex Kinematic Models 30 

2.3.2 ISB Definition for the Shoulder Complex 

One of the important components of the models reported in the literature is how to define the segmental 

coordinate systems. The segmental coordinate systems are usually defined using anatomical landmarks. To 

ensure the ease of communication between researchers, a standard definition of joint coordinate system 

(JCS) for the upper limb was proposed by the International Society of Biomechanics (ISB) by Wu et al. [44]. 

Another example of a coordinate system used to define the motion of the shoulder is the globe descriptors. 

The globe descriptors also use anatomical description and anatomical landmarks but it uses polar 

coordinates to describe the angles of the joints [45]. Although the terminology used is familiar to clinicians 

and the gimbal lock positions are largely outside the range of motion, it does not take into account the 

internal structure of the shoulder complex. The ISB standards provide a standardised method of describing 

all skeletal components (humerus, scapula and clavicle) and their joint angles for the shoulder complex. 

2.3.2.1 Description of Landmarks and Coordinate Systems for the Shoulder and the Upper Limb 

ISB standards [44] define a series of anatomical landmarks used in defining JCSs for each segment of the 

shoulder complex. For the scapula and humerus, the landmarks are easily found (depicted in Figure 2.3) and 

their coordinate systems are defined as described in Table 2.2. The definition of the humerus coordinate 

system that uses the lower segments of the upper limb was not considered an option because of the absence 

of ulnar styloid (US) landmarks in some of our data sets presented in Chapter 4. The clavicle due to its 

simple shaped nature only has two definable landmarks. Without a third landmark the coordinate system 

cannot be defined. The proposed solution by Wu et al. [44] was to use the thorax y-axis to build the 

coordinate system shown in Table 2.2.  
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Figure 2.3  ISB recommended landmarks for shoulder complex anatomical axes definition [44]. Illustration 

of the skeleton is adapted from Tortora [10]. 
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Table 2.2  ISB recommended anatomical axes definition [44]. 

 

2.3.3 Rigid models of the shoulder complex 

Kinematic models describe the motion of the joint system by providing information about its DoF and 

constraints. For the shoulder, there are many different kinematic models with different DoF. In the 

following subsections, the different possible DoF are discussed for the shoulder complex. 

2.3.3.1 Joint Shapes and its Effect on DoF 

The sternoclavicular joint function closely resembles a ball and socket type articulation [13]. The articulating 

surfaces of the bones involved in the joint do not have the same shape and size. Coupled with the ligament 

constraints, this limits the range of possible movements of the joint. The acromioclavicular joint cavity is 

slightly curved and allows the components of the joints to glide backward and forward [13]. The 

glenohumeral joint is a multi-axial ball and socket joint with a large range of motion [13]. DoF determine 

how a particular joint can move in space and having incorrect DoF will cause the object to move in an 

unnatural manner. There are various types of synovial joints: Ball and socket, flat, condyloid (ellipsoidal), 

saddle-shaped, trochoid (pivot joint) and hinge [10], [46]. The shape of joints determines the range of 

motion and hence, characterisation of the joints is needed before analysing the possible DoF. Joints are held 

Anatomical Axes Description 

Clavicle  

Oc: The origin coincident with SC. 

Zc: The line connecting SC and AC pointing to AC. 

Xc: The line perpendicular to Zc and Yt pointing forward. 

Yt: The line pointing upward connecting the midpoint between PX and T8 and 
the midpoint between IJ and C. 

Yc: The common line perpendicular to the Xc and Zc axis pointing upward. 

Scapula  

Os: The origin coincident with AA. 

Zs: The line connecting TS and AA pointing to AA. 

Xs: The line point forward perpendicular to the place formed by AI, AA and 
TS 

Ys: The common line perpendicular to the Xs and Zs axis pointing upward. 

Humerus  

Oh: The origin coincident with GH. 

Yh: The line connecting GH and the midpoint of EL and EM pointing to GH. 

Xh: The line perpendicular to the place formed by EL, EM and GH pointing 
forward. 

Zh: The common line perpendicular to the Yh and Xh axis pointing upward. 
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together by ligaments (see Chapter 1) and therefore their range of motion is largely constrained by the 

ligaments and not the shape of the joint. Nevertheless, the information on the joint shape gives a good 

starting point to evaluate the possible DoF.  

The optimal DoF for a joint system depends not only on the joint but also on how the model is going to be 

used. For example, simple cartoons and game animations could use a simple three DoF model of the 

shoulder where realism is not a priority. However, characters in films or clinical simulations require a high 

level of accuracy and therefore a DoF of 14 could be required. On the other hand, a higher than necessary 

DoF in a computational model will require more time to complete the simulation. The shoulder complex, 

as mentioned, has three uniquely shaped bones with different shaped joint interfaces. The joint interface 

has a large contribution to the possible motion of the joint. The glenohumeral joint resembles a ball and 

socket joint and literature reports that it has three DoF (three rotations) [13], [46]. However, instead of 

having one centre of rotation the glenohumeral joint has two [47]. The shifting of the joint’s centre of 

rotation poses a problem in terms of defining its motion where this shifting of the centre of rotation could 

be defined as a constraint or treated as additional DoF. If this is treated as an extra DoF then the joint will 

have all possible motions in space (six DoF: three rotations and three translations). 

The AC joint was described as a planar joint, which indicates that it has three DoF (two translations and 

one rotation) [13], [46]. The shapes of the two ends that make up the joint is not exactly flat. They are 

slightly convex at the lateral end of the clavicle and concave on the acromion of the scapula. This slight 

concave and convex element of the joint suggests that the joint is more of a partial ball and socket, which 

has three rotations. In the literature, the joint is stated to act like a ball and socket joint rather than a planar 

joint [13], [46]. The sternoclavicular joint was also described as a planar joint. The articulating end of the 

clavicle meets the sternum on a shallow sternal socket located near the first rib. Again, the two articulating 

surfaces form a convex-concave shape. However, this gives rise to a saddle shape rather than a ball and 

socket. The saddle shape indicates that it has two DoF, but it functions like a ball and socket joint with the 

one DoF acting along the longitudinal axis [13], [46]. 

2.3.3.2 Common DoF of Shoulder Complex Models 

When modelling an intricate system such as the shoulder complex, there are several possible numbers of 

DoF to consider. Determining the DoF for the shoulder complex is a difficult process due to the nature of 

the shape and constraints of the joints. For the shoulder complex, the system can have as little as three to 

as many as 14 DoF. The following subsections will outline and evaluate the different models. 
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Table 2.3 A short list of degrees of freedom reported in the literature for the shoulder complex. 

Paper Joints      

 
Glenohumeral 

GH 

Sterno-
clavicular 

SC 

Acromio-
clavicular 

AC 

Scapulothoaic 
ST 

Scapular 
Girdle 

AC+SC+ST 

Total 
DOF 

Shao and 
Ng-Thow-
Hing [48] 

3 2 0 0 2 5 

Tümer and 
Engin [49] 

2 3 3 0 6 8 

Yang et al. 
[50] 

3 2 3 0 5 8 

Klopcar et 
al. [43] 

3 - - - 3 6 

Moeslund et 
al. [51] 

3 - - - 2 5 

Molet et al. 
[52] 

3 2 - - 2 5 

Maruel and 
Thalmann 

[53] 
3 3 3 5 11 14 

Yang et al. 
[54] 

3 2 3 0 5 8 

Tondu [46] 3 2 - - 2 5 

Högfors et 
al. [55] 

     12 

 

2.3.3.2.1 Models that do not consider all the joints: Five DoF Model 

In the literature (see Table 2.3 for a summary), the five DoF were divided into three DoF at the GH joint 

and two DoF at the inner shoulder consisting of the scapula and the clavicle [51]. It was generally agreed 

that the GH joint is a ball and socket joint with three DoF [43], [46], [48], [51], [52] and therefore this 

joint is easy to model accurately. However, the other two joints (AC and SC joints) in the complex are more 

difficult from a modelling point of view. Although the shoulder pectoral girdle has two DoF overall, a vast 

majority of the literature agreed that the joints in the shoulder’s pectoral girdle should each have three DoF.  
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Figure 2.4  A simple five DoF model of the shoulder complex (Only the GH joint is fully modelled). 

The advantage of using a simple five DoF model is that it simplifies and reduces the amount of calculations 

required to simulate motions that approximate the natural motion using the appropriate constraints. 

However, the simulated motion is not accurate because the motion of the scapula and clavicle is not 

simulated. Therefore, the simulated motions are only the positions of the humerus rather than the shoulder 

complex. If the priority of the simulation is for visualisation then a five DoF model can give accurate 

configuration of the humerus but if the priority is determining kinematics of the scapula and clavicle, then 

these models are not adequate. 

2.3.3.2.2 Models that consider all the joints: 7 DoF, 8 DoF and 9 DoF Models 

Instead of modelling the shoulder complex as one or two joints, these models consider all skeletal joints in 

the shoulder complex. Due to the shape and the motion reported in the literature, all of the joints in the 

shoulder could be modelled as having three DoF (three rotations). However, there are two DoF that could 

be considered to be either trivial and have minimal impact on the overall range of the reaching motion and 

the reachable space if physiological constraint was not applied [47], [50]. These are the axial spinning along 

the Y-axis of the humerus and the Z-axis of the clavicle. Although, the spin of the humerus along the 

humerus could be determined using OMC, but due to STA errors in capturing that DoF, it could be ignored. 

However, if the skeletal bones serve as boundary conditions for soft tissue attachments then these rotations 

are required in order to give accurate estimations of the soft tissue’s origin and insertion points. 
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GH Joint 
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Torso Link 

Humerus Link 
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Figure 2.5  A simple 7-9 DoF model of the shoulder complex. Only the GH joint could be fully modelled due 

to accessibility of the humerus, however, the DoF along the long axis of the humerus is difficult to 

track due to soft tissue deformation. While the AC and SC joint can either be modelled as a joint 

2 – 3 DoF. 

The benefits of these models are that they consider all the joints in the shoulder complex, which is required 

for determining positions of the shoulder complex’s skeletal structures. Despite the improved accuracy over 

lower DoF models, not all DoF could be inferred using non-invasive technology such as OMC. In order to 

overcome this shortcoming, the present study simplified the model and the immeasurable DoF were 

removed from the motion simulation. It is worth noting that the DoFs that were ignored may have a large 

impact on the motion of the bone. For example, the clavicle has three DoF, with one of these operating 

along the bone, the axial (zc) spin. When that DoF was removed in cadaveric studies (for instance, fixing 

the clavicle to prevent it from rotating about the long axis), the arm can only abduct to 120 degrees [13].  

 

2.3.3.2.3 Extended Model: 12 DoF and 14 DoF Models 

Högfors et al. [55] proposed a shoulder complex model with 12 DoF. Their definition of the DoF for the 

shoulder complex was as follows: the SC and AC joints have three DoF per joint despite the shape of the 

respective joints and the GH joint has six DoF. The reason the authors gave such a large amount of mobility 

to the GH joint was that they considered this joint to have a complex structure. The GH joint also has a 

shifting centre of rotation that needs to be considered for an accurate model of the shoulder complex. 

In contrast, the 14 DoF model (Figure 2.6) proposed by Maurel et al. (2000) [53] was another possible 

extended model of the shoulder complex. In this case, five extra DoFs are given for the scapulothoracic 

articulation. Scapulothoracic articulation is a motion where the concave surface of the anterior scapula glides 

on top of convex surface of the posterior thoracic cage [56]. This is usually not required because the motion 

of the scapula gliding over the thorax could be described using joint constraints of the AC and SC joints 

[46]. 
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Figure 2.6  A 14 DoF model of the shoulder complex suggested by Maurel and Thalmann [53]. 

In terms of the SC joint and the AC joint, there are no obvious advantages in using the 12 DoF model over 

the nine DoF model. However, one advantage lies in the DoF describing the GH joint. In previous models 

mentioned in sections 2.3.3.2.1 and 2.3.3.2.2, the GH joint is considered to have three DoF with a fixed 

centre of rotation. Although this makes calculation simpler, it may not always give an accurate result, 

especially in simulating complex motion. With six DoF, the GH joint is unconstrained to one centre of 

rotation and allows the possibility for accurate complex motion. 

Having more DoF may not improve the accuracy of the simulated results. For example, the GH joint allows 

six DoF of motion but in reality this joint does not exhibit full motion in each of those DoFs. This means 

that complex constraints will be needed to limit the motion of the joint. Furthermore, having more DoF 

means that more constraints are needed to restrict the joint to its natural movement. However, having more 

constraints will lead to more calculations, which in turn increases simulation time. Having more constraints 

also means more parameters and more potential sources of error. 

2.3.3.3 Optimum Degrees of Freedom 

The joints in the shoulder complex as stated act like ball and sockets even though the shapes of the other 

two joints (AC and SC joints) indicate that they are either a saddle or planar joints. However, in order to 

determine the position of skeletal structures accurately, all possible DoF need to be considered. The 

scapulothoracic joint can be considered as a constraint to the link between AC and the GH joint. This 

implies that all DoF can be modelled by only using three joints (GH, AC and SC joints). The problem is 

whether data from the OMC system can determine all DoF. Since one of the models of motion of the 

scapula is gliding under soft tissue, the data from the OMC system will not provide accurate information to 

track the motion of the bone. 

Tracking the clavicle is also problematic due to lack of anatomical landmarks. Through palpation and skin 

markers, only two landmarks can be identified and tracked. Therefore, the question is whether the rotation 
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about the two landmarks is important. No matter how you rotate, the orientation of those landmarks along 

that axis does not appear to change. However, as mentioned in section 2.3.3.2.2, the rotation of the axis is 

important for arm elevation above 120 degrees. Peat [13] described that the clavicle acts like a crank as this 

action helps lift the shoulder and in turn the arm. This leads to the conclusion that a seven or eight DoF 

model is the maximum number of DoF that could be tracked using OMC due to the shape of the joints and 

the accessibility of the anatomical landmarks. 

2.3.4 Predicting Shoulder Complex Kinematics Using Optical Motion Capture 

In order to determine the kinematics (e.g. joint angles) using marker positions, there is a simple workflow 

to follow. The most common method assumes that the markers on a segment collectively undergo rigid 

body motion. Therefore, at least three markers are required for each segment to determine its configuration 

and hence motion. 

1. The first step is to select three or more markers that exhibited minimum change in the relative 

distance between the reference and target positions.  

2. The second step is to work out the rigid body transformation (T), between those positions, using 

the selected markers from step one. Once T is known, it is applied to the segment of the 

shoulder model represented by the marker set. 

With the bone in the measured position, kinematic analysis of the motion is usually done relative to a 

reference segment. For instance, the angles of humeral elevation could be measured in relation to the thorax. 

These angles are calculated from the axes of the different segmental coordinate systems. Most biomechanical 

studies use the ISB recommendation on definitions of the JCS. For the upper limb, the definition of the 

shoulder JCS and segmental coordinate systems is presented in the Table 2.2 (page 32), joint description 

relative to the thorax Table 2.4 and joint description relative to the parent skeletal structure Table 2.5, Table 

2.6 and Table 2.7 (illustrated in Figure 2.9, Figure 2.10 and Figure 2.11, respectively). 
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Table 2.4 ISB recommended joint coordinate system based on the thorax skeletal structure [44]. 

 

 

 

 

 

 

Skeletal Motion Description 

Clavicle  

e1,e2,e3 Same as SC joint (see Table 2.4) 

Scapula  

e1: 
The axis fixed to the thorax and coincident with the Yt-axis of the thorax 
coordinate system. Rotation (γs): retraction (negative) or protraction 
(positive). 

e3: 
The axis fixed to the scapula and coincident with the Zs-axis of the scapular 
coordinate system. Rotation (αS) as anterior (negative) or posterior (positive) 
tilt. 

e2: 
The common axis perpendicular to e1 and e3. Rotation (βs): lateral (negative) 
or medial (positive) rotation. 

Humerus  

e1: 
The axis fixed to the thorax and coincident with the Yt-axis of the thorax 
coordinate system. Rotation (γh): Plane of elevation 

e3: Axial rotation around the Yh-axis.  

e2: 
The axis fixed to the humerus and coincident with the Xh-axis of the 
humerus coordinate system. Rotation (βh): elevation (negative). 
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Figure 2.7 GH joint angles relative to the scapula[44]. 

 

Table 2.5  ISB recommended GH joint coordinate system based on the scapula [44]. 

GH Joint  

e1: 
 The axis fixed to the scapula and coincident with the Ys-axis of the scapular 
coordinate system. Rotation (γGH1): GH plane of elevation. 

e3:  Axial rotation around the Yh-axis. Rotation (γGH2): GH-axial rotation 

e2: 
 The axis fixed to the humerus and coincident with the Xh-axis of the 
humerus coordinate system. Rotation (βGH): GH elevation (negative). 
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Figure 2.8 AC joint angles relative to the clavicle[44]. 

 

Table 2.6  ISB recommended AC joint coordinate system based on the clavicle [44]. 

AC Joint  

e1: 
 The axis fixed to the clavicle and coincident with the Yc-axis of the clavicle 
coordinate system. Rotation (γAC): Protraction (negative); the scapula is 
usually retracted. 

e3: 
 The axis fixed to the scapula and coincident with the Zs-axis of the scapular 
coordinates system (scapular spine). Rotation (αAC): AC-anterior (negative) or 
AC posterior (Positive) tilt; the scapula is usually tilted posteriorly. 

e2: 
 The common axis perpendicular to e1 and e3. Rotation (βAC): AC-lateral 
(negative) or AC medial (positive) rotation. 
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Figure 2.9 SC joint angles relative to the thorax[44]. 

 

Table 2.7  ISB recommended SC joint coordinate system based on the thorax [44]. 

SC Joint  

e1: 
 The axis fixed to the thorax and coincident with the Yt-axis of the thorax 
coordinate system. Rotation (γSC): retraction (negative) or protraction 
(positive). 

e3: 
 The axis fixed to the clavicle and coincident with the Zc-axis of the clavicle 
coordinate system. Rotation (αSC): axial rotation of the clavicle; rotation of 
the top backwards is positive; forwards is negative. 

e2: 
 The common axis perpendicular to e1 and e3, the rotated Xc-axis.Rotation 
(βSC): elevation (negative) or depression (positive). 
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2.3.4.1 Tracking Skeletal Motion Using Linear Transformation 

Tracking a skeletal structure in 3D space is a problem using the limited amount (few isolated marker 

locations) of information gathered on the skin surface. If the segment is a true rigid body, then regardless 

of any points taken on the surface or within the object, those points will undergo the same amount of 

rotation and translation. In the case of the upper arm, the rigid body motion recorded on the skin surface 

can be directly applied to the humerus without having to know where the humerus is in the upper arm. 

However, because of the STA, the skeletal motion is largely unknown and kinematics determined from the 

skin-mounted markers is only an estimation of the underlying bone’s true motion.  

To estimate the kinematics, particularly joint angles, an anatomical model of the joint system has to 

registered to the OMC data. For example, the shoulder complex needs to be aligned to the markers in the 

OMC data. This involves calculating the transformation between the OMC data and the model using 

reference points (usually skeletal landmarks). Usually marker locations closely follow the skeletal landmarks. 

In this case, the alignment of the skeletal model of the shoulder could also be used as tracking data as 

mentioned in Chapter 3 to determine the motion from one frame to another. 

Transformation from one frame to another could be determined for a homogeneous transformation by 

solving for 𝑨 in equation 2.1, where 𝑷𝟏 is the target marker locations and 𝑷𝟎 is the initial position of the 

markers.  

 
𝑷𝟏 = 𝑨𝑷𝟎 

2.1 

Here the transformation 𝑨 is an affine transformation due to soft tissue deformation. Calculation of the 

affine transformation matrix 𝑨 will be discussed in detail in Chapter 5. Determining the rigid body 

transformation content of a deformable body is difficult because the estimated affine transformation 

calculated from the points (more than 3 points) will also contain shear and scaling components. To date, 

there is no perfect method of separating the rigid body and deformable body. In light of this problem, rigid 

body transformation between two sets of points could be estimated by decomposing an affine 

transformation or a mean centred cross-dispersion matrix using single value decomposition (SVD) and more 

details pertinent to this analysis will be presented in Chapter 5. 

2.3.4.2 Estimating Rigid Body Transformation Using SVD 

SVD is a methodology that uses the properties of eigenvectors and eigenvalues to decompose a matrix. 

When the method is used on matrices that describe the deformation gradient between two point clouds, the 

result is the factorisation of rigid body rotation and pure deformation (stretch). There are two homogeneous 

mapping methods where SVD can be used to determine rigid body transformation between two point 

clouds: affine transformation matrix (homogenous linear transformation that includes rotation, scaling and 

shearing) and mean centred cross-dispersion matrix. 
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An affine mapping is a linear relationship defined by rotation, scaling, shear and translation. This relationship 

can be estimated using a least squares method by minimising the objective function, ea (shown in equation 

2.2). By decomposing the resulting affine transformation matrix using SVD, the rotation and translation 

components that map between the two point-clouds could be estimated.  

 
ea  =  ∑[(𝐘d − 𝐀𝐗d)T (𝐘d − 𝐀𝐗d)]

D

d=1

 
2.2 

  

where ea is the error between the estimated positions of the points to its target locations, D is the number 

of points, 𝐘 is the target point positions, 𝐀 is the affine matrix and 𝐗 is the reference point positions. An 

example where affine mapping could be used was in the registration of an anatomical model to OMC data, 

where the rigid body transformation estimated from the affine transformation matrix was used to align the 

model to its target position. The mapping in this case is between the control points on the model and the 

same control points in the target location (explained in Chapter 3). 

Another formulation (Equation 2.3) of the least squares problem separates the matrix ‘A’ in equation 2.2 to 

rotation, uniform scaling and translation (𝐑, 𝑠 and 𝐯 respectively).  This method uses the cross-dispersion 

matrix to estimate the rotation and translation and was first outlined by Arun et al. [1] then extended to 

include homogenous scaling factor by Challis [2]. 

 

 
eb  =  

1

n
∑[(s 𝐑𝐗i + 𝐯 −  𝐘𝑖)T (s 𝐑𝐗i + 𝐯 −  𝐘𝑖)]

D

i=1

 
2.3 

 

where eb is the error between the estimated positions of the points to its target locations, 𝐘 is the target 

point positions, D is the number of points, 𝐑 is the rotation matrix, s is the scale factor, 𝐯 is the translation 

vector and 𝐗 is the reference point positions. 

 The resulting cross-dispersion matrix (C) describes the covariance between two sets of points (for instance, 

the reference and target positions, 𝐗 and 𝐘 ) (Equation 2.4).   

 

𝐂 =  
1

n
∑(𝐘i − �̅�)

n

i=1

(𝐗i − �̅�)T 
2.4 
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Decomposing 𝐂 using SVD factorises the single transformation matrix into three separate matrices 

(𝑼, 𝑾 𝑎𝑛𝑑 𝐕T). From those matrices, rotation, scaling and translation can be derived for the point set 

(Equation 2.5). 

 𝑪 = 𝑼𝑾𝐕T 

𝐑 = 𝐔𝐕T 

s =  
1

σx
2

tr(𝐑T𝐂) 

𝐯 =   �̅� − s𝐑�̅� 

2.5 

 

where 𝐑 is the rotation matrix, 𝐔 and 𝐕T are the orthogonal matrices and 𝑾 is the diagonal matrix obtained 

from SVD, s is the scale factor, 𝐂 is the cross-dispersion matrix, �̅� is the mean of the target points, �̅� is the 

mean of the reference points (𝑿) and σx
2 is the variance of 𝑿. 

However, in some cases the extracted rotation transformation is a reflection of the actual transformation 

(determinant of R is -1). In these cases, the following expression (Equation 2.6) is applied to obtain the 

rotation. 

 
𝐑 = 𝐔 [

1 0 0
0 1 0
0 0 det (𝐔𝐕T)

] 𝐕T 
2.6 

 

This new rotation and translation matrix could then be used to describe the motion of the skeletal model 

using the tracking data. This method of tracking was subject to errors. For example, when this method was 

used on the markers placed on the pelvis, the error was 46 mm [57] for ill-conditioned marker sets (for 

instance, markers placed in a symmetric pattern across on two axes). If the markers were well placed, then 

the errors reduced to 6.8 mm. For this thesis, this method for estimating rigid body transformation was 

used to align the model obtained from MR imaging to the OMC space (Chapter 3). 

2.3.5 Model Registration Using a Marker Template 

The alignment between the geometric model and the optical motion capture data can be accomplished in 

several ways, one of which is using a marker template to align the model to the data. The method described 

by Zordan and Van Der Horst [58] uses a simple geometric model of a human subject with an ideal marker 

set arranged on the model. Since there will always be variability between the marker positions on the model 

and on the subject, they used weights to align the marker data. Furthermore, instead of just aligning the 

model from the initial position of the data, the alignment procedure was done on each frame of the data. 

This requires the development of a new model with new constraints and weights for each new subject.  

Instead of generating a new geometric model for each new subject, the skeletal model can be scaled to fit 

the subject. Scaling is accomplished by using control points to determine the scaling factor. These control 
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points are typically palpable skeletal landmarks and there are a set of control points for each segment in the 

joint system.  Herda et al. [59] used the joints of the skeleton to scale the generic model to the subject-

specific model. The joints themselves are determined by the skin mounted markers placed on the subject, 

with the joint centres determined through a series of motions and using a non-linear, least squares method 

to calculate the point of rotation. The skeleton is then fitted to each frame using another least squares 

minimisation method, with the markers as reference. 

Another type of model registration uses the model in an initial reference pose, which is then moved to the 

recorded position via linear transformations [5]. This method should be computationally faster, as alignment 

is performed on only the first frame (or reference frame). This reduces the overall soft tissue artefacts (STA) 

since errors do not propagate between frames. However, it still leaves the errors associated with calculating 

skeletal kinematics from the OMC data due to STA in each frame. Using the aforementioned method for 

fitting and aligning a skeletal model has the same problem of subjectivity due to palpation. 

 

2.3.6 Errors When Determining Bone Position Using Marker Template 

There are several places in the OMC workflow where error could occur such as calculating the bone position 

in each frame. There are two ways of calculating motion of the bone in 3D space: between two consecutive 

frames or from a reference position to a frame. For example, if n = frame number and m = total number 

of frames then the motion of the markers can be described by Figure 2.10. The error at each time step 

(frame) is the cumulative error from all its previous frames or time steps. 

 

Figure 2.10  Motion of the markers from frame to frame; T is the transformation describing the motion from 

frame n to frame n+1. E is the error at the current frame. 

In contrast, calculating the transformation from a reference pose does not accumulate errors. The error for 

the current frame is the error in the estimation from the reference to the current frame. 

𝐸1 = 𝜀1 𝐸2 = 𝜀1 + 𝜀2 

n = 1 n = 2 n = 3 n = m - 1 n = m 

T1 T2 Tn Tm 

𝐸3 = 𝜀1 + 𝜀2 + 𝜀3 𝐸𝑚 = 𝜀1 + ⋯ + 𝜀𝑚 
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Figure 2.11 Motion of the markers from reference position to frame; T is the transformation describing the 

motion from reference position to frame n+1. E is the error at the current frame. 

This is an issue when the skin-mounted markers are used for aligning an anatomical model to the OMC 

data (registration) and when they are used to track segments of the shoulder complex. 

2.3.6.1 Kinematics Simulations Using OMC Data 

Kinematic models on their own do not generate any useful information because they are just a list of 

constraints. In order for these models to give us useful information, the model requires real world inputs of 

shoulder motion and the most readily accessible data is usually obtained from OMC. There are generally 

two ways that OMC data could be used to drive shoulder kinematic models: simulation using rigid body 

transformation, or best-fit alignment of the model with a template marker set to the recorded OMC data. 

2.3.7 Estimating the Joint Centre 

There are different methods of determining the joint centre [60]. The typical assumption made by these 

methods was that the joint in question is a ball and socket, whereby the motion of the OMC markers and 

articulating surfaces forms a sphere. The centre of a sphere can be computed using numeral methods such 

as least squares.  

The method used in this chapter was the Gamage & Lasenby [61] method, which uses the geometric 

relationship between the joint and the point forming the surface of a sphere.  This was applied to the 

geometry of the articulating surfaces obtained from medical imaging such as MR imaging or the path of 

OMC markers given periodic motion. Using these surfaces, a least squares method was performed to find 

the centre points assuming the points represent the surface of a sphere. The resulting point was then used 

as the joint centre.  

2.4 Dynamic Radiography 

Dynamic radiography describes medical imaging techniques that use x-ray to visualise movement of internal 

body parts (typically bones). These techniques include fluoroscopy and videoradiography [62]. Since the 

motion of the bones can be directly imaged, this imaging modality is ideal for studying the kinematics of 

𝐸1 = 𝜀1 𝐸2 = 𝜀2 

n = 1 n = 2 n = 3 n = m - 1 n = m 

T1 
T2 

Tn Tm 

𝐸3 = 𝜀3 𝐸𝑚 = 𝜀𝑚 
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different joints without the issue of soft tissue artefacts. The main difference between videoradiography and 

fluoroscopy is the amount of radiation exposure experienced by the subject [63]. 

There are various examples of fluoroscopy and videoradiography usage in various joint kinematics studies. 

For example, Komistek et al. [64] performed an in-vivo fluoroscopic analysis of the knees. However, there 

are limited studies using this technique to analyse the upper limb due to the proximity to vital organs and 

the inherent risks of using ionising radiation. Given that the influence of soft tissue on skin-based kinematic 

measurements is not well defined for the shoulder, studies using this technology are necessary in order to 

improve the quality of the data collected from optical motion capture. 

2.4.1 X-Ray Fluoroscopy 

X-ray fluoroscopy (illustrated in Figure 2.12) produces real time video from x-ray passing through the 

subject, but instead of using film to capture the image, an image intensifier is used to convert x-ray into 

visible light. A camera is then used to capture the image [63], [65]. 

The images from fluoroscopy can be used to determine the skeletal kinematics by employing either feature-

based matching techniques, or tracking implanted radio-opaque markers. Before the structures can be 

tracked, the fluoroscopic images must be further processed to ensure accuracy of the inferred data. The 

images need to be corrected for distortion and the virtual environment needs to be calibrated before motion 

of bones can be tracked (see section 2.4.4 for general details). 

Fluoroscopic studies of knee kinematics have been performed by Fregly, Rahman, & Banks [66] and Banks 

& Hodge, [65]. Using this imaging modality, they were able to investigate the in-vivo kinematics of the knee 

and knee implants, yielding accurate kinematics measurements. However, the recorded motion was in a 

single plane of view, which means that the accuracy of the out-of-plane kinematics measurements is lower 

than in-plane kinematics measurements.  

This is a less significant issue for the knee, since most of the joint’s motion is limited to flexion/extension. 

However, in the case of the shoulder complex, a single plane would not be able to capture the full range of 

motion. Due to the shoulder’s complex range of motion, shoulder movements could be broken down into 

basic motions of the arm in a single plane. For example, Nishinaka et al.  [67] used fluoroscopy to investigate 

glenohumeral translation during shoulder abduction by fitting a subject-specific model of the humerus and 

scapula to the x-ray image.  

To improve the accuracy of recorded 3D kinematics, bi-planar fluoroscopy with model-based dynamic 

radiostereophotogrammetric analysis (RSA) can also be used to track skeletal structures, especially in joints 

such as the shoulder complex. It has been reported by Zhu et al. [68] that bi-planar fluoroscopy has a 

translational accuracy of less than 0.3 mm and a rotational accuracy of 0.58°. They also commented that it 

is approximately eight times more accurate than single plane fluoroscopy for out of plane measurements. 
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Figure 2.12  Major components of a fluoroscopic imaging chain (Schueler, 2000). The x-ray generator provides 

the required voltage and current that is used in the x-ray tube to generate the x-ray beam. The 

intensity of the beam is controlled by the voltage and current supplied by the x-ray generator. Once 

the beam passes through the subject, it is collected in the image intensifier where the x-ray is 

converted into points of light. The video camera records the light pattern from the image intensifier 

and displays it on the video monitor. 

2.4.2 X-Ray Videoradiography 

Videoradiography or cineradiography by definition is the filming of intensified radiographic images with a 

video camera and incorporates elements of cinematography, radiography and fluoroscopy [62], [69]. Due 

to the similarity with fluoroscopy, this imaging modality can be used to measure motion of internal 

structures by performing the same processing as with fluoroscopy (see section 2.4.4 for details).  

As mentioned the main difference between videoradiography and fluoroscopy is the amount of radiation 

exposure experienced by the subject. In static radiography, the single burst of radiation exposure is lower 

than the multiple exposures of fluoroscopy. However, since videoradiography is a series of the single 

exposure of static radiography, this translates to higher radiation exposure from videoradiography than 

fluoroscopy. One benefit of the higher exposure in the videoradiography system is that there are a 

significantly higher number of photons available to produce an image [63]. More photons mean lower 

brightness gains, which results in an image with better detail. 

This imaging modality can image various internal body parts (as with fluoroscopy) in motion. For example, 

a study used this technology to determine the shape and movements of the left ventricle of the human heart 

with the aid of epicardial markers [70]. In other examples, Gefen et al. [71] analysed the behaviour of the 

human heel pad during the stance phase of the gait cycle and cervical spine motion has been studied in the 

sagittal plane [72]. These examples show a large variety of internal structures that can be imaged using 

videoradiography. Accurate kinematics can be obtained without soft tissue artefacts. To increase its position 
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accuracy, two planes of x-ray can be used to image the subject (examples in section 2.4.3). Although 

videoradiography and fluoroscopy are powerful imaging modalities, they are not without risks and 

limitations. In section 4.2.2, the possible health risks to the subjects in this study are outlined, as well as 

steps that were taken to minimise them (section 4.2.2 and 4.2.3).  

2.4.3 Dual Plane Videoradiography 

In dual plane videoradiography or BXV, the setup is similar to single plane x-ray videoradiography, with the 

difference being that it uses two x-ray sources instead of one (see Figure 2.13) to increase the positional 

accuracy in 3D space [73]. Due to the use of two radiation sources, the subject experiences increased 

exposure to radiation. This increases the risks of injury from ionising radiation such as radiation burns. 

Thus, the level of risk will be the same for our experiments. It is for this reason that extra care was taken to 

mitigate the risk from radiation (the details are presented in sections 4.2.2 and 4.2.3). 

 

Figure 2.13  Virtual setup of the XROMM experiment in AutoScoper. The two image planes represent the 

positions of the image intensifiers and the cameras represent the positions of the x-ray tubes. The 

humerus (white) is in the volume where the two x-ray beams meet. The grid in the centre represents 

the ground plane of the tracking system, with the origin at the point of intercept of the blue and red 

lines on the grid. 

 

X-ray Projectors 

X-ray Image Planes 

Volumetric model 

X-ray Beams 

Ground Plane 



2|  Shoulder complex kinematics – Background and Literature Review 51 

The additional plane also requires that the x-ray images be corrected for distortion as in the single plane 

case. However, the coordinate system is now determined using the direct linear transform (DTL) technique, 

which uses a calibration object visible in the two planes of x-ray to calculate the DTL parameters (which in 

turn were used to calculate the position of the x-ray planes and the x-ray cameras) [74]. As with other visual 

tracking modalities, there is an established approach to tracking the skeleton using dynamic RSA (see section 

2.4.4 for details).  

Dynamic RSA can also be split into two methodological approaches that could be used to track skeletal 

structures. The first method uses embedded radio-opaque markers. This involves surgically implanting small 

markers into the subject, then using the tracked marker positions to determine the kinematics of the skeletal 

structure of interest. The second is model-based tracking, which involves using a virtual volume of the 

skeletal structure of interest to match the position displayed in the x-ray plane. 

One example of such a system is the W. M. Keck Foundation X-ray Reconstruction of Moving Morphology 

(XROMM) facility at Brown University. This system can either produce pulses of x-ray up to 150 Hz or a 

continuous x-ray beam with the video system recording up to 1000 frames a second [74], [75].  

XROMM has been used for various animal kinematics studies, including determining the stiffness 

contribution of the vertebral column during body-caudal-fin swimming in fish [76] and avian shoulder 

kinematics during ascending flapping flight [77]. It has also been used to study kinematics and soft tissue 

deformation in the human lower limbs, such as during jump cut manoeuvres [78].  

Other uses of bi-planar videoradiography involve investigating whether there is a significant difference 

between the kinematics of the scapula measured using OMC and videoradiography [79] in order to validate 

the use of OMC to analyse scapula kinematics. This methodology was also used to investigate whether the 

model-based dynamic RSA has comparable accuracy to the radio-opaque marker-based dynamic RSA, using 

the patella as an example [73]. The latter study is particularly important due to the use of model-based 

dynamic RSA techniques in the XROMM system (the system chosen to track the shoulder complex 

kinematics presented in this study). XROMM was the imaging modality chosen to investigate the soft tissue 

relationship to shoulder complex kinematics due to its availability from our collaboration with Brown 

University. 

2.4.4 Kinematics from Dynamic Radiography Using Dynamic Radiostereometric 

Analysis 

Radiostereometric Analysis (RSA) is a technique that uses x-ray to determine an object’s position in 3D 

space [80]. RSA in its simplest form, uses two x-ray images of the same object in different planes of view 

(with known relative positions of the x-ray plane) and projects the object perpendicular to the planes until 

they intersect. The point of intersection provides the 3D location of the object. 
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Using dynamic RSA techniques, the sequence of images obtained in fluoroscopy or videoradiography can 

be used to track skeletal motion. In order to track the motion using fluoroscopy or videoradiography, all 

the aforementioned studies outlined similar steps, which include the following:  

1. The recorded video was first corrected for distortion and calibrated to the laboratory 

environment [66], [81].  

2. A model (usually a polygon surface mesh) of the skeletal structure of interest is created from 

another source of medical imaging modality. Medical imaging modality such as magnetic 

resonance (MR) imaging or computed tomography (CT) could be used to generate these models.  

3. The laboratory environment (location of the image plane, the position of the image intensifier 

and position of the bone) was recreated virtually in a tracking script or software.  

4. If the investigator was using marker-less tracking modality (model-based dynamic RSA), the 

bone was placed on the image plane and adjusted using edge-based metric comparisons so that 

it matches the image frame [65], [66]. Otherwise, the bone is tracked indirectly using marker-

based dynamic RSA, where the embedded radio-opaque markers are tracked instead of the bone.  

5. This process was repeated for every frame in the fluoroscopy video. The usual output is the 

rigid body transformation from the initial position of the model to the position shown in the 

video, which can then be applied to a geometric model of the subject’s skeletal structure.  

2.5 Palpation of the Shoulder Complex 

2.5.1  Palpation of the Shoulder Landmarks 

Palpation is a technique that uses fingers and hands to touch and feel the body to determine and examine 

size, consistency, texture, location and tenderness of an organ or body part [82]. In terms of locating skeletal 

landmarks, an examiner will palpate the subject at the region of the body where the skeletal structures 

approximately lie.  The skeletal structures in Table 3.1 (EL, EM, AA, AI, TS, SC, AC, AM, IJ, PX, C7 and 

T8) can be used as reference points for registering a geometric model of the shoulder (depicted in Chapter 

2) and in turn determine rigid body kinematics of the shoulder complex. 
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Table 2.8 Several palpable, subcutaneous landmarks for the shoulder complex [83]. The important 

landmarks are listed for the anterior and posterior sides of the shoulder complex. 

On the anterior side of the shoulder 

complex 

On the posterior side of the shoulder 

complex 

 Ends of the clavicle: sternoclavicular (SC) 

and acromioclavicular (AC) joints.  

 The coracoid process of the scapula. 

 The top of the manubrium (IJ) and the 

xiphoid process (PX) of the sternum. 

 The lateral and medial epicondyles (EL and 

EM) of the humerus and the glenohumeral 

joint (GH). 

 

 The spine of the scapula (from the root, 

TS, to the acromial angle, AA), acromion 

(AM), the superior angle (SA) and inferior 

angle (AI) are the only palpable 

subcutaneous skeletal structures on the 

scapula. 

 The cervical vertebra C7 and thoracic 

vertebra T8 are palpable subcutaneous 

skeletal structures on the spinal column. 

 

The following are some potential problems that could arise with the use of palpated skeletal landmarks for 

geometric model registration are the following: 

1. The ability to locate the skeletal landmarks accurately decreases with increasing soft tissue 

thickness. 

2. The skin locations that correspond to the skeletal structures are offset by the soft tissue 

thickness. The landmarks on the geometric model may not have the right offsets to register the 

model accurately to the experimental data. 

3. Skeletal landmarks could be areas on the bone rather than a discrete points [84], which may 

cause additional errors. For example, the acromion of the scapula is a landmark that is an area. 

The location of the markers on the acromion could vary, which increases the difficulty in 

matching the markers to a template. 

2.5.2 Effect of Palpation Errors on Shoulder Kinematics 

The accuracy of using palpation to track shoulder motion was investigated by de Groot [85], who 

determined the variability of recording shoulder abduction by showing that the palpation error of the 

recorded kinematics was 2°. This error was the result of the variation in the identification of the landmark 

locations, which ranged from 1.0 to 3.8 mm in a given axis.  
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In another study, a double calibration method was presented for tracking the scapula using palpation as 

reference for comparing the effectiveness of their technique [26]. In their results, they found the method 

of calibration and subsequent tracking of the scapula to be agreeable with static data recorded from palpation 

at different degrees of arm abduction. Interestingly, the reported errors for abduction (RMS error 2-3°) were 

similar to the average error reported in de Groot’s study, but with larger standard deviation of landmark 

positions.  

In contrast, for the lower limb, the effect of landmark location has been well studied. For example, Donati 

et al. [86] investigated the inter-examiner precision in determining anatomical landmarks for the hip. It was 

reported that the error could be as low as 11 mm using their landmark identification protocol, which 

translates to 8% and 28% of error in the calculated knee internal/external rotation and abduction-adduction, 

respectively. 

The palpation error could also be attributed to the method of palpation, such as using the conventional 

landmark identification and calibration process [87]; these palpation errors were as high as 18 mm. The 

inter-examiner errors were also reported to affect the components of the anatomical frame orientation by 

2.5° to 9.4°.  

The effect of such errors on the kinematics of the shoulder complex has also been described in studies 

performed by Langenderfer et al. [88] and Salvia et al. [89]. In the Langenderfer et al. [88] study, the 

uncertainty of the anatomical landmark locations was simulated using Nessus1 probabilistic software and 

the kinematics determined from motion data recorded from skin-mounted electromagnetic sensors. They 

showed that anatomical landmarks AI and AA are least sensitive to landmark miss-identification, while those 

on the thorax are most sensitive to miss-identification. 

In contrast, the Salvia et al. study compared the difference in the variability of a device-assisted palpation 

method to the Calibrated Anatomical Systems Technique (CAST). CAST is a method of using a marker set 

other than the markers placed on anatomical landmarks to infer the location of those anatomical landmarks. 

This has the advantage of placing markers for tracking in locations with the least STA.  

The device-assisted palpation method digitises the landmark to a point cloud while preforming the 

palpation. Since most of the landmarks on the shoulder complex are areas rather than a point on the bones, 

this method allows the examiner to use these areas for the alignment. Salvia et al. reported that the precision 

using this technique was as low as 4 mm between capture sessions and 8 mm between examiners. The 

resulting kinematic error was 2° for the scapula and 5° for the humerus, which is comparable to the error 

measured for the lower limb. 

The results of the Salvia et al. study suggest that the device-assisted method of palpation does not reduce 

the registration error, even when performed by a well-trained individual.  This suggests that a new method 

with less reliance on palpation is needed to improve registration. It is worth noting that the kinematic data 

                                                      
1 http://www.nessus.swri.org/ 
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in both of the aforementioned studies were determined from the skin surface using sensors or reflective 

markers. These data sets will include STA along with palpation error.   

2.6 Homogeneous Transformation 

The assumptions that govern the methods presented in this thesis treat all deformation as homogeneous, 

even though it is well known that soft tissues undergo heterogeneous deformations. This assumption 

reduces the complexity of the problem of STA and is capable of providing a reasonable estimation of the 

deformation and subsequently the rigid body motion.  

Another assumption was that the transformation is linear, which allows the use of affine transformation in 

describing the deformation gradient tensor. In linear algebra, there are well-known methods of matrix 

decomposition such as PD and SVD. Depending on the method used, the rigid body transformation can 

be extracted from the deformation gradient tensor in a relatively simple manner.  

In contrast, inhomogeneous transformation causes the soft body to undergo different degrees of 

deformation at different regions. This requires mathematically complex models to describe the spatial 

deformation. Furthermore, it also requires a dense point cloud to ensure the accuracy of the deformation. 

Obtaining the additional required data set for each subject could be difficult and estimating the rigid body 

transformation using this method can be computationally expensive. Therefore, due to the nature of the 

OMC data, the homogeneity and linearity assumptions are made. 

2.6.1 Affine transformation 

Affine transformation is a function that maps points in one configuration to another configuration assuming 

a one-to-one point correspondence. It treats all points homogeneously, meaning every point of the body 

undergoes the same affine transformation. Properties such as angles between lines or distances between 

points are not necessarily preserved; however, affine transformation does preserve ratios of distances 

between points lying on a straight line [90]. 

In general, an affine transformation includes translation, scaling, shearing, rotation and reflection. These 

transformations can exist alone or as a combination, and the resulting overall transformation matrix (𝑨) can 

be given by, 

 

 𝑨 =  [

𝑎11 𝑎12 𝑎13 𝑎41

𝑎21 𝑎22 𝑎23 𝑎42

𝑎31 𝑎32 𝑎33 𝑎43

0 0 0 1

] 
2.7 

 

The inner 3x3 of 𝑨 contains rotation, shearing and scaling. The fourth column is the translation. 
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Thus, the shape change (non-rigid) and motion (rigid) of a marker set could be described using affine 

transformations. Rigid body components of the affine transformation (translation and rotation), as 

mentioned do not change the shape of the object and are needed for rigid body kinematics. In contrast, 

shearing and scaling cause deformation and it is assumed to cause STA. Reflection and projection 

transformations are not considered in the investigation of STA because biological tissues cannot undergo 

reflection, and projective transformation is not applicable to the present analysis.  

For the OMC data, the marker locations could be used to estimate the affine transformation. However, the 

method of estimating the affine transformation depends on the number of markers that are available. If 

four markers are available, then it is considered an ‘exactly-determined system’. This means that the 12 

entries in equation 2.7 can be uniquely calculated. 

If there are only three markers, then it is an ‘under-determined system’. Therefore, the solution 

(transformation matrix) is forced to contain rigid body transformation. This can be achieved by first setting 

one of the points as the origin, then defining two vectors (𝒗𝟏 and 𝒗𝟐) that link the origin to the other two 

points. The cross product of the two vectors will give a fourth point, which forms another vector with the 

origin (𝒗𝟑). If a rigid body transformation is required, then vectors 𝒗1, 𝒗𝟐 and 𝒗𝟑 need to be orthogonal. 

This could be ensured by calculating the cross product of 𝒗𝟑 and 𝒗𝟏 which will give a new vector (𝒗4) that 

replaces 𝒗2. Using these vectors and the origin, the exact transformation could be calculated algebraically.  

When there are more than four markers, it is considered an ‘over-determined system’. The optimal affine 

transformation in this case can be estimated using the least squares method. The least squares formulation 

(equation 2.9) to determine the affine transformation matrix can be obtained by minimising the error 

function 𝑒 (equation 2.8) as defined by, 

 

 min
𝐴

𝑒 =  ∑[(𝒀𝑑 − 𝑨𝑿𝑑)𝑇(𝒀𝑑 − 𝑨𝑿𝑑)]

𝐷

𝑑=1

 2.8 

 

 𝑨 = (𝑿𝑇𝑿)−1𝒀 2.9 

 

where vectors 𝑿 and 𝒀 represent the reference and target marker positions respectively. D is the total 

number of markers and A is the affine transformation matrix.  

Besides the affine transformation obtained from three markers, the transformation from four or more 

markers will contain both rigid and non-rigid components. Decomposing the affine transformation back to 

its components has its challenges. This is due to the nature of the shearing and scaling components, which 

will be discussed in detail in the next section. 
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2.6.2 Shearing and Scaling 

Scaling in Euclidean geometry has two forms: isotropic and anisotropic scaling. Isotropic scaling causes 

uniform compression or dilation in all principal directions, which could be described using a single scaling 

factor. Anisotropic scaling, in contrast, causes non-uniform scaling in which a scale factor is used to 

represent scaling along each principal axis. For example, in 3D space there are three scale factors, in which 

all three could be different. In soft tissue, the scaling factors are always greater than zero. A negative scaling 

factor represents reflection, which is not possible in soft tissues. A scaling factor of zero is also not possible 

because it only occurs in projective transformation. Furthermore, scaling has an effect of changing the 

magnitude of the shear factor when scaling is combined with shearing. This causes error when estimating 

rotation from the affine transformation matrix (see section 5.4 for an example of the error caused by scaling). 

 

 

Figure 2.14  2D shear - the deformable body could shear in the X1 and X2 direction with the shear factors h1 

and h2 respectively. 

Shear mapping or shearing is a transformation that displaces points in a fixed direction.  Applying shearing 

to an object will change the angles between the points within the object. In 2D, it could be defined as,  
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where 𝑯𝟏 is a general shearing matrix in 2D, ℎ1 and  ℎ2 are two shear factors in X1 and X2, respectively (a 

graphical representation is depicted in Figure 2.14). When this is extended to 3D, the shear matrix in an 

arbitrary orthogonal coordinate system can be defined as,  

 

 𝑯𝟐 =  [

1 ℎ12 ℎ13

ℎ21 1 ℎ23

ℎ31 ℎ32 1
] 

2.11 

 

where 𝑯𝟐 is a general shearing matrix in 3D. ℎ12, ℎ13, ℎ21, ℎ23, ℎ31 and ℎ32 are shear factors representing 

shearing in the first coordinate direction (the first number in the subscript) with respect to its second 

direction (the second number in the subscript) [91]. For example, the shear factor  ℎ12 represents shearing 

in the X1 direction in respect to X2. 

Shearing can be divided into two types: pure shear and simple shear. Pure shear in 3D space is a 

homogeneous flattening of the object [92]. Although similar to scaling, the volume of the object that 

undergoes pure shear does not change. Simple shear on the other hand describes change in the angles 

between the points from a reference frame and differs from pure shear by a means of rotation [93] 

Since the soft tissue can be modelled as being attached to a rigid surface (illustrated in Figure 2.15) [40], the 

shear mapping in the 2D case could be simplified to a single shear factor (ℎ1) as described in equation 2.12 

(also known as a simple shear, 𝑯𝒂). 

 

 𝑯𝒂 =  [
1 ℎ1

0 1
] 2.12 
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Figure 2.15  Soft tissue in a simplified 2D model could only shear in the X1 direction with the shear factor h1. 

This assumes homogeneity and fixation of the soft tissue on to a rigid surface. 

By extending the simple shear model to 3D (see Figure 2.16 for an example), the shear mapping of the soft 

tissue could be described using two shear factors (referred to as a two-shear factor model) in a single plane. 

If the simple shear occurs in the XY plane (in reference to the Cartesian coordinate system) then it can be 

defined as, 

 

 

𝑯𝒃 =  [
1 0 ℎ1

0 1 ℎ2

0 0 1

] 
2.13 

 

where 𝑯𝒃 is a simple shear matrix in 3D, variables ℎ1 and  ℎ2 are two shear factors in X1 and X2, respectively 

(depicted in Figure 2.16). 

 The problem with this shear mapping is that it requires a reference frame to describe the shearing. The 

affine transformation for the least squares method always gives a transformation in reference to the global 

reference fame. This means the shear plane may not occur on any of the principal planes formed by the 

Cartesian axes of the global coordinate system. Therefore, a simple shear can only be decomposed if there 

is a known rotation that rotates the shear plane to one of the principal planes formed by the global 

coordinate system axes. 
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Figure 2.16 Soft tissue in a simplified 3D model could only shear in the X1 and X2 directions with the shear 

factors h1 and h2. This assumes homogeneity and fixation of the soft tissue on to a rigid surface. 

Assuming the simple shear occurs at the X1 X2 plane, it can then be combined with scaling and rotation to 

form the deformation gradient tensor that represents the mapping between the reference (or un-deformed) 

and deformed states, this can be defined by, 

 

 

𝑭 = 𝑹𝑺𝑯𝒃 
2.14 

 

where F is the deformation gradient tensor, S is a diagonal matrix of scale factors and 𝑯𝒃 is the shear matrix 

described in equation 2.13.  

Although the matrix multiplication in equation 2.14 is presented in a particular order, in reality any order of 

𝑹, 𝑺 and 𝑯𝒃 could be used to calculate F. Furthermore, different 𝑹, 𝑺 and 𝑯𝒃 can give rise to the same 𝑭.  

One other characteristic of the simple shear model is that the normals on the surface of the object are the 

same as the surface of the bone (see Figure 2.17). Which means, if the same location on the skin surface 

could be located in both the deformed and un-deformed state, it may be possible to use it to determine the 

rotation and translation of the soft tissue segment and subsequently the position of the bone. 
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Figure 2.17 Surface normal direction of the bone and skin does not change after applying simple shear.  

However, a problem arises when the bone is fully surrounded by soft tissue especially for the bones in the 

shoulder complex (the humerus, scapula and the clavicle). For the model of simple shear to work, the marker 

placements need to resemble a plane. If the marker placements resemble a cylinder, then it needs to be 

unwrapped (shown in Figure 2.18) so that the soft tissue layer sits on top of the bone. One such place this 

could happen is the humerus. A possible unwrapping method in this case is to convert points on the 

humerus from a Cartesian to a polar coordinate system. This will flatten the humerus so that it matches the 

simple soft tissue model. However, this type of conversion is sensitive to the definition of the local 

coordinate frame.  

 

 

Figure 2.18 Cross-sectional view of a simple humerus model (on the left), the yellow is the soft tissue and the 

purple is the bone. The unwrapped model of the humerus is shown on the right. 
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2.7 Summary 

The anatomical structures of the shoulder complex presented a problem when determining skeletal position 

using external means. Muscles such as the deltoid reduce the palpability of important bony landmarks on 

the shoulder complex. The limited access to these landmarks on the shoulder means that problems will 

occur when measuring shoulder kinematics using optical motion capture.  

The soft tissue covering the skeletal landmarks also deforms due to acceleration and muscle contractions. 

The deformation causes any markers placed on the skin to move relative to their reference position (this 

includes markers representing anatomical landmarks and joints). This has a flow-on effect from model 

registration to determining kinematics. 

2.7.1 OMC 

OMC is a tool that provides the safest and most convenient means to capture human motion. However, it 

is not without its limitations, in particular the shoulder has been a problem area to track using OMC due to 

the presence of a significant amount of soft tissue and resulting deformation. This deformation is primarily 

caused by muscle contraction. The effect of gravity also plays a role in the skin-mounted markers to move 

relative to their initial positions. This is a major 

2.7.2 Model Registration 

One problem is that scaling generic models of the shoulder will not be accurate. In general, scaling was done 

homogeneously using palpated skeletal landmarks on the shoulder complex, which could be an area on the 

bone rather than an easily palatable point. Region based scaling could give better representation of the 

subject’s anatomy [94] but will require more points that could be reliably palpated from the shoulder. Of 

course, the required accuracy from the model scaling and in turn the registration will depend on the 

application. Since registration is a general problem that is faced by all applications that use OMC, having a 

method of registration that improves accuracy regardless of the application will be beneficial and will be 

explored in Chapter 3. A method of removing the problems due to scaling is to use a subject specific model. 

These could be generated from medical images such as MR and CT as mentioned in Chapter 3. However, 

generating a subject specific model from scratch is usually labour intensive and time consuming, which was 

why scaling of generic models is often used in OMC studies.   

To reduce the time needed to generate a subject specific model, a generic model could be customised using 

segmented point clouds of the shoulder’s skeletal structures. Host mesh fitting and surface fitting 

methodologies [95], [96] could be used to customise a generic model, but each method has limitations that 

reduce the geometric accuracy of the customised model. 

2.7.3 Linear Description of Shoulder Kinematics 

A common way of simulating the shoulder kinematics using OMC data is to describe the motion using rigid 

body transformation. Rigid body transformation is calculated from OMC marker data on the shoulder using 
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the least squares method (see section 2.3.4). If the shoulder was a rigid body, then by just applying these 

transformations, an accurate estimation of the position of the skeletal structure of the shoulder complex 

could be obtained. However, this is not the case; the deformation caused by the soft tissue introduces 

shearing and scaling that causes shape changes when applied to a model. This means that rigid body 

transformations calculated from the OMC data do not represent the rigid body motion of the shoulder 

complex. A full description of the changes in the skin-mounted markers could be estimated using affine 

transformation. 

Affine transformation describes changes that shape undergoes in 3D space including shearing and scaling. 

Using such descriptions of the deformation, techniques such as polar decomposition or singular value 

decomposition could be used to estimate rigid body transformation and subsequently the actual bone 

positions. However, it assumes the entire soft tissue undergoes the shape changes or deformations 

homogeneously, but it is common knowledge that soft tissue experiences heterogeneous deformation 

especially for the shoulder complex [97]. This inhomogeneity of the deformation is an issue that causes 

estimation errors (more details in Chapter 5), which limits the accuracy of the estimation of the rigid body 

transformations. 

2.7.4 Least Squares Fitting between the Template and Marker Set 

Model fitting using a known template is another method that researchers have used to estimate the position 

of the bones [4], [41]. For the shoulder, skeletal landmarks and other reference points were used to fit a 

model to the OMC markers at every frame. This method involves minimising the distance between the 

OMC measured marker position and the position of markers on a template. This fitting could be done 

locally on each of the segments or globally to the entire model.  Using model fitting usually has the same 

limitation as using descriptors mentioned in section 2.3.4. Soft tissue obscures the skeletal landmarks, which 

reduces the ability for the investigator to repeat the template marker set on the subject. Furthermore, the 

relative distance between the markers in the marker set changes during motion caused by soft tissue 

deformation. Due to these reasons there are some uncertainties leading to errors in the derived kinematics. 

2.7.5 Homogeneity 

The motion of the markers on a deforming surface does not conform to homogeneous motion as is evident 

in section 5.4.1. This means that affine mapping may not be the best option when mapping the segment as 

a whole. Although the soft tissue overlaying the bone violates the homogeneity assumption, the bone itself 

does not. Therefore, exploiting this fact may result in a better estimation of the rigid body transformation. 

However, a large error in the estimation using affine transformation matrix does not mean large errors in 

the rigid body estimations. The calculated affine transformation matrix represents the average change 

between the two marker configurations. Since the deformation can be such that all points experience that 

same rigid body transformation, the optimum rotation could be the average rotation experienced by the 

markers, which could be encapsulated in the affine map transformation matrix. 
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There are a few areas that the soft tissue layer could cause error in the final kinematics, model registration 

is one such area. This chapter focuses on reducing uncertainty of the marker placement by removing 

subjectivity using a subject-specific model and infrared (IR) depth mapping.  The current methods of placing 

markers on the subject are based on palpating anatomical landmarks. Palpation can be performed with a 

high level of accuracy by experienced examiners. However, inexperienced examiners may not be able to 

achieve the same level of accuracy, compromising the reliability of the derived kinematics.  

To remove the subjectivity of placing markers on the subject, the marker position of markers relative to the 

skeletal model can be determined by using a subject-specific model (skin and bones) created from magnetic 

resonance (MR) imaging and an IR depth map scanner. This is accomplished by first aligning the skin 

topology obtained by IR depth mapping to the OMC data, and then the skin geometric mesh in the 

subject-specific model is aligned to the skin topology obtained by IR depth mapping. This removes the need 

for palpating skeletal landmarks, which has the benefit of accurately registering the model to the OMC data 

regardless of experience. The method also has the benefit of providing the exact marker configuration used 

for the subject during the experiment aligned in the model and easily quantifiable registration errors. 
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3.1 Introduction 

The OMC system (explained in Chapter 2) tracks an object indirectly by tracking points on the surface of 

the object, for instance, skin-mounted passive-infrared markers. By processing and tracking marker 

information, the position of the object can be determined from rigid body transformation inferred from 

OMC data. The changes in markers’ positions are used to track the change in the object position through 

time. This can be achieved in two ways: the first is to calculate a series of linear rigid body transformations 

from the marker displacements, then apply these geometric transformations to the model (assuming the 

model and the markers have the same initial position). The second is to align the model to each frame of 

the data by using the markers that represent the skeletal landmarks for alignment (model registration). Since 

the markers will move relative to their skeletal landmark position, a best fit of the skeletal model is 

performed using the marker position as the initial condition for the optimisation process to reduce the errors 

in the joint positions and the markers [59]. 

Model registration, in the context of rigid body kinematics, is the alignment of an anatomical model to the 

recorded data from a tracking modality such as OMC [17]. The geometric model registration step has been 

overlooked as a potential source of error when determining the shoulder joint kinematics from external 

measurements. The focus in the literature has been on correcting the error in joint kinematics calculations 

[4], [26], [59]. However, this alignment is important because the anatomical model provides anatomical 

features for determining the kinematics (for instance, bone positions and joint angles for the shoulder 

complex). Using the anatomical features also provides a reference for presenting human kinematics data 

[98].   

A template configuration of the skin-mounted markers is typically used for alignment; these templates have 

two perceivable problems: scaling and subjectivity. For convenience, a generic geometric model customised 

to the subject is often used in kinematics studies. The generic model can be customised by either scaling or 

morphing (examples of host mesh fitting and surface fitting are given in section 3.2) the model to the 

geometry of the subject. To scale the model to the subject, markers at known anatomical landmarks are 

used to determine the scale factor(s), which can be homogeneous or have three different values in the 

principal directions. These are applied to the model [4]. This means the markers on the subject need to 

match the skeletal landmark template, which involves the palpation of the skeletal landmarks on the subject. 

The scaling problems can be solved using a subject-specific model. Having a subject specific model means 

that the palpated landmark locations are no longer needed for scaling the generic model. 

Although palpation (see section 2.3.5 for the palpation of the shoulder) has been shown to be reliable, there 

is an issue in using palpation that is worth noting. The presence of the soft tissue layer overlying the bone 

may cause difficulty in locating skeletal landmarks, especially for the scapula [84]. This is due to the 

smoothing effect of the soft tissue reducing the palpability of skeletal landmarks and as a result, the accuracy 

of the alignment could vary from subject to subject. It is clear that palpation is not always the best method 

to determine these landmarks.  
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The errors caused by palpation are considered random errors due to the subjectivity of the landmark 

identification process. Subjectivity could cause large variations in marker placements, which results in the 

scaled anatomy not accurately representing the subject. Scaling error(s) reduces the accuracy of the 

calculated position of the bones in the skeletal structure. Consequently, the bones can intersect or dislocate 

from each other during the simulation. 

In order to increase the accuracy of the model registration, the author suggests that more information should 

be collected from the subject. Current methods for registering a model to the OMC data also use skeletal 

landmarks from palpation. The same error in locating the landmarks has a flow-on effect to kinematic 

measurements. The method presented in this chapter uses surface scanning modalities to aid in the 

registration of the anatomical model. Although the skin surface is relatively featureless, accurate registration 

is possible because there is one pose with known positions for the skeletal structure (for instance, the supine 

pose – more details in section 3.2.2.1). 

In this chapter, the robustness of skeletal landmark identification process using the ISB definition of the 

shoulder anatomical frame is investigated by performing a sensitivity analysis on the marker locations. This 

comprises of an investigation into the effect of landmarks location on the alignment, subsequent anatomical 

frame orientation and joint kinematics for the GH joint. For this study, the tracking modality used is OMC 

with passive-infrared markers. The human shoulder complex is used as an example, where an anatomically 

based model of the shoulder complex is registered to the OMC data using a novel methodology. 

This chapter will also demonstrate that technology such as magnetic resonance imaging and infrared depth 

mapping could be used together to accurately register a subject-specific model to OMC data. This has the 

added benefits of reducing subjectivity when registering the initial position of skin-mounted markers to the 

subject’s skeletal structure. 

3.2 Methodology 

The registration of subject-specific model is important for obtaining a subject’s kinematics data. The errors 

from this registration could have flow on effects to calculating kinematics such as joint angles. This section 

outlines a novel method of registering a subject-specific model to the OMC data. The first part will deal 

with generating a subject-specific mode and the second part of the method will deal with the registration 

itself.  

3.2.1 Subject-Specific Models 

An anatomically accurate, skeletal shoulder model provides the location of the anatomical landmarks in the 

region of interest, and a way to visualise the results of biomechanical simulations. These allow us to 

determine subject-specific data about a particular kinematic measurement. Developing an anatomically 

accurate model can be difficult and time consuming. However, it is one of the best methods for removing 

the scaling error commonly associated with scaling a generic model. 
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The following subsections describe two methods that were explored for developing an anatomically accurate 

subject-specific model of the shoulder (show in Figure 3.1): customising a generic model [96] or building a 

model using the marching cube algorithm [99]. 

 

 

Figure 3.1  A cross section of a magnetic resonance image slice and the geometric model of the shoulder complex. 

3.2.1.1 Segmentation 

Before a subject-specific model can be generated, spatial data was collected regarding the geometry of the 

subject’s skeletal structure. Medical imaging modalities such as MR imaging were used to obtain such data. 

These imaging modalities provide cross-sectional slices of the region of interest, in which different structures 

can be identified for model generation. These images were in the Digital Imaging and Communications in 

Medicine (DICOM)2 file format. The process of identifying these structures is called segmentation, and is 

common to both of the two methods of developing subject-specific models described in the following sub-

section. There are several methods that can be used for segmentation and this section will provide examples 

of two such methods explored for the registration method: manual point placement and semi-automatic 

segmentation. 

                                                      
2 http://dicom.nema.org/ 
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3.2.1.1.1 Manual Segmentation 

Manual segmentation was the more laborious of the two segmentation methodologies and it was explored 

for this registration method. It involves the manual inspection of each individual DICOM image and 

requires placing a “point” on the boundary of the anatomical structure in the 2D plane. The 3D position of 

the point was determined using pixel spacing and slice position information from the DICOM image.  The 

act of placing points on the DICOM image was repeated for each of the images in the image stack. The 

result is a point cloud as illustrated in the end circle in Figure 3.2. This type of manual segmentation requires 

a software package that can do the following: 

1. Display MR images in 2D and 3D. 

2. Create a point cloud in the MR imaging coordinate frame by placing points on the images. 

The software used for manual segmentation was a simple segmentation thin-client application (Figure 3.2) 

written as a plug-in (ZINC) for Firefox (up to version 3.6) developed by the Auckland Bioengineering 

Institute. This application allows the user to manually create point cloud groups and export them as a 

CMGUI [100] native file format (*.exdata or *.exnode). The user creates point clouds by manually placing 

points on the boundary of the region of interest in the DICOM images (for instance, bones of the shoulder). 

Each of the bones in this instance corresponds to a point cloud. To evaluate this segmentation method, 

medical images of the author’s (this thesis) shoulder complex was collected (this was approved by ethics 

review board for the collection and use of this data set without requiring additional ethics approval). This 

was a male subject’s shoulder imaged in the supine position using the T1-weighted breath hold sequences3 

in a 3T MR imaging machine at the Centre for Advanced MRI (CAMRI)4. The stack of 120 MR images of 

the shoulder was manually digitised using the ZINC digitiser (depicted in Figure 3.2). 

                                                      
3 Ethical was obtained for the collection of this set of MR images 
4 https://www.fmhs.auckland.ac.nz/en/faculty/camri.html 
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Figure 3.2 Zinc digitiser. The box on the left shows the DICOM image at the slice location shown in the 

right box. Each region of interest is outlined in different colours. The white spheres are the outlines 

of the humerus and the yellow is the scapula, with the spine outlined in orange. 

3.2.1.1.2 Semi-Automatic Segmentation 

Due to the time consuming task of segmentation, semi-automated applications was explored to assist in 

segmenting and creating geometric meshes of the anatomical structures. ITK-snap [101] is one such 

application that was investigated, it provides tools to reduce the time required to segment the anatomical 

structure of interest. The tools, for instance, pixel filtering using a threshold and edge detection providing 

bounds that allow its bubble algorithm [101] to segment out the shape of the anatomical structure. Manual 

processing of the segmented shapes in the images was usually required to ensure the bounds of the shape 

match the structure in the image. 

Even though it was concluded that ITK-snap provided powerful tools, the skeletal structures segmented 

from this application were not fully suitable for the studies of the shoulder complex in this thesis. The 

reason was that the bi-planar x-ray tracking application (AutoScoper, see Chapter 4) used to track skeletal 

motion from x-ray images requires a specific data format (masked DICOM images in the DICOM file 

format). ITK-snap at the time of the processing did not output masked DIOM images as DICOM files. 
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Therefore, a simple segmentation application (see Figure 3.3) written in Java was developed for this study. 

It used Matlab as a DICOM reader and ImageJ 3D viewer5 as the tool for surface reconstruction.  

 

 

Figure 3.3 Screenshot of the segmentation application developed for the study (written in Java, ran in Matlab). 

To segment the bones from the MR images, a masking approach was used to separate out the different 

bones of the shoulder. In order to avoid modifying the original image, a transparent layer was overlaid over 

the original image to collect segment information. The user simply colours the bone of interest in the 

DICOM image and the application then notes down the pixel location on the overlay. The original image 

remains unchanged, which allows the application to provide a simple way to correct any mistakes the user 

makes (such as an eraser) without having to track all the changes the user makes in the algorithm.  

Once the user has segmented out the bone in the image stack, it is ready to export; the application used the 

coloured pixel locations to binarise the DICOM images, saving it as a copy of the original with the original 

header. The subject-specific model is created using the ImageJ 3D viewer. This plugin used the marching 

cube algorithm, first presented by [99], to create a triangle mesh from the binarised images. Once the skeletal 

structures have been segmented into their individual point clouds, this data could be used to create a subject 

specific model.  

Due to the complexity of the shoulder complex, two methods of customising existing generic model using 

segmented data was evaluated and they will be discussed in the following sections. 

                                                      
5 http://imagej.nih.gov/ij/plugins/3d-viewer/ 
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3.2.1.2 Generating a Subject-Specific Model from Data 

There were two methods investigated for creating a subject specific model from segmented data of the 

skeletal structures: customisation of a generic model and triangulated surface from point cloud data.  

3.2.1.2.1 Customisation of a Generic Model 

The customisation of a generic model to subject data can be performed with any point cloud data. For 

example, an existing generic shoulder model had been developed from data collected from the Visible 

Human6 images. It consisted of the sternum, clavicle, scapula and humerus finite element meshes depicted 

in Figure 3.4. These models allow us to locate the landmarks and automatically generate the segmental 

coordinate systems. Although the generic model is anatomically detailed, it is not useful in studying in-vivo 

kinematics, as it does not represent the specific subject. However, the model can serve as a good starting 

point for creating a subject-specific model because the general shapes of the bones are already available in 

parametric form. There were two methods explored to customise an existing generic model using segmented 

data and they will be discussed in the following sub-sections.  

 

                                                      
6 http://www.nlm.nih.gov/research/visible/visible_human.html 

 

Figure 3.4 Generic model of the shoulder. The orange axes are the segmental coordinate system of the 

humerus, the green axes represent the segmental coordinate system of the scapula and the 

red axes are the segmental coordinate system of the clavicle. All these meshes are built 

using tri-cubic hermite elements. 
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Fitting Surfaces to Segmented Data  

Customisation of a generic model to a subject using the surface fitting method requires an initial mesh. This 

was constructed using a subset of the digitised data or a roughly scaled generic model. It was important that 

the initial mesh follows the available point cloud of the bones as closely as possible because these points 

were projected to the external surface of the mesh. The closer in shape that the initial volume mesh is to 

the point cloud, the less likely the points will be projected to the wrong surface causing artefacts such as 

mesh inversion. The new nodal parameters of the mesh were determined such that the total data error was 

minimised using a least squares algorithm. The error was defined as the Euclidean distance between the 

point itself and its projection (usually orthogonal) on to the surface. For example, in Figure 3.5 this method 

was used to customised model of the clavicle from the point cloud obtained from MR images. This method 

was also used on the other bones in the shoulder complex (humerus and scapula) but there was an issue 

with fitting the scapula. Due to the complex shape of the scapula, the mesh often inverted itself after fitting. 

A solution was devised and described in sub-section “Limitations of Customising a Generic Model” in 

section 3.2.1.2.1. 

 

 

Figure 3.5    The process of surface fitting by reducing the distance between the mesh surface and the point cloud 

using least squares algorithm. 

Host Mesh Fitting 

The host mesh fitting method was an inhomogeneous transformation technique where every point or 

particle of the continuous mesh undergoes different degrees of transformation [95]. It is a variant of the 

free-form deformation technique described by Sederberg [102]. In this method, a host mesh is created to 

encompass the existing mesh (slave mesh). The host mesh usually has a much simpler geometry and has 

lower DoF than the existing mesh. Following that, a set of landmark points (usually on the surface of the 

existing mesh) and corresponding target points (from subject’s MR images) are defined. The host mesh is 
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then deformed to minimise the total data error, for instance, summation of the Euclidean distance between 

each landmark point and corresponding target point. 

Once the optimum configuration of the host mesh (deformed) is obtained, the slave mesh is also updated 

or transformed with respect to the deformed host mesh. This process determines new nodal parameters: 

nodal positions and derivatives, as with all bones modelled using tri-cubic Hermite finite elements. Since 

the latter mesh is completely embedded in the former, it (the existing mesh) undergoes the same degree of 

deformation as the host mesh. Better results (customisation) can be achieved if the existing mesh is 

accurately registered with respect to the images before applying the morphing technique. Figure 3.6 

illustrates this procedure, showing the humerus customised using host mesh fitting. 

 

 

Figure 3.6  Host mesh customisation of a generic humerus model to subject-specific data. Landmark points 

used for the deformation are not shown in the illustration. 

This method was also used when you only have partial data of the bone. For example, if you only have the 

proximal end of the humerus and need the distal end of the humerus. Using host mesh fitting, you can get 

a customised distal end by specifying the approximate location of the epicondyles and the proximal end of 

the humerus. 

Limitations of Customising a Generic Model 

It was found that these methodologies used to fit the generic model have limitations that cause problems 

when customising bones with complex geometries, of which the scapula is one. Creating a subject-specific 

scapula poses a couple of challenges. Firstly, it has a complex shape (even more so than the humerus) and 
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secondly, the scapula is incredibly thin. These geometric properties make the scapula difficult to customise 

using either of the aforementioned methods and fitting artefacts such as mesh inversion often occurs. A 

two-stage process (depicted in Figure 3.7) was devised using a combination of host mesh fitting and surface 

fitting to create the subject-specific model. 

The first stage involves customising the generic mesh of the scapula, by deforming it using host mesh fitting 

to get the approximate shape of the subject’s scapula. Due to the complexity of the scapula’s shape, the 

number of control points used for the host mesh fitting was increased, especially around the thin 

infraspinatus fossa. 

 

Figure 3.7  Customising the generic scapula mesh to a subject-specific mesh using the combination of host mesh 

fitting and surface fitting techniques 
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Once the rough shape and size of the subject’s scapula is obtained from the first stage of customisation, the 

resulting mesh is then used together with surface fitting in the second stage to obtain the final shape of the 

scapula. Since the surface of the mesh now more closely resembles the surface of the subject’s scapula, 

surface fitting can be performed to fine-tune the shape of the scapula to the point cloud created from the 

MR images. The reason for not using surface fitting in the beginning was that the closest point on the 

surface of the mesh to the point cloud could be the opposite side of the scapula. That would cause the mesh 

to turn inside out, especially around the thin infraspinatus fossa region. This process was repeated to ensure 

the closest match possible to the subject’s skeletal geometry. 

However, due to the complexity of the method, it was decided that it was easier to generate the mesh directly 

from the segmented data (see section 3.2.1.2.2) rather than customise a generic mesh. 

3.2.1.2.2 Triangulated surface from point cloud data 

In the absence of a high quality generic model to customise that fit the needs of this study, the author of 

this thesis built a subject-specific model starting from the subject’s medical imaging data. Due to the lack of 

details in the available generic model, the subject specific model presented in this thesis was built from 

scratch from the subject’s segmented data. This process involves using the segmented point cloud of the 

region of interest to generate a 3D model, the simplest of which is a triangulated surface mesh. Two of the 

popular algorithms for generating a surface mesh from the segmented point cloud are the Poisson surface 

reconstruction [103] and the marching cube algorithm [99]. For registration, both of these methods were 

used. The marching cube algorithm was used to create a rough surface mesh of the bone geometry where 

the point cloud was resampled and regenerated using Poisson surface reconstruction. 
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Figure 3.8 Segmented point cloud of the humerus, its subsequently generated normals and its subsequently 

generated surface mesh. 

In order to use these aforementioned surface reconstruction algorithms, they require the points in the point 

cloud to have a unit vector to indicate the surface orientation and curvature of the mesh. If the only 

information available is the point positions then the normal vectors (as shown in Figure 3.8) was estimated 

by performing a localised least squares fit from a set of neighbouring points [104].  

Since a binarised image stack (BIS) of the region of interest was available (for instance, the image stack 

where the point cloud originates) due to the segmentation used then the normal was the perpendicular unit 

vector from the tangent at the point of interest. Smoothing was applied on the mesh created by the marching 

cube algorithm to reduce noise in the normal vector directions, which allows a smoother surface to be 

created from the point cloud using the Poisson surface reconstruction. Once the orientations of the points 

were known, the surface can be reconstructed from the point cloud (for example, Figure 3.9 shows an 

example of a subject specific mesh generated from a segmented point cloud). 

The generated mesh was further processed in a mesh-editing tool (such as MeshLab) to remove meshing 

artefacts including holes in the mesh, duplicate faces and vertices. It was then optimised by reducing the 

number of polygons in the mesh using a process called decimation [105]–[107]. 
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Figure 3.9  Example of the subject specific mesh of the shoulder complex. 

3.2.2 Registration Using Subject-Specific Model and Infrared Depth Camera 

The previous section described the solution to scaling errors, this section presents the novel method of 

mapping a skeletal model to motion capture data.  

Instead of mapping the skeleton to each frame of the kinematic data using a global optimisation method [4] 

and palpated skeletal landmarks, the proposed method registers a subject-specific model to the initial pose 

of the subject. The process requires a series of transformations, shown in equation 3.1 and illustrated in 

Figure 3.10. The first transformation was to align the two skin point clouds (𝑻𝑠𝑘𝑖𝑛). The second 

transformation was to align the markers on the reference object with the same markers in the OMC data 

(𝑻𝑟𝑒𝑓). 

  

 𝑻𝑡𝑜𝑡𝑎𝑙 = 𝑻𝑟𝑒𝑓𝑻𝑠𝑘𝑖𝑛 3.1 

 

The method involves collecting data from a reference pose using the following modalities: 

1. A magnetic resonance (MR) image stack of the subject’s area of interest was used to reconstruct 

a geometric model of the skeletal structures and the skin surface of the shoulder. A 

subject-specific model removes scaling as a source of error when simulating shoulder 

kinematics.  

2. An infrared (IR) depth camera (Microsoft Kinect) was used to capture the skin topology around 

the area of interest during the motion capture process in the form of a point cloud. The skin 
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topology is then separated into regions of interest (upper arm and torso) by the segmentation 

tool in the CloudCompare [108] software package. 

The method requires a pose that can be replicated during the MR imaging and motion capture sessions in 

order to align the model with the OMC data. The assumptions involved will be described and explained in 

section 3.2.2.1. 

 

 

 

Figure 3.10 Overview of the model registration procedure. 
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3.2.2.1 Reference Pose and Assumptions 

There were some assumptions involved, regarding the reference pose and the technique used in the 

proposed registration methodology.  

1. If a conventional MR imaging machine was being used, the subject has to be in a supine position 

for the reference pose. It was assumed that the supine pose of the subject during the scan could 

be reproduced in the upright position during the structured light scan.  

However, if an open upright MR imaging machine is available then an easily repeatable reference 

pose should be chosen. For instance, a relaxed posture with arms pointed down. 

2. It was further assumed that the relative positions of the skeletal bones remain unchanged 

between the MR reference pose and that obtained from the IR depth scan. This assumption can 

be partially ignored if each bone was registered separately by segmenting the skin in to different 

regions. 

3. The last assumption was that there was no relative movement of the subject between the static 

IR depth mapping and the actual recorded motion capture data with the subject in the static 

pose. The difference of the two poses could be reduced by performing the static IR depth 

mapping while recording the static pose using OMC. 

3.2.2.2 Optical Motion Capture Session’s Protocol 

There were two parts to the proposed registration technique: static OMC data acquisition and computational 

alignment. During OMC data acquisition, a scan of the initial position of the subject with the experiment’s 

marker configuration was required to generate a depth map of the subject. This depth map was used to 

generate a surface mesh of the subject and a calibration object. In order to use the depth map information 

to align an anatomical model to the OMC data, the following proposed experimental protocol was to be 

performed during the data acquisition session: 

1. Setup the motion capture space as per normal for the optical motion capture system. 

2. Setup the infrared depth-mapping device (for example Microsoft Kinect) on a separate computer 

(for instance a laptop) to avoid conflict for the system resources. 

3. Select an object of known dimensions (Figure 3.11) that has a well-defined virtual model that can 

be picked up by both the motion capture system and the IR depth-mapping device. 

4. Place the subject with the chosen marker configuration in the centre of the capture space. 

5. Attach the known object to the subject, being careful not to obscure the motion capture system’s 

line of sight to the markers. 

6. Prior to the experimental trials, perform a static motion capture trial simultaneously with IR 

depth-mapping scans of the subject. 

7. Proceed with the dynamic trial of the experiment. 

8. Repeat step 6 for each trial. 
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Figure 3.11 The reference object used for registration. The OMC markers are highlighted in yellow on the object 

shown on the left. Shown on the right is the possible placement position for the reference 

object (circled in blue). 

3.2.2.2.1 Infrared Depth Map of Subject 

The IR structured light system uses a known pattern to determine the distance of the object to the camera 

(depth data). It then creates a 3D surface from the depth data and exports the data as a triangulated mesh. 

In this registration protocol, the surface data generated from both MR images and the IR depth camera 

were used to determine the rigid body transformation between the MR coordinate frame and the IR camera 

coordinate frame. 

 

 

Figure 3.12  Kinect for Windows: (a) external view of the Kinect sensor housing (msdn, microsoft, 2014), 

(b) simple schematic of the Kinect hardware (msdn, microsoft, 2014). 

For this study, a low cost IR depth mapping system constructed from Microsoft Kinect® for Windows® 

(depicted in Figure 3.12) and an open source application called Kinect Fusion [109] were used to construct 

a 3D surface model of the subject. The Kinect system works by projecting an IR beam via the IR emitter 
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through a diffraction grating that scatters the IR beam, which results in illumination of the scene with a 

known pattern of dots. This was similar to projecting a known light pattern, as used in structure light surface 

reconstruction [110]. Since the pattern for this set of dots was well known, the 3D depth information can 

be reconstructed using triangulation in the form of a depth map [111]. The depth map was then converted 

to a point cloud with the calibrated origin of a coordinate system, as depicted in Figure 3.13. 

Even though technologies such as Kinect could be used to capture the subject’s surface motion during 

movement, as with OMC, the motions of the underlying bones are largely unknown [84]. The lack of 

features on the skin and the deformability of the skin surface, especially around the scapula and humerus, 

make it difficult to estimate the position of skeletal structures. However, it was possible to use a static frame 

from a reference pose to improve the accuracy of the registration. This was because the positions of the 

skeletal structures in the reference pose (supine pose from MR imaging, see section 3.2.2.1 about the 

assumptions) relative to the skin surface were known. 

 

 

Figure 3.13 Point cloud created using depth map information obtained from Kinect and visualised in MeshLab. 

Kinect Fusion was chosen to generate the surface geometry because it already has the built in functionality 

needed for the registration methodology. Kinect Fusion uses gyroscopic data together with the IR depth 

information to generate a 3D cloud of points of the surrounding environment. The generated point cloud 

will have scanning artefacts (for example, holes and overlaying regions from motion and breathing) that 

need to be removed in order to register the model to the OMC data. This was accomplished by removing 

problem points from the generated point cloud and an algorithm, such as marching cube or Poisson surface 

reconstruction to regenerate a triangulated mesh of the subject. This new surface mesh was then used to 

regenerate a uniformly distributed point cloud as the input for software to perform the alignment. The 

software used to process and align the point clouds was CloudCompare. If the holes were too big, for 

instance, if the hole was more than 50 mm across, these areas were ignored by segmenting these regions 

from skin mesh (or point cloud) generated from the MR before registration. The reason for using 50 mm 
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as the threshold in this study was above this hole size the registration errors was larger than errors from 

palpation (palpation errors were reported to be 3-5 mm in literature).  

Another reason for choosing Kinect Fusion was that its codebase uses the native Windows SDK for Kinect, 

which means Kinect Fusion functionalities can be factored out and improved upon to provide a better fit 

to our registration workflow. In order to save time, the Kinect Fusion application was used as it is and 

further improvements that needed to be made (such as code factorisation) will be a focus of future work.  

3.2.2.2.2 OMC Data Acquisition 

For registration, 10 seconds of OMC data was acquired at 100Hz while the subject was in the neutral pose 

with the shoulder marker set and the calibration object attached. The mean positions for each marker were 

calculated to reduce the effect of breathing and small motions of the subject on the marker positions. The 

resulting marker configuration was used in both registration steps and the subsequent dynamic OMC data 

acquisition. 

The reason for this step was the IR scan takes 10 seconds to complete; therefore, the positons of the points 

in the point cloud will be average of the points taken in the scan. Thus, the OMC data will also need to 

reflect this by capturing 10 seconds of data. 

3.2.2.2.3 Transformation from IR to OMC coordinate frames 

The calibration process developed for this registration protocol used a model of the reference object to 

align the IR camera coordinate frame to the coordinate frame of the OMC system. This involves aligning 

the markers on the reference object with the same markers in the OMC data. The reference object was a 

known object placed on the subject that can be seen in both the OMC system and the depth map system.  

The calibration object must have the following characteristics in order to improve the alignment from the 

Kinect camera system to the motion capture space:  

1. The object must have a corresponding virtual geometric model. Depending on the structure 

light system used, it may not be able to determine the position of the IR reflective markers. The 

virtual model allows us to determine the marker positions accurately by knowing the position 

of the object. 

2. The object must be small in order to reduce its impact on the subject’s performance during the 

task, but large enough to place three OMC markers at least 30 mm apart from each other. It was 

found that 30 mm between markers provided the best tracking with the least amount of errors 

for the OMC system (optiTrack7 system with 12 FLEX:V100 cameras) used in the development 

of this method (for instance, markers dropping out). 

3. The object must have easily distinguishable features so that the corresponding virtual geometric 

model can be aligned to the scanned surface of the object. 

                                                      
7 http://www.optitrack.com/ 
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Figure 3.14 Calibration object used in the registration 

The reason for having the object on the subject because the coordinate system defined by the Kinect Fusion 

software package was not constant between scanning sessions and the markers are not typically seen the 

Kinect scan. The calibration object used in the evaluation of the registration protocol is shown in Figure 

3.14. 

3.2.2.3 Registration Using the Subject’s Skin Surface 

Due to subjectivity in anatomical landmark identification using palpation, the author of this thesis proposed 

to use a dense point cloud of the skin surface and a geometric model of the skin surface to improve the 

accuracy of the registration. This registration technique used the two common algorithms for aligning point 

clouds: Iterative Closest Point (ICP) algorithm [112] and Singular Value Decomposition (SVD) of the 

cross-dispersion matrix computed from mean centred point data [1], [2].  

The ICP algorithm [112] generally involves four steps: 

 Compute the closest points between the mesh model and the point cloud, 

 Compute the rigid body registration, 

 Apply the registration, 

 Check whether the termination criteria were reached, for instance, whether the root mean square 

(RMS) of the Euclidean distance between the two point-clouds falls below the defined threshold. 

 

The main benefit of the ICP algorithm was its ability to align point clouds without one to one 

correspondence between the initial position and the target position. However, in order for the ICP algorithm 

to find the optimal rigid body transformation for alignment, it required a close initial position of the point 

cloud in terms of orientation and the distance between the point cloud and the skin mesh. SVD of the 

cross-dispersion matrix of points (SVD registration technique) was used to overcome the ICP algorithm’s 

initial position limitation.  
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The SVD registration technique uses three or more points with one to one correspondence, selected from 

the point cloud and skin mesh, to calculate the optimal rigid body rotation and translation to align the points 

together. Although this technique did not have the ICP algorithm’s initial position limitation, the one to one 

correspondence requirement of the SVD registration technique means that it cannot be used if the 

correspondence was unknown. 

Besides the algorithm used in the registration, other considerations such as pose were important when 

registering the subject-specific model to the OMC data. One of the limitations described in section 3.2.2.1 

was that the subject will need to reproduce the supine pose in an upright position. Although the supine pose 

was easy to reproduced, the soft tissue deformation may not be the same due to the effects of gravity and 

the arm may not be in the same position relative to the torso. 

To overcome the problem of the arm’s position, the skin model was separated into regions (the torso and 

the arms) and the ICP algorithm was applied to these regions separately (region selection is presented in 

section 3.2.3.1). The assumption was that the scapula did not move significantly until the humerus is 

abducted over 30° or flexed over 60° [113]. This indicates that the ICP algorithm could be applied separately 

to the two regions and still represent the underlying skeletal structure. The resulting transformation was 

applied to the model (skeletal structure of the shoulder). OMC data of the subject could then be used to 

visualise and measure skeletal kinematics. 

A model of the calibration object was registered to the point cloud using ICP. The coordinate space of the 

point cloud is aligned using direct transformation. The transformation was determined algebraically using 

the three markers on the model and the measured marker position from the OMC. The transformation was 

then applied to the point cloud that will bring it into the motion capture space. 

Once the scan of the skin surface was aligned in the motion capture coordinate space, the subject-specific 

model of the shoulder, including the skin surface, was used to determine the linear transformation required 

to align the model to the OMC data. The registration process requires four main steps, depicted in the 

diagram overview in Figure 3.15. 
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Figure 3.15  A summary of the registration process from region identification to final alignment. 

3.2.2.3.1 Region Identification and Segmentation 

Region identification and subsequent grouping (arm and torso) were required due to the small difference in 

the position of the subject between the MR imaging session and the OMC data acquisition session. For 

example, the arm of the subject could be further back in the MR images than in the depth map scan due to 

the subject being supine in the MRI scanner with their arm rested on the scanning table (depicted in Figure 

3.16). In order to compensate for the pose difference, the proposed methodology (illustrated in Figure 3.17) 

divides the shoulder into two regions (the arm and torso) and aligns each region separately.  

 

 

Figure 3.16  The difference in pose: from (a) the supine pose in the MR imaging machine to (b) the upright pose 

during the OMC session. 

The entire length of the upper arm was used for registering the arm in the MR image stack to the depth-

scanned data and, consequently, to register the humerus model to the depth-scanned data. The entire torso 

could be used to register the scapula, clavicle and other skeletal structures in the torso. The torso could also 

be further divided into other regions. For example, the region of the torso covering the scapula could be 

used for registering the scapula. The region of skin covering the clavicle on the anterior side of the torso 

could be used for registering the clavicle if there was a noticeable raised portion in the region. If the RMS 
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distance between the torso scans and the mesh generated from MR images was small, then the entire torso 

could be used to register the scapula, clavicle and other skeletal structures in the torso. For example, this 

could be the error observed in the rigid body registration test, which was 2mm RMS (see section 3.4). If the 

errors are larger than the chosen error tolerance, two processing tasks could be performed to improve the 

errors. If the errors were coursed by holes in the IR scan, then the MR point cloud could be segmented to 

match parts of the scans that did not have the holes. If artefacts such as overlapping surfaces course the 

errors, then the points will need to be resampled or removed from the point cloud. However, if the errors 

were coursed by artefact such as breathing artefacts then a different static scan was required. 

 

 

Figure 3.17  The point cloud in green represents the humerus segment and the orange represents the torso segment. 

(a) Surface point cloud of the shoulder from MR image stack. (b) Surface point cloud of the 

shoulder from mesh generated by Kinect Fusion. 

When the subject was scanned, the surface geometry of the calibration object will also be in the point cloud. 

Having this region on the surface mesh could reduce the accuracy of the alignment. Therefore, the area 

where the object resides was segmented out as a precaution to improve the accuracy of coordinate space 

registration. 

3.2.2.3.2 Landmark Selection for Rough Alignment 

The ICP algorithm was to align the skin mesh derived from MR data to the IR point cloud. However, if the 

skin mesh and the IR data do not overlap and they were in a different orientation (for example, the point 

cloud is rotated 90° from the skin mesh), the algorithm may fail to align the point cloud to the skin mesh 

properly. Therefore, an initial alignment using a technique such as SVD of the cross-dispersion matrix (see 

Chapter 2 for details) was required before the final alignment was performed using the ICP algorithm. The 

SVD technique uses three or more points on the skin surface of the model and their corresponding points 

on the depth map scan of the subject to calculate the rigid body transformation required for the registration. 

(a) (b) 
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It computes the rigid body transformation by calculating a cross-dispersion matrix from a set of mean 

centred point-pairs (see Chapter 5 for more details on the SVD technique).  

If there were a one to one correspondence between the points from the data cloud and the points on the 

mesh, accurate alignment could be achieved without using the ICP algorithm. However, due to the lack of 

features on the skin surface, the selection of exactly corresponding points was not viable.  

3.2.2.3.3 Secondary Alignment 

As mentioned, the regions (arm and torso) were independently, approximately aligned using the method 

described in section 3.2.2.3.2. The ICP algorithm was then used to ensure best fit between the IR data cloud 

in different regions and the corresponding region of interest on the mesh. This generated the rigid body 

transformation (rotation and translation) required to align each region of interest. By combining the 

preliminary (3.3.3.2) and secondary transformations (described in this section), the overall transformation 

needed to register the model was determined and then applied to the skeletal model. 

3.2.2.3.4 Final Alignment of Joints 

The registration described so far did not ensure joint congruity in the shoulder complex.  The skeletal 

structures therefore needed to undergo a final iterative alignment and that was largely performed manually 

(illustrated in Figure 3.18). The joints in the skeletal structure, determined by the curved articulating surfaces, 

were used as reference points for the iterative alignment. In the ideal situation, the registration 

transformation applied to segments should not change the position of the reference point shared by the two 

segments.  However, in general there will be differences in the calculated position of the shared reference 

point of the joint. To correct for this difference and preserve the joint space, the skeletal structures were 

translated to align the points assumed as the joint (rotation of the bones were not readjusted after alignment). 

This translation applied to the bones was typically 1 - 3mm at the GH joint, and 1 mm at the AC and SC 

joints (when the scapula and clavicle were registered separately). After the joints are aligned, the structure 

was moved to ensure the preservation of the relative distance between the skin surface and the skeletal 

structure. 
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Figure 3.18  Final alignment of the joints. 

3.2.3 Benefits and Limitations of the Methodology 

The proposed registration methodology has the following advantages: 

1. Alignment is dependent only on data acquired from a device rather than palpation 

The hands off approach means the tracking markers do not have to match the skeletal landmarks. 

For instance, there is no need to palpate for anatomical landmarks and markers can be placed 

anywhere on the tracked segment. 

2. Reduced registration time during data acquisition 

Since palpation can take a significant amount of time, the use of a scanning device can reduce data 

acquisition time for the subject as this method moves the registration to post-processing. This 

method also has the potential to be extended to use two or more IR devices, which would remove 

the need to sweep the device over the subject, further reducing data acquisition time. 
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3. Predetermined skeletal landmarks 

Since the skeletal landmarks are predetermined from medical images, the resulting identification 

of the landmarks on the model is also consistent.  Furthermore, when the landmark is defined by 

an area rather than a point, (for instance, the acromion on the scapula) a specific location within 

this area can be defined consistently throughout the analysis. 

4. Constant error across all markers in the segment 

The segment (skin surface and the underlying bone) is aligned to OMC data by applying the 

appropriate transformation to move the segment to its position in the OMC coordinate frame 

(using the model generated by Kinect Fusion as a reference). Hence, the error in the alignment of 

the skin surface would propagate equally to all of the landmarks. 

 

The methodology has the following limitations: 

 Constant error across all markers in the segment 

Constant error could also be a limitation. If the alignment errors are large, it will uniformly effect 

all the landmarks’ positions.  

 Longer setup and post-processing time 

Since an additional device (IR camera) is used in the data acquisition session, this will increase the 

setup time for the experiment. There are also a few more processing steps in order to align the 

coordinate frames of the data from different devices before the registration. 

However, the additional processing and subject trial times are generally less than 10 minutes. For 

instances, the alignment step in Cloudcompare takes 5 to 10 minutes depending on the quality of 

the mesh.  

The additional setup time is also 5 to 10 minutes depending on the initial configuration of the 

laboratory. In terms of data acquisition, IR capture is performed once at the beginning of the 

session per subject and takes 2-5 minutes. So, overall, there is only a small increase of trial time 

for the subject. 

These time estimates assume that medical imaging (such as MR imaging) of the joint is already 

part of the study and therefore excluded from the additional study time. However, if this is not 

the case that medical imaging may add an additional hour to the study per subject as well as a 

substantial increase in cost. Furthermore, advances in technology can foreseeably reduce both the 

preparation and processing times. 

 Repeatability of the supine reference pose 

Although it was assumed that the supine reference pose could be repeated in the OMC data 

acquisition session, the ability of the subject to reproduce the pose in an up-right position will 

affect the accuracy of the final alignment.  
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3.3 Evaluation of the Model Registration Using Infrared Depth Mapping  

The evaluation was to ensure the robustness of the proposed registration method and its comparability to 

palpation. It was decided to conduct the experiments without collecting palpation data due to the possibility 

of bias. This was because the quality of the palpation data depends on the experience of the examiner. The 

only way to get around this is to get multiple examiners, which was logistically difficult. In order to overcome 

this requirement done can use biplane X-ray to image the joint after the markers are placed, which will 

introduce risks to the health of the subject and examiner. Even if this wasn’t an issue, access to such a 

system (XROMM, see Chapter 5) is limited and therefore, it was not feasible to evaluate the methodology 

in such manner. Instead, the author used palpation data (from Saliva et al. [89]) from the literature to 

evaluate the errors of the methods.  

To investigate the effect of skeletal landmark identification without soft tissue artefacts, the data obtained 

from biplanar x-ray videoradiography (BXV) experiments was used (see Chapter 5). From BXV data, the 

exact location of the markers can be identified. These locations were systematically perturbed and the 

resulting joint kinematics (e.g. joint angle between the humerus and scapula in the scapular plane) was 

calculated. Perturbation was based on spherical sampling of the possible errors up to 10 mm radial 

displacement at 1 mm increment from the prescribed position of the skeletal landmarks.  

 

 

Figure 3.19  Marker locations and geometric model generated from medical imaging. The yellow markers are 

scapular landmarks, used in the definition of the scapular anatomical frame. The green markers 

are humeral landmarks, used in the definition of the humeral anatomical frame. The blue markers 

are the SC and AC joint centres. 
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3.3.1 Landmarks and Markers Setup 

EL, EM, AA, and TS represent the markers attached to the skin surface while GH is the centre of the 

humeral head (see Figure 3.19). These markers are required to define the segmental coordinate frame and 

for the subsequent calculation of the humeral-scapula angle. This joint angle is the angle between the scapula 

and humerus during scapular plane elevation and is computed from the bi-planar videoradiography data set 

(see Chapter 5).  

3.3.2 Registration Evaluation 

Palpation accuracy varies with different examiners due to the subjectivity involved as well as possible 

deliberate misplacement of markers to improve the perceived accuracy of the registration. If an experimental 

study was performed, comparing the proposed registration with palpated landmarks, it could result in data 

that is not representative of the accuracy of the registration. Furthermore, a ‘ground truth’ is needed such 

as x-ray videoradiography or markers mounted on bones (bone pins) to make such a comparison. 

In order to validate the proposed methodology, two approaches were used to quantify the error in the 

registration. The first approach investigated the differences between the IR data obtained from the Kinect 

camera of the same object in different sessions. The variation of the difference between these data clouds 

is a measure of repeatability. In the second approach, Kinect was used to scan a rigid body and a human 

subject to determine the difference between scanning a rigid body and a deformable body (human subject). 

These variations were then compared to the variations in palpation reported in the literature. 
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Figure 3.20  Rigid body registration and subject marker configuration setup. 

The registration methodology was repeated eight times on two different types of objects: a rigid body and 

human. A rigid body was used first to remove the influence of soft tissue and breathing artefacts. It serves 

as the control, when comparing the repeatability between palpation of the human shoulder and depth map 

registration with one set of MR data. The variance of the two data sets was calculated and compared with 

the variance reported in the literature for palpation of the shoulder [89]. Note the calibration object was 

not used in the evaluation. 

The sensitivity of the final kinematics calculations to the landmark positions was tested as part of the 

evaluation. The markers on the skeletal landmarks (EL, EM, AA, TS) were displaced uniformly by 1 to 

10 mm from their true location. The direction of the displacement was sampled randomly 10,000 times 

from the surface of the sphere formed by the possible positions reached in the displacements. Displacing 

the landmarks provides a range of joint angles that can characterise the possible kinematics errors that result 

from defining segmental coordinate systems incorrectly. The resulting variation of humeral-scapula angles 

during scapular plane elevation is presented in Figure 3.22. 

The kinematics measurements chosen for this investigation were the joint angles of the GH joint for subject 

XSHD00001’s humeral elevation in the scapular plane (humeral elevation plane rotated about 30° 

anteriorly). 
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3.4 Results 

The data from the literature shown in Table 3.1 was used as a reference for evaluating the method. 

Table 3.1  Palpation error reported by Salvia et al. [89], and the calculated coefficient of variation 

Paper Bone Type 
Mean Error 
(mm) 

Standard 
Deviation 

Coefficient 
of Variation 

Salvia et al. 
2009 (A-Palp) 

Scapula 
Single 
Examiner 

4.3 1.4 0.33 

  
Inter-
examiner 

7.2 1.7 0.24 

 Humerus 
Single 
Examiner 

4.5 1.6 0.36 

  
Inter-
examiner 

9.7 
3.1 
 

0.32 

Salvia et al. 
2009 (CAST) 

Scapula 
Single 
Examiner 

3.6 0.8 0.22 

  
Inter-
examiner 

7.0 2.0 0.29 

 Humerus 
Single 
Examiner 

4.2 0.9 0.21 

  
Inter-
examiner 

9.7 1.6 0.16 

 

3.4.1 Variability in Alignments of Depth Map Scans of a Rigid Body 

In the rigid body test, the alignment from the rigid body model coordinate frame to the structured light’s 

coordinate frame had a low RMS error.   The mean Euclidian distance between the rigid body model and 

the scanned surface was 1.7 ± 0.7 mm (see Table 3.2) with a coefficient of variation of 0.41. 

Table 3.2  Average distance from model surface to structure light scanned surface data after registration. 

 

Mean RMS Error 

(mm) 

Standard Deviation 

(mm) 

Coefficient of 

Variation 

Total 1.7 0.7 0.41 

No Reflective 
Markers 

0.9 0.6 0.67 

With Reflective 
Markers 

2.1 0.4 0.19 
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3.4.2 Variability between Alignments of Depth Map Scans of a Human Shoulder 

Figure 3.21 shows the variability experienced in the Kinect scanned data. Some scans had holes in the data 

(a, c and g), while other were fully formed (for example, h). In contrast, point clouds from MR imaging were 

fully formed due to the ability to sample points from a fully formed model of the subject’s skin. In order to 

improve the accuracy of alignment, the meshes were split into different regions (arm and torso), as described 

in section 3.3.3.1. The RMS Euclidian distance between the skin models and the scanned surface was 1.9 ± 

1.9 mm (see Table 3.3), ignoring holes in the point cloud. 

Table 3.3 RMS errors (mm) for the alignment of the reference mesh from an initial Kinect scan to the 

subsequent Kinect scan. 

Mean RMS 

Error 

Standard 

Deviation 
Max Error Min Error 

Coefficient of 

Variation 

1.9 1.9 3.3 0.2 1 

 

 

Figure 3.21 Variability of the Kinect scans during different capture sessions of the same subject. 

 

 

(a) (b) (c) (d) 

(e) (f) (g) (h) 
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3.4.3 IR Scan Vs MRI 

Table 3.4 shows the alignment error between the reference MR generated point cloud and seven IR 

generated point clouds. The RMS Euclidian distance between the skin models and the scanned surface was 

2.7 ± 1.38 mm, ignoring holes in the point clouds. 

Table 3.4 RMS errors (mm) for the alignment of the reference mesh from MR imaging to the Kinect scan. 

Mean RMS 

Error 

Standard 

Deviation 

Max Error Min Error Coefficient of 

Variation 

2.7 1.38 4.63 0.71 0.51 

 

3.4.4 Shoulder Complex Kinematics: Scapular Plane Elevation 

The kinematic angles presented in Figure 3.22 were generated by randomly displacing the markers between 

1mm and 10 mm, as described earlier. The mean range with 10 mm displacement was 19.5°, with a standard 

deviation of ± 2.6°. The mean error from 1 mm to 10 mm displacement was 6.0°. Figure 3.22 shows the 

possible range in the data for 1 mm to 10 mm of marker displacement. 

 

Figure 3.22 Sensitivity analysis on the effect of anatomical landmarks locations on the measurement of humeral-

scapula angle during scapular-plane humeral elevation. The dark green line in the middle is the 

actual kinematics data from BXV. 
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3.5 Discussion 

This chapter demonstrated the use of an IR mapping technique to register a subject-specific model to OMC 

data using the skin topology, which reduces subjectivity errors in the initial alignment. Registering the initial 

position of the skeletal structure for OMC data driven simulation provides a reference point for calculating 

the position of the skeletal structures during motion, based on skin markers. The use of a subject-specific 

model derived from MR images of the shoulder solves the problems caused by scaling a generic model. 

Since the skeletal landmarks can be identified from the subject specific model, markers on the subject can 

just be used for tracking the motion. 

Technology can be employed to improve the accuracy of the palpated landmarks used for registration, such 

as device-assisted palpation. Although it improves the accuracy of landmark identification, this does not 

solve the problem of the variability of identifying landmarks if the landmark is an area rather than a point. 

Although the area can be digitised and the centre of the area determined reliably, this may significantly 

increase landmark identification time. 

The presented methodology reduces the time that would be spent identifying the initial position of the 

skeletal structure using probes, such as a scapula locator [24], [26]. This may reduce the overall experiment 

time by shifting the landmark identification phase to the pre- or post-experiment stage. This means the total 

estimated additional processing time is divided up in the following list: Alignment step takes 5 to 10 minutes 

depending on the quality of the mesh. The additional setup time is also 5 to 10 minutes depending on the 

laboratory configuration. IR capture takes further two to five minutes. For instance, additional time a subject 

spends in capture is two to five minutes. Furthermore, the proposed method is independent of skeletal 

landmarks due to the registration using the entire skin surface for alignment. Therefore, without having to 

rely on a specific marker set for alignment, investigators can choose a marker set that most suits their needs 

in motion capture.  

A similar method for skin registration was suggested by Magnenat-Thalmann  et al. [17], however, their 

method uses a 3D body scanner and assumes the markers will be visible in the body scan. Not every 

laboratory will have a 3D body scanner and the infrared reflective markers used may not be visible in the 

scan if the scanning methodology uses infrared light. Therefore, the location independent, low cost 

registration technique with marker calibration presented in this chapter has the benefit of reducing the 

number of difficulties for others to adopt this type of model registration in their OMC workflow. 

The use of a depth mapping device and predetermined skeletal landmarks, rather than relying on palpation 

to locate skeletal landmarks, reduces subjectivity. There are some limitations in using this methodology 

(details in section 3.5.2): motion needs to start from a neutral position and access to medical imaging of the 

subject’s shoulder is required.  
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3.5.1 Comparison with Palpation 

Palpation is a subjective method of obtaining skeletal landmark locations. This is due to the soft tissue 

covering the bone, which can result in reduced accuracy and precision in the alignment of the 

subject-specific model. As an evaluation, the variance in kinematics reported in the literature was used to 

compare the precision of the proposed methodology.  

To validate the depth mapping technology, a rigid body to rigid body registration was performed using 

Kinect. The results of this registration presented in Table 3.2 showed that the rigid body model could be 

registered with a high degree of accuracy (mean point cloud difference of 1.7 mm). However, when a 

deformable body was used, for instance a human subject (results presented in Table 3.3), registration of the 

skin surface showed a small increase in mean RMS error (1.9 mm) with a small variation between scan 

sessions. This showed that the method has a high degree of repeatability, which in turn will improve the 

consistency of the identification of the initial starting position of the subject-specific, anatomical model. 

The accuracy when registering the IR point cloud to MR data (presented in Table 3.4) was 2.7 ± 1.38 mm, 

which means the expected error for landmark identification using this method was also about 2.7 mm. This 

was due to the process of identifying landmarks having been performed on the anatomical mesh (from MR 

data) rather than the skin surface. Therefore, the error observed in the skin alignment should be proportional 

to the landmark position error. 

When compared to palpation, the standard of deviation was lower for rigid body registration, with the range 

of variance being 0.4-0.6 mm shown in Table 3.2 versus 0.8-1.6 mm for palpation (single examiner) 

presented in Table 3.1. The standard deviation for the registration method increased to 1.9 mm for 

registering a human subject, this was due to the deformation of the soft tissue. Although this shows that the 

method has a comparable precision to palpation, there are several benefits to this methodology. Firstly, the 

“hands-off nature” of this method means that the investigator’s experience will not contribute to the 

registration error as standard alignment tools using algorithm such as ICP reduces human sources of error. 

Secondly, using subject-specific model of the subject means that scaling was not an issue when determining 

kinematics of the shoulder complex. And lastly, presented method aligns the subject-specific model to the 

markers rather than aligning the markers to the model. This means that the markers in the model will have 

the same relative positions as the markers placed on the subject reducing the need to use weights when 

calculating joint kinematics. 

The above results, however, do not directly show the accuracy of the registration. Ideally, you would want 

to acquire the data from both the IR and BXV systems simultaneously to quantify the accuracy of 

registration. For this type of evaluation, the scan times becomes an important factor in terms of subject 

safety. For instance, the length of time required to complete a Kinect scan is relatively long, so if the bi-

planar videoradiography was used at the same time as the Kinect scan then both the subject and investigator 

will be exposed to a large dose of radiation.  
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To perform this type of study, the IR scan time will need to be reduced. One method that could reduce the 

scan time, and hence exposure time, would be to set up two or more Kinect devices in different views. This 

will remove the need for the investigator to move the Kinect device. However, the subject will still be 

exposed to at least 5-10 seconds of radiation from the biplanar videoradiography system during the IR scan.  

There was an opportunity to perform this type of registration study with a bi-planar videoradiography 

system. However, due to the limited access to the facility and the fact that most of the recruited subjects for 

the study presented in Chapter 5 will have reached the maximum safe exposure limit, therefore adding the 

registration to the XROMM study of the shoulder complex was not possible.  

3.5.2 Limitations 

For this methodology, all motions need to start from the neutral position because it is the only known 

position of the clavicle, scapula and humerus. Other positions will cause the skeletal structure of the 

shoulder complex to have an incorrect initial configuration.  However, sometimes it may not be practical to 

start the motion from the neutral pose. A second limitation is that it may not always be possible or practical 

to obtain medical images, such as MR images, of the subject. For instance, there may be a lack of the proper 

receiver coil for the shoulder, which leads to non-ideal images. MR imaging may not be possible if the 

subject has a metallic implant or other medical condition preventing the imaging of the shoulder using MR. 

It is also time consuming to develop a subject-specific model for each subject. There are other developing 

methods of scaling that could be used instead of medical imaging. For example, statistical shape modelling 

[114]. This method models the statistical variations in a particular structure to general a specific geometry 

representation structure using typically sparse data about the structure (for instance, its general dimensions 

such as length). Developing such a model for the shoulder is possible and will require a large sample size, 

however, these models will not be as accurate as the model generated from medical imaging. 

Another limitation was that holes were common in the mesh that resulted from IR scanning; however, due 

to the robustness of the ICP algorithm, these holes were generally ignored if they were not too big. For 

example, if the points from the anterior surface is missing then the hole is too big. For instance, as long as 

there are some points in the IR scan for all surfaces and the corresponding regions in the MR point cloud 

could be identified then registration can proceed. 

The bigger issue was the breathing artefacts that caused differences between MR imaging and IR. Due to 

limited access to MR imaging, the full effect of breathing artefacts on registration was unknown. The method 

used to address this issue was to align the posterior side of the torso’s point cloud. This decision was made 

due to the mechanics of breathing, where the rib cage largely expands and contracts anteriorly. Since the 

scapula was on the posterior side of the torso, this should improve the accuracy of scapula alignment.  

The last limitation was sample size was small. A further study with a larger sample size is required to 

investigate effectiveness of the methodology on different body types and different examiners  
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This chapter focuses on the study performed using bi-planar x-ray videoradiography (BXV) to determine 

the shoulder complex’s kinematics and its relationship between the skeletal motion and the skin surface. 

BXV can be used to infer the motion of skeletal structures without soft tissue artefact (STA). Therefore, 

the accuracy of the OMC data could be determined by predicting the skin-mounted marker position using 

BXV data and comparing it to the measured marker position from the OMC system. It was found that for 

all types of shoulder complex motion, the skin-mounted markers by themselves do not give an accurate 

account of the rigid body rotation and translation of the shoulder complex. The implication is that any 

kinematics predicted using OMC data would have errors due to STA. However, it is unclear whether soft 

tissue deformation or the overall soft tissue motion relative to the bone is the major cause of the errors. 

  

4 
Shoulder complex 
kinematics using bi-planar 
videoradiography 
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4.1 Introduction 

The experiments described in this chapter were designed to quantify the relationship between soft tissue 

artefacts (STA) in the optical motion capture (OMC) data and the effect of resulting shoulder complex 

kinematics, as well as evaluating whether the positions and angles of the other skeletal structures can be 

determined using humeral angles as the predictor using an existing kinematics model.  

The rigid body kinematics of the shoulder complex were obtained using BXV in five different arm motions. 

OMC data was collected simultaneously with the BXV system to determine and characterise the soft tissue 

artefacts for different arm motions.  

The kinematics of the shoulder complex (shoulder rhythm) is difficult to measure using an OMC system 

with skin-mounted markers due to deformation of the surrounding soft tissues. Tissues such as skin, muscles 

and subcutaneous fat introduce artefacts in OMC data that affect the accuracy of the computed rigid body 

kinematics. When OMC is used to study human motion, it is assumed that the soft tissue undergoes the 

same amount of rigid body transformation as the skeletal structure underneath, regardless of the amount of 

soft tissue deformation. However, this has not been well studied for the shoulder complex, nor has the 

degree to which STA affects the accuracy of shoulder complex kinematics. 

Instead of OMC, other techniques could be used to acquire shoulder motion with a higher degree of 

accuracy; these can be categorised into two types: invasive and non-invasive methodology. For example, 

Högfors et al. [115]used an invasive technique to study in-vivo shoulder rhythm in a single plane of x–ray by 

tracking implanted radio-opaque beads in the subject’s shoulder. The experiment involves determining the 

relationship between the scapula and humerus of the shoulder complex, and has a stated accuracy of ±2°. 

This type of data has been useful in formulating a model of the shoulder rhythm where the humeral angle 

relative to the thorax was used to predict scapular and clavicular angles [116]. A model of the shoulder 

rhythm helps in the prediction of shoulder complex kinematics when we have limited accessibility of the 

skeletal landmarks. However, this may not be possible due to DoFs in the shoulder complex acting 

independently to one another during different tasks, and the varying velocity of the task. 

Invasive techniques can also be used to study STA and their influence on the shoulder complex kinematics. 

For example, Bourne et al. [27] used bone pins attached to the scapula as a reference point to validate a 

framework for determining a correction factor to compensate for soft tissue error. This involved using the 

humeral spatial orientation to calculate the correction factor, which was then applied to the rotation 

components of the scapula.  The benefit of using bone pins is that they allow repeated bone measurement 

from the same subject. However, due to the restrictions of invasive methodologies (such as finding willing 

volunteers, restricted movement and the significant discomfort and recovery time), non-invasive 

methodologies are usually used to study the kinematics of the shoulder complex. 
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Non-invasive techniques such as BXV can be used to investigate shoulder complex kinematics. For instance, 

BXV could be used to determine whether there is a significant difference between the kinematics of the 

scapula determined using OMC data and videoradiography [79] in order to validate the use of OMC data 

to analyse scapula kinematics. This technique and other x-ray based methods have the benefit of unrestricted 

movement and the subject experiences low levels of discomfort.  

However, there are two main limitations to using x-ray based imaging modalities (for more details see section 

5.3.2):  

1. The duration of data acquisition is limited due to the use of ionising radiation in videoradiography.  

2. There is a limited field of view owing to the size of the image intensifiers and the proximity of the 

shoulder to vital organs (for example, the thyroid). 

Due to these limitations, there is a strong need to have a non-invasive technique (such as OMC) that can 

accurately determine rigid body kinematics from the skin surface. 

STA occurs in skin-based measurements due to the motion of the skin-mounted markers relative to the 

bone. This motion causes errors when the markers are used to determine the rigid body kinematics of the 

bone. To overcome this problem, often the first step is to determine the best placements of the skin-

mounted markers for each of the segments. For the shoulder complex, this means finding a location on the 

shoulder where the skin-mounted markers have the minimum relative motion.  

For example, the acromion marker cluster (AMC) was determined to be one of the best ways of tracking 

the scapula [24]. The AMC is a cluster of three or more markers placed on a structure attached to the 

acromion. Even though the soft tissue at the acromion deforms the least, the AMC method still requires 

the investigator to palpate for the initial location of the scapula (for instance, at minimum adduction).  

Palpation, as explained in Chapter 2, can be difficult if there is a thick covering of soft tissue around the 

bone and may require locating a boundary if the landmark is an area rather than a point. However, area 

landmarks could be used reliably, for instance, van Andel et al. [24], showed that the acromion could be 

tracked accurately using an AMC for humeral abduction/flexion under 120° (relative to the Y-axis of the 

thorax [44]). A further study by Brochard et al. [26] extended the method to account for soft tissue 

deformation at abductions above 120° using a double calibration technique. It compensates for the STA by 

determining the relationship between the soft tissue displacement of the markers and the position of the 

scapula at two states (minimum adduction and maximum abduction). By interpolating between the two 

states, an estimation of the scapula could be made from the skin-mounted markers [26].  

Since optimal marker positions for the shoulder complex are defined in the literature (see section 4.2.3), the 

only other areas in the OMC workflow where errors could be reduced is the method of estimating rigid 

body kinematics. Before evaluating these methods for the shoulder complex, the amount of errors caused 

by STA should be quantified for the shoulder complex. This data could be then used to evaluate methods 

of estimating rigid body kinematics. 
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This chapter is organised into the following sections: Sections 4.2 describe the experiments conducted, using 

this technology known as x-ray reconstruction of moving morphology (XROMM), to investigate the 

influence of soft tissue on the in-vivo 3D kinematics of the shoulder. This include methodology and 

experimental design (such as the experimental setup), the calibration process, synchronisation process, data 

acquisition, characteristics of the subjects and tasks performed during data acquisition. Section 4.3 presents 

the workflow from raw data to the point where the data is ready for analysis. The results presented in section 

4.3.2.1 are organised in terms of task performed and the subsequent analysis between the kinematics 

obtained by XROMM and that obtained using OMC data, followed by the discussion in section 4.5.  

4.2 Methodology:  Experiment Protocol and Setup 

For this experiment, the BXV system used to measure the rigid body kinematics of the shoulder complex 

and OMC to measure the kinematics of the shoulder complex with STA was XROMM.  In order to 

reconstruct the motion of the skeletal bones using XROMM, various factors, such as exposure, health 

effects and safety of the subject were taken into consideration. This in turn dictates the type of data needed 

to perform the reconstruction of the motion, and the duration of the data acquisition. For instance, 

information such as a subject-specific model (polygonal mesh) of the shoulder complex was required. This 

involved collecting CT volume images (4.2.2.1) of the shoulder complex from the subjects. Since CT uses 

x-rays to image the body, the exposure from the CT imaging is subtracted from the total allowable radiation 

exposure for the subject, reducing the data acquisition time to meet ethics requirements of the study. 

The following subsection will outline the risk to the subjects and investigator as well as the setup used in 

collecting and processing the data. 

4.2.1 Experiment Setup 

4.2.1.1 XROMM System 

The XROMM System (located at W.M. Keck Foundation XROMM Facility, Brown University, Providence, 

RI, USA) is a BXV system (system setup depicted in Figure 4.1). It uses two x-ray sources and two image 

intensifiers to capture x-ray images in two different views at high frame rates (up to 1000 Hz). The resulting 

resolution of the x-ray image is 1024 x 1024 pixels. For this experiment, the distance between the x-ray 

source and image intensifier was set to about 100 ± 5 cm and the angle between the image intensifiers was 

set to 70.2° ± 1.3°. The system was set to record at a frame rate of 100 Hz in pulse mode (73.4 ± 1.7 kV 

and 200 mA) with a pulse duration of 2.0 ms.  

The duration of exposure was different for each subject, but was generally either 1.5 or 3.0 seconds per task 

(ethics approval only allowed 3.0 seconds as the maximum exposure time for task subject) depending on 

the x-ray intensity (sometimes there were more than on trial per task). The approved radiation exposure was 

about 2.7 years of background radiation, which equated to a total exposure of about 25 seconds. Whether 

it was 1.5 or 3.0 seconds for the task was determine by the XROMM technician. The general instruction 

given to the technician was to capture at least one cycle motion and if possible reduce the subject’s exposure 
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so we have a small buffer in the subject exposure in case an addition trial was required. Other consideration 

factors were the position of the subject and the x-ray intensity setting. If the position of the subject was 

such that occlusion of the x-ray beam was possible then the 3.0 was generally chosen. However, this was 

only applied if the x-ray intensity setting allows for the additional x-ray exposure. The speed of the motion 

was not a deciding factor because the subject was asked to perform the motion at the speed of the 

metronome. However, as seen in Table 4.6 the number of cycles per varies between subject. This was main 

due to subject not keeping closely in time with the metronome. 

 

 

Figure 4.1  Experiment room setup: six OMC cameras positioned behind the image intensifiers, image 

intensifier positions at right angles, with the x-ray source pointing perpendicular to the surface of 

the image intensifier. 

The subject (section 4.2.3) was positioned on a backless chair between the image intensifiers (since the 

shoulder was being imaged in this study the back of the chair would occlude the bones in the x-ray images). 

The optical motion capture cameras (section 4.2.1.2) were placed behind the subject and image intensifier 

to capture and track the skin-mounted markers. Investigators stood behind a clear radiation shield (shown 

in Figure 4.2) but were able to communicate with the subject during the tasks. 
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Figure 4.2  Room setup looking from behind the image intensifiers towards the control station with investigators 

behind the clear radiation shielding. 

4.2.1.2 Optical Motion Capture System 

For this study, the OMC system used six fixed focal length cameras (Qualisys AB) with passive infrared 

reflective markers (Figure 4.1). A mixture of 11 and 7 mm markers were used and were placed at least 10 mm 

apart on the subject. A 3D printed acromion marker cluster (for the design see Appendix A.1) was used to 

track the acromion on the subjects. The full marker configuration used in the study is described in section 

4.2.5.1.  

The cameras were positioned at varying heights in a semi-circle around the backside of the image intensifiers. 

This was done primarily to prevent occlusion of the x-ray beam by the camera tripod legs. Camera angles 

were adjusted to ensure that all the markers could be seen by at least two cameras, in order for the software 

to track the 3D position of the skin-mounted markers. In OMC, the system can only track the skin-mounted 

markers on a subject if the markers are in the capture volume. The placement of the cameras determines 

the size of the capture volume. The cameras for this study were placed so that the subject could perform 

the motion of interest inside the capture volume, with all the skin-mounted markers in the field of view (for 

further detail of the OMC workflow see Chapter 2).  

4.2.2 Data Acquisition 

There were four types of data collected from each of the subjects in the study. Each of the following data 

types (except for electromyography) were required in order to measure shoulder complex kinematics using 

XROMM and determine the soft tissue influence on OMC marker positions: 

1. CT images of the shoulder (see section 4.2.2.1 for details) 
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CT images were used to generate a virtual 3D bone volume and 3D surface mesh of the skeletal 

structures in the shoulder complex (humerus, scapula and clavicle). 

2. X-ray video data through XROMM (see section 4.2.4.3 for details) 

A sequence of x-ray images of the skeletal structures during motion, used to determine the 

motion of shoulder complex in 3D space. 

3. OMC data (see section 4.2.5.1 for details) 

Spatial locations of skin-mounted markers were recorded during the same motion as in 

XROMM, to determine the differences in the shoulder kinematics data collected from the skin 

surface and the bone motion in XROMM. 

4. Electromyography (EMG) of the shoulder’s surface muscles  

Acquired for a different study, see section 4.2.2.2 for details. 

4.2.2.1 Computed Tomography Imaging 

CT is a non-invasive imaging modality that uses processed x-ray data to produce a tomographic image of a 

specific area of the subject [117]. An x-ray source shoots a fan beam through the subject (who is lying on a 

motorised table) to detectors, placed opposite the x-ray source, to create a cross-sectional image of the 

subject. Each of the CT images are saved in Digital Imaging and Communications in Medicine (DICOM) 

format, a standard for distributing and viewing any kind of medical images [118]. This produces a file with 

a header containing relevant information such as details about the subject, image modality used and image 

size. 

A CT image stack (a collection of CT slices) was acquired for the production of a virtual 3D geometry of 

the subject’s bones. CT was chosen to image the subject’s bones because it gave clearer cross-sectional 

images of the bones than other imaging modalities such as MR imaging. 

The CT imaging system used in the study was the GE Healthcare, LightSpeed 16 at Rhode Island Hospital. 

All subjects were imaged with a slice thickness of 0.625 mm. However, the pixel size in the X and Y direction 

varied between subjects due to the desire to keep the scanning frame and relative scan volume the same for 

each subject (image properties are listed in Table 4.1). 
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Table 4.1  Subject and CT image details. 

 

The scanned CT volume was constructed such that the whole of the scapula and clavicle was encapsulated 

in the CT image stack (Figure 4.3). The reason for not encapsulating the entire humerus in the CT scan was 

that the field of view of the bi-planar x-ray videoradiography does not fully encompass the humerus. Since 

the XROMM system does not need a fully formed model to track the bone of interest accurately, the CT 

scanned volume can be reduced without losing the ability to track the humerus. A reduced CT volume also 

has the added benefit of reducing the subject’s exposure to ionising radiation.  

 

Figure 4.3   A CT image of the shoulder (Subject XSH00005, slice 122). 

In order to use the coordinate frame recommended by Wu et al. [44], the humerus needs to be complete. 

To complete the humerus, the CT and OMC data was used to perform a host mesh fitting on a generic 

mesh of the humerus. The OMC data provided an approximate position of the epicondyles, while the 

Subject ID Age Pixel Spacing (mm) Slice Thickness (mm) Resolution (Pixel) 

  X Y Z Width Height 

XSH00001 27 0.537109 0.537109 0.625 512 512 

XSH00002 39 0.599609 0.599609 0.625 512 512 

XSH00003 20 0.634766 0.634766 0.625 512 512 

XSH00004 27 0.703125 0.703125 0.625 512 512 

XSH00005 36 0.703125 0.703125 0.625 512 512 
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segmented CT data provided a point cloud of the proximal end of the humerus. Since the humerus was did 

not image down to the epicondyles, we do not know the exact error of this type of mesh customisation. 

However, from the literature of palpation errors of the shoulder complex (see Table 3.1), the error range 

from 2 – 5 mm. This could lead to 2° - 5° errors in GH joint kinematics (see Figure 3.22).     

 

4.2.2.2 Electromyography of Shoulder Muscles 

EMG is generally used in a clinical setting to assess muscles and motor neuron health [119]. There are two 

types of EMG: needle (where a small electrode is inserted into the muscle to record electrical activity) and 

surface (skin-attached electrodes used to measure electric signals between two points).  

In this study, skin-attached wireless sensors were placed on the shoulder (Figure 4.4) to study the muscles 

listed in Table 4.2. The limitation of using surface EMG was that only surface muscle activation was detected 

and there were noises in the signal such as crosstalk when groups of muscles were activated. 

 

Table 4.2  Muscles of the shoulder investigated by EMG, with corresponding labels. 

Label Muscle Label Muscle 

1 Bicep Brachii 6 Latissimus Dorsi 

2 Triceps 7 Pectoralis Major 

3 Anterior Deltoid 8 Upper Trapezius 

4 Middle Deltoid 9 Infraspinatus 

5 Posterior Deltoid 10 Supraspinatus 

 

The wireless receiver for the EMG sensors (section 4.2.1) was placed outside of the radiation shield to 

improve signal strength. One of the consequences of attaching EMG sensors to the subjects was that the 

EMG sensors and wiring were visible in the x-ray images (Figure 4.7). These features on the images could 

lead to inaccurate results in the automatic tracking of the bones by AutoScoper. Therefore, a semi-

automated approach was needed in the processing of the XROMM data. The effect of muscle activation on 

soft tissue deformation was not within the scope of this thesis, but the EMG data was acquired for a future 

study investigating the relationship between muscle activation and shoulder kinematics. 
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Figure 4.4  EMG placement on the subject’s shoulder, with the corresponding labels (see Table Table 4.2). 

4.2.3 Subjects 

Five male subjects (29.6 ± 7.8 years, see Table 4.3 for general subject information) with no history of 

shoulder injuries were selected for the study.  The subject was first examined by a clinician to ensure the 

subject’s shoulder complex was healthy and had a normal range of motion. This step was necessary because 

this study was performed based on the assumption that the data collected was from a normal group of 

subjects and it may be used in a later study involving subjects with shoulder injuries, for instance rotator 

cuff tear and repair.  

Due to the varying heights of the subjects, the subject sat on a modified, height-adjustable desk chair (the 

back of the chair was removed, as mentioned in section 4.2.1, to prevent occluding the x-ray beam during 

data acquisition) between the image intensifiers, as depicted in Figure 4.5. Since x-ray was used in the 

experiment, the subject wore a lead apron on the lower half of their body and a lead collar to protect vital 

organs from unnecessary radiation exposure.  

Table 4.3 General subject information 

Subject ID Age 
Dominant 

Arm 
Weight (kg) Standing Height (cm) BMI 

XSHD00001 26 Right 45.00 1.65 16.51 

XSHD00002 39 Right 75.98 1.76 24.52 

XSHD00003 20 Right 79.38 1.80 24.55 

XSHD00004 27 Right 88.45 1.98 22.53 

XSHD00005 35 Right 81.65 1.77 26.13 

 

1 

2 

3 

3 

4 

4 
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Figure 4.5  Subject seated between the image intensifiers and x-ray tube, with the AMC marker. The shoulder 

of the subject was positioned in the centre of the image intensifiers. 

Of the five subjects used only four had most complete data set. The three subjects (out of four) chosen for 

the analysis were based on the ease of identification of the skeletal landmarks by palpating (although 

subjective, this gave a measure of confidence in the marker locations). 

4.2.4 XROMM Protocol 

The XROMM protocol for this experiment consist of subject preparation and tasks performed in the 

XROMM session. Subject preparation for XROMM consists of placing eye shielding, lead collar and apron 

on the subject to protect them from the radiation exposure to various region of the body (see section 

4.2.4.1).  

The XROMM session was performed simultaneously with the OMC data capture. The subject was asked to 

perform five tasks (listed in section 4.2.6) with each task was performed first without data capture (with the 

OMC and XROMM not recording). Once the subject was comfortable with the motion and required speed 

of motion, the OMC system start recording a buffer and the subject starts performing the motion. When 

the subject was at constant speed, both systems (OMC and XROMM) was triggered and the data was 

recorded to a hard drive.  

 

Image Intensifier 

X-ray tube 

Subject 

Tripod of 
the OMC 
system 
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4.2.4.1 Risks of Using Videoradiography (XROMM) 

This study used x-ray to image the bones in motion and since x-ray involves ionising radiation there are 

risks to the health of the subject and therefore, approval was required before the experiment could proceed. 

Approval was granted by the Internal Review Board at Brown University and by the University of Auckland 

Human Participants Ethics Committee (Appendix A.2). The approved radiation exposure was about 2.7 

years of background radiation, which equated to a total exposure of about 25 seconds. For reference, a 

typical CT scan of the shoulder is about 2.06 mSv, with one year of exposure to background radiation being 

3.0 mSv [120]. In terms of data recording time, this equated to about of three seconds per task. Reducing 

recording time helps to mitigate the risk of injury due to exposure. The chosen recording time was a balance 

of minimising exposure whilst still giving useful high quality data. This meant sometimes tasks were repeated 

to ensure the intended motion was captured. In the end, the chosen exposure time (by the technician) was 

enough to get at least one cycle of the motion for each of the tasks for each subject. For the actual exposure 

times and number of cycle captured see Table 4.5 and Table 4.6. 

4.2.4.2 Calibration of XROMM System 

 

Figure 4.6  Calibration images for the XROMM system: (a) Distortion calibration grid and (b) calibration 

cube as seen in the x-ray field of view. (c) Calibration cube used in the experiment positioned in 

front of the image intensifier. 

The removal of distortion from the x-ray images was the first step before extracting the tracking data from 

the x-ray video. A sheet of perforated metal (Figure 4.6a) of a known pattern [75] was used to reduce and 

correct the distortion in the x-ray images. The second step was to set up the coordinate system, which used 

a cube (shown in x-ray view in Figure 4.6b, with its position in front of the image intensifier shown in Figure 

4.6c) made out of four acrylic sheets embedded with 64 equally spaced radio-opaque beads (16 beads per 

sheet) [75]. 

Both the metal sheet and cube were imaged separately during the capture session. Then a custom MATLAB 

application [121] was used to correct the x-ray images altered from distortion, and determine parameters 

(a) (b) (c) 
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such as distance from x-ray source to image plane and location of the origin of the coordinate system, 

through the use of an 11 coefficient direct linear transformation algorithm. These parameters, along with 

subject-specific CT data, were then loaded into Autoscoper8 (see section 4.3.1), which resulted in the virtual 

setup shown in Figure 2.13 (on page 50). 

This step was done in the beginning of the XROMM session, but if the image intensifiers or the x-ray 

projectors were bumped or moved between the trials then this step has to be repeated. 

4.2.4.3 X-Ray Videoradiography Data 

The recorded x-ray video (screenshot in Figure 4.7) was in the manufacturer’s native file format (*.cine). 

There were two recordings (one from each plane) for each of the tasks performed, with settings as presented 

in Table 4.4. The resulting sequences of images (either 150 or 300 images depending on the task being 

performed by the subject) were in greyscale at a resolution of 1024 x 1024 pixels. The images were then 

converted to TIFF format, so that they were compatible with tracking application and the MATLAB script 

that removed distortion.  

Table 4.4  X-ray camera settings for each of the subjects. 

 

 

 

 

 

                                                      
8 https://wiki.brown.edu/confluence/display/ctx/XROMM+AutoScoper 

Subject Camera 1 Camera 2 

 Frame 

Rate (Hz) 

Pulse 

Duration 

(ms) 

kV mA Frame 

Rate (Hz) 

Pulse 

Duration 

(ms) 

kV mA 

XSHD00001 100 2 72 200 100 2 70 200 

XSHD00002 100 2 75 200 100 2 73 200 

XSHD00003 100 2 73 200 100 2 75 200 

XSHD00004 100 2 72 200 100 2 75 200 

XSHD00005 100 2 72 200 100 2 75 200 
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Table 4.5 Total exposure time per task in milliseconds. Tasks with the suffix -W means that it was 

performed with the subject holding a weight. 

 Task       Total time 

Subject SPE FE IER Shrug DT SPE-W FE-W  

XSHD00001 300 300 300 300 450 300 300 2250 

XSHD00002 450 150 150 148 300 300 600 2098 

XSHD00003 300 300 600 300 300 450 150 2400 

XSHD00004 300 300 450 300 150 300 300 2100 

XSHD00005 300 300 300 300 150 300 600 2250 

 

Table 4.6 Number of cycles captured per task. Note: not all cycles used due to the variation of pose influencing 

the visibility of the bones. When the bone is not clearly visible, generally means that the bone could 

not be tracked. Tasks with the suffix -W means that it was performed with the subject holding a 

weight. 

 Tasks       

Subject SPE FE IER Shrug DT SPE-W FE-W 

XSHD00001 2 2 3 3 3 1.5 1.5 

XSHD00002 3.5 1 2 2 2 2 4 

XSHD00003 2.5 2 6 4 2 3 1 

XSHD00004 2.5 2 5 2.5 1 1.5 2 

XSHD00005 2 2 2.5 3 1 2 4 
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Figure 4.7   Bi-plane x-ray images for the shoulder complex during scapular plane elevation. 

 

4.2.5 OMC Protocol 

The OMC protocol is similar to the XROMM protocol as it is performed together. It consists of subject 

preparation and tasks performed in the OMC session. Subject preparation for OMC includes placing the 

markers on the subject as well as basic subject measurements such as height and weight. There were 20 core 

markers placed on the right upper limb of the subject (see section 4.2.5.1). 

As mentioned, the OMC session was conducted simultaneously with the XROMM data capture and the 

process and motion captured was the same as with XROMM (see section 4.3.4).  

4.2.5.1 Marker Configuration for OMC  

A 20 - core marker configuration (described in Table 4.7) was employed in this study to track the shoulder 

using OMC. These consisted of common marker placements [122] and additional markers were used to aid 

tracking of segments (whenever additional markers could be attached to the subject) as well as markers to 

represent landmarks. This is beneficial for the experiment because OMC systems that use passive-markers 

regularly drop markers (see Chapter 3 for details of the problems in using passive-markers). 

The marker configuration used was a custom configuration based on the anatomical skeletal landmarks of 

the upper limb and standard marker placement, which included the AMC [24] and marker placement 

recommended by the manufactures(for instance, naturalpoint optitrack9) of the OMC for the arm. The 

markers for the experiment are grouped into three segments: humerus, scapula and thorax. The humerus 

segment has four main markers (the epicondyles of the humerus, the glenohumeral joint and a marker 

positioned above the olecranon fossa) and additional markers. The scapula has six main markers (AA, AI, 

AC, AMC (see Appendix A.1 for the design) and the trigonum scapulae position is split into upper and 

lower markers). The marker configuration used with the placement of additional markers is shown in Figure 

4.8. All markers used in the OMC system are infrared reflective markers, which have the characteristic of 

being bright dots on images when exposed to a strong light (camera flash) or when imaged by an infrared 

camera. 

  

                                                      
9 http://wiki.optitrack.com/index.php?title=Skeleton_Tracking 
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Table 4.7  Marker labels and description about their location on the shoulder. 

Humerus  Scapula  Clavicle  

Markers Description Markers Description Markers Description 

EL 
Lateral epicondyle on the 

humerus 
AA Angulus acromialis C7 C7 vertebra 

EM 
Medial epicondyle on the 

humerus 
AC Acromioclavicular joint IJ Suprasternal notch 

GHM 

Marker on the surgical 

neck near the 

glenohumeral joint 

AI Angulus inferior PX Xiphoid process 

OF 

Marker near the 

olecranon fossa above the 

upper markers of the 

epicondyle 

AMC 
Acromion marker 

complex 
T8 T8 vertebra 

UEL Upper lateral epicondyle ASM Anterior shoulder marker   

UEM Upper medial epicondyle PM Posterior shoulder marker   

Midpoint 
Midpoint between GHM 

and EM 
TS1/TS2 

Marker on the 

upper/lower region near 

the trigonum scapulae 

  

 

 

Figure 4.8  OMC marker placements on the subject’s shoulder. 
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4.2.6 Tasks 

Once the equipment is setup, each subject was asked to perform the following five tasks (described in Table 

4.8): scapula plane elevation, flexion/extension, shoulder shrug, internal/external rotation and downward 

throw. Each task was performed unconstrained and with no targets in order to achieve an unobstructed 

motion of the arm. Due to the inherent risks associated with using ionising radiation, the subjects were 

required to complete two or more cycles of the aforementioned tasks in a period no longer than three 

seconds. 

 

 

Figure 4.9  Tasks performed for the study: (a) neutral pose, (b) scapula plane elevation, (c) 

flexion/extension, (d) internal/external rotation, (e) shoulder shrug, (f) downward throw. 

Due to the time required to process this data set, only three tasks were analysed.  The tasks were SPE, IER 

and shoulder shrug. The reasons for choosing these tasks were: (a) the most complete data set from the 

different subjects and (b) they represented different type of motions experienced by the shoulder complex. 

For instance, SPE is a coupled motion of three bones that results in elevating the arm, IER is an isolated 

motion of the humerus and the shoulder shrug is another coupled motion but only elevating the scapula. 

Although these cover interesting motions, they represent only a small range of motions for the shoulder 

(a) (b) 

(d) 

(c) 

(e) (f) 
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complex. This limitation was unavoidable because of the constraints in the technology used to capture the 

motion and repeatability of shoulder motion. 

Table 4.8  Descriptions of the motion involved in the tasks performed by the subjects and depicted in Figure 

4.9. 

Tasks  Description  Justification 

Neutral pose  

(Figure 4.13a)  

Right arm of the subject resting at the 

subject’s side, with hand open and palm 

facing towards the body (if the sitting 

position allowed).  

The initial reference of the arm position 

Scapula plane 

elevation[123], 

[124]  

(Figure 4.13b)  

Arm elevation in the scapula plane, from 

neutral pose to arm raised to about 120°.  

Abduction and adduction of the arm at 

the scapular plane (about 30 flexion) to 

get the maximum scapular motion 

90° Flexion 

Sagittal plane 

Elevation 

(Figure 4.13c)  

Arm moving back behind the subject as 

far as they can without hitting the image 

intensifiers, then swinging the arm 

forward in front of the subject to 

approximately 120°.  

Abduction and adduction at (90° 

Flexion) of the arm to get the motion of 

the scapula in a not commonly studied 

plane. 

Internal/external 

rotation [125] 

(Figure 4.13d)  

Arm in neutral position but with elbow 

at 90°, rotating the arm while holding 

the humerus vertical (i.e. keeping the 

elbow as close to stationary as possible).  

Investigates the soft tissue artefacts 

associated with the internal and external 

rotation of the humerus without 

scapular motion 

Shoulder shrug  

(Figure 4.13e)  

From the neutral pose, the shoulder is 

moved up and down while keeping the 

arm at the subject’s side.  

Investigates scapular elevation with 

minimum STA from the humerus 

Downward throw 

- rapid 

downward 

rotation with arm 

abducted at 90°  

(Figure 4.13f)  

In order to get a coupled motion, the 

subject abducts their arms to 90° with 

elbow bent at 90°. When instructed to, 

the subject rotates their forearm 

downward as fast as possible. The 

motion is similar to throwing an object 

to the ground.  

Investigates the soft tissue artefacts 

associated with the internal and external 

rotation of the humerus abducted to 90 

degrees. Useful in studying the function 

of the rotator cuff. 

 

4.2.7 Synchronisation of XROMM and OMC Data 

Since there are two types of temporal data being acquired in this experiment, synchronisation of the data 

sets is required in order to analyse differences. Due to the uncertainty of whether both systems could be 

triggered at the same time, the period of OMC data acquisition was longer than for the XROMM data. The 
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period recorded by XROMM fell within the data recording time of the OMC. This was done to ensure that 

the recorded motion was present in both data sets of the two tracking modalities.  Although capturing more 

XROMM than OMC data is possible, it would mean exposing the subjects to more radiation, which is 

harmful to their health. Synchronisation of the two data sets can be achieved in two ways: either through 

hardware synchronisation, via the use of a trigger signal (see section 4.2.7.1), or computational 

synchronisation, via pattern matching and cross-correlation (see section 4.2.7.2).  

4.2.7.1 Hardware Synchronisation 

Hardware synchronisation, in simple terms, involves using a trigger signal to start the data acquisition in two 

or more systems. The trigger is usually an electronic switch that causes a signal generator to send a pulse to 

the connected systems. When triggered, a square pulse wave is sent from the trigger to the data acquisition 

system and the connected recording device can either start recording at the leading edge or trailing edge of 

the pulse, depending on how the system is connected. In the example presented in Figure 4.10, the OMC 

system is connected to the trigger in series with the XROMM system, so the OMC system will see the pulse 

first. In order for both systems to record data at the same time, the OMC system starts at the trailing edge 

of the pulse, while the XROMM system starts on the leading edge of the pulse. The size of the pulse depends 

on the latency in the connected systems: the time for the trigger to reach the XROMM system and the delay 

in start of the recording once triggered.  

 

 

Figure 4.10  Synchronisation using square wave pulse: When triggered a square pulse wave is sent from the 

trigger to the data acquisition systems. The connected recording device can either start recording at 

the leading edge (XROMM) or trailing edge (OMC) of the pulse. The size of the pulse (width of 

the bar depicted in the graph) depends on the latency in the connected systems. 

 

XROMM – Start recording 
on leading edge 

OMC – Start recording on 
trailing edge 

Trigger 
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4.2.7.2 Computational Synchronisation 

Another method of synchronisation is to perform it after the data acquisition process. This form of 

synchronisation involves minimising the differences in the two time-series. Since the experiment involves 

cyclic motion, the parameters that are used are the period and amplitude of the motion in the three axes (X, 

Y and Z) and the Euclidean distance between the XROMM predicted markers and the corresponding 

markers measured in OMC. It is assumed that the time point in the OMC data where the difference between 

OMC and XROMM parameters is at its minimum is the synchronisation point. 

The synchronisation point could also be found by performing a cross-correlation, 𝑟𝑑, (Equation 4.1) on the 

two time-series [126], [127]. This methodology requires first time shifting, and then truncating the OMC 

data set to match the size of the XROMM data set (Equation 4.1).  

 

 𝑟𝑑 =  
∑ [(𝑥𝑖 − �̅�) ∗ (𝑦𝑖−𝑑 − �̅�)]𝑖

𝜎𝑥𝜎𝑦_𝑑
 

4.1 

 

where the cross-correlation ( 𝑟𝑑 ) is then calculated for the time shifted data (𝑑), where 𝑑 = 1, 2, … , 𝑛 and 

𝑛 is the number of data points in y (ny) subtracted from the number of data points in x (nx), if ny is greater 

than nx. The two time-series were created using the normalised motion of a segment in the OMC system 

(an average marker of the segment was used to represent the motion) and the position of the centre of mass 

in the XROMM system. The XROMM time-series was shifted along the OMC time-series until the end of 

OMC time-series. This is repeated until the last data point in the OMC data matches with the last data point 

in XROMM data where 𝑟𝑑 is at the minimum.   

For the experiments, the two systems had to be triggered manually at approximately the same time due to 

malfunction of the hardware synchronisation system and, since the OMC system used a five-second pre-

buffer, the best-correlated offset was found to be 5.0 ± 1.0 seconds. This was used as the point where the 

XROMM data set matched the OMC data. 

4.2.7.3 Registration of the OMC Coordinate Frame to the XROMM Coordinate Frame 

The coordinate frame provides a reference point and gives context to the kinematics measurements and 

marker positions. Different recording instruments have different coordinate frames and the registration of 

one coordinate frame to another is important for comparing data from two or more devices. The cylinder 

with radio-opaque/infrared reflective markers pictured in Figure 4.11 was used as a common object across 

the two tracking modalities. The marker positions were recorded simultaneously relative to the system’s 

coordinate frames and the point data was then used to calculate the rigid transformation (see Chapter 3 for 

registration details) that aligned the point data in the OMC with the XROMM coordinate frame. 
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Figure 4.11  Registration cylinder with radio-opaque IR reflective markers is depicted on the left10. The 

radiographic view of the cylinder is on the right. 

4.3 Methodology used in Data Processing 

Three types of data (XROMM, CT and OMC) were used in the analysis of the soft tissue effects on 

skin-mounted markers. Each data set was processed using the workflow described in Figure 4.12. Firstly, 

the CT images were processed to segment out shoulder skeletal structures (humerus, scapula and clavicle). 

The x-ray images were then processed to remove distortion. The processed x-ray images were used to 

determine the x-ray plane and camera position parameters for the skeletal structures tracked using 

AutoScoper. For the OMC data, the mislabelled markers (see section 4.3.2.1) were corrected at each time 

point in the data set. Finally, the OMC and XROMM data were synchronised (section 4.2.7.2) in order to 

overlay the marker information on top the XROMM data. This processing workflow was repeated for each 

subject. Sections 4.3.1 and 4.3.2 describe in detail the workflow used to process the XROMM and OMC 

data sets. 

                                                      
10 Photograph courtesy of the Bioengineering Lab in the Department of Orthopaedics, Brown University. 
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Figure 4.12  Processing workflow overview. 1) Segmentation: manually segment bone geometry from CT images 

and create virtual bone geometry model. 2) X-ray image conversion: convert x-ray images of each 

task to TIFF image file format and calibrate XROMM. 3) XROMM tracking: track bones in 

x-ray images using AutoScoper application (developed by Brown University). 4) OMC marker 

processing:  correct miss labelled markers in optical motion data and synchronise data to x-ray 

tracking data. 5) Analysis of marker positions: analyse XROMM based marker positions 

relative to measured motion capture data. 

 

1) Segmentation 2) X-ray image conversion 
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4.3.1 XROMM Data Processing using AutoScoper 

AutoScoper is a feature-based matching software that uses a simple ray cast technique that projects x-ray 

through a bone volume (generated from the BIS) to a 2D plane and the resulting image is matched to current 

frame of the x-ray video [74], [128], [129]. 

In order to use AutoScoper, a binarised image stack (BIS) was used to generate a bone volume model of 

interest and placed into a virtual setup of the experimental space. The BIS was generated from a CT image 

stack of the subject’s shoulder by identifying and then segmenting out the bones. Once the BIS was created 

for each bone, it is imported into AutoScoper (Figure 4.13) to track the bone segments.  

 

 

Figure 4.13  AutoScoper [128] tracks a single bone through the sequence of x-ray frames. The different views 

of the x-ray images are the images recorded by two image intensifiers in their planes of view. The 

orange coloured humerus is the projection of the bone volume generated by the binised image stack. 

To create the BIS, the bones of interest had to be segmented. A few open source programs (such as ITK-

SNAP [101]) can segment bones from CT images and provide a bone volume. ITK-SNAP [101] was an 

application that was explored for the purpose of segmenting bone volumes for this study. However, it was 

not used in this study because it primarily exports a triangulated surface mesh of the bone or a binary data 

file containing the segmented data. XROMM’s AutoScoper application cannot import these models or 

customised binary data files, therefore the BIS from the segmented data would need to be converted to the 

required format so that tracking could occur. This was a time consuming step in the process, due to the 

need to understand the file format, then write the code to convert the segmented data to the required output. 
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For AutoScoper the required file format is a TIFF image with the same image size as the original DICOM 

images. 

Commercial applications (for instance, Mimics by Materialise11) were also investigated for generating BIS 

from segmented DICOM images, but the lack of access to these applications at the Auckland Bioengineering 

Institute led to the development of a simple segmentation application from an existing application 

developed for the registration methodology presented in Chapter 3. This Java application (depicted in Figure 

4.14 running in MATLAB®) was modified to export binarised DICOM images and run a custom 

MATLAB® script to convert the binarised DICOM images and output it as a TIFF image stack. The TIFF 

image stack was used by AutoScoper to generate a bone volume of the bone of interest.  

To tack the bones in 3D space, Autoscoper casts virtual x-ray was cast from x-ray cameras through the bone 

volume to the x-ray plane, which creates a 2D projection of the bone on the x-ray image from XROMM. 

This projection was compared to the real x-ray image (obtained from the XROMM system) using cross 

correlation to determine whether the features on the projection matched the features on the x-ray image (as 

depicted in Figure 4.13). The bone volume’s position was adjusted if the correlation did not meet a set 

threshold. This threshold was set internally by the developers of AutoScoper and was not exposed to the 

user and hence, the specific threshold is unknown. This analysis was performed for each frame recorded by 

the XROMM system for each task, then visually inspected to ensure correctness of the calculated position. 

 After the correct position of the bone had been determined for each frame, the resulting rigid body 

transformations (16 coefficients) of the bone volume was then exported as a single row in a text file (see 

Appendix A.3). 

 

 

                                                      
11 http://biomedical.materialise.com/mimics 
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Figure 4.14   Segmentation application, extended for importing data to AutoScoper. (a) The skeletal structure 

of interest is highlighted with colour in figure. In this example, the region highlighted in green is the 

humerus, the region highlighted in cyan is the scapula and the region highlighted in red is the 

clavicle. The figure on the right (b) shows the segmented skeletal structures of the shoulder complex, 

with skin surface, as geometric models. 

Although a preliminary testing was carried out, the results from the analysis however, may not give the 

correct position for a given frame due to the amount of additional features in the x-ray images (for instance, 

wires from EMG sensors, the EMG sensors themselves and the lead collar). This problem was discovered 

after the experiment because it did not occur when this workflow was used on the lower limb in a previous 

study and subsequently tracking using Autoscoper was left out of the preliminary testing to save time (we 

had limited time with the XROMM system).  

In order to improve convergence of the internal tracking algorithm using feature analysis, each individual 

bone was first manually aligned by eye to the closest matching features (this places the bone close to the 

actual position in 3D space), and then the tracking algorithm in AutoScoper was used to determine the exact 

bone’s position. This reduce the search space the AutoScoper needed to go through in order to find the 

bone in the image. The issue of this approach (setting the initial configuration manually) was that it is a time 

consuming process. In order to reduce processing time, a subset of frames was tracked. Thus, every second, 

fifth or tenth frame of motion in the tasks performed by each of the subjects were tracked.  

Tracking only a subset of frames was done, primarily, to reduce the processing time. The missing frames 

could be estimated using a spline interpolation using the tracked frames. The gap between the tracked frames 

depends on whether the interpolated frame matches the motion shown in the frame. Since AutoScoper does 

not possess a functionality to quantify error in interpolated frames the verification of these interpolated 

frames was done manually. If the interpolated frames between two tracked frames could not encapsulate 

(a) (b) 
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the motion then additional frames were tracked (for instance, if every tenth frame was tracked and unable 

to match the interpolated position, then every fifth frame was tracked). Manual alignment of the bones 

significantly increased the time taken to process the data, but this was a necessary step in order to obtain 

kinematics data of the humerus and scapula. This method’s accuracy determined from the RMS of tracked 

frames and interpolated frames was 0.94 mm (standard deviation 1.08 mm). 

4.3.2 OMC Data Processing 

Normally there are two post-processing tasks required before OMC data can be analysed. The first is to fix 

the labelling problems due to dropped markers or label swapping and the second is to fill in gaps in the data. 

The data that results from the first step of OMC processing includes segment labelling and corrected labels 

for markers (for more details see Chapter 2).  

However, filling in gaps in the data (an example of this problem is shown in Chapter 2) involves 

interpolation that in turn introduces additional errors into the data. These additional errors could interfere 

with the characterisation of soft tissue error, so the only processing performed on the data collected in this 

experiment was synchronisation with the XROMM data and the correction of marker labels. The method 

used to correct marker missing labelling was a semi-automatic process outlined in section 4.4.2.1. 
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Figure 4.15 (a) Visualisation of the raw marker data from experiment and displayed in Mokka [130]. The 

humeral markers are in blue, the scapula is in yellow and the AMC in purple. The position of 

one of the humeral markers over time is displayed in the graphs (top: X-axis, middle: Y-axis, 

bottom: Z-axis). (b) Marker and segment labelling of OMC data performed in Mokka [130]. 

The orange segment is the forearm, the yellow segment is the humerus, the purple segment is the 

additional markers on the humerus, the AMC is highlighted as the violet segment on top of the 

shoulder, the green segment is the main markers on the scapula with the additional markers in red 

and the blue segment is the thorax. 

4.3.2.1 Semi-Automated Processing of OMC Data 

In order to fix the labelling issue (example in Figure 4.17), a small application was developed in java and 

MATLAB to consolidate the markers (for instance, remove additional labels that were added due to dropped 

markers) and fix marker labels swapping by using a closest point search algorithm [131], [132].  

(a) 

(b) 
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This algorithm finds the next position of a given skin-mounted marker by calculating the Euclidean distances 

of the marker in the current point in time to the next possible positions from the list of available markers 

in the next point in time. The marker from the list that gave the smallest distance is the next position of the 

marker. It is assumed that, since the data is recorded at 100 frames a second, the distance travelled by the 

markers between the frames was small enough so that there were no overlaps in trajectory. The limitation 

of the application was that if there was a gap (Figure 4.16) in the data then the labelling might not be fixed 

using the closest point search algorithm. Due to the simple nature of the label-fixing algorithm, a second 

manual pass of the data was needed to ensure all labels were correct. 

 

 

 Figure 4.16   Example of a gap in OMC data, the red highlighted marker has missing frames. 

A simple marker-grouping algorithm was then devised to group markers into known segments. This 

algorithm assumes that all the markers on the same segment undergo homogenous transformation. It 

requires a known configuration of the marker group with a complete marker set including the missing 

markers. One such example is the initial pose of the subject before the motion, but any frame of motion 

with all the markers could be used in the estimation. 

Assuming the first frame in the motion has all the markers present (a reference frame); the second step in 

the algorithm is to identify a sub group of markers (a minimum of three markers) from the marker group 

of interest with complete trajectories. This sub group of markers is chosen for calculating the trajectory of 

the marker group by using least squares estimation. A set of affine transformations is calculated to represent 

the change in marker position from one frame to another. 

These transformations were then applied to the reference frame giving an estimation of all the marker 

positions in each frame. The closest point algorithm was applied again but instead of comparing between 

frames, the closest point from the OMC data to the estimated data is chosen. However, if the distance 

Gap 
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between OMC closest point and the estimated marker position exceeds a threshold, it will indicate the 

marker is missing and location data will either be left blank or the marker’s estimated position will be used 

(this depends on whether the missing marker is required in the analysis). If the marker’s estimated position 

meets the threshold and it was not present in the frame, then it is grouped into the marker group. 

 

 

Figure 4.17   Example of label swapping in OMC data, the blue coloured marker swapped with the green 

coloured. 

4.3.3 Data Analysis 

A comparative analysis between the marker positions predicted using XROMM data and the actual recorded 

marker positions from OMC was performed for each of the subjects. The markers were grouped into 

segments representing different bones in the shoulder (scapula and humerus). By grouping the markers, the 

bone positions determined from the XROMM system (section 4.3.1) could be used to predict marker 

positions based on the segment.  

Three subjects with different body types were chosen from the five subjects that participated in this study. 

The reason for only analysing a subset of the subjects was so that the remaining subjects could be used for 

validating the methodology developed in this study to reduce the effect of STA.  
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4.3.3.1 Estimation of Soft Tissue Artefact from Marker Displacements 

 

Figure 4.18  Data analysis process for determining the skin-mounted markers’ displacement from their initial 

positions on the segment.  

The method used to measure the OMC error involved finding the displacement error between the predicted 

XROMM/ OMC data and the measured OMC data. This method works in a similar way to the cross-

correlation method and involves the following steps (Figure 4.18):  

1. For the chosen task, select a list of transformations ( 𝑇𝑋𝑅𝑂𝑀𝑀) for the skeletal structure of 

interest that represents at least one cycle of the motion. 

2. Select a list of marker positions in the OMC data that represent the same cycle of motion as the 

XROMM data. Then determine the initial position of the markers 𝑝0  by aligning the markers 

from the first synchronised frame to the initial position of the CT model in Autoscoper. 

3. For any given time-point, the marker error for an individual marker is determined by the 

Euclidean distance between predicted marker position using XROMM data and measured 

marker position. The estimated position of the markers can be calculated by applying the rigid 

body transformation 𝑇𝑋𝑅𝑂𝑀𝑀 at time i to the initial marker positions (𝑝0). 

4. Repeat steps 1-3 for each task performed by each of the subjects in the experiment. 

1) Marker position 
calculated from 
XROMM data

2) Subset of optical 
motion capture 

data that matches 
the XROMM

3) Calculate the 
displacement error 

of the markers 
(distance between 

XROMM based 
data and OMC 

measured data)

4) Repeat 1-3 for 
each task 
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The results presented in section 4.4.2 give the Euclidean distance (displacement error) between the predicted 

marker positions, derived using the bone transformations from XROMM, and the measured positions from 

OMC.  

 

4.3.3.2 Estimation of Soft Tissue thickness 

The soft tissue thickness (STT) underneath the marker was determined by first selecting the area of skin 

under the marker then the region of the bone that is directly under the selected skin. Using these surfaces 

and the tool in CloudCompare for measuring distance between point clouds, the distance between these 

surface was determined and used as the STT underneath the marker. The reason for determining the STT 

in such a manner was that the marker was placed on a holder before it was attached to the skin therefore 

the marker errors (STA) was affected by an area rather a point on the skin. This method allows us to calculate 

the mean thickness under the holder giving a close representation of the STT and the region of soft tissue 

affecting the marker. 

 

Figure 4.19  The soft tissue thickness is the distances (marked in green) of the marker to the closest point on 

the bone.  

 

Marker 

Scapula 

Skin point cloud 
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4.4 Results 

4.4.1 Definition of Terms and Errors 

The following terms are defined to avoid confusion in the presented data in section 5.4 (Results): 

 Marker Positions 

o Actual position (𝒀𝐵𝑋𝑉) describes the position of the markers determined using the 

BVX data. 

o Measured position (𝒀𝑚) describes the position of the markers measured with OMC 

system. 

The marker set errors in each frame (𝑒𝑎𝑐𝑡𝑢𝑎𝑙)  presented in this section were calculated from the comparison 

between OMC and BXV data and it is defined as, 

 

 𝑒𝑎𝑐𝑡𝑢𝑎𝑙 =  √
1

𝑛
∑(|𝒀𝑚𝑖

− 𝒀𝐵𝑋𝑉𝑖
|)

2
𝑛

𝑖=1

 4.2 

 

where 𝑒𝑎𝑐𝑡𝑢𝑎𝑙 is the RMS error of the Euclidean distance between the actual position and the measured 

position determined from OMC data and 𝑛 is the number of markers.  

The standard deviation, 𝑠𝑚𝑎𝑟𝑘𝑒𝑟_𝑠𝑒𝑡 , was calculated by the following: 
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𝑛 − 1
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 4.3 

 

where 𝑠𝑎𝑐𝑡𝑢𝑎𝑙 is the corrected sample standard deviation and 𝑛 is the number of frames.  

The marker errors in each frame (𝑒𝑚𝑎𝑟𝑘𝑒𝑟𝑖
)  presented in this section were calculated from the comparison 

between OMC and BXV data and it is defined as, 

 

 𝑒𝑚𝑎𝑟𝑘𝑒𝑟𝑖
=  |𝒀𝑚𝑖

− 𝒀𝐵𝑋𝑉𝑖
| 4.4 
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where 𝑒𝑎𝑐𝑡𝑢𝑎𝑙 is the RMS error of the Euclidean distance between the actual position and the measured 

position determined from OMC data and 𝑖 is the marker index.  

The standard deviation, 𝑠𝑚𝑎𝑟𝑘𝑒𝑟𝑖
, was calculated by the following: 

 

 𝑠𝑚𝑎𝑟𝑘𝑒𝑟𝑖
=  √

1

𝑛 − 1
∑(𝑒𝑚𝑎𝑟𝑘𝑒𝑟𝑖

− 𝑒𝑚𝑎𝑟𝑘𝑒𝑟𝑖
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅)

2
𝑛

𝑑=1

 4.5 

 

where 𝑠𝑎𝑐𝑡𝑢𝑎𝑙 is the corrected sample standard deviation, 𝑛 is the number of frames and 𝑖 is the marker 

index.  

 

4.4.2 Marker’s Errors by Tasks 

The average displacement (see Table 4.9) differed with different tasks. For the humerus, the largest variation 

in marker positions was shown in the “Internal/External Rotation” task (For example, XSHD00001 have 

an SD of 11.8mm), while the smallest variation was shown in the “shoulder shrug” (For example, 

XSHD00002 have an SD of 4.5mm).  In the case of the scapula, the largest variation in marker positions 

was shown for the SPE task (For example, XSHD00001 and XSHD00005 SD was 10.6 and 14.3 mm 

compared to IER (the smallest variation) 3.3 and 2.3 mm, respectively).  

The average displacement (Table 4.9) also differed with different subjects. This variation between the 

subjects could be due to differences in body shape, but the effect of body type was not tested due to the 

small sample size. 
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Table 4.9 Average displacement errors (in mm) for humerus and scapula with standard deviation in brackets 

Humerus    

Subject 
Scapular Plane 

Elevation (SPE) 
Internal/External 

Rotation (IER) 
Shoulder Shrug (Shrug) 

XSHD00001 11.4 (±7.95) 18.2 (±11.8) 10.3 (±8.2) 

XSHD00002 13.7 (±9.3) 25.6 (±10.7) 10.9 (±4.5) 

XSHD00005 25.0 (±13.1) 15.7 (±5.3) 14.6 (±4.7) 

    

Scapula    

Subject 
Scapular Plane 

Elevation 
Internal/External 

Rotation 
Shoulder Shrug 

XSHD00001 14.9 (±10.6) 6 (±3.3) 5.3 (±2.3) 

XSHD00002 11.8 (±8.9) 10.2 (±4.6) 10.3 (±7.7) 

XSHD00005 23.1 (±14.3) 7.1 (±2.0) 19.2 (±7.7) 

    

 

4.4.2.1 Scapular Plane Elevation 

The results revealed that the largest error for the humerus occurs around the GH joint (see Figure 4.22 and 

Figure 4.23) for subject XSHD00001 (mean is 19.3 (±10.8) and maximum is 35.0 mm) and at the 

epicondyles (for example, mean is 10.3 mm (±4.2) and maximum is 21.0 mm). While for the other subjects, 

the markers at the epicondyles showed the largest error. The largest displacement errors (shown in Figure 

4.22 and Figure 4.23) on the scapula were found to be at the inferior angle (AI), with standard deviation 

ranging from 15.6 - 24.2 mm for the tracked subjects. For the AMC marker, the error for all three subjects 

fell between the AI and AA markers.  

The displacement errors presented in Figure 4.20 and Figure 4.21 showed that it did not matter if the 

humeral-scapular angle was increasing or decreasing since the trend in the error is the same. The 

humeral-scapular angle is the angle between the Y-axis of the humerus and the Z-axis of the scapula [44]. 

For example, if the errors were low at low humeral-scapular angle and vise-verse for one bone, the other 

bone will exhibit the same if compared within a subject. For instance, the displacement error increased with 

increasing humeral-scapular angle in both humerus and scapula for subject XSHD00001 (Figure 4.20 and 

Figure 4.21). 
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(a)  

 

(b) 

Figure 4.20  Subject XSHD00001’s marker errors for the humerus during: (a) scapular plane elevation and 

(b) scapular plane depression (see table 4.3 for marker label description). 
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(a) 

 

(b) 

Figure 4.21 Subject XSHD00001’s marker errors for the scapula during: (a) scapular plane elevation and 

(b) scapular plane depression (see table 4.3 for marker label description). 
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Figure 4.22 Mean humeral marker displacement errors for each subject during scapula plane elevation. Note: 

the absence of a bar does not signify zero error but rather it is missing data for that marker. 

 

Figure 4.23 Mean scapular marker displacement errors for each subject during scapula plane elevation. Note: 

the absence of a bar does not signify zero error but rather it is missing data for that marker. 
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4.4.2.2 Internal/External Rotation of the Humerus 

The results for internal/external humerus rotation were similar to the scapular plane elevation (see Figure 

4.24 and Figure 4.25 for STA relating to humeral-scapula angle). The largest errors seen for the humerus 

for subject XSHD00001 (Figure 4.26) were for the GH marker position (mean 39.3 ± 27.0 mm); while the 

errors on the scapula were low and the errors from the markers seemed to follow the same profile of motion 

with the difference being the magnitude of error. For instance, the errors had an inverse proportional 

relationship with the lowest error at high internal/external angles. The mean errors for the scapula (Figure 

4.27) were lower when compared to the average errors for scapular plane elevation. The range of rotation 

also varied between different subjects. For two of the subjects (XSHD00002 and XSHD00005, shown in 

Figure 4.27), the maximum error occurred at the AMC (mean 11.5 ± 6.8 mm and mean 8.9 ± 4.3 

respectively), while for the other subject (XSHD00001, shown in Figure 4.25) it occurred at the TS markers 

(mean 8.1 ± 5.7 mm). 

When the data was analysed against the rotation of the humerus about its Y-axis, it yielded different results 

to the other tasks. Both subjects XSHD00001 and XSHD00002 exhibited a general trend of decreasing 

displacement error as the rotation angle increased. However, subject XSHD00005’s scapula showed almost 

constant displacement errors across the rotation range. For the humerus, subject XSHD00005 showed the 

highest displacement errors at the extreme ends of the rotation. 
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(a) 

 

(b) 

Figure 4.24 Subject XSHD00001’s marker errors for the humerus during: (a) internal and (b) external 

rotation. Note: motion was external to internal (see table 5.3 for marker label description). 
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(a) 

 

(b) 

Figure 4.25 Subject XSHD00001’s marker errors for the scapula during: (a) internal and (b) external 

rotation. Note: motion was external to internal (see table 5.3 for marker label description). 
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Figure 4.26 Mean humeral marker displacement errors for each subject during internal/ external rotation. 

Note: the absence of a bar does not signify zero error but rather it is missing data for that marker 

(see table 5.3 for marker label description).  

 

Figure 4.27 Mean scapular marker displacement errors for each subject during internal/ external rotation. 

Note: the absence of a bar does not signify zero error but rather it is missing data for that marker. 

(see table 5.3 for marker label description). 
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4.4.2.3 Shoulder Shrug (Scapular Elevation) 

The shoulder shrug manoeuvre, otherwise known as scapular elevation (not to be confused with scapular 

plane elevation of the humerus), showed relatively low error when compared with the other tasks. All 

markers, including GH and AI, followed a similar trend of displacement error through time (see Figure 4.28 

and Figure 4.29). The largest errors seen on the humerus were also for the GH marker on subject 

XSHD00001 (mean 20.2 ± 2.0 mm), OF for subject XSHD00002 and GH and EL for subject XSHD00005 

(Figure 4.30). While the largest errors for the scapula were at the AMC marker for subjects XSHD00001 

and XSHD000005 (mean 6.8 ± 2.3 mm and mean 8.9 ± 4.4 mm respectively) and TS for subject 

XSHD00002 (Figure 4.31). When the errors were compared to the humeral-scapular angle (an example error 

profile shown in Figure 4.28 and Figure 4.29), the recorded errors showed no trends for the humeral 

markers. For the scapula, as the humeral-scapular angle increased there was a small increase in displacement 

error. However, subject XSHD00002 showed constant errors for some markers and an opposite trend for 

the TS1 and AI markers. 
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(a)  

 

(b) 

Figure 4.28 Subject XSHD00001’s marker errors for the humerus during shoulder: (a) elevation and (b) 

depression (see table 5.3 for marker label description). 
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(a) 

 

(b) 

Figure 4.29 Subject XSHD00001’s marker errors for the humerus during shoulder: (a) elevation and (b) 

depression. An extra marker was used to track the scapula (see table 5.3 for marker label 

description). 
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Figure 4.30  Mean humeral marker displacement errors for each subject during shoulder shrug. Note: the 

absence of a bar does not signify zero error but rather it is missing data for that marker (see table 

5.3 for marker label description).  

 

Figure 4.31  Mean scapular marker displacement errors for each subject during shoulder shrug. Note: the 

absence of a bar does not signify zero error but rather it is missing data for that marker (see table 

5.3 for marker label description). 
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4.4.3 Effect of Scapula’s Soft Tissue Thickness on Marker Displacement Error 

The correlation between the soft tissue thickness (STT) presented in Table 4.10 and Figure 4.32, and 

displacement error on the scapula was task dependant. A strong correlation between STT and displacement 

was shown in the scapula plane elevation task (r = 0.87), shoulder shrug showed moderate correlation (r = 

0.42), while internal/external rotation showed weak to no correlation (r = -0.21). The correlation was 

calculated from the linear regression test between the marker errors and the STT. 

Table 4.10  Soft Tissue Thickness (mm) 

Subject TS AA AI AC 

XSHD00001 15.32 6.06 6.44 5.42 

XSHD00002 18.23 6.01 13.94 5.4 

XSHD00005 21.9 8.4 18.8 10.77 

 

 

Figure 4.32  Influence of soft tissue thickness on marker displacement error. 
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4.5 Discussion 

The primary focus of this chapter was to provide characterisation of soft tissue artefacts in OMC data with 

the aid of BXV. Shoulder complex kinematics is difficult to determine using OMC data. Accuracy usually 

suffers due to the deformation of soft tissue layers.  Even with optimal placement of skin-attached markers, 

the errors due to soft tissue are large, especially between different subjects. Using BXV provides a non-

invasive method of obtaining rigid body kinematics of the shoulder complex that can be compared to the 

kinematics derived from OMC data (mainly for the GH joint).  

Recently bi-planar videoradiography was used to study the effects of rotator cuff repair on GH joint 

kinematics, especially GH joint translation during motion [133], as well as the accuracy of using OMC to 

track scapular motion as compared to bi-planar videoradiography [79]. Due to the limitation of the bi-planar 

videoradiography systems, these studies also only used bi-planar videoradiography to investigate the 

shoulder kinematics or the effect of STA by isolating a joint or a skeletal structure. The results in this study 

add to the existing literature by investigating soft tissue and its effect on the same structures with different 

motions. 

4.5.1 Contributions of STA to Marker Location Errors 

In all tasks, the markers provide some characterisation of the motion being recorded. However, the motion 

described by the markers does not match rigid body motion. If it matched rigid body motion the presented 

errors in Table 4.9 will be closed to zero. However, every marker on the shoulder was displaced from its 

initial position relative to its bone segment (as evident in the mean errors for each marker presented in 

Figure 4.22 and Figure 4.23 for SPE, Figure 4.26 and Figure 4.27 for IER, and Figure 4.30 and Figure 4.31 

for shoulder shrug). This means that deformation and by extension STA was heterogeneous in nature. 

The results also showed that landmarks with thick soft tissue (for example, the AI marker above the inferior 

angle of the scapula) generally had high errors ranging from 7.14 mm during internal/external rotation to 

38.57 mm during scapular plane elevation, which indicates that the soft tissue at those particular locations 

deforms significantly. Markers (such as TS, AA and AMC) located along the spine of the scapula, showed 

low errors ranging from 4.16 mm for AA to 27.6mm on the AMC. These locations also represent muscle 

attachment sites and hence could have reduced soft tissue movement. This is further evident that STA is 

heterogeneous and linear methods of reducing may not work. 

The maximum displacement occurred at different phases of motion for different subjects. For example, 

maximum displacement was observed when subjects XSHD00001 and XSHD00002 moved from internal 

to external rotation. A likely cause for this may be the effect of acceleration and deceleration of the motion 

on the segment mass.  
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STA contributions to marker location errors (shown by the results presented in section 4.3.2.1) were also 

found to be task dependent. For example, scapular plane elevation showed large errors in both scapular and 

humeral marker error, however, for the internal/external rotation only showed large errors for the humeral 

markers.  

For the humerus, the degree of displacement was related to the position of the marker along the humerus. 

For example, the GH marker on the arm showed the large displacements (with the mean errors ranging 

16.87 – 23.54 mm across different subjects) in tasks such as scapular plane elevation. This could be due to 

the soft tissue sliding and contracting over the shoulder. However, during the shoulder shrug, the GH 

marker did not show any increased displacement with motion. The increase in the magnitude of the errors 

in the internal/external rotation task could be due to a difference in the rate of rotation about the long axis 

of the humerus between the skeletal structure and skin surface. 

One surprising result from the analysis was that the maximum soft tissue errors sometimes only occurred 

during one phase of a motion and not necessarily at phase changes (for instance, at the minimum angle for 

SPE as shown in Figure 4.20 and Figure 4.21, and IER as shown in Figure 4.24 and Figure 4.25). In the 

shoulder shrug, the scapula showed the little variation in STA during the transition from down to up and 

showed little error transitioning from up to down (shown in Figure 4.28 and Figure 4.29). One explanation 

for the soft tissue behaviour presented in the results was that each subject uses a different muscle activation 

pattern to achieve the same motion. However, this could not be confirmed without studying the EMG 

patterns for each of the subjects. 

4.5.2 Soft Tissue and Kinematics Predictors 

The secondary aim of the experiments conducted was to determine a predictor for soft tissue errors and 

rigid body kinematics of the shoulder complex. If the soft tissue errors could be predicted using an external 

matrix, for instance STT, then it could be possible to filter the soft tissue artefacts.  

The scapula (STT shown in Table 4.10), for instance, has a high correlation (r = 0.87 for scapular plane 

elevation) between soft tissue artefacts and the STT in one of the motions recorded. The poor correlation 

between STT and soft tissue displacement of markers (Figure 4.32) during internal/external rotation (r = -

0.21) was due to the lack of motion of the scapula during this movement. However, the marker displacement 

was still quite large, even when there was no noticeable motion of the scapula. One logical conclusion was 

that the errors were due to soft tissue (muscles attached to the scapula) deforming to stabilize the arm during 

humeral internal/external rotation. 

STT could also be used to predict the gradient of error, assuming linearity of STA displacements. The reason 

for choosing to fit a linear regression model to the data was that linear regression models are often the first 

model used before a complex model is implemented. Therefore, it was important to know if these models 

could be used in reducing or predicting STA. 
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For scapular plane elevation, this was shown as a possibility with the results showing a strong linear trend 

between STT and STA’s gradient. STT might be able to be used to predict the gradient for other motions 

such as internal/ external motion. However, this relationship could not be validated because of the limited 

number of subjects used in the experiments. Even with all five subjects processed, these relationships may 

only be valid for this sample of subjects. 

 

4.5.3 Limitations 

The main limitation of this study was the number of subjects analysed. Having only three subjects and three 

task makes it difficult to comment on effect of STA on the shoulder complex kinematics beyond what was 

presented in the results section. However, the data were still useful for evaluating the effect of the rigid body 

transformation method on the amount of error that will be observed. 

Another limitation of the study was the tasks performed does not reflect the common recorded motions 

when studying shoulder kinematics. This means that the results could not be directly compared against the 

existing studies in the literature. 

The data also does not include the joint angle estimation errors because the method used to estimate the 

rigid body transformations and subsequently the joint angles could affect the errors observed. Quantifying 

the errors for estimating the rigid body transformation will be the focus of the next chapter. 
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In Chapter 4, the STA errors caused by soft tissue during shoulder motion were quantified using 

experimental data. However, it was unclear how these errors could be reduced, especially when kinematics 

of the joint complex is predicted using the data from skin-mounted markers. In the literature, there are 

several different approaches to reducing STA and the most commonly utilised approaches centre around 

the use a simple rigid body model and least squares to estimate rigid body motion from OMC data [1], [2]. 

The problem with these approaches is that they do not take into account the deformation of the soft tissue 

and are usually only evaluated for the lower limb. 

This chapter focuses on evaluating two computational algorithms and a simple shear model to estimate soft 

tissue deformation. The rigid body transformations from the OMC data can then be inferred by filtering 

out these soft tissue deformations. However, to the author’s knowledge such attempts have not been made 

for the shoulder complex kinematics using a simple shear model. Hence, an evaluation of these algorithms 

and the simple shear model approach is needed to determine their suitability in estimating rigid body motion 

for the shoulder complex. 

  

5 
Soft tissue artefacts in 
shoulder complex 
kinematics 
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5.1 Introduction 

STA are a well-known problem in kinematics [16] and as mentioned, they occur when skin-mounted 

markers are used to estimate the trajectory of the underlying skeletal structures. The main effect of STA is 

that they cause a mismatch between the markers and bone trajectories. This results in the apparent relative 

motion between the skin-mounted markers and hence violation of the rigid body assumptions for the 

motion of underlying skeletal structures. The shoulder complex is a good example of a joint system that is 

affected by STA as evident in the results presented in Chapter 4. The skin-mounted markers on the shoulder 

complex show a large relative displacement between where the marker should be (if there are no STA) to 

the actual recorded position from OMC data.  

The issue is that soft tissue deforms under inertia, gravity or contractions by the muscle. Every person will 

have a different degree of STA in OMC due to variability in soft tissue composition, which is also evident 

in the results presented in Chapter 4. In order to compensate for STA, the deformability of the soft tissue 

should be taken in to account.  

STA could be reduced to some extent by using a technique known as ‘calibrated markers’ to estimate the 

anatomical landmarks’ positions.  Calibrated Anatomical Systems Technique (CAST) is one such method, 

whereby a marker set, other than the marker placed on the anatomical landmarks is used to infer the location 

of the anatomical landmarks [89]. This has several advantages over placing markers at the anatomical 

landmarks. For example, using CAST allows the investigator to attach a marker set elsewhere on the body 

segment (for instance, a place with the least amount of skin deformation or location with the highest 

visibility) and still be able to infer the location of the landmarks. However, even with a good set of calibrated 

markers, the accuracy of the kinematics is still limited by the STA.  

This is the drawback of estimating rigid body motion of the skeletal bones using data from the skin surface. 

The motion measured on the skin surface does not necessarily represent the motion of the bone, even when 

techniques such as the methods mentioned in section 5.2 are used to estimate the rigid body transformation. 

To estimate the motions of the skeletal structure, the following list of assumptions were usually made (more 

details in section 2.6 for homogeneous transformation): 

 The deformation is homogeneous 

 The deformation is linear 

If scaling is considered, only isotropic scaling is present in the deformation. Using these assumptions and 

the deformation gradient tensor, the overall motion of the soft tissue could be described and in turn used 

to estimate the optimal rigid body transformation that describes the motion of the bones. In this chapter, 

two methods of describing the deformation gradient tensor (affine and mean centred cross-dispersion 

matrix) are investigated for their effectiveness in STA reduction. 

Affine transformation is a geometric transformation that preserves collinearity and the ratios of the 

Euclidian distances between points [90]. These transformations could be separated into rigid body 
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transformations (rotation and translation) that preserve the geometric shape of an object, and non-rigid 

transformations (scaling and shearing) that change the shape of the object. In 3D space, a single 4x4 matrix 

could be used to describe the homogeneous transformation from the reference to the deformed state. 

If the affine transformation matrix could be separated into its rigid and non-rigid components, STA could 

be removed from OMC data. In linear algebra, it is indeed possible to decompose a matrix using techniques 

such as SVD (Chapter 2) and polar decomposition (PD). Using these techniques on the affine 

transformation matrix generally results in the separation of the rigid and non-rigid transformations. 

However, it is difficult to recover all the transformation components that produced the observed shape 

change. To recover components such as shearing and scaling will require a model that simplifies the 

deformation and hence determines its transformation factors. A simple shear model, for example, simplifies 

the 3D shearing to a plane defined by two arbitrary axes, which makes it possible to determine the shear 

factor algebraically from the right Cauchy-Green tensor (see section 5.2.2). In this chapter, PD is used to 

remove non-rigid deformations from the affine matrix. By decomposing an affine matrix using this method, 

it is possible to extract a rigid body transformation from the affine transformation but whether it describes 

the motion of the bone is unclear. 

Another method of estimating rigid body transformation is to decompose a cross-dispersion matrix using 

SVD (see Chapter 2 for details). This is a least squares method that obtains the optimal rigid body 

transformation by minimising the distance from initial position to target position. Challis [2] extended the 

Arun et al. [1] method by adding isotropic dilation to the estimation.  

Although, these methods provide an estimation of the rigid body transformations, the resulting 

transformations do not necessarily represent the motion of the bone. This is due to complex layering of 

muscle and skin that separate the skin-mounted markers from the rigid skeletal structures (depicted in Figure 

5.1). This chapter will evaluate the aforementioned methods for their accuracy in estimating rigid body 

motion.  
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Figure 5.1  Deformation of the soft body object with internal rigid structure. The green is the skin-mounted 

markers, yellow is the skin, the blue is the muscle and the brown is the bone. 

5.2 Methods for Estimating Rigid Body Motion 

Skeletal motion derived from OMC data did not preserve the integrity of the joint (for instance, the skeletal 

structures that form the joint deviate from the joint centre). This was caused by soft tissue deformation 

around the bone. It was the major limitation in determining the rotation and translation for the shoulder 

complex using OMC data. This section will focus on the methods used to estimate the rigid body 

transformation using joint constraints to preserve the joint integrity of the shoulder complex. 

Rigid body transformations can take the form of equation 5.1 (where 𝒀𝑖 are the target points, 𝑿𝑖  are the 

original points, 𝑹 is the rotation and 𝒗 is the translation to get from 𝑿𝑖 to 𝒀𝑖). The rotation 𝑅 and translation 

𝑙 is applied homogeneously to all markers (or points) in the segment.  

 

 𝒀𝑖 = 𝑹𝑿𝑖 +  𝒗 5.1 

 

Most algorithms use skin markers to estimate the transformation of each segment by formulating the 

problem as shown in equation 5.1. However, this was extended to include shearing and scaling (otherwise 

known as the pliant model [91]). The pliant model could be defined as, 

 

 𝒀𝑖 = 𝑹𝑩𝑿𝑖 +  𝒗 5.2 
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where 𝑩 is the matrix representing the product of shearing and scaling and the product order was 

determined by the researcher. For this chapter, the simple shear model discussed in section 5.2.2 is a pliant 

model. 

For both of these models, optimisation was used to determine the rotation and translation. It was a ‘best-

fit’ method that fits a skeletal model to the OMC data by minimising the Euclidean distance between the 

markers and the corresponding skeletal structure while preserving relative joint positions [4].  

These methods usually use weights to reduce the effect of errors in the OMC data as maintaining joint 

integrity did not necessarily reduce STA [134]. Optimal weights were difficult to determine due to the 

variability of constitutive properties of the soft tissue layer, and since each subject is different, the calculated 

weights were not transferable and have to be determined for each subject. For instance, each subject will 

have their own set of weights for their OMC data. Changes in motion such as abduction to internal rotation 

could also be enough to invalidate the weights. This means that an investigation into the weights was needed 

to determine the best weights for the shoulder complex. However, this was out of the scope of this thesis 

as it was assumed that the anisotropic scale factors could be used to help compensate for STA (see section 

5.2.2). 

As mentioned, this chapter will present and evaluate two methods involving the least squares method that 

was used to estimate rigid body transformation and a brief background of each is described in the following 

subsections:  

 SVD of the cross-dispersion matrix (see section 5.2.1)  

 PD of the affine transformation matrix (see section 5.2.2) 

5.2.1 Rigid Body Transformation Parameters Using SVD and Joint Constraints 

Another approach to estimate the rigid body transformation was to use the singular value decomposition 

of the cross dispersion matrix (section 2.4.4.2). To estimate the required rotation 𝐑 and translation 𝐯, an 

optimisation (minimisation) problem could be defined as follows. 

 

 eb  =  
1

n
∑[(s 𝐑𝐗i + 𝐯 −  𝐘𝑖)T (s 𝐑𝐗i + 𝐯 −  𝐘𝑖)]

n

i=1

 5.3 

 

where eb is the mean of the Euclidean distances between the reference points (𝐗) and the target points (𝐘). 

Variables n, s, 𝐑 and 𝐯 are the number of points, scale factor, rotation matrix and translation vector 

respectively. The solution to equation 5.3 can be obtained by an indirect method using the SVD of the 

cross-dispersion matrix, 𝐂 [1], [2]. The cross-dispersion matrix is defined as, 
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 𝐂 =  
1

n
∑(𝐘i − �̅�)

n

i=1

(𝐗i − �̅�)T 5.4 

 

A detailed description of the SVD based solution was given in section 2.4.4.2. The resulting rotation and 

translation gives the minimum error in terms of the estimated marker position given by 𝐑 and 𝐯 to the actual 

measured position of the markers. These transformations were calculated for each segment separately. Any 

errors in the estimation of 𝐑 and 𝐯 will result in the dislocation of the joint (increase or decrease in the 

relative location) as well as errors in the resulting joint angles. Another limitation was that this formulation 

does not take into account the deformation other than isotropic scaling of the segment in Challis’s [2] 

formulation. 

To preserve joint integrity, two methods were used together with the Challis’s [2] method to determine the 

rigid body parameter. In both cases, all bony structures are organised in a hierarchical manner. In the first 

approach a ‘child’ structure was subject to the same transformation as its ‘parent’ and then it was further 

subject to a secondary transformation calculated from its current position and the target data (section 

5.2.1.1). The second was to determine the transformation separately for both the ‘parent’ and ‘child’ then 

the child was further translated to maintain the relative joint location (section 5.2.1.2). The average marker 

positions obtained from the two approaches were used to perform an alignment (depicted in Figure 5.4) 

from the reference position to the target position. This was repeated until there was a close agreement 

between the marker positions determined from the first and second approach.  

5.2.1.1 Determination of Rigid Body Parameters in Hierarchical Joint 

An iterative heuristic approach was used to determine the rigid body parameters of a hierarchical shoulder 

complex (see Figure 5.2).  

1. Select the first segment (clavicle) in the kinematic chain of the shoulder complex. Calculate the 

rotation and translation for that segment (𝑇𝑐) then apply it to all the structures (scapula and 

humerus).  

2. Remove the current first segment and select the new first segment in the kinematic chain of the 

shoulder complex (scapula). Calculate the rotation and translation for the current first segment 

(𝑇𝑠) then apply it to the remaining segments (humerus) in the shoulder complex. Repeat until all 

segments are updated.  

3. Once steps 1-2 are applied, the updated position of the joint system sometimes may have drifted 

away from the actual marker location in the current time step. In order to minimise this drift all 

the points (markers) of the shoulder complex (e.g. 12 points) are used to calculate the drift. If 
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the absolute position is important, the deviation could be corrected by applying the rotation, 

translated determined by all the points involved (see Figure 5.4). 

 

 

Figure 5.2 Steps for using the hierarchical joint constraint to preserve joint integrity. Transformations 𝑇𝑐, 𝑇𝑠 

and 𝑇ℎ are the rigid body transformations required to move each segment in the model from the 

reference position to the measured position. 

5.2.1.2 Rigid Body Parameters of Individual Structures with Joint Realignment 

A three-step approach was used to determine the rigid body parameters (the components of the 

transformation matrix) of the shoulder complex.  

1. Apply the rotation and translation for each structure in the shoulder complex. 

2. Estimate the translations of the segments that move the segment to the corresponding joint 

centre (see Figure 5.3). 

3. Using all the points of the shoulder complex, calculate and apply the determined rotation and 

translation to align the predicted point cloud position to the measured point cloud position (see 

Figure 5.4). 
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Figure 5.3 An example of imposing joint constraints using the piecewise approach. Each segment is further 

moved to coincide with the joint centre using translations after initial positioning using the derived 

rigid body parameters. Transformations 𝑇𝑐, 𝑇𝑠 and 𝑇ℎ are the rigid body transformations required 

to move each segment in the model from the reference position to the measured position 

. 
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Figure 5.4 Alignment of the current points after enforcing joint constraints to target points using the rigid body 

transformation T. This was done because the points may not be in the optimal position after 

translations.  

5.2.2 Rigid Body Transformations Estimated from The Deformation Gradient 

Tensor Using Polar Decomposition 

As mentioned in Chapter 2, the rigid body rotation and translation of a deformable body could be 

determined from the deformation gradient tensor from a reference configuration. This was in the form of 

an affine transformation matrix without any translation. 

The deformation gradient tensor 𝑭 could be defined as the product of a rotation matrix (𝑹𝑭) and a 

symmetric matrix (𝑼 or 𝑽) [135], [136], which maps the point set X to Y. Equation 5.5 presents the 

deformation gradient tensor with a right stretch tensor (U), where the rigid body rotation follows 

deformation.  Equation 5.6 presents the deformation with a left stretch tensor (V), where the deformation 

follows rotation.  

 

 𝑭 =  𝑹𝑭𝑼 
5.5 

 

 𝑭 =  𝑽𝑹𝑭 
5.6 

 

The translation (𝒗) of the points is the displacement between the mean positions at the reference or initial 

configuration and the rotated configuration (equation 5.7).  

T 

Markers 

Joint 
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 𝒗 = �̅� − 𝑹𝑭�̅� 
5.7 

where matrices X and Y contain the spatial coordinates of reference (initial) and target data clouds 

respectively. Vectors �̅�  and �̅� are the means of Y and X, respectively. Matrix 𝑹𝑭 is the estimated rotation 

of the points.  

PD of the deformation gradient tensor (𝑭) gives a rotation and stretch. However, as stated earlier, the 

translation from eq. 5.15 and rotation from PD did not guarantee the joint’s integrity. By applying the same 

joint constraints as the cross-dispersion method, the integrity of the joints could be ensured (see section 

5.2.1.1and 5.2.1.2).  

If the PD was performed on the simple shear model containing two shear and three scale factors (see section 

2.6.1), then the deformation gradient tensor could be decomposed further to remove the effect of simple 

shear and the corresponding scaling on the rotation. For example, the deformation gradient tensor without 

applied rotation could take the form as follows, 

 

 𝑭𝑔 =  [

𝑠1 0 0
0 𝑠2 0
0 0 𝑠3

] [
1 0 ℎ1

0 1 ℎ2

0 0 1

] =  [

𝑠1 0 ℎ1𝑠1

0 𝑠2 ℎ2𝑠2

0 0 𝑠3

] 
5.8 

 

where 𝐅g is the deformation gradient tensor containing only scale and shear factors, s1, s2 and s3 are scale 

factors, ℎ1 and ℎ2 are shear factors in the X1X2 plane. PD of 𝑭𝑔 gives, 

 

 𝑭𝑔 =  𝑹𝒈𝑼 
5.9 

 

where 𝑹𝒈 is the rotation matrix of 𝐅g and 𝑼 is the stretch matrix. 

If we define the 𝑭 as a product of rotation (𝑹, the rotation of object) and 𝐅g (the object’s change in shape), 

and substituting equation 5.9 for 𝑭𝑔 then we arrive at the following expression: 

 

 𝑭 = 𝑹𝑭𝒈 = 𝑹𝑹𝒈𝑼 = 𝑹𝑭𝑼 5.10 

 

Using equation 5.10, the rotation 𝑹𝑭 from PD of  𝑭 can be re-formulated as a product of two rotations (𝑹 

and 𝑹𝒈),  
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𝑹𝑭 = 𝑹𝑹𝒈 
5.11 

 

This clearly shows that if shearing was present in the deformation gradient tensor then 𝑹𝑭 (from equation 

5.5) will not provide the required rotation (𝑹). 

However, due to the relationship  𝑭𝑻𝑭 =  𝑭𝒈
𝑻𝑭𝒈 [39], the required rotation could be determined if the 

deformation gradient tensor 𝑭𝒈 is known and had the transformation order stated in equation 2.14. This 

allows for the scale factors (𝑠1, 𝑠2 and 𝑠3) and shear factors (ℎ1 and ℎ2) to be determined algebraically by 

solving equation 5.12.  

 

 𝑭𝑇𝑭 =  𝑭𝑔
𝑇𝑭𝑔 =  [

𝑠1
2 0 𝑠1

2ℎ1

0 𝑠2
2 𝑠2

2ℎ2

𝑠1
2ℎ1 𝑠2

2ℎ2 (ℎ1𝑠1)2 + (ℎ2𝑠2)2 + 𝑠3
2

] 
5.12 

 

Owning to the relationship between the deformation gradient tensor (𝑭) and its subcomponents (shearing 

and scaling, 𝑭𝒈) expressed in equation 5.10, the require rotation 𝑹 could be determined from equation 5.11 

where variable 𝑭 is the deformation gradient tensor, 𝑭𝑔 is the deformation gradient tensor containing only 

scale and shear factors, variables 𝑠1, 𝑠2 and 𝑠3 are scale factors, ℎ1 and ℎ2 are shear factors in the X1X2 

plane. Once 𝑭𝑔is known the rotation (𝑹) could be determined by decomposing 𝑭𝑔 to give 𝑹𝒈 in order to 

solve equation 5.11, assuming 𝑹𝑭 was known from the decomposition of 𝑭. 

The problem with this model was that its deformation gradient tensor needs to be determined in reference 

to a particular orientation. For instance, the coordinate system was required to be orientated so that the 

shear plane lies on the X1X2 plane (as mentioned in section 2.6.1). One solution was to use equation 5.13 

to calculate the covariance matrix (𝑸) for segment (point set) and then using its eigenvectors and centre of 

the point set and determine the local coordinate system of the structure. 

 

 𝑸 =  
1

𝑛 − 1
∑(𝑿𝑖 − �̅�)

𝑛

𝑖=1

(𝑿𝑖 − �̅�)𝑇 5.13 

 

where matrix 𝑿 is the set of points, �̅� is the mean of 𝑿 and 𝑛 is the number of points. This assumes that 

the major axes vectors are larger in magnitude than the vector pointing to the bone (or the z-axis). 
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By aligning the local coordinate system to the global coordinate system, the calculated deformation gradient 

tensor (especially the shearing component) should occur along the major axes of the point set (the two 

directions where the position of the markers varies the most). However, this was dependent on the marker 

placements as the position of the markers may not give the primary plane of shear required for the simple 

shear model.  

Currently, the model discussed above has two DoF (simple shear), which has a zero element in the upper 

triangle. Subsequently, the calculated right Cauchy-Green tensor will also have a zero element. This may not 

yield an accurate estimation because in general, the calculated right Cauchy-Green tensor might not contain 

zero elements in the position specified by the model. The accuracy can be improved by using a shear matrix 

with three parameters (referred to as three-shear-factor model). PD can then be performed on the resulting 

deformation gradient tensor 𝑭𝑝, which is given in equation 5.14, 

 

 𝑭𝑝 =  [

𝑠1 0 0
0 𝑠2 0
0 0 𝑠3

] [
1 ℎ12 ℎ13

0 1 ℎ23

0 0 1

] =  [

𝑠1 ℎ12𝑠1 ℎ13𝑠1

0 𝑠2 ℎ23𝑠2

0 0 𝑠3

] 
5.14 

 

where 𝑭𝑝 is the deformation gradient tensor containing only scale and shear factors, s1, s2 and s3 are scale 

factors and ℎ12, ℎ13 and ℎ23 are shear factors. 

By following the same formulation as the two-shear-factor model, the shear and scale factors can be 

determined algebraically. However, the three-shear-factor model has a limitation in which the shear 

directions need to be determined for the particular deformation. This could also be overcome using the 

same realignment method outlined for the two-shear-factor model. 

 

5.3 Analysis, Definition of Terms and Errors 

5.3.1 Analysis 

The deformation calculated from in-vivo OMC data was not homogeneous. This was clearly demonstrated 

in section 5.4.1 on the error in the affine estimation. However, this experimental OMC data can still be used 

to evaluate the efficacy of the estimation methods. They are cross-dispersion matrix/SVD, affine 

transformation matrix/PD and affine transformation matrix/shear decomposition (SD). As mentioned the 

rigid body transformation computed using the kinematic data from the BXV study (Chapter 5) was used to 

obtain the actual position of the markers. Applying the above methods and algorithms to the experimental 

OMC data set should provide an indication of the performance and usefulness in real world applications. 

To investigate the significance of any difference observed between the actual and estimated errors, the 
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Student t-test was used with the significance (α) level of 0.05. The null hypothesis was the difference between 

the actual and estimated error was zero.  
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5.3.2 Definition of Terms and Errors 

The following terms are defined to avoid confusion in the presented data in section 5.4 (Results): 

 Techniques 

o Cross-dispersion/SVD is the SVD of a mean centred cross-dispersion matrix 

o Affine/PD is the PD of affine transformation matrix determined from the least squares 

method. 

o Affine/2F-SD is the shear decomposition of the affine transformation matrix using the 

two-shear-factor model. 

o Affine/3F-SD is the shear decomposition of the affine transformation matrix using 

three-shear-factor model. 

 Marker Positions 

o Actual position (𝒀𝐵𝑋𝑉) describes the position of the markers determined using the 

BVX data. 

o Estimated position (𝒀𝑆𝑉𝐷, 𝒀𝑃𝐷, 𝒀2𝐹𝑆𝐷 and 𝒀3𝐹𝑆𝐷; cross-dispersion/SVD, 

affine/PD, Affine/2F-SD and Affine/3F-SD, respectively) describes the position of 

the markers estimated from techniques used in estimating rigid body parameters. 

o Measured position (𝒀𝑚) describes the position of the markers measured with OMC 

system. 

o Reference position (𝑿) describes the initial positions of the marker in OMC data. 

 Errors 

o Actual error (𝑒𝑎𝑐𝑡𝑢𝑎𝑙) describes the RMS error or Euclidean distance between the 

measured position using OMC system and actual position determined by BXV. 

o Estimation error (𝑒𝑆𝑉𝐷, 𝑒𝑃𝐷,  𝑒2𝐹𝑆𝐷 and 𝑒3𝐹𝑆𝐷; cross-dispersion/SVD, affine/PD, 

Affine/2F-SD and Affine/3F-SD, respectively) describes the RMS error or Euclidean 

distance between the actual position (using the BXV system, XROMM) and estimated 

position using one of the three techniques above. 

The aforementioned terms are defined in detail in the subsequent equations. The position of different set 

of markers (𝒀𝐿) and the related variables are defined as, 

 

 

𝒀𝐿 = [𝒀𝑖𝑗]3×𝑛 

𝑿 = [𝑿𝑖𝑗]3×𝑛 

𝑹𝐿 = [𝑹𝑖𝑗]3×3 

𝒗𝐿 = [𝒗𝑖]3×1 

 

5.15 
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where subscript 𝐿 denotes the different marker sets (i.e. 𝐿 =  𝐵𝑋𝑉, 𝑆𝑉𝐷, 2𝐹𝑆𝐷, 3𝐹𝑆𝐷 ), 𝒀𝐿 is the current 

positions of the markers 𝐿, 𝑿 is the reference positions of the markers, 𝑹𝑳 is the rotation matrix, 𝒗𝑳  is the 

translation determined from 𝑹𝑳 and 𝑖 and 𝑗 are the element indices of the matrix or vector. The elements 

in 𝒀𝐿 (𝒀𝑖𝑗) could be calculated using the elements in 𝑿, 𝑹𝐿 and 𝒗𝐿 (𝑿𝑖𝑗, 𝑹𝑖𝑗 and 𝒗𝑖, respectively) by the 

following expression, 

 

 

𝒀𝑖𝑗 = ∑ 𝑹𝑖𝑘𝑿𝑘𝑗

3

𝑘=1

+ 𝒗𝑖 
5.16 

With the marker sets defined, the estimation errors could then be expressed using the following equation, 

 

 𝑒𝐿 =  √
1

𝑛
∑(|𝒀𝐿𝑖

− 𝒀𝐵𝑋𝑉1
|)

2
𝑛

𝑖=1

 5.17 

where 𝐿 is the label of the different techniques (𝐿 =  𝑆𝑉𝐷, 𝑃𝐷, 2𝐹𝑆𝐷, 3𝐹𝑆𝐷 ), 𝑒𝐿 is the estimation error 

determined by the technique 𝐿 and 𝑛 is the number of markers. The actual error (𝑒𝑎𝑐𝑡𝑢𝑎𝑙) from the 

comparison between OMC and BXV data is defined as, 

 

 𝑒𝑎𝑐𝑡𝑢𝑎𝑙 =  √
1

𝑛
∑(|𝒀𝑚𝑖

− 𝒀𝐵𝑋𝑉1
|)

2
𝑛

𝑖=1

 5.18 

 

where 𝑒𝑎𝑐𝑡𝑢𝑎𝑙 is the RMS error of the Euclidean distance between the actual position and the measured 

position determined from OMC data and 𝑛 is the number of markers. 𝑒𝑎𝑐𝑡𝑢𝑎𝑙 is used as a reference for 

analysing the results. 
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Figure 5.5  Position and error definitions. TBXV  and TL are rigid body transformations that move the markers 

from the reference to the target position. 

5.4 Results 

In consideration of clarity for the presented results in the following subsections, only the mean errors are 

presented in this section. There are a couple of reasons for presenting only the mean errors. Firstly, there 

are many markers for each subject, reporting the marker errors for each frame will become missy. Secondly, 

the other subjects do not have complete BXV and OMC data, which means the data was interpolated. These 

results will include interpolation errors that could affect the perceived effectiveness of the methods. 

Therefore, the mean errors for the subjects were u to overcome this limitation. However, this will introduce 

a mean bias in the presented data. It also worth noting that the BMIs of the two subject (XSDH00002, 24.5, 

and XSDH00005, 26.1) were greater than XSDH00001 (16.5), see Table 4.3 for subject details. For testing 

whether the improvement was significant, a one tail student test was performed assuming unequal variance 

with alpha at 0.05. 

5.4.1 Error in the Linear Affine Estimation 

Estimating rotation using polar decomposition depends on the quality of the mapping between the initial 

position and the target positions. Since homogeneity was assumed in the study of STA, it was necessary to 

investigate the errors caused by this assumption. Figure 5.6 and Figure 5.7 are examples of the errors when 

using least squares to estimate the deformation of the humeral segment in OMC data across three tasks. All 

errors are calculated by using equation 5.19, where 𝑛 is the number of markers, the RMS error (e) is the 

Euclidean distance between the actual marker position obtained from OMC data (𝒀𝑖) and the marker 

positions determined from BXV data (𝑿𝑖). 
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𝑒 =  √
1

𝑛
∑(|𝒀𝑖 − 𝑿𝑖|)2

𝑛

𝑖=1

 5.19 

 

A feature on these figures worth noting is that the first frame where the errors are at the minimum is the 

frame taken as reference. For example, on Figure 5.6, frame 16 was used as the reference for scapular plane 

elevation, and therefore its error is at the minimum. Subsequent errors at or near zero are indicative of the 

arm returning to the position denoted by the reference frame. 

 

Figure 5.6 RMS error of humeral markers during scapular plane elevation. Marker labelling is the same as 

used in Chapter 4. 
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Figure 5.7 RMS error of humeral markers during internal/external rotation. Marker labelling is the same 

as used in Chapter 4. 

 

 

Figure 5.8 Mean estimation error using affine transformation matrix for estimating position of humeral 

markers during the scapular plane elevation across four subjects. 
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Figure 5.8 shows the degree of error of the estimation using affine transformation matrix for the humerus 

in the scapular plane across four subjects. The magnitude of error is shown to be dependent on the subject. 

The average error from homogeneity assumption ranges from 1.98 mm to 8.35 mm with error bars 

indicating the standard deviation across the markers on the humerus for that particular subject.  

 

5.4.2 Estimation errors without joint constraints 

Estimation errors using SVD, PD, two-factor SD and three-factor SD methods without the use of joint 

constraints are discussed and presented in this section. These methods were used on data from three tasks 

(scapular plane elevation (SPE), internal/ external rotation (IER) and shoulder shrug (Shrug)) collected from 

the BXV study presented in Chapter 4. The results are presented in tables and figure below (Table 5.1, Table 

5.2 and Table 5.3, and Figure 5.9, Figure 5.10 and Figure 5.11). The asterisks in the figure indicate when 

there is a statistically significant decrease in errors (p-value < 0.05) compared to the actual error calculated 

using BXV and OMC data.  

 

Table 5.1 Estimation (mm) and actual errors (mm) for subject XSDH00001 derived from the 

cross-dispersion/SVD, affine/PD, affine/2F-SD and affine/3F-SD with the standard 

deviation in brackets. 

Bone - Task 𝒆𝒂𝒄𝒕𝒖𝒂𝒍 𝒆𝑺𝑽𝑫 𝒆𝑷𝑫 𝒆𝟐𝑭𝑺𝑫 𝒆𝟑𝑭𝑺𝑫 

Humerus-SPE 8.7 (±4.8) 6.9 (±3.4) 10.4 (±6.3) 6.8 (±3.3) 7.0 (±3.5) 

Scapula-SPE 11.1 (±6.8) 10.5 (±6.4) 12.1 (±8.1) 10.4 (±6.4) 10.3 (±6.2) 

Humerus-IER 28.0 (±17.5) 20.1 (±11.3) 27.7 (±15.9) 24.9 (±12.9) 19.0 (±11.0) 

Scapula-IER 6.0 (±3.7) 5.2 (±3.4) 5.4 (±3.3) 5.6 (±3.4) 5.3 (±3.5) 

Humerus-Shrug 3.9 (±1.5) 3.9 (±1.5) 36.0 (±33.4) 4.2 (±1.9) 3.9 (±1.5) 

Scapula-Shrug 5.8 (±3.4) 5.7 (±3.4) 6.2 (±3.9) 5.7 (±3.4) 5.6 (±3.4) 
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Figure 5.9 Comparison between different methods for STA Reduction (Subject XSHD00001). The stars 

on the graph represent a statistically significant reduction in error. 

 

 

Table 5.2 Estimation (mm) and actual errors (mm) for subject XSDH00002 derived from the 

cross-dispersion/SVD, affine/PD, affine/2F-SD and affine/3F-SD with the standard 

deviation in brackets. 

Bone - Task 𝒆𝒂𝒄𝒕𝒖𝒂𝒍 𝒆𝑺𝑽𝑫 𝒆𝑷𝑫 𝒆𝟐𝑭𝑺𝑫 𝒆𝟑𝑭𝑺𝑫 

Humerus-SPE 17.1 (±6.5) 16.2 (±6.4) 19.2 (±8.2) 15.8 (±6.4) 16.3 (±6.4) 

Scapula-SPE 13.8 (±5.7) 13.5 (±5.5) 11.8 (±5.0) 11.3 (±4.6) 10.9 (±4.5) 

Humerus-IER 22.5 (±10.0) 22.0 (±10.0) 25.2 (±8.1) 21.4 (±9.3) 22.2 (±10.2) 

Scapula-IER 6.5 (±4.7) 5.9 (±4.4) 6.4 (±5.1) 6.7 (±5.6) 6.5 (±5.2) 

Humerus-Shrug 8.5 (±2.9) 7.7 (±2.9) 9.7 (±3.4) 7.4 (±2.8) 7.8 (±2.9) 

Scapula-Shrug 14.3 (±4.7) 14.0 (±4.5) 13.6 (±4.3) 11.1 (±2.6) 11.5 (±2.6) 
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Figure 5.10 Comparison between different methods for STA Reduction (Subject XSHD00002). The stars 

on the graph represent a statistically significant reduction in error. 

 

 

Table 5.3 Estimation (mm) and actual errors (mm) for subject XSDH00005 derived from the 

cross-dispersion/SVD, affine/PD, affine/2F-SD and affine/3F-SD with the standard 

deviation in brackets. 

Bone - Task 𝒆𝒂𝒄𝒕𝒖𝒂𝒍 𝒆𝑺𝑽𝑫 𝒆𝑷𝑫 𝒆𝟐𝑭𝑺𝑫 𝒆𝟑𝑭𝑺𝑫 

Humerus-SPE 32.4 (±25.1) 32.5 (±25.1) 35.8 (±27.8) 32.5 (±25.1) 32.5 (±25.1) 

Scapula-SPE 19.4 (±10.2) 19.2 (±10.0) 19.2 (±9.9) 19.1 (±9.9) 19.3 (±10.2) 

Humerus-IER 15.3 (±7.5) 15.4 (±7.5) 11.4 (±6.2) 12.8 (±6.3) 15.5 (±7.6) 

Scapula-IER 4.9 (±1.1) 4.4 (±1.3) 4.5 (±1.3) 4.4 (±1.3) 4.4 (±1.3) 

Humerus-Shrug 10.8 (±6.1) 10.7 (±6.1) 18.5 (±11.6) 10.8 (±6.2) 10.7 (±6.1) 

Scapula-Shrug 11.8 (±5.0) 11.6 (±4.9) 12.0 (±5.2) 12.1 (±5.3) 11.4 (±4.7) 

 

*

*

*

*

*

*
*

*

*

0

5

10

15

20

25

30

35

Humerus-SPE Scapula-SPE Humerus-IER Scapula-IER Humerus-Shrug Scapula-Shrug

M
A

R
K

ER
 D

IS
P

LA
C

M
EN

T 
ER

R
O

R
 (

m
m

)

BONES AND TASKS

ActualErrors cross-dispersion/SVD affine/PD affine/2F-SD affine/3F-SD



5.4|  Results 172 

 

Figure 5.11 Comparison between different methods for STA Reduction (Subject XSHD00005). The stars 

on the graph represent a statistically significant reduction in error. 

 

5.4.2.1 Error observed in Scapular Plane Elevation 

The errors presented for subject XSDH00001 show that there was an increase in the error when using PD 

for both the humerus and scapula (where 𝑒𝑎𝑐𝑡𝑢𝑎𝑙 were 8.7 and 11.1 mm, and 𝑒𝑝𝑑 were 10.4 and 12.2 mm, 

respectively). For the humerus, this trend continued for the other two subjects (shown in Figure 5.10 and 

Figure 5.11 for subject XSHD00002 and XSHD00005, respectively), the errors were 17.1 and 32.4 mm for 

𝑒𝑎𝑐𝑡𝑢𝑎𝑙 , and 19.2.4 and 35.8 mm for 𝑒𝑝𝑑, respectively. The scapula, however, showed a decrease in error 

from 13.8 to 11.8 mm for XSHD00002 but no change in error for XSHD00005. 

In contrast, 𝑒𝑠𝑣𝑑 shows small reductions in errors for the humerus and scapula. However, when this was 

compared to the other subjects, the 𝑒𝑠𝑣𝑑 showed no significant difference to 𝑒𝑎𝑐𝑡𝑢𝑎𝑙 .  

Estimating the rigid body transformations by removing the scale and shear factors from the deformation 

gradient tensors using the affine/2F-SD method showed a decrease in estimation errors for the scapula and 

humerus (from 11.1 and 8.7 to 10.4 and 6.8 mm, respectively). For both bones (shown in Figure 5.9), the 

𝑒2𝐹𝑆𝐷 was significantly lower when compared to 𝑒𝑎𝑐𝑡𝑢𝑎𝑙 (p-value < 0.05). For XSHD00002, the humerus 

showed a reduction in error (from 17.1 to 15.8 mm), but did not show any decrease in errors for 

XSHD00005. This was the same for the scapula as the errors reduced from 13.8 to 11.3 mm for 

XSHD00002, but XSHD00005 showed no change in errors. 
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When comparing affine/3F-SD techniques, the trend continues with XSHD00001 showed a decrease in 

errors from 8.7 and 11.1 to 7.0 and 10.3 mm for humerus and scapula, respectively. However, it only showed 

a decrease in error for the scapula for XSDH00002 (from 13.8 to 10.9 mm). 

5.4.2.2 Error observed in Internal/ External Rotation 

For internal/ external rotation, applying cross-dispersion/SVD method, two-factors-shear and three-

factors-shear model to the humerus showed a significant reduction in errors when compared to the actual 

error (shown in Table 5.1 and Figure 5.9) for subject XSHD00001, but only showed a statistically significant 

reduction when compared to cross-dispersion/SVD (see Table 5.1 and Figure 5.9).  

For subject XSHD00002, showed no significant reduction for any of the methods and similarly to SPE task 

the humerus showed an increased in error from 22.5 to 25.2 mm (see Table 5.2). 

In contrast, there were reduction in 𝑒𝑝𝑑 and 𝑒2𝐹𝑆𝐷 for XSHD00005’s humerus from 15.3 to 11.4 and 12.8 

mm, respectively. Similarly, the scapula showed reductions in errors for 𝑒𝑠𝑣𝑑 , 𝑒𝑝𝑑, 𝑒2𝐹𝑆𝐷 and 𝑒3𝐹𝑆𝐷 from 

4.9 to 4.4, 4.5, 4.4 and 4.4 mm, respectively (see Table 5.3). 

5.4.2.3 Error observed in shoulder shrug 

In the case of the shoulder shrug, only subject XSHD00002 showed reduction in errors of the humerus and 

scapula. For instance, for methods cross-dispersion/SVD, affine/2F-SD and affine/3F-SD the humeral 

errors reduced from 8.5 to 7.7, 7.4 and 7.8 mm, respectively. For the scapula, only affine/2F-SD and 

affine/3F-SD showed statically significant reduction in errors from 14.3 to 11.1 to 11.5 mm, respectively. 

 

5.4.3 Estimation Errors with Joint Constraint 

In this section, the estimation errors with joint constraints for the different tasks are discussed. Again, the 

error estimations are evaluated using the cross-dispersion matrix /SVD, affine transformation matrix/PD, 

affine transformation matrix/2F-SD and affine transformation matrix/3F-SD compared against the actual 

error.  The following estimation errors presented tables and figures (Table 5.4, Table 5.5and Table 5.6, and 

Figure 5.12, Figure 5.13 and Figure 5.14) are the result of the GH joint constraint in place as described in 

section 5.2.1.1 to maintain joint integrity. The asterisks in the figure marks when there is a statistically 

significant decrease in errors (p-value < 0.05) when compared to the actual error calculated using BXV and 

OMC data.  
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Table 5.4 Estimation (mm) and actual errors (mm) for subject XSDH00001 using GH joint constraint 

derived from the cross-dispersion/SVD, affine/PD, affine/2F-SD and affine/3F-SD with the 

standard deviation in brackets. 

Bone - Task 𝒆𝒂𝒄𝒕𝒖𝒂𝒍 𝒆𝑺𝑽𝑫 𝒆𝑷𝑫 𝒆𝟐𝑭𝑺𝑫 𝒆𝟑𝑭𝑺𝑫 

Humerus-SPE 8.7 (±4.8) 6.9 (±3.4) 10.4 (±6.3) 6.7 (±3.4) 7.0 (±3.5) 

Scapula-SPE 11.1 (±6.8) 11.2 (±7.4) 13.4 (±9.4) 13.9 (±9.8) 14.2 (±10.3) 

Humerus-IER 28.0 (±17.5) 20.1 (±11.3) 27.7 (±15.9) 24.3 (±13.4) 19.0 (±11.0) 

Scapula-IER 6.0 (±3.7) 5.2 (±3.4) 5.4 (±3.3) 5.6 (±3.5) 5.5 (±3.4) 

Humerus-Shrug 3.9 (±1.5) 3.9 (±1.5) 36.0 (±33.4) 4.2 (±1.9) 3.9 (±1.5) 

Scapula-Shrug 5.8 (±3.4) 6.1 (±3.5) 6.6 (±4.0) 6.1 (±3.5) 6.0 (±3.6) 

 

 

 

Figure 5.12 Comparison between different methods for STA Reduction with GH joint constraint (Subject 

XSHD00001). The stars on the graph represent a statistically significant reduction in error. 
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Table 5.5 Estimation (mm) and actual errors (mm) for subject XSDH00002 using GH joint constraint 

derived from the cross-dispersion/SVD, affine/PD, affine/2F-SD and affine/3F-SD with the 

standard deviation in brackets. 

Bone - Task 𝒆𝒂𝒄𝒕𝒖𝒂𝒍 𝒆𝑺𝑽𝑫 𝒆𝑷𝑫 𝒆𝟐𝑭𝑺𝑫 𝒆𝟑𝑭𝑺𝑫 

Humerus-SPE 17.1 (±6.5) 16.2 (±6.4) 19.2 (±8.2) 15.8 (±6.4) 16.3 (±6.4) 

Scapula-SPE 13.8 (±5.7) 12.1 (±5.6) 11.4 (±5.1) 10.8 (±4.4) 11.2 (±4.5) 

Humerus-IER 22.5 (±10.0) 22.0 (±10.0) 25.2 (±8.1) 21.4 (±9.3) 22.2 (±10.2) 

Scapula-IER 6.5 (±4.7) 10.9 (±5.1) 11.2 (±5.5) 11.4 (±5.9) 11.5 (±5.9) 

Humerus-Shrug 8.5 (±2.9) 7.7 (±2.9) 9.7 (±3.4) 7.4 (±2.8) 7.8 (±2.9) 

Scapula-Shrug 14.3 (±4.7) 15.0 (±3.9) 14.9 (±3.7) 16.3 (±4.7) 16.6 (±5.1) 

 

 

 

Figure 5.13 Comparison between different methods for STA Reduction with GH joint constraint (Subject 

XSHD00002). The stars on the graph represent a statistically significant reduction in error. 
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Table 5.6 Estimation (mm) and actual errors (mm) for subject XSDH00005 using GH joint constraint 

derived from the cross-dispersion/SVD, affine/PD, affine/2F-SD and affine/3F-SD with the 

standard deviation in brackets. 

Bone - Task 𝒆𝒂𝒄𝒕𝒖𝒂𝒍 𝒆𝑺𝑽𝑫 𝒆𝑷𝑫 𝒆𝟐𝑭𝑺𝑫 𝒆𝟑𝑭𝑺𝑫 

Humerus-SPE 32.4 (±25.1) 32.5 (±25.1) 35.8 (±27.8) 32.5 (±25.1) 32.5 (±25.1) 

Scapula-SPE 19.4 (±10.2) 21.1 (±15.2) 21.2 (±15.4) 21.7 (±16.0) 20.1 (±14.0) 

Humerus-IER 15.3 (±7.5) 15.4 (±7.5) 11.4 (±6.2) 12.8 (±6.3) 12.0 (±6.5) 

Scapula-IER 4.9 (±1.1) 5.5 (±2.4) 5.4 (±2.5) 5.6 (±2.7) 5.7 (±2.7) 

Humerus-Shrug 10.8 (±6.1) 10.7 (±6.1) 18.5 (±11.6) 10.7 (±6.3) 10.5 (±6.2) 

Scapula-Shrug 11.8 (±5.0) 12.0 (±5.5) 12.2 (±5.9) 11.9 (±5.4) 12.1 (±5.6) 

 

 

 

Figure 5.14 Comparison between different methods for STA Reduction with GH joint constraint (Subject 

XSHD00005). The stars on the graph represent a statistically significant reduction in error. 
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5.4.3.1 Error observed in Scapular Plane Elevation 

In terms of the 𝑒𝑠𝑣𝑑 error, it showed small reductions in errors for the humerus (from 8.7 to 6.9 mm) but 

not for the scapula for subject XSHD00001. When this was compared to the other subjects, the 𝑒𝑠𝑣𝑑 showed 

no significant difference to 𝑒𝑎𝑐𝑡𝑢𝑎𝑙 for subject XSHD00005 for the humerus and a small increase for scapula 

(from 19.4 to 21.1 mm).  For subject XSHD00002, the errors decrease for both humerus and scapula (from 

17.1 and 13.8 to 16.2 and 12.1, respectively). 

Subject XSDH00001 show a similar trend with the results without joint constraint where there was an 

increase in the error when using PD for both the humerus and scapula (where 𝑒𝑎𝑐𝑡𝑢𝑎𝑙 were 8.7 and 11.1 

mm, and 𝑒𝑝𝑑 were 10.4 and 13.4 mm, respectively). This trend continued for the other two subjects for the 

humerus (shown in Figure 5.13 and Figure 5.14), where the errors were 17.1 and 32.4 mm for 𝑒𝑎𝑐𝑡𝑢𝑎𝑙 , and 

19.2.4 and 35.8 mm for 𝑒𝑝𝑑, for subject XSHD00002 and XSHD00005, respectively. The scapula also 

showed an increase in errors when performing the affine/PD method for subject XSHD00001 and 

XSHD00005 (from 11.1 and 19.4 mm to 13.4 and 21.2 mm, respectively). However, subject XSHD00002 

showed an opposite trend, where the errors decreased from 13.8 to 11.4 mm. 

 

The affine/2F-SD method with joint constraint showed a decrease in estimation errors for subject 

XSHD00001’s humerus (from 8.7 to 6.8 mm) but not for the scapula. This is different for subject 

XSHD00002, where the humerus showed a reduction in error (from 17.1 to 15.8 mm), but did not showed 

any decrease in errors for XSHD00005. In terms of the scapula, only subject XSHD00002 had its errors 

reduced from 13.8 to 12.1 mm for XSHD00002, but subjects XSHD00001 and XSHD00005 showed an 

increase in errors (from 11.1 and 19.4 to 13.9 and 21.7 mm, respectively). 

The affine/3F-SD techniques with joint constraint, show a similar trend with XSHD00001 showed a 

decrease in error for the humerus and an increase in errors for the scapula (from 8.7 and 11.1 to 7.0 and 

14.2 mm for humerus and scapula, respectively). However, subject XSDH00002 showed a decrease in error 

for the humerus and scapula (from 17.1 and 13.8 to 16.3 and 11.2 mm, respectively). 

5.4.3.2 Error observed in Internal/ External Rotation 

For internal/ external rotation, applying the cross-dispersion/SVD method, two-factors-shear and three-

factors-shear model with joint constraint to the humerus showed a significant reduction in errors when 

compared to actual error (shown in Table 5.4 and Figure 5.13) but only for subject XSHD00001. Statistically 

significant reduction was only seen on the scapula when compared to cross-dispersion/SVD for 

XSHD00001. 

In terms of errors seen for subject XSHD00002, there were no significant reductions for any of the methods 

and similarly to SPE task the humerus showed an increased in error for affine/ PD method (see Table 5.5). 
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For this subject’s scapula, all methods showed an increased in errors (for instance, method affine/3F-SD 

increased the errors from 6.5 to 11.5 mm). 

In contrast, there were reduction for XSHD00005’s humerus from 15.3 to 11.4 and 12.8 mm for 𝑒𝑝𝑑 and 

𝑒2𝐹𝑆𝐷, respectively. Similar to subject XSHD00002, XSHD00005’s scapula errors also increased from 4.9 

to 5.5, 5.4, 5.6 and 5.7 mm for 𝑒𝑠𝑣𝑑 , 𝑒𝑝𝑑, 𝑒2𝐹𝑆𝐷 and 𝑒3𝐹𝑆𝐷, respectively (see Table 5.6). 

5.4.3.3 Error observed in shoulder shrug 

The shoulder shrug on the other hand showed some difference to the other task, for example, when the 

joint constraint was imposed only subject XSHD00002 showed reduction in errors of the humerus for 

methods cross-dispersion/SVD, affine/2F-SD and affine/3F-SD. These errors reduced from 8.5 to 7.7, 7.4 

and 7.8 mm, respectively. For the scapula in all subjects experienced an increase in errors for all methods. 

For instance, subject XSH00002 showed the largest increase errors when applying affine/3F-SD method 

(errors increased from 14.3 to 16.6mm), while subject XSHD00005 showed no change in errors. 

5.5 Discussion 

This chapter demonstrated that reducing STA method not be effective under the homogeneity assumption 

and different methods will give varying degrees of reduction on different subjects. For subject XSHD00001, 

there were reduction in errors presented in the results for the SPE task and the humerus for the IER task 

(clearly shown in Table 5.1 and Figure 5.9). The cross-dispersion/SVD method showed a decrease in the 

errors when compared to the actual error (for instance, subject XSHD00001 reduced its error from 8.7 to 

6.9 mm), while the Affine/PD method on the other hand, increases the magnitudes of errors when it was 

applied to the subject OMC data (for example, subject XSHD00001’s error increased to 10.4mm). This was 

different for subject XSHD00002, there were reduction in errors presented in the results for the SPE task 

and the shoulder shrug (clearly shown in Table 5.2 and Figure 5.10), but not all methods. In contrast subject 

XSHD00005, there were reduction in errors only presented in the results for the IER task (shown in Table 

5.3 and Figure 5.11). 

The difference in the estimated rotation between the two methods (SVD and PD) could be due to the 

different formulation of the least squares optimisation problem. The cross-dispersion method only 

considered isotropic scaling as the non-rigid component and the resulting rotation gives a ‘best fit’ of the 

reference point set to the target position. In contrast, the polar decomposition of the affine transformation 

matrix considers all non-rigid transformations (shearing and scaling) to extract the rotation. It is known that 

performing PD on a shear deformation gradient tensor (i.e. only shear) will result in a rotation and a stretch 

matrix [39]. This additional rotation makes up part of the rotation extracted from PD of the affine 

transformation matrix, which means the accuracy of the rotation will be dependent on the amount of 

shearing experienced by the soft tissue.  

Joint constraints are often imposed when calculating kinematics in order to maintain joint integrity. 

However, they do not necessarily improve the estimation of the segment positions [134]. This was 
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investigated for the GH joint where the method described in section 5.2.1.1 was used to ensure the joint’s 

integrity. The resulting errors presented in Table 5.4, Table 5.5 and Table 5.6 showed no reduction in 

estimation error for the humerus when joint constraint was applied when compared to not applying joint 

constraint, which was in agreement with Andersen et al.’s study. However, the scapular error showed 

generally showed an increase in errors. For example, subject XSHD00005 errors for cross-dispersion/SVD 

method increased from 19.4 to 21.1 mm. This could be because of the bone hierarchy applied to the joint. 

In this case the humerus was the parent and the scapula was the child. Of course the errors will be different 

if the scapula was made the parent. 

If the affine transformation estimated from the least squares method contains only shear (for example, two- 

or three-factor-shearing) and scaling, then it is possible determine the scale and shear factors algebraically. 

The rotation can then be calculated using the resulting deformation as outlined in equation 5.11. 

In the evaluation, both shear models showed a high level of agreement for the scapular elevation task. This 

could be due to the soft tissue conforming closely to the 2F-SD prescribed in the model. However, the 3F-

SD model showed further improvements to the estimation error for the humerus during internal/external 

task for subject XSHD00001 (with the errors reduced to 7.0 mm). The likely reason is the 3F-SD model 

was able to encapsulate more of the axial rotation of the humerus due to an additional parameter present in 

the model. The advantage of both of these models is the estimated rotation takes into account shearing and 

anisotropic scaling parameters, which resulted in significant improvements in the accuracy of the humeral 

and scapular positions. However, the resulting improvements (if any) were only of the same order as the 

cross-dispersion/SVD method. This could be due to either the simplicity of the shear models or the errors 

due to the homogeneity and linearity assumptions.  

The shear models discussed in this chapter also have the benefit of using a shear model with defined shear 

directions, which was possible due to the reorientation of the coordinate system to ‘best fit’ the simple soft 

tissue model presented in section 2.6.1. In contrast, the Ball & Pierrynowski’s model [91] requires choosing 

the shear directions that ‘best fit’ the shape change without considering the orientation of the coordinate 

system. This is not ideal, because the shear directions may not coincide with the principal axes directions, 

therefore the shear may not represent the best fit to the given deformation of the soft tissue. The 

reorientation of the coordinate system in the simple shear model presented in this chapter solves this 

problem.  

Currently, there are no studies that the author of this thesis is aware of that use PD and a simple shear model 

of the soft tissue to reduce STA in shoulder complex kinematics.  

5.5.1 Limitations 

The main limitation of this method is that it does not take into account the entire surface geometry, 

heterogeneity or the anatomical structures of the shoulder complex. This means further improvements to 

this method may not be possible due to the coarse estimation of the actual deformation.  
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5.5.1.1 Estimating Rotation Using the Affine Transformation Matrix and Polar Decomposition 

The estimation using the affine transformation matrix as mentioned, does not fully describe the deformation 

of the soft tissue mass. This is due to the way that the affine transformation was used in the methods 

discussed. In these methods, a single affine transformation matrix was used to describe the deformation and 

as mentioned, this does not provide an accurate estimation of the deformation due to heterogeneity.  

The rotation extracted from the affine transformation using PD is also not desired optimal rotation. This is 

usually the result of the rotation component in the shear deformation gradient tensor. It was also shown 

that anisotropic scale factors could cause errors as evident in equations 5.8 and 5.14. Without determining 

the scaling and shearing in the deformation gradient tensor, the estimated rotation will not be optimal. 

5.5.1.2 Shear Models and Polar Decomposition 

The shear models have several limitations that would affect the accuracy of the estimated rotation. The main 

limitation is that the model only considers shearing in either a single plane or two planes prescribed by the 

principal axes. Since soft tissue surrounds all bones in the shoulder complex, the affine transformation 

obtained from the markers will contain shearing in all three planes. The missing plane will change the 

rotation obtained by PD and hence reduce the accuracy of the calculated rotation. 

This model could also be sensitive to marker placement (for a diagram illustrating the marker placement 

relative to bone see Figure 5.15). If the marker placement does not closely follow the shear planes, then the 

STA error reduction may not be optimal because of the assumptions made to define the coordinate system 

(this may be the case for subject XSHD00005’s results seen in Figure 5.11). 

 

 

Figure 5.15 Skin-mounted marker placements on the scapula and humerus. The markers on the scapula form 

a plane that is parallel to the bone, while the marker arrangement on the humerus could form a 

plane that twist and bisect the bone. 

 

Marker 

Skin 

Scapula 

Bone 

Humerus 



5|  Soft tissue artefacts in shoulder complex kinematics 181 

5.5.2 Improving the Estimations 

As mentioned, some algorithms also use weights to correct STA by determining the influence of each of 

the markers in the estimation of the rigid body motion, and subsequently the position of the skeletal 

structures [4]. Weights could provide a means of reducing STA in the presence of sparse data and using 

weights with the shear models could be one method of improving the estimation of rotation and translation. 

However, determining the right weight to use for each subject could be difficult (as explained in section 

5.2). One example of a weighting scheme was suggested by Lu et al. [4] (shown in equation 5.20), where the 

weight, 𝑾𝑖 , is the product of the inverse of segmental residual error 𝑒𝑖 and an identity matrix, 𝑰. Subscript 

𝑖 is the index of the marker. 

 

𝑾𝑖 =
1

𝑒𝑖
𝑰 5.20 

 

The problem with this weighting scheme is the measure of segmental residual errors. Different measures of 

error will result in different weights. For example, errors could be the change in the Euclidean distance of 

each marker from the centre of the marker cluster or change in volume (polygon created from using the 

markers as vertices). Therefore, if weights were to be used then an investigation into the possible weighting 

schemes will be also needed to select the correct weighting scheme for the shoulder complex. 
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The main objective of this thesis was to investigate the kinematics of the shoulder complex derived from 

OMC data under the homogeneity assumption, as it is well known that accuracy of the data is limited due 

to STA errors. This thesis has presented novel contributions that aided in reducing errors in the data 

collected. These contributions included the development of a novel method of registering a subject-specific 

model to the OMC data using advanced imaging technologies (such as IR depth mapping and MR imaging), 

determining the kinematics of the shoulder complex using BXV and using the BXV data to investigate the 

effectiveness of methods used in estimating rigid body parameters. This chapter summarises the main 

contributions of the thesis followed by limitations in the study and suggestions to improve the 

methodologies developed.  

  

6 
Conclusion 
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6.1 Thesis Summary 

The shoulder complex is an intricate joint system and one of the most difficult system to track motion 

accurately due to its anatomy. It consists of three bones (humerus, scapula and clavicle) with only one 

skeletal connection (SC joint) and a number of muscles that support and connect the shoulder to the torso. 

This thesis focused on investigating the effects of the soft tissue around the shoulder complex on its 

kinematics. One such effect, STA, limits the accuracy of the kinematics derived from data recorded using 

skin-mounted markers.  

Soft tissue around the shoulder causes other problems besides STA, most notably limiting the access to 

skeletal landmarks. This in turn, introduces uncertainties in processes such as positioning skin-mounted 

markers on the region of skin representing the underlying skeletal landmarks. To remove this uncertainty, 

the marker positions relative to the skeletal structures could be determined by using a subject-specific model 

derived from MR imaging and an IR depth map scanner (Microsoft® Kinect™), then using the ICP 

algorithm to align the model to OMC data. It removes the need for palpating skeletal landmarks in order 

to align the skeletal model, which has the added benefit of accurate registration regardless of experience.  

The BXV technology allowed accurate determination of the motion of the shoulder complex skeletal 

structures in-vivo without STA. This provided the means for determining STA error associated with OMC 

data by comparing the measured skin-mounted marker positions against those from BXV data that was 

recorded simultaneously. It was found that for all tasks considered in this study, the skin-mounted markers 

did not give an accurate account of the rigid body motion. The STA errors were found to be both task and 

subject dependent. Although, a small sample of subjects was used for the study, both OMC and BXV data 

could be used to evaluate the effectiveness of different approaches in reducing STA. 

The position of the skeletal structures in 3D space could be determined by estimating the rigid body motion 

from the marker set. The current methods in the literature [1], [2] estimate the rigid body transformation 

by minimising the Euclidean distance between the markers in a reference configuration and the target 

position. However, the resulting transformation is not fully representative of the shoulder complex motion. 

To improve upon the estimation of the rigid body motion for the shoulder complex, the components that 

violate rigid body motion such as shearing and scaling are removed from the affine transformation matrix 

using polar decomposition was explored. By using polar decomposition and joint constraints, it was shown 

that the rigid body motion of the humerus could be improved, but not for all motions and the scapula’s 

error remained relatively unchanged. This meant that a more mathematically involved approach was 

required to estimate the motion of the humerus and scapula. Since the markers mounted on the skin sit 

parallel to the scapular plane and the entire scapular plane is covered by an approximately uniform tissue 

layer, a shear model could be applied to quantify the soft tissue deformation. The resulting estimation error 

for both the scapular and humeral positions showed a small but statistically significant decrease for some 

motions and subjects. Furthermore, the improvements are only in the same order as the cross-dispersion 
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matrix/SVD method. Although the improvements were small (if any), the benefit of using the shear model 

is that it gives more details (shearing and scaling) about the deformation. With this information it may be 

possible to devise a more complex model to study the deformation. 

6.2 Achievements and Novel Contributions 

A brief description of the achievements and novel contributions are outlined below: 

1. Developed a method to reduce uncertainties in model registration using IR depth 

mapping and a subject-specific model of the shoulder complex: 

 In Chapter 3, a method was developed using a subject-specific model of the shoulder complex 

to reduce subjectivity in model registration. It used a portable low cost infrared depth-mapping 

device (Microsoft Kinect), MR images of the subject and an ICP algorithm to perform the model 

registration. This is a novel use of the Kinect device and was shown to have the required precision 

for model registration. Use of the subject-specific model also removed the need for scaling a 

generic model. The proposed method could lead to an automated pipeline, further reducing 

human sources of errors in model registration. 

2. Determined kinematics of the shoulder complex and its relative skin motion using the 

BXV technology: 

STA in shoulder motion for three tasks was quantified on three healthy volunteers using the BXV 

technology (Chapter 4). By capturing the OMC data at the same time, the motion of the markers 

was compared with the real skeletal motion. The results included the marker displacement error 

for each task, kinematics of the shoulder’s skeletal structures (humerus and scapula) and its 

correlation with the humerus angle and soft tissue thickness influence on scapular errors. This 

data provided the ground truth for assessing the effectiveness of methods for estimating shoulder 

complex rigid body parameters. 

3. Investigated the use of SVD and polar decomposition to estimation rigid body 

transformation from the shoulder’s OMC data: 

Describing deformation using an affine transformation matrix and decomposing the single matrix 

back into the optimal components proved difficult. However, using the BXV data and techniques 

presented in Chapter 5 (such as affine/PD), showed it was possible to extract the rigid body 

components from an affine transformation matrix provided certain assumptions were made about 

the deformation. For example, due to the additional rotation component in the shear gradient 

tensor, the affine/PD technique did not improve the estimation of the rigid body parameters. In 

order to improve the accuracy of the PD method a mathematical model describing the shearing 

and scaling (affine/2 or 3F-SD) was used in the calculations. Incorporation of shear models 

showed that reduction in soft tissue errors was possible, and when reduction occurs it was 

comparable to those from the SVD method in terms of accuracy. 
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6.3 Limitations and Suggestions 

This thesis focused on overcoming the limitations that reduce the accuracy of the shoulder complex 

kinematics derived from OMC data by applying different methodologies to minimise the effect of STA on 

marker position. These methodologies were based on several assumptions, and they therefore have some 

limitations. These limitations need to be addressed in future studies using BXV, OMC to study the shoulder 

complex motion. 

6.3.1 Subject Specific Model Registration  

When compared to palpation, it was concluded that this method showed a high level of repeatability and 

precision. However, the accuracy was not evaluated for human subjects because the required medical 

imaging modality (open up-right MRI machine) was not available. Although, this study could have been 

added to the BXV study, recruiting additional subjects for registration validation study was not feasible due 

to limited availability of willing participants and XROMM facilities. 

Another issue was the registration of the subject-specific model using data collected in different 

orientations. For the development of this registration technique, forces acting on the subject such as gravity 

and gender were ignored, which led to the assumption that the soft tissue’s geometry does not change 

between the supine and upright poses. It was also stated that the major source of alignment error was 

breathing artefacts. However, gravity could affect the quality of the registration due to the differences in 

the deformation when compared to the upright position. This was not evaluated, as an appropriate medical 

imaging device was not available due to cost. In future studies, a comparison between registrations 

performed on data from the upright to a traditional MR scanner with more subjects would be beneficial. If 

there are no significant differences shown, it can be concluded that the registration method developed is 

an accurate means of registering a subject-specific model to the OMC data. However, if it shows that there 

is a difference then an investigation into the methods for compensating for pose difference is required. 

6.3.2 XROMM Characterisation of the Soft Tissue Artefacts 

The main limitation that should be addressed is the number of subjects in the BXV study (current sample 

size of three). Having a small number of subjects made it difficult to determine generalisable trends and 

relationships between the soft tissue and the skeletal structures. In future studies, more subjects (ideally, 

more than 10 subjects) should take part in the study. 

The processing time was also a limiting factor on how many subjects could be used in the analysis. Although 

the number of subjects was small, the most time consuming task was learning and adapting the XROMM 

framework to the shoulder complex. The data processing time would be reduced in subsequent experiments 

due to the adaptations made and familiarity with the XROMM framework. 

Lastly, the lead collar worn by the subject had the unintended effect of obscuring the clavicle (partially or 

fully) from the view. This usually is not a problem if there are identifiable features on the bone. However, 
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the lack of anatomical features on the clavicle caused difficulties in tracking the bone using AutoScoper. 

Therefore, it was excluded from the analysis presented in Chapter 4. In future studies of the clavicle using 

BXV, radio-opaque beads may need to be implanted into the subject’s clavicle to improve the tracking of 

its motion. Clavicle kinematics should be investigated as it is an important part of the shoulder complex 

and plays an important role in the overall shoulder kinematics. 

6.3.3 Soft Tissue Assumptions and Shoulder Complex Modelling 

The main limitation is the assumption made on the nature of soft tissue deformation. It is well known that 

the soft tissue structures do not undergo homogeneous deformation [137], [138]. Heterogeneous 

deformation is one of the reasons that techniques such as PD did not provide an accurate account of rigid 

body transformation. Beside homogeneity, it was also assumed that the soft tissue is one structure rather 

than several overlapping structures. This could also be the reason for the observed inaccuracies in the 

estimation of the rotation from the sparse data set of markers. 

The shoulder complex model used in this thesis was the simple eight DoF rigid body model and joint 

constraints were used to maintain joint integrity. However, only six DoF of the model could be tracked 

using BXV, which was due to the lead collar covering the clavicle. This model also does not contain soft 

tissue. The reason for not modelling the soft tissue was that data from OMC is typically sparse (3-5 markers 

per segment) and consequently, accurate measurements of the surface topology during motion was not 

possible. Marker-less OMC technologies such as Kinect could have been used to create a dynamic surface 

topology of the skin surface during motion. The reason for not using dynamic surface topology in this study 

was because the only available surface scanning device (Kinect) was incapable of achieving the required 

frame rates and therefore, it was not suitable for this type of motion capture. In addition, most kinematic 

data were derived from the traditional marker-based OMC system. Hence, it will be beneficial to improve 

on the accuracy of the kinematics derived from OMC data rather than building a new tracking system. 

Another limitation and subsequent reason for not modelling the soft tissue layers (such as the muscles) was 

the difficulty in getting access to the appropriate imaging tools. For example, MR imaging of the shoulder 

was limited due to the absence of a shoulder-imaging coil at the imaging facility where the BXV study was 

performed. Without an appropriate MR coil, the images acquired would not have shown good contrast, 

which would result in difficulties in distinguishing different muscles and muscle attachment sites.  

As mentioned, the presented methodologies treated the soft tissue as one structure and assumed that the 

observed skin deformation was caused by muscles. This was an accurate assumption for the subject 

employed for the study (the subject had a low BMI) and reduction in STA was observed. However, the 

other layers of soft tissues and their composition could reduce the effectiveness of the discussed STA 

reduction methods. An evaluation of the effects of soft tissue composition on STA reduction methods 

were not performed due to the limited number of subjects that took part in the BXV study. The results 

suggested that soft tissue composition could have a major influence on the effectiveness of the STA 
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reduction methods discussed in Chapter 5. In future studies, the soft tissue structures should be modelled 

to investigate their effect on observable skin deformation. 

Creating complex soft tissue models and running simulations on those models could address the problem 

of not having enough subjects to determine trends and relationships. However, modelling the soft tissue 

layers will require additional data (such as skin topology during motion, constitutive properties, soft tissue 

geometries and muscle attachment sites) and hence, the mode of data acquisition will need to be changed. 

For instance, the investigators could use the marker-based facial capturing rig on the shoulder and model 

the soft tissue structures by using data from different protocols of MR imaging with the appropriate receiver 

coils. 
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A.1 Acromion marker cluster design 

 

 

 

The AMC was created to track the acromion on the scapula (shown in Figure A.1). The ends of the AMC 

formed a tetrahedral so that the makers are pointed away from the surface of the acromion. The model is 

created in SolidWorks12 (Dassault Systems) and it was 3D printed using the Dimension Elite 3D printer13. 

 

Figure 6.1.1 Image showing the AMC used in the study presented in chapter 4.              

The angles between the forks were approximately 120° and dimensions are presented in Figure A.2. 

                                                      
12 http://www.solidworks.com/ 
13 http://www.stratasys.com/3d-printers/design-series/dimension-elite 
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Figure 6.1.2 Diagram showing the dimensions of AMC. All measurements are in mm. 
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A.2 Ethics Approval XROMM Study 
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A.3 XROMM Output 

 

 

 

The format of the XROMM data for each skeletal structure is a list of transformation matrices. Each row 

has 16 elements that represent one transformation matrix.  

For example, let the transformation matrix be the following: 

 

[

𝑎11 𝑎12 𝑎13 𝑎14

𝑎21 𝑎22 𝑎23 𝑎24

𝑎31 𝑎32 𝑎33 𝑎34

0 0 0 1

] 

 

The corresponding line on the XROMM data file is the following:  

a11,a21,a31,0,a12,a22,a32,0,a13,a23,a33,0,a14,a24,a34,1 

 

Figure A.3.3  An example of XROMM data output viewed in Excel. 
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A.4 Additional Results  

 

 

 

This appendix presents additional results for Chapter 4 and 5 that was out of the scope of the thesis, which 

includes an evaluation of the discussed methods on artificial data and data from two other subjects in the 

BXV study in Chapter 4. 

A.4.1 Chapter 4 –Humeral Kinematics as a Predictor 

Figure A.4.1, Figure A.4.2, Figure A.4.3 and Table A.4.1 summarise correlation coefficients of each fit. For 

all fits, a linear relationship between scapula angle and humeral angles was assumed. For the humerus, α 

was the angle for the plane elevation, β was the internal/external rotation and γ was the elevation angle. 

For the scapula, α was the retraction/protraction rotation, β was lateral/medial rotation and γ was the 

anterior and posterior tilt.  In the case of the humeral α and γ angles, there was a strong correlation with 

the scapular α and β angles (r2 > 0.75). The humeral β angle showed no correlation between the scapular α 

and β angles (r2 < 0.5). The humeral α and γ angles showed weak correlation with the scapular γ angle (r2 = 

0. 6469 and 0.6375, respectively).  The coefficient of determination values was calculated by performing a 

linear regression between the humeral angles and the scapular angles. 

 

Table A.4.1 Coefficient of determination (r2) between humerus and scapula, determined from XROMM data. 

Humerus Angles Scapula Angles 

 α β γ 

α 0.8732 0.9228 0. 6469 

β 0.1954 0.2137 0.1008 

γ 0.7517 0.805 0.6375 

 

A.4 
Appendix 
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Figure A.4.1 Coefficient of determination (r2) between humeral angle α and scapular angles, determined from 

XROMM data. 

 

 

Figure A.4.2 Coefficient of determination (r2) between humeral angle β and scapular angles, determined from 

XROMM data. 
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Figure A.4.3 Coefficient of determination (r2) between humeral angle γ and scapular angles, determined from 

XROMM data. 

 

A.4.2 Artificial data 

The artificial data for Chapter 5 consists of the following: 

1. Rotation Only and Casing Involving Only Scaling 

A set of deformation gradients (rotation with scaling) was used as a test to ensure the method 

can handle just rotation or rotation with scaling. In these cases, decomposition methods such 

as polar decomposition should be able to determine the optimal rotation without additional 

processing of the data. 

 

2. Rotation with Shear 

A set of deformation gradients (rotation with shear) was used to test the ideal case where the 

data does not include scaling. Without scaling, the algorithm should be able to determine the 

right simple shear and hence the right rotations for the joint system. The shear factors plotted 

in the figures are the combination of the shear factors in a given plane. For instance, shear 

factor presented is the average sum of the shear factors in each of the shear planes. 

 

3. Rotation with Shear and isotropic Scaling 

A set of deformation gradients (rotation with simple shear and uniform scaling) was used to 

test the second ideal case where the data has only shear and uniform scaling. With uniform 

scaling, the algorithm should be able to determine the simple shear by first removing the scaling 
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by multiplying the deformation gradient with the dilation ( ℑ−
1

3). It is assumed that shear is the 

major cause of STA error from the affine estimation. 

 

4. Rotation with Simple Shear and Anisotropic Scaling 

A set of deformation gradients (rotation with simple shear and non-uniform scaling) was 

generated to simulate soft tissue deformation. Using the simple shear model, the rotation was 

extracted from this ideal data. The product of the scale factor (dilation factor) gives an 

indication of the sensitivity of the methodology to inhomogeneous scaling. 

A second set of deformation gradients that did not conform to the simple shear model was 

used to test its sensitivity to general shearing. It was generated by taking a simple shear gradient 

and adding shear in the third direction (for instance, if the simple shear factors are in the x- and 

y-axes, the additional shear was added to the z-axis). 

 

A.4.3 Estimation Error in Scaling Only  

In both sets of artificially created data set with only scaling, the errors were less than 10−8 (see Figure ). In 

the case of isotropic scaling, the errors were near zero (e = 10−14). For anisotropic scaling on the other 

hand, the errors increased from 10−10 to 10−8 for dilation factors ranging from 0.5 to 2.0. Therefore, if 

only scaling occurs in the OMC data both methods can be equally effective in estimating rotation. 
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Figure A.4.4 Graph showing errors in the estimation of the rotation in the presence of homogeneous and 

heterogeneous scaling. The dilation factor for this simulation ranged from 0.5 to 2.0 

A.4.4 Estimation Error in Inhomogeneous Shearing  

The deformation gradient tensor (𝑭) for this simulation is calculated using the following equation, 

 𝑭 = 𝑹𝑯 
6.1 

 

where 𝑹 is a rotation matrix and  𝑯 is the shear matrix. The shear matrix is calculated by the following, 

 

𝑯 =  [
1 0 0
0 1 0
0 ℎ3 1

] [
1 0 ℎ1

0 1 ℎ2

0 0 1

] 
6.2 

 

where ℎ1, ℎ2 and ℎ3 is the shear factors in two principle plane. The default shear factor used was 0.5 and 

each of the shear factors are varied one at a time from -0.5 to 0.5 in steps of 0.01. The other shear factors 

are set to the default shear factor. For example, if ℎ1 is being varied, then other shear factors (ℎ2 and ℎ3) 

are kept at 0.5. The presented shear matrix was derived with a particular shear order and it only considers 

three factors in two shear planes. The author acknowledges that there are infinite combinations of shear 

factors in different shear plane combinations but it is not possible to present all possibilities. However, the 
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purpose of this simulation is to demonstrate that shearing has an effect on the estimation of the rotation 

using methods like the polar decomposition and SVD techniques. 

The cross-dispersion in this case, is calculated from the generated marker positions (𝑮) and the reference 

position (𝑿). The generated marker positions are calculated by this expression, 

 

 𝑮 =  𝑭𝑿 
6.3 

 

where 𝑭 is the deformation gradient tensor calculated using equation 6.1. 

The shear factors are shown to have an effect on the estimated errors for both techniques. The effects vary 

with magnitude (this is shown in Figure  and Figure ). The shear factor ℎ1, in this example showed that the 

estimated errors increased with the increase and decrease in ℎ1. The estimated errors from varying the shear 

factors ℎ2 and ℎ3 on the other hand, showed a decreasing trend from negative to positive shear factors 

converging at 0.5. 

The difference between SVD of a cross-dispersion matrix and the polar decomposition of a simulated affine 

matrix was the former showed a larger magnitude in estimated errors. For SVD of a cross-dispersion matrix, 

the maximum estimated errors are 31.98, 65.86 and 49.46 for ℎ1, ℎ2 and ℎ3, respectively. In contrast, the 

maximum estimated errors for polar decomposition of a simulated affine matrix are 22.38, 56.16 and 42.22 

for ℎ1, ℎ2 and ℎ3, respectively. 
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Figure A.4.5 The effect of shear factors on the RMS errors between the actual position of the markers and the 

estimated marker positions determined from the polar decomposition of a simulated affine matrix. 

 

 

Figure A.4.6 The effect of shear factors on the RMS errors between the actual position of the markers and the 

estimated marker positions determined from the SVD of a cross-dispersion matrix. 
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𝑭 = 𝑹𝑠𝑯 

where 𝑹 is a rotation matrix, 𝑠 is the isotropic scale factor and  𝑯 is the shear matrix. The shear matrix is 

used was the following, 

 

𝑯 =  [
1 0 0
0 1 0
0 0.1 1

] [
1 0 0.5
0 1 0.3
0 0 1

] 

 

 

Figure A.4.7 The effect of isotropic scale factors on the RMS errors between the actual position of the markers 

and the estimated marker positions determined from the SVD of a cross-dispersion matrix. 
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The deformation gradient tensor (𝑭) for this simulation is calculated using the following equation, 

𝑭 = 𝑹𝑺𝑯 
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𝑯 =  [
1 0 0
0 1 0
0 0.1 1

] [
1 0 0.5
0 1 0.3
0 0 1

] 

In this case, the shear matrix does not change to reduce the number of variables in this simulation and 

isolate the effect of the scaling on estimate rotation. The anisotropic scale matrix used is, 

𝑺 =  [

𝑠1 0 0
0 𝑠2 0
0 0 𝑠3

] 

where 𝑠1, 𝑠2 and 𝑠3 are the scale factors in the principle axes. The default scale factor used was 1.0 and 

each of the scale factors are varied one at a time from 0.5 to 1.5 in steps of 0.01. The other scale factors 

that are not varied are set as to the default scale factor. For example, if 𝑠1 is being varied, then other scale 

factors (𝑠2 and 𝑠3) are kept at 1.0. Although, there are infinite combinations of scale factors and they can 

all vary together, the scale factor was varied one at time to aid in the presentation of the errors. 

The results showed that varying the anisotropic scale factors does change the errors due to shearing. In this 

case, the estimation error from polar decomposition of the affine transformations increased as 𝑠1 scale 

factors increased, while the 𝑠3 showed the opposite trend. Scale factor 𝑠2 has a downward trend but not as 

steep as 𝑠3. 

For SVD of the cross-dispersion matrix, the estimation errors increased as 𝑠1 scale factors increased, while 

the 𝑠3 showed the opposite trend. Scale factor 𝑠2 has a downward trend and it is similar to the scale 

factor 𝑠3. 
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Figure A.4.7 The effect of scale factors on the RMS errors between the actual position of the markers and the 

estimated marker positions determined from the polar decomposition of a simulated affine matrix. 

 

 

Figure A.4.8 The effect of scale factors on the RMS errors between the actual position of the markers and the 

estimated marker positions determined from the SVD of a cross-dispersion matrix. 
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A.4.7 Shear Model: Decomposing a synthetic Data Set 

The simple shear model (described in section 5.2.2) provides an accurate estimation of the rotation given 

the shear factors range of 0.5 to 1.5. The errors showed a noticeable increase for dilation factors that are 

less than 0.5. The dilation factors were the product of the three scale factors present in the deformation. 

When additional shear was added in the third direction (shearing no longer a simple shear), the errors 

increased (as shown in Figure ). When a dilation factor of 1.5 was added in the 𝑠1, 𝑠2 and 𝑠3 scale directions, 

the estimation errors had an increasing trend with magnitude of error having the following relationship 𝑠2< 

𝑠1<𝑠3. 

 

Figure A.4.9 RMS marker positon errors estimated from the rotation obtained by affine/2F-SD. 
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Figure A.4.10 The effect of additional shear factor in the third direction on the rotation estimation from the simple 

shear model. 

 

Figure A.4.11 The effect of additional shear factor in the third direction on the rotation estimation from the shear 

model with an anisotropic scale factor of 1.5 
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