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da sempre nell'uomo un occhio vigile e 
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progresso 
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1 Introduction 

The experimental and theoretical study of any complex system requires the cooperation of 

many disciplines such as biology, medicine, physics, chemistry, engineering and others. 
Thus it becomes necessary for scientists to look across the fence of their disciplines in order 
to allow a true cooperation and a consequent real progress. This Thesis is precisely written 
in this spirit giving ample space to verbal and pictorial description of the different topics 

treated in order to allow a more fluid reading. 

The study of the human motion as a discipline is ancient almost like the man. Early theories 

and observations on these topics can be found in Hyppocrates' and Galeno's work. More 

recently Duchenne de Boulogne (1867), Marey (1885), Braune and Fisher (1888), 

Sherrington (1933), Luria and finally Haken (1996) applied new techniques to the study of 

movement trying to understand and localise also the main areas of the brain involved during 

motion. 
Despite the richness of the literature produced, "man in motion" still represents a fascinating 

and partially unknown theme to deal with, particularly in the dynamic behaviour of the arms 

during the execution of specific tasks. Such movement, indeed individual expression of the 

complex interaction of biological subsystems (brain, muscles, skeleton, etc. ) against the 

surrounding environment, hides nowadays its features and very few data are available on its 

kinematic and dynamic response. 
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This gap is largely due to the lack of knowledge on the dynamic movement of the "shoulder 

complex" and of the related muscles involved during motion. In fact, the large number of 
degrees of freedom to be measured and the high deformability of skin and soft tissues prevent 

the direct measurement of skeletal movements and contribute to increment the above 
described indetermination. Against this complex background, the rehabilitationist faces the 

pragmatic difficulties to decide which joints require attention as a priority or, in the case of 
biological damage, to assess the degree of impairment and subsequent recovery. As a result, 

clinical assessment is performed by the use of relatively elementary test tasks, which can be 

monitored either by timing or by some indirect measurement of the success of the execution. 

The aim of the present research is then to provide new means of measurements to be used for 

gaining objective information on the motion particularly of "non visible" joints like the 

shoulder complex in order to characterise properly their motion and, in turn, the workspace of 

the arm. 
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1.1 Objectives 

The main objectives of the research are to demonstrate, through an extensive review, the lack 

of knowledge in the field of clavicle kinematics, which, in turn, affects the knowledge of 

motion of the entire arm. The inadequacy of state-of-the-art techniques in providing accurate 
information on the kinematics of the clavicle is shown and, therefore, a new measurement 

system able to measure accurately clavicle kinematics proposed. 

Such objectives will be pursued experimentally through the design and development of a new 

system of measurement as the necessary pre-requisite for the investigation on the nature of 

motion of a hidden joint. The logical steps carried out to pursue such objectives can be 

summarized as follows: 

* To develop a technique able to provide information on the motion of the clavicle on "in 

vivo subjects"; 

9 To develop a new miniaturized device to be located in close proximity of the joint under 
investigation able to monitor the angular motion of the limb; 

* To carry out a thorough validation of the new measuring technique quantifying all the 

sources of errors during the execution of the tests; 

e To investigate the motion of the clavicle in a subset of the allowable workspace as a 
fimction of scapular and hurneral movements; 

* To investigate the subject variability of clavicle kinematics with view to develop a 

statistical model of the clavicle behaviour in humans. 
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1.2 Layout of the Thesis 

Chapter 2 deals with the anatomy of the upper limb describing the skeletal and muscular 

apparatuses and the concept ofjoint. 
Chapter 3 is an introduction to the formalism and notations used to describe the position 
and orientation of an object with respect to a fixed frame. The Denavit-Hartenberg notation 

widely accepted in robotics as a systematic method to extract information on a chain 

mechanism is here extensively described. The last section of the Chapter deals with the 

concept of workspace and of the attempts followed to measure the workspace of the arm. 
Also in this field sterno-clavicular kinematics has been poorly treated. 
Chapter 4 reviews literature concerning the techniques used in order to monitor the joint 

rotations. Advantages and drawbacks of each technique are extensively treated and the 
inadequacy of the methods proposed for the correct monitoring of "non-visible joints" like 

the sterno-clavicular one is demonstrated. From the conclusions of this chapter clearly 

emerges the need to have accurate information on the motion of non-visible joints in order 
to predict correctly the behaviour of the arm during motion. 
Chapter 5 deals with the development of a new measurement system for the monitoring of 

each joint of the body. The "core" device is a miniaturized sensor exploiting the Hall effect 

that can be arranged conveniently in order to provide information on spherical joints. This 

section treats the mechanical development of the device, of its upgrading necessary to 

improve its performance and with the tests carried out in order to determine its precision, 

accuracy and repeatability. Based on this device, a detector of sterno-clavicular movements 
has been developed as a new technique for the monitoring of clavicle kinematics. It is 

demonstrated how, by exploiting the geometry of the joint, it is possible to design and 
develop an external kinematic chain able to monitor the 3 rotations of the clavicle. 
Chapter 6 deals with the extensive battery of trials carried out in order to validate the 

results. The modelling and development phases of the devices are shown and the accuracy 

of the method determined through an extensive battery of validation tests. 
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Chapter 7 describes the development of a mathematical model based on the analysis of a set 

of experimental data taken on a sample of 10 subjects able to provide information on the 

3D clavicle motion in the investigated workspace. 
Chapter 8 presents the discussion of the findings compared with the existing knowledge. 

Chapter 9 deals with the conclusion of the research including recommendations for future 

work. 
Appendix A contains the graphs of the tests performed on subjects. 

Appendix B contains the raw data obtained by the tests performed. 
Appendix C contains the Mathcad code used to generate the model. 

Appendix D contains a research publication written during the work undertaken within the 

thesis 
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2 Anatomy of the Arm 

This chapter deals with the anatomy of the arm from a skeletal and muscular point of view 
as a pre-requirement necessary for the correct understanding of its kinematics. The 

systematic organization of joints and links together with the literature attempts to highlight 

its behaviour ate given. 

Before the advent of photography in 1839 (Thomas 1964), all the anatomy studies referred 

to the upper limb have been carried out by means of artists and professionals' drawings. 

Indeed, early studies on anatomic dissection are very rare; the first reliable is due to 

Erasistrato and Erofilo of the Ptolemaic Medical School of Alessandria in Il Century B. C. 

Nevertheless, the best results have been obtained during the Renaissance, when the human 

body was the object of intense researches and enthusiasm. Inside the numerous reports of 

anatomic studies, surely the most important is linked to the name of Leonardo da Vinci in 

his Secret Writings on the examination of more than ten human cadavers. 

Another fascinating aspect has dealt with human body proportions. The first researchers on 

divine proportions of the human body are the Egyptians -while the clearest example of the 

relationship between art and mathematics is represented again by the deduction of 

Leonardo in his famous anatomic studies. 

Regarding the human arm, its study can only be carried with an "a priori" deep 

understanding of the organisation of the skeletal and muscular apparatuses and their 

relationship. For this reason, in the following a brief overview of the skeletal and muscular 

apparatuses involved in the arm movement is given. 
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2.1 Skeletal Apparatus of the Arm 

The upper limb articulates with the trunk at the level of the shoulder. From a skeletal 
point of view, by proceeding from the sternum to the humerus, the shoulder is basically 

formed by: 

* clavicle; 

9 scapula; 

o humerus. 

The bones anatomical position can be seen in the assembly drawing shown in figure 2.1. 

Figure 2.1 Skeletal organization ofclavicle, scapula and humerus 
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In order to give a more comprehensible overview of the skeletal apparatus, a brief 

description of each bone is given before to deal with their functionalities proceeding from 

the stemurn to the humerus. 

2.1.1 Clavicle 

The clavicle (see figure 2.2) takes its origin from the manubriurn of the sternum (breast 

bone). The other extremity articulates with the acromion of the scapula. The superior 

surface of the clavicle is very close to the skin surface. In general, it has two curvatures: a 

medial anteriorly directed convexity, and a lateral, posteriorly directed convexity, both of 

which vary, depending upon the muscular and ligamentous attachments to the bone. A great 

part of the loads acting on the upper limb, are transmitted to the thorax through the clavicle. 

Acromial Part Stemal Part 

Figure 2.2: Clavicle: ftontal and dorsal views 

This fact combined with its superficial location, helps to make the clavicle the most 

commonly fractured bone in 
-the 

human body (Harrington et al, 1993). Despite this fact, 

very little is known about its biomechanical function. Since it projects laterally and 

articulates with the scapula, the clavicle holds the shoulder out in a position that allows for 
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free swinging of the arms. It is worth mentioning that feline animals possessing a high 

dexterity and ability in using the anterior legs do not possess the clavicle. Functionally it 

serves as a strut for the upper extremity and the thorax. The mechanical behaviour of the 

clavicle is dependent upon the bone's material and geometric properties. By examining 

these variables, Harrington et al (1993) studied the biornechanical response of the clavicle 

to trauma and used the results to evaluate mechanisms of injury. In order to better 

understand its dynamic behaviour, in the following, a brief review is given of the 

ligamentous structure of the bone, with view to highlight the interaction with the other 

shoulderjoints. 
As shown in figure 2.3 and demonstrated by Beam (1967), the costo-clavicular ligament, 

disposed as an inverted, truncated cone, acts as the limiting factor in elevation of the lateral 

end of the clavicle; as elevation proceeds, some researchers believe that the tension in the 

costo-clavicular ligament establishes a fulcrum and the further terminal elevation can occur 

only by a translation of the clavicular head in the inferior direction which is ended by 

tension in the superior fibres of the sterno-clavicular (SC) joint capsule. Although there is 

an impressive lack of data about the rotations occurring at the SC joint, most investigators 

assume that the point of intersection of the three rotation axes is positioned close to the 

clavicular attachment to such ligament. 

Trapezoid ligament Conoid ligament Costoclavicular ligament 

FigUre 2.3 Clavicle: main ligamentous structures 
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The clavicle is highly variable in shape, and exhibits variations in both curvature and cross- 

sectional geometry along its length. In general the sternal portion of the clavicle is circular 

or ellipsoid in cross section, and the acromial portion is flatter on its superior and inferior 

surfaces. 

The movements of clavicle and scapula determine the position of the shoulder joint. Once 

the shoulder joint has been positioned, the relevant muscles involved help to move the 

entire upper limb. 

2.1.2 Scapula (shoulder blade) 

The scapula is suspended in space by the muscles acting upon it and it is therefore not 

surprising that this bone reflects more clearly than any other the changes, during evolution, 

which have been brought about by more specialised functional demands. 

The most striking and obvious modifications are those, which have occurred, in scapular 

shape. Those alterations, as shown by Inman et al (1944), can best be expressed by an index 

known as the scapular index, indicating the relationships of length to breadth of the bone. 

This index is extremely high in the pronograde, where the scapula is long and narrow, but 

due to increasing breadth, it progressively falls as we approach the orthograde, such as 

man, in which the forelimb has been completely freed. With reference to figure 2.4, another 

relevant feature is represented by the extension of the infraspinous fossa altering the 

relationship of the angle of action of its attached muscles, thereby establishing a feature of 

great importance in shoulder mechanism. The extension of the infraspinous fossa is 

undoubtedly related to the change of functional requirements of the attached muscles and, 

in addition, emphasizes the extraordinary significance of the infraspinal musculature in the 

attaim-nent of a shoulderjoint with the great range of motion of that found in man. 

In figure 2.4 the anatomy of the scapula is shown. The anterior face of the scapula forms a 

triangle whose sides are called: 
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superior side; 

medial side; 
lateral side. 

Aýa 

LAUM " 

Figure 2A Scapula: frontal, lateral and dorsal views * 

The muscles determining the spatial position of the scapula are inserted in these sides. At 

the level of the glenoid cavity, the scapula articulates with the extremity of the humerus. 

The lateral view (see figure 2.4) shows two different processes: the anterior one is called 
the coracoid process; the posterior is called the acromion. The acromion articulates with the 

clavicle (collar bone) at the acrornio-clavicular (AQ joint. The acromion is a part of the 

spine of the scapula, which divides the back surface of the scapula into two regions, which 

are the insertion surfaces of the Supraspinatus and Infraspinatus muscles. 

* The drawings from figure 2.4 to figure 2.13 have been made by the author 
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2.1.3 Humerus 

In figure 2.5 the anatomy of the humerus is shown. Close to the humerus head two 

tuberosities can be distinguished: 

- greater tuberosity; 

- lesser tuberosity. 

Both of them are areas for important muscle attachment. On the opposite side, the 

articulation with the ulna is obtained by means of the trochlea. 

greater Im 

lesser 

Figure 2.5: Humerus: frontal and dorsal view 

2.1.4 Radius and Ulna 

The Radius and Ulna are the bones of forearm. Ulna represents the sustaining structure for 

the elbow and articulates with the radius. In figure 2.6 the two bones are shown. 
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Radius 

Uli 

Figure 2.6: Una and radius: frontal and dorsal view 

2.2 Upper Limb Joints 

The different parts of the skeleton are connected either by attachments such as 
membranes or by joints. The function of joints is usually described with the aid of 
mechanical models; however, there is not always a close resemblance between mechanical 
models and actual joints of the human body. 

As pointed out by Panjabi et al (1982) and Abdel-Rahman and Hefzy M. S. (1993), the 

articular surfaces are usually geometrically complex and somewhat compliant so that all 
joints are in reality six-degree-of-freedom joints. A deep investigation on the real behaviour 

of the real joints of the upper limb, very interesting from the modelling point of view, drops 

outside the purpose of the present research. In fact a good approximation of the arm 

structure can be obtained by considering it as a serial structure of links connected through 

joints. Nevertheless since during the past century a large number of papers and books have 
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appeared on anatomical joint motion both in terms of joint models and methods for 

describing the resulting motion, in the following a description of the real joint and some 

mechanical models proposed by different authors is given. Among the models proposed, 

the most often used have been described by Kinzel and Gutkowski (1982) who have shown 

ihe following 4 models: 

1. one-degree-of-freedom hinge or revolute joint; 

2. three-degrces-of-freedom planarjoint; 
3. three-degrees-of-freedom spherical or ball and socket joint; 

4. six-degrees-of-freedom spatial joint. 

Let us analyse in depth each of the four types presented: 

1. Revolute Joint 

It is used to describe the motion of the human elbow and wrist. The motion of the 

moving member is characterised by a single rotation axis embedded in the fixed member. 
Assuming that the location of the rotation axis is known, motion can be defined by the 

relative rotation between two reference lines intersecting in the rotation centre. The 

revolute joint is simple and it is commonly use in prosthetics and orthotics. 

2. Planar Joint 

The three degrees of freedom planar joint is often used as a model for the human knee. 

In a planar joint the relative motion between the fixed and moving member takes place in 

parallel planes; their relative position can be established by X, Y coordinates of two points 

in the moving member defined with respect to some arbitrary coordinate system in the fixed 

member. Although displacement can be defined in a large number of ways, the most used 

two dimensional procedure implies the concept of an instýnt centre of rotation. Let us 

assume F as the fixed member and M the moving one; if member F is taken as the reference 

member and the motion of M is defined into a series of discrete but infinitesimal 

displacements, the resulting instant centres of rotation become instant centres of velocity 

and form a curve in member F called the centrode of M with respect to F. Or, if M is taken 
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as the reference member and F is allowed to move, the resulting instant centres of rotation 

trace another curve in M called the moving centrode. As member M moves with respect to 

F, the moving centrode appears to roll on the fixed centrode and the relative displacement 

can be defined by the geometries of the fixed and moving centrodes. The centrodes are 

unique properties of the motion and are independent of the measurement method used to 

define them. 

3. Three-degrees-of-freedom spherical Joint 

The three-degrees-of-freedom spherical model is frequently used for the human hip and 

shoulder. The motion is characterized by all points of the moving member travelling on 

concentric spheres. In this model the moving member, such as the humerus, femur, or tibia, 

usually has a fairly well defined longitudinal axis. 

4. Six-degrees-of-freedom Joint 

The general six degrees of freedom joint does not assume any limitations on the number 

of degrees of freedom between the moving and fixed members. Six independent 

coordinates are necessary to identify the motion of the moving member. 

The above-mentioned joint models can be applied to all the joints of the upper limb 

obtaining a well-defined kinematic model of the arm. In the following, before reviewing the 

techniques used to monitor the motion of the arm, a classical description of the muscular 

apparatus is given. 

2.3 Muscular Apparatus of the Arm 

Many muscles control the movements of the arm. From a mechanical point of view the 

muscular system is the "actuator network" responsible for movement and stabilisation of 

the arm. In order to give an overview of the upper limb, the muscular apparatus of each 
joint is presented. 
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2.3.1 Shoulder Muscles 

Many authors have studied the muscular apparatus. In the present work, because of the 

relative focus given to shoulder dynamics, a classical description of the shoulder muscles is 

used. The adopted definitions take into account that the muscles can be grouped according 

to a common origin and a common inseition. Starting from the thorax and proceeding along 

the shoulder girdle and the humerus, the code identifier used in order to recognise each 

muscle is: 

XXX-YZ 

where: 
XXX is the muscle identifier (initials of the muscle) and: 

"Y name of origin bone(s) 

"Z name of insertion bone(s) 

Y and Z types: 

T= Trunk 

S= Scapula 

C= Clavicle 

H=Humerus 

U=Ulna 

R=Radius 

The following groups have been addressed: 

Group A 

Muscles which have their origin on the trunk and their insertion on the scapula (see figure 

2.7): 

" Rhomboid Major (RHM-TS) 

" Rhomboid minor (RHm-TS) 

" Serratus Anterior Lower (SAL-TS) 

" Serratus; Anterior Upper (SAU-TS) 

" Trapezius Lower Part (TLP-TS) 



Trapezius Middle Part 

Pectoralis minor 

0 Levator scapula 

TRAPEZIU5 

(TMP-TS) 

(PEm-TS) 

(LES-TS) 

lkwomsm 
" twoR 

Akombolo mo%70R 

Figure 2.7: Group A Muscles View 

I StRIATUS ANTEU. k LO-It 

St&KAIIJ$ ANTERIOR UPPER 

Group B 

Muscles which have their origin on the trunk and their insertion on the clavicle: 

Subclavius (SUB-TC) (see figure 2.7) 

Trapezius, upper part (TUP-TC) (see figure 2.8) 

I 

'"P(21us 
OPPER PARr 

Figure 2.8: Group B shoulder muscles 
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Group C 

Muscles which have their origin on the trunk and the insertion on the Humerus. 

Pectoralis Major Sternocostal part (PMS-TH) (see figure 2.9) 

Latissimus Dorsi (LAD-TH) (see figure 2.9) 

Group D 

Muscles which have their origin on the clavicle and the insertion on the Humerus. 

Deltoid Clavicular Part (DCP-CH) (see figure 2.10 a) 
Pectoralis Major Clavicular Part (PMC-CH) (see figure 2.9) 

Figure 2.9: Group C Shoulder Muscles 

Figure 2.10 a: Group D Shoulder Muscles 
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Group E 

Muscles having their origin on the scapula and which are inserted into the upper arm. 
Sub-Group EI Scapula-Humerus (Class XXX-SH) (see figure 2.10 b) 

" Coracobrachialis (COR-SH) 

" Deltoid Acromial Part (DAP-SH) 

" Deltoid Scapular Part (DSP-SH) 

" Infraspinatus (INF-SH) 

" Supraspinatus (SUP-SH) 

" Subscapularis (SUB-SH) 

" Teres Major (TEM-SH) 

" Teres minor (TEm-SH) 

/ TERES 
H Imost 

TERES 
MA301% 

sUBSCAPULARIS 

iA309k 

Figure 2.10 b: Sub-Group El: Scopula-Humerus Muscles 

SUPRASPINANS 
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Sub-Group E2 Scapula-Ulna (Class XXX-SU) (see figure 2.11) 

" Triceps Long Head 

Sub-Group E3 Scapula-Radio (Class XXX-SU) (see figure 2.11) 

" Biceps Long Head (BLH-SR) 

" Biceps Short Head (BSH-SR) 

og head 

shmt head 

T. i.;. 

Figure 2.11: Sub-Group E2-E3-F] Shoulder Muscles 

'ýCepl lotorld 
mad v 

Group F 

Muscles having their origin on the Humerus and which are inserted into the lower arm (see 

figure 2.11). 

Sub-Group FI Humerus-Ulna (Class XXX-HU) 

" Brachialis (BRA-HU) 

" Triceps Lateral Head (TLH-HU) 

" Triceps Medial Head (TMH-HU) 
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Sub-Group F2 Humerus-Radio (Class XXX-HR) (see figure 2.12) 

* Brachioradialis (BRA-HR) 

Bracliora(hahs 

Figure 2.12: Sub-Group F2 Shoulder Muscles (Huments-Radio) 

2.3.2 Elbow Joint Muscles 

The relevant muscles responsible for the motion of the elbow joint are depicted in figure 

2.13. With reference to such figure, the three most important flexors are the following: 

Brachioradialis; 

Biceps Brachii; 

Brachialis. 

28 



Figure 2.13: Elbowjoint Muscles 

Far from being an extensive treatise of the muscles of the arm, the above presentation is a 

general overview on the 'biomechanical actuator network' responsible for movement and 

stabilisation of the upper limb. Particular care has been given to the drawing representation 

to be considered as a powerful tool for a better understanding of the intimate connection 

between skin, skeletal and muscular apparatuses. 
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3 Forward Kinematics: Basic Rules, Definitions and Terminology 

This Chapter introduces the notations used to describe the position and orientation of an 

object with respect to a fixed frame. It is an introduction to the formalism and notations used 

to describe the position and orientation of an object with respect to a fixed frame. The 

Denavit-Hartenberg notation widely accepted in robotics as a systematic method to extract 
information on a chain mechanism is here extensively described. The last section of the 

Chapter deals with the concept of workspace and of the attempts done in literature to measure 

the workspace of the arm. 

Human locomotion is a theme that has attracted the most attention with researchers. This has 

been primarily due to the complexity of the movement and to the great relevance the study 
has with view to direct application to gait analysis and rehabilitation. Nevertheless in order to 

investigate human motion successfully, it is necessary to apply a strict formalism in the 

application of basic kinematic rules. In this chapter the upper limb is modelled as a variable 

geometry mechanical system formed by a set of rigid bodies connected through joints. 

Links are here enumerated from 0 to, N with respect to a base Cartesian frame. Joints are 

enumerated from I to N (see figure 3.1). 

Degrees of freedom can be considered the number of independent joints or the number of 
independent variables necessary to specify the position of the mechanical system in the space. 
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Figure 3.1: Joints and Variables Enumeration 

An object in the space is completely localised through six independent parameters. 

3.1 Formalism and Notations used for Spatial Description 

3.1.1 Description of a Position (Cartesian frame) 

With respect to a Cartesian Frame A for the description of P in A we use (see figure 

PX 

Ap= Py 

-A 
3.2): 
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3.1.2 Description of a Rotation 

The orientation of an object in a base Cartesian Frame A can be described by means of 

the rotation of a frame B which is rigidly linked to the object. The rotation of a frame B 

in A can is defined by means of 3 unit vectors of B (Xbp Ybq Zb) in A. 

Now we define: 

=(AX, 
AY, AZ) ARB 

bbb 

which represents the rotation matrix of B with respect to A. 

With reference to figure 3.3 if we want to describe B, which is rotated 0 around Z 13 we 

obtain: 

( Cos 0" 

'XB= 
sinO 

ýo 
0 '- sin 0" 

, Y, 6 Cos o 

0 

(O'N 

AZ 
B 0 

cosO -sinO 0*' 
ARB= 

sinO coso 0 

ý001. ý 

32 



YA 

Fig. 3.3 Description ofa rotation 

3.1.3 Description of objects 

A frame is determined by the position of its origin and by the rotation of its axes in the 

absolute base frame. We now define a couple position-orientation as an entity formed 

by 4 vectors providing information on position and orientation (see figure 3.4): 

AR APBO 

B 

Fig. 3A Definition of the couple position-orientation 
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3.1.4 Transformations 

Generally transformations are used to describe the motion of an object from a reference 
frame to another. The following cases can be distinguished: 

Pure Translation 

B 

XA 

Figure 3.5: Pure translation 

Ap =11 p+ApBo 

Pure Rotation 

In order to calculate AP (read P coordinates with respect to frame A) it can be noted that 

the components of a vector are the components of the vector on the unit vectors of the 

referencefirame. 
Ap =B x XA*6P 

A By Bp 
A. Py= 
. 

Ap. 
=B74. 

Bp 
z 

ol ( B4yA ) T'ý 

Ap= (ByA)T Bp=(BRA)T. Bp 
=(BRA)-l. 

Bp 
=(ARB). 

Bp 

,, 
(Bz ýý4)Tý, 
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Rotation +Translation 

In the case of a frame B positioned in the space with respect to A we have: 

Ap=ApBO+A RB-BP 

The above equation allows describing a vector from a reference frame to another. 
Nevertheless it would be better to define an operator matrix describing a generic 

transformation with: 
Ap=AT. Bp 

JB 

This description of motion is an embedding of three-dimensional rigid body motion in 

9V, where the homogeneous coordinates make possible the representation of both 

translation and rotation as a matrix multiplication. 

It is now necessary to make a comparison between the Cartesian Space and the 

Homogeneous Space in order to find out the relationships between the two 

environments (Paul, 198 1). 

Cartesian Space Homogeneous Space 

0, PXI) 

py 
Py 

A 
,, P- , . 

(v-, 
V., VY 
Vy =>=: >=>=: >=>=>=> V. 

ý V. ý , . \A ' 
"' ARBal ARB12 A RB, 3 A pBoý 

FPUME (AJRB, A PBOI => 
*4 RB 

21 

A 

*4 IRD 22 

A 

AiRB23 

A 

A P, 60x 

A 
iRB31 

PLB 
32 

R%B33 PB0x 

0 0 0 1j 

Ap=AT sp In 91' it is easy to verify that JB 

because 
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B) ARB,, ARB, 2 
A RB 

13 A PBOx A 
AAABp ARBBP+A p,, O) Al RB21 R. - n 

RB23 APBo. 
y 

IAAAp, 30s B ARB3 RB32 RB33 A 

0001, 
ý, Ii 

The 4*4 above matrix is called Homogeneous Transformation. 

It allows the use of a simple multiplication matrix operator to represent a vector from A 

to B. Such transformations are useful to write compact equations, but their utilisation in 

calculating coordinates algorithms is not recommended because of the multiplication of 

I and zeros. 

In Summary: 

Homogeneous translations 

-IooS 

Trans(d) =010 
dy 

001d.. 
ýo 00 1) 

Homogeneous Rotations 

ri, ru ro 

Rob = 
r21 r22 r23 0 

r3l r32 r33 0 

000V 

Homogeneous Roto-Translation 

ri, r12 r13 Ch' 

n r22 r. cl, 
AT 

r3l r32 r33 d. - 
000 Ij 
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3.2 Kinematics of a multi-degree-of-freedom system 

The kinematics of a multiple degrees offireedom system concerns the study of the 

geometric properties of the movements of the links in terms of translation, rotation, 

velocity, acceleration and jerk. 

3.2.1 Forward kinematics 

The purpose of the forward kinematics is to calculate the position and orientation of 

the end-effector with respect to a base frame reference. 

The independent parameters are: 

Li = links length 

9, =rotations 

3.2.2 Inverse Kinematics 

The purpose of inverse kinematics is to calculate the rotation of each joint 

corresponding to the position and orientation of the end effector. In general the 

configuration of a multi-degree-of-freedom system can be represented by: 

a) Joint Space (vector of the joint variables) 0 r: 91' 

b) Cartesian Space (position and orientation of the end effector) P EE 91" 

JOINT SPACE CARTESIAN SPACE 

37 



3.3 Kinematic Modelling 

The mathematical tools developed in the previous part can be applied to the kinematic 

modelling of manipulation arms to be treated as a series of rigid bodies connected 

through joints and forming a kinematic structure (see figure 3.6). 

U-91 I at L. Ul 

In order to represent the position and orientation of the end-effector, we attach a coordinate 

frame On-XnynZn to the last link. The location of the coordinate frame is described with 

reference to another frame 00-XOYOZO fixed to the base link. 

Motions of the intermediate joints between the base and the last link cause the end effector 

motion. Thus the end effector location can be determined by investigating the position and 

orientation of each link member in series. By attaching a coordinate frame to each link, 

namely Oi-XiYiZi to link i, we can describe the position and orientation of the above frame 

I The content of this chapter are based on Bergamasco (1994-1995). 
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relative to the previous frame Oi-I-Xi-lYi-lZi-I by a 4x4 matrix describing the 

homogeneous transformation between these frames. The end effector position end 

orientation is then obtained by the consecutive homogeneous transformations from the last 

frame back to the base frame. 

The motion of the joint connecting the two links causes the relative motion of the adjacent 

links. 

There are a total of n joints involved in the manipulation arm consisting of (n+ 1) links. 

We refer to the joint between link i- I and link i as joint i. 

3.3.1 The Denavit-Hartenberg Notation 

The Denavit-Hartenberg (1955) notation is introduced as a systematic method of 

description of the kinematic relationship between a pair of adjacent links. The method 

is based on the 4A matrix representation of rigid body position and orientation. It 

uses a minimum number of parameters to describe completely the kinematic 

relationship. 
In figure 3.7 a pair of adjacent links is shown. We can distinguish the following: 

a) a pair of adjacent links: link i- I and link i; 

b) their associated joints: joint i-1, joint i, joint i+l; 

c) line HiOi is the common normal to joint axes i and i+ 1. 

The relationship between the two links is described by the transformation matrix 

indicating the relative position and orientation of the two coordinate frames attached 

to the two links. 

In the Denavit-Hartenberg notation, the Origin of the (i,,, ) coordinate frame Oi is 

located at the intersection ofjoint axis i+1 and the common normal betweenjoint axis 

i andjoint axis i+1- 

This means that the frame related to link i is at joint i+I rather than at joint L 

The xi axis is directed along the extension line of the common normal, while the zi 

axis is along the joint axis i+l. 
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The yi axis is chosen such that the resultant frame Oj-XjYjZj forms a right hand 

coordinate system. 

I 
/ 

Figure 3.7: Couple ofadjacent links 

The relative location of the two frames can be completely determined by the 

following four parameters: 

ai the length of the common normal; 

di the distance between the Origin Oi- I and the point Hi; 

ai the angle between the joint axis i and the zi axis in the right-hand sense; 

9 the angle between the xi-I axis and the common normal HiOi measured about 

the zi-I axis in the right-hand sense. 

The parameters a, and ai are constant parameters that are determined by the geometry 

of the link: 

ai represents the link length; 

Cti is the twist angle between the two joint axes. 

One of the other two parameters varies as thejoint moves. 

In general the typology of the joints is restricted to: 
I 

revolute joint: allows the rotation of the two links with respect to each other around 

the joint axis; 
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prismatic joint: allows the translation of the two links with respect to each other 

along the joint axis. In the case of a revolute joint, parameter 9, is the variable that 

represents the joint displacement while parameter di is constant. In the case of a 

prismatic joint, on the other hand, parameter di is the variable representing the joint 

displacement, while 9, is constant. 

3.3.2 Kinematic Relationship 

In the following, the kinematic relationship between two adjacent links using the 4A 

matrices is described. The 4A matrix representing the location of frame i relative to 

frame i-I can be determined by considering the associated coordinate transformation 

(see figure 3.8). Let us assume the two frames: 

Oi-Xiyizi fixed to link i 

Oi-l-Xi-lyi-Izi-I fixed to link i- I 

and an intermediate coordinate frame H, - at Hi which is used to made calculations 

joint i 

2ý 

Xi-i 

Figure 3.8: Kinematic relationship between two adjacent links 
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Let xi, x! and xi-I be 4xl position vectors in: 

Oi-xiyizi H, - Oi-i-xi-lyi. lzi. l 

The coordinate transformation from xi to x! is given by: 

x= Aintxi 

where the matrix, 4int represents the transformation matrix between Oi-XiYizi and Oi-l- 

xi-lyi-lzi-l 

1 0 0 a, 

Aint 
0 Cosa, -sina, 0 
0 sin a, cosa, 0 

-0 
0 

similarly, the transformation from x! to xi- I is given by: 

A'-' = A, ntlY 

where: 

cos 0, - sin 9,0 0 

, 
4int =sin 

9, COS9,0 0 
001d, 
000 Ij 

combining the two equations 

.tY, -l = x=A. '"Xi and 
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we obtain 
XI-I = Ail-Ixt 

where 

cos9, -sin9, cosa, sin 9, cos a, a, cos 9, 

A, '-l sin 9, cos9, cosa, -cos9, sina, a, sin9, 
0 sin a, cosa, d, 
0001 

The matrix A" represents the position and orientation of frame i relative to frame i- 

1. The first 3 3xI column vectors contain the direction cosines of the coordinate axes 

of frame i, while the last 3xI column vector represents the position of the origin Oi 

with respect to the frame Oi- I Xi- I Yi- I Zi- I 

3.3.3 Kinematic Equations 

Using the Denavit-Hartenberg notation we express the position and orientation of the 

end-effector as a function ofjoint displacements. 

The displacement of each joint is either angle 9, or distance di depending on the joint 

type. 

With revolute and/or prismatic joints, the chain of n+1 articulated links possesses n 

degrees of freedom, and a set of qI, q23, -... qn of n joint coordinates can be selected as a 

generalised coordinate system for the manipulator. 

Let us define the binary parameter 
0 

ci = 

11 

0 for a revolute jo int 

I for a prismatic joint 
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The ith generalised coordinate can then be written as: 

qj = ii0i + cidi 
ivith 
Z, =1 -ei 

The configuration of the manipulator can then be described by the vector ;7 of 

components ql, q2, --.. qn in the manipulator joint space. 

qj = 9, 

q, = d, 

for a revolute joint and a prismatic joint respectively. 

The position and orientation of link i relative to link i-I is then described as a 
function of qi using the 4A matrix. 

The pursued goal is to describe the position and orientation of the end effector with 

respect to the base frame as a function ofjoint displacements, q,, q2) .... qn. 

The manipulator arm consists of n+l links from the base to the tip, in which relative 
locations of adjacent links are represented by the 4x4 matrices. 

Considering the n consecutive coordinate transformation along the serial linkage, we 

can derive the end-effector location viewed from the base frame. 

The position and orientation of the last link relative to the base frame is given by: 

T= Al'(q, )A2(q2)--A: -' (q#r) 

where T is a 4A matrix representing the position and orientation of the last link with 

reference to the base frame. 

This equation provides the relationship between the last link position and orientation 

and the displacements of all the joints involved in the open kinematic chain. 
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It is referred as the Kinematic Equation of the manipulator arm and governs the 
fundamental kinematic behaviour of the arm. 

3.3.4 Exception to the Denavit-Hartenberg notation rule 
There are several exceptions to the Denavit-Hartenberg rule. For example to define a 

coordinate frame attached to each link, the common non-nal between the two joint 

axes must be determined for the link. However, no such common normals exist for 

the base and the last links, since each of these links has only one joint axis. 
For these two links, the coordinate frames are defined as follows: 

Last link 

The origin of the Coordinate frame can be chosen in any convenient point of the end 

effector. The orientation of the coordinate frame, however, must be determined so 

that the xn axis intersects the last joint axis at a right angle. The angle an shown in 

figure 3.9 is arbitrary. 

1 0- 
K *e 

E, J 

IL,. K 

Figure 3.9: Last link coordinateframe 
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Base Link 

The Origin of the coordinate frame can be chosen at an arbitrary point on the joint 

axis 1; the z. axis must be parallel to the joint axis, while the orientation of the x and 

y axes about the joint axes is arbitrary (see figure 3.10). 

There are other two exceptions related to the intermediate links between the base and 
the last link. 

%I 

i 

-o2. 

lo A 

0 

Figure 3.10: Base link coordinateframe 

When the two joint axes are parallel, the common normal is not univocally 
determined. The choice of the common normal is then arbitrary. 
Usually the common normal passing through 0j., so that the distance di becomes 

zero. 
The other exception concerns prismatic joints. 

For a prismatic joint, only the direction of the joint axis is meaningful, hence the 

position of the joint axis can be chosen arbitrarily. 
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The above notations and basic rules arc cssential background inronnation for 

investigating through a systematic approach on 3D kinematics and arc used In the 

next sections in order to develop a model of the arm. 
It is now interesting to review the rcscarchcrs' attempts made for quantirying the 

workspacc of the human arm. It will be shown that also in this field, because or lack 

of information on the kinematic chain or the arm and particularly on 111c clavicle 

motion, researchers used simplified models to extract information on the motion or 

the cntirc arm. 
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3.4 On the Workspace of the human arm 

'The workspace can be considered the volume within which all points can be reached 
by a reference point of the end effector without considering its orientation' This is the 

definition given by Kumar and Waldron in 1981 talking about manipulation arms. 
Although such a definition is clear, workspace determination and evaluation is, in 

general, a complex and numerically time consuming problem. If all the characteristics 

of the internal workspace are requested, it is possible to use a method in which the 

number of operations is an exponential function of the number of the degrees of 
freedom. This method is based on the calculation of the position of the end effector for 

all combinations of values ofjoint coordinates inside their range of motion. 
The interest this subject is due to the fact that a workspace that can be simulated, 
displayed and manipulated in real time on computer graphics is a useful and efficient 

tool for design and motion planning of mechanical manipulators as well as for analysis 
in ergonomics and architecture. 
Only recently, an increased interest in the human arm has been shown by researchers 

who have modelled it as a geometric variable system. As a result, some techniques 

currently used for workspace detection have been applied for upper limb recording. 
It is evident that a characterization of the workspace of the arm has immediate 

implications in medicine and rehabilitation as well as in ergonomics. 
Although interesting and relevant from a clinical viewpoint, few data are available on 

this subject because of the intrinsic difficulties of measuring all the joint rotations of the 

kinematic chain, particularly the "shoulder complex7. 
It is worth mentioning that not all the attempts consider the real kinematics of the arm 

and therefore do not take into account either the geometry of the bones or the "non- 

visible" joints like the sterno-clavicular and acromioclavicular ones. 

Dempster made a first attempt in 1955 with the design of aircraft cockpits for 

ergonomic purposes. 
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Although not complete, because of the lack of some relevant degrees of freedom, a 

quantitative result of the workspace has been obtained by Benati et al (1980). 

As shown in figure 3.11 the model presented by Benati et al has two degrees of freedom 

at the sternoclavicular joint (abduction and elevation), while the acromioclavicular joint 

and the glenohumeral one are grouped in 3 coincident degrees of freedom. 

2 ql 

sternodikVICU141 q2 

c13 ) 
q4 

humems 

, uln: a/lrad3us 
q6 

Fig. 3.11 Kinematic model of the upper limb (Benati et at 1980) 

Data on human joints limited to the study of single joints or to the shoulder can be 

found also in the works of Engin and Chen (1986) and by Johnson and Gill (1987) 

who, by using the model proposed by Benati et al (1980) modelled the arm as a three 

segment seven degrees-of-freedom mechanism. 

Other studies are due to Engin and Tumer (1989) and by Umek and Lenarcic (1991) 

who studied its properties with respect to the manipulability and kinematic index 

introduced by Yoshikawa (1985) and Angeles (1990) and finally by Kapandj i (1994). 
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All of these studies are characterized by a simplification of the kinematics of the 

"shoulder complex". 
Finally Wang et al (1998), by modelling the motion range of axial rotation of the arm, 

provided additional information to the statistical database proposed by Engin and 
Chen in 1986. Also in this case a simplification has been introduced by considering 
the clavicle-scapula and humerus interaction as a spherical joint. 

It is interesting to note that all the attempts proposed in the literature introduce 

simplifications in order to analyse the motion of the limb because of the difficulty to 

have information on the motion of all the joints of the kinematic chain. 
From the literature review carried out, it clearly emerges that the major advances in the 

quantification of the workspace have been due to investigation in robotics in order to 

optimise the design of robot kinematics. The attempts made in order to transfer such 

knowledge for the evaluation of the human arm have resulted in crude simplifications 

of the model. From the anatomical review carried out it is evident that, neglecting the 

translations occurring at each joint, a complete rotation model of the arm must consider 

13 degrees of freedom, such as: 

*3 degrees of freedom at the stemo-clavicular joint 

*3 degrees of freedom at the acromio, clavicularjoint 

*3 degrees of freedom at the glenohumeral joint 

*2 degrees of freedom at the elbow joint (pronation-supination and flexion- 

extension) 

*2 degrees of freedom at the wrist joint 

It seems also that either the geometry of the skeletal apparatus or the ligamentous 

structures play a fundamental role in the kinematic chain of the arm and although it can 

be agreed that the simplifications introduced by researchers do not affect much the end 

effector trajectories recorded, little is known about the mutual interaction of each joint 

during motion simply because the two kinematic chains are different. Therefore the 
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models previously studied cannot be used for the design of a consistent and complete 
biomechanical kinematic model of the arm which, in turn, hampers the possibility to 

obtain dynamic information from the analysis of the kinematics and muscle real 
behaviour. In this field it seems therefore that the complexity of the "shoulder complex" 
has hampered the birth of complete kinematic models of the human arm. 
For the analysis of the kinematic chain it is convenient to use the Denavit-Hartenberg 

notation in order to decrease the number of parameters (see figure 3.12). 

CL TDINT 

Figure 3.12 Kinematic model of the human arm (A utocad 13) 
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With reference to the above figure and to the notation used, the Denavit Hartenberg 

parameters for the first two joints of the "manipulator" at the SC and AC joints are 

given in table 3.13. 

Link Variable ai (dg,. �, ) al di 

1 01 -90 0 0 

2 02 +90 0 0 

3 03 -90 a3 d3 

4 04 -90 0 0 

5 05 +90 0 0 

6 06 0 a6 d6 

Table 3.13 DHparameters of the chain 

As it will be evidenced in the following Chapters, only very few data are available on 

the motion at the SC joint, therefore the rest of the Thesis will be dedicated to provide 

quantitative data on the clavicle motion. 

It is now interesting to review the techniques used for the recording of human motion in 

order to review the pragmatic difficulties faced by the investigators in quantifying the 

kinematics of the arm. 
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4 Techniques used to monitor joint rotation 

In this Chapter, the techniques to monitor the joint rotations are reviewed. 
Advantages and drawbacks of each technique are extensively treated and the inadequacy 

of the methods proposed for the correct monitoring of "non-visible joints", like the SC, 

AC and clavicle scapula interaction, demonstrated. From the conclusions of the chapter, 
thus clearly emerges the need to have accurate information on the motion of non-visible 
joints in order to predict correctly the behaviour of the arm during motion2. 

As Marchese and Johnson (1997) pointed out, there are basically two approaches which can 
be used to make measurements of limb motion: 

" the direct approach consisting of the analysis of the motion of the bones performed 
through x-ray analysis; 

" the indirect approach performed by attaching transducers or markers on the skin or 

on the areas of well fitting garments which are considered suitable for the 

attachment of equipment. 

It is worth mentioning that improvements in new emerging techniques such as magnetic 

resonance (MRI) or detection of direct proprioceptive information from the body (Pacinian 

corpuscle) would be useful in the future to get information on the spatial position of a limb 

with respect to the body. 

Certainly radiographic or other imaging methods should allow the direct measurement of 
bone movements, but they commonly involve the use of low dose roentgen 

stereophotogrammetric motion pictures of subjects having high-density markers (typically 

small tantalum balls) implanted in the bones. For this reason the direct methods are useless 

2 This review has been re-arranged from a technical report of the European Project "Tremor" presented by 

Marchese and Johnson (1998). 
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in clinical practice and do not comply with the ethical and safety provisions of the 
Declaration of Helsinki. Such methods will be cited in the following section. 

The indirect approach faces the problem of measurement of limb movements by accepting 

the limitations in precision and accuracy imposed by the physical attachments of 

transducers/markers on a non rigid structure (muscles, skin) changing shape and volumes 
during motion. 
There are basically two indirect approaches which can be used to make measurements of 
limb motion: those that are mounted directly to the body and those that sense the movement 

remotely. Although both of them need equipment to be attached to the body (active sensors 

or markers) the latter tend to be optical systems or those that use sonic or electromagnetic 

technology. 

In the following, both indirect approaches will be examined in depth outlining for each 

advantages and drawbacks. The review examines the historical development of the 

measurement methods; the former evolving with the improvements in sensor technology, 

the latter starting with the development of tracking systems used for military purposes to 

more recent equipment for applications in virtual reality scenarios. In addition, specific 

attention is given to differentiate sensor-based technologies by sonic, electromagnetic or 

video camera based systems. 
The simplest device is the goniometer or electro-goniometer, defined as an angle measuring 
instrument, which is attached to a limb segment. Individual goniometers normally measure 

only a single degree of freedom but they may be produced in assemblies to measure 

movement at multiple degree of freedom joints. They may be based on a number of 

technologies but electrical resistance measurement is the most common. While the 

commonest and simplest approach has been to use rotary or linear potentiometers, there can 

be significant practical difficulties when attaching these devices across joints having either 

more than one degree of freedom or a variable centre of rotation (e. g. the glenohumeral 

joint). While assemblies of more than one potentiometer have been used for the 

measurement of joint motion, Chao (1980) has pointed out the difficulties which can arise 

because of the non-commutative nature of finite rotations. A strong limitation the 
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successful use of such devices is represented by their physical size. Gomes et al (1999) 

used a triaxial goniometer for the determination of upper arm orientation demonstrating the 

applicability of gyroscope-based methods for the recording of the shoulder motion. 
Such problems moved the researchers' attention to the development of other designs and, in 

particular to the flexible electrogoniometer. This device, first described by Nicol (1987), 

consists of a thin square flexible beam which has a continuous strain gauge attached along 

pairs of opposite faces. Analysis of the output of these strain gauges reveals that the output 
is proportional to the relative rotation of the two ends, and is independent of deformed 

shape. Although the problem related to alignment has been resolved, the physical size of 

the sensors is big and robustness in state-of-the-art devices does not allow an easy use in 

clinical practice. 

Alternative angular measurements can be made using position transducers in conjunction 

with mechanical systems that convert angular movements to linear displacements. Such 

devices fall into high accuracy oscillator/demodulator types or into potentiometric devices. 

Low cost LVDT devices are precision displacement transducers. The linear variable 
differential transformers are based on the variation in mutual inductance between a primary 

winding and each of the two secondary windings. A signal-conditioning amplifier has to be 

used which adds to the bulk and weight of the transducer system. These devices are 

generally energy-expensive and require mains power (i. e. I 10 V or 220 V). Again their 

physical size does not allow their use in assembly to measure more than one degree of 
freedom. 

Recently Bergamasco et al (1992) developed a new sensor-based device for monitoring 
joint rotation at the level of the hand. Such sensors have been applied to monitor finger 

adduction-abduction movements. They exploit the Hall effect and are miniaturised although 

the permitted range of motion is 45 degrees that is not sufficient to cover the range of 

motion of most of human joints. The operating principle of such sensors is extensively 

described in section 5. 
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4.1 Electromagnetic measurement systems 

These systems, which rely upon the analysis of electromagnetic fields, can measure 6 

degrees of freedom within a single sensor. Measurements are made relative to an axis 

system and origin based in the electromagnetic source, which may or may not be attached 

to the subject. Multiple sensor systems are available. There are two commercially available 

systems, one of which uses low frequency AC magnetic fields while the other uses a pulsed 

DC field. The advantage of the latter is that it is far less susceptible to errors caused by the 

proximity of metal. The receivers of these systems are typically 35 mm. cubes with a mass 

of 20 gm. The transmitter is much heavier but need not be attached to the subject. These 

measurement devices have been used extensively in Virtual Reality applications but also in 

biomechanics. In particular, their use has been reported for the measurement of upper limb 

kinematics. The technology is improving very rapidly in this field, with consequent 

reduction of the size of the transmitter and the receiver (An et al (1988); Johnson and 

Anderson (1990) and Barnett et al (1999)). 

4.2 Camera-based systems 

The use of video/cine cameras is well established in the field of experimental biomechanics 

but is used relatively infrequently in the clinical setting. The one exception is probably its 

use in Gait Analysis in conjunction with force measurement platforms and/or 

electromagnetic signals (emg). Exceptiorm are represented by Wang et al (1996,1998) who 

analysing the upper limb during sport activities, tried to characterise the normal functional 

range of motion of the upper limb during different daily living activities. These systems 

normally rely on the automatic recognition of pre-defined markers attached to the limb 

segments. The markers may either be passive reflective or else active. Infrared lighting is 

frequently used to ensure maximum image contrast. The kinematic data from cameras is 

digitised for post-processing at the end of the experiment. Three or more cameras are 

frequently required, the number depending on the nature and complexity of movement. 
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Three-dimensional reconstruction of image co-ordinates is normally achieved using the 

Direct Linear Transform method. 

Marchese and Johnson (1997) grouped camera-based systems into three main categories: 

1. On-line digitisation of active markers; 
2. On-line digitisation of passive reflective markers; 
3. Post- processing of video data. 

The drawbacks of such systems are the number of cameras to be used in order to cope with 

the problems related to the visibility of the markers, their relative high cost and the time 

necessary to set up an analysis in clinical practice. This has resulted in their poor 

applicability in routine clinical analyses. - 

As repeatedly above mentioned, both the indirect methods must unavoidably cope 

with the attachment of equipment to a non-rigid structure characterised by a variation of 

volumes and shapes with motion and loads applied to the structure. This means that a given 

spatial configuration of the arm can correspond different spatial positions of sensors and 

markers with a consequent error. 

Of all the techniques available, only cinematography, cineradiography, sonic digitizers, 

electromagnetic devices and instrumented linkages offer practical methods for measuring 

general spatial motion. As pointed out by Bergamasco et al (1991), the critical key factor 

that reduces the usability of current technology in this field and in the field of man-machine 
interfaces in general, is the physical size of the mechanical attachment to humans. 

As evidenced in the review of the systems able to monitor limb motion, all the techniques 

reviewed for the monitoring of the upper limb unavoidably face the pragmatic problem of 

measurement. Skin and soft tissue deformation combined with the indeterminate location of 

each joint centre of revolution prevent to determine accurately the relevant variables under 

examination (rotations, speed, etc. ). 
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In this section the indirect methods used to obtain information on the upper limb kinematics 

have been reviewed. The next logical step is therefore to show the results obtained using 
the above measurement systems for the recording of the shoulder motion. 

4.3 The Shoulder Complex 

The interaction between clavicle, scapula, humerus and thorax is called "the shoulder 

complex". It is formed by four independent articulations, the sternoclavicular, 

acromioclavicular, scapulothoracic and glenohumeral joints. Although the scapulothoracic 

articulation cannot be considered ajoint, the elevation of the extremity both in flexion and 
in abduction, at the glenohumeral articulation seems simultaneously accompanied by 

movements occurring in the interaction between scapula and thorax (see figure 4.1). 

Therefore, analysis of the mechanism of the shoulder results in the understanding of the 

sequence of motion, which occurs at its component joints. 

In the following, a chronological literature review to highlight the main features of the 

shoulder kinematics is given. 
The shoulder has attracted the interest of researchers of the 18th Century. Early qualitative 

observations can be found in the works of Duchenne (1867), Cleland (1881) and Cathcart 

(1884) who was the first to introduce the concept of synchronous movements of humerus 

and scapula. Such a concept was extensively shown by Codman (1934) who coined the 

term "the shoulder rhythm" to best describe the combined motion of the two bones. 

Although important, all these studies are not measurement of scapula motion, but only 
descriptive observation of motion. 
Flecker (1929) carried out the first quantitative investigation on the scapula motion during 

the arm movements. He investigated the rotation of scapula in the coronal plane and despite 

the individual variation of the three subjects tested, he identified a trend of motion (figure 

4.2). 
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Sterno-clavicularjoi 

neraljoint 

Acromio-clavicularjoint 

Fig. 4.1: The shoulder complexftontal and dorsal views 

This study was followed one year after by Lockart (1930) who carried out a series of tests 

on normals and pathological subjects with the help of X-rays demonstrating the 

synchronization of motion of scapula and humerus four years before the publication of 

Codman. 
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Figure 4.2: Scapula rotation in the coronalplane (Flecker 1929) 
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By using both roentgenography and the direct insertion of pins into the bones ofa living 
rlý 

subject, Innian et al. (1944) demonstrated that tile elevation of tile extremity, both in 

flexion and in abduction at the glenohunieral Joint is accompanied by simultaneous 

scapulothorac-Ic movements. 

The authors split the scapular motion into two phases: 

0a first phase (from 30 to 60 degrees of elevation) in which the scapula seeks, in 

relationship to the humerus, a precise position of' stability which may be 

obtained in several different ways (see figure 4.3 a, b), 

0a second phase, once 30 degrees of abduction, or 60 degrees of forward flexion 

have been reached, in which the relationship between scapular and humeral 

motion remains remarkably constant (see figures 4.3) a, b). 
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Figure 4.3 a: Inman's spino-humeral angle during abduction (1944) 
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Figure 4.3 b Inman's spino-hutneral angle infonvard. flexion (1944) 

Thereafter they suggest a ratio of two of humeral to one of scapular motion; and thus 

between 30 and 170 degrees of elevation, for every 15 degrees of motion, 10 degrees 

occurs at the glenohumeral joint, and 5 degrees by rotation of the scapula on the thorax. As 

this ratio pertains, it is evident that the total range of scapular motion is not more than 60 

degrees, and that of the glenohumeral joint not greater than 120 degrees. 

In the same paper, Inman provides information on the clavicular rotation in the coronal 

plane during abduction and forward flexion of the arm and emphasizes the crucial role of 

the axial rotation occurring at the sterno-clavicular articulation. 
His results are shown in figures 4.4 a and 4.4 b. 
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Figure 4.4 a: Clavicular abduction (Inman 1944) 
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Figure 4.4 b: Clavicle axial rotation (Inman 1944) 

Additionally, information on the motion occurring at the acromio-clavicularjoint are given. 
With reference to figure 4.5, the author calls the motion occurring at the acromion -spino- 

clavicular angle" defined as the angle between the spine of scapula and a straight line 

connecting the stemo-clavicular to the acromio-clavicular angle. It is interesting to note that 

already in the 1944, preliminary features of all the articulations involved are outlined. It is, 

indeed, the first paper in which the scapular spatial position is considered as the result of 

two combined rotations: one occurring at the sternoclavicularjoint and the other one at the 

acromioclavicular articulation (see figure 4.5). 
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Figure 4.5:, Spino-clavicular angle in the coronal plane (Inman 1944) 

Citing the authors: 
"Clavicular motion is more complicated than has been hitherto suspected. The 

continuous rotation ofthe scapula on the thoracic wall during elevation (? fthe ex1remity 

is only possible because of the motion permitted at the two clavicularjoints". 

Although Inman did not provide detailed information on the method used to perform 

the tests, it is the first attempt in which infort-nation on the shoulder complex as a 

kinematic chain is given. The author gives a pragmatic demonstration of the motion 

occurring at the acromio-clavicularjoints presenting two case studies in a publication of 

1946 (Inman and Saunders) in which, because of traumatic injuries occurring at the 

acromio-clavicular joint of two subjects, a reduction of the arm range of motion (ROM) 

together with discomfort at the sterno-clavicular joint was noticed. He stated: 

"... From the observations it is clear that apart ftom serving as a link in the pectoral 

girdle, the fundamental and most important function of the clavicle is related to the 

existence of its curvatures. It is these curves, especially the lateral, which bring this 

bone into relationship with the scapula and indeed are responsiblefor the necessary 

fteedom which the scapula must possess to provide the niceties ofrhythm which are so 

characteristic of shoulder movement ". 
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It is worth mentioning, that although the author points out clearly that the 
functionalities of the entire complex are affected by the geometry of the clavicle and 

that any modification to such geometry are promptly reflected in the change of the total 

ROM of the arm, ali the future studies mainly focussed on the scapula, model the 

clavicle, as a straight line between the SC and AC joints. 

Fisk (1944) in the same period carried out another study on the scapula by performing 

an X-Rays analysis of the bone at a number of positions during elevation and internal- 

external rotation. From the images, by measuring the apparent change of dimension of 

scapula in the coronal plane, he studied both the lateral rotation in the coronal plane and 

the rotation in the sagittal plane. Here a preliminary evidence of the 3 diffiensional 

nature of scapula motion has been presented. Although such evidence has been 

reiterated by Saha (1950) who strongly pointed out that the scapula plane (defined as 

the plane that is obtained with a cross section of the scapula containing its widest 

surface) was not fixed during motion, such findings have been nearly ignored by many 

authors who continued to quantify motion through analyses performed in a single plane. 

Moreover, as already mentioned, researchers focussed their attention on the scapula 

motion, treating the bone as if it was completely disconnected by the rest of the 

kinematic chain of the arm. 
In 1956, Jones studied scapular motion during abduction-adduction through an X-Rays 

analysis (see figure 4.6). Either the "setting phase" or the ratio scapula-humerus 

motions are similar to those ones measured by Inman. 
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Figure 4.6: Lateral rotation ofscapula during abduction (Jones, 1956) 

The importance of the movement occurring at the SC and AC joints has been reiterated 
by Conway in 1961 who developed two simple apparatuses based on angular 

goniometers to measure starting angles at SC and AC versus humerus abduction. The 

measurements obtained by the examination of 60 subjects have shown a third degree of 
fi-eedorn occurring at the SC joint (the posterior one): " the clavicle at the sterno 

clavicularjoint has a posterior and superior movement during elevation. The superior 

movement is greater in amount than the posterior movement ". The author presents data 

in the form of a table giving the range of motion occurring at the two joints as measured 
in female and male subjects. No data were given in relation to humeral motion or the 

axial rotation of the clavicle. 
A summary of his findings regarding clavicle motion is given in the following table: 

Clavicle motion (degrees) Pro-retraction Abduction-adduction 

SC 10-17 20-30 

AC 8-10 8 

Table 4.1: Average values of motion at the Sterno-clavicular and Acromio-clavicularjoints 

(Conway 1961) 
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Other two dimensional radiographic studies have been carried out by Freedman and 

Munro (1966) who, by examining 52 right male shoulders through an X-ray analysis 

performed at angles of abduction of 0,45,90,135 degrees and maximum abduction, 
did not observe the setting phase described by Inman. Instead they found a linear 

relationship between scapula lateral rotation and humeral abduction (see figure 4.7). 

Groot (1996) strongly questioned the possibility of comparison of the above 

radiographic studies demonstrating that because of the different alignment of the film, a 

projection effect is introduced with a considerable parallax error. He stated that the 

inaccuracy was caused by the uncontrolled variability of scapula orientations with 

respect to the camera and by the problems of landmark recognition in the X-ray images. 
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Figure 4.7: Lateral rotation ofscapula during arm abduction (Freedman and Munro 1966) 

Another two dimensional non-invasive technique has been used by Doody et aL 

(1970b) to study scapular motion in relation to humeral motion. Using a "scapulo- 

hurneral goniometer" they studied abduction in the scapula plane. Their results 

evidence a non-linear relationship between scapular and humeral motion. 

A further study, carried out by Poppen and Walker (1976) using the X-ray technique, 

showed results in accordance with those of Freedman and Munro. 

In 1978, Dvir and Berme developed a qualitative kinematic model of the shoulder 

complex in elevation measuring the rotation of scapula from coronal radiographs at 
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each 15 degrees of humeral abduction. Using such data together with data previously 

published, they modelled clavicle and scapula motion using a mechanism approach and 

provided data for the coordinates of the root of the scapular spine. Data are given 

throughout a range motion from 0 to 180 degrees at increments of 15 degrees. In 

constructing their model, as pointed out by the authors: "... use was made of the 

following relevantfindings: ... the clavicle has two modes of motion. The initial rotation 

about an anterior-posterior axis through the sterno-clavic ularjoint.... follo wed by a 

second rotation along the long axis of the bone... " and although the third degree of 
fi-eedom at the sterno-clavicular joint is not accounted, they found two distinguished 

phases of motion: "... the initial phase of elevation is strongly dependent on the 

scapulolhoracic and acromioclavicular joint, while the later phase of the motion 
becomes more dependent on the gleno-humeral and acromio-clavicularjoinis". 
Another non-invasive technique was presented by Ito (1980), who developed a system 

using two potentiometers attached at the scapula spine and the upper arm respectively. 
The results obtained are shown and compared to those of Freedman and Munro in 

figure 4.8. Scapular rotations are smaller with respect to those presented in previous 

studies probably because of the relative motion between skin and point of attachment of 

the transducers. 
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Figure 4.8: Scapular rotation during humeral abduction (Ito 1980) 

67 

0 20 40 50 70 88 100 120 130 168 



Although the three-dimensional nature of clavicle-scapula motion was described by 

Inman, discovered by Fisk in 1944 and reiterated by Saha (1950), the first attempt to 

quantify a three dimensional scapular and clavicular motion took place only in 1982 

with the study of Wallace and Johnson (1982) who used two X-ray sources to perform 

tests in the sagittal and coronal planes respectively. The results were presented as 

projections onto three orthogonal views; an anterior-posterior view (front to back), plan 

view and lateral view. The results shown in figure 4.9a, b, c, evidence again the motion 

of the clavicle that must be taken into account in quantifying the motion of the bones. 
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Figure 4.9a: Rotations ofscapula and clavicle (Wallace and Johnson 1982) 
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Figure 4.9b: Rotations ofscapula and clavicle (Wallace and Johnson 1982) 
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Figure 4.9c: Rotations ofscapula and clavicle (Wallace and. Johnson 1982) 

In the same period, Engin (1980), Engin et al. (1984), Engin and Chen (1986) presented 

a research program for determining the three-dimensional passive resistive joint 

properties beyond the shoulder complex sinus. This research has provided a shoulder 

model with quantitative descriptions of the individual joint sinus cones. The technique 

proposed is a sonic digitising technique consisting of the assembly of sonic emitters to 

the torso and to the arm cuff respectively. A redundant arrangement of sensors together 

with selection and optimisation criteria has been used to process the data. Although this 

study represents an improved description of the shoulder, the model does not provide 
information on the simultaneous motions of the shoulder bones in that sterno-clavicular 

and acrornioclavicular motion are not accounted for. 

In 1987, another program was developed by Hogfors et al. who used optimisation 

techniques to predict the forces in the muscles, modelled as straight or curved strings, as 
functions of the static arm position and the external loads. From a kinematic point of view, 

the program is interesting because it was validated with in vivo data in 1991 with the use of 

implants in the bones of small tantalium balls together with X Ray analysis. Although this 

program deals with force prediction in muscles, the author, using the above described 

technique, demonstrated that while the absolute position of the bones varies significantly 

between individuals, their relative displacements exhibit similarities and consistently the 

rhythm was very stable and insensitive to small hand-loads. 
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In 1989 Engin and Turner proposed a new Intercsting roodel shown i, l f-it gures 4.1 Oa and b, 

which represented the shOUlder complex as a serial chain ot'links and revolute. joint. Links 

have been defined as straight lines between two neighbouring articulating joints. Thus tile 

clavicular link is a straight line between the sternoclavicular Joint and the acronlio- 

clavicular one. 
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Fig. 4.1 Oa: Anatomical model of the shoulder complex (Engin and Tioner 1989) 
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Fig. 4.1 Ob: Biomechanical model of the shoulder complex (Engin and Tutner 1989) 

The model treats the shoulder complex as a nine-degree-of-freedom open chain mechanism 

where it is possible to identify: a sternoclavicular universal joint (two degrees of freedoni) 

and a clavicular sleeve joint (one degree offreedom)-, a claviscapular universal joint and a 
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scapular sleeve joint; a glenohumeral universal joint and a hurnerai sl, --, --N'e joint. This model 

seems to be consistent with the real in-vivo model assuming to neglect tile translations 

occuring at each joint. Nevertheless in the determination of the joints sinus cones, the 

geometry of the clavicle joint is not accounted for and the method Litilises a database 

previously developed on specimen together with an opilmisation model. No proper in vivo 

validation study is given. 
The difficulties in the study of shoulder kinematics pushed researchers to investigate 

dynamics applying computer-assisted dynamical Studies combined with finite element 

analysis methods and various optirnisation criteria. 

As a result of the improved performances of motion control systems and of the lesser 

popularity of radiographic techniques, the application of non-invasive methods became 

prevalent. In 1989 Pronk and van der Helm carried out a study on the role of the 

coracoclavicular mechanism, in the motion pattern between scapula and clavicle. 
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x 

Figure 4.11: Definition of global and local coordinate systems (Pronk van der Helm / 989) 
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It is worth mentioning that the authors realised the importance of the clavicle ligamentous 

structure in the kinematic behaviour of the shoulder complex. 

Although the palpation technique used is not described in depth, with rvference to the 

global coordinate system fixed at the Incisura Jugularis (IJ) and local coordinate systems 
fixed to the scapula (xsys, z, ) and to the clavicle (xc, y,, Z, ) respectively shown in figure 4.11, 

the rotations of clavicle and scapula are given in a polynomial form. 

The results are shown in figure 4.12ab and 4.13 a, b where the rotations of scapula and 

clavicle are described as rotations in the local coordinate systems in the sequence Y, z, x, 

and Y, z,, x, respectively and are expressed as polynomial functions of the humerus during 

forward flexion and abduction. 
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Figure 4.12a: Scapular rotations (Pronk and van der Heim / 989) 
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Figure 4.12b: Scapular rotations (Pronk and van der Helm 1989) 
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Figure 4.13a: Clavicle rotations (Pronk and van der Helm 1989) 
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Figure 4.13b: Clavicle rotations (Pronk and van der Helm 1989) 

Despite the authors having given information on the clavicle motion, they did not measure 

either the clavicle axial rotation or the acromio-clavicular motion. 

In 1991 the same authors presented the palpation technique, briefly anticipated in 1989, 

consisting of an open chain mechanism, for detection of scapular motion "the palpator". 
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The device was equipped with potentiometers at each joint and was used to palpate specific 

anatomical points located at the level of the scapula. Seven anatomical landmarks were 

0 30 60 90 120 150 

identified around the shoulder of eighteen subjects. Their results are shown in figure 4.14. 
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Figure 4.14: Scapular rotations (Pronk and van der Helm / 99 1) 

Only in 1993, Pronk et al, by using both palpation method and a biornechanical shoulder 

model, measured the three dimensional rotations of scapula and clavicle. It is interesting to 

note that the authors through the palpation technique cannot measure the clavicle axial 

rotation and the acromio-clavicular rotations. 

They use a musculoskeletal model, which imposes additional constraint to the motion. In 

fact a contact between scapula and thorax (modelled as an ellipsoid) is imposed together 

with a minimization of the rotations at the acromio-clavicular joint. 

The clavicle motion, measured during arm abduction is shown in figures 4.15,4.16,4.17. 
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Figure 4.15: Clavicle pro-retraction (Pronketal 1993) 
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Figure 4.16: Clavicle elevation-depression (Pronk et al 1993) 
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Figure 4.17: Clavicle axial rotation (Pronk et al 1993) 
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The sequence of motion is again Y, Z, and X", and the acromio-clavicular motion is 

shown in figures 4.18,4.19,4.20. 
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Figure 4.18: Acromio-clavicular pro-retraction (Pronk el al / 993) 
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Figure 4.19: Acromio-clavicular elevation-depression (Pronk et al 1993) 
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Figure 4.20: Acromio-clavicular axial rotation (Pronk et al / 993) 

Although the complete comparison with data shown by other authors is hampered because 

of the different reference fi-ames, it is interesting to note some remarkable differences 

between the data shown by Inman and by Pronk concerning the acromio-clavicular 

movements. While Inman pointed out the importance of the acrornio-clavicularjoint in the 

motion pattern between clavicle and scapula showing a motion of 15 degrees in the early 

phase of the arm abduction (from 0 to 30 degrees) and of approx. 15 degrees in the last 

phase (from 130 to 180 degrees), Pronk shows a model in which the elevation at the 

acromion is close to zero degrees. 

it is evident that such a result is due to the optimisation technique used within the 

musculoskeletal model proposed which greatly affects either the axial rotation or the 

acromio-clavicular rotations and it is in open contrast with the results shown by Inman 

(1944) and Conway (1961). Moreover the palpation of seven landmarks, necessary to 

achieve information on a single position, is time consuming and induces fatigue in subjects. 

To overcome these problems related to scapula motion, Johnson et al. in 1993 developed a 

new technique based on a six-degree-of-freedom electromagnetic system equipped with a 

receiver mounted close to the sternum and with a transmitter assembled to an adjustable 

three legged mechanical fixture used to palpate the anatomical landmarks of the scapula. 

Such a system is extremely versatile and it is not affected by errors due to the change of 
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subject positions since its reference frame is located "on board" at the sternum level. A 

comparison between the rotations measured by Johnson and Pronk is given in figure 4.21. 
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Figure 4.21: Rotations ofscapula measured by Johnson (1991) and b, v Pronk (1993) 

Although the shoulder rhythm was investigated by other authors like Badler et al. 

(1993) who, by applying statistical results, tried to formulate the clavicular and scapular 

elevations as functions of the humeral abduction, their relationships only apply for a 

given motion and are not sufficient to describe realistically the complex motion of the 

shoulder. A complete dynamic shoulder model has been finally suggested by van der 

Heim by means of the finite element method in 1994. In this approach, the bones were 

modelled, as usual, as rigid segments connected by ball and socket joints. The specific 

scapulo-thoracic joint was modelled as a triangular structure constrained in contact on an 

ellipsoid. All muscles and ligaments were taken into account and modelled as straight or 

curved lines of action between their connections on the bones. A previous analysis had 

provided a discretization method for the modelling of muscles with large attachment 

sites. Geometrical and mechanical parameters were also collected to enable the 

kinematic and dynamic analysis of the shoulder. From this analysis, a further step in 

human shoulder description has been established by van der Heim and Pronk (1995) and 

validated, where possible, on the basis of anatomical, practical, minimization criteria and 

experimental results. Kinematic data therefore appear on the movement of the shoulder 
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complex in a limited subset of the workspace and it is interesting to notice that again, the 

rotations of the "virtual clavicle" (which connects with a line the Incisura-Jugularis (IJ) 

and the acrornio-clavicular (AC) joint) are estimated imposing a minimization of the 

rotations in the AC joint and differ consistently that one estimated by Conway (1961) 

and Inman (1944). The authors point out that the axial rotation of the clav., cle cannot be 

recorded with the system proposed. 

It is worth mentioning that the difficulties encountered in the quantification of 

shoulder kinematics, particularly in the movement of scapula and clavicle has led 

researchers to switch to dynamic analyses with the introduction of complex methods of 

calculation. Some simplifications have been therefore introduced particularly in the 

geometry and consequent range of motion of the clavicle, which has always been treated 

as a straightforward line connecting the sterno-clavicular SC to AC joint. Of course, as 

pointed out by Inman (1946), the geometry of the bone plays an important role either 
from the kinematic point of view, because it affects the real movement of the entire arm, 

or from a dynamic one, because its surface acts as an important site for muscle 

attachment. These geometric properties, in all the previous studies mentioned, have 

never been taken into account. 
Another interesting fact, which represents a leitmotiv of all these studies, is that the 

experimental data has been obtained in a very limited workspace and not always a 

proper statistical analysis has been conducted in order to extrapolate the results. 
In 1996 Barnett, using the same technique developed by Johnson, modelled the 

scapula as a six-degree-of-freedom and quantified its motion in a subset of the 

workspace of the human arm. Data have been extracted from an extensive validation 

study and by applying a proper statistical analysis. Scapular rotations are presented as 

surface functions of the humeral motion in a subset of the workspace. The data shown 
by Barnett are well in accordance with the data shown by Pronk (see figure 4.22a, b, c). 
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Figure 4.22 cScapular rotations comparison between the work of Pronk (1991) and Barnett (1996) 
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Barnett, following the approach of preceding authors, has considered the scapula as a 

rigid body possessing six degrees of freedom, virtually disconnecting the bone from the 

kinematic chain of the arm. His results must therefore be used looking at the constraints 
imposed the scapula by the attached links and joints. Also in this study clavicle 

movements are not considered. 
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4.4 Summary of the Relevant Findings 

The shoulder complex has been object of intense study and research. The complex 

motion interaction between scapula, clavicle and humerus pushed researchers to apply 

different techniques for motion analysis. 
In figure 4.23, the historical evolution from the qualitative studies of the 18 th and early 

I 9th century, to the different techniques used to quantify the motion of the scapula is 

shown. As can be noted, scapula has indeed received the most attention from 

researchers. 
The most relevant findings are undoubtedly the 3D features of the scapula motion and 

the constant relationship between scapula and humerus called "the shoulder rhythm". 

Despite the kinematics of the shoulder was finally presented in 1993 by Pronk and van 

der Helm, as far as the kinematics of the entire complex is concerned, few data are 

given about the motion of the clavicle at the sterno-clavicular joint. In fact, the 

geometry of the bone is not accounted for and its axial rotation calculated by an 

optimisation technique that minimizes the motion at the acromio-clavicular joint and 

constrained the scapula to rotate on the thorax wall. Such data are not consistent with 

the data shown by Inman who stressed the importance of the clavicle in the harmonious 

motion of the bones. What has been suggested by Inman in 1946 and reiterated by Saha 

in 1950 was an investigation on the clavi-scapulo-humeral rhythm which could be a 

more accurate definition of shoulder kinematics. From many of the studies carried out, 

the importance of the SC and AC joints in the motion pattern between scapula and 

humerus is clearly stated. In fact scapular rotation can be obviously seen as a sum of 

rotations occurred at the proximal bone (the clavicle). Probably because of the 

difficulties encountered by researchers in quantifying on "in vivo subjects" clavicle 

kinematics, a main focus has been given to the scapula rotation with a very poor 

attention to the kinematic assessment of the clavicle motion. 

The historical challenges are summarised in figure 4.23 where it is highlighted how 

researchers' efforts have been concentrated mainly on the scapula motion. 
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Figure 4.23: Historical studies of the shoulder complex 

Therefore, despite the extensive research carried out, the kinematics of the clavicle still 

hides its main features, which, in turn, being the clavicle the first bone of the kinematic 

chain of the arm, means a lack of information on the motion of the entire arm. 
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5 Materials and Methods 

In the previous chapter, it has been shown that currently available techniques do not 

allow the monitoring of multi-degree-of-freedom joints like the shoulder complex. 
The most affecting constraint is represented by the allowed surfaces of the body 

where sensitive apparatuses must be attached for proper recording. The miniaturised 

size of markers or of active devices is therefore a pre-requisite to attach them to 
humans. 

The motion of the clavicle is completely hidden by skin and soft tissues, therefore this 

section aims at exploiting any possible methodological approach for the design of a 
kinematic structure to be positioned close to the subject and capable of providing 
information that can be converted through an algorithm in the three rotations of the 

clavicle. It is demonstrated that in order to approach the problem correctly it has been 

necessary to dedicate considerable efforts to the design and development of new 

miniaturised sensors whose small size would allow their assembly in a kinematic 

arrangement in order to provide information on invisible joints. 

Therefore, using the new sensors developed, the clavicle, which is probably the most 
difficult bone to be recorded on an in vivo sub ect, has been addressed for the 

research designing and developing the "'clavicle movement detector". 

All the phases of design, development and necessary improvements of the sensors 

and of the detector developed are described in the present Chapter. 

5.1 Preliminary design steps 

As previously shown, few data are available on the movement of the clavicle. Some 

information can be found in the work of Inman (1944), who pointed out the crucial 
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role of the axial rotation of the bone. This rotation is caused by the marked curvature 

of the outer third of the clavicle and by the spatial position of the inner third of the 

bone. 

The preliminary idea for the development of a device capable of monitoring the SC 

joint has been suggested by Inman's words (1944): "... Because of the marked 

curvature of the outer third of the clavicle, we could envisage a relative elongation of 
the coracoclavicular ligament, only by the clavicle rotating on its long axis, so as to 

allow this curvature to act as a crankshaft'. 
The kinematic model proposed exploits the above geometric characteristics of the 

clavicle in order to extract information on its three rotations. The bone has been 

modelled as a crankshaft possessing three degrees of freedom located in the centre of 
the sterno-clavicular articulation. 

In this configuration the problem is still unresolved because the axial rotation is not 

visible. Moreover, the volumes surrounding the sternum do not allow either the 

positioning of sensors and markers or their arrangement in a complex kinematic 

chain. Therefore the main questions still remain: "Is it possible to arrange a kinematic 

chain in order to have information on the axial rotation of the joint? Are the volumes 

located close to sternum sufficient to integrate such kinematic structure? Is it possible 

to use existing sensor devices? 

With reference to figure 5.0, the axial rotation of the clavicle 03 can be expressed as a 

function of 01 and 02 and if we assume two sensors located along the abduction- 

adduction axis and maintaining the contact with the inner and outer third of the 

clavicle respectively, we can say that: 

if 

01ý02 :* OY"O 

and if 
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0 P'-O 2 7* 0 3: 1`0 

where, in the last case 03ýf(O 1,02, R, b) 

The above equation will be examined in depth later in this chapter. 

Azimuth rolation 

Sterno-clavicularjoini 

Fig. 5.0: Model qf the clavicle 

With reference to figure 5.0 it seems possible to find a sensor arrangement that can 

provide information on the clavicle motion. The most difficult problem to be 

addressed is the design of a miniaturised kinematic structure that can be interfaced in 

a way to allow the monitoring of the three degrees of fi-eedom of the SC joint. In 

order to highlight the main requirements of the sensors and of the mechanical 

structure, a study on the definition of the interface characteristics of the device has 

been carried out. As shown in figure 5.1, the most difficult part is the proper 

positioning of the rotation axis of the device coincident with the azimuth anatomical 

axis. This problem is represented by the proper monitoring of the pro-retraction 
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movement (rotation along the azimuth axis), because of the physical presence of the 

body that prevents location of devices in the proximity of the joint. 

In particular the device to be aligned to the anatomical axis (pro-retraction) should be 

designed in a way to have its axis very close to a side of the device in order to avoid 
interference with the subject's neck (see figure 5.1 ). 

With reference to the literature research carried out in Chapter 4, it is clear that the 

sizes of state-of-the-art devices commonly used to measurejoint rotation prevent their 

use in this case. Therefore, in order to proceed with the development of a multi- 
degree of fi-eedom kinematic structure, it was necessary to dedicate a considerable 

effort to the development of a miniaturised sensor, whose technical characteristics 

can fulfil the specifications proposed. 

Sensorized lnleýference area 

Clavicle 

uth rotation axis 

Fig. 5.1: Allowed volumes surrounding the sterno-clavicularjoint 

An intense phase of design has therefore been dedicated to the design and 
development of new miniaturised electro-goniometers whose development phases 

will be extensively treated in the next section. 
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5.2 Sensor Development 

In the development of a new measurement system it is necessary to follow strictly 
design steps able to characterise the device to be developed. With reference to figure 

5.2 the phases of development are described: 

a) a design phase in which the technical specifications of the device are specified; 
b) a choice of the technology able to satisfy the main requirements; 

c) a characterisation of the sensor components; 

Design phase 

Choice of technology I-I Characterisation of the electronic 

components of the device 

Simulation Design and Manufacturing of the prototype 

Testing Phase 

Fig. 5.2 Development phases ofthe sensorized device 

d) a phase of simulation, design and manufacturing in which a first prototype has been 

manufactured; 

e) a testing phase able to characterise the first prototype and to compare the results with the 

simulation curve previously obtained. 
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5.3 Design phase 

The more restrictive constraint for a proper recording of the movements on subjects 

through any indirect method relates to the allowed volumes to locate passive or active 
devices. In the case of the clavicle, because of its anatomical position in the body and the 

small size of the bone, the interface of passive or active devices for the proper localisation 

and recording of the 3 degrees of freedom located at the SC joint is a difficult task. State of 

the art technology, as shown in chapter 4, is inadequate to solve the problem because the 

size of either sensor or passive devices does not allow an arrangement suitable for our 

purposes. 
Therefore it was decided to consider the possibility to develop a new miniaturized sensor 

capable to record angular rotations and to arrange it in a kinematic chain that can record the 

3 degrees of freedom at the SC joint. After having carefully reviewed the technologies 

available, the most attractive seemed to be that one exploiting the Hall effect because of its 

higher possibility of miniaturization. Such devices have been improved in the last ten years 

and are available as electronic devices equipped with an integrated amplification of the 

signal and intrinsic compensation for temperature drifting. These characteristics make the 

difference between potentiometric devices which do not allow a great miniaturization and 

are not protected against temperature drifting. 

The Hall effect, discovered by E. H. Hall in 1879, consists of the generation of a difference 

in electric potential between the sides of a conductor or semiconductor through which a 

current is flowing while in a magnetic field perpendicular to the current. 
Among the different devices available on the market, that one combining smaller size and 

pre-amplification features has been chosen and tested. 

In broad terms, the sensors, sketched in figure 5.3a, are made by: an electronic device (a) 

capable to give a signal proportional to the magnetic field generated by a magnet (b) where 

the output varies with the displacement of the magnet and the gap between the magnet and 

the sensor. The output is a bell shape curve that can be exploited in its linear zone. The 
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displacement of' the magnet can occur in two directions: I lead-on" when the movement is 

along the perpendicular axis to electronic device, and "Slide-by" wlicil the movement is 

parallel to the device. The electronic device is sensitive to both movements varying its 

output voltage. The output of the device is a function of the displacement ofthe maonct on 

it. 

I lead-on (b) Magnet 

(iap 
ýSlide-by 

(a) Electronic device 

Ill ý1 gII ct 
'HollIc (ICVICC 

re of' sensitivit) 

Figure 5.3a: Hall, ýffect Device Figure 5.3b: Wot-king Pi-inciple 

The main idea is to exploit the sensor characteristics in order to design a rotating device by 

imposing the movement of the magnet on a cirCLI111ference of fixed radius as sketched in 

fi(', Lire 5.33b. 

The magnet is constrained by a mechanical arrangement to rotate on a circumference of 

fixed radius with respect to the centre of sensitivity of the sensor. 

The transducer input is the angular position of the magnet with respect to the centre of 

sensitivity of the sensor. It is therefore necessary to find the relationship between the input 

variable cc and the output of the electronic device. 

In order to characterise the behaviour of the device it is necessary to obtain the output of 

the sensor versus the angle (x covered by the magnet for a fixed radius and for a fixed gap. 

A purpose ly-conce ived bench test has been set tip in order to characterise the sensor 

behaviour. The first step was the design of a testing device whose mechanical drawing of 

the testing device is shown in figure 5.4. 
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I) 

Figure 5A Mechanical drawing of the testing device 

In this figure, a three-degree-of- freedom device possessing two adjustable linear axes and a 

rotating one has been designed and manufactured. The electronic device (sensitive element) 

is positioned on a linear axis that can be moved by the screw (C) in order to position the 

centre of sensitivity of the sensor on a fixed radius R with respect to the centre of rotation 

of the member (D). The magnet is glued on an alLiMinium plate (A) on the same radius R. 

The distance between the aluminium plate (A) and the Hall effect sensor (E) can be varied 

by introducing calibrated spacers (F). 

The sensor behaviour has been characterised by rotating the magnet, which is rigidly linked 

to the member (D). Different trials at different radii with respect to the centre of sensitivity 

of the Hall effect sensor have been performed. 

The results obtained are shown in figure 5.5, where the output is plotted versus the rotating 

angle a. Different sensors have been tested changing the gap between the magnet and the 
ZD 

sensor. 
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Figure 5.5: Characterization of the Hall effect sensor 

As is shown in the above figure, the magnetic field generated loses its effect after 

approximately 40 degrees where the sensor output becomes a constant function of the 

supply voltage (6 Volts). The two bell shape curves show a linear range between 10 and 35 

degrees. As it can be noted, the linear useful range of the sensor is 25 degrees. In order to 

obtain a rotating device able to cover the range of motion of most of the human joints it is 

necessary to expand coherently such a range. 

The next section will deal with the design steps, which have lead to obtain a sensor capable 

to monitor a range of 180 degrees. 

5.4 Sensor modelling 

In order to obtain an enlarged linear area of the curve a simulation aimed at determining 

the angular distance between two magnets positioned at the same radius and arranged in a 
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way to provide a linear behaviour has been carried out. The magnets are located in a way to 

present their side north and south respectively (see figure 5.6). 

The simulation consists in mirroring the curves due to the reverse polarity magnet against 

an ideal axis (parallel to the y axis of figure 5.5) whose x position is optimised in order to 

obtain a linear output from the combination of the two curves. 

magnet S/N 

magnet N/S 
N" 

et 
Electronic device 

UUU 'Centre of sensitivity 

Figure 5.6: Arrangement of two magnets placed on a radius R at an angular distance alpha 

A simulation of the sensor behaviour with an arrangement of two magnets placed at a 

radius of 4 mm at an angular distance of 81 degrees with a comparison with the real 

behaviour of the sensor are given in figure 5.7. 
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Figure 5.7: Comparison between the experimental and simulated curve 
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Figure 5.8: Photograph ofthe Mechanical Fixture used to characterize the sensors 

The complete bench test is shown in figure 5.8 and 5.9, in which an electronics acquisition 
board has been interfaced to the sensors and to a portable PC. The calibration mechanical 
fixture containing the magnets can be manually rotated with respect to the Hall effect 

sensors and the signal acquired at each degree of rotation. 

1', 

je- mramwwm 
. .. -.. - .. u. 

Figure 5.9: Bench Test 
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5.5 Mechanical Design of a rotating device 

At this stage of development, the experiments carried out exploiting the Hall effect 

technology have shown high possibilities of miniaturisation and therefore a further design 

step has been dedicated to the development of the first prototype. A method was achieved 

to expand a linear range to approximately 70 degrees using a simple device, possessing an 

output already amplified. However, a general-purpose device to be used to monitor human 

joint rotation must possess at least a range of motion of 180 degrees. The challenge design 

was, therefore, to expand the above range using a mechanical ratio of 1/3 trying to avoid 

losing the potential performances of the device on accuracy and repeatability. 

on the basis of the above consideration, an extensive design phase has been carried out. 

which has led to a first series of sensors. 

The assembly drawing of the first sensor developed is shown in figure 5.10. 

5 

4 

6 

Figure 5.10: Mechanical drawing of the I" prototype sensor 

Figure 5.10, shows a central output shaft I whose angular rotation is transmitted by the 

satellite gear 2 to the mechanical element 3. The mechanical transmission is made by 
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friction between the elements 1,2, and 3 of the chain. The two magnets 4 are embedded in 

3 and can rotate around the output shaft axis. Their rotation provides a change in the output 

of sensor 5 proportional to the angular rotation. 
With this mechanical configuration, because of the mechanical transmission performed 

through a satellite gear, the maximum reduction ratio within the minimum volumes has 

been obtained. On the other hand, since the mechanical transmission is performed through 

friction, a very high dimensional precision is required between the elements 1,2,3,6 ofthe 

chain. After a short amount of tests it became evident that the mechanical transmission 

performed by friction did not guarantee a repeatable angular movement. 
It was therefore decided to use a mechanical transmission based on miniaturised gears with 

a ratio of 1/3. With reference to figure 5.11 a, the output shaft (6) has been moved to a side 

of the mechanical structure. Two pairs of gears have been used. On gear (8), two magnets 
(13) are glued presenting a reverse polarity to the sensor (12) assembled on the inferior 

plate (2). A miniaturised spring-based system has been chosen in order to avoid backlash 

between the gears, which could have reduced the accuracy of the sensor. 
This configuration has permitted a small external dimension of the sensors (20x I Ox 14 mm), 

which allows an easier integration in assemblies. 

Figure 5.11 a: 2dprototype sensor 
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An important mechanical feature is the position of the output shaft 6, which allows, as it is 

reported in the next section, to locate the main axes of the sterno-clavicular detector 

coincident with the anatomical axes of the sterno-clavicular joint. 

A sensor prototype is shown in figure 5.11 b where its miniaturized sized can be noted. 

t 

Sensors (Supply voltage: 5 volt; Gap: 0.35 mm) 
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IXS nsor4 

2,5 )K Sensor5 

Sensor 6 
0 

Sensor7 
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Figure 5.12: Comparative curves 

In order to verify accuracy and repeatability of the device a simple test has been set up. 

Using a graduated scale, the output was measured clockwise and counter-clockwise each 

five degrees of rotation. Five repetitions were then executed. The results were analysed 
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through a standard statistical software package (Excel 97) and the results obtained are 

shown in figure 5.12. 

From the tests carried out, the technical specifications of the sensor have been obtained: 

accuracy within the range of motion: I degree; 

precision 0.5 degree 

resolution: 7 mV/degree 

5.5.1 Concluding remarks 

The design, manufacturing and testing phases of the sensor have been carried out. The 

small dimensions of the device allow the possibility to assemble them according to a 

kinematic chain that can provide information on the anatomical rotation of the clavicle. In 

fact, as demonstrated by Chao (1980) and Marchese et al (1997), a useful approach for the 

monitoring of difficult human joints like the shoulder or the knee is to link the anatomic 

chain to an external kinematic chain designed in a way to avoid hindrances to the natural 

range of motion of the subject. The next section deals with the modelling of such external 

kinematic chain for the monitoring of the 3 degrees of freedom of the clavicle. 

5.6 The model for sterno-clavicular movements 

As previously stated, few data are available on the movement of the clavicle. Some 

information can be found in the work of Inman in 1944, who pointed out the crucial 

role of the axial rotation of the bone. This rotation is caused by the marked curvature 

of the outer third of the clavicle and by the spatial position of the inner third of the 

bone. As discussed in the previous Chapter, the kinematic model proposed exploits 

the above geometric characteristics of the clavicle'in order to extract information on 

its three rotations. The bone, as depicted in figure 5.13, has been sketched as a 
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crankshaft possessing 3 degrees of freedom located in the centre of the stemo- 

clavicular articulation. 

Fig. 5.13: Kinematic model of the detectorfor sterno-clavicular movements 

With reference to the above figure, the geometric characteristics of the clavicle are: 

L= length of the clavicle 

R= distance between the inner third and the outer third of the clavicle 

The proposed model consists of a three-degree-of-fi-eedom fi-ame whose centre of 

rotation is coincident with the centre of rotation of the clavicle. This frame is 

positioned close to the sternum in a way to avoid motion during the arm movement. 

The sensors are positioned on a structure according to a serial-parallel chain. Sensor I 

permits a pure rotation in the transverse plane, Sensors 2 and 3 permit a pure rotation 
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in the coronal plane and are connected to the inner and outer third of the claviclc 

respectively in the local coordinate frame. The connections to the bone that, in reality 

are not physically possible because of the presence of skin and muscles, have been 

approximated with single rotational degrees of freedom which permit the rotation of 
the clavicle around the inner third and the outer third axes respectively. In order to 

allow the combined motion between the two kinematic chains (the detector and the 

anatomical one) it is necessary to add two more passive degrees of freedom: 

9a linear one between the link connecting the sensor 3 to the outer third of the 

clavicle for compensation of the distance between the outer third of the clavicle 

and the sensor 3 during the axial rotation of the clavicle around the inner third 

axis as depicted in figure 5.13; 

*a rotational one positioned before the connection of the outer third of the 

clavicle with the sensor 3 linkages. The axis of rotation of this degree of 
freedom is coincident with the axis of the passive linear one. Its rotation 

compensates the lack of parallelism between the sensor 3 links and the outer 

third of the clavicle because of the axial rotation of the clavicle during motion. 

The theoretical solution, which expresses the rotations of the clavicle as functions of 

the rotations of the detector, has been therefore found. 

With reference to figures 5.13 and 5.14 we have: 

ar =clavicle axial rotation 

a. = clavicle abduction-adduction in the coronal plane 

a, = clavicle rotation in the transverse plane 

91919 2,19 3= rotations ofsensor 1, sensor 2 and sensor 3 respectively 

L= clavicle length 

R= Clavicle radius (distance between the inner third and the outer third 
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and by applying trigonometric rules of spherical geometry, we have 

L sin L9 3- sin L9 2 arcsin( R. COS L92 

92 
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The above demonstrates that the axial rotation of the clavicle can be expressed as a 
function of 02 and 03. As it is shown in the above formula the geometric parameters 

affect the reading through the amplification factor L/R that represents length and 

radius of the clavicle. It is therefore necessary to find a method to measure accurately 
these parameters. 

5.7 Design of the detector of stern o-clavicula r movements 

On the basis of the findings of the previous section, the design phase of the sterno- 

clavicular detector has been carried out. In order to optimise the design, the first step has 

been the characterisation of the mechanical interfaces to a subject, which is an important 

requirement to be accounted for the identification of bone landmarks that must be 

uniquely identified on "in vivo" subjects. Since such landmarks are variable in humans, 

from a mechanical point of view, it is necessary to equip the device with adjustable 

passive degrees of freedom able to suit the detector to each subject. 

Another important requirement of the sensorised device is the alignment of the axes 

of the sensors with the identified axes of the clavicle. The landmarks that must be 

identified are Incisura Jugularis (U) and Process Xiphoideus (PX) to identify the 

sternum, Incisura Clavicularis (IC) and Acromio-Clavicular joint to identify the clavicle. 
The fixed coordinate frame (global coordinate frame) is located in the centre of the 
Incisura Clavicularis, which is modelled as a pure spherical joint. 

Having defined the main functional requirements of the device, the design and 
development phases have led to its mechanical assembly shown in figure 5.15. 

102 



Figure 5.15 Assembly drawing of the sterno-clavicular movemeni detector 

With reference to such figure, the structure possesses three sensors (particular 9,11,13) 

located according to a serial parallel chain. Sensor 9 is capable of recording the angular 

rotation around the azimuth, while sensor II and 13 outputs are attached to the two 

adjustable links 4 and 6 of the structure. Such links are positioned close to the landmarks 

identified according to the procedures described in the next chapter (section 6.4). The 

structure must be positioned on the subject in a way that the intersection point of the axes 

of the sensors is coincident with the anatomical SC axes. The photograph of the device is 

shown in figure 5.16. 
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As it is shown in figure 5.17 the apparatus is equipped with the 3 sensors, 4 passive linear 

adiustments and I passive rotational adjustment. In order to adjust the device to different 
I 

subjects, two additional passive degrees of freedom have been added. 
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5.8 Global and Local Coordinate Systems 

The cross evaluation of data measured by different apparatuses is often hampered 

because of different descriptions of the three dimensional motion involved. With 

reference to recent work of van der Heim (1999), who proposes a standardised protocol 

to the International Standard of Biomechanics (ISB) for motion recording of the 

shoulder, the following suggestions are given in order to allow a proper comparison of 
data: 

definition of a global and local coordinate system with respect to bony landmarks; 
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* description of the reference frame and order of rotation; 

* to consider the global coordinate and local coordinate systems of the bone aligned in the 
initial resting position; 

9 rotations should be given with respect to well recognisable axes which are more easily 

interpreted. 

The sterno-clavicular detector provides information with reference to a global coordinate 

frame fixed at incisura jugularis (see figure 4.11). The local coordinate system is aligned 

with the global coordinate. system in the anatomical position. The rotations as given by the 

device are Azimuth with respect to the Y axis and zs and xs respectively. 

The following section is dedicated to the validation studies carried out for the 

assessment of precision, accuracy and repeatability of the new system. 
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6 Validation Studies 

The clinical use of any new measurement system must be validated through a set of 

experiments to determine accuracy, precision, repeatability and reproducibility. To this 

purpose, technical and clinical trials have been performed in order to identify and quantify 

all the sources of errors affecting the reading. 

Particular attention has been paid to establish inter-and intra-operator errors and by 

applying standard statistical techniques for the proper analysis of the results and the 

consequent determination of a mean value and a confidence interval of the variable under 

examination. 

Before starting with the procedures used to analyse the results obtained, it is preferable to 

provide the reader with definitions that lead to a validation of a measuring system such 

terms very often being improperly used. With reference to a publication of Pallas-Areny 

and Webster (199 1) the following definitions are given: 

Accuracy is the quality that characterises the capacity of a measuring instrument for giving 

results close to the true value of the measured quantity. The "true", "exact" or "ideal" value 
is obtained when measurements are made using an ideal method. A measurement method is 

considered to be ideal when experts agree that its results are sufficiently accurate for the 

intended application of the measurement data. 

Any difference between the true value for the measured quantity and the instrument reading 

is called an error. 
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Precision is the quality that characterises the capability of a measuring system of giving the 

same reading when repeated measurements are performed. Precision is a condition 

necessary but not sufficient for accuracy. In figure 6.1 is shown a measurement situation 

where in case a) there is a higher accuracy and a low precision because the repeated results 

obtained (represented by the white stars) are more close to the exact value. In case b) 

although there is a higher precision because of a smaller variance of the read value, the 

accuracy is very poor because the difference between the read value and the exact value is 

always higher than the case represented in a). 

Results average 
b) 

Exactvalue + 
Results obtained 

Figure 6.1: Measurement situations 

The repeatability is the closeness of agreement between successive results obtained with 

the same method under the same conditions and in short time interval. Quantitatively the 

repeatability is the minimum value that exceeds, with a specified probability, the absolute 

value of the difference between two successive readings obtained under the specific 

conditions. If it is not stated, it is assumed that the probability is 95 %. 

The reproducibility is also related to the degree of coincidence between successive readings 

when the same quantity is measured with a given method but with a long term set of 

measurements or with measurement carried out by different people or in different 

laboratories. Quantitatively the reproducibility is the minimum value that exceeds, with a 

specified probability, the absolute value of the difference between two successive readings 

obtained under the above-mentioned conditions. If it is not stated, it is assumed that the 

probability is 95 %. 
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In broad terms accuracy is usually determined by means of calibration processes against 

measurement standards which are known quantities. Their values are generally at least ten 

times more accurate than that of the sensor or system under examination. 

In our case, although such a method has been applied for determining the accuracy and 

precision of the sensors, it is not possible to assess the accuracy of the sterno-clavicular 

movement detector against standard or measurable values to be compared in the clinical 

setting because of a complete lack of data on the examined subject. This means that we are 

forced to accept all the drawbacks of the indirect measurement performed. 

In order to cope with this fact, it is necessary to apply appropriate statistical techniques 

taking into account all the sources of errors that are unavoidably generated during the 

execution of the tests. In practical terms it is necessary to find out a procedure through 

which we can estimate an unknown variable trying to obtain an estimate of the variable, 

which in turn will provide us with information on the precision of the method, but not on its 

accuracy. 

6.1 Applicability of a statistical model 

Whatever statistical model is used for the validation of a measurement system, it must take 

into account all the sources of errors that can be generated during the tests. For this reason 

it is worth mentioning all the key factors affecting the system under study: 

errors due to the algorithm and to the resolution of the measurement 

system; 

misalignment errors due to a misalignment between the anatomical axis 

and the axis of the device; such error can be caused either by a wrong 

assembly of the device or by a different estimate of the examiner (inter-and 

intra-operator errors); 
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estimation of the clavicle parameters L and R which lead to a variation of 
the read angles; 

movement of the device during motion, which causes a displacement of the 

axes of the device vs. the anatomical ones (this error can be considered a 

misalignment error). 

In order to validate the measurement system, all the above-mentioned errors are to be 

quantified in a consistent subset of the allowable workspace of the clavicle. Repeated 

measurements are therefore necessary to establish a mean and a variance of the 

measurement plotted against different humeral positions. Each test will therefore 

provide a point estimate of the investigated variable which will be linked to the real 

mean value with a confidence interval. 

A key role in the minimisation of the errors generated during the test is played by the 

standardisation of the test procedure that must be performed in the full respect of a 

specific testing protocol. Therefore, the tests presented in the following have been 

designed to quantify the errors and to provide the final users of the apparatus with a 

standard procedure that can allow accurate and repeatable results. 

6.2 Validation of the algorithm 

The verification of the algorithm which is, in turn, a verification of the validity of the 

electro-mechanical device built has been pursued according to the following 

technique: a wooden mock-up of the clavicle has been linked with the sterno- 

clavicular detector as shown in figure 6.2 and a further sensor, with an accuracy of 

0.5 degrees has been located coincident with the axial rotation axis of the mock-up in 

order to perform a cross evaluation. The comparison of motion is performed in the 

allowed workspace, with the sensor rigidly linked to the abduction - adduction axis 

of the device as sketched in figure 6.2 a and b. 
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Figure 6.2 b: Wooden mock-up 
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Figure 6.2 a: Wooden mock-up 



With this configuration a battery of 12 tests has been perfon-ned. The first battery of 

tests has been done statically. 
Being independent of the output from the protraction-retraction movement, the 

analysis has been done in the frontal plane performing the recording at different 

abduction of the clavicle (0-30-60) and evaluating the response of the sensors. The 

sensor located directly on the axial rotation axis of the clavicle has been used as a 

reference for the reading. For each position 3 readings have been recorded in order to 

characterise precision, accuracy and repeatability of the method. The results obtained 

are shown in figure 6.3 a, b, c. 

70 

60 

50 

40 

30 
,a 

20 

lo 

0 

Ist reading 

0 2nd reading 
3rd reading 

Figure 6.3 a: Recorded values at 0 degrees ofabduction 
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Figure 6.3 b: Recorded values at 30 degrees of abduction 
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Figure 6.3 c: Recorded values at 60 degrees of abduction 

The maximum absolute error obtained is 2 degrees with no significant variations in 

the examined workspace. 
In order to evaluate the precision and accuracy of the system during a dynamic 

acquisition inside the allowable workspace, an additional series of 16 tests have been 

performed. 
The wooden mock-up was moved together with the detector trying to characterise the 

behaviour of the two systems. Example of the results obtained is shown in the graphs 

of figures 6.4 a, b. 

Figure 6.4a: Dynamic acquisition 
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Figure 6.4b: Dynamic acquisition 

The results obtained have shown that there is an increase of the errors (max absolute 

error inside the workspace: 4.5 degrees) either in case of a constant value of the axial 

rotation (see figure 6.4a) or in case of high fi-equency of motion (see figure 6.4b). As 

described below, such errors have been caused mainly by the following factors: 

accuracy of the measurement chain in the first case and fiction between the mock-up 

and the detector together with poor stiffness of the mechanical structure in the second 

one. 
As shown in the first example of figure 6.4 the source of error is caused by the 

accuracy of the measurement chain that, in turn, due to the algorithm which acts as an 

amplification factor (L/R), increases the errors. In fact as it can be noted, by 

maintaining a constant axial rotation (represented by the blue line), an abduction- 

adduction movement has been perfon-ned. While it was expected to see a constant 

value for both curves, an oscillation around the real value has been recorded. The 

causes of such errors have been investigated in depth and the following reasons have 

been identified: 

a) Errors of the measurement chain due to the precision of the acquisition board. In 

fact, although an acquisition unit equipped with an on-board 12 bits A/D 

converter has been used, a noise of approximately 3mV/V has been then recorded. 
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Such error is unavoidably amplified by the amplification factor L/R that causes 

the read oscillation. 

b) Friction between the mechanical attachments of the device and the mock-up. 

In order to cope with the two problems encountered the following modifications have 

been applied: 
1) Sensor resolution has been improved by taking those ones 

possessing the higher resolution (10 mV/degree) in the exploited 

range of motion. 
2) the detector has been re-designed increasing the stifliness of the 

bars. 

As far as friction is concerned, some lubricant has been used between the mock-up 

surfaces interfaced to the clavicle detector (see figure 6.2 a, b). 

Another battery of 8 tests have been then executed with a consistent decrease of the 

amplitude of the oscillations, an example is shown in figure (see 6.5) where it can be 

noted that the behaviour of the two curves is much similar. 
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Figure 6.5 Test performed with the modified equipment 
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6.2.1 Concluding remarks 

The tests performed with the test rig have shown the validity of the algorithm and of 

the measurement equipment used. 
The maximum errors obtained using a quasi-static technique within the investigated 

range of motion was 2 degrees, which has been considered an acceptable result for 

our purposes. The following section will deal with the tests performed in order to 

validate the measurement technique on humans. 

6.3 Sensitivity of the algorithm to the variation of the parameters IJR 

A key factor which can greatly affect the algorithm is the estimation of two 

parameters of the bone L and R where L is the orthogonal projection of the distance 

between the Sterno-Clavicular joint and the acromio-clavicular on the frontal plane 

and R is the projection of the distance of the same joints in the sagittal. plane 

respectively (see Figure 5.2). Our assumption is based on the hypothesis that the inner 

third of the clavicle, in humans in the neutral starting position posture, is aligned with 

the global reference frame. The questions we are trying to answer are basically the 

following: 

Is it possible to measure accurately L and R on humans? 

If yes, how can we identify the landmarks? 

With reference to a recent work of Harrington et al (1993) dealing with a study on the 

geometric properties and the predicted behaviour of the human clavicles, the second 

moments of area of discrete sections of the clavicle are given. By examining 

histomorphometric properties of 15 adult male and female clavicles they 

demonstrated that the clavicle cross-sectional geometry changes from a circular, 

vertically oriented shape sternally to a flat, horizontal orientation acromially. As can 

be seen in the table below taken from the above paper, the anatomical second moment 
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of area are given for some sections expressed as percentages of the total length of the 

clavicle. 

Length (*/. ) Ams (Cln2) 'AP(CM4) CdCM4) 

5 0,74±. 0.61 0,8410.70 0,7210,67 

10 0,37±0,21 0,46±0.31 0,40t. 0.27 

15 0,44±0,26 0,33±0,20 0.2610,17 

20 0,51±0.21 0,23±0.10 0.18±0,08 

25 0,53±0,21 0,17: 0,07 0.13±0.05 

30 0.57±0.21 0.15±0,06 0.1 W, 04 

35 0,54±0.19 0.13±0,05 0,100,04 

40 0,67±0,31 0.13±0.05 0.12±0.08 

45 0,62±0.19 0.11±0,06 0,11±0.05 

50 0,670.18 0,10±0,05 0,12±0,06 

55 0,70±0,20 0.10±0,06 0,14±0.09 

60 0,76±0,24 0,10±0,05 0,17±0,12 

65 0,86±0,30 0,120,07 0,24±0,16 

70 0,97±0,32 0,131,0,07 0,29±0,16 

75 0. &4iD, 32 0.14±0,09 0.33±0.15 

90 0,74±0,21 0.12±0,06 0,320,10 

85 0,680,33 0,141,0.09 0,40±0.25 

90 0,60±0.39 0,17±0,14 0,45±0.36 

95 OaS±0,05 0,11±0,05 0,32±0.08 

100 0,36±0,26 0,18±0,15 0,450,31 

Table 6.1: Geometry datafor all clavicles hy % oftotal length as measuredfrom the sternal length of 

the bone (Harrington et all 1993) 

The above data can be used in order to extract information on the bony landmarks. 

Consistently with the data shown by Harrington et al. (1993), the two centres of 

rotation of the acromio-clavicular joint and the sterno-clavicular joint are located 

respectively at 5% and 90 % of the total length. Since the cross section ofthe clavicle 

has an ellipticform, we can use the data shown in the Table 6.1 relative to the areas 

of the relevant section and of the second moment of area in order to determine, with 

. simple calculations, the length of the two axes of the ellipses at SC and AC 

respectively. Since such part of the bone is in intimate connection with the skin we 
have direct information on the position of the landmarks as shown in figure 6.6. 
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6 mm 

Figure 6.6 Landmark position a) acromialpart; b) sternalpart 

The above functional specifications have been used as guidelines for the design and 

development of a three degrees of fi-eedom adjustable ruler (shown in figure 6.7) that 

can be used for measuring the left and the right clavicle. 

gmduated scale (x axis) 
graduated scak Cy wds) 

Figure 6.7: Locator of the acromio-clavicularjoint 
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The equipment is used together with a small inclinometer which allows the locator to 

be maintained parallel to the three basic anatomical planes. With reference to figure 

6.7, the three graduated scales of the instrument are shown. By reading the three 
Cartesian values shown by the graduated scales, it is possible to know the two 

parameters L and R of the clavicle modelled as a crankshaft. 
In order to have information on the quality of the measurement, a simple experiment 
has been designed. 

Five doctors with no previous experience on the apparatus have performed a first and 

a second measurement on 2 subjects while a second group of measurements has been 

performed after a week. The results obtained have been organised in the form of a 
table below. 

Observation L Ist L 2nd I Ist I 2nd I h Ist h 2nd R Ist R Znd LJR Ist LJR 2nd 

1-1 135,0 133,0 40,0 37,0 -15,0 
- 

-2- FO --- TZ7- --4-2, T 
-- - 2-1 140,0 142,0 44,0 38, U 15,0 -18,0 -4- 7,5 -42,0 3,0 T, 4 

3-1 145,0 144,0 
. 

42,0 
- 

-47 0 
-- 

-18,0 -18,0 -45,7 -43,9 ---J-, 2 
4-1 142,0, 42,0 '0 135,0 4F, 0 M, 19,0 15,0 44,3 45,5 3,2 3,0 

5-1 44,0 144,0 44 '0 140,0 45,0 45,0. 22,0 16,0 0 50,1 47,8 2,9 9 2,9 
Mean 

P 

1 , 138,8 42,2 40,6 
- ' 

1-2 152,0 152 15 0 ,0 154,0 

1 

73,0 76,0 34,0 38,0 8, 0 -80,0 82,0 1,9 1 9 1,9 

2-2 155,0 155,0 155,0 75,0 _70,0 30,0 36,0 83,0 78,7 
' 

1, 2,0 
3-2 152.0 152 0 

, 
154,0 70,0 75,0 30,0 32,0 81.0 81,5 1,9 1,9 

4-2 153,0 1 156,0 68.0 68,0 

1 

28,0 33,0 78,0 75,6 2,0 2,1 
-- - 5-2 155,0 153, 70.0 75,0 35,0 33.0 -75.0 81,9 81.9 2,1 T, 9 

I Mean 153,4 1 154,4 1 71,2 1 72,8 31,4 34,4 
. 

79,4 80,0 ,g 119 
, 

119 
ICodeX-Y X=Observer Y-Subjert Measurement uni 

Table 6.2: Measurements takenfrom two subjects 

As can be noted from the above table, the max absolute error in the estimation of the 

parameters is 10 mm, which results in the worst case in an error of the ratio L/R of 

approximately 10 %. In order to know the max error obtained a variation of ± 10 % 

has been imposed on the data obtained by the tests previously performed. The results 

obtained are shown in figure 6.8. 
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Figure 6.8 Influence of 10 % variation on the axial rotation 

Consistently with the assumption that the clavicle is from a geometrical point of view 

a highly variable bone, a set of measurements taken from 21 subjects has been 

performed (mean age 28, variance 17). As can be seen in the following table the ratio 

L/R is highly variable ranging from 1.6 to 3.2. 

subi. Weight (ýL 1 leight (cm L (mm) 1 (MM) h (mm) R (mm) UR (mm) 

i Ko UM 135.0 40ýO 15,0 42,7 3.2 

2 84,0 170,0 140,0 70,0 15,0 71,6 2,0 
3 75,0 16K0 130,0 52.0 17.0 54j 2.4 
41 78.0 173.0 150.01 54ýO 20.0 57.6 2.6 
51 68,0ý 174, 142A 60,0ý 24,0 64,6 2,2 
61 70.0 175. 140.01 52.0 15.0 54ý 1 2.6 
71 92ýO 186. 155.01 75,0 30.0 8U 1,9 
81 82.0 178,0 154,0 6U 23.0 68.0 2,3. 
91 8 1.2 179ýO 1350 52.0 25.0 57j 2.3 

iol 70.0ý 175.0 1400 JM 2U 583 2.4 
ii l 61,0 170,0 1350 48,0 25,0 54,1 2,5 
12 1 78.0 165A 130.0 1 45.0 M0 48-5 2.7 
13 1 74,0 171,0 140,0 63,0 30,0 69.8 2.01 
14 1 70,0 170,0 135,0 48,0 25,0 54,1 2,5 

15 1 64, Q 165,0 125.0 77,0 13ýO 78.1 L6 
16 77.0 179,0 14U 63.0 22.0 66.7 2,1 

17 76,0 180,0 152,0 65,0 26,0 70,0 2,2 

18 710 170.0 134ýO 60.0 25,0 65,0 2j 
19 76,0 168,0 135,0 80,0 18,0 82,0 1,6 

20 1 76,0 1 180,0 1 158,0 55,0 1 20.0 1 58,5 1 27 

21 1 80ý0 1 172,0 1 135.0 1 63,0 1 20.0 1 66,1 1 2M 

Table 6.3: Subjects anthropometrics data 
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Such results will be used as a basis for the discussion (see chapter 8). 

6.4 Misalignment errors 

In the assumption that human articulations can be modelled as pure rotational joints, the 

misalignment error can be considered a pure misalignment between the rotation axis of the 

measurement device and the anatomical human axis. If the distance between the anatomical 

rotation axis, the instantaneous centre of rotation of the measurement device and the length 

of the bar attached to the movable joint are known, we can apply the model depicted in 

figure 6.9. 

Let us assume that A is the ins. tantaneous centre of rotation of the device attached through a 
bar of length I to the skin and B is the anatomical centre of rotation which in theory should 
be coincident with A, but in practice it is located at a distance r from it. B represents the 

centre of rotation of the device through which we would like to read the rotation angle a'. 
But since the two rotation axes are not coincident we will read the angle P' instead of cc. 
Under this assumption the mechanism formed by two joints (A, B) and 2 links can rotate 

only if we allow in Ca rotation and a translation which is the simulation of presence of soft 
tissues and muscles which do not allow a rigid connection between the two devices. The 

relationship between a' and P' can be found as follows (see figure 6.9): 

y=l*sin (a-a') 

z--r-l*cos(a-a') 

y=z*tan(P+P') = (r-l*cos(a-a'))* tan(p+p') 

I*sin(a-a')= [r-l*cos(cc-ccl)]* tan(p+p, ) 

tan(ot-ct')=r*tan(P+P')/(I*cos((x-ctl))-tan(p+p, ) 

In the assumption that the maximum parallax error is that related to the difficulties in 

locating the SC joint and taking, in the less favourable case, the maximum absolute error, 

we can have a point estimate of r. 

By applying the above formulae, it is therefore possible to have information on the error 

occurred during the reading. As an example, by providing values to the parameters I= 50 
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mm, r-- 10 mm and cc-- 70 degrees, the results obtained for the two angles cc' and P' are 

shown in figure 6.10. 

device 

Figure 6.9: Misalignment errors 
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Figure 6.10: Difference between the read and the real angle 

As far as the clavicle is concerned, since the maximum angle read by the sensors is 

approximately 50 degrees, we are in an area of the curve where the error is limited 

(maximum error: 3.3 degrees). 
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it is worth mentioning that between 0 and 30 degrees the maximum error obtained is less 

than 1.5 degrees. 

6.5 Sensitivity of the system to operator (inter-intra operator errors) 

Any indirect method of measurement of human movements is affected by an intrinsic 

error due to the attachment of passive or active devices to a non-rigid structure (the 

skin). Since such an interface, because of the skin nature, possesses during motion, 

six degrees of freedom, it is necessary to provide information on the capability of 
donning and doffing of the instrument, verifying the repeatability of the measurement 

performed. 
In order to establish such possible dependency, a new experiment has been set up. 
With reference to figure 6.11, a sensor has been attached to two linear passive slides 

attached to the wall in a way to allow a linear displacement along the direction x, y. 
The slides have been located in order to compensate the translations along the X and 

Y axes of the glenoid cavity which has been considered as a pure spherical joint. The 

sensor output is therefore attached through a strap to the humerus of the subject who 
is asked to position himself with his feet located in the middle of a protractor fixed on 

the floor. 
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The two linear slides allow: 

a) to position the sensor axis coincident with the moving anatomical humeral axis of 

the subject; 
b) to compensate the movement of the gleno-humeral joint during the elevation of 

the arm. 
This equipment has been used to record the angular displacement of the humerus at 

different azimuth rotations. The information taken from the sensor attached to the 

slides has been also cross-evaluated by using a liquid goniometer. 

The above described procedure has been used in order to decrease fatigue on subjects 

during repetitive measuring. In fact, despite the sensor located on the two slides has 

the same role of the liquid goniometer, we have decreased the time in which the 
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subject was obliged to maintain a fixed posture allowing the operator to read the 

measure. 
The subject is positioned with his shoulders against the wall. Using the ruler 
described in figure 6.7 of section 6.3, the relevant distances of the subject clavicle are 
detected and the sterno-clavicular detector links adjusted accordingly. 

linear adjwstment 

detector &xes 

anatomi A axes 

As soon as the mechanical structure has been adjusted according to the anatomical 

distances of the patient the detector, fixed to a rigid structure, is located close to the subject 

trying to align the axes of the device to the subject anatomical axes. With reference to 

figure 6.12 the adjustments are made by moving the structure through the linear slides in 

the direction indicated by the vertical and horizontal rows shown in figure 6.12. When a 

satisfactory position is reached, the device is referenced to the subject by acting on the 

angular passive degrees of freedom (A), which hampers the free swinging of the subject in 

the horizontal direction (e. g. the shoulders of the subject are in contact with the wall). In 

these conditions the two links of the structures are preliminarily connected to the subject 
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using adhesive bands as shown in figure 6.13.1 lumeral adduction-abduction (in the case of 

the figure) together with the 3 degrees of freedom of clavicle are then recorded 

simultaneously. The sensor detecting humeral elevation is attached to two passive slides (2 

degree-o f- freedom system) necessary to compensate the movement of the gleno-hunicral 
joint during motion and allowing a consistent movement between the anatomical chain and 

the recording system. 

In order to avoid a relative movement between skin and the landmarks, the adhesives are 

manually maintained in contact during motion by the observer. The subject is then asked to 

rotate the body 45 degrees (counter clockwise with reference to figure 6.11) and the test is 

repeated. Measurements are therefore taken at 0,45,90 azimuth degrees inside the 

workspace. 

'I'lliS PrOCCCIUre has been used to assess inter and intra operator errors by exeCLItIngg a set of 

trials oil each SUbject as I'ollows: 
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Two observers each recorded 3 replicate measurements on a random sample of 10 

sub ects; (mean age 27 SD=6). Data have been collected in a static way at increments 

of 10 degrees. 

The hierarchical model used is shown in figure 6.14. 

Data have then been analysed with a standard statistical model. A 2nd order fitting 

technique has been used to compare the results, which are shown in the following 

graphs. 

Subject 

I Observer I)( Observer 2 

45 90 uo 
go 

Replicate measures ( )(-)( ) 0,45,90 humeral positions 

Intra operator Intra operator 

Inter operator 

Figure 6.14 Tree diagram of the hierarchical model 

The graphs from figure 6.15 to figure 6.23 have been taken from three subjects while 

the complete tests are given in Appendix I together with the complete set of data. 
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6.6 Conclusions 

The results shown in this chapter demonstrate that it is possible to have reliable measures of 

the clavicle movement on in vivo subjects. The error arising because of a wrong estimate 

results in a max absolute error of 3 degrees inside the investigated ROM. 

The misalignment error is negligible within the range of motion permitted by the clavicle 

and accounts for a max absolute error of 2 %. The technique used to measure the clavicle 

parameters L and R is highly reliable and repeatable. The instrument is user friendly and 

can be used on all the subjects. 

By taking into account the statistical analysis performed in order to analyse data inside the 

workspace, the difference in the measurement data account for an average error of 1% and 

3% for inter-and-intra operator errors respectively. 
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7 Modelling of clavicle kinematics 

The possibility to have information on the three-dimensional movements of the clavicle of 

"in vivo" subjects opens new avenues in clinical measuremcnt. This may be either for 

diagnostic purposes or for quantifying the real outcome of a rehabilitative treatment after a 

functional impairment. 

It is known that the clavicle is the most fractured bone of the human body and because of 

its anatomical position, in almost all the cases no orthopaedic treatment can be applied to 

fix the bone. This technique can be easily applied to highlight the effect of such therapeutic 

choice with a comparison between the healthy and affected clavicle after treatment. 

Despite the many clinical applications in the neurological and orthopaedic fields, the 

measurement of the clavicle rotations at the SC joint fills the existing knowledge gap on the 

kinematic of the human arm. In fact, in order to obtain complete information on the 

kinematics of the shoulder complex, existing measurement methods can now be applied to 

investi gate in depth on this matter. To this purpose a 3D interpolation technique has been 

applied to highlight the behaviour of the clavicle as a function of the humeral position in a 

subset of the allowable workspace of the human arm. 

'7.1 Development of a Mathematical Model 

In order to develop a predictive model based on a subject database of the movement of the 

clavicle, an investigation based on experimental trials performed on 10 subjects has been 

carried out. It has been possible to compare clavicle kinematics on different subjects for 

identical humeral position and to extract the mean and confident intervals of the resulting 

motion patterns. By analysing the data set and by applying a regression technique, the 
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mathematical model is generated which accepts the hurneral coordinates as inputs and 

provides a prediction of the movement of the clavicle expressed in a polynomial form. 

A subset of the humeral workspace considered representative for daily activity movements 

has been considered. In order to provide a graphical representation of the workspace 

examined, in the assumption that the gleno-humeral joint can be represented as a pure 3 

degrees of freedom rotational joint fixed in space, we can locate a sphere whose centre is 

coincident with the GH joint centre. 

With reference to figure 7.1, the examined workspace is shown. Starting from the neutral 

zero position and by using the hierarchical model presented in section 6, the following 

position have been recorded: 

*3 repetitive measurements at 0 degress azimuth for each of the two 

observers within a ROM of 0-120 degrees with constant intervals of 10 

degrees; 

93 repetitive measurement at 45 degrees azimuth for each of the two 

observers within a ROM of 0-20 degrees with constant intervals of 10 

degrees; 

3 repetitive measurements at 90 degrees azimuth for each of the two 

observers within a ROM of 0-20 degrees with constant intervals of 10 

degrees. 

On each subject 216 static measurements, which have been analysed through a standard 

software package (Excel 97), have been performed using the hierarchical model presented 

in Chapter 6. 

The mean value obtained for each subject has been compared with the mean values of the 

other subjects obtaining a mean curve for each azimuth position recorded. 

The angles of the clavicle can therefore be expressed as surfaces, which are functions of the 

humeral position. In order to have evidence of the dependence, if any, of the clavicle 
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motion as a function of the humeral internal and external rotation the following experiment 
has been carried out on 4 subjects. The sterno-clavicular detector has been assembled as per 

figures 6.11,6.12 and for each humeral position recorded inside the workspace according to 

the method above described, the subject has been asked to perforrn a humeral internal and 

external rotation with the elbow 90 degrees flexed while the operator by using a palpation 

method maintained the detector in constant contact with the bony landmarks. 

azimuth 

M degreas eleve 

120 degrees elevation 

Figure 7.1 Examined workspace (Mannequin) 

The results obtained have shown an independence of the clavicle motion from the humeral 

internal and external rotation, which has led to the motion equations, which express in a 

polynomial form the clavicle rotations as a function of the humeral motion. All the above 

data are given in Chapter 12. 
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7.2 Data Collection 

The objectives pursued were to collect a data set representative of the workspace of the 

clavicle. 
A second order fit polynomial multi-regression technique has been applied through a 

standard software package (MATHCAD) whose code is given in Appendix C. 

By using multiple regression we can express the three clavicle rotations as functions of the 

two humeral rotations in a polynomial form. 

A multiple regression is simply an extension of the simple linear model. The difference lies 

in the number of independent variables: 

Yi=po+pl*Xli+p2*X2i+... +Pp*Xpi+ei 

Although it is difficult to imagine in more than two dimensions, the value of Po represents 
the intercept of the true population regression surface. Each Pk (k-- 1,2,..., p) represents the 

slope of the surface with respect to Xk. 

Model assumptions for multi regression are similar to those for simple linear regression. 

A second order fitting technique has been used. The quality of fit has been expressed by the 
2 

coefficient of detennination R (correlation coefficient squared) R2 ; -> 0.9993. 

We use the same terminology of Chapter 5. 

a, =clavicle axial rotation 

a. = clavicle adduction-abduction 

a, =clavicle azimuth 

,8 =humeral elevation 

r= humeral azimuth 
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Axial rotation (equation 7.1): 

a, = 1.38.10-3 . ß2 
-2.849- 

10-4 
.; V2 -4.762.10-4 ß. y +O. 153. ß+ 2.076.10-' -y +0.685 

R=0.995 

Abduction-adduction (equation 7.2): 
2 

1.077.10-' ., 8' + 2.279-10-4 2.381 - 10' -, 8 -y+0.08., 6 - 0.035 -y+0.804 
R=0.993 

Azimuth (equation 7.3): 

al =-1.299.10-' . 
ß2 +3.609.10-4 y2 +1.832.1()-4 -ß-y-0.04. ß-5.006.10-' -y-0.648 

R=0.995 

The results shown in figures 7.2,7.3,7.4 are surfaces representing the above equations. 

humeral elevation (degrees) humeral azimuth (degrees) 

Figure 7.2 Variation ofclavicle rotation angle a, (azimuth) due to humeral azimuth and elevation 
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Figure 7.3 Variation ofclavicle rotation anglea, (axial rotation) due to humeral azimuth and elevation 

humeral elevation (degrees) 

ýumeral azimuth (degrees) 

Figure 7.4 Variation oftlavicle rotation angle a. (abduction-adduction) due to humeral azimuth and 

elevation 

The meaning of the above results is discussed in Chapter 8. 
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Discussion 

In this chapter the main ideas, design concepts and relevant results obtained within the 

Thesis are collected. The comparison with other published studies is given and the 

relevance and implications of the techniques developed outlined. 

8.1 Thesis Leitmotiv 

it is generally acknowledged in literature that it is not possible to record with a non- 

invasive method of measurement, the motion of the shoulder complex. 

Pronk and van der Helm (1994) have pointed out the inadequacy of any indirect method in 

case of measurement of the clavicle axial rotation occurring at the SC joint. 

However, the present work demonstrates a technique for the recording of the movement at 

the sterno-clavicular joint. 

The preliminary idea for the development of a device capable of monitoring the SC joint 

has been suggested by Inman (1944) who tries to explain the complex motion of the 

clavicle by introducing the mechanical concept of a 'crankshaft'. Such a term has suggested 

that the preliminary kinematic model should exploit the geometric characteristics of the 

clavicle modelled as a crankshaft in order to extract information on its three rotations. As is 

evidenced in Chapter 5, because of the allowed volumes surrounding the clavicle, the 

design of any external kinematic chain presents several difficulties. 
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For the above reason a careful review of the existing devices and techniques used to 

measure joint rotation has been carried out. Unfortunately the volumes surrounding the 

clavicle did not allow the use of any existing method of measurement. Therefore it was 
decided to investigate different technologies used to develop miniaturized sensors. Such 

review has demonstrated the inadequacy of state-of-the-art systems and has led to the 
development of the new miniaturized Hall effect-based sensor, which has represented the 
"core" device of a more complex mechanical structure able to monitor the clavicle 

movements. The technical specifications, which have been used to guide the entire design 

of the device, have allowed a mechanical arrangement of the sensors in assemblies to 

monitor a 3D spherical joint. 

The sensor 'per se' represents a new electrogoniometer that can be easily adapted for the 

measurement of all the joints of the human body. Its mechanical design has combined 

characteristics that are often in antithesis such as miniaturized size and robustness. 
The device has been calibrated, determining its accuracy and resolution. The use of coupled 

anti-backlash miniaturized gears has permitted an accuracy of 0.5 degrees with a resolution 

ranging from 7 to 10 mV/degree. A range of 180 degrees has been obtained exploiting the 

arrangement of two magnets positioned on a radius of 4 mm at an angular distance of 81 

degrees with an inverse polarity with respect to the centre of sensitivity of the device. The 

typical output of the sensor together with the tests carried out are shown in Chapter 5 and 6. 

it is worth mentioning that today, with microprocessors capable of being incorporated in 

measurement systems, there is more interest in repeatability than in linearity because it is 

always possible to produce a look-up table giving input values corresponding exactly to 

measured values. By using interpolation techniques, it is possible to reduce the size of that 

table to a reasonable dimension. 

The new sensor developed presents some interesting advantages with respect to existing 
devices like potentiometers and strain-gage based electrogoniometers, currently used in the 
fields of neurology and orthopaedics. In fact the device does not need any further 

amplification, it does not drift with temperature and allows a direct assembly to body 

landmarks because of its flat external surfaces. 
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As soon as the development phase of the sensors has provided relevant information on the 

definitive size of the 'sterno-clavicular detector', a new technique for "in vivo" 

measurement of the clavicle motion has been established. The technique exploits the 

geometry of the bone through a sensor arrangement according to an external kinematic 

chain. This allows the recording of the clavicle motion modelled as a pure 3-degree-of- 

freedom joint. As described in Chapter 5, in order to give information on the axial rotation 

of the bone, the external chain is arranged with two co-axial abduction-adduction sensors 

attached to the inner third and outer third of the bone respectively. The motion recorded by 

the sensors is therefore processed by an algorithm, which provides information on all the 

rotations at the SC joint. An extensive mechanical design phase aimed at the 

characterization of the interfaces with the human body has been carried out in order to 

define the technical specification of the electro-mechanical device. 

As a result, a first prototype has been obtained and tested in order to quantify resolution, 

accuracy and repeatability of the technique. The method is extensively described in Chapter 

6. 

The results have shown that the key factors affecting the reading of the system under study 

are: 

9 errors due to the algorithm and to the resolution of the measurement 

system; 

e errors due to a misalignment between the anatomical axis and the axis of 

the device; such error can be caused either by a wrong assembly of the 

device or by a different estimate of the examiner (inter and intra operator 

errors); 

9 errors in estimation of the clavicle parameters L and R which lead to a 

variation of the read angles; 

e movement of the device during motion which causes a displacement of the 

axes of the device vs. the anatomical ones (this error can be considered a 
misalignment error). 
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All the above errors have been quantified in a consistent subset of the allowable range 

of motion of the clavicle. Repetitive measurements have been used to establish the 

mean and variance of the measurement plotted against different humeral position. 

The validation studies have demonstrated that it is possible to have reliable measures of the 

clavicle movement. With reference to the validation studies carried out in Chapter 6, the 

error due to a wrong estimate of the parameters L and R affecting the algorithm results in a 

maximum absolute error of 3 degrees inside the investigated range of motion. 
The misalignment error is negligible within the range of motion permitted by the clavicle 

and accounts for a maximum absolute error of 2 degrees. 

All the above have demonstrated that the technique used to measure the clavicle parameters 

L and R is highly reliable and repeatable. The instrument is user-friendly and can be used 

on all subjects. 
By taking into account the statistical analysis performed in order to analyse data inside the 

workspace, the differences in the measurement data account for an average error of I 

degree and 3 degrees for inter-and intra-operator errors respectively. 

8.2 Mathematical modelling 

A spatial interpolation technique has been applied to predict the movement of the clavicle 

as a function of the humeral position in a subset of the allowable workspace of the human 

arM. 
A mathematical model based on the analysis of experimental data taken on a sample of ten 

subjects has been developed using the hierarchical approach proposed in Chapter 6. It has 

been possible to compare clavicle kinematics on different subjects for identical humeral 

positions and to extract the mean and confident intervals of the resulting motion patterns. 

By analysing the data set and by applying a regression technique, the mathematical model 
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is generated which accepts the humeral coordinates as inputs and provides a prediction of 

the movement of the clavicle expressed in a polynomial form. 

A subset of the humeral workspace considered representative for daily activity movements 
has been considered. In order to provide a graphical representation of the workspace 

examined, in the assumption that the gleno-hurneral joint can be represented as a pure 

three-degree-of-freedom rotational joint fixed in space, we can locate a sphere whose centre 
is coincident with the GH joint centre. 

The angles of the clavicle can therefore be expressed as surfaces, which are functions of the 

humeral position. As described in section 7, these results are valid within the workspace 

examined (see figure 7.1). 

The rotations of the clavicle are given with respect to the local coordinate frame where the 

sequence of rotations is Y, zc, y, 

8.3 Clavicle Motion 

Very little is known about the anatomical or biomechanical function of the clavicle. It is 

worth mentioning that feline animals do not possess the bone. As pointed out by Inman 

(1946), some researchers consider the clavicle as a sort of flexible outrigger, which serves 

as a "propeller" for the shoulder, thus establishing the conditions necessary for free actions 

of the arm. Whatever its function is, it cannot be discovered without a deep understanding 

of the shoulder as a whole mechanism. In fact the clavicle, thanks to its unique shape, 

allows a wide range of motion for the arms supplying, for each trajectory, a connection 

point which provides the widest triangle base necessary to transfer the loads acting from the 

arms to the body. Therefore the optimal combination of motion and structural integrity is 

obtained. All the studies carried out until now have not considered the geometry of the bone 

as an . intrinsic property of the mechanism. In fact it is due to such, geometric features and to 

the kinematic constraints imposed by the ligamentous structure between clavicle and 

scapula that the SC joint assumes particular characteristics of motion. 
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In order to understand better all these important biomechanical functions it is convenient to 

start from pure anatomical considerations. 

Let us assume to locate a global coordinate frame at the Sterno clavicular joint (Incisura 

Jugularis (IJ)) and another frame in correspondence of the AC joint. As shown in figure 8.1, 

by considering the anatomical data taken from a sample of 21 subjects, (see Table 6.3 in 

Chapter 6- Section 6.3) the mean distances between the two frames x1=140 mm; y1=21 

mm; z1=59.1 mm. are obtained. This means that with the body standing in the neutral 

starting position (anatomical position), the clavicle is rotated approximately 20 degrees 

around the X axis with respect to the XZ plane. 

y 

clavicle 

4% 

Figure 8.1 Clavicle in the anatomical position 

The complete sequence of motion of the shoulder complex during elevatign is shown in 

figure 8.2 where the sense of rotation is represented. 

As can be noted during humeral abduction, because of the geometry of the clavicle and of 

the constraints imposed by the trapezoid and conoid ligaments, the permitted sense of axial 

149 



rotation oC the clavicle is only that one shown in figure 8.2. Such rotation is accompamcd 

by a retraction and a considerable elevation at the stcrno-c lav icularjo i tit. 

Sense of axial rotation (z ýO degrecs) 
Coracoclavicular 1ýiýafnenl 

Retracti 

imeral 

Figure 8.2 Sequence of motion occurring at the sterno-claviculai-joint 

In fact, during elevation of the arm, the spatial position of the acromio-clavicular joint with 

respect to the global frame, is characterized by an increased displacement along the Y and 

Z axes which can result only if a great elevation at the sterno-claviCUlar joint has occurred, 

the axial rotation of the clavicle acting in the opposite sense. 

The coraco-claviculai- ligament plays a fundamental role infiorcing the sense of the a-cial 

rotation of the clavicle and consequently in increasing the elevation of the inner third of the 

bone. The costo-clavicular ligament, on the other hand, acts as a litniting. /actor of the 

clavicle elevation at the SC joint. According to Poirier (1890), Cave (196 1) and Beam 

(1967) a further elevation at the SC joint is only possible by a translation of tile clavicular 

head in an inferior direction which is arrested by tension in the superior fibres of the sterno- 

clavicular joint capsule. In the proposed model the SC joint is considered a pure three- 

degree-o f- freedom joint, therefore such translations are neglected. 

But why does the clavicle have an S curvatUre? 
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It is thanks to such curvature that the full exploitation of the axial rotation of the bone at the 

SC joint is obtained. 

In order to understand this concept better, with reference to figure 8.3, we can model the 

arm as an open chain manipulator. 

What happens if relevant loads are applied at the hand? We can assume that in this case the 

interaction of the scapula with the thorax wall is necessary in order to increase the stiffness 

of the "manipulatoe'. This is simply obtained by modifying its kinematics with the full 

exploitation of the scapulo-thoracic interaction. 

in fact in this case, the scapulo-thoracic interaction together with the SC and AC joints, 

fon-n a three hinged arch which provides stiffness to the entire structure. With reference to 

the partial top view shown in figure 8.3, it is evidenced how a wider triangle base of the 

triple hinged arc improves the stiffness of the structure to loads directed along the z axis. 

Note that in figure 8.3 the scapulo thoracic interaction has been represented as a hinge joint 

in order to allow comparison with the three-hinged arc. 

During the humeral elevation, the clavicle performs an axial rotation of approximately 30 

degrees. Such movement is helpful and necessary in order to obtain the correct spatial 

position of the scapula in its interaction with the thorax and therefore in obtaining the best 

structural position which provides the increased mechanical stiffness to the arm. 

It can be concluded that: 

"The S curvature of the clavicle allows the widest triangle base of the three hinged arc 

formed by ST, SC and AC joints for each static spatial position of the humerus. Such 

geometric feature adds another degree offreedom at the SC joint which increases the 

motion possibilities occurring at the ACjoint within a restricted volume and helps in the 

-determination of optimal interaction between scapula and thorax in order to improve 

mechanical stiffness ". 
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Scapulo-thorax interaction 

GHjoint 

Partial Top View 

As described above, the geometry of the bone plays a fundamental role in the amount of 

rotation occurring at the acromioclavicular joint. Indeed, the experimental data have shown 

that the axial rotation is the large rotation occurring at the SC joint. 

In the following, the rotations occurring at the SC joint are given together with a 

comparison with data obtained from literature. 

8.4 Comparison with data of literature 

As previously stated, few published data are available on the movement of the clavicle and 

comparison of data is often hampered by a lack of a standardized description of spatial 
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kinematics. Moreover, the examined works treat the bone as a straight line between SC and 

AC, without taking into account its geometry and its wide influences on the kinematic and 

dynamic behaviour of the shoulder complex. Such data often result from an approximate 

solution to an indetenninate problem caused by the presence of redundantJoints of the 

kinematic chain that cannot be recorded through an indirect method on an "in vivo" subject. 
The first researcher who examined the movement of the clavicle, emphasizing the crucial 

role of axial rotation was Inman (1944) who, by inserting pins directly in the bone of a 
living subject, tried to quantify the movement of the clavicle. He did not include 

information on the measurement method used to quantify the rotations and for this reason it 

is not possible to discuss the reasons for differences between the data extracted by his work 

and those measured by the sterno-clavicular detector (see figures 8.4 and 8.5). With 

reference to such figures it can be noted that the data related to clavicle abduction obtained 
by Inman correlates well with the data obtained by the sterno-clavicular detector, while the 

axial rotation measured by Inman is considerably less (see figure 8.5). 

50 Abduction 

0 
Inman 1944 

40 
-- ----- Fo rward 

go S Flexion Inmaný 
30 1944 

C Abduction 

20 Detector 

Forward 
10 Flexion 

Detector 
0 

10 30 70 110 130 

Degree of Hcvation of the Arm 

Figure 8.4: Clavicle Abduction. Comparison with the data presented by Inman (1944) 

A more consistent comparison can be given with the data presented by Pronk (1989) who, 

based on the measurements of 18 male subjects and using spatial motion patterns, 

calculated the motion of scapula and clavicle. 
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Figure 8.5: Clavicle Axial Rotation. Comparison with the data presented by Inman (1944) 

Although the axial rotation of the clavicle is not given, the protruction-retraction and 

elevation of the clavicle have been expressed in a polynomial form as functions of humeral 

elevation in forward flexion and abduction of the humerus. The rotations of the clavicle 

have been described as rotations in the local coordinate systems fixed to the bone as shown 

in figure 8.1. The sequence of rotations proposed by Pronk Y, zc, xc allows a direct 

comparison with the mean data extracted by the model. A comparison of such data is given 

in figure 8.6 ab where the data shown by Pronk have been compared with the mean data 

obtained by the detector. 
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Figure 8.6a: Clavicle Adduction andprotraction in arm abduction. Comparison with data of Pronk 1989 
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Figure 8.6b: Clavicle adduction and protraction in armforwardflexion Comparison with data qf Pronk / 989 

Pronk (1989) provides information on two of the three rotations occurring at the sterno- 

clavicular joint. It can be noted that there is a difference of the abduction-adduction 

movement as well as of the pro-retraction of the clavicle during abduction and flexion- 

extension of the arm. 

Pronk in 1993 and van der Heim (1994) updated the above data including the axial rotation 

of the clavicle. Abduction-adduction and pro-retraction rotations are given by an 

experimental study, while the axial rotation is given by a model using a finite element 

method which minimizes the rotations occurring at the acromio-clavicular joint. 

In this work (see figure 4.11), motion is descfibed with respect to a global coordinate 

system: origin IJ; X axis from medial to lateral; Y axis from caudal to cranial; Z axis from 

ventral to dorsal. The rest position (zero humeral abduction) is defined as the starting 

position and has zero joint rotations and the order of the Euler angles (Y, z', x") allows a 
direct comparison with data obtained with the sterno-clavicular detector. 

In figure 8.7 the mean results obtained by Pronk recorded from ten subjects are compared 

with the mean results obtained with the sterno-clavicular movement detector recorded from 

12 subjects. 
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Figure 8.7a: Clavicle protraction. Comparison with Pronk / 993 
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Figure 8.7b: Clavicle abduction. Comparison with Pronk 1993 
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Figure 8.7c: Clavicle axial rotation. Comparison with Pronk / 993 

It can be seen clearly that there is a difference between the axial rotation estimated by 

Pronk and that recorded through the sterno-clavicular detector. It is worth mentioning that 

Pronk's data are predicted while the data recorded by the detector are based on an 

experimental data set. Moreover Pronk calculates the axial rotation with a model in which 

minimisation criteria of the movement of the acromio-clavicular joint are applied. This 

means that the calculation of the clavicle axial rotation is obtained by imposing a 

minimization of the rotation at the acromion by using an iterative method. 

The axial rotation of the clavicle is calculated imposing the scapula to slide on the thorax, 

modelled as an ellipsoid. Such model is in contrast with the findings of Inman, who has 

shown, through clinical examples, the importance of the rotation at the AC joint. In fact, an 

actual surgical technique is to treat a dislocation at the AC joint by inserting a metal screw 

fi-om the lateral head of the clavicle directly in the base of the coracoid process. One patient 

treated according to this technique was unable to elevate the arm above I 10 degrees. The 

same subject, while running, slipped and fell, forcibly abducting the arm above his head. 

Following an immediate pain he found that he re-gained a complete range of motion. X 

rays revealed that the screw has been bent and avulsed fi-orn the coracoid permitting the 

clavicle to rotate freely. This is a pragmatic demonstration of the role of the AC joint. 
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Nevertheless, it is worth mentioning that the acromio-clavicular dislocation yields a 

contradictory and interesting view of the function of the AC. According to Urist (1946) and 
Perry (1978), the fixation of the clavicle through metal screws or sutures restricts the 

movement of the humerus and many other studies performed by Horn (1954), Arner et al. 
(1957), Jacobs and Wade (1966) and reconfirmed by Larsen et al. (1986), demonstrated 

how after few weeks of resumed activity, wire sutures were broken or loose screws have 

been found. Although such general opinion has been supported by clinical data, many other 

authors like, among others, Kennedy and Cameron (1954) suggest that sufficient 

compensatory motion of the scapula fixed to the clavicle exists in patients younger than 50 

year age to restore a normal humeral range of motion. Nevertheless the majority of the 

clinical studies carried out agree that there is a considerable range of motion at the AC 

joint. 

The model proposed by Pronk and Van der Helm to provide a complete kinematic model of 

the arm for in vivo subjects, presents a solution that minimises the motion at the AC, that is 

in open contrast with the surgical studies presented. The loosening of screws or wire 

sutures seems a clear indication of the rotation occurring between clavicle and scapula at 

the AC joint. It is evident that the model proposed by Pronk starts from two hypotheses that 

clearly affect the results: 

1) the sliding joint between thorax and scapula in all the range of motion. 
2) the clavicle axial rotation calculated with an iterative method, which minimises the 

rotations at the AC joint. 

Let us assume that the contact between scapula and thorax occurs when it is necessary to 

transmit high loads from the arm to the trunk. In this case, the contact between scapula and 

thorax closes the kinematic chain by offering to the external load a triangle base as a 

resistive mechanical structure. In the case of free motion of the arm, this contact seems not 

necessary at all. 

As far as the AC joint is concerned, it seems that a compensatory rotation occurs at this 

joint particularly in abduction and adduction. Further studies are certainly necessary by 
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recording the movement of the clavicle and of the scapula on the same subject in order to 

obtain information on the complete motion of the arm. CertainlY it is possible to use the 

proposed constraint equations in order to obtain a complete model of the upper an-n. A 

theoretical approach based on the constraint equation proposed is given in the following 

Chapter. 

It is now interesting to make some pure kinematic considerations on the motion at the 

sterno-clavicular joint. Since the distance between the AC and the SC joint is constant (if 

translations at the SC joint are not considered), the head of the clavicle moves around a 

sphere. In figure 8.8a it is plotted the motion of the head of the clavicle obtained by 

applying the equations 7.1,7.2 and 7-3). The red dots represent the sequence of Cartesian 

positions assumed by a point located in the centre of rotation of the AC joint with respect to 

a global coordinate fi-ame located in the centre of rotation of the SC joint, while in figure 

8.8 b, c, d the projections DO, D1, D2 with respect to the fi-ontal (coronal), sagittal and 

transverse planes are given. Data have been obtained by applying the equations 7.1,7.2 and 

7.3 to a clavicle modelled as per figure 8.1. The distance between the two fi-ames has been 

obtained by using the mean values of table6.3. 
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Figure 8.8a: Movement of the clavicle head (stickfigures) 
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Figure 8.8b: Movement of the clavicle head in the transverse plane 
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Figure 8.8c: Movement of the clavicle head in the sagittal plane 

mm 
30 

DI 20 
aitial position 

10' 
90 100 110 120 130 

DO 
MM 

Frontal plane 
Figure 8.8d: Movement of the clavicle head in thefrontalplane 

160 



As shown in figures 8.8 a, b, c, d, the combined motion of clavicle abduction and axial 

rotation results in a further elevation of the AC joint. This movement acts as a natural help 

to the abduction of the scapula (see figure 8.2) and results in a further elevation of the GH 

joint. The rotations at the SC joint add a considerable range of motion at the AC joint. In 

fact, within a humeral workspace of 90 degrees azimuth and 120 degrees elevation, AC 

displacements of approximately 25-30 min in each direction can be obtained. Such 

movement helps in finding the optimal position either for the transmition of loads from the 
humerus to the body or during the free movement of the arms. 
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9 Conclusions and Recommendations for Future Work 

The present work has focussed on the kinematics of the clavicle. 
The first part of the Thesis has dealt with the study of anatomy of the arm as the 

necessary background to understand the complex kinematics of the upper limb. Both 

skeletal and muscular apparatuses have been overviewed trying to put in evidence, 

with the help of a systematic support of drawings, the intimate relationship of bones 

and muscles with skin. 

Despite the many attempts, the complexity of the anatomy has hampered the 

identification of a consistent and accurate biornechanical model of the human arm. 

This is strongly demonstrated by the wide variety of limb models that can be found in 

literature. Some models judged the most accurate have been reviewed in depth. 

As a result of the study of the published biomechanical models, it has been realised 

that a complete and unifying theory of the kinematics of the upper limb has not been 

presented yet. In fact although many attempts have been devoted to identify the 

kinematic chain of the upper limb, an orthodox kinematics seems to be not available. 

This is due mainly to the lack of information related to the movement of the clavicle. 

In order to approach the problem from a theoretical point of view, the arm has been 

modelled as a geometric variable system. For this reason an entire chapter has been 

dedicated to the basic terminology currently used in robotics in order to characterise 

manipulator kinematics. The chapter ends with an extensive explanation of the 

Denavit-Hartenberg notation as a systematic method of description of the kinematic 

relationship between a pair of adjacent links. Such notation will be useful to 

researchers who wish to use the constraint equations of the clavicle in order to 

characterize the motion occurring at the acromio-clavicular joint. 

The present work has dealt with the following topics: 

9 study of the skeletal and muscular apparatuses of the arm; 

4, review of the biornechanical models of the shoulder complex; 
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" study of the forward kinematics of a geometric variable system; 

" study of manipulator workspace and of its main properties; 

" development of a technique able to record the SC motion; 

" design and development of a new miniaturized electrogoniometer as a necessary 

step for the application of the technique; 

design and development of a device able to record the 3 degrees of freedom at the 

stemoclavicular joint; 

validation phase dedicated to highlight the precision and accuracy of the new 

system proposed; 

development of a mathematical model through which the clavicle rotations are 

expressed in a polynomial form function of the humeral positions. 

9.1 Results 

A new measurement technique which exploits the geometry of the limb has been presented 

and a new system for investigating spatial clavicle-humeral kinematics developed. The 

system has been validated through an intensive set of validation studies. 
An intense design and development phase has been tailored to the development of 

miniaturized rotation sensors. Such development has been carried out in order to cope with 

the "allowed volumes" in proximity of the sternum. In fact the pragmatic difficulties 

encountered in interfacing a sensorised device able to record the rotations at the SC joint 

has guided the development of the sensitive element. 
Based on the above device, an electromechanical device has been designed and 

manufactured where the sensors have been assembled according to a serial/parallel 
hy of the sterno-clavicular detector has been kinematic chain. The accuracy and repeatabill 

verified by a purposely conceived set of bench test experiments as well as on subjects. 

A predictive model of the behaviour of the clavicle has been finally developed using a 

regression technique. The results compared favourably with the data of Inman (1944), 

163 



Pronk (1993) and van der Helm (1994) although some differences concerning the shape of 

the curve have been found particularly with the data shown by Pronk. Such differences may 

be attributed to the optimisation technique used by the author, who detects the clavicle axial 

rotation by minimizing the movement at the sterno-clavicular joint. 

Concerning the kinematics of the clavicle, the main conclusions can be surnmarised as 

follows: 

1. The rotation of the humerus causes a combined motion between clavicle and scapula, 

which can be coined as a clavi-scapulo-humeral rhythm. The sense of axial rotation of 

the clavicle is constrained by the conoid and trapezoid ligaments, which play a 

fundamental role in the motion pattern between clavicle, scapula and humerus. 

2. Either abduction or forward flexion of the humerus causes a three dimensional 

combined motion of the clavicle: axial rotation along an axis coincident with the 

inner third of the bone (sternal part), abduction-adduction and a considerable pro- 

retraction. 
3. The larger movement is the axial rotation followed by a considerable abduction, 

which permits an elevation of the acromion during motion. 

4. Any representative model of the arm should consider the coracoclavicular ligament 

which plays a fundamental role in the motion pattern between scapula and clavicle 

offering an additional constraint that is to be accounted in the model. It is easy to 

understand how any articular problem involving such ligamentous structure can cause 

a difficult reorganization of the network of muscles responsible for the dynamics of 

the movement of the shoulder complex; 

5. The internal-external rotation of the humerus has not measurable effects on the 

clavicle motion. 

9.2 Technical development - 

The development of a new system of measurement has been carried out with an intensive 

validation phase aimed at determining its accuracy and repeatability. 
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The technique developed exploits the geometry of the clavicle for gaining essential 

information on the axial rotation occurring at the sterno-clavicular joint. The model basic 

hypothesis is that the sternal part of the clavicle, modelled as a line, lies in the corononal 

plane in the anatomical position. 
The importance of the coordinate system has been demonstrated particularly for the 

comparison of the results. 
The electromechanical system has been developed together an acquisition unit and 

software designed using C++ for Windows 95/98 environments. 
The data have been analysed using standard software as MathCAD and Excel. 

9.3 Recommendations for future work 
It is common belief that any research generates more questions than findings. Therefore a 

list of recommendation is given in the following in order to suggest to future researchers 

possible development for a better understanding of the kinematics of the arm. 

9.3.1 Increased workspace 

The workspace investigated is a subset of the workspace of the ann; therefore the validity 

of the relationships should be checked also in an increased workspace. In particular the 

slope of the polynomial curve used does not fit outside the examined workspace. 

9.3.2 Arm kinematics 

A complete investigation on the arm kinematics can now be achieved. From a kinematic 

point of view, any future biomechanical model should take into account the geometry of the 

, 'links" which play a fundamental role in the interaction between the joints. Particular 

attention should be taken in the role played by the ligamentous structure of the arm, which 

is, indeed, an additional constraint of motion. 
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in order to highlight the main features of the arm kinematics, it is recommended that the 

Denavit-Hartenberg notation should be used and that the local coordinate frames should be 

located along the anatomical joints (SC, AC, GH) in order to have evidence of the motion 

of each link. The combined application of the clavicle detector and of any "non invasive 

method" for the scapular measurement should demonstrate, once forever, the effective 

existence of the scapulothoracic joint also during motion of the unloaded arm. 
To this purpose a key idea should be the application of a theoretical approach based on 

predictive models of clavicle and scapula motion as those developed in this work and by 

Barnett (1996). The kinematics of the arm can be modelled as per figure 3.12 and 9.1. In 

the hypothesis that the first two joints of the shoulder complex formed by clavicle, scapula 

and humerus can be modelled as a six-degree-of-freedom open chain "manipulator" 

possessing three degrees of freedom at the SC and three degrees of freedom at the AC joint 

respectively. 
It follows that the SC and the AC can be modelled as pure spherical joints as depicted 

in figure 9.1. 

Rr in int 

4 sternum 

7vicle 

Figure 9.1: Model ofclavicle and scapula 

With reference to figure 9.1 and 3.12 and to the notations used in Chapter 3, the Denavit- 

Hartenberg notation can be applied to the manipulator as follows (see Table 3.13): 
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Data: 

1) Spatial position of the AC joint with respect to a frame located at the SC joint with 
the body in the anatomical position. Such mean data can be extracted from Table 

6.3 in Chapter 6. From these data the Denavit-Hartenberg parameters related to the 

geometry of the clavicle can be extracted (see Table 9.1). 

2) With reference to the model developed by Barnett (1996) and to figure 9.1, the six 

coordinates a, P, y, X, Y, Z of the scapula referred to a frame located at the SC joint 

and expressed in a polynomial form as functions of a (azimuth), e (elevation) and r 

(roll) of the humerus can be obtained. 

Since such data are given for a sequence of known humeral positions, the spatial 

position of the scapula (considered as a rigid body) with respect to the sternum is 

known for each humeral position. This means that, if the geometry of the manipulator is 

known, the Denavit-Hartenberg notation together with an inverse kinematics can be 

applied to know, for each humeral position, the six rotations at the SC and AC joints 

that are necessary to locate the scapula in the known position. 

Using the above models it will be possible to obtain from the sequence of positions 

assumed by the scapula (the end effector of the manipulator) for each humeral position the 

angles at the SC and AC respectively and therefore to know the complete kinematics of the 

arm. 
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11 Appendix A 

This appendix contains the graphs of the tests performed on the su! ýIects. Data related to thu 

graphs arc givea in Appendix B. 
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Figure 11.7 b: Subject 6 (LIR=1,96) -observer 2 
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Figure 11.7 c: Subject 6 (LIR= 1,96) - inter observer 
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Figure 11.8 b: Subject 6 (LIR=1,96) - observer 2 
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Figure 11.8 c: Subject 6 (LIR=1,96) -inter observer 
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Figure 11.9 b: Subject 6 (LIR=1,96) -observer 2 
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Figure 11.9 c: Subject 6 (LIR= 1,96) - inter observer 
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Figure 11.10 b: Subject 7 (LIR=2,73) - observer 2 
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Figure 11.10 c: Subject 7 (LIR=2,73) - inter observer 

189 



60 

50 

40 

30 

20 

lo 

0i 

-10 

R2 = 0,9951 

; 
-ý*o R' = 0,9994 

R' - 0,9991 
30 

0 20 40 60 80 100 120 

45 azimuth (degrees) 

60 

50 

40 

30 

S 20 

lo 

.90 9 

-10 f 
U -20 -- 

-30 -- 
0 

60 

50 

4U 

30 

a4 20 

10 

0 

-10 

-20 

-30 

_*Aýial 
rot ation 

m Pro-retraction 

Abduction 

-Poli. (Axial rotation) 
I-Poli. 

(Abduction) 

Poli. (Pro-retract 
L_ 

- __ -- 

0 20 40 60 80 100 120 

45 azimuth (degrees) 

Figure 11.11 c: Subject 7 (LIR=2,73) - inter observer 

Axiairotation 

Pro-retraction 

Abduction 

Poli. (Axial rotation) 

-Poli. (Abduction) 

Figure 11.11 a: Subject 7 (LIR=2,73) - observer 
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Figure 11.11 b: Subject 7 (LIR=2,73) - observer 2 
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Figure 11.12 b: Subject 7 (LIR =2,73) - observer 2 
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Figure 11.13 C: Subject 8 (LIR=2,39) - inter observer 
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Figure 11.14 b: Subject 8 (LIR=2,39) - observer 2 
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Figure 11.14 C: Subject 8 (LIR=2,39) -inter observer 
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Figure 11.15 b: Subject 8 (LIR=2,39) -observer 2 
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Figure 11.15 c: Subject 8 (LIR=2,39) -inter observer 
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Figure 11.16 b: Subject 9 (LIR=2,26) - observer 2 
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Figure 11.16 c: Subject 9 (LIR=2,26) -inter observer 
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Figure 11.17b: Subject 9 (LIR=2,26)- observer 2 
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Figure 11.19 c: Subject 10 (LIR=2,06) -inter observer 
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Figure 11.19 b: Subject 10 (LIR=2,06) -observer 2 
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Figure 11.20 b: Subject 10 (LIR=2,06) - observer 2 
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Figure 11.21 b: Subject 10 (LIR=2,06) - observer 2 
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Figure 11.21 c: Subject 10 (LIR=2,06) - inter observer 
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12 Appendix B- Raw dat-" of the tests 

This Appendix contains the raw data obtained from the tests. 

(x, = clavicle axial rotat tion 

cct = clavicle azimuth 

cc,, = clavicle adduction-abduction 

p= hurneral elevation 

7= humeral azimuth 

Test I Test 2 Test 3 Mean 

a. at Cc, a, at a, a. at a. ar a, a, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 0,60 -0,69 0,22 0,73 -0,56 0,35 0,17 -1,12 -0,21 0,50 -0,79 0,12 

20 3,42 -2,29 1,70 3,95 
1 -1,76 2,23 3,79 

1 -1,92 2,07 3,72 -1,99 1 2,00 

30 7,04 -4,17 5,62 5,51 -2,84 4,49 5,57 -3,10 4,05 6,04 -3,37 4,72 

40 9,43 -4,56 7,98 9,15 -4,84 7.70 9,11 -4,88 7,66 9,23 -4,76 7,78 

50 12,95 -6,15 10,69 12,67 -6,43 10,4 1 12,63 -6,47 10,37 12,75 -6,35 10,49 

60 14,84 -7,94 13,87 14,56 1 -8,22 13,59 14,52 -8,26 13,55 14,64 -8,14 13,67 

70 19.58 -9,63 18,04 18,85 -10,36 17,31 18,87 -10,34 17,33 19,10 -10,11 17,56 

80 22,87 -12,01 21,46 22,14 -12,74 20,73 22,16 -12.72 20,75 22,39 -12,49 20,98 

90 25.91 1 -14.48 24,29 25,18 .. 15, -41 231, ý6 25,20 1-15,119 1 23,58 
1 

25.43 - 14,! ', 16 23,31. 

i0o 32,05 . 15,88 28,45 28,25 -18,68 24,65 23,95 -16,98 25,35 29,75 . 17,18 26,15 

110 36,19 -19,19 32,18 32,39 -21,99 28,38 33,09 -20,29' 29,08 33,89 -20,49 29,88 

120 40,55 -21,73 34,35 36,75 1-24,53 30,55 37,45 -22,83 31,25 38,25 -23,03 32,05 

Figure 12.1 a: Subject I (-f =0 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

Ccr (Xt Cc& ccl C(t I Cc& cEr C(l CE, OL, (X, ce, 

0 0,00 0,00 0.00 0,00 0.00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 1,15 -0,60 0,69 1,28 . 0,47 0,82 
1 

0,72 -1,03 G, 26 1 1,05 -0,70 0,59 

20 3,79 -2,49 2,18 4,32 -1,96 2,71 4,16 -2,12 2,5. ) 4,09 -2,19 7,48 

30 8.86 1 -4,57 1 
6,68 7,33 -3,24 5,55 7,39 -3,50 5,11 7,86 -3,77 5,78 

40 11,35 -5.16 8,92 11,07 -5,44 8,64 11,03 -5,48 8,60 11,15 -5,36 8,72 

50 13,18 -6,95 10,35 12,90 -7,23 10,07 12,86 -7,27 10,03 12,98 77,15 10,15 

60 15,49 -9,13 14,17 15,21 -9,4 i 13,89 15,17 -9,45 13,85 15,29 -9,33 1.3,97 

70 21,13 -10,42 18,99 20,40 , 11,15 18,26 20,42 -11,13 18,28 20,65 -10,90 18,51 

so 24,55 -12,60 22,29 23,82 -13,33 21,56 23,84 -13,31 21,58 24,07 -13,08 21,81 

90 27,60 -15,18 25, IF 26,87 -15,91 24,39 26,89 -15,39 24,41 27,12 -15,66 24,64 

100 32,56 -17,08 29,09 28,76 -19,88 25,29 29,46 -18,18 25,99 30,26 1 
-18,38 26,79 

110 36,87 -20,40 1 31,96 1 33,07 1-23,20 1 28,16 33,77 -21,50 28,86 34,57 -21,70 

1 

29,66 

120 41,46 -23,16 35,51 1 37,66 1-25,96 1 31,71 38,36 -24,26 32,41 1 39,16 -24,46 21 33, 

Figure 12.1 b: Subject I (y =0 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

a, at a, a, at a, 
10 

ccr a, a. a. C4 a. 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 0,14 -0,53 0,41 0,04 -0,63 0,31 0,06 -0,61 0,33 O, OS -0,59 0,35 

20 2,55 1 . 1,63 1 1,24 2,45 , 1,73 1,14 1 2,47 - 1,71 1,16 2,49 -1,69 1,18 

30 4,86 -2,53 2,18 4,76 -2,63 2,08 4,78 -2,61 2,10 4,80 -2,59 2,12 

40 5,! 5 -4,89 2,01 5.35 4,69 2,21 7,05 -21,99 3,91 5,85 -11,19 20.11 

50 7,47 -6,5S 2,95 7,67 -6,38 3,15 9,37 4,69 4,85 8,17 -5,88 3,65 

60 12,35 -8,26 4,60 12,55 -8,06 4,80 14,25 -6,36 6,50 13,05 -7,56 5,30 

70 16,81 -9,85 6,37 17,01 -9,65 6,57 18,71 -7,95 8,27 17,51 -9,15 7,07 

80 19,37 -12,83 8,02 19,57 -12,63 8,22 21,27 -10,93 9,92 20,07 -12,13 8,72 

90 25,53 

1 

-13,91 11,90 24,33 -15,11 10,70 24,63 -14,81 11,00 24,83 -14,61 11,20 

100 27,90 -16,39 14,26 26,70 1-17,59 13,06 127,00 -17,29 13,36 27,20 -17,09 13,56 

110 33,88 -19,46 18,38 32,68 -20,66 17,18 32,98 -20,36 17,48 33.18 -20,16 17,68 

120 8,55 3 -22,35 22,27 37,35 

1 

-23,55 21,07 37,65 -23,25 21,37 37,85 -23,05 21.57 

Figure 12.2 a: Subject I (y = 45 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

a, I Cc, Cc, a, cEt ct, CL, Cc, a, ct, cc, a, 

0 0,00 '00 0,00 0,00 0.00 0,00 0,00 0,00 0,00 %)Oo 0,00 0,00 0,00 

10 1 0,24 '24 -0,53 1 0,30 0,14 -0,63 0,20 0,16 -0,61 0,22 0,18 -0.59 0.24 

20 ý 2, '5 -1,72 1,24 1 2.45 -1,82 1,14 2,47 -1,80 1,16 2,49 -1,78 1,18 

31 5,15 -3,30 2,3 0 5,05 -3,40 2,20 5,07 -3,38 2,22 5,09 -3,36 2,24 

40 6,60 -5,46 2,60 6,80 -5,26 2,80 8,50 -3,56 4,50 7,30 -4,76 1 3,30 

50 9,90 -7,06 3,78 10,10 -6,86 3,98 11'so -5,16 5.68 10,6 -6,36 4,48 

60 13,13 -8,84 5,08 13,33 -8,64 5,28 15,03 -6,94 6,98 13,83 -8,14 5,78 

70 16,10 -10,77 6,25 16,30 -10,57 6,45 18,00 -8,87 8,15 16,80 -10,07 6,95 

80 18,99 -13,39 7,55 19,19 -13,19 7.75 20,89 -11,49 9,45 19,69 -12,69 8,25 

90 23,10 -14,21 10,48 21,90 -15,41 9,28 22,20 -15,11 9,58 22,40 -14,91 9,78 

100 28,09 -17,03 12,37 26,89 -18,23 11,17 27.19 -17,93 11,47 27,39 -17,73 11,67 

110 32,14 -18,46 15,91 30,94 -19,66 14,71 31,24 -19,36 15,01 31,44 -19,16 15,21 

120 37,27 -21,55 20,44 36,07 -22,75 19,24 136,37 1-22,45 1 19,54 36,57] -22,25 19,74 

Figure 12.2 b: Subject I (y = 45 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

a, C4 a, Cc, a, a, a, C4 Cc, cEr C4 CE, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 1,01 0,43 0,41 0,80 0,22 0,20 0,77 0,19 0,17 0,86 0,28 0,26 

20 1,20 0,60 0,99 0,93 0,39 0,96 0.90 0,36 1,05 0,99 0,45 

30 1,32 C, 53 0,74 I'll 

1 

0.32 0,53 I, OF 0,29 0,50 
1 

1,17 0.02 18 0,59 

40 1,60 -2,17 0,46 2,60 1 -1.17 1,46 2.40 -1,37 1,26 2,20 1,57 1,06 

50-1 2,57 -3,77 1 0,70 3,57 -2,77 1,70 3,37 -2,97 1,50 3,17 -3,17 1,30 

60 1 6,04 -5,36 2,05 7,04 -4,36 3,05 6,84 -4,56 2,85 6,64 -4,76 2,65 

70 11,53 -5,67 7,45 9,03 -8,17 4,95 9,53 -7,67 5,45 10,03 -7,17 5,95 

80 15,43 -7,66 9,86 12,93 -10,16 7,36 13,43 -9,66 7,86 13,93 -9,16 8,36 

go 19,61 -10,15 1 13,16 17,11 -12,65 10,66 17,61 -12,15 11,16 18,11 -11,65 11,66 

loo 1 24,32 -13,34 17,34 21,82 -15,84 14,84 22,32 -15,34 15,34 22,82 -14,84 15,84 

110 25,23 -19,62 19,47 25,83 1-19,02 1 20,07 29,13 -15,72 23,37 26,73 . 18,12 

120 31,16 -22,79 22,83 31,76 1-22,19 1 23,43 1 35,06 1-18,89 26,73 32,66 -21,29 

Figure 12.3 a: Subject I (y = 90 degrees) - observer I 
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Test I Test 2 Test 3 -1 - Mean 

a-, a, a, a, a, a, C4 F a, a, a, a, a, 

0 
L 

0.00 0,00 oloo oloo 0,00 0,00 

,I 
0,00 0,00 0,00 0,00 0,00 (), 00 

-- 10 0,44 0,93 0,27 0,23 0,72 0,06 
', 0.20 - 0,69 0,03 0,29 0.78ý 4 0,12 

20 1,59 1,72 0,74 1-38 1.51 0,53 1,35 1,43 0,50 1,44 1,57, 

30 2,35 0,70 1,21 2,14 0,49 1,00 2,11 0,46 0,97 2,20 

1 

0,55 1,06 

40 3,62 -2,31 1,29 4,62 -1,31 2,29 4,42 -1,51 2,09 4,22 -1,71 1,8T 

50 4,49 -3,94 1,64 5,49 -2,94 2,64 5,29 -3,14 2,44 5,09 -3,34 2,24 

60 7,30 -6,14 2,7 0 8,30 -5,14 3,70 8,10 -5,34 3,50 7,90 -5,54 3,30 

70 12,83 -6,24 8,10 10,33 -8,74 5,60 10,83 -8,24 6,10 11,33 -7,74 6,60 

80 15,97 -8,03 10,34 13,47 -10,53 7,84 13,97 -10,03 8,34 14,47 -9153 8,84 

90 20,83 -10,82 14,23 18,33 -13,32 11,73 18,83 -12,82 12,23 
1 

19,33 -12,32 12,73 

100 25,77 -14,21 19,17 23,27 -16,71 16,67 23,77 1 -16, ýl 17,17 1 24,27 -15,71 17,67 

110 79 -20,59 20,47 28,39 -19,99 21,07 31,69 -16,69 24,37 29,29 -19,09 21,97 

120 32,60 -23,76 24,13 33,20 -23,16 24,73 36,50 1-19,86 28,03 34,10 -22,26 25,63 

Figure 12.3 b: Subject I (y = 90 degrees) - observer 2 

Test I Test 2 
.4 

Test 3 Mean 

0ý Cti Cc, ccr C4 a, a. C4 ce, a., 1 C4 a, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 1,10 -1,40 0,46 1,90 -0,60 1,26 2,10 -0,40 1,46 1.70 -0,80 1,06 

20 3,24 
- 

-2,29 1,83 1 4,04 . 1,49 2,63 4,24 -1,29 2-, 33 -3-, 84 -1,69 2,43 

30 7,43 -3,28 5,20 5,65 -3,48 3.4v 5,95 -i, 53 3,7 0 6,3ý -2,78 4,10 

40 6,94 -5,97 4,12 8,54 -4,27 5,72 3,94 -3, S7 6,12 8,14 -4,67 5,32 

50 9,35 -7,15 6,05 10,95 -5,55 7,65 11,35 -5.15 8,05 10,55 -5.95 7,25 

60 11,66 -9.13 8,60 13,26 -7,53 10,20 13,66 -7.13 10,60 12,86 -7,93 9,80 

70 12,56 -11,79 10,81 15,96 -8,39 14,21 15,46 -8,89 13,71 14,66 -9,69 12,91 

80 15,15 -13,87 12,48 18,55 -10,47 15,88 18,05 -10,97 15,38 17,25 -11,77 14,58 

90 18,15 -16,24 14,77 21,55 -12,84 18,17 21,05 1-13,34 17,67 20,25 -14,14 16,87 

100 20,01 -18,72 17,01 23,41 . 15,32 20,41 22,91 -15,82 19,91 22,11 -16,62 19PRI 

110 23,57 -20,56 20,46 25,57 -18,56 22,46 25.47 -18,66 22,36 24,97 -19,16 1 21,86 

120 25,77 -23,75 21,68 27,77 -21,75 23,68 27,67 -21,85 23,88 27,17. -22 
- 

35 1 23,08 

Figure 12.4 a: Subject 2 (y =0 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

CF., CLt cc, CE, a, a, a, a, Cc, cc, cct ct, 
01 0,00 0,00 0,00 1 0,00 0,00 O. eo 0,00 0,00 0,00 0,00 0.00 000 
10 0,52 -1,30 -0,12 1,32 -0,50 O'W i'52 -0,3() 0,88 11 12 0,70 0.48 

20 3,41 -2,30 2,17 4,21 -1,50 2,97 4,41 -1,30 3,17 4,01 -1,70 2,77 

30 7,62 -3,78 5,34 5,82 -3,98 3,54 6,12 -2,08 3,84 6,52 -3,28 _ 4,24 

40 7,80 -5,97 5,17 9,40 -4,37 6,77 9,80 -3,97 7,17 9,00 -4,77 6,37 

50 10,47 -7,15 7,47 12,07 1 5,55 9,07 12,47 -5,15 9,47 11,67 -5,95 8,67 

60 11,97 -8,32 1 
10,66 13,57 -6,72 12,26 13,97 -6,32 12,66 

1 
13,17 -7,12 11,86 

70 13,77 -11,21 1 11,52 17,17 -7,81 14,92 16,67 -8,31 14,42 1 15,87 -9,11 13,62 

80 15,22 -13,70 12,41 18,62 -10,30 15,81 18,12 -10,80 15,31 17,32 -11,60 14,51 

90 16,93 -16,38 1 
13,20 20,33 -12,98 16,60 19,83 -13,48 16,10 19,03 -14,28 15,30 

100 18 , 65 . 18,76 15.24 22,05 -15,36 18,64 21,55 -15,86 18,14 20,75 -16,66 17,34 

110 

j 

'69 21,69 -21,08 17,84 
- - 

23,69 

- - 
-19,08 19,84 23,59 -19,18 19,74 23,09 -19,68 19,24 

120 '39 24,39 -23,47 6 F9 
,4 

T 2 6,39 -21,47 21.46 26,29 -21,7 21,36 1 25,79 1 -22,07 20,86 

Figure 12.4 b: Subject 2 (T =0 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

cr, at cca ct, C4 aa a, a, a. cc, C4 cc. 
0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

1 

0,00 0,00 0,00 

10 0,19 -0,39 0,05 0,49 . 0,09 0,35 0,46 -0,12 0,32 0,38 -0,20 0,24 

20 0,503 -1,05 0,40 0,38 -0,75 0,10 --- 0,95 -0,13 0,67 0,77 --Or6- '-ý, 59 

30 1,12 -19,18 1,11 1,42 -1,29 1.41 1,39 -1,31 1,38 1,31 -1,39 1,30 

40 2,99 -1,99 2,05 1 2,04 -2,94 1,50 2,14 -2,84 1,40 2,39 -2,59 1,65 

50 5,50 -2,98 3,19 4,55 -3,93 2,24 1 4,65 -3,83 2,34 4,90 --3,58 2,59 

60 7,41 4,27 5,08 6,46 -5,22 4,13 6,56 -5,12 4,23 6,81 4,87 4,48 

70 11,41 4,60 1 8,32 8,71 -7,30 5,62 8,86 -7,15 5,77 9,66 -6,35 6.57 

80 14,08 -6,19 10,53 11,38 -8,89 7,83 11,53 -8,74 7,98 12,33 -7,94 8,78 

go 17,35 -7,98 13,01 14,65 -10,68 10,31 1 14,80 -10,53 10,46 15,60 -9,73 11,26 

loo 19,88 -10,56 15,31 17,18 -13,26 12,61 17,33 -13,11 12,76 18,13 -12,31 13,56 

110 23,49 -13,26 1 19,51 1 19,39 -17,36 15,41 20,09 -16,66 16,11 120,99 -15,76 17,01 

120 26,08 -16,75 1 23,25 21,98 19,15 22,68 1-20,15 19,85 1 23,58 -19,25 20,75 

Figure 12.5 a: Subject 2 (y = 45 degrees) - observer I 
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Test I I Test 2 Test 3 Mean 

a, Cc, a, a, ctt a, a, a, a, q a, a, a, 

0 0,00 1 0,00 0,00 0,00 0.00 0,00 0,00 0,00 0,01 u 0,00 0,00 0,00 

10 0,07 -o, 39 -0,19 0,37 -0,09 0,11 0,34 I 0,12 1 , I 
0,08 I 0,26 

I -0,20 
I 

0,00 

20 1.13 -!, 39 1 0,64 1,43 -1,09. 0,94 1.40 1 . -1.12 1 
0,91 1,32 1 -1,20 6,83 

30 1,37 -2,39 1,11 1,67 
1 -2,09 1,41 1,64 -2,12 1,38 1,56 -2,20 1,30 

40 3,74 -2,37 2,52 2,79 -3,32 1,97 2,89 -3,22 1,87 3,14 -2,97 2.12 

50 5,70 -3,60 3,78 4,75 -4,55 2,83 4,85 -4,45 2,93 5,10 -4,20 3.18 

60 6,70 -4,75 4,73 5,75 -5,70 3,78 5,85 1 -5,60 3,88 6,10 -5,35 4,13 

70 11,63 -5,68 8,06 8,93 -8,38 5,36 9,08 -8 , 23 5,51 9,88 -7,43 6,31 

80 14,04 -7,97 9,77 11,34 -10,67 7,07 11,49 -10,52 7,22 12,29 -9,72 8,02 

90 17,07 -9,76 12,36 14,37 -12,46 9,66 14,52 -12,31 9,81 15,32 -11,51 10,61 

100 20,29 , 11,92 14,43 17,59 -14,62 11,73 17,74 1-14,47 11,88 18,54 -13,67 12,68 

110 24,27 1-14,29 20,06 20,17 -18,39 15,96 20,87 -17,69 16,66 21,77 -16,79 17,56 

120 26,51 1-16,98 23,90 1 22,41 1-21,08 1 19,80 23,11 -20,38 1 20,50 1 24,01 1-19,48 

Figure 12.5 b: Subject 2 (y = 45 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

C4 C4 a. a. C4 Cc& CEr C4 a, CEC a, a. 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 0,19 0,20 0,04 0,54 0,55 0,39 0,44 0,45 0,29 0,39 0,40 0,24 

20 0,92 0,80 0,24 1,27 1.15 0,59 1,17 1,05 0,49 1,12 1,00 0,44 

30 1,92 0,90 0,94 2,04 1,02 1,06 0,90 -OJ2 -0,08 i, 62 0,60 0,64 

40 2,88 0,30 1,42 3,00 0,42 1,54 1,36 -0,72 0,40 2,58 0,00 1,12 

50 3,95 -0,29 2,54 4,07 -0,17 2,66 2,93 -1,31 1,52 3,65 -0,59 2,24 

60 6,85 -0,39 5,54 4,30 -2,94 2,99 4,60 -2,64 3,29 5,25 -1,99 - 3,94 

70 9,34 -1,80 6,90 6,79 -4,35 4,35 7,09 -4,05 4,65 7,74 -3,40 5,30 

80 10,61 -3,48 9,26 8,06 -6,03 6,71 8,36 -5,73 7,01 9,01 . 5,08 7,66 

90 13,26 -5,28 10,63 10,71 -7,83 8,08 11,01 -7,53 8,38 11,66 -6,88 9,03 

100 16,64 -7,93 13,03 13,68 -10,89 10,07 13,58 -10,99 9,97 14,60 -9,97 10,99 

110 19,21 -10,52 15,12 16,25 -13,48 12,16 16,15 1-13,58 12,06 1 12,56 13,08 

120 23,61 1-13,61 18,90 20,65 1-16,57 15.94 20,55 1-16,67 15,84 21,57 -15,65 16,86 

Figure 12.6 a: Subject 2 (y = 90 degrees) - observer I 
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Test I Test 2 Test 3 Nican 

P CE, a, I (X. CE, (X, a. or, a, cc. cc, cc, a. 
0 0,00 O'GO 0,00 0,00 0,00 0,00 0, ()o 0,00 0,00 0,00 0,00 0,00 
10 1,05 0,79 0,74 1,40 1,14 1,09 1,30 1,04 0,99 1.25 0,99 0,9-1 

2U 1,92 0.20 0,98 2,27 1 0,55 1,33 1 2,17 1 0,45 1.23 2,12 1 0,40 1,18 

30 3,36 0,50 2,13 3,48 0,02 2,25 2,34 -0,52 1.11 3,06 0,20 1,83 

40 4,49 -0,49 2,62.1 4,61 -0,37 2,74 3,47 -1.51 1,60 4,19 -0,79 2,32 

50 5,92 -0,69 4,01 6,04 -0,57 4,13 4,90 -1,71 1 2,99 5,62 -0,99 3,71 

60 8,43 0,01 6,37 5,88 -2,54 3,82 6,18 -2,24 4,12 6,83 -1,59 4,77 

70 9,82 -0,60 8,02 7,27 -3,15 5,47 1 7,57 -2,85 5,77 8,22 -2,20 6,42 

80 12,49 -3,90 9,97 1 9,94 -6,45 7,42 10,24 . 6,15 7.72 '10,89 -5,50 8,37 

go 14,55 -5,69 11,56 12,00 -8,24 9,01 12,30 -7,94 9,31 12,95 -7,29 9,96 

100 17,30 -8,44 13,59 14,34 -11,40 10,63 14,24 -11,50 10,53 15,26 . 10,48 11,55 

110 20,87 -11155 16,19 17,91 -14,51 13, )3 17,81 -14,61 13,13 18,83 -13,59 14,15 

120 24,85 -14,63 1 19,37 1 21,89 -17,59 1 16,42 21,79 -17,69 1 16,32 22,81 -16,67 1 17,33 1 

Figure 12.6 b: Subject 2 (y = 90 degrees) - observer 2 

Test I Test 2d Test 3 Mean 

Ccr C4 (I& Ccr a, CE& CEr C4 1 C(m ctr C4 a, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 2.41 -1,69 0,60 1 3,57 -0,53 1,76 3,35 -0,75 
1 1,54 3,11 -0,99 1.30 

2 20 5,713 -2,49 2,13 6,89 1 , 1,33 3,29 1 6,67 -1.55 3,07 6,43 1 1.79 2,83 

1 

30 7P19 -3,68 4,02 9,55 -2,52 5,18 8,33 1 -2,74 4,96 8,09 -2,98 4,72 

40 11,30 -4,89 1 7,20 12,46 -3,73 8,36 12,24 -3,95 8,14 12,00 -4,19 7,90 

50 16,83 -4,94 10,96 14,61 -7,16 8,74 16,59 -5,18 10,72 16,01 -5,76 10,14 

60 122,02 -6,56 13,43 19,80 -8,78 11,21 21,78 -6.80 13,19 21,20 -7,38 12,61 

70 27,49 -9,15 15.79 25,27 -11,37 13,57 27,25 -9,39 15,55 26,67 -9,97 14,97 

so 31,96 -10,55 17,92 27,94 -14,57 13,90 32,08 -10,43 18,04 30,66 -11,85 16,62 

90 36,77 -12,63 20,28 32,75 -16,65 1 16,26 36,89 -12,51 20,40 35,47 -13,93 18,98 

100 40,46 -14,85 22,40 36,44 -18,87 18,38 40,58 - 14.73 22,52 39,16 -16,15 21,10 

110 49,28 . 16962 26,47 44,16 -21,74 21,35 48,19 -17,71 25,38 47,21 -18,69 24,40 

120 54,04 -19,22 

1 

28,71 48,92 -24,34 23,59 52,95 -20,31 27,62 51,97 - 1,29 26,64 

Figure 12.7 a: Subject 3 (y =0 degrees) - observer I 
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Test I Test 2 Tes, ' 3 Mean 

Cc, C(, a, (X, CLI a, Cc, cc, Cc, a, 1 at a, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 1 4,46 -1". '19 1,19 5,62 -0,13 2,3. ) 5,40 -0,35 2,13 -5.16 0,59 1 1,89 

2U 1 6,91 -2,29 2,72 8,07 -1,13 3, 7,85 -1,35 3,66 7,61 -1,59 3,42 

30 9,91 -3,40 4,60 11,07 -2r-)4 1 
5,76 10,85 -2,46 5,54 10,61 -2,70 5,30 

40 13,01 -4,69 6,84 14,17 -3,53 8,00 13,95 -. 3,75 7,78 13,71 -3,99 7,54 

50 1 15,96 -3,97 10,49 13,74 -6,19 8,27 15,72 -4,21 10,25 15, IT . 4,79 9,67 

60 21,22 -5,37 13,32 19,00 -7,59 11,10 20,98 -5,61 13,08 20,40 -6,19 12,50 

70 25,14 -7,36 15,32 22,92 -9,58 13,10 24,90 -7,60 15,08 24,32 -8,18 14,50 

80 31,90 -9,06 18,39 27,88 -13,08 14,37 32,02 1 -8,94 18,51 30,60 -10,36 17,09 

90 35,58 . 11,44 20,40 31,56 -15,46 16,39 35,70 1-11,32 20,52 34,28 -12,74 19,10 

100 39,37 -13,67 22,40 35,35 -17,69 18,38 39,49 1-13.55 22,52 38,07 -14,97 21,10 

110 44,65 - 15,63 25917 39,53 -20,75 20,05 43,56 -1 72 24,08 2,58 1-17,70 23,10 

120 53,50 -18,43 29,42 48,38 1-23,55 24,30 52,41 -19,52 28,33 

E 

51, 4 51,43 1-20,50 27,35 

FiLyure 12.7 b: Subiect 3 (y = 0 decyrees) - ohserver 2 

Test I Test 2 
40 

Test 3 Mean 

a, I a, cc, Ctf C4 a, C4 Ctt a, a. C4 a, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 
1 

0,93 0,27 0,58 1,37 0,71 1,02 0,88 0,22 0,53 1,06 0,40 0,71 

20 5,21 -0,92 2946 
. 
5,65 -0,48 i 2,90 5,16 -0,97 2,41 5,34 1 -0.79 2,59 

30 7.72 -1,21 4,94 7,34 -1,59 4,16 3' 67 -3,26 2,99 6,91 -2,02 T 1-3 

40 10,73 -2,59 6,35 10,35 -2,97 5,97 3,68 -4,64 4,30 9,92 -3,40 5,54 

50 13,47 -3,98 8,94 13,09 -4,36 8,56 11,42 -6,03 6,89 12,66 -4,79 8,13 

60 18,67 -4,80 12,45 17,96 -5,51 11,74 15,27 -8,20 9,05 17,30 -6,17 11,5-8 

70 23,26 -6,57 15,52 22,55 -7,28 14,81 19,86 -9,97 12,12 21,89 -7,94 14,15 

80 28,84 -8,17 19,05 28,13 -8,88 18,34 25,44 -11,57 15,65 27,47 -9,54 17,68 

90 31,72 -10,12 21,65 31,01 -10,83 20,94 28,32 -13,52 18.25 30,35 -11,49 20,28 

100 38,73 -11,89 25,30 38,32 -12,30 24,89 33,98 - 16,64 20,55 37,01 -13,61 23,59 

110 45,67 -14,37 28,71 45,26 -14,78 28,30 40,92 - 19,12 23,96 43,95 -16,09 26,99 

120 53,82 -17,74 29,07 53,41 -18,15 1 28,66 49,07 1-22,49 24,32 52,10 1-19,46 1 27,35 

Figure 12.8 a: Subject 3 (y = 45 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

0 Cc, C(t (X, (X, I CE, CES I Cc, Cc, a, CE, ct, I CE, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0,00 0,00 O'co 0,00 
10 0,31 

- - 
0,46 0,70 1,25 0,90 1,14- 0,76 0941 0,65 0,94 0,59 0,83 

20 ý. 01 2,23 5.45 0.11 2,67 4,96 -0,38 2,18 5.14 -0,2u 2,36 

30 7,84 -0,31 4,82 7,46 -0,69 4,44 5,79 -2,36 2.77 7.03 . 1.12 4,01 

40 8,31 -1,17 6,11 7,93 -1,55 5,73 6,26 -3,22 4,06 7,50 -1,98 5,30 

50 13,50 -2,55 8,47 13,12 -2,93 8,09 11.45 -4,60 6,42 12,69 -3,36 7,66 

60 17,92 -2,98 11,86 17,21 -3,69 11,15 14,52 -6,38 8,46 16,55 -4,35 10,49 

70 24,02 -3,97 16,10 23,31 -4,68 15,39 20,62 -7,37 12,70 22,65 -5,34 14,73 

80 30,11 5,75 19,64 29,40 -6,46 18,93 26,71 -9,15 16,24 28,74 -7,12 18,27 

go 35,18 -8,08 22,94 34,47 -8,79 22,23 31,78 -11,48 19,54 33,81 -9,45 21,57 

100 41,25 -9,62 26,24 40,84 -10,03 25,83 36,50 -14,37 21,49 39,53 -11.34 24,52 

110 46,08 -12,40 28,83 45,67 -12,81 28,42 41,33 -17,15 24,08 44,36 -14,12 27,11 

120 52,77 -15,73 29,51 52,36 -16,14 29,10 48,02 1-20,48 1-ýT, -76 T51,05 
-17,45 2779 

Fieure 12.8 b: Subiec t3 (y =4 5 dearces) - ah5: erver 2 

Test I Test 2 Test 3 Mean 

cc, I (Xt C6 a, C4 cc, a. C4 a. a, C4 a. 
0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 
- - 

0,42 1,40 
I 

0,45 0,08 1,06 0,11 0,13 1,11 0,16 0,2 F 1,19 0,24 
r ý o 1,24 2,20 1,39 0,90 1,86 1,05 0,95 1,91 !, 10 1,03 1,99 1,18 

759 3.04 4,54 !, 25 2,70 A, 59 1,31) 2,75 4.67 1,38 2,83 

40 5,50 1,01 5,44 4,56 0,07 4,50 4,61 0,12 4,55 4,89 0,40 4,83 

50 8,03 -0,97 7,33 7,09 -1,91 6,39 7,14 -1,86 6,44 7,42 -1,58 6,72 

60 12,44 -2,84 9,57 11,50 -3,78 8,63 11,55 -3,73 8,68 11,83 -3,45 8,96 

70 14,20 -6,90 10,03 14,95 -6,15 10,78 16,96 -4,14 12,79 15,37 -5,75- 11,20 

80 18,37 . 8,98 13,45 19,12 -8,23 114,20 21,13 -6,22 16,21 19,54 -7,81 14,62 

90 26,25 -11,15 16,98 27,00 -10,40 17,73 29,01 -8,39 19,74 27,42 -9,98 18,15 

100 32,96 1-14,57 19,19 36,61 -10,92 22,84 137,17 -10,36 23,40 35,58 -11,95 21,81 

110 39,36 -17,35 22,13 43,01 -13,70 25,78 43,57 -13,14 26,34 41,98 -14,73 24,75 

120 43,62 

1 

-20,23 24,02 47,27 

1 

- 16,58 27,67d 47,83 -16,02 28,23 6,24 -17,61 

1 
26,64 

Figure 12.9 a: Subject 3 (y = 90 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

a, CEI CES a, C4 a, C(l cEt ce, Cc, C4 a. 

c 0,00 0,00 0,00 0,03 0,00 0,00 0,00 0,00 0,00 O'co 0,00 0,00 

10 1.27 1,99 0,92 0.93 1,65 0,58 0.98 1,70 0,63 1,06 1,78 0,71 

20 3,82 2.53 2,33 3.48 2,24 1,99 3.53 2,29 1 '-ý, 04 3,61 2, N 2.12 

30 3,98 1,38 3,51 3,64 1,04 3,17 3,69 1,09 3,22 3,77 1,17 3,30 

40 5,73 0,61 5,21 4,79 -0,33 4,27 4,84 -0,28 4,32 50,12 0,00 4,60 

50 7,53 . 1,96 6,50 6,59 -2,90 5,56 6,64 -2,85 5,61 6,92 -2,57 5,89 

60 9,54 -33,54 8,04 8,60 -4,48 7,10 8,65 -4,43 7,15 8,93 -4,15 7,4 

70 10,83 -6,91 8,50 11,58 -6,16 9,25 13,59 -4,15 11,26 12,00 -5,74 9,67 

80 19,50 -8,15 13,68 20,25 -7,40 14,43 22,26 -5,39 16,44 20,67 -6,98 14,85 

90 24,90 -10,19 17,34 25,65 -9,44 18,09 27,66 -7.43 20,10 26,07 -9,02 18,51 

100 30,84 -14,19 
' 

19,66 34,49 -10,54 23,31 35,05 -9,98 23,87 33,46 -11,57 22,28 

110 34,40 -16,77 1 21,78 38,05 1-13,12 25,43 -38,61 I -IS2,56 1 25,99 1 37,02 -14,15 24,40 

120 43,40 -21,36 1 24,96 1 47,05 1.17,71 28,61 47,61 1 -17,15 1 2" 1 02 -18,74 27,58 

Figure 12.9 b: Subject 3 (y = 90 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

cx, I at CES a, a, cc, CEr a, cca CEr a, a, 

0 0,00 0,00 0,00 0,00 0,00 0.00 0,00 0,00 0,00 0,00 0.00 0,00 

10 0,94 -0.32 0,13 2,86 -2,24 2,05 2,53 -1,91 1,72 2,11 -1,49 1,30 

20 3,26 -1,92 1,66 5,18 -3,84 3,53 4,85 -3,51 3,25 1 4,43 -3,09 2,83 

30 5.92 -3,31 3,55 7,84 -5,23 5,47 7,51 -4,90 5,14 7,09 4AS 4,72 

40 8,83 -5,021 6,73 10,75 -6,94 8,65 10,42 -6,61 8,32 10,00 -6,19 7,90 

50 12,84 -6,79 8,97 14,76 -8,71 10,89 14,43 -8,38 10,56 14,01 -7.96 10,14 

60 18,61 -9,97 13,02 19,15 -9,43 13,56 16,84 -11,74 11,25 18,20 -10,38 12,61 

70 23,08 15,38 23,62 -12,02 15,92 21,31 -14,33 13,61 22,67 -12,97 14,97 

80 27,07 -15,74 17,03 127,61 -15,20 17,57 25,30 1-17,51 15,26 26,66 -16,15 16,62 

90 31,88 -19,52 19,39 32,42 -18,98 19,93 30,11 -21,29 17,62 31.47 -19,93 18,98 

100 33,54 -23,76 19,48 37.59 -21,52 23,53 37,35 -21,16 23,29 36,16 -22,15 22,10 

110 39,99 -28,30 1 23,78 44,04 -26,06 27,83 43,80 -25,70 27,59 42,61 -26,69 
120 46,35 -31,90 1 26,02 150,40 -29,66 30,07 1 50,16 1-29,30 29,83 148,97 1 -30,29 

Figure 12.10 a: Subject 4 (y =0 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

- 
ct, CLt Cc, CEf C4 (X, Ctr cEt Cc, Cc, C4 a, 

F 7,00 -0,00 0,00 0,00 0-00 0,05 0,00 O, oo (5,00 0,00 0,00 0,00 

1.99 -0,42 0,77 3,91 -2,34 2,64 3,58 -2,01 2,31 3,16 -1,59 1,39 

20 4,44 -2,42 2,25 6,36 -4,34 4,17 6, u3 -4,01 3.84 5961 -3,59 3,42 

30 7,44 -3,83 5,113 9,36 -5,75 7,05 9,03 -5,42 6,72 8,61 -5,00 6,31) 

40 11,54 6,37 13,46 -7,44 8,29 13,13 -7,11 7996 12,71 -6,69 7,54 

50 13,97 -7,62 10,50 15,89 -9,54 12,42 15.56 -9,21 12,09 15,14 -8,79 1 i, 67 

60 20,81 -10,78 13,91 21,35 -10,24 14,45 19,04 -12955 12,14 20,40 -11,191 13,50 

70 24,73 -13,77 15,91 25,27 -13,23 16,45 

' 
22,96 

- 
-15,54 14,14 24,32 -14,18 15,50 

80 29901 -16,95 17,50 29,55 -16941 18,04 T7,24 -18,72 15,73 28,60 -17,36 17,09 

90 32,69 -21,03 20,41 
1 

33,23 -20,49 1 
20,95 30,92 -22,80 18,64 32928 . 21,44 20,00 

100 34,45 1-26,58 18,48 38,50 -24,34 3 22,53 
1 

38,26 1 -23998 22929 37,07 -24,97 21,1 

110 38,96 -30,31 21,48 43,01 

E-288, 

07 0 25,53 42,77 1 -27,71 25,29 41,58 -28970 24,10 

120 144,81 -33,71 24,73 48,86 31,4 . 31,47 28,78 48,62 1-31,11 28,54 47,43 -32,10 27,35 

Figure 12.10 b: Subject 4 (y =0 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

C4 Ott Cc, ccr Ck Cc, a. CLI CEO a. CLI CE, 
0 0,00 0,00 0,00 0.00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 , 0,00 

10 0,72 -2,13 0,37 1,94 -0,91 1,59 0,52 -2,33 0,17 1,06 -1.79 0,71 

3,00 -3,33 2,25 4,22 -2,11 3,47 2,80 -3.53 2,05 3,34 -2,99 2,59 
30 6,18 -4,31 4,80 4,53 -5,96 3,13 5,82 -4,67 4,44 5,51 -4,99u 4,13 
40 8,59 -5,90 6,21 6,94 -7,555 4,56 8,23 -6,26 5,85 7,92 -6,57 5,5T- 
50 11,33 -7,68 8,80 9,68 -9,33 7,15 10,97 -8,04 8,44 10,66 -8.35 8,13 
60 1 12,88 -11,37 9,66 13.91 . 10,34 10,69 16,11 -8,14 12,89 14,30 -9,95 11,08 
70 1 18,47 . 14,35 1 11,73 19,50 -13,32 12,76 21,70 -11,12 14,96 19,89 -12,93 13,15 
80 24,05 -17,53 15,15 25,08 -16,50 16,18 27,28 -14,30 18,38 25,47 -16,11 16,57 
90 27,93 -20,42 17,86 28,96 -19,39 18,89 31,16 -17,19 21,09 29,35 -19,00 19,28 

100 32,67 -24,42 21,84 36,67 -20,42 25,84 35,69 -21,40 24,86 35,01 -22,08 24,18 

110 38,61 -27,81 125,65 42,61 -23,81 29,65 41,63 -24,79 28,67 40,95 -25,47 27,99 

120 44,76 1-31,99 1 30,61 48,76 -27,99 34,61 47,78 1-28,97 33,63 47,10 - 9,65 3295 1n 
Figure 12.11 a: Subject 4 (y = 45 degrees) - observer I 
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Fest I 
- - 

Test 2 Test 3 Mean 

C4 1 CE, F a,, Cc, at CE, CEr a, a, a, a, a, 
0 O, OG 0,00 0,00 0,00 0,00 0,00 0,00 G, 00 0,00 0,00 0,00 0,00 

10 1,60 -0.94 0,49 2,92 0,28 1.71 1.40 -1,14 0,29 1 1,94 -0,60 0,83 

-9 1 1 .0 4% .#1 0 
30 7,70 -2,12 4,68 6,05 -3,77 3,03 7.34 -2,48 4,32 7,03 -2,79 4,01 
40 10,17 -3,70 6,97 8,52 -5,35 5,32 9,81 -4,06 6,61 9,50 -4,37 6,30 
50 13,36 -6,10 9,33 11,71 -7.75 7,68 13,60 -6,46 8,97 12,69 -6,77 8,66 
60 15,13 -10,671 9,07 16,16 -9,64 10,10 18,36 -7,44 12,30 16,55 . 9,25 1 10,49 
70 21,23 -13,25 13,31 22,26 -12,22 14934 24,46 -10,02 16,54 22,65 -11,83 14,73 
80 26,32 -16,14 16,85 27,35 -15,11 17,88 29,55 -12,91 20,08 27,74 . 14,72 18,27 
90 30,39 -20,32 20,15 31,42 -19,29 21,18 33,62 -17,091 23,38 31,81 1-18,90 21,57 
100 35,19 -24,73 24,18 139,19 -20,73 28,18 38,21 -21,71 27,20 37,53 -22,39 26,52 
110 41,02 -28,41 27,77 45,02 . 24,41 31,77 44,04 -25,39 30,79 43,36 -26,07 30,11 

120 46,71 -33,19 1 32,14 50,71 1-29,19 1 36,14 1 49,73 1-30,17 35,16 1 49,05 . 30,85 34,48 
Figure 12.11 b: Subject 4 (y = 45 degrees) - observer 2 

Test I Test 2 
41 

Test 3 Mean 

cx, C4 a. CE, (Xt CE, CEr CEt C6 CE, cct (A, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,06- 

10 0,58 0,74 0,09 1,30 1,46 0,81 1,21 1,37 0,72 1,03 1,19 0,54- 

20 2,22 1,54 
- 

0,73 
- 

2,94 2,26 1,45 
1 

2,35 
1 

2,17 1,36 2,67 1,99 1,18 

30 3,44 0, ý3 Y, 3i '16 1,65 3,10 4.07 1,56 3,0! 3.89 1,38 2,83 

40 5,97 -0,05 3,58 6,69 0,67 4,30 

F 

6,60 0,58 4,21 6,42 0,40 4,03 

50 8,01 -1,11 4,25 10,41 -3,51 6,65 10,02 -2,04 6,26 9,48 -2,58 5,72 

60 11,58 -2,98 6,49 13,98 -5,38 8,89 13,59 -3,91 8,50 13,05 -4,45 7,96 

70 15,07 -6,26 8,73 17,47 -8,66 11,13 17,08 -7,19 10,74 16,54 -7,73 10,20 

80 18,95 -9,34 12,15 21,35 -11,74 14,55 20,96 -10,27 14,16 20,42 -10,81 13,62 

90 24,35 -16,21 14,92 28,24 -12,32 18,81 27,35 -13,21 17,92 26,58 -13,98 17,15 

100 29,56 -20,18 18,58 33,45 1-16,29 22,47 32,56 1-17,18 21,58 31,79 . 17,95 20,81 

110 37,75 -24,96 21,52 41,64 1-21,07 25,41 40,75 1-21,96 24*52 39,98 -22,73 23,75 

120 42,01 -29,84 24,41 45,90 1-25,95 28,30 45,01 -26,84 27,41 44,24 1-27,61 1 26,64 

Figure 12.12 a: Subject 4 (y = 90 degrees) - observer I 
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Test I _7 Test 2 Test 3 Me an 

P cc, 1 at (X, 
I 

Ccr 1 C4 1 (10 Ctr I at CES a, C4 Cts 

0 0.00 0,00 0,00 1 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
10 0,91 

1,33 0,26 1,63 2,05 1 0,98 1,54 1,96 0,39 1,36 1,78 0.71 

20 3,16 1,92 1,67, 3.88 2,64 2,39 3,79 2,55 2,30 3p6l 2,37 2,12 

30 4,32 0,72 2,85 5,04 1,44 3,57 4,95 1,35 3,48 4,77 1,17 3,30 

40 5,67 -0,45 4,55 1 6,39 0,27 5,27 6,30 0,18 5,18 6,12 0,00 5,00 

50 6,45 -1,41 5,42 8,85 -3,81 7,82 8,46 -2,34 7,43 7,92 -2,88 6,89 

60 9,46 1 -4,48 6,96 11,86 -6,88 9,36 11,47 -5,41 8,97 10,93 -5,95 8,43 

70 12,53 -7,27 9,80 14,93 -9,67 12,20 14,54 -8,20 11,81 14,00 -8,74 11,27 

80 17,20 -9,51 13,38 19,60 -11,91 15,78 19,21 -10,44 15,39 18,67 -10,98 14,85 

90 21,84 -16,25 16,23 25,73 -12,36 20,17 24,84 -13 :,, 25 19,28 24,07 -14,02 1 18,51 

100 28,23 -20,80 20,05 32,12 -16,91 23,94 31,23 -17,80 23,05 30,46 -18,57 22,28 

110 34,79 -2 , I - 49 26,06 3, I- 38 25,17 37,02 -23,15 24,40 

120 41,79 30,97 24,65 45,68 -27,08 1 28,54 44,79 -27,97 27,65 44,02 -28,74 26,88 

Figure 12.12 b: Subject 4 (y = 90 degrees) - observer 2 

Test I Test 2 
0 

Test 3 Mean 

cr, I CEt a, a, C4 Cc, a, cr, a, cc, C4 a. 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 1,39 -0,60 0,75 1,88 -0,11 1,24 1,83 -0,16 1,19 1,70 -0,29 1,06 

20 3,53 -1,10 
I 2,12 Z 4,02 -0.61 2,61 3,97 -0,66 2,56 3.84 -0,79 2,43 1 30 6,04 -1,69 11 , 3, '# 79 6,53 -1,20 4,23 6,49 -1,25 1 4,23 6,35 -1,3S . -4.10 

40 8,41 -1,73 5,59 8,06 -2,08 5,24 7,95 1 -2,19 5,13 8,14 -2,00 5,32 

50 10,82 -2,31 7,52 10,47 -2,66 7,17 10,36 -2,77 7,06 10,55 -2,58 7,25 

60 11,53 -4,78 7,47 13,60 -2,71 9,54 13,45 -2,86 9,39 12,86 -3,45 8,80 

70 13,33 -7,06 1 9,18 15,40 -4,99 11,25 15,25 -5,14 11,10 14,66 -5,73 10,51 

0 ' 15,92 -9,14 10,25 17,99 -7,07 12,32 17,84 -7,22 12,17 17,25 1 -7,81 11,38 

90 1 17,92 -11,31 12,54 19,99 -9,24 14,61 19,84 -9,39 

I 

1 14,46 19,25 -9,98 13,87 

loo I 18,43 
- 

-14,63 
- 

13,43 22,62 -10,44 17,62 22,28 -10,78 17,28 21,11 -11,95 16,11 

110 20,29 -17,41 16,18 24,48 -13,22 20,37 24,14 -13,56 2 22,97 -14,73 18,86 

120 22,49 -18,29 18,40 26,68 -14,10 22,59 26,34 -14,44 22,25 25,17 -15,61 21,08 

Figure 12.13 a: Subject 5 (y =0 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

cc, cct (X, Cc, a. Cc, Ccr a. CE, Cc, (Xt CE, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0,00 0,00 

10 0,81 -0,79 0,17 1,30 -0,30 0.66 1,25 -0,35 0,61 1,12 -0,48 0,48 

20 3,70 -1,28 2,46 4,19 -0,79 2,95 4,14 -(). 8T- Z90 4,01 -0,97 2,77 

30 6.71 1,48 3,93 6,70 -0,99 4,42 6,65 -1,04 4,37 6.52 . 1,17 4,24 

40 9,27 -1,72 6,64 8,92 -ý. 07 6,29 8,81 -2,18 6,18 9,00 . 1.99 6,37 

50 
1 

11,94 -2,61 8,94 11,59 -2,96 8,59 11,48 -30,07 8,48 11,67 -2,88 8,67 

60 11,84 -5,28 9,53 13,91 -3,21 11,60 13,76 -3,36 11,45 13,17 -3,95 10,86 

70 14,54 -8,07 11,29 16,61 -6,00 13,36 16,46 -6,15 13,21 15,87 -6,74 12,62 

80 15,99 -8,31 13,18 18,06 -6,24 15,25 17,91 -6,39 15,10 17,32 . 6,99 14,51 

90 17,70 -10,35 13,97 19,77 -8,28 16,04 19,62 -8,43 15,89 19,03 -9,02 15,30 

100 19,07 -14,25 1 14,16 23,26 1-10,06 18,35 22,92 -10,40 18,01 21,75 -11,57 16,84 

110 21,41 -1 8 5,56 25,60 - 12,64 19,75 125,26 -12,98 19,41 24,09 1-14,15 1 18,24 

120 24,21 -19,42 17,4F 28,40 -15,23 21,67 28,06 1-15,57 21,33 26,89 1-16,74 f-20,16 

Figure 12.13 b: Subject 5 (y =0 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

a-, CEt a, a. C4 Cc, cEr at C6 CE, C4 a, 
- 0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 0,54 -0,04 0,40 0,33 -0,25 0,19 0,27 -0,31 0,13 0,38 -0,20 0,24 

20 0,93 0,70 0,75 0,72 -0,91 0,54 0,66 -0,97 0,48 0,77 -0,86 1 0,59 

30 1,04 -1,66 1 
1 

1,03 11,70 -11,00 1,69 
1 

1.43 1,2 1,42 1,31 -1,39 1,30 

40 2,12 -2,36 1,38 8 -2,20 2,04 2,51 -2,47 1.77 2,39 -2,59 1,65 

50 4,63 -3,85 2,32_ 5,29 -3,19 2,98 5,02 -3,46 2,71 4.90 -3,58 2,59 

60 5,78_ -6,90 3,45 7,50 -5,18 5,17 7,15 -5,53 4,82 
1 

6,81 -5.87 4,48 

70 8,63 -7,38 5,54 10,35 -5,66 7,26 10,00 -6,01 6.91 9,66 -6,35 6,57 

80 11,30 -9,97 7,75 13,02 -8,25 9,47 12,67 -8,60 9,12 12,33 -8,94 8,78 

90 13,44 -12,89 9,10 16,93 -9,40 12,59 16,43 -9,90 12,09 15,60 -10,73 11,26 

100 15,97 -13,97 10,40 19,46 -10,48 13,89 18,96 -10,98 13,39 18,13 -11,81 12,56 

110 18,83 1-15,41 1 12,85 22,32 -11,92 16,34 21,82 -12,42 1. *), 54 20.99 -13,25 15,01 

120 1 19,92 1-17,92 1 15,59 23,41 -14,43 1 19,08 22,91 93 -14,93 

d 

18,58 22,08 -15,76 

1 

17,75 

Figure 12.14 a: Subject 5 (1 = 45 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

Cc, a, a, a, CE, cf, cc, cEt CE, CE, CE, ct, 

0 0,00 0,00 'J'00 0,00 0,00 (1,00 0,00 0,00 G, 00 0,00 0,00 000 

10 G, 42 -0,04 0,29 0,21 -0,25 0,08 0,15 -0,31 0,02 0,26 -0,20 
0.1.4 

20 1.48 -1,04 0,99 !, 27 -1,25 0,78 1,21 1 -1,31 0.72 1,32 -1,20 0,03 

30 1,29 -2,47 1,03 1 1,95 -1,81 1,69 1,68 -2,08 1,42 1,56 -2,20 1,30 

40 3,57 -4,24 1,85 4,23 -3,58 2,51 3,96 -3,85 2,24. 3,84 -3,97 1 2,12 

50 4,83 -5,47 2,91 5,49 -4,81 3,57 5,22 -5,08 3,30 5,10 -5,20- 3,18 

60 6,07 -7,38 3.10 7,79 -5,66 4,82 7,44 -6,01 4,47 7,10 -6,35 4,13 

70 8,85 -8,46 4,28 10,57 -6,74 6,00 10,22 -7,09 5,65 9,88 -7,43 5.31 

80 11,26 -10,75 5,99 12,98 -9,03 7.71 12,63 -9,38 7,36 12,29 -9,72 7,02 

90 13,16 -13,67 7,45 16,65 -10,18 10,94 16,15 -10,68 10,44 15,32 -11,51 9,61 

100 17,38 -15,83 9,52 20,87 -12,34 13,01 20,37 -12.84 12,51 19,54 -13,67 11,68 

110 1961 -17,18 12,40 23,10 -13,69 15,89 22,60 -14,19 15,39 21,77 . 15,02 1 14.56 

120 21,31 1-18,95 1 16,24 24,80 1-15,46 19,73 24,30 . 15,96 , 19,23 23,47 -16,79 1 18,40 

Figure 12.14 b: Subject 5 (y = 45 degrees) - observer 2 

Test I Test 2 
.0 

Test 3 Mean 

a., CEI a, a. C4 a, C(l cct CE, a. C4 a. 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,06- 

10 0,52 0,22 0,17 1,14 0,84 0,79 1,01 0,71 0,66 0,89 0,59 0,54 

20 1,25 0,42 1,07 1,87 1,04 1.69 1,74 0,91 If-96 1,62 0,79 1,44 

30 1.29 0,92 I, V 1,97 1,54 2,49 1,77 1,41 2,36 1.62 1,29 4 

40 3,81 0,72 3,35 3,09 0,00 2,63 3,84 0,75 3,38 3948 0,49 3,12 

50 4,88 -0,37 4,47 4,16 -1.09 3,75 4,91 -0,34 4,50 4,65 -0,60 4,24 

60 4,99 -2,35 4,18 6,17 -1,17 5,36 6,09 -1,25 5,28 5,75 -1,59 4, §74- 

70 7,98 -3,84 5,64 9,16 -2,66 6,82 9,08 -2,74 6,74 8,74 -3,08 6,40 

80 9,25 -5,32 6,90 10,43 -4,14 8,08 10,35 -4,22 8,00 10,01 -4,56 7,66 

90 11,45 -7,15 7,82 13,48 -5,12 9,85 13,05 -5,55 9,42 12,66 -5,94 9,03 

100 12,99 -8,79 9,78 15,02 -6,76 11,81 14,59 -7,19 11,3S 14,20 -7,58 10,99 

110 15,26 -10,77 11,8 1 1-1,29 1 -8,74 13,90 16,86 -9,17 13,47 16,47 -9,56 3,08 

120 18,36 -13,15 13,65 20,39 1 11,12 1 15,68 19,96 -11,55 15,25 19,57 -11,94 
-n Figure 12.15 a: Subject 5 (y = 90 degrees) - observer 

.1 
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Test I Test 2 Test 3 Mean 

Cc, cit a. CE, CE, Cc, CE, a, a, a, a, a. 

u 0,00 3,00 0,00 0.00 0,00 O, uo U, ou 0,00 0,00 0,00 0,00 0,00 

10 1 0,88 0,23 0,57 1,50 0.85 1.19 1,37 0,72 1,06 1 1,25 0,60 O, Y4 

20 1 1,75 1,42 0,81 2,37 2,04 1,43 1 2,24 1.91 1,30 1.18 

30 2,73 0,32 1,46 3,41 0,94 2,08 3,21 0,81 1,95 3,06 0,69- 1,83 

40 4,42 -0,17 3,55 3,70 -0,89 2,83 4,45 -0,14 3,58 4,19 -0.40 3,32 

50 5,85 -1,22 3,94 5,13 1,94 3,22 5,88 -IJ9 3,97 5,62 . 1,45 3,71 

60 6,07 -3,36 4,01 7,25 -2,18 5,19 7,17 -2,26 5,11 6,83 -2,60 4,77 

70 8,46 -5,65 6,66 9,64 -4,47 7,84 9,56 -4,55 7,76 9,22 -4,89 7,42 

80 10,13 -7,32 7,61 11,31 -6,14 8,79 11,23 -6,22 8,71 10,89 -6,56 
_ 8,37 

90 11,74 -9,26 8,75 13,77 . 7,23 10,78 13,34 -7,66 10,35 12,95 -8,05 9,96 

100 14,05 - 10,41 11,34 16,08 -8,38 13,37 15,65 -8,81 12,94 15,26 -9,20 12,55 

110 17,62 -11,80 12,94 19,65 -9,77 14,97 19,22 -10,20 14,54 18,83 -10,59 14,15 

120 1 19,60 1-13,77 1 15,12 21,63 -11,74 17,15 21,20 -12,17 16,72 20,81 -12,56 1 16,33 

Figure 12.15 b: Subject 5 (y = 9U degrees) - observer 2 

Test I Test 2 
10 

Test 3 Mean 

CL, I Cc, (X, af C4 Cc, cEr C4 cc, a, C4 a. 

0 0,00 0,00 0,00 oloo oloo 0,00 0,00 0,00 0,00 0,00 0,00 Oor 

10 0,24 -0,66 -0,02 0.59 -0,31 0,33 0,67 -0.23 0,41 0,50 -0.40 0,24 

20 1,09 -1,05 0,45 1,44 -0,70 0,80 1 . 52 -0,62 0,88 1,35 -0,79 0,71 

30 2,22 -2,2S 1,10 2ý57 1,93 1,45 5 -1,35 1 . *) 3 2,48 -2,02 1,36 

40 5,07 -2,43 3,56 3,4 8 -4,02 1,97 3,75 -3,75o 2,24 4,10 . 3,40 2,5? 

50 7,40 -3,82 4,51 5,81 -5,41 2,92 6,08 -5,14 3,19 6,43 -4,79 3,54 

60 10,30 -5,20 6,51 8,71 -6,79 4,92 8,98 -6,52 5,19 9,33 -6,17 5,54 

70 11,13 -9,17 6,20 12,77 -7.53 7,84 13,18 -7,12 8,25 12,36 -7,94 7,43 

80 14,15 -10,77 8,32 15,79 
' 

-9,13 9,96 16,20 -8,72 10,37 15,38 -9,54 9,55 
' 90 17,23 -12,32 9,91 18,87 -10,68 1 11,55 19,28 -10,27 11,96 18,46 -11,09 11,14 

100 19,57 -15,08 10,64 22,67 -11,98 13,74 22,38 -12,27 13,45 21,54 -13,11 12,61 

110 22,24 -18,06 1 12,47 25,34 -14.96 15,57 25,05 -15,25 15,28 24,21 -16,09 14,44 

120 2418 -20,23 1 15,12 27,28 1-17,13 18,22 26,99 17,42 17,93 26,15 -18,26 17,09 

Figure 12.16 a: Subject 6 (y =0 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

cr, a, Cc, cc, cc, Cc, CEr cEt c(a a, C4 a, 

0 0,00 0,00 0,00 1 0.00 0,00 0,00 0,00 0.00 0,00 0,00 0,00 0.09 

10 
1 

0.39 -0,85 0.21 0,74 -0,50 1 0,56 0,82 -0,42 1 0,64 0,65 . 0.59 0,47 
1 

20 !, 3 8 -1,46 0,68 1,73 -1,11 1,03 1,81 -1,03 1 1.11 1,64 -1,20 0,94 

30 3,02 -2,38 2,13 3,37 -2,03 2,45 3,45 -1,95 2,53 3,28 -2,12 

1 

2,36 

40 6,91 -2,23 4,74 5,32 -3,82 3,15 5,59 -3,55 3,42 5,94 -3,20 3,77 

50 9,23 . 3,39 6,16 7,64 -4,98 4,57 7,91 . 4,71 4,84 8,26 -4,36 5,19 

60 12,70 -4,38 7,92 11,11 -5,97 6,33 11,38 -5,70 6,60 11,73 -5,35 6,95 

70 13,54 . 7,57 7,61 15,18 -5,93 9,2S 15,59 -5,52 9,66 14,77 -, 4 8,84 

80 16,26 -9,05 9,14 17,90 -7,41 10,78 18,31 -7,00 11,19 17,49 -7,82 10,37 

90 19,64 -10,68 11,85 21,28 -9,04 13,49 21,69 -8,63 13,9G 20,87 -9,45 13,08 

100 21,13 -13,31 13,00 24,23 -10,21 16,10 23,94 -10,50 15,81 23,10 -11,34 1 14,97 

110 24,52 -16,79 1 15,00 27,62 -13,69 18,10 27,33 -13,98 17,81 26,49 -14,82 1 16,97 

120 26,30 -20,42 1 17,52 29,40 -17,32 1 20,62 29,11 1 -17,61 120,33 1 28,27 -18,45 19,49 

Figure 12.16 b: Subject 6 (y =0 degrees) - observer 2 

Test I Test 2 Test 3 Mean 
cc, a, a. a, 1 C4 a, Cc, at as CE, C4 a, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,06- 

10 0,91 -0,87 0,83 1,64 -0,14 1,56 1959 -0,19 1,51 1,38 -0,40 1.30 

20 3,45 -1,36 1 
1,89 4.18 -0,63 2,62 4,13 -0,68 2,57 3,92 -0,89 22,36 

10 1 4, -2,06 3,19 52N if -1,33 3,9 1 5,19 -1138 1 3,86 4,98 i, 59 3,65 

40 1 6,03 -3,30 3,36 7,33 -2,00 4,66 7,55 -1,78 4,88 6.97 -2.36 4,30 

50 8,05 -4,42 5,47 9,35 -3,12 6,77 9,57 -2,90 6,99 8,99 -3,48 6,41 

60 10,45 -5,53 1 6,01 11.75 
1 -4,23 7,31 11,97 

1 -4,01 7,53 
1 

11,39 -4,59 6,95 

70 12,57 -6,60 7,96 13,87 -5,30 9,26 14,09 -5,08 9.48 13,51 -5,66 8,90 

80 15,15 -7,80 9,23 16,45 -6,50 10,53 16,67 -6,28 10,75 16,09 -6,86 10,17 

90 21,13 -7,86 14,31 17,53 -10,16 10,71 19,88 -8,71 13,06 18,78 -8,91 11,96 

100 23,18 -10,74 1 16,54 19,58 -13,04 12.94 21,93 1-11,59 15,29 1 20,83 -11,79 14,19 

110 25,42 -12,63 1 18,25 21,82 -14,93 14,65 24,17 -13,48 17.00 23,07 -13,68 15, 

120 127,51 -1 1,00 123,91 1-16,98 1 17,40 26,26 -15,53 19,75 25,16 -15,73 18,65 

Figure 12.17 a: Subject 6 (y = 45 degrees) - observer I 
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FI pI 

Test I 

CEr (Xt a. 

Test 2 

a, a, CE2 

Test 3 

C4 CLI CE, 

Mean 

CE, CE, a. 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 

in 1,08 -1,06 0,59 1.81 -n, 33 1,32 l, /6 -0.38 1,27 1,55 -0.59 1,06 

20 

30 

4,15 

5,72 
-1,65 

-2,55 

i'89 

3,42 

4,88 

6,45 
-0,92 

-1,82 

2,62 

4,15 

4,83 

6,40 
-0,910 

-1.87 

2,57 

4,10 

4,62 

6,19 
. 1.13 

-2, PR 

2,36 

3,89 

40 7,66 -4,42 4,15 8,96 -3,12 5,45 9,18 -2,90 5,67 8,60 -3.48 5,09 

50 10,52 -5,62 5,13 11,82 -4,32 6,43 12,04 -4,10 6,65 11.46 -4,68 6,07 

60 12,20 -6,43 6,67 13,50 -5,13 7,97 13,72 -4,91 8,19 13.14 -5,49 7,61 

70 13,71 -7,51 8,60 15,01 -6,21 9,90 15,23 -5,99 10,12 14,65 -6,57 9,54 

80 15,96 -8,59 9,75 17,26 -7,29 11.05 17,48 -7,07 11,27 16,90 -7,65 10,69 

90 22,00 -7,91 14,73 18,40 -10,21 11,13 20,75 -8,76 13,48 19,65 -8,96 12,38 

100 23,67 -8,85 18,37 20,07 -11,15 14,77 22,42 -9,70 17,12 21,32 -9,90 16,02 

110 26,49 -10,29 20,60 22,89 - 12,59 17,00 25,24 -11,14 19,35 24,14 -11,34 18,25 

120 "27 28,27 -12,88 22,61 24,67 1-15,18 19,01 27,02 -13,73 21,36 25,92 1.13,93 20,26 

Figure 12.17 b: Subject 6 (y = 45 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

cc, at cc, CE, at Cc, ar at CE& Cc, a, a. 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0,00 0,00 0,00 

10 0,97 0.13 0,32 1,39 0,55 0,74 1,36 0,52 0,71 1,24 0,40 0,59 

20 1,53 0,73 0,91 1.95 1,15 1,33 1,92 1,12 1,30 1,80 1,00 1,18 

30 2,93 0.33 1,73 3,35 0,75 2,15 3,32 0,72 2,12 3,20 0,60 2,00 

40 3,68 -0,92 1 
1,91 4, (, '. 5 0,35 3.19 5,17 0,57 1 3,40 4,60 0.00 2,83 

50 4,43 -1,51 2,62 5,70 -0,24 3,89 5,92 0p 02' 4,11 5,35 -0,59 3,54 

60 6,59 -3,41 3,97 7,86 -2,14 5,24 8,08 -1,92 5,46 7,51 -2,49 4,89 

70 8,25 -5,33 5,04 10,32 -3,26 7,11 10,17 -3,41 6,96 9,58 -4,00 6,37 

80 10,84 -6,41 7,03 
1 

12,91 -4,34 9,10 12,76 -4,49 8,95 12,17 5,08 8,36 

90 13,56 -8,21 8,86 15,63 -6,14 10.93 15,48 -6,29 10,78 14,89 -6,88 10.19 

100 15,35 -12,05 10,34 18,09 -9,31 1 
13,08 18,85 -8,55 13,84 

1 
17,43 -9,97 1 

12,42 

110 18,31 -13,64 1 13,81 21,05 -10,90 16,55 21,81 -10,14 17,31 1 20,39 -11,56 15,89 

120 121,86 -16,53 1 16,87 24,60 . 13,79 19,61 25,36 -13,03 20,37 23,94 -14,45 

1 

18,95 

Figure 12.18 a: Subject 6 (y = 90 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

cc, (X, ct, u, (it CE, (X, Ott Cc, ctr a, Cc, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

l'i 0,52 0,72 0,07 0,94 1,14 0,49 0.91 1,11 0,46 0,79 0,99 0,34 

20 0,96 0.13 0,52 1,38 0,55 0,94 1,35 0,52 0,91 1,23 0,40 0,79 

30 2,20 -0,07 1,21 2,62 0,35 1,63 2,59 0,32 1,60 2,47 0,20 1,48 
1 

40 3,29 -1,71 1,41 4,56 -0,44 2,68 4.78 -0,22 2,90 4,21 -0,79 2,33 

50 4,71 -1,91 2,17 5,98 -0,64 3,44 6,20 -0,42 3,66 5,63 -0,99 3,09 

60 5,68 -2,51 3,67 6,95 -1.24 4,94 7,17 -1,02 5,16 6,60 -1,59 . 1,59 

70 8,71 4,53 5,73 10,78 -2,46 7,80 10,63 -2,61 7,65 10,04 -3,20 7.06 

80 11,84 -8,13 8,44 13,91 -6,06 10,51 13,76 -6,21 10,36 13,17 -6,80 9,77 

90 14,78 -9,32 10,81 16.9.5 -7,25 12,88 16,70 -7,40 12,73 16.11 -7,99 12.14 

100 16,65 -12,56 12,75 19,39 -9,82 15,49 2U, 15 -9,06 16,25 18,73 -10.48 14,83 

110 19,40 1-1 4,70 22,14 -11,93 17,44 22,90 1-11,17 18,20 21.48 -12,59 16,78 

120 22,82 1-17,05 1 18,05 25,56 -14,31 20,79 26,32 1-13,55 1-21,55- 1 24,90 -14,97 20,1T 

Figure 12.18 b: Subject 6 (y = 90 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

0ý a, (X, a, C4 a. CEr a, c(S a. (X, a. 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 

10 1,29 -1,21 0,77 1,86 -0,64 1,34 1,95 -0,55 1,43 1,70 -0,80 11,18 

20 6,87 -2,19 2,89 7,44 -1,62 3,46 7,53 -1,53 3,55 7ag -1,78 3,3 

30 12,58 -4,17 3,87 13,15 -3,60 4,44 
- 

! 3,24 -3,51 4,53 12,99 -3.76 4,2Y- 

Q 15,61 -5,11 6,61 14,26 -6,46 R, 2 6 ' . 4.47 -6,25 547 14,7 8 -5,94 5,78 

50 22,78 -7,09 8,74 21,43 -8,44 7,39 21,64 -8,23 7,60 21,95 -7,92 7,91 

60 27,55 -9,08 11,33 26,20 -10,43 9,98 26,41 -10,22 10,19 26,72 -9,91 10,50 

70 33,89 -9,60 15,45 30.53 -12,96 12,09 30,30 -13,19 11,86 31,54 -1 1,95 13.10 

80 40,07 -10,88 18,34 36,71 -14,24 14,98 36,48 -14,47 14'4 14,75 37.72 _ -13,23 15,99 

90 41,98 -13,57 21,35 38,62 -16,93 17,99 3M9 -17,16 17,76 39,63 -15,92 19,00 

100 43,33 -17,80 24,07 43,97 -17,16 24,71 40,02 -21,11 20,76 42,44 -18,69 23,18 

110 47,04 -21,06 1 29,35 47,68 -20,42 29,99 43,73 -24, ý37 26,04 46,15 -21,95 28,46 

120 
1 

52,27 1-24,34 1 35,77 
1 

52,91 
1 -23,70 36,41 

1 
48,96 

1 -27,65 32,46 
1 

51,3 
1 
-25,23 34,88 

Figure 12.19 a: Subject 7 (1 =0 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

cc, a, a, a, (X, a, Cý C(t a, ct, a, a, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 

10-1 3,80 -1,20 
1 

3 1,4%0 4,37 -0,63 2, Oj 4,46 -0,54 2,14 4,21 -0,79 1,99 

20 6.43 -2,78 2,83 7.00 1 -2,21 1,40 7,09 -2,12 3,49 6,84 -2,3 7 3.24 
_ 30 lo, 35 -5,15 3, S3 11,92 -4,5S 4,40 12,01 -4,49 4,49 11,76 -4,74 

7, 24 

40 18,12 -6,09 7,69 16,77 -7,44 6,34 16,98 -7,23 6,55 17,29 -6,92 6,96 

50 25,23 -8,54 9,60 23,88 -9,89 8,25 24,09 -9,68 8,46 24,40 -9,37 8,77 

60 27,45 -10,82 1.1,40 26,10 -12,17 10,05 26,31 -11,96 10,26 26,62 -11,65 10,57 

70 30,63 -11,42 15,34 27,27 -14,78 11,98 27,04 -15,01 11,75 28,28 -13,77 12,99 

80 36,06 -13,39 18,40 32,70 -16,75 15,04 32,47 -16,98 14,81 33,71 -15,74 16,05 

90 39,63 -15,17 21,58 36,27 -18,53 18,22 36,04 -18,76 17,99 37.28 -17,52 19,23 

100 42,76 -19,82 24,49 43,40 -19,18 25,13 39,45 -23,13 21.18 41,87 -20,71 23,60 

110 46,22 -2 p 28,14 46,86 -21,12 28,78 42,91 -25,0 7 24,33 5,33 -22,65 27,25 

120 50,77 -24,88 33984 51,41 1 -24,24 34,48 1 47 1 46 -28,19 30,53 49,88 -25,77 32,95j 

Figure 12.19 b: Subject 7 (y =0 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

C4 C4 Cc, a. a, CE'. C4 C4 a. a, C4 Cc, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 1,40 -0,23 0.65 1,51 -0,12 0,76 0,78 -0,85 0,03 1,23 -0,40 0,48 

20 5,92 -1,01 1,92 6,03 -0,90 2,03 5,30 -1,63 1,30 5,75 -1,18 1,75 

30 8,03 -2,02 3,64 8,14 -1,91 3,75 7,41 -2,64 3,02 7,86 1 
-2,19 3,47 

40 10, US -4,82 4,60 1 U, 47 2,43 6,99 11,47 3,43 1 5,99 11,34 -3,56 8 ,1 

50 16,77 -6,59 6,99 1 19,1 .6 -4,20 9,39 IS, 16 1 -5,20 S, 38 18,03 -5,33 8,25 

60 20,96 -8,55 9,82 23,35 -6,16 12,21 22,35 -7,16 11,21 22,22 -7,29 11.08 

70 25.09 -10,44 13,00 27,48 -8,05 1 15,39 26,48 -9,05 14,39 26,35 -9,18 1 14,26 

80 26,82 -13,45 15,62 30,34 -9,93 19,14 29,45 -10,82 18,25 28,87 -11,40 17,67 

90 33,32 -16,93 1 19,29 36,84 -13,41 22,81 35,95 , 14,30 21,92 35,37 -14,83 21,34 

100 38,77 -19,61 23,15 42,29 -16,09 26,67 41,40 -16,98 1 25,78 40,82 -17,56 25,20 

110 42,60 -22,54 27,25 12 4 6, -19,02 30,77 45,23 -19,91 29,88 44,65 -20,49 29,30 

120 45,82 -25,58 31,46 4 

d 

49 4 _22'd 06 -22,06 34,98 48,45 1 -22,95 34,09 

1 

47,87 

-- 
-23,53 33,51 

Figure 12.20 a: Subject 7 (y = 45 degrees) - observer I 
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F Test 11 
1 

'fest 2 Test 3 Mean 

, (11 ct, ct, c4 CL, ct, ct, ct, (X, Ctl ct, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 1,03 -0,42 1,38 1,14 -0,31 1,49 0,41 -1,04 0,76 
1 

0,86 -0,59 1,2. 

20 2.26 -1,32 2,58 1 2,37 1 -1,21 2,69 
- 

1,64 1,94 1.9fi 2,01) 
1 

-1,49 2,41 

30 3,70 -2,41 4.22 3,81 -2,30 jý5 3 3,0 3,60 3,53 -2,58 4,05 

40 4,10 -4,82 4,80 6,49 -2,43 7,19 5,49 -3,43 6,19 5.36 -3,56 6,06 

50 7,81 -6,40 , 
6,93_ 10,20 -4,01 9,32 9,20 -5,01 8,32 9,07 -5,14 8,19 

60 13.53 -8,83 9,63 15,92 -6,44 12,02 14,92 -7,44 11,02 14,79 -7,57 10,89 

70 21,12 -11,12 12,52 23,51 -8,73 14,91 22,51 -9,73 13,91 22,38 -9,86 13,78 

80 27,45 -14,23 14,68 30,97 -10,71 18,20 30,08 -1F 60 17,31 29,50 -12,18 16,73 

90 1 32,06 -16,94 1 17,99 35,58 -13,42 21,51 34,69 1-14,31 20,62 34,11 -14,89 20,04 

100 1 40,02 -19,84 22,09 1 43,54 -16,32 25,61 42,65 -17,21 24,72 
1 

42,07 1 -17,79 24,14 

110 46,53 -22,91 26,02 50,05 1-19,39 2 9, fr? 4 49,16 -20,28 
' 

28,65 48,58 -20,86 
120 48,26 -26,19 30,20 51,78 -22,67 1 33,72 50,89 -23,56 32,83 50,31 -24,14 

Figure 12.20 b: Subject 7 (y = 45 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

a, Cc, cc* a, at a, Ccr Cc, a, CE, C4 Cc, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 1,29 1,31 0,95 1,34 1,36 1,00 0,88 0,90 0,54 1,17 1,19 0,83 

20 1,98 2,69 2,48 2,03 2,74 2,53 1,57 2,28 2,07 1,86 2,57 2,36 

4,43 1,50 3.66 4,48 1,55 3,71 4,02 1,09 11 3,25 4,31 J 

- 
1.38 3,54 

40 3,83 . 1,4.5 4,08 7,15 -0,14 5,40 7,17. -0,17 5,37 6,70 0, ý9 4,195 

50 10,50 -2,64 6,91 11,82 '32, 8,23 11,79 -1,35 8,20 11,37 -1,77 7,78 

60 13,52 -4,83 9,03 14,84 -3,51 10,35 14,81 -3,54 10,32 14,39 -3,96 9,90 

70 14,87 -8,36 10,38 18,11 -5,12 13,62 18,32 -4,91 13,83 17,10 -6,13 12,61 

80 1 21,05 -10,90 1 13,45 24,29 -7,66 16,69 24,50 -7,45 16,90 23,28 -8,67 15,68 

90 27,73 -13,62 17,46 30,97 -10,38 20,70 31,18 -10,17 20,91 29,96 -11,39 19,69 

100 32,59 -17,94 20,24 37,21 -13,32 24,86 36,91 -13,62 24,56 35,57 -14,96 23,22 

110 38,82 -20,51 23,19 43,44 1-15,89 127,81 143,14 -16,19 27,51 41,80 -17,53 26,17 

120 1 43,31 -23,65 1 26,61 47,93 1-19,03- 1 31,23 1 47,63 1-19,33 30,93 46,29 1-20,67 29,59 

Figure 12.21 a: Subjed 7 (y = 90 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

a. a, cc, 
CL, at 

(%, cc, I Cc, a, a, CLt Cc, 

0 0,00. 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 2,79 1,31 0,47 2,84 1,36 0,52 2,38 0,90 0,06 2,67 1.19 0,35 

20 3,57 2.89 1.30 3.62 2,94 1,35 3,16 2,48 0,89 3,45 2,77 i. 18 

30 4,40 1,50 1,89 4,45 1,55 1,94 3,99 1,09 1,48 4,28 1,38 !, 77 

40 4,10 -0,87 1,49 5,42 0,45 2,81 5,39 0,42 2,78 4,97 0,00 2,36 

50 7,86 -2,55 3,15 9,18 -1,23 4,47 9,15 -1,26 4,44 8,73 -1,68 4.02 

60 12,82 -4,04 5,14 14,14 -2,72 6,46 14,11 -2.75 6,43 13,69 -3,17 6,01 

70 16,04 -7,79 7,09 19,28 -4,55 10,32 19,49 -4,34 10,53 18,27 -5,56 9,31 

80 21,56 -10,00 10,74 24,80 -6,76 13,93 25,01 -6,55 14,19 23,79 -7,77 12,97 

90 27,45 -12,61 14,04 30,6 -9,37 17,28 30,90 -9,16 17,49 
1 

29,68 -10,38 1 
16,27 

100 32.57 -15,66 17,65 3 7,1 §7 -11,04 22,27 36,89 , 11,34 21,97 35,55 -12,68 20,63 

110 38,32 -19,15 21,119 42,94 -14,53 25,81 42,64 -14,83 25,51 41,30 , 16,17 N, 17 

120 44,89 1-22,90 1 23,90 49.51 1-18,28 1 28,52 49,21 -18,58 28,22 47 87 -19,92 26,88 

Figure 12.21 b: Subject 7 (y = 90 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

cc, at cc, cc, C4 a., a, 1 at a. cc, 04 a. 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 

10 1,39 -1.90 0,01 1.42 -1,87 0,04 1,69 -1,60 0,31 1.50 -1,79 0,121 

20 4,73 1 -2,18 1 2,81 3,40 -3,51 1,48 3,53 -3,38 1,61 3,92 -2.99 2,00 

30 7,85 -3,56 4,53 6,52 4,89 3,20 6,65 1 -4,76 3,33 7,04 -4,37 3,72 

40 11,04 -4,95 6,59 9,71 
11 -6,28 5,26 CP, 84 1 -6,15 1 5,39 10,23 -: 1,76 5.73 

50 12,04 -10,46 6,78 14,72 -7,78 9,46 14,49 -8,01 9,23 13,75 -8,75 8,49 

60 14,93 -11,85 8,96 17,61 -9,17 11,64 17,38 -9,40 11,41 16,64 -10,14 10,67 

70 18,59 -13,82 11,85 21,27 -11,14 14,53 21,04 -11,37 14,30 20,30 -12,11 13,56 

80 23,68 -16,20 15,27 26,36 1 -13,52 17,95 26,13 -13,75 17,72 25,39 -14,49 16,98 

90 26,06 -19,33 18,44 29,08 -16,31 21,46 30,15 -15,24 -0,53 28,43 -16,96 20,81 

100 30,38 -21,55 22,78 33,40 -18,53 25,80 34.47 -17,46 26,87 32,75 -19,18 25,15 

110 35,52 -24,86 25,51 38 -21,84 28,53 39,61 1-20,77 29,60 3 89 -22,49 27,88 

120 39,88 -27,40 27,68 1 42,90 1-24.38 130,70 43,97 1-23,31 31,77 42,25 -25,03 30,05 

Figure 12.22 a: Subject 8 (y =0 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

CL, CE, CE, CE, Cc, CE, Cc, CL, ct, CE, Ut CE, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 0.94 -C, g 1 0,48 0,97 -0,7. ok 0,51 1,24 -0,51 0,78 1,05 -0,70 0,59 

A. 
0 4.40 -1,38 3,29 3,07 

I -2,71 1.96 3,20 -2,58 2,09 1 
1 

3,59 -2,19 
1 

2,48 

30 8,27 -2,9.5 5,59 6,94 -4,29 4,26 7,07 -4,16 4,39 7,46 - 3,7 7 - 4.78 

40 11,96 -4,55 8,53 10,63 -5,88 7,20 10,76 -5,75 7,33 11,15 -5,36 7,72 

50 11,27 -8,86 8,44 13,95 -6,18 11,12 13,72 -6,41 10,89 12,98 -7,15 15,15 

60 14,52P -11,04 11,26 17,26 -3,36 13,94 17,03 -8,59 13,7 11 16,29 -9,33 1 12,97 

70 19,94 -12,61 14,80 22,62 -9,93 17,48 22,39 -10,16 17,25 21,65 -10,90 1651 

80 23,36 -14,79 18,10 26,04 -12,11 20,78 25,81 -12,34 20,55 25,07 -13,08 
90 1 25,75 1.18,03 20,27 28,77 -i5,01 23,29 29,84 -13,94 24,36 28,12 -15,66 22,64 

100 28, S9 1-19,75 22,42 31,91 1-16,73 25,44 32,98 -15.66 26,51 31,26 -17,38 24,79 

110 33,20 -23,07 25,2§ 336,22 -20,05 28,31 37,29 -18,98 29,38 35,57 

g 
-20,70 27,66 

120 37,59 -26,43 29,24 40,61 -23,41 32,26 41*68 -22,34 33,33 3 96 -24,06 
Figure 12.22 b: Subject 8 (y =0 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

Ccr Cct a. a. C4 cca. a. cxt cto Cc, C4 Ix. 

0 0,00 0,00 0,00 oloo 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 0,68 -0,82 0,12. 0,99 -0,51 0,43 1,06 -0,44 0,50 0,91 -0,59 0,35 

20 2,26 1,62 0,95 2,57 -1,31 1,26 2,64 -1,24 1,33 2,49 -1,39 1,18 

30 5,43 -1,96 2,75 4,65 -2,74 1,97 4,32 -3,07 1,64 4,80 -2,59 2.12 

40 7,93 -37,46 4,34 20 7,2 -4,24 3,56 1 6,87 23 7,35 -4, Oci 3ý71 

50 10,80 -5,05 5,28 10,02 5,83 4,40 9,69 -6,16 4,17 10,17 -5,63 4,65 

60 12,38 -8,93 5,63 15,16 -6.15 8,41 14,61 1 -6,70 7,86 14,05 -7,26 7,30 

70 15,84 -10,52 7,40 18,62 -7,74 10.18 18,07 -8,29 9,63 17,51 -8,85 9,07 

80 20,40 -13,30 11,05 23,18 -10,52 1 13,83 22,63 -11,07 13,28 22,07 -11,63 12,72 

90 25,16 -15,68 12,53 127,94 -12,90 15,31 27,39 -13,45 14,76 26,83 -14,01 14,20 

100 27,38 -18,91 14,74 2S, 97 -17,32 16,33 28,61 -17,68 15,97 30,20 -16,09 17,56 

110 33,36 -20,88 17,86 34,95 1-19,29 19,45 34,59 -19,65 19,09 36,18 -18,06 
l 20,68 

120 38,03 1-23,87 39,621 722,28 1 24,3 -22,64 
- 

23,98 

I 

140,85 -21,05 

Ii 

25,57 

Figure 12.23 a: Subject 8 (y = 45 degrees) - observer I 
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Test I Cst 2 Tect 3 Mean 

CL, a, OL, CE, C4 a, a. a, a, a rx, I a, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00- 

10 -0,05 -0,82 0,01 0,26 1 -0.5! 0,32 0,33 -0,44 0,39 0,18 -0,59 0,24 

20 3,26 -2,01 0,95 3,57 -1,70 1 1,26 3.64 
1 -1.63 1.33 3,49 -1,78 1,13 

30 6,72 -2,73 2,87 5,94 -3,51 1 2,09 5,61 -3,84 1,76 6,09 3,36 2,24 

40 8,93 -4,13 3,93 8,15 -4.91 3,15 7,82 -5,24 2,82 8,30 -4,76 3,3 0 

50 12,23 -5,73 1.5,11 11,45 -6,51 4,33 11,12 -6,84 4,00 11,60 -6,36 4,48 

60 13,16 -9,81 4,11 15,94 -7,03 6,89 15,39 1 -7,58 6,34 14,83 -8,14 5,78 

70 16,13 -11,74 5,28 18,91 -8,96 8,06 18,36 -9,51 7.51 17,80 1 -10,07 6,95 

80 18,02 -14,36 7,58 20,80 -11,58 10,36 20,25 -12,13 9,81 19,69 -12,69 9,25 

90 21,73 -16,58 1 10,11 24,51 1-13,80 12,89 23,96 -14,35 12,34 23,40 -14,91 11,78 

100 24,57 -20,55 11,85 26,16 -18,96 13,44 25,80 . 19,321 13,08 27,39 -17,73 14,67 

110 28,62 -21,98 14,39 30,21 -20,39 15,98 29,85 -20,75 15,62 31,44 -19,16 _ 17.21 

120 35,75 25,07 19,92 37,34 -23,48 21,51 36,98 -23,84 21,15 38,57 -22,25 22,74 

Figure 12.23 b: Subject 8 (y = 45 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

(X- cci oca a, a, a,, ar (Xt c(S ce, C4 CE, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 0,70 0,12 0,10 0,75 0,17 0,15 1,13 0,55 0,53 0,86 0,28 0,26 

20 1,89 I 0,83 0,89 1,94 1 0,88 I 0,94 2,32 1,26 1,32 2,05 0,99 1 1.0 

30 

43 

3,30 

5ý13 
-0,49 

-2,44 

1,12 

I 

2,19 

4,42 

6,45 

0,63 

-1 31 2 

2,24 

3,31 

4,79 

iRT 

1,00 

-0,95 1 

2,61 

3,69 

4,17 

6,20 

0.38 

-1,57 

1, ()9 

3,06 

50 7,30 -4,04 3,43 8,42 -2,92 4,55 8,79 -2,55 4,92 8,17 -3,17 4,30 

60 9,33 -6,27 4,34 11,39 -4,21 6,40 11,20 -4,40 6,21 10,64 -4,96 5,65 

70 12,72 2 7 12 -8,48 5,64 14,78 -6,42 7,70 14,59 -6,61 7,51 14,03 -7,17 6,95 

80 16,62 2 6 16 -10,47 8,05 18,68 -8,41 10,11 18,49 -8,60 9,92 17,93 -9,16 9,36 

90 19,64 

d 

. 14,12 11,19 23,27 -10,49 14,82 23,42 -10,34 14,97 22,11 -11,6T 13,66 

100 23,35 -16,51 15,37 26,98 -12,88 19,00 27,13 -12,73 19,15 25,82 -14,04 17,84 

110 28,26 -19,29 19,50 31.89 -15,66 23,13 32,04 -15,51 23,28 30,73 -16,82 21, W7 

120 3 4, l 9 -22,06 23,86 137,82 -18,43 27,49 37,97 1 -18,28 27,64 36,66 -19,59 
Figure 12.24 a: Subject 8 (y = 90 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

(X, Cc, a. (xt CE, Cc, ccj a, a, Cc, a, 

0 0,00 0,00 U, 00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 3 0,62 0.46 !, 18 0,67 0,51 1,56 1.05 0.89 1,29 0,78 0.62 

20 2,28 !. 91 1,43 2,33 1.96 1,48 2,71 2,34 1,86 7,44 2,07 
1 

1,59 

30 2,33 -0,32 1,19 3,45 1 0,80 2,31 3,82 1,17 2,68 3.20 0,55 2,06 

40 4,35 -2,58 3,02 5,47 -1,46 4,14 5,84 -1,09 4,51 5,22 -11,71 3,89 

50 6,22 -4,21 4,37 7,34 -3,09 5,49 7,71 . 2,72 5,86 7,09 -3,34 5,24 

60 7,59 -6,05 5,99 9,65 -4,79 8,05 9,46 -4,98 7,86 8,90 -5,54 7,30 

70 11,42 . 9,05 7,29 13,48 -6,99 9,35 13,29 -7,19 9,16 12,73 -7,74 8,60 

80 13,16 -10,84 1 9.53 15,22 -8,78 11,59 15,03 -8,97 11,40 14,47 -9,53 10,84 

90 16,86 -14,79 11,26 20,49 -11,16 14,89 0,64 -11,01 15.04 19,33 -12,32 13,73 

100 21,80 -18,18 15,20 25,43 -14,55 18,83 25,58 -14,40 
- 

18,98 24,27 -15,71 17,67 

110 2 21,0 18,50 30,45 -17,43 22,13 30,60 ,28 - F7 22,28 29,29 -18,59 20,97 

120 31,63 -23,3Y 22,66 35,26 -19,70 26,29 35,41 -19,55 26,44 34,10 -20,86 25,13 

Figure 12.24 b: Subject 8 (y = 90 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

a, CE, Cc, C4 a,,, cEr Cct Cc, cEr C4 CE, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 1 0,37 -0.92 0,11 0,39 -0.90 0,13 0,74 -0,55 0,48 0,50 -0,79 0,14 

20 1,22 -1,32 0,84 1,24 -1,30 , 86 0,86 1,59 -0,95 1,21 1935 -1,19 0,97 

30 3,45 -2,01 3,33 1 1,85 -3,61 1,73 1,33 2 A1,14 -3,32 2,02 1 2,48 -2,98 2,33 

40 5,07 -3,60 1 
4,5.5 1 3,47 -5,20 "9(, 22,96 3,76 4,9 1 3,25 4,10 -4,37 '19 3,. 

50 7,40 -5,38 5,51 5,80 -6,93 3,91 6,09 -6,69 4,20 6,43 -6,35 4,54 

60 11,14 -7,14 8,35 7,99 -10,29 5,20 8,86 -9,42 6,07 9,33 -8,95 6,54 

70 14,17 -10.12 9,24 11,02 -13,27 6,09 11,89 -12,40 6,96 12,36 -11,93 7,43 

80 18,19 -13,30 12,36 1 15,04 -16,45 , 9,21 15,91 -15,58 10,08 16,38 -15.11 10,55 

90 21,27 -16,69 14,95 13,12 -19,84 11,80 18,99 -18,97 12,67 19,46 -18,50 13,14 

100 25,27 -19,35 18,34 21,58 -23,04 14,65 20,77 -23,85 13,84 22,54 -22,08 15,61 

110 28,94 -24,74 1 21,47 25,25 -28,43 17,78 24,44 -29,24 16,97 26,21 -27,47 18,74 

120 32,88 -29,92 1 23,82 129.19 1-33,61 1 20,13 28,38 -34,42 19,32 30,15 -32,65 21,09 

Figure 12.25 a: Subject 9 (y =0 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

(X, a, (X, cc. CE. (1, cc, 1 0'. a, a, CE, 

01 0,00 1 0,00 
I- 

0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 0152 1 -0 1 73 0,34 0,54 -0,71 0,36 1 0,89 -0,36 0,71 1 0,65 -0,60 0,47 1 

20 1151 -1,73 1 0,81 1,53 -1,71 0,831 1,88 -1,36 1,18 1,64 1 1 -1,60 0,94 

30 4,25 -;, 82 3, 2,65 -3.42 1 1,73 1 2,94 -3,13 2,0'Z 3,28 -2,79 2,36 

40 6,91 -3,40 4,74 5,31 . 5,00 3,14 5,60 -4,71 t43 5,94 -4,37 . 33,77 

50 9,23 -4,80 6,16 7,63 -6,40 4,56 7,92 -6,11 4,85 8,26 -5,77 5,19 

60 13,54 -6., 44 8,76 10,39 -9,59 5,61 11,26 -8,72 6,48 11,73 -8,25 6,95 

70 16,58 -8,72 10,65 13,43 -11,87 7,50 14,30 -11,00 8,37 14,77 -10,53 

1 

8,84 

80 21,30 -10,91 12,18 18,15 -14,06 9,03 19,02 -13,19 9,90 19,49 -12,72 10,37 

90 23,68 -15.09 13,89 20,53 -18,24 10,74 21,40 -17,37 11,61 21,87 . 16,90 12,08 

100 28,83 . 18,66 18,10 25,14 -22,35 14,41 24,33 -23,16 13,60 26,10 -21,39 15,37 

110 31,22 -23,34 19,70 27,5 - 7, 7 - 5,20 28,49 -26,07 16,97 

120 34,70 1-28,52 1 21,72 31,01 1-32,21 18,03 30,20 -33,02 17,22 31,97 1 -31,25 1 18,99 

Figure 12.25 b: Subject 9 (y =0 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

CE, I at a, a, a, a,., a, at a. a, a, a. 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 0,93 -2,04 0,85 1, . 1,35 1,54 1,59 -1,38 1,51 1,38 -1,59 1,30 

20 3,47 -3,43 1,91 4,16 2,74 2,60 4,13 -2,77 1 2,57 3,92 -2,98 2,36 

30 5,96 -3,58 4,63 4,31 1 -5,23 2,98 4,67 -4: 87 3,34 4,98 -4,56 3,65 

40 77195 -4,68 5,28 6,30 -6,33 3,63 6,66 -54,97 3,99 6,97 -5,66 4V"10 

50 11,97 -6,88 6,39 10,32 -8,53 4,74 10,68 -8,17 5,10 10,99 -7,86 5,41 

60 15,59 -9,26 8,60 13,20 -11,65 6.21 13,03 -11,82 6,04 13,94 -10,91 6,95 

70 17,72 . 11,14 10,55 15,33 -13,53 8,16 15,16 -13,70 7,99 16,07 -12,79 8,90 

80 19,74 -14,03 11,82 17,35 -16,42 9,43 17,18 -16,59 9,26 18,09 - 15,68 10,17 

90 22,03 -17,08 14,61 19,64 -19,47 12,22 19,47 -19,64 12,05 20,39 -18,73 12,96 

100 25,85 -19,37 17,21 21,41 -23,81 12,77 21,22 1-24,00 12,58 22,83 -22,39 14,19 

110 29,39 -23,47 18,92 24,95 -27,91 14,48 24,76 -28,10 14,29 26,37 -26,49 15,90 

120 32,18 -28,87 21,67 27,74 -33,31 17,23 27,55 -33,50 17,04 29,16 -31,89 18, 

Figure 12.26 a: Subject 9 (y = 45 degrees) - observer I 
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I Test I Test 2 1 Test 3 Mean 

cc, OL, CE, cct cc, Ctr Ott txa ctf U, CE, 

0 0,00 0,00 0,00 0,00 0,00 0.00 0,00 0,00 0,00 0,00 0,00 0.00 

10 1,10 -1,04 0,61 1.79 -0,35 1,30 1.76 -0.38 1,27 1,55 -0,59 1,06 

20 4,17 -1,83 1,91 4,86 -1, 4,83 - 1,171 2,57 4,62 -1,38 2,36 

30 7,17 -3,10 4,87 5,52 -4.75 3,22 5,88 1 3,58 6,10, -4,08 3,89 

40 9,58 -5,50 6,07 7,93 -7,15 4,42 8,29 -6,79 4,78 8,60 -6,48 5,09 

50 12,44 -7,70 7,05 10,79 -9,35 5,40 11,15 -8,99 5,76 11,46 -8,68 6,07 

60 14,79 -9,03 9,26 12,40 -11,42 6,87 12,23 -11,59 6,70 13,14 -10,68 7,61 

70 17,30 1-11,92 10,19 14,91 -14,31 7,80 14,74 -14,48 #, 63 15,65 -13,57 8,54 

80 20,55 -15,31 12,34 18,16 -17,70 9,95 17,99 -17,87 9,78 18,90 -16,96 10,69 

90 22,30 -18,69 13,73 19,91 -21,08 11,34 19,74 -2 1 V25 11,17 20,65 -20,34 12,08 

100 24,34 1 -20,91 1 
16,04 19,90 

1-25,35 
11,60 19,71 -25,54 11,41 21,32 -23,93 13,02 

110 27,16 1-23,60 1 18,27 22,72 -28.04 13,83 22,53 -28,23 13,64 24,14 -26,62 15,25 

120 30.94 1-27,08 1 19,28 26,50 -31,52 14,84 26,31 -31,71 14,65 27,92 -30.10 16,26 

Figure 12.26 b: Subject 9 (y = 45 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

Cc, C4 cca CE, C4 cc, ar ccj a. CE, C4 c(a 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0,00 

10 1,61 0,85 0,96 0,98 0,45 03 1,13 0,47 0,48 1,24 0,59 0,59 

20 2,17 2,05 1,55 1,54 1,65 0,92 1,69 1,67 1,07 1,80 1,79 1,18 

30 2,88 0-. 17 1,68 2,58 "I -0,10 1,38 4,14 1,43 2,94 3,20 0,49 2,00 
Ao 4,28 -1,78 2,14.1 3,95 -2,08 2,42 1 5954 - 0,55 2 3,707 4,60 -1,46 2,83 

50 5,99 -2,56 4.18 4,42 -4,13 2,61 5,64 -2,91 3,83 5,35 -3,20 3,54 

60 8,15 -5,95 5,53 6,58 -7,52 3,96 7,80 -6,30 5,18 7,51 -6,59 4,89 

70 10,22 -8,94 7,01 8,65 -10,51 5,44 9,87 -9,29 6,66 9,58 -9,58 6,37 

80 12,81 -12,92 10,00 11,24 -14,49 8,43 12,46 -13,27 9,65 12.17 -13,56 9,36 

90 14,20 -17,25 10,50 15,34 -18,39 11,64 15.13 1-18,18 11,43 14,89 -17,94 11,19 

100 18,04 -20,89 1 13,73 19,18 -22,03 14,87 18,97 1-21,82 14,66 18.73 -21,58 14,42 

110 21,70 -23,87 15,70 22,84 -25,01 16,84 122,63 1-24,80 16,63 22,39 -24,56 16.39 

120 1 25,25 1-28,25 18,26 1 26,39 -29,39 19,40 1 26,18 1-29.18 19,19 25,94 
1-28,94 

18.95 

Figure 12.27 a: Subject 9 (y = 90 degrees) - observer I 
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Test I Test 2 Test I Mean 

ot, (Xt a. C4 a, cc. a, CL, cc& a, a, a, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 1,16 0,86 0,71 0,53 0,46 0,08 0,68 0.48 1 0.23 0,79 0,6G 0.34 

20 1.60 2,25 1,16 0,97 1,85 0,53 1,12 1,87 v. 68 1,23 1.99 0,79 

30 2,15 -2.01 1.16 1,85 -2,31 0,86 3,41 -0.75 2,4 2 2,47 -1,69 1,48 

40 3,89 -3,72 2,01 3,59 -4,02 1,71 5,15 -2,46 3,27 4,21 -3,40 2,33 

50 6,27 -4,81 3,73 4,70 -6,38 2,16 5,92 -5,16 3,38 5,63 -5,45 3,09 

60 7,24 -6,96 7,23 5,67 -8,53 5,66 6,89 -7,31 -6,88 6.60 -7,60 6,59 

70 9,68 -9,25 9,70 8,11 -10.82 8,13 9,33 -9,60 9,35 9,04 -9,89 9,06 

80 12,81 -11,92 10,41 11,24 -13,49 8,84 12,46 1 -12,27 10,06 1 12,17 1 -12,56 9,77 

90 15,42 -15,36 11,45 1 16,56 -16,501 12,59 16,35 -16,29 12,38 16,11 1 -16,05 12,14 

100 20,04 -20,51 15,14 21,18 -21,65 16,28 20,97 -21,44 16,07 20,73 -21,20 15,83 

110 23,7 -24,50 18,09 24,93 -25,64 19,23 24,72 -25,43 19,02 24,48 -25,19 
120 26; 21 -29,87 20,44 27,35 1-31,01 21,58 27,14 1-30,80 21,37 1 26,90 -30,56 

Figure 12.27 b: Subject 9 (y = 90 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

Cc, C4 a, cc, C4 a,,, CE, Ctt a, Cc, N CES 
0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 0,29 -1,00 0,03 1 0.58 -0.71 0,32 0,63 -0,66 0,37 1 0,50 -0,79 0,24 

20 1,14 -1,40 0,50 1,43 -1,11 0,79 1,48 -1,06 0,84 1.35 -1.19 0,71 
30 2,01 -2,45 0,89 2,80 -1,66 1,68 2,63 -1,83 1,5 2,43 -1,98 1.36 
40 3,63 4, G4 

1 
2,1 4,42 -3,25 2,91 4,25 2,74 4,10 3,57 2,59 

50 7,14 -4,64 4,25 6, C9 -5,69 3,20 6,06 -5,72 3,17 1 6,43 -5,35 3,54 

60 12,04 -6,24 6,25 10,99 -7,29 5,20 10,96 -7,32 5,17 11,33 -6,95 5,54 

70 15,47 -8,22 8,14 14,42 -9,27 7,09 14,39 -9,30 7,06 14,76 -8,93 7,43 

80 21,69 -8,80 12,86 17,79 -12,70 8,96 18,66 -11.83 9,83 19.38 -11,11 10,55 

90 24,77 -11,19 15,45 20,87 -15,09 11,55 21,74 -14,22 12,42 22,46 -13,50 13,14 

100 27,85 -13,77 16,92 23,95 -17,67 13,02 24,82 1-16,80 13,89 25,54 -16,08 14,61 

110 31,52 -17,16 117,75 127,62 1-21,06 13,85 28,49 1 -To-, 19 14,72 29,21 1-19,47 15,44 

120 33,46 -20,34 1 19,40 1 29,56 1-24,24 15,50 30,43 1-23,37 1 16,37 

1 

31,15 1-22,65 17,09 

Figure 12.28 a: Subject 10 (y =0 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

Cc, cct Cc, Cc, a, I a, a. Cc, a, ct, Cc, C(, 

0 0,00 0,00 0,00 0,00 0,00 
_ 

0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 0,44 
1 -0, -p 1 0,26 0, ýT 76,32 0,55 0,78 -0,47 0,60 0,65 1 -0,60 0,47 

20 1,43 1 
1 

-1, S] 
1 

0,73 1.72 1 -1,52 1,02 
1 

1,77 -1,47 1,07 1,64 - 1.60 1 0.94' 

30 2,81 -3,26 1,89 3,60 -2,47 2,68 3,43 2,64 1 2,51 3.28 -2,79 1 2.36 

40 5,47 4,84 3,30 6,26 -4,05 4,09 6,00, -4,22 3,92 1 5,94 -4,37 3,77 

50 8,97 -5,06 5,90 7,92 -6,11 4,85 7,89 -6,14 4,82 8,26 -5,77 5,19 

60 13,44 -5,54 7,66 12,39 -6,59 6,61 12,36 -6,62 6,58 12,73 -6,25 6.95 

70 17,48 -7,82 9,55 16,43 -8,87 8,50 16,40 -8,90 8,47 16,77 -8,53 8,84 

80 23,80 -8,41 12,68 19,90 -12,31 8,78 20,77 -11,44 9,65 21,49 -10,72 10,37 

90 27,18 - 10,59 15,39 23,2 -14,49 11,49 24,15 1-13,62 12,36 24,87 . 12,90 13,08 

100 29,41 1-13,08 17,28 25,51 -16,98 13,38 26,38 -16,11 1 14,25 D, 10 -15,39 14,97 

110 33,80 -15,76 1 19,28 29,90 -19,66 15,38 30,77 -18,79 

1 

16,25 1 31,49 -18,07 1 16,97 

120 35,58 -18,94 21,80 31,68 1-22,84 17,90 32, -21,97 1 18,77 1 33,27 1-21,2 

Figure 12.28 b: Subject 10 (y =0 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

cc, C4 a, a, C4 Cc" cx, aj a. Cc, a, a, 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

10 1,66 -0,31 1,58 1 1,59 -0,38 1,51 0,89 . 1,08 0,81 1,38 -0,59 1,30 

20 4,20 -1,70 2,64 4,13 -1,77 2,57 3,43 -2,47 1,87 3,92 -1,98 2,36 

30 

40 

4,61 

6,60 
-3,93 

-5-03 

3,28 

3,93 

5,83 

7,82 
-2,71 

-3.81 

4,50-1 

5,15 

50 

6,49 
-4,04 

-5,14 

3,17 

3,82 

4,98 

6,97 
-3,56 

-4.66 

3,65 

4.31) 

50 '14 10ý -6,51 4,76 12,36 -4,49 6,78 10,27 -6,58 4,69 1 10,99 -5,86 5,41 - 1 

60 13,29 -8,56 6,30 15,31 -6,54 8,32 13,22 -8,63 6,23 13,94 -7.91 6,95 

70 15,42 -10,44 8,25 17,44 -8,42 10,27 15,35 -10,51 8,18 16,07 -9,79 8,90 

80 16,88 -12,89 8,96 18,88 -10,89 10,96 18,51 -11,26 10,59 18,09 -11,68 10,17 

90 19,17 -14,94 10,75 21,17 -12,94 12,75 20,80 -13,31 12,38 20,38 -13,73 11,96 

100 21,62 -17,12 12,98 23,62 -15,12 14,98 23,25 -15,49 14,61 22,83 -15,91 14,19 

110 24,28 -20,58 13,81 27,60 -17,26 17,13 27,23 -17,63 16,76 26,37 -18,49 15,90 

120 27,07 1-23,98 16,56 30,39 . 20,66 19,88 30,02 1-21,03 19,51 29,16 -21,89 1 18,65. 

Figure 12.29 a: Subject 10 (y = 45 degrees) - observer I 
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Test Test 2 Test 3 Mean 

Cc, cit Cc, CE, a, ct, a, a, ct, cc, Cc, 

0 0,00 0,00 0,00 0,00 0,00 0,00 

, 
0,00 

ýi 
0,00 0,00 0,00 0,00 0,00 

10 1,83 -0,31 1,34 1,76 -0,38 1 
1,2/ 06 1,08 0,57 1,55 -0, ý9 1,06 

20 4,90 -1.10 2,64 1,83 -1,17 2,57 4,13 1,037 1,87 4,62 -1,38 236 

30 5,82 . 2,45 3,52 7,04 -1,23 4,74 5,71 2,56 3,41 6,19 -2,08 3, *9 w 
40 8,23 -3,85 4,72 9,45 1 -2,63 5,94 8,12 -3,96 4,61 8,60 -3,48 5,09 

50 10,81 -5,33 5,42 12,83 -3,31 7,44 10,74 -5,40 5,35 11,46 -4,68 6,07 

60 13,49 -7,22 6,96 15,51 -5,20 8,98 13,42 -7,29 6,89 14,14 -6p57 7,61 

70 16,00 -8,61 7,89 18,02 -6,59 1 9,91 15,93 -8,68 7,82 16,65 -7,96 8,54 

80 17,69 -11,55 9,48 19,69 -9,55 11,48 19,32 -9,92 11,11 18,90 -10,341 10,69 

90 19,44 -14,14 11,17 21,44 -12,14 13,17 21,07 -12,51 12,80 20,65 -12.93 12,38 

100 22,11 -16,73 13,81 24,11 -14,73 15,81 23,74 -15,10 15,44 23,32 - 15,52 15,02 

110 23,05 - 19,7 1_ 114,16 26,37 -16,39 1 17,48 26,00 -16,76 17,11 ,4 -1 *7,62 16,25 

120 25,83 1-23,19 29,15 -19,87 1 19,49 1 28,78 -20,24 19,12 27,92 -21,10 18,26 

Figure 12.29 b: Subject 10 (y = 45 degrees) - observer 2 

Test I Test 2 Test 3 Mean 

cc, at a, ar at a, 40 a. at a. a, at CE, 

0 0,00 0,00 0,00 0,00 0,00 0.00 0,00 0,00 0,00 0,00 0,00 0,00 

10 1 0,86 0,29 0,21 1,40 0,72 0,75 1,46 0,76 0,81 1,24 0,59 0,59 

20 1,42 0,41 0,80 1,96 1 0,95 1,34 2,02 1,01 1,40 1,80 0,79 1,18 

30 
- 

3,51 1,60 2,31 3,01 
- 

Tlo 

- - - 
1,81 

- 
3,08 1,17 1,88 3,20 1,29 2,00 

-470 4,91 0.30 3,14 4,41 5, 36 2,64 -4-, -48 2,71 i, 6(j' G, 49 2,83 

50 5,66 0,11 3,85 5,16 -0,39 1 3,35 5,23 -0,32 3,42 5,35 -0,20 3,54 

60 7,10 -2,00 4,48 7,59 -1,51 4,97 7,84 -1,26 5,22 7,51 -1,59 4,89 

70 9,17 -3,99 5,96 9,66 -3,50 6,45 9,91 -3,25 6,70 9,58 -3,58 6,37 

80 12,96 -4,77 9,15 11,65 -6,08 7,84 11,90 -5,83 8,09 12,17 -5,56 8,36 

90 15,68 -7,15 11,98 14,37 -8,46 10,67 14,62 -8,21 10,92 14,89 -7,94 11,19 

100 16,62 -12,69 12,31 19,65 -9,66 15,34 19,92 -9,39 15,61 18.73 -10,58 14,42 

110 21,28 -15,67 14,78 24,31 -12,64 17,81 24,58 -12,37 18,08 23,39 -13,56 16,89 

120 25,93 -19,05 18,84 28,86 16,02 

1- 

21,87 29,13 -15.75 22,14 27.94 . 16,94 1 20,95 

Figure 12.3 0 a: Subject 10 (y = 90 degrees) - observer I 
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Test I Test 2 Test 3 Mean 

cc, cct a, (X, (X, CE, a, CE, cc, ct, Cc, CE, 

0 0,00 0,00 0,00 0,0() 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Jo 0941 0,30 1 -0,04 0,95 0,73 0,50 1931 + 
0,7 'j 0,56 0,79 0,60 0,34 

-0 0,85 1,01 0,41 1 39 9 1,55 Ot95 1,45 1,61 1,01 1,23 1,39 0.79 

30 2,79 1,00 1,79 2,28 0,50 1,29 2.3 1,36 0,69 1,48 

40 4,52 -0,09 2,64 4,02 -0,59 2,14 4,09 1 -0.52 2,21 4,21 -0,40 2,33 

50 5,94 - 1,14 3,40 
. 
5.44 -1,64 2,90 5,51 -1,57 2,97 5,63 -1,45 3,09 

60 6,19 -3,01 4,18 6,63 -2,52 4,67 6,93 -2,27 4,92 6,60 -2,60 4,59 

70 8,63 -5,30 6,65 9,12 -4,81 7,14 9,37 -4,56 7,39 9,04 -4,89 7,06 

80 12,96 -5,77 10,56 11,65 -7,08 9,25 11,90 -6,83 9,50 12,17 -6,56 9,77 

90 15,90 -8,26 12,93 14,59 -9,57 H, 62 14,84 -9,32 11,87 15,11 -9,05 12,14 

100 16,62 -14,31 13,72 1 
1 

19,65 -11,28 16,75 19,92 -11,01 1 
17,02 18,73 . 12,20 15,83 

110 20,37 -17,30 16,67 
I 

1 23,40 -14,27 19,70 23,67 -14,00 19.97 22,48 -15,19 18,78 

120 H 24,79 - 19,67 19,0 i -16,64 22,05 1 28,09 

II 
-16,37 22,32 26,90 -17,56 i-3- 219 

Figure 12.30 b: Subject 10 (y = 90 degrees) - observer 2 
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13 Appendix C- Mathcad code 

This Appendix coniains the Mathcad code used to generate the sterno-clavicular model 

Hurneral flumerai I Clavicle Ilumcral flumera! Cia-icle Numeral - Humeral C fa7i (Te 
,:! e dtion dZimuth axial rotation elevation azi. auth adduction- elevatirm azi. -nith azimuth 

I 

I 
abduction 

A=(Matrix of the mean values) 

Matrix A 

0 0 0 0 0 0 0 0 0 

10 0 2 10 0 1I to 0 .1 
20 0 4 20 0 2 20 0 -. 7- 

30 -T- 7 30 0 4 30 0 -3 
40 0 9 40 0 6 40 0 

- 
.5 

- 50 0 12 50 0 8 50 0 -6 
60 0 16 60 

- 

0 
- 

10 

- 
60 

- - 
0 

- 
.8 

70 - 0- 19 70 T J. 3 TO T - 10 

80 0 23 so 0 15 80 0 -12 
go - 6- 26 90 0 17 90 0 -15 
100 0 30 100 0 20 100 0 

- 
-17 

110 0 33 110 0 22 110 T . 21 

120 
1 
0 37 120 0 25 i2o 0 -24 

0 45 1 0 0 45 43 0 

10 45 1 10 45 1 10 1 45 0 

20 45 3 20 45 2 20 45 .1 
30 45 5 30 45 3 30 45 -3 
40 45 7 40 45 4 40 45 -4 
50 45 10 50 45 6 50 45 .5 
60 45 13 60 45 8- 60 45 -7 
70 45 17 70 45 10 70 45 -9 
80 45 20 80 45 12 80 45 -11 
90 45 24 90 45 14 90 45 -14 
100 45 28 100 45 17 100 45 -16 
110 45 32 

- - 
110 45 20 110 45 -19 

120 45 Y5 120 45 23 120 45 

0 90 0 0 90 0 0 90 0 
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10 1 90- 10 90 1 10 
- - 

9c 1 

20 I -- T6, 20 90 1 20 90 
1 
2 

30 90 3 30 90 2 30 90 1 

40 
l5a 

90 15 
90 G t 

40 

50 

90 

90 

3 

4 
40 

'to 

Qo 

90 
.1 

-2 
(10 90 9 60 1 

- 

90 6 60 90 1 -4 
7P 90 12 70 91) 

13 
70 90 1 -6 

so 90 15 80 90 11 80 90 -8 
90 90 19 90 90 13 90 90 -11 
100 90 24 100 90 17 100 90 -14 
110 90 11.0 90 20 110 90 -17 

120 90 33 23 120 90 -20 

Where: 

V-hurneral elevation 

y= humeral azimuth 

clavicle axial rotation 

MN: = submatrix(A, 0,38,0,1) Mpy is an 39 x2 matrix containing P and y coordinates. 

Mpy is build by the column 0 and column I of matrix A 

vz: =X4'ý* vector obtained by column 2 of the matrix A (Original data) 

clavick adduction-abduction 

M N-: = submatrix(A, 0,33,3,4) Mpy is an 39 x2 matrix containing P and y coordinates. 

Mpy is build by the column 3 and column 4 of matrix A 

vz: =A"' vector obtained by column 5 of the matrix A (Original data) 

clavicle azimuth 

MPY: = submatrix(A, 0,38,6,7) MPI is an 39 x2 matrix containing P and y coordinates. 

Mpy is build by the column 6 and column 7 of matrix A 

vz: =A'-"' vector obtained by column 8 of the matrix A (Original data) 
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z := regress(Moy, vzk) Returns a vector which interp, uses to find the kth order 

polynomial that best fits the 0 (x) and y (y) data values in Mpy and vz. 

k : =2 de-ree of polynomial jitting C 
i : =O ... 38 38=rowsnumbcrsubmatrixMpy-I 

fit(P) := interp(z, Mpy, vz, P) polynomial fitting function 

Returns interpolated y (y) value corresponding to P (x). You get z from regress 
P is the value of the independent variable at which you want to evaluate the regression 

curve. 

predvzi : =fitf(MW) <j I Predicted vz values 

coeffs := submatrix(z, 3, length(z)-1,0,0) coeff icents for regression equation 

corr(A, B) Returns the PearsorVs r correlation coefficient of the elements in A and B. 

le=corr(A, B)2 AS 

2: =_ 
E(predvz-mean(vz))2 

(vz - nwan (vz))- 
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14 Appendix D- Research Publication 

This appendix contains a research publication written and published during the work 

undertaken within the thesis. 

Reference: 

Scattareggia Marchese, S., johnson, G. R. (2000) Measuring the Kinematics of the Clavicle. 

Proceedings of the Sixth International Symposium on the 3D Analysis of Human 

Movement. Cape Town, South Africa, 37-40. 
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MEASURING THE KINEMATICS OF THE CLAVICLE 

S. Scattareggia Marchese I and G. R. johnson2 

I Signo Motus s. r. l.. Messina, Italy 

2Cenire for Rehabilitation and Engineering Studies (CREST), University of Newcastle, UK 

Introduction 
The shoulder complex may be considered as a spatial 
mechanism in which the scapula, clavicle and humerus 
all move in concert. However, reliable measurement of 
the spatial kinematics of these bones has not been 
possible until recently because of the difficulty of direct 
measurement and the absence of sufficiently accurate 
imaging techniques. With the development of 
instrumented palpation techniques (Pronk and'van der 
Helm 1991, Barnett et al, 1999), it h2s been possible to 
make non-invasive measurements of the movements of 
the scapula. These studies have demonstrated the non- 
linear relationships between the spatial rotations of the 

scapula and the position of the humerus. Furthermore, 

the potential clinical uses of these measurements have 

been demonstrated in studies of patients after stroke 
(johnson et al 1998). In order to achieve a full 

understanding of the kipernatics of the shoulder 0 
complex, there is a need to measure reliably the 

movements of the clavicle. Imnan and Saunders (1946) 

were the first to provide direct experimental 
measurement of the rotations of the clavicle on a single 
subject having a percutaneous steel pin attached directly 
to the clavicle. This demonstrated clearly the relatively 
large axial rotation which takes place during arm 
elevation. However, this work has been developed little 

:, ince that time became of the difficulties of irakfiig 
non-invasive measurement of the axial rotation beneath 
the skin. The most recent approach has been to use 
mathematical modelling techniques. The Dutch 
Shoulder Group (Pronk et al 1993), after measuring the 
non axial rotations by direct palpation, used a procedure 
in which it is assumed that movements of the 
acromioclavicular joint are minimised. There still 
remains, therefore, a need for direct measurements 
which may validate the modelling studies and lead to 
more detailed clinical understanding. 
This paper presents a palpation technique which, by 
relying on the particular geometry of the clavicle allows 
direct measurement of its spatial motion. 

Method 
The clavicle may be considered as a rigid body having 
spherical joints at each end (sterno-clavicular and 
acromio-clavicular). Therefore, apart from the 
ligamentous constraints, the axial rotation is not directly 

coupled to the other mavernents. This mcans that these 
rotations must be cotit, -olled in some way by a 
combination of muscle and ligamentous ections. 
The challenge of using a palpation technique to measure 
all of the rotations of the clavicle is to find a way to 
exploit its natural geometry and make the simultaneotis 
measurements of movements at more than one point. 
Furthermore, since the exact geometrical relationship 
between the AC joint and any chosen set of axes is not 
known, it is necessary to make measurements of the 
clavicle with respect to a co-ordinate system based in 
the trunk. In order to understand how this may be 
achieved by palpation, it is necessary to consider the 
geometry of the clavicle and the movements associated 
With the three an; les of rotation. As a first 
approximation, the clavicle may be considered as a 
crankshaft as shown in figure 1, where: 

L= length ofthe clavicle 
R= distance hetween the inner third and the 

outer third of the clavicle 

Having established this geometric model, it becomes 
clear that axial rotations can be deduced by palpation. 
In fact, it becomes possible to measure the rotations by 
the use of a palpation frame having three argular 
mov. -InCnt s: ns(, -, s as shown in Figure 1.1 bese s. -n--C. -S 
ar. - positioned on the structure in a serial-parallel chain, 
so that Sensor I measures a rotation in the transverse 
plane, while Sensors 2 and 3, connected to the inner and 
outer third of the clavicle respectively, both measure 
rotations in the coronal plane. The "connectione' to the 
bone that, in reality, are not physically possible because 
of the presence of skin and muscles, are represented by 
single rotational degrees of freedom which permit the 
rotation of the clavicle. In order to allow motion within 
the assembly of the palpation frame and the clavicle it is 
necessary to add two more passive degrees of freedom: 
(i) a translation between the link connecting Sensor 

3 to the outer third of the clavicle for 
compensation of the distance between the outer 
third of the clavicle and this sensor during axial 
rotation of the clavicle around the inner third axis; 

(ii) a rotation positioned before the connection of the 
outer third of the clavicle with the Sensor 3 
linkage. The axis of rotation of this degree of 
freedom is coincident with the axis of the passive 



linear one. Its ro! -ition compensates tile lack of 
parallelism between the Sensor 3 link and the 
outer third of the clavicle during axial rotation. 

Analysis 
Usino spherical _, ecmetrv =1 ,a theoretical solution has 
been est, -blishý,, d which expresses the rctations of the 
davicle as functions of the rutations of the three sensors 
as 1'0110NýS: 
Ifthe rot, 'itions of the cla% iclc arc Jefined as: 

a, = clavicle avial I olellioll 

a, = clavicle uh, h icl; on- tit Iductioi i in the 

coronal plane 

a, = clavicle rotation in thc fronsi erse 

plane 
and 

, 91,, 9, 
ý t9l = rotations of sensor !, sensor 

wil sensor 3 respectively 
L= clavicle Ictigth 

R= Clavicle radius (distance hei ween the 
inner third and the outer third) 

Then, by trigonometry, it can be shown that: 

a. = arcsin 
L sin9, -sin 

(R 

Cos 
92 

CY, ý 91 

Validation and testing 
The palpation fixture was constructed using specially 
designeý rotation sensors based on the Hall effect. The 

outputs of the sensors were connected to an interface 
box to allow direct sampling by computer. The 

movement detector k shmvn in jise in Fioure 2 below. 

In order to validate the algorithin (3) obtaincd above, a 
test rig was constructed having a wooden model of' tile 
clavicle attached to a further movernent sensor to allow 
direct ineasurement of axial rotation. A typical output 
from the system is shown in FigUre 4. 

It will be noted, in the analýsis. thaý the cahbiation of' 
this system is dependent upon knowiedge of' the 
distances L and R, and a particularly important aspect (-f 
viis wor! ý has been the riecd to devc! op ý teclmique to 
measure the ratio I-/R ils defined in F,,, ure II lo, vcver, 
tl,: s -atio repreents a sI in I) Ii ficd geom Arý of th e 
clavicle and m-ist be nie-isu; -ccl non-inw,, isively as part of' 
the experimental procedure. In order to achieve this, a 
special measurement fixture has been designed. The 

repeatability of this measuring procedure was studied 
by analysing the measurements m, -. Je of 2 subicits on 
two occasions by 5 different observers. I'lle greatest 
difference between any pair of' measurements taken on 
the same subject was less than 10 per cent of the mean. 

Follox\:, ng successful validation studies x\ith the model 
and with the fixture for measuring clavicle geornetry. 
the system has been used to measure clavicie 
movements associated with a range of position-, of' the 
humerus. Initially, repeatability studie- have been 
performed, in order to further validate the technique. 

This was performed by two observers making 3 
replicate measurements on each of 5 subjects 
performing elevation movements. The angle of 
eleXation was measured by a potentiometer attached to a 
sliding fixture to allow natural movcments of the arm. 
Measurements were taken during elevation of the an-n 
over a range of 120 degrees from the resting position at 
intervals of 10 degrees. These experiments were 
performed at azimuth angles of 0 degrees (movement in 
the cororial plane), 45 degrees and 90 degrees 
(rnove. rritrit ir he sa-ittal plane) A ! o! Ld of 2 16 
readings were taken for each subject. The mean vaiLleS 
of each of the clavicular rotations were then calculated 
from all the observations of all the subjects at each 
azimuth. 

Results 
The studies of the repeatability of the clavicle 
measurement device showed that L/R ratio could be 
measured to within 10 per cent of the mean value. 

The movements of the clavicle associated with coronal 
plane abduction and forward flexion are shown in 
Figure 3, where it can be seen that axial rotation and 
abduction increase almost linearly with arm elevation, 
over a range of approximately 50 degrees. A retraction 
of approximately 15 degrees is associated with 150 
degrees of arm elevation. It was found that clavicle 
position was independent of shoulder internal/external 

rotation. 

2 



The sensitivity of predicted clavicle movements 
associated with the 10 per cent variation of the L/R ratio 
are shown in Figure 4. 

Mathematical Model 
Using all the data collected, a multiple regression mode', 
has been produced to prcdict clavicle position as a 
function of arm elevation (0) P. nd azimuth (y). The 

. oefficients of this polynomial model were found to be 
as follows. 

-3 2 -4 2 -4 1.38-10 ß-2.8-19.10 4.762-10 

-3 0.153 -+2.076 ., 0 + 0.685 (R 0.995) 

ea - 1.077 - 10 -3 
-P2+2.271 - 10 -4 

-7 
2-2.381 

-10 
-4 

-ß-7 

O. o8 -0-0.035 -y+0.804 (R - 0.993) 

al . . 1,299 - 10 .ß2+3.609.10 -4 
.72+1.832.10 -4 

.ß-7 

-3 
0.04 ß-5.006 - 10 . 7-0.648 (R - 0.995) 

Discussion 
While there have been several experimental studies of 
scapular movements, this is the first time that non- 
invasive measurement of complete clavicle movement 
has been achieved. Although other studies have 
reported measurements of abduction and protraction, 
direct measurement of axial rotation has not been 
achieved before. When comparing with the data of 
Pronk and van der Helm (1989) there is excellent 
agreement in measurements of protraction. However, 

while in this study the maximum reported abduction is 
30 degrees, the earlier study reports only 10 degrees. 
This difference may be due to slight differences in the 
definitions of co-ordinate frames. The Pronk and van 
der Helm study use palpation of key bony landinarks 

using an instiumented palpator as opposed to the direct 
palpation technique used here. It is interesting to note, 
however, that in a later study (Pronk et al 1993), these 
authors report an elevation of 30 degrees agreeing well 
with these data. 

When considering axial rotations, the only data with 
which these results can be useful! y compared are 
probably those of Pronk et al (1993) which were 
achieved by mathematical optimisation rather than by 
direct measurement. In this study, they assumed that 
the axial rotations would be such as to minimise the 
rotations of the acrornioclavicularjoint. in fact, there is 
good agreement with this work that predicts a maximum 
value of 50 degrees. 

Despite the development of palpation techniques for the 
measurement of movements of the shoulder girdle, it is 

important to point out the lack of validation that can be 
achievcd. In the future is hoped that this can be done 
using imaging techniques. However, these are not yet 
sufficiently accurate or versatile to allow this to be 
done. In this situation, it is impossible to make direct 
ccmparisors. Ho%kever, the final vindication will come 
only after a different technique is devised. 

As far as the inter-subject variations are concerned, 
more work is required, since the data here have been 
derived from a small subject sample. Similarly, theie is 
a need to study the movements at the acromioclavictilar 
joint by making simultan. -ous me:: surement of the 
scapula and clavicle. Such studies will be of irterest 
when studying the biomechanics of the complete 
shoulder girdle and in a number of clinical situations. 
when studying the possible effects of clavicle fracture 
or repair. In particular, they will be of great interest 
when studying further the variations of shoulder 
movement patterns in patients after stroke which have 
been presented earlier (Johnson et al 1998). In addition, 
it may be possible to study the effects on overall 
shoulder movements of fracture and rcpairs of the 
clavicle. 
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Figure 1. Diagrammatic arrangement of the measurement system 
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Figure 3. Graphs of axial rotation, 
pro/retraction and abduction of the 
clavicle versus angle of arm elevation (at 

zero azimuth) 

Figure 4. Graphs of computed axial 
rotation of model clavicle calculated for a 
range of values of L and R and compared 
with actual values 
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