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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 i1t 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 1n 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 rr;ovement, 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 1ts

kinematic and dynamic response.



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.



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:

o To develop a technique able to provide information on the motion of the clavicle on “in
vivo subjects’;
e 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;

e 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

function of scapular and humeral movements:

e 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 of joint.

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 pfedict 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 2 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 1s
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.

11




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

WorKk.
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

12



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 are 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 1s due to
Erasistrato and Erofilo of the Ptolemaic Medical School of Alessandria in II 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.

13



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:
e clavicle;
e scapula;

¢ humerus.

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

Scapula

Figure 2.1 Skeletal organization of clavicle, 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 sternum to the humerus.

2.1.1 Clavicle

The clavicle (see figure 2.2) takes its origin from the manubrium 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 Stermnal Part

Figure 2.2: Clavicle: frontal 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

15



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 1s dependent upon the bone's material and geometric properties. By examining
these variables, Harrington et al (1993) studied the biomechanical 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

shoulder joints.

As shown 1n figure 2.3 and demonstrated by Bearn (1967), the costo-clavicular ligament,
disposed as an inverted, truncated cone, acts as the limiting factor in elevation of the lateral
end of the c!avicle; 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
tenston in the superior fibres of the sterno-clavicular (SC) joint capsule. Although there 1s
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.

Trapezoud ligament Conoid ligament Costoclavicular ligament

T

Figure 2.3 Clavicle: main ligamentous structures
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The clavicle 1s 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 an&r 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 1s
undoubtedly related to the change of functional requireménts of the attached muscles and,
in addition, emphasizes the extraordinary significance of the infraspinal musculature in the

attainment of a shoulder joint with the great range of motion of that found 1n 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:

17



e superior side;
e medial side;

o lateral side.

Coracoid process

Figure 2.4: 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 acromio-clavicular (AC) 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.

N U

greater tuberosity

lesser tuberoSity

Trochlea

Condyle X
Y

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

Ulna

—

Figure 2.6: Ulna 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

20



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

the following 4 models:

. one-degree-of-freedom hinge or revolute joint;
2. three-degrees-of-freedom planar joint;
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 instant 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 insertion. 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:
e 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-T\)

Serratus Anterior Lower (SAL-TS)

Serratus Anterior Upper (SAU-TS)

Trapezius Lower Part (TLP-TS)



« Trapezius Middle Part (TMP-TS)
e Pectoralis minor (PEm-TS)

e Levator scapula (LES-TS)

SURCLAVWY

ANONBOID
HiNOR
y m——
, O
\
- P g oy l
w4 ‘
- \“\ll f]j :
//U\\ PEitorav)s [
MinoR '
) RHROMBOID MATOR
SIRAATUS ANTIRIOR LOwky
TRAPELIVS SERRATUS ANTERIOR VUPPLR
Figure 2.7: Group A Muscles View
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)

/

TRAPE2JUS
UPPER PART

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)

po——
=

'_,:.--'
? Pectorudis major

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 E1 Scapula-Humerus (Class XXX-SH) (see figure 2.10 b)

e (Coracobrachialis (COR-SH)
e Deltoid Acromial Part (DAP-SH)
» Deltoid Scapular Part (DSP-SH)
» Infraspinatus (INF-SH)
e Supraspinatus (SUP-SH)
e Subscapularis (SUB-SH)
 Teres Major (TEM-SH)
 Teres minor (TEm-SH)

CORALO SRALHALS

DELTOID
ACROMIAL AND SUPRASPINATUS

SCAPULAR PART

SUBSCAPULARIS

TERES MAJIOR

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

26



Sub-Group E2 Scapula-Ulna (Class XXX-SU) (see figure 2.11)
e Triceps Long Head

Sub-Group E3 Scapula-Radio (Class XXX-SU) (see figure 2.11)
e Biceps Long Head (BLH-SR)
e Biceps Short Head (BSH-SR)

’ Biceps Long head

: 1&

h1Y ] Biceps short head |
it '

1
"
E

A
\\,

\ ) E’

)
I

Figure 2.11: Sub-Group E2-E3-F1 Shoulder Muscles

Group F
Muscles having their origin on the Humerus and which are inserted into the lower arm (see
figure 2.11).

Sub-Group F1 Humerus-Ulna (Class XXX-HU)

» Brachialis (BRA-HU)
e 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)

Brachioradials

Figure 2.12: Sub-Group F2 Shoulder Muscles (Humerus-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.
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Brachioradialis

Biceps brachii

Brachialis

Figure 2.13: Elbow joint 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 1s 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 O to- N with respect to a base Cartesian frame. Joints are

enumerated from 1 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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L1

Lo

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)

Fig. 3.2: Cartesian Frame

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

Px
1p=| P,
P.

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 (Xp, Yb, Zp) in A.

Now we define:

‘Re =("Xs,1Ys,12Zs)

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 3 around Z, we

obtain:

cos@
4 X5 =|sin@
0

—siné cos@ -sin@ 0
1Ys =| cos@ ‘Re=|sin@ cos@ O
0 0 0 1
0
1Z8=|0
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Fig. 3.3 Description of a 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):

{ ARB,APBO}

Fig. 3.4: 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

Figure 3.5: Pure translation

AP =" P+%Pso

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

reference frame.
1p.="X4-" P
APy=BYA'BP
APz=BZ4‘BP

(BX4)T

AP — (BYA)T _BP =(BRA)T'BP "—"(BRA)-l _BP =(ARB)_BP
("Za)’
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Rotation +Translation

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

4 P=4Pso+"Rs-° P

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=4Tp.%p
This description of motion is an embedding of three-dimensional rigid body motion in

R*, 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, 1981).

Cartesian Space Homogeneous Space
P
P
Py
Pyl o=
P: ‘
1
Vx
Vs
Vy
A
V; b 4
0

“Rew  “*Rs: “Rss * Pso:

‘Ren “Rsn “Rsn * Pso

“Res  “Rsn  “*Rsn “Pso
0 0 0 1

FRAME{ *‘RB,*'PBO} =

In R* it is easy to verify that 4 P="T3"P

because
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“Rsw  “Rsn  “Rss  “Psos (BPx

ARen “ARen “Ren “4Psorl | 2P, 1R8°P+4Ps0 p

AResn “Rsn “Rsn “ Pso: | 5 p, =( i } =( 1 )
\ 0 0 0 1 1

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

1 and zeros.
In Summary:

Homogeneous translations

1 0 0 d

Homogeneous Rotations

rn rme In 4,
ra ran Ur»s 0

4 Rots =
rs s rx»n 0

0 0 0 1

Homogeneous Roto-Translation

rn ra Urn dt
Yan rra Urn d_v

ATs =

rYsi rna In d:

0 0 0 1
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3.2 Kinematics of a multi-degree-of-freedom system

The kinematics of a multiple degrees of freedom 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 1s to calculate the position and orientation of

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

The independent parameters are:

L; = links length

3,=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) é e R

b) Cartesian Space (position and orientation of the end effector) }-7 eR°

CARTESIAN SPACE
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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).

LenkKt 43,
W=
znln’t}' - =F Y
-’ x,

Lnk¢ \
- ﬂ?’ Joml 4
- . ‘a'

Race Likk O

=,

"r i,

Figure 3.6: Manipulation arm modelled as a serial linkage of rigid bodies

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

frame Op-XnYnZn to the last link. The location of the coordinate frame is described with

reference to another frame Ogy-XgY oZg 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 O;-X;Y;Z; 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 0;.1-Xi.1Yi-1Zj-1 by a 4x4 matrix describing the

homogeneous transformation between these frames. The end effector position and

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 1-1 and link 1 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 4x4 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-1 and link 1;

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

¢) 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 of joint axis i+1 and the common normal between joint axis
i and joint axis i+1.

This means that the frame related to link 1 1s at joint i+1 rather than at joint 1.

The x; axis is directed along the extension line of the common normal, while the z;

axis is along the joint axis i+1.
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The yj axis is chosen such that the resultant frame O;-X;Y:Z. forms a right hand

coordinate system.

\ . Jeints Joinl ;/;

.

Figure 3.7: Couple of adjacent links

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

following four parameters:

a; the length of the common normal;

d; the distance between the Origin Oi-1 and the point Hi;

a; the angle between the joint axis i and the z; axis in the right-hand sense;

3 the angle between the x;_; axis and the common normal H;O, measured about

the z;_; axis in the right-hand sense.

The parameters a; and o; are constant parameters that are determined by the geometry

of the link:
aj represents the link length;

a; is the twist angle between the two joint axes.

One of the other two parameters varies as the joint moves.

In general the typology of the joints is restricted to:

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 d; is constant.In the case of a

prismatic joint, on the other hand, parameter d; is the variable representing the joint

displacement, while 3, is constant.

3.3.2 Kinematic Rélationship
In the following, the kinematic relationship between two adjacent links using the 4x4
matrices 1s described. The 4x4 matrix representing the location of frame i relative to
frame i-1 can be determined by considering the associated coordinate transformation

(see figure 3.8). Let us assume the two frames:
01-X1Y1Z) fixed to link i
0j-1-Xi-1Yi-14i-1 fixed to link i-1

and an intermediate coordinate frame HJr — X;.1Yi-12;-1 at Hj which is used to made calculations

Jointi - Joint i1

Z1 Mo Yi

Figure 3.8: Kinematic relationship between two adjacent links

_alb

4
Xi-l
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Let xi, x' and xi-1 be 4x1 position vectors in:

Oi-Xiyizi H =x,_y,.2., O-1-Xi-1¥i-1Zi-1
The coordinate transformation from xi to X' is given by:
X =4"Xi

where the matrix Aintrepresents the transformation matrix between 0j-Xiyizi and 0j-1-

Xj-1Yi-1Zi-1

1 O 0 a

. 0 cosa, -sing, O
Amt —_ I !
' |0 sin@, cosa, O

0 O 0 1

similarly, the transformation from x' to xi-1 1s given by:
X = 4" X
where:

cosd ~—sind,

-l 0 0
0 0

i

0 O
m | SING, cosd 0 O
1 d
0 1

combining the two equations

X=A"Xi and X '=4"X
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we obtain

Xi-l — A:-IXI

where

cos® -—sind,cosa, sing cosa, a,cosd,

, |sing, cos§ cosa, -—cosd sing, asind,
A5 =
' 0 sina, cosa, d,
0 0 0 1

The matrix 4~ represents the position and orientation of frame i relative to frame i-
1. The first 3 3x1 column vectors contain the direction cosines of the coordinate axes

of frame i, while the last 3x1 column vector represents the position of the origin Oj

with respect to the frame Oj.1 Xj.1 Yi-1 Zi-1

3.3.3 Kinematic Equations

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

end-effector as a function of joint displacements.

The displacement of each joint is either angle 3, or distance d, 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 q,, q5,....q, of n joint coordinates can be selected as a

generalised coordinate system for the manipulator.

et us define the binary parameter

0
&=

0 for a revolute joint

1 for a prismatic joint
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The i'? generalised coordinate can then be written as:

q, = 51'91 +£de
with
g =1-g,

The configuration of the manipulator can then be described by the vector § of

components q1, q2,....qn 10 the manipulator joint space.

for a revolute joint and a prismatic joint respectively.
The position and orientation of link i relative to link i-1 is then described as a

function of q; using the 4x4 matrix.

The pursued goal is to describe the position and orientation of the end effector with
respect to the base frame as a function of joint displacements, q;, q,,....q,,

The manipulator arm conststs of n+1 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=4(q)4,(q,)-- 47 (q,)

where T is a 4x4 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 normal between the two joint
axes must be determined for the link. However, no such common riormals 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 x,, axis intersects the last joint axis at a right angle. The angle o, shown in

figure 3.9 is arbitrary.

Figure 3.9: Last link coordinate frame
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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.

: Base LinK O

Figure 3.10: Base link coordinate frame

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 O., so that the distance di becomes

ZCrO.

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.

46



The above notations and basic rules arc essential background information for
investigating through a systematic approach on 3D kincmatics and are used in the
next sections in order to develop a model of the arm.

It is now interesting to review the rescarchers® attempts made for quantifying the
workspace of the human arm. It will be shown that also in this ficld, because of lack
of information on the kinematic chain of the arm and particularly on the clavicle
motion, rescarchers used simplified models to extract information on the motion of

the entire arm.
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24 Onthe Worksnace 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 1s 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 of joint 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 complex”.

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.

l
1.
t
|
]

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.

Fig. 3.11 Kinematic model of the upper limb (Benati et al 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 Kapandji (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:

o 3 degrees of freedom at the sterno-clavicular joint
o 3 degrees of freedom at the acromio clavicular joint

e 3 degrees of freedom at the glenohumeral joint

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

extension)

o 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).

CLAVICLE
STERNUM

1

AL TOINT

X
h 4

v
e -
* . o o
b, -~ ’ >
lys

GL JOINT

HUMERUS Wy

Figure 3.12 Kinematic model of the human arm (Autocad 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 Q; (degrees) a; dj

1 0, -90 0 O
2 0, +90 0 O
3 0; -90 a3 dj
4 04 -90 0 O
S Os +90 0 O
6 O¢ 0 ag dg

Table 3.13 DH parameters 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 1n 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:
e the direct approach consisting of the analysis of the motion of the bones performed
through x-ray analysis;
e 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

54



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. 110 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 3.
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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). Exceptions 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 1s
frequently used to ensure maximum image contrast. The kinematic data from cameras 1S
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, 1s 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 a joint, 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 18" 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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Fig. 4.1: The shoulder complex frontal 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.

® Subject 1
® Subject 2
_A&bject3

Lateral Scapular Rotation
(Degrees)

0,4 8 32 43 54 89 105 128 175

Arm Abduction (Degrees)

Figure 4.2: Scapula rotation in the coronal plane (Flecker 1929)
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By using both roentgenography and the direct insertion of pins into the bones of a living
subject, Inman et al. (1944) demonstrated that the elevation of the extremity, both in

flexion and in abduction at the glenohumeral joint is accompanied by simultaneous

scapulothoracic movements.

T'he authors split the scapular motion into two phases:

e a 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);

e a 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).

SPINO-HUMERAL ANGLELE
ABDUCTIOIN

”
< A0

o
9

190-

-
(

. -— -
AT 5

) L

. g

Ly

#
!

v
ao- | J \ >
! ]
TOT \ f‘ f
S
:0 20 S0 AL S0 60 TO AC 99 100 110 l2C L0 140 )30 160 470 i80 130
Dﬂgrna of Flovation of Arm

| o S - - - "=

Swpino-lTcrerald Angle
]
D »
O O

Figure 4.3 a: Inman’s spino-humeral angle during abduction (1944)
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Figure 4.3 b Inman’s spino-humeral angle in forward 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 b: Clavicle axial rotation (Inman 1944)

Additionally, information on the motion occurring at the acromio-clavicular joint 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 sterno-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 sternoclavicular joint 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 of the scapula on the thoracic wall during elevation of the extremity

is only possible because of the motion permitted at the two clavicular joints™.

Although Inman did not provide detailed information on the method used to perform
the tests, it is the first attempt in which information on the shoulder complex as a
kinematic chain is given. The author gives a pragmatic demonstration of the motion
occurring at the acromio-clavicular joints 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 from 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 responsible for the necessary

freedom which the scapula must possess to provide the niceties of rhythm 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 dimensional
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 of scapula 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
freedom occurring at the SC joint (the posterior one): * the clavicle at the sterno
clavicular joint 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 1 20-30
AC |8 |

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

(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 of scapula 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-
humeral 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 relevant findings: ...the clavicle has two modes of motion. The initial rotation
about an anterior-posterior axis through the sterno-clavicular joint...followed by a
second rotation along the long axis of the bone...” and although the third degree of

freedom 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

scapulothoracic and acromioclavicular joint, while the later phase of the motion
becomes more dependent on the gleno-humeral and acromio-clavicular joints™.

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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