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ABSTRACT

Two studies involving different applications of motion analysis and force measurement
techniques are presented. The first study provides data on typical loads on the upper
limb, and the muscle and joint forces which oppose them. The second presents
parameters defining the biomechanics of knife stab attacks in order to specify
standards for the testing of stab resistant body armour.

A three dimensional, mathematical model of the elbow and wrist joints, including 15
muscle units, 3 ligaments and 4 joint forces, has been developed. A new strain gauge
transducer has been developed to measure functional grip forces. The device measures
radial forces divided into six components and forces of up to 250N per segment can be
measured with an accuracy of +1%. Ten nomal volunteers from within the
Bioengineering Unit were asked to complete four tasks representing occupational
activities, during which time their grip force was monitored. Together with kinematic
information from the six-camera Vicon data, the moment effect of these loads at the
Joints was calculated. These external moments are assumed to be balanced by the
internal moments, generated by the muscles, passive soft tissue and bone contact. The
effectiveness of the body’s internal structures in generating joint moments was
assessed by studying the geometry of a simplified model of the structures, where
information about the lines of action and moment ams of muscles, tendons and
ligaments is contained. The assumption of equilibrium between these external and
internal joint moments allows formulation of a set of equations from which muscle and
joint forces can be calculated. A two stage, linear optimisation routine minimising the
overall muscle stress and the sum of the joint forces has been used to overcome the
force sharing problem. Humero-ulnar forces of up to 1600N, humero-radial forces of
up to 800N and wrist joint forces of up to 2800N were found for moderate level
activity. The model was validated by comparison with other studies.

A wide range of parameters defining the biomechanics of knife stab attacks has been
measured in order to specify standards for the testing of stab resistant body armour.
Stab styles based on reported incidents provided more realistic data than had
previously existed. A six camera Vicon motion analysis system and specially
developed force measuring knife were used to measure the parameters. Twenty
volunteers were asked to stab a target with near maximal effort. Three styles of stab
were used: a short thrust forward, a horizontal style sweep around the body and an
overhand stab. The body holding the knife was modelled as a series of rigid segments:
trunk, upper arm, forearm and hand, and knife. The calculation of the velocities of
these segments, and knowledge of the mass distribution from biomechanical tables,
allowed the calculation of the segment energy and momentum values. The knife
measured four components of load: axial force (along the length of the blade), cutting
force (parallel to the breadth of the blade), lateral force (across the blade) and torque
(twisting action) using foil strain gauges. The 95™ percentile values for axial force and

energy were 1885N and 69J respectively.
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BIOMECHANICS OF THE UPPER LIMB:
CALCULATION OF ELBOW AND WRIST JOINT
FORCES DURING OCCUPATIONAL ACTIVITIES




CHAPTER 1 INTRODUCTION

1.1 BACKGROUND

The carly 1980s saw a steep rise in the number of cascs of work related upper limb
disorders (WRULD) coming before the Australian courts. The term repetitive strain
injury was at that time applied to the conditions, but was felt by many to be unhelpful
as it pointed to a discernible biological pathology or lesion, which was not always
seen. The conditions described by this term covered a broad range, including not only
the diffuse pain syndrome for which no pathology could be identified, but also
tendonitis, tenosynovitis and carpal tunnel syndrome (Quintner (1991), Barker (1995)).
Other terms avoiding reference to specific pathology have been used since then,
including cumulative trauma disorder (CTD) and occupational overuse syndrome
(OOS). The former of these has been favoured as it declines to associate the syndrome

with occupational factors, thereby reducing the number of worker compensation
claims (Brooks (1993)).

The incidence of CTD has a high social and economic cost, with it now accounting for
56% of all occupational injuries in the United States (Melhom (1998)) and yet little is
known about the aetiology of the disorders. Some authors claim that no association
between arm pain and type of work has been shown (Brooks (1993)), that psychosocial
factors are paramount (Ireland (1998)) and that concurrent diseases such as diabetes
mellitus and hypothyroidism are causative factors (Atcheson et. al. (1998)). These
authors make a definite distinction between easily identifiable pathologies and diffuse
pain syndromes.

A number of studies have been conducted, however, examining the link between
occupational tasks and CTD. Several risk factors have been identified by these studies,
including repetition, poor posture, insufficient recovery periods and high force (Bacis
et. al. (1996), Occhipinti and Colombini (1996)) and prolonged muscle fibre activity
(Sjogaard and Sjogaard (1998)).



1.2 BIOMECHANICAL ANALYSES

A comprehensive analysis of the effect of work activity on the structures of the upper
lIimb would be a valuable source in the understanding of upper limb disorders. A
number of models of the upper limb reporting forces in the structures can be found in
the literature. Models of the elbow joint have been reported by An et. al. (1984), Amis
(1978), Nicol (1977), Seireg and Arvikar (1989) and others, with varying degrees of
complexity. There have also been models of the wrist joint, though these are fewer,
including those of Buchanan et. al. (1992) and Seireg and Arvikar (1989). Many of
these types of models have been limited by their simplicity, being either non-three
dimensional or with inclusion of too few muscle units. In addition to a valid model, to
produce useful data one must also have realistic input data. There is a lack of analyses
in the literature where occupational tasks have been studied to provide input data for
the models. In many cases, unloaded motions have been studied in the form of

activities of daily living, and in other cases simple planar movements have been

examined.

1.3 OBJECTIVES

The objective of the current study is‘ to develop a mathematical model of the elbow
and wrist joints, which may be used to predict the contact forces in the joints and the
forces in the muscles and ligaments which control their motion. A biomechanical
analysis of occupational lifting motions, including the measurement of grip force,
will be undertaken in order to provide the model with realistic input data. The forces
in the structures during these activities, calculated by the model, will be presented

and discussed.



CHAPTER 2 STAGES IN THE DEVELOPMENT OF A MODEL

2.1 JOINT MODELLING OVERVIEW

Joint modelling may best be described as the application of mathematical modelling
techniques to the analysis of the loads on the structures of the human body and the
body’s response. This study provides data on typical loads on the upper limb, the
muscle forces that oppose them, and the effect these actions have on the joints of the

elbow and wnist.

In order for the model to be useful, a realistic estimate is needed of the values of the
loads to which the body is exposed; hence this study uses, as input to the model,
directly measured loads encountered during simulated occupational activities. Together

with kinematic information from video analysis, the moment effect of these loads at
the joints can be calculated.

These so-called external moments are assumed to be balanced by the internal
moments, generated by the muscles, passive soft tissue and bone contact, in the
application of Newton’s Laws. The effectiveness of the body’s internal structures in
generating joint moments can be assessed by studying the geometry of a simplified
model of the structures, where information about the lines of action and moment arms

of muscles, tendons and ligaments is contained; this is referred to as an anatomical
model.

The assumption of equilibrium between these external and internal joint moments
allows formulation of a set of equations from which muscle and joint forces can be
calculated. The number of unknown quantities contained in this model far exceeds the
number of independent equations relating them, making the solution indeterminate.
This has been overcome with linear optimisation using the Simplex algorithm.

One of the most important aspects of joint modelling is validation of the model.
Currently, in vivo measurements of upper limb joint contact forces or muscle forces are
not feasible and so other methods of validation must be sought, such as the use of

electromyography (EMG) and, simply, comparison with other studies.
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Figure 2.1 Anatomy of the humerus (adapted from Wheeless (1996)).
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2.2 KINEMATICS
2.2.1 TECHNIQUES FOR DESCRIPTION

2.2.1.1 Bony anatomy

To define fully the elbow and wrist joint kincmatics using bone-embedded axis
systems, some description of the bones involved must be given. The elbow joint
complex involves three bone articulations: the humero-ulnar, humero-radial and
proximal radio-ulnar joints. Similarly, the wrist joint involves the radio-carpal, ulno-
carpal and distal radio-ulnar joints. A brief guide to the anatomy of the articulating
bones is presented below. As some of the muscles used in the model originate from the
bones of the shoulder other than the humerus, some detail of the shoulder joint will be

given.

The long bone forming the upper arm is the humerus, its proximal end forming the
humeral part of the shoulder joint and its distal end articulating with the radius and
ulna to form the elbow joint. The head of the humerus is directed proximally,
posteriorly and medially and is part spherical. Below the head are the greater and
lesser tuberosities, which serve as sites for muscle attachment. The lesser tuberosity
projects anteriorly and the greater antero-laterally. At the distal end the shaft widens to
form the epicondyles, above which are the supracondylar ridges, and the articulating
surfaces of the trochlea and capitulum. The trochlea is the ‘bobbin’ shaped surface
which forms the medial part of the joint and articulates with the ulna. The capitulum 1s
partially spherical to articulate with the dished proximal end of the radius and lies
lateral to the trochlea. Above the trochlea are the coronoid fossa anteriorly and the
olecranon fossa posteriorly which receive the coronoid process of the ulna in full
flexion and the olecranon process in full extension respectively. The bone with its

main features 1s shown in Figure 2.1.

Distal to the elbow joint, the ulna and radius are the bones of the forearm. The ulna 1s
the medial of the two (in the anatomical position) and has an articulating surface that
fits that of the trochlea on the humerus at its proximal end. Two prominent features
seen in Figure 2.2 are the coronoid process and the olecranon process. On the lateral

side of the coronoid process is seen the radial notch, in which the head of the radius
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rotates. At the distal end the ulnar shaft widens into the ulnar head, around which the
distal radius rotates, with the styloid process being the most distal part.

The radius lies lateral to the ulna, and rotates around it during pronation and
supination. Proximally, the head of the radius is dished to receive the capitulum of the

humerus, narrowing into a shaft distally. At the distal end, the shaft widens again into

the styloid process as the most distal point. The end is concave and articulates with the
carpal bones of the wrist. The medial border of the distal radius articulates with ulna in
the distal radio-ulnar joint. The radius is also shown in Figure 2.2.

The distal radius and ulna articulate with proximal row of carpal bones. The wrist
joint consists of eight bones, whose movement is subject to discussion. Anatomically,
they are arranged in two rows of four: scaphoid, lunate, triquetrum and pisiform
proximally and trapezium, trapezoid, capitate and hamate distally. This is shown in
Figure 2.3. Functionally, they are not always considered in two rows, but moving in a
columnar arrangement. Navarro first proposed the idea of a columnar carpus in 1919
(Taleisnik (1976) and Sennwald (1987)); this view was modified by Taleisnik (1976)
to consist of a central column comprising the lunate and distal carpal row, a medial
column comprising the triquetrum and a lateral column consisting of the scaphoid. The
pisiform is not considered functionally to be part of the carpus but as a sesamoid bone
in the tendon of flexor carpi ulnaris. The detailed study of carpal bone motion 1s
outwith the scope of this study and only the interaction of the proximal row with the
radius and ulna will be considered.

Returning to the shoulder joint, the part spherical humeral head articulates with the
glenoid fossa of the scapula, the wing shaped bone of the shoulder complex, forming a
ball-and-socket joint. There is a prominent projection arising from the antero-lateral
border of the scapula above the gleno-humeral joint known as the acromion process,
which will be used in axis definition. The spine of the scapula is what forms the

‘shoulder blade’. The bone running from the stemum to the scapula is the clavicle, or

collarbone.



ulna radius

lunate scaphoid
pisiform trapezoid
nquetral trapezium
hamate
capitate

metacarpals

,‘- y # % .‘ 7 i - ‘ \
Figure 2.3 Anatomy of the carpus (adapted from Lockhart et. al. (1959))
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Figure 2.4 The bone-embedded axis system for the humerus.
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2.2.1.2 Axis dcefinitions

The joint kinematics arc taken to be the change in the relative position and orientation
of two rigid body scgments, usually referred to as proximal and distal, mathematically
described by the relative positions of bone embedded axis systems. The choice of how

to definc an axis system is based on a number of factors (Cappozzo er al. (1995),
Lucchetti (1995) and Chadwick et. al. (1996)):

for repeatability it must be based on recognised anatomical landmarks;
it must be based on practical experimental methods;

it must contain as few parameters as possible;

it allows for casy description and visualisation of the bone attitude;

it must allow definition to a suitable level of accuracy:.

There are a number of methods to locate the anatomical landmarks on which the
definition is based (listed by the ISB document) and, of these, there is only one that is a
possibility for this study: palpation. It is recognised that other methods such as x-ray
computed tomography and bone-embedded markers are more accurate, but the ethical

implications make these untenable.

The axis system for each bone is given below, based on a right limb.

The Humerus

The axis system is shown in Figure 2.4.
The ongin is defined as the mid-point between the lateral and medial epicondyles.

The y-axis is along a line from the origin to the greater tuberosity; its positive

direction is distal to proximal.

A temporary axis, z’, is defined as the line passing through the epicondyles with its

positive direction from medial to lateral.
The x-axis is orthogonal to y and z ' and is positively directed anteriorly.

The z-axis is then defined as being orthogonal to x and y.



Figure 2.5 The bone-embedded axis system for the ulna.
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The Ulna

The axes for the ulna are shown in Figure 2.5.

The ongin and temporary z-axis, z’, are coincident with those of the humerus.

The y-axis is the line joining the styloid process of the ulna to the origin and its

positive dircction is distal to proximal.
The x-axis is orthogonal to y and 2’ and its positive direction is posterior to anterior.

The z-axis is orthogonal to x and y.
The Radius

The radial axes are shown in Figure 2.6.
The origin is the mid point of the radial and ulnar styloids.

The y-axis is along a line joining the origin to the centre of the capitulum, defined in

terms of the humeral epicondyles. Its positive direction is distal to proximal.

A temporary z-axis, z’, is defined as the line joining the radial and ulnar styloids with
its positive direction from ulnar to radial.

The x-axis is orthogonal to y and z' and it is positively directed posterior to anterior.

The z-axis is orthogonal to x and y.

The Hand

The hand axes are shown in Figure 2.7.

The origin is located midway along the length of the third metacarpal, at the posterior
surface.

The y-axis runs along the length of the dorsal surface of the third metacarpal; its
positive direction 1s distal to proximal.



Figure 2.6 The bone-embedded axis system for the radius.
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Figure 2.7 The bone-embedded axis system for the hand.



A temporary 2 axis, z', is defined as the line joining the posterior surfaces of the third
and fifth mectacarpal heads and its positive direction is fifth to third.

The x-axis 1s orthogonal to y and =’ and its positive dircction is postcrior to anterior.
The z-axis is orthogonal to x and y.
2.2.1.3 Joint Co-ordinate Systems

There are three commonly used techniques to describe joint kinematics and they are

the Euler angle, screw displacement axis (SDA) and floating axis techniques.

The Euler angle technique involves specifying three ordered rotations about orthogonal
axes to define a direction cosine matrix relating one co-ordinate system to another.
These axes are based on the clinical axes of flexion/extension, abduction/adduction

and internal/external rotation, which makes for easy description in clinical terms. A
disadvantage, however, is that the result is dependant on the order in which the

rotations are performed. As this is not standardised in the literature, this can lead to
confusion and difficulty in making compansons between studies.

The SDA or helical axis technique is based on the principle that any relative movement
between two rigid bodies can be described by a rotation about an axis and a
displacement along that axis. Although uniquely defined, use of the SDA does not
allow easy description of three-dimensional motion in clinical terms and is unduly

sensitive to noise for small rotation angles.

The floating axis technique is also one where the relative orientation of the segments is
described in terms of three rotations, but the axes are not necessarily orthogonal. One
axis is defined to be fixed in each segment and a third ‘floating axis’, orthogonal to
these, is found. This technique was chosen because it is felt to be more clinically useful
and allows easy comparison between studies as it gives flexion/extension,
abduction/adduction and rotation angles directly. The technique applied to the knee
joint is described in Grood and Suntay (1983) and is generalised by Cole et al. (1993).

10



Definitions

Axis ¢, is fixed in the reference (proximal) segment and is the axis of
flexion/extension. Axis ¢, is fixed in the target (distal) segment and represents rotation
about the long axis of the segment. Axis ¢, is the floating axis and is perpendicular to

axes ¢, and e,, and represents abduction/adduction movement of the joint.

The orthogonal axis sets representing each segment are defined by x postero-anterior, y

ﬂﬁﬁ

disto-proximal and z medio-lateral (for a right limb). The unit vectors i, j,k describe

the attitude of the x, y, 2 axes with respect to the ground axis system.

d, angle of rotation about x axis
d, angle of rotation about y axis
?, angle of rotation about z axis

Cole et al. made four modifications to the system reported in Grood and Suntay to

ensure complete generality:

e Renamed segment axes with F (axis of flexion, f), L (longitudinal axis, 1), T
(third axis, t, cross product of f and 1) so that a right handed joint co-

ordinate system always results;

e Included a factor A (=1 or -1) in the definition of €, to ensure that it 1s

continuous throughout therange =7 < ¢ < r;

o Sign of the rotation angle is determined from one equation;

o Introduced a vector, r, so that the sign of the angle always matches the

direction of rotation, where r = —.
|f, A ezyl

11



If the proximal segment has axes (f‘,,i,,i,)and the distal segment has axes (f ,,ij,? J)

then the joint co-ordinate system is given by (Ew +C3,»Cy, ) where

¢, =1 (2.1)

&, =1, (2.2)
€, AC

¢y, =% 4 (2.3)
Icw A Ewl

where y ={-1 if (EM AE,,)-TI <0 and ((E,u Aéw)/\éw)'fl >0 2.4)
+1 othenvise

The three angles descnibing the joint attitude can now be calculated from:

Ay = cos™ €5y ° ?:) * Sig"(ézy ' i:) (2.5)
Ay =cos"(i"-ij)"‘sig f',-ij) (2.6)
=05 (&, 1) * sgnl@, T @7

A vector, H, 1s defined by Grood and Suntay to describe joint translation where each

component of H is a translation along one of the joint co-ordinate axes:

H=S32, +5;8,, + 5,8, (2.8)

In clinical terms, the three displacements of interest are medio-lateral draw (positive to

the right), antero-postenor draw (positive anterior) and joint compression/distraction

12



(distraction positive). These distances are given by projection of the vector H onto the

joint co-ordinate axes such that:

q, = II-EW
q, =H 'Ezq (2.9)
g, =-H-¢,,

For the clbow joint the flexion axis, { . is the humeral z axis and the longitudinal axis,

. is the ulnar y axis. For the wrist joint the flexion axis is the radial z axis and the

longitudinal axis is the hand y axis.

13



2.2.2 TECHNIQUES FOR MEASUREMENT

2,2.2.1 The Vicon System

The Oxford Metrics VICON motion analysis system was uscd for the collection of
kincmatic data. The system consists of six charge-coupled device (CCD) video
cameras, a data-station and a PC. The cameras emit pulsed infrared light at S0Hz from
an amray of light emitting diodes (LEDs) positioned in a ring around the lens. Light
reflected back from markers placed on the subject then forms an image in the camera’s
field of view. This produces a two-dimensional image of a given marker, allowing the
calculation of the centre of the marker from the leading and trailing edges. If the

images from two or more cameras are combined, the three dimensional position of the

marker in the laboratory space can be reconstructed.

The pulsed nature of the light gives rise to consecutive frames of ‘static’ positions,
which must be converted into a continuous trajectory for the marker. This process is
carried out automatically by the software by calculation of the expected position of the
marker in the next frame; governed by a set of reconstruction parameters defining the
possible path of the marker. If the marker falls outwith the volume of the expected
position, as can happen repeatedly with ‘difficult’ data, a new trajectory is started and
the trajectories must be manually linked by the user. The final stage, giving 3D co-

ordinates for each marker, is to label each trajectory.

Calibration of the system is carried out to define the position of the cameras relative to
the laboratory and to each other. Two techniques are possible: static and dynamic. The
first of these uses a 3D array of fixed markers whose positions in the laboratory are
accurately known and the images of which are used to calculate the 3D positions of the
cameras. In the second method, a rod, on which two markers are mounted with a
known separation, 1s waved around the workspace volume. Three markers hanging on
a wire from a tnpod mark the position of the origin and the direction of the forward
axis, x, is defined as a line from the origin to another marker placed on the floor. The
dynamic method of calibration was used in this study and its accuracy determined by
inspection of the residuals calculated by the Vicon software. The residuals are

described as the average of distances between a reconstructed point and the rays used

14



for its rcconstruction. An average value of 1.6mm (20.63) was recorded for 20

randomly selected trajectories.

Markers are passive, and consist of 25mm polystyrene spheres covered with retro-
reflective tape. The rctro-reflective tape causcs light falling on the markers to be
reflected back along the path by which it came. This helps to ensure that the cameras
see the marker as a circle with a well-defined edge, allowing non-circular markers to
be rejected, thus minimising reflections, and improving the accuracy with which the
marker centre is calculated.

22.2.2 The Marker Set

To fully descnibe the motion of a rigid body, it is necessary to track the motion of at
least three points on the body. If the subject can be modelled as a series of rigid
segments, then there must be at least three markers on each segment to fully descnbe
the 3D kinematics. Traditionally, markers have been placed directly onto the skin over

either relevant anatomical points or experimentally convenient points, but, more
recently by Cappozzo et al. (1995), by mounting markers on rigid cuffs and strapping
these to the segments.

In the case of upper limb analysis, it was felt by the author that skin movement would
be excessive if markers were placed directly onto the skin, particularly with regard to
forearm pronation/supination. Work was carried out with Lucchetti (1995), as part of a
CAMARC project, to develop a marker system using cuffs and to determine the
optimum marker configuration.

The marker set consists of three fixtures upon which the markers are mounted, one
each for the upper arm, forearm and hand. Lucchetti originally used four markers per
segment, thus allowing noise reduction in the marker position data by means of a least
squares algorithm. Due to the close proximity of the markers on the fixtures of the
(distal) forearm and hand, there was the problem of either trajectory crossover or
broken trajectories occurring. It was decided, therefore, to use only three markers per

segment. Lucchetti reported standard deviations of less than 1° in joint angle
calculations using three markers per segment.

15



Figure 2.8 Technical frame definition for the upper arm.
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2.2.2.3 Technical Frames of Reference

The three markers on cach segment are used to define a right-handed, orthogonal axis
system, known as a ‘technical frame’, which is assumed to be fixed relative to the

underlying bone. To illustrate this, the example of the upper arm is shown in Figure
2.8.

Let the markers be 1, 2, 3 as shown. If the position vector of marker i is r; in the
laboratory, or global, axis system then the three markers have position vectors ry, I,

I3

The three axes are then defined by three unit vectors as follows:

(z,,zz,z,) (r, rz)/lr, —r2| (2.10)
X =(x,,x,,x,)=z A(r,—r,)/lr,-r,l (2.11)
Yy =(y,,y,,y,)=z AX (2.12)

The origin is taken as the position of marker number one, ry

A rotation matrix, R, can be defined to allow transformation from global to technical

co-ordinates where
X1 N &
R=|x, y, 2z, (2.13)
Xy Y3 25

The position of any point in the global system, r;, can then be expressed in the
technical system by

r, =R(r, -1,). (2.14)
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Figure 2.9 Anatomical point calibration technique
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2.2.2.4 Anatomical Point Calibration Tcchnique

The marker cuffs arc placed on the subject in experimentally convenient, rather than

anatomically significant, places; based on a number of criteria: ¢

o the subject should be comfortable;
e the markers must be visible to as many cameras as possible;
e the markers must not obstruct movement of the subject;

o the cuff must be secure, i.e. it must not move after calibration:

e the movement of the cuff must follow as closely as possible the movement of

the limb segment;

e the markers should not be collinear and the separation should be sufficient to

minimise any errors.

At the start of each session, when the cuffs have been fitted according to the criteria

above, their positions must be recorded. This process is known as anatomical point
calibration and allows the bone-embedded axes to be defined from the technical
frames. A pointer, containing two markers, is held against each anatomical point in
turn while a short data sequence is captured.

If the pointer tip and the two markers have position vectors r; rq and rs respectively,
the tip position, and hence the anatomical landmark position in the global system is
given by (See Figure 2.9):

r, =(r4 —r,) r‘-r,|*d+r‘ (2.15)

where d is the distance from marker number 4 to the pointer tip.

From Equation 2.14 the position of the anatomical point in the technical frame may be
determined, thus allowing, by the inverse transformation, the positioning of the
anatomical point in the global system duning a dynamic tnal.

17



To allow the definition of bone embedded axis systems, the following anatomical

landmarks need to be identified:

Humerus greater tuberosity
lateral epicondyle
medial epicondyle

Ulna styloid process

Radius  styloid process

Hand  base of 3™ metacarpal
3™ metacarpal head

5% metacarpal head.
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2.3 FORCE MEASUREMENT

The external loads on the limb can conveniently be divided into three groups:
gravitational, incrtial and contact. Although the effect of a load action is the same, to

produce moments and forces at the joint, it is useful to consider its origin.

2.3.1 GRAVITATIONAL

The weight of the limb segments themselves, as well any apparatus that is being held,
will contnbute to the loading on each joint. The weight of a limb segment can be
calculated from other information about the subject, such as height and weight, by

using published tables of body segment parameters (BSP).

2.3.1.1 Body Segment Parameters

A review of techniques for the determination of body segment parameters is found in
Pearsall and Reid (1994). They highlight three main shortcomings of existing data:
standards based on small-sample studies, the use of cadavers instead of live subjects,
and a lack of information on diverse populations. In the present study, the sample of
subjects consists of students of both sexes from within the Bioengineering Unit, and
the choice of data for BSP should reflect this. Only data drawn from similar
populations and where a significant number of living subjects was used were

considered.

Dnllis and Contini (1966) measured anthropometric data in twenty North Amencan
male students between the ages of 20 and 40. They found segment mass, volume,
centre of mass and moment of inertia using reaction board, water displacement,
pendulum swing and photogrammetry techniques. Zatsiorsky and Seluyanov (1983)
published one of the most comprehensive sets of data on the mass and inertial
charactenistics of human body segments, based on a study of 100 young, male

Russians. The subjects were scanned on a y -scanner and the absorption of y -rays

used to calculate segment properties. Each of the properties is scaled according to the
subject’s height and body mass.
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BSP data for females arc less common in the literature, but two studies are relevant,

Young et al. (1983) reported data on a sample of 46 females between the ages of 21
and 45 and Finch (1985) used a sample of 15 females between the ages of 20 and 209.

Both studies made usc of photogrammetry techniques.

2.3.2 INERTIAL
2.3.2.1 D’Alembert’s Principle

D’Alembert’s Pninciple allows a dynamic problem to be reduced to a static one by
application of Newton’s Laws, thus rendering solution and visualisation simpler. If one
imagines a body of mass m accelerating with acceleration a, then the force producing
that must be ma. If the term ma is now replaced with a force F acting in the opposite
direction from a, the problem can be considered to be one involving static equilibrium,

where F is the inertial force. The same logic applies to angular acceleration and torque.

2.3.2.2 Inverse Dynamics

The method taken to calculate inertial loads on a limb segment is one of inverse

dynamics. That is, starting with information about the velocities and accelerations of
the segment, the loads that produced these can be calculated. This is the application of
D’Alembert’s Principle.

Inertial force is given by
F =ma (2.16)

where m, is the segment mass and a is the linear acceleration of the centre of mass.

The linear acceleration of the centre of mass can be thought of as being made up of

three components: overall linear acceleration of the body, tangential acceleration 7,a

and centripetal acceleration r@? due to rotation of the body about a point offset from

the centre of mass, where @ ande are the angular velocity and acceleration of the

segment respectively.

Inertial torque is given by

20
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Figure 2.10 The grip force transducer qﬂerﬁnal assembly.




T=la=mk'a (2.17)

where J; is the principal segment mass moment of inertia, &, is the segment radius of

gyration.

2.3.3 CONTACT

Contact force between a body and an object in its cnvironment is often the largest

contributor of the three types of force mentioned here. In the current study, which

involves manipulating objects in the hand, the force of intercst is grip.

2.3.3.1 Grip Force Mcasurement

Although there were a number of existing devices for measuring grip strength reported
in the literature, none was suitable for measuring functional grip. Richards and
Palmiter-Thomas (1996) describe several devices falling into four groups: hydraulic,
pneumatic, mechanical and strain gauge. Most of these are designed to measure

maximal, not functional, forces, have only one degree of freedom, and are of more use

in the clinic than in research.

Strain gauge devices are the obvious choice for this type of study as they allow the
recording of force variation with time, are sensitive and accurate (Richards and
Palmiter-Thomas (1996)). An et. al. (1980) described two strain gauge grip measuring
devices: one was uni-axial only, the other measured the force on each phalanx but only
for one finger. Pronk and Niesing (1981) described a uni-axial device with a range of 0
- 900N and an accuracy of better than 5%.

For this study, a new device was needed that would allow the measurement of the
distribution of grip force during functional activities, and thus enable MCP joint
moments to be calculated.

Design of a New Device

A force transducer has been specially designed to measure hand grip forces during
functional activities (see Figure 2.10). It consists of six active beams (Figure 2.11),
mounted as cantilevers on a hexagonal core so as to form a cylinder of diameter

30mm, thus allowing the device to form the handle of a piece of equipment. The forces
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Figure 2.11 One beam of the transducer ready for calibration.
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Figure 2.12 Detail of the gauge sites on one beam of the transducer.
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being measured are assumed to be radial. Six beams were incorporated into the device
to gain the maximum amount of information, whilst ensuring that the design was

feasible and the number of clectrical output channels reasonable.

Foil strain gauges are applied to the top and bottom surfaces of the beams at two cross-
sections (Figure 2.12), giving two channels of strain output on each arm so that the
magnitude and position along the am of the applied force may be calculated. The
shape of the cross-section at the gauge sites was that of a trapczium, formulac for the
calculation of bending stress for which are given in Roark’s Formulas for Stress and
Strain (Young (1989)).

Data on functional grip force is very scarce in the literature, but some studies of
maximal grip force have been reported. Ejeskar ef al. (1981) gave values for the
flexion force produced by individual fingers of between 78N and 104N for men.

Swanson e al. (1970) quoted an average hand grip force, measured on a Jamar
dynamometer, of 467N and Lee and Rim (1991) found a grip force of 600N for a
cylinder of 30mm diameter. In light of this, the choice was made to allow 250N per

segment to be measured. In terms of the design of transducer, the limiting factor was

the bending moment at the gauge sites, not the shear force, thus the rated load was
250N applied at the ends of the beams. Under these conditions, the strain gauges

would be subjected to approximately 500pe. To protect against overloading the device,
the design is such that all six beams come together at a load of about 250N per beam.

The shape of the cross-section at the gauge sites and along the gripping area allows the
maximum amount of material to be included in the smallest overall size, whilst
allowing a flat surface for gauge mounting and a cylinder for gripping, thus
minimising the deflection at the ends of the beams.

If the measured bending moments at the two gauge sites are M, and M, andaand b

are the respective distances from the point of application of the load, F, to the sites
then

M, =Fa and M, =Fb
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=M, -M, =F(a-b)

M ~M

=F=-——————-—;_b 2 (2.18)
M,

=a= - (2.19)

Each arm is calibrated individually up to 250N by the application of dcad weights in
four different positions along the arm, as shown in Figure 2.13. The results of this

calibration, along with design drawings, may be scen in Appendix B.

2.3.3.2 The Calculation of Moments about the Mctacarpophalangeal Joints

The force values measured during activity are produced by forces in the tendons
crossing the wrist joint, and thus must be calculated for inclusion in the model. These
forces were calculated by consideration of moment equilibrium at the MCP joints. Duc
to the diversity of the grips used in the tests, a different scheme for calculation of MCP
moments was needed for each one. The scale of the movements involved in the

activities required a workspace volume that was too large to allow accurate
measurement of the position of individual fingers, therefore a number of assumptions
had to be made about the position of the hand and fingers with respect to the
transducer.

Power Grip (transducer handle vertical)

Figure 2.14 shows the position of the forces with respect to the MCP joints for the
vertical power grip. As there is no way of measuring the distribution between the
digits, the analysis is treated as planar and load sharing is based on data from the
literature. The potential moment contribution of each digit to the total moment was
based on the product of muscle physiological cross sectional area (PCSA) and moment
arm of the MCP joint. Data from Brand and Hollister (1993) gave the relative tension
of finger flexors, based on PCSA, split into individual finger components for both
superficialis and profundus muscles. Any force produced by the thumb and thenar

eminence was transferred to the fingers for the analysis. Although this may give rise to

23



£¢

Figure 2.14 Schematic
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crrors in the individual tendon forces at the MCP joints, the total tendon force crossing

the wrist and clbow joints, the main interest of this study, should be affected to a much

lesser extent.

The positions of the forces and the MCP joint were calculated in the transducer axis

system and the moments calculated from

M=) Fxr (n=k+1+m) (2.20)

fnkel

and if i>6 then i=1-6

where F; 1s the force on beam |

r, is the lever arm of cach force with respect to the MCP joint

k 1s the number of the beam over which the MCP joint rests

m 1s the number of becams covered by the fingers.

The segment number over which the MCP joints lay was calculated from the Vicon
data and the number of beams covered by the fingers was recorded manually. This was

done at the start of the session by asking the volunteer to grasp the device and counting

the number of segments covered by the digits.

Power Grip (transducer handle horizontal)

The analysis for this grip was similar in concept to that for the vertical power grip,
except that the transducer axis ran in the opposite dircction, so that the numbering

order for the beams was reversed. The distribution of moments between the digits was

based on the same assumptions as for the vertical power grip.

Hook Grip (transducer handle horizontal)

The transducer was held in a very similar way for this activity to the way it was held
for the horizontal power grip activity. The analysis in terms of the calculation of MCP

joint moments was the same as for the horizontal power grip.
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Figure 2.15 Schematic representation of the forces acting on the hand during the
chuck grip.

25 A




Chuck Grip (transducer handle vertical)

In the chuck gnp, the transducer was gripped by three fingers (first, middle and ring)
and the thumb. The calculation of the position of the forces on the transducer was a

one-dimensional problem, being simply the position of the force along the length of
the beam. The analysis is depicted in Figure 2.15.

The position of the third MCP joint was obtained from the Vicon motion analysis data.
Only the distance along the transducer long axis was found, and the positions of the
second and fourth MCP joints were assumed to be the same as the third in this
dimension. The position of the thumb MCP joint relative to the third MCP joint was
measured statically for each subject and assumed to be the same for each tnal. Any
error introduced by this as a result of variability in the subject’s technique would affect
the moments at the thumb MCP joint only, and would be a maximum of 15%.

The moments were given by

M, ooy =F, xv, +1V, xh, (2.21)
M,cr = F, xv, +¥, xh, (f=2,34) (2.22)

The weight forces, I¥;, were calculated to be the total weight of the transducer, divided

in the proportion of the normal forces, Fi.
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2.4 OPTIMISATION
2.4.1 PREVIOUS WORK

Biomechanical analyses of joints result in scts of indcterminate cquations as there arc
many morc load bearing structurces crossing a joint than are necessary to satisfy the
cquilibrium conditions. Therefore, a method of deciding how the body will distribute
the load between these structures is needed. This has often been done by simplifying
the model to the point where the equation sct is statically determinate (Nicol (1977),
Amis (1978)), or by implementing some form of optimisation routine. Optimisation
involves the minimisation of an objective function subject to a sct of constraint
cquations. The constraint equations not only define the equilibrium conditions which
must be satisficd, but can also introduce additional constraints such as non-negativity,
limits on the relative values and maximum bounds for the forces. A varicty of
objective functions has been used in previous studies to produce physiologically
realistic force-sharing models. If the objective function and the constraint equations
feature only lincar combinations of the variables then the solution procedure is rcadily
implemented using the linear programming method. A number of studies using lincar

optimisation techniques have been published.

Linear optimisation routines have the advantages of being readily implemented and

producing stable solutions but do not always lead to physiologically reasonable results.
Barbenel (1972) and Yeo (1976) tested the minimisation of total muscular force as an
objective function and found their results were not verified by comparison with EMG
studies. Such simple criteria, particularly when used with simple, planar models, often

fail to predict co-activation of synergistic muscles as the number of non-zero variables

in the solution is limited to being, at most, the same as the number of constraint

equations (Tsirakos ef. al. (1997)). In these simple models, the muscle with the largest

moment arm will be recruited first and, if the muscle force is unbounded, will be

required to do all the work.

In an attempt to produce more realistic muscle force sharing, An et. al. (1984)

minimised maximum muscle stress, o, in their sagittal-plane model of the humero-
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ulnar joint, which included ninc muscle units. For cach muscle, /, an additional

constraint was introduced such that

F, S PCSA, x o (2.23)

where F is the force, PCSA is the physiological cross scctional arca and o is the upper
limit on muscle stress. The results from this method were compared to those from
previous studies using lincar and non-lincar optimisation criteria and to studics using

EMG companson with favourable agreement.

Bean er. al. (1986), however, suggested that the minimisation of maximum muscle
stress as used by An et. al. might not lead to unique solutions. To overcome this they
presented a two-stage optimisation, the first of which minimiscd the maximum muscle
stress and the second minimised the joint compression force, using this muscle stress
value as a constraint. They showed how the method could be applied to a simple model

of the lumbar spine and compared their results favourably to thosc using different

optimisation critera.

In more complex models, where there is more than one degree of freedom at a joint,
muscle co-activation is naturally predicted as muscles which are agonists in one plane
behave as antagonists in another. This increases still further as two joint muscles arc
introduced and, in fact, the combination of a comprehensive three dimensional modcl

with additional physiologically based constraints can “overcome the limitations of a

basic lincar programming approach” (Tsirakos et. al. (1997)).

As a further improvement on the linear programming technique, some authors have
introduced limits on the muscle force based on force-length, force-velocity and muscle
activation (number of active motor units and their firing frequencies), whilst

minimising the activation. An et. al. (1989) applied the technique to the elbow and
Kaufman et. al. (1991) applied it to the lower limb. The technique was shown to

produce muscle co-activation in a realistic manner, but was not validated with direct

comparison to EMG studies.
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Other authors have tried to produce more realistic results by increasing the complexity

of the solution algorithm, and implementing non-linear techniques. Crowninshield and
Brand (1981) and Dul (1986) uscd a physiologically based method by considering the
inverse rclationship between muscle force and endurance, and maximising the latter.

Both sets of authors found rcasonable agreement between predicted force activation
and actual EMG measurements, the former in a human gait study and the latter in a cat
study. The minimum fatigue criterion may be a rcasonable hypothesis for a repetitive
activity such as gait, and indeed their results show good agreement between the model

and recorded EMG patterns during gait, but is not necessarily so for the higher exertion

activities under consideration in this study.

Several studies utilising non-linear, dynamic, neurophysiologically-based and EMG-
assisted solution algorithms have been published (Pandy et. al. (1992), Davy and Audu
(1987), Raschke et. al. (1996), Buchanan et. al. (1996) and Cholewicki and McGill
(1994)). In light of the decreasing stability and increasing complexity of these
techniques, it was decided to base the optimisation chosen for this study on that of
Bean et. al. (1986), which has been shown to combine simplicity with realistic muscle

force prediction, when used in a highly constrained linear system.

2.4.2 DEVELOPMENT OF THE OPTIMISATION ROUTINE

The optimisation technique used to overcome the indeterminate problem in this study
was a two stage technique, also known as sequential programming (Bean etf. al.
(1986)). It uses the Simplex routine and is based on code written by Press et. al.
(1992). Fitzsimmons (1995) and Runciman (1993) have previously described a similar
technique.

The first stage was to minimise the overall maximum muscle stress, o, subject to the
constraints compnising force and moment equilibrium equations and joint stability
conditions. The primary constraint that all variables must be non-negative is implicit in
the routine. The Simplex algorithm may be formulated thus (for input to the tableau,

each variable must be expressed):

Minimise z, where
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2=0x F+0x [ +.40x [, _ +0

subject to
F-PCSA, x50 (1sism)
and Zr, xFd, - Z.M,E = ()
Z Fixf, - Z Fy=0
Jiera =K gyiq SO
where PCSA, is the physiological cross sectional area of the i™ muscle

n is the number of vanables
m is the number of stress-limited variables (muscle and ligament)

F,is the force in the i structure

(2.24)

(2.25)

(2.206)

(2.27)

(2.28)

Mg, Fr are the external moments and forces about and along a given axis

r, is the moment arm of the i structure about the given axis

d; is the component of the i structure normal to the given axis
/i is the component of the i™ structure along a given axis
Jiaterals Jaxiat @re joint forces

k 1s a constant

There arc 16 equations of the type of Equation 2.25 (13 muscles and 3 ligaments), 5 of
type 2.26 (3 at the clbow and 2 at the wrist), 6 of type 2.27 (3 at the elbow and 3 at the
wrist) and 4 of type 2.28 (2 at the elbow and 2 at the wrist). These are explained more

fully in the Section 2.5: Anatomical model.
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There is no precedent in the literature for the inclusion of ligament forces in the
minimisation criteria, because in previous studies where ligaments have been included
in the model, their force has been determined statically. The inclusion of ligaments
which were not stress-limited, initially led to their extensive recruitment, as thcy have
no ‘cost’ implication in the optimisation, and have large moment arms. This was felt to
be unrealistic and so the ligaments have been stress-limited in the same way as the
muscles by the allocation of a pseudo cross-sectional area. The choice of this cross-
sectional arca was made on the basis that the primary function of ligaments is to
constrain the motion of the joint and their role as load bearing structures is sccondary,
and thus the ligament force should be kept-to a minimum. It was found that if very
small cross-sectional areas were allocated to the ligaments, and insufficient force was
allowed to develop in them, the model became unstable. There was an optimum range
between the ligament force being over restricted and unrestricted that produced
mathematically stable solutions. The ligaments were allocated the minimum cross

sectional area within this range.

In the second stage the sum of the joint and ligament forces was minimised, with the

same constraints as the first stage, and the additional constraint that the muscle stress

was limited to ©. Bean et. al. (1986) minimised the joint force as their second stage,
but in this case the inclusion of ligament force was found to be necessary to produce

mathematical stability.
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2.5 ANATOMICAL MODEL

2.5.1 AXES OF ROTATION
2.5.1.1 Elbow Flexion/Extension

Although several studies on elbow rotation have been carmed out, the data are not
comprehensive. This is due to non-standardisation of techniques for measurement and
description and the fact that the studies incvitably involve small sample sizes. Chao
and Morrey (1978) studied the three dimensional rotation of the elbow in cadaveric
specimens using orthogonal X-rays and found variations in both the carrying angle and
forearm rotation angle with elbow flexion. This is in contrast to the work of London
(1981) and Shiba et. al. (1988), who maintained that the elbow is a uni-axial joint. The
carrying angle is generally thought of as the adduction/abduction angle of the elbow,
although precise definitions vary, and here difficulty is experienced trying to compare

studies of elbow joint motion.

Chao and Morrey defined elbow motion based on the relative motion of the humerus

and a single axis for the forearm, passing from the centre of the radial head through the
ulnar styloid, whereas London described elbow flexion in terms of the relative motion

of the humerus and ulna. Another difficulty is that it is not clear exactly how Chao and
Morrey defined their humeral axis system. The y-axis was taken as the long axis of the

humerus; the z-axis described as being normal to the y-axis and through the centre of
the trochlea; and the x-axis as the common perpendicular. Presumably, the z-axis was
also restricted to being in the plane of the x-ray image in the anteroposterior view, thus

making it dependent on the positioning of the humerus for the x-ray.

London (1981) studied the motion of eight normal elbows (four living, four cadaveric)
using lateral roentgenograms, demonstrating that motion occurs about a single axis,
except at the extremes of motion. London’s technique differed from previous authors
in that he took the x-rays with the plane of the trochlear sulcus perpendicular to the x-
ray beam. He concluded that the single axis of flexion for the elbow joint passes
through the centre of the arcs formed by the trochlear sulcus and the capitellum; that

the direction of the axis is between 3° and 8° internally rotated with respect to the
humeral Cpiéondyles; and 4° to 8° inverted in the frontal plane with respect to a line
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perpendicular to the long axis of the humerus. He also reported that the carrying angle
of the forcarm does not vary with elbow flexion, remaining between 9° and 14° (mean

12°).

Shiba et. al. (1988) measured the gecometry of the humero-ulnar articulation of four
human cadaveric elbows, using a sectioning and photographing method. They found
that through the capitellum and trochlea, the centres of curvature for superimposed
scctions did not deviate by more than 1mm. The medio-lateral axis (in this case x) was

accurately defined, using the outermost tips of the medial and lateral epicondyles in

both the coronal and transverse planes, and the axis of flexion related to this.

In light of these studies it was decided, for this study, to treat the elbow joint as uni-
axial in the development of the model with the axis of rotation lying along the centres

of curvature of the trochlear sulcus and capitellum.

2.5.1.2 Wrist Flexion/Extension and Radio-Ulnar Deviation

The wnist joint 1s sometimes described as a universal, or condyloid, joint, having two
degrees of freedom: flexion-extension (F-E) and radio-ulnar (R-U) deviation (An e. al.
(1991)). This was expenmentally demonstrated by Moore et. al. (1993) in a paper
descnibing a technique whereby the minimum number of degrees of freedom (DOF) for
a joint could be determined. The technique was based around the concept of the joint
configuration space, which is the set of all points that the parameters describing the
joint attitude can attain, and the number of parameters is the number of DOF of the
joint. Any point in the configuration space then fully defines the joint attitude and the
number of dimensions of the space is equal to the number of DOF of the joint. Thus, a
single DOF joint can be described by one parameter and the resulting configuration
space plot is a line; a two DOF joint is represented by a surface and a three DOF joint
by a volume. The technique was applied to six normal volunteers whose wrist motion
was tracked during specified motions using an opto-electronic motion analysis system.
The configuration space was then plotted and a parameterised surface fitted to establish
whether the motion was two DOF. The low residual indicated that the data were
descnibed satisfactonly by the assumed number of DOF. Moore et. al. concluded that
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the wrist joint consists of two stationary axes of motion, which may be non-

intersecting and non-orthogonal.

Sarrafian et. al. (1976) investigated the flexion-cxtension motion in 55 living wrists
using X-rays taken in three positions: ncutral, full flexion and full extension. They
found that in extension 66% of the motion occurred at the radio-carpal joint and 34%

at the mid-carpal and in flexion 40% occurred at the radio-carpal and 60% at the mid-
carpal, implying that two centres of rotation may exist for F-E motion.

A study of wrist motion in F-E and R-U deviation, made by Youm et. al. (1978) and
Youm and Flatt (1979), found that the centres of rotation in both planes lay in the head
of the capitate, with the axis for F-E being more proximal. This is in general agreement
with the work of several other investigators, such as Andrews and Youm (1979), Volz
et. al. (1980), Brumbaugh et. al. (1982) and Jackson et. al. (1994), although there is

controversy over the exact positioning and direction of the axes and, in particular,
whether or not they intersect. Andrews and Youm state that the axes are offset by
approximately Smm whereas Brumbaugh er. al. conclude that the axes, to all intents
and purposes, intersect. It must be noted here that the latter study involved 15 normal
subjects; the former only one. Brumbaugh er. al. also quoted the direction of the screw
displacement axes, being 10° dorsal to the positive z axis in the xz plane for F-E and

12° proximal to the positive x axis in the xy plane for R-U deviation. Jackson et. al.
used a magnetic tracking device to determine the three dimensional kinematics of two
cadaver wrists and used screw displacement axes to describe the motion. Tests were
carried out under simulated physiological loading by the application of forces to the

main flexor and extensor tendons of the wrist.

2.5.2 MUSCULAR AND LIGAMENTOUS ANATOMY

Before a detailed description of the anatomical data used can be given, a brief

introduction to the anatomy is needed. The muscles described below have been
classified according to their function; inevitably, there is some overlap. Anatomy of the

upper limb is shown in Figures 2.16 to 2.19.
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2.5.2.1 Muscles Moving the Elbow

Biceps Brachii - Divided into two heads, the long head originating from the supra-
glenoid tubcrosity of the scapula, the short head from the coracoid process of the
scapula, the muscle’s tendon passes anterior to the elbow joint in the cubital fossa to
insert into the posterior border of the radial tuberosity and the fascia of proximal
forearm muscles. This muscle is a powerful supinator of the forcarm as well as a major

flexor.

Brachialis - Originating from the anterior aspect of the distal two thirds of the humerus
and medial inter-muscular septum, the muscle belly passes across the elbow joint to

insert by mixed tendon and muscle fibre into the coronoid process and ulnar tuberosity.

It is a major elbow flexor.

Brachioradialis - This muscle originates from the lateral supracondylar ridge of the

humerus and inserts with a flat tendon into the lateral radius just proximal to the

styloid process. It is primanly an elbow flexor.

Triceps Brachii - The major muscle for extension of the elbow, triceps is divided into
three heads. The long head originates from the infra-glenoid tuberosity of the scapula,
the lateral head from the lateral side of the humerus above the deltoid tuberosity and
the medial head from the medial side of the humerus. Insertion is by a broad, flat

tendon into the olecranon process.

Anconeus - A much weaker elbow extensor than triceps, anconeus originates from the
posterior aspect of the lateral epicondyle and inserts on the lateral border of the

olecranon process.

Pronator Teres - This muscle is divided into two heads, the superficial head
originating from the common origin of the medial epicondyle and the medial
supracondylar ridge and the deep head originating from the medial side of the coronoid
process. The muscle inserts by a flat tendon into the lateral surface of the radius about
half way along its length. Although primarily a pronator of the forearm, this muscle is
also a flexor of the elbow.
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Supinator - This is a broad, flat muscle passing from an extensive origin including the

lateral epicondyle, the lateral ligament of the elbow, the annular ligament of the
proximal radio ulnar joint and the lateral border of the ulna, posterior to the radius to
insert on the lateral aspect of the radius.

Pronator quadratus - This is a small muscle located in the distal quarter of the

forearm, passing from the anterior surface of the radius to the anterior surface of the

ulna, which, as its name suggests, pronates the forecarm.

2.5.2.2 Muscles Moving the Wrist

Flexor carpi radialis - This muscle originates from the common origin on the anterior
aspect of the medial epicondyle of the humerus and inserts into the bases of
metacarpals 1I and IlI and, sometimes, the scaphoid, passing through a groove in the
trapezium bone. As well as flexing the wrist, this muscle also abducts the joint radially.

Flexor carpi ulnaris - Originating from the common origin, as well as the aponcurosis
attached to the medial border of the olecranon and the upper two thirds of the posterior

surface of the ulna, the muscle inserts into the carpus via the pisiform, a sesamoid
bone. This muscle is also an ulnar adductor of the wrist.

Although these two muscles are the only muscles whose prime function is wrist
flexion, many of the muscles controlling grip are also wrist flexors. These will be

discussed later.

Extensor carpi radialis brevis - This muscle originates from the common extensor
tendon from the lateral epicondyle and the lateral ligament of the elbow and inserts
into the dorsal aspects of the base of the third metacarpal .

Extensor carpi radialis longus - Originating from the lateral supracondylar ridge of the
humerus, this muscle inserts into the dorsal aspect of the base of the second
metacarpal. The tendons of brevis and longus run side by side in the distal half of the

forearm. As well as extending the wnist, both muscles radially abduct the joint.
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Extensor carpi ulnaris - This muscle originates from the common extensor origin and
the posterior border of the ulna and inserts into the medial aspect of the basc of the

fifth metacarpal, causing ulnar deviation as well as wrist extension.

2.5.2.3 The Muscles Controlling Grip

Flexor digitorum profundus - This muscle originates from the medial surface of the
olecranon, the upper two thirds of the medial and anterior surfaces of the ulna and the

adjacent interosscous membrane. The tendon for the index finger separates in the
forearm, with the remaining tendon splitting into three for the other three fingers just
above the flexor retinaculum. The four tendons then pass through the carpal tunnel and
insert into the distal phalanges. The primary action of flexor digitorum profundus is
flexion of the distal interphalangeal (DIP) joint, although inevitably it also produces
flexion of the proximal interphalangeal (PIP), metacarpophalangeal (MCP) and wrist

joints.

Flexor digitorum superficialis - Arnsing from the common flexor origin, the medial
ligament of the elbow joint, the medial border of the coronoid process and the anterior
oblique line of the radius, the muscle gives rise to four independent tendons crossing

the wrist joint in the carpal tunnel superficial to those of profundus and inserting into
the palmar aspect of the middle phalanx of each of the four digits. Its primary action is

to flex the PIP, although a tendency to flex the MCP and wrist joints also results.

Flexor pollicis longus - The ongin of this muscle is the anterior surface of the radius,
between the insertions of biceps and pronator quadratus and the adjacent interosseous
membrane. It passes deep to the flexor retinaculum along the medial side of the thenar
eminence and inserts on the base of the distal phalanx of the thumb, being a flexor of

the thumb interphalangeal (IP) and MCP joints.

Extensors digitorum communis, digiti minimi and indicis - The first two of these
muscles originate from the common extensor origin on the lateral epicondyle of the
humerus, the communis splitting into four tendons just proximal to the wrist and
inserting into the bases of the middle phalanges, and digiti minimi providing a separate

tendon for insertion into the little finger. The latter, extensor indicis arises from the
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posterior ulna and interosscous membrane and inserts into the middle phalanx of the

index finger. All these tendons except digiti minimi pass through a common synovial
sheath. Arising from the insertion of these tendons is the dorsal digital expansion,
which inserts into the distal phalanges.

Extensor pollicis longus - Originating from the back of the ulna, this muscle passcs
deep to the extensor retinaculum and inserts into the base of the distal phalanx. As well
as extending the IP and MCP joints of the thumb, the muscle also tends to oppose the

action of opponens pollicis.

Extensor pollicis brevis - This muscle arises from the radius and the interosscous

membrane and inserts into the base of the first phalanx of the thumb.

Abductor pollicis longus - Arising from the posterior surface of the ulna, the
interosseous membrane and the posterior radius, just above the origin of extensor
pollicis brevis, this muscle inserts into the lateral aspect of the base of the metacarpal
of the thumb.

2.5.2.4 The Ligaments of the Elbow

Radial (lateral) ligament complex - Figure 2.20 shows the lateral ligament complex,
which comprises four parts. The lateral ulnar collateral ligament is the only true

collateral ligament (that is, one which originates directly from and inserts directly into
bone) and passes from the lateral epicondyle of the humerus to the lateral border of the
ulnar. This ligament has been shown by O’Driscoll et. al. (1991) to be a prime
stabiliser of the elbow under varus loading. The annular ligament is attached to the
margins of the radial notch of the ulna, and surrounds the radial head, which rotates in
it. The radial collateral ligament is a flattened band attached to the humerus just below
the common extensor origin and inserting into the annular ligament. The accessory
collateral ligament passes from the annular ligament to the insertion of the lateral

ulnar collateral ligament, but is not always present.

Ulnar (medial) ligament complex — Figure 2.21 shows the three bands of the medial

ligament complex. The strongest of these, the anterior band, runs from the medial
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epicondyle of the humerus to the sublime tuberele on the medial border of the coronoid

process. The posterior band runs from the coronoid process to the medial border of the
olecranon and the transverse band spans the medial olecranon border. The latter band
is functionally less important than the other two, and is often barely defined (Morrey
(1993)).

2.5.2.5 The Ligaments of the Wrist

A detailed description of the inter-carpal ligaments is outwith the scope of this study,
therefore only the proximal extrinsic ligaments will be described here. It is, however,

worth expanding a little on the descriptions found in most anatomy texts, and the
following information comes from Taleisnik (1976). Figure 2.22 shows the

lipamentous anatomy.

Radial collateral ligament - runs from the anterior margin of the radial styloid to the
scaphoid, trapezium and first metacarpal.

Palmar radio-carpal ligaments - are divided into superficial and deep. The superficial
fibres run from the radius to the capitate and lunate in a V shape. The deep fibres are

radio-scapho-capitate, radio-lunate and radio-scapho-lunate.

Ulno-carpal complex - 1s a group consisting of several components. The ulno-carpal
meniscus is a cartilaginous structure separating the ulna and carpus which, in fact, 1s
strongly bound to the ulno-dorsal comer of the radius and inserts into the ulnar border
of the triquetrum. The triangular fibro-cartilage (TFC) shares this origin and inserts
into the base of the ulnar styloid. The TFC is also joined to the carpus by the ulno-

lunate ligament.

Ulnar collateral ligament - although distinguished as a ligament of the dorsum of the
wrist, this is simply a thickening of the joint capsule and contributes little to wrist joint

stability.

Dorsal radio-carpal ligament - originates from the radius and inserts into the lunate

and triquetrum, and is relatively weak.
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2.5.3 MOMENT ARMS AND LINES OF ACTION
2.5.3.1 Magnetic Resonance Imaging (MRI)

Recent advances in imaging technology have opened the possibility of using in vivo
data for the origin and inscrtion points and lines of action of muscles, tendons and
ligaments. The fact that the muscles would have tone, and subjects could be imaged in
functional positions, for example gripping, would give rise to supcrior data to that
obtained from cadaveric studies.

Few studies involving the calculation of in vivo moment arms have been reported.
Rugg et al. (1990) calculated in vivo moment arms of the tibialis anterior and Achilles
tendons from sagittal plane MRI scans. Koolstra et al. (1988) presented a method for
the calculation of muscle lines of action from MRI or CT scans which avoids the need

to align the plane of imaging with the line of action of the muscle. He showed that if a
short, thick muscle was imaged oblique to its line of action and this line was
determined from the positions of the centroids of each section, then significant errors
could be introduced. This is not a problem for muscles that are tendinous as they cross

the joints but could be a problem for a muscle such as brachialis which is fleshy as it
crosses the elbow joint. An iterative procedure to overcome this was presented by

Koolstra ef. al.

At present, a number of problems are associated with obtaining suitable data from the
technique. In order to achieve sufficient resolution and high signal/noise ratio it 1s

necessary to have one or more of the following:

a long acquisition time;
very thick slices;
specialised equipment.

The first of these can lead to ‘the introduction of motion artifacts due to subject
discomfort and the second reduces the reliability of any measurements taken from the
images. The third point further reduces the availability of suitable scanners, access to
which is already difficult due to the high operating costs and heavy clinical demand. It
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had been hoped that MRI would be used for the determination of anatomical gcometry

in this study, however the difficultics outlined above conspired to prevent this, and

cadaveric data from the litcrature had to be uscd.

2.53.2 Moment Arms and Lincs of Action for Muscles Crossing the Elbow

Pigeon et. al. (1996) compiled the data of several other investigators, including Amis
et. al. (1979), Hori et. al. (1993) and Winters and Kleweno (1993), to obtain the

moment arms (MA) of 13 arm and forcarm muscles. They described the flexion-
extension moment arm versus clbow flexion angle in terms of polynomial equations,
of 2™, 3™ and 5" order. The R? value for the correlation was in all cascs greater than
0.9904, except for anconeus for which a value of 0.9349 was obtained. The data of
Amis ef. al., whilst being a comprehensive study of the structures involved in clbow
function, relied on the accurate measurement of only one, embalmed cadaver. The data
from Pigeon et. al. for flexion-extension moment arms were used for this study as they

were the most comprehensive, and were available in an accessible form.

Data on the moment arms in the other two planes were harder to find in the literature,
but some studies exist. Seireg and Arvikar (1989) published data on the three-
dimensional origin and insertion points of muscles of the upper limb, modelling the
muscles as straight lines from origin to insertion. The model was comprehensive,

including a large number of muscle units, but the measurements were based on the

scale drawings of Braus (1954), rather than being directly measured from anatomical
specimens. An et. al. (1981) adopted a serial cross-sectioning technique, and studied

six unembalmed upper extremity specimens, to determine the moment arms of muscles
crossing the elbow. Results for a large number of muscles were quoted in the study and
moment arm values were given with the amm in six different positions, encompassing
three flexion angles and three rotation positions. These data were used for the current
study, as they offered data on all the required muscles, and the lack of a sufficient
number of elbow joint angles being studied was overcome by interpolation. In addition
to moment arm data, it is also essential to know the lines of action of the muscles in

order to calculate the force equilibrium. Amis et. al. (1980) gave direction cosines of
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Figure 2.23 Graph of flexion-extension moment arms for elbow muscles, against
elbow flexion angle.

0.6

0.4

.-'
- -

e =" TR S L S A T Rl S ANC

0.6

0.8
elbow flexion angle (deg)

Figure 2.24 Graph of abduction-adduction moment arms for elbow muscles, against
elbow flexion angle.
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elbow muscles with respect to the bones at various flexion angles, and these were used

in the current study.

Other studies on moment arms have been carried out by a number of authors, including
Murray et. al. (1995), Gonzalez et. al. (1996) and Gerbeaux et. al. (1996). While cach

of these is a thorough study of the muscles involved, the muscles included did not
extend to cover all the muscles included in the current study, and so the data were not

used.

In nearly all studies of anatomical gcometry reported in the literature, there is a failure
to report normalising factors that can be used to scale the data to a particular subjcct. In
the current study, data from the literature were normalised by taking the largest
dimension quoted, for example the distance between tendons arising from the medial

and lateral epicondyles, and scaling these to external dimensions, such as measurcd
epicondylar width, using drawings or anatomical images. The data were then scaled to

individual subjects by the measurement of external dimensions during the tests.

Three-dimensional moment arms for the muscles crossing the elbow, based on the

aforementioned studies, are shown in Figures 2.23 to 2.25.

2.5.3.3 Moment Arms and Lines of Action for Muscles Crossing the Wrist

Extensive data on MA of muscles crossing the wrist were obtained from Buchanan
(1996). Buchanan reported MA of 15 forearm muscles with elbow and wrist joint
angles, also splitting flexor digitorum profundus and flexor digitorum superficialis into
their individual tendons. A companison of Buchanan’s data for the five prime wrist
motors with the work of two other investigators (Loren (1995) and Amis (1978) 1s
given in Figure 2.26. Data from Horii (1993) were also studied (but are not shown in
the figure) and found to be similar to those of Loren and Buchanan although the values
were smaller. Amis’ data was recorded only with the joint in the neutral position and
the relative magnitudes of the FCR and ECRB tendons do not agree with the other
studies. As Buchanan’s data were far more comprehensive than others, both in terms of
the number of muscles measured and in terms of the range of joint angles over which

they were measured, it was decided to use these data in the current wrist joint model.
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elbow flexion angle (deg)

Figure 2.25 Graph of internal-external rotation moment arms for elbow muscles,
against elbow flexion angle.
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Insufficient data were available on cither lines of action, or origin and inscrtion points

from which to derive lines of action, of the tendons crossing the wrist joint and
therefore for the purposes of the model the tendons were assumed to run parallel to the

long axis of the radius.

2.5.3.4 Moment Arms for Muscles Crossing the MCP Joint

Data taken from Brand and Hollister (1993) were used to calculate the moment arms of
the MCP flexor tendons profundus and superficialis. The thickness of the MCP joint of
the middle finger was measured in each of the subjects, and the thickness of the other
joints scaled from this. Brand and Hollister measured six fresh frozen cadavers in their

study. The ratio of the moment arms for profundus and superficialis tendons to overall

A-P joint thickness was obtained from an MRI scan.

2.5.3.5 Ligament Lines of Action and Moment Arms

Nicol (1977) gave origin and inscrtion points for the ligaments of the elbow, defined as
three functional units: anterior medial collateral, posterior medial collateral and lateral
collateral. The latter groups fibres from the radial collateral and the annular ligaments

into a functional unit. These data were used for the calculation of lines of action and

moment arms. All data were normalised according to epicondylar width. Other studies

of elbow ligaments have been reported, but were either descriptive (Fuss (1991)) or

based on matenals testing and kinematics (Regan et. al. (1991)).

Ligaments of the wrist were assumed to produce no moment about the flexion-

extension or radio-ulnar deviation axes, within the normal range of motion (Buchanan
et. al. (1993)).

2.5.4 JOINT GEOMETRY AND INTERNAL FORCES

In the model of the elbow and wrist joints, the external moments and forces calculated
by the combined application of force and kinematic analysis are assumed to be
balanced by the moments and forces generated by internal structures such as the

muscles, ligaments and joint surfaces.
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Figure 2.27 Diagram showing the rotation of joint axes in the trochlea, as measured
by Nicol (1977).
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Knowledge of the geometry of the joints and their structures combined with data on

external loading allows the formulation of a set of equations defining the equilibrium

of the system. Solution of these equations gives the values of the loads on the internal
structures and it is this set of equations that constitutes the ‘model’ thus far referred to.
For each plane, (sagittal, frontal and transverse) three equations may be written. Onc
balancing moments in that plane and two equating the forces along each of the axcs.

To calculate the moments due to muscle, ligament and joint forces, knowledge of each

structure’s moment arm about the centre of rotation is necded. To balance the forces in
a particular direction, knowledge of the structure’s orientation with respect to that
direction is needed. These data are obtained from the literature.

Whilst it is recognised that the model should be as realistic as possible in order to
provide meaningful <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>