
BIOMECHANICS OF THE UPPER LIMB: 

APPLICATIONS OF MOTION ANALYSIS AND 

FORCE MEASUREMENT TECHNIQUES 

EDWARD K. J. CHADWICK, BEng (Hons) 

This thesis is presented in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy from the Bioenginecring Unit, University of Strathclyde, 

Glasgow, January 1999. 



ST COPY 

AVAILA L 

Variable print quality 



The copyright of this thesis belongs to the author under the terms of the United 

Kingdom Copyrights Acts as qualified by University of Strathclyde Regulation 3.49. 

Due acknowledgement must always be made of the use of any material contained in, 

or derived from, this thesis. 



ACKNOWLEDGEMENTS 

My sinccrcst thanks go to the following pcopic: 

Professor Barbcncl for providing the opportunity to study in the Biocnginccring Unit; 

The Medical Research Council, the Scottish Office: and various police authorities for 

funding the work; 

Sandy Nicol for his thorough supervision and support; 
Judith Lane and Sheryl Goldie for their invaluable help with testing and data 

processing; 
Luigi Lucchctti for his contribution to the experimental protocol; 
Robert Ilay, Davie Robb, Willie Tierney, Stevie Miller and John Wilson from the 

mechanical workshop; 
John Maclean and Stan Floyd from the electronics workshop; 

All other staff and students who have given their time and skill; 

My friends and family for their support and encouragement. 

i 



ABSTRACT 

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

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. Ile 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 normal volunteers from within the 
Biocriginecring Unit were asked to complete four tasks representing occupational 
activities, during which time their grip force, "ms monitored. Together with kinematic 
information from the six-carriera. Vicon data, the moment cffect of these loads at the 
joints A-as calculated. These external moments are assumed to be balanced by the 
internal moments, generated by the muscles, passive soft tissue and bone contact. Ile 
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 arms of muscles, tendons and 
ligaments is contained. The assumption of equilibrium between these external and 
internal joint moments allo--vs 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-uInar forces of up to 1600N, humero-radial forces of 
up to 80ON and wrist joint forces of up to 280ON were found for moderate level 
activity. 'Me model was validated by comparison with other studies. 

A wide range of parameters defming 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 u-as 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 95h Percentile values for axial force and 
energy were 1885N and 69J respectively. 
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TABLE OF ABBREVIATIONS 

Abbreviation Full Name 

FPL Flexor pollicis longus 

FDS Flexor digitorurn superficialis 
FDP Flexor digitorurn profundus 
FCR Flexor carpi radialis 

FCU Flexor carpi uInaris 
ECU Extensor carpi ulnans 

ECRI3 Extensor carpi radialis brcvis 

ECRL Extensor carpi radialis longus 

BIC Biceps brachii 

BRA Brachialis 

BRD Brachioradialis 

PRT Pronator teres 

TRI Triceps brachii 

ANC Anconeus 

PRQ Pronator quadratus 

SUP Supinator 

MCLA Medial collateral ligament (anterior band) 

MCLP Medial collateral ligament (posterior band) 

LCL Lateral collateral ligament 

JLAT Lateral trochlearjoint force 

JMED Medial trochlearjoint force 

A Radial head joint force 

Jw Wristjoint force 
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PART A 

BIOMECHANICS OF THE UPPER LIMB: 

CALCULATION OF ELBOW AND WRIST JOINT 

FORCES DURING OCCUPATIONAL ACTIVITIES 



CHAPTER 1 INTRODUCTION 

IABACKGROUND 

The early 1980s saw a steep rise in the number of cases 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 %N-as fclt 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 
tcndonifis, tenosynovitis and carpal tunnel syndrome (Quintncr (199 1), 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 
c lai ms (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 

kno%%m 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. arc causative factors (Atcheson et. al. (1998)). These 

authors make a definite distinction between easily identifiable pathologies and diffase 

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 BIOMECIIANICAL ANALYSES 

A comprehensive analysis of the cffect of work activity on the structures of the upper 
limb would be a valuable source in the understanding of upper limb disorders. A 

number of models of the uppcr limb rcporting forces in the structures can be found in 

the litcraturc. Models of the elbow joint have been reported by An et. aL (1984), Amis 

(1978), Nicol (1977), Seircg and Arvikar (1989) and others, with varying degrees of 

complexity. There have also been models of the uTist joint, though these arc fewer, 
including those of Buchanan et. al. (1992) and Scircg and Arvikar (1989). Many of 
these types of models have been limited by their simplicity, being either non-thrcc 
dimensional or -Aith 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 litcmture 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 %NTist 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 =dertakcn 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. 
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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 cffect these actions have on the joints of the 

elbow and wrist. 

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

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

These so-called external moments arc assumed to be balanced by the internal 

moments, generated by the muscles, passive soft tissue and bone contact, in the 

application of Nemon"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, wbere information about the lines of action and moment arms 

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

model. 

Ilic 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. 

T'his has been overcome with linear optimisation using the SimpIcx 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 

clectromyography (EMG) and, simply, comparison with other studies. 
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2.2 KINEMATICS 

21.1 TECHNIQUES FOR DESCRIPTION 

21.1.1 Bony ana(omy 

To dcfinc fully the elbow and wrist joint k-incmaties using bone-embedded axis 

systems, some description of the bones involved must be given. Tbc elbow joint 

complex involves three bone articulations: the humcro-ulnar, humcro-radial and 

proximal radio-ulnar joints. Similarly, the wrist joint involves the radio-carpal, ulno- 

carpal and distal mdio-ulnar joints. A brief guide to the anatomy of the articulating 
bones is presented below. As some of the muscles used in the modcl originate from the 
bones of the shoulder other than the humerus, some detail of the shoulder joint will be 

given. 

The long bone fonTft 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 shaftwidens 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 capitulurn is 

partiafly spherical to articulate with the dished proximal end of the radius and lies 

lateral to the trochlea. Above the trochlea are the coronoidfossa 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 is shown in Figure 2.1. 

Distal to the elbow joint, the ulna and radius are the bones of the forearm. The ulna is 

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 coronoldprocess and the olecranon process. On the lateral 

side of the coronoid process is seen the radial nolch in which the head of the radius 
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rotates. At the distal end the u1nar shaft %%idens into the u1nar head, around which the 
distal mdius 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 capitulw-n of the 
humerus, narroAing into a shaft distally. At the distal end, the shaft midens again into 

the styloid process as the most distal point. Tbc end is concave and articulates with the 

carpal boncs of the %Tist. The medial border of the distal radius articulates with ulna in 

the distal radio-ulnar joint. The radius is also sho%vn 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 arc arranged in two rows of four: scaphoid, lunate, triquctrum and pisiform 

proximally and trapezium, trapezoid, capitate and hamatc 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 Senn%%-ald (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 u1naris. The detailed study of carpal bone motion is 

outwith the scope of this study and only the interaction of the proximal row with the 

radius and u1nawill be considered. 

Returning to the shoulder joint, the part spherical humcral head articulates with the 

glenoldfossa 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-latcral 
border of the scapula above the gleno-humcral joint known as the acromion process, 

which %Nill be used in axis definition. The spine of the scapula is what forms the 

, shoulder blade". The bone running fmm. the sternum to the scapula is the clavicle, or 

collarbone. 
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Figure 2.4 The bone-embedded axis systemfor the humerus. 
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2.2.11 Axis dcrinitions 

Ibc joint kincmatics arc takcn to be the change in the relative position and orientation 
of two rigid body scgmcnts, usually referred to as proximal and distal, mathematically 
dcscribcd by the rclativc positions of bonc crnbcddcd axis systems. 711c choice of how 

to dcrinc an axis systcrn is bascd on a number of factors (Cappozzo el at. (1995), 
Lucchctti (1995) and Chadwick et. aL (1996)): 

for rcpcatability it must be based on rccogniscd anatomical landmarks; 

it must be based on practical experimental methods; 

it must contain as few parameters as possible; 

it allows for easy description and visualisation of the bonc attitude; 

it must allow definition to a suitable level of accuracy. 

There are a number of methods to locatc die 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 rccogniscd that other methods such as x-ray 

computed tomography and bonc-embeddcd 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 sho%%m in Figure 2.4. 

Ile origin is defined as the mid-point between the lateral and medial cpicondyles. 

The ý-axis is along a line from the origin to the greater tuberosity; its positive 
direction is distal. to proximal. 

A temporary axis, z', is defincd as the line passing through the epicondyles with its 

positive direction from medial to lateral. 

The x-axis is orthogonal toy and zand is positively directed anteriorly. 

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

7 



Figure 2.5 The bone-embedded axis systemfor the ulna. 
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77te Una 

The axes for the ulna arc shown in Figure 2.5. 

Ibc origin and temporary z-axis, z, are coincident with those of the humerus. 

The yaxis is the line joining the styloid process of the ulna to the origin and its 

positive direction 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 

77ic Radius 

The radial axes are shoAm in Figure 2.6. 

Ilie origin is the mid point of the radial and u1nar 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 dircction is distal to proximal. 

A tempomry z-axis, z, is defined as the line joining the mdial and u1nar styloids with 
its positive direction from u1nar to radial. 

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

Ile z-axis is orthogonal to x and 

77ze Hand 

The hand axes are sho%%m in Figure 2.7. 

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

surface. 

The y-axis rum along the length of the dorsal surface of the third metacarpal; its 

positive direction is distal to proximal. 

8 



Figure 2.6 The bone-embedded axis systemfor the radius. 

9A 



Figure 2.7 The bone-embedded axis systemfor the hand 



A temporary - axis, z', is dcrincd as the line joining the posterior surfaces of the third 

and fifth mctacarpal heads and its positive direction is fifth to third. 

The x-axis is orthogonal toy and z' and its positive direction is posterior to anterior. 

The z-axis is orthogonal to x and y. 

21.1.3 Joint Co-ordinate Systems 

Thcrc = thrcc commonly uscd tcchniqucs to dcscribc joint kincrnatics and thcy arc 
the Eulcr angle, screw displacement axis (SDA) and floating axis techniques. 

The Eulcr angle technique involves specifying three ordered rotations about orthogonal 

axes to defte a dircction cosine matrix rclating one co-ordinatc system to another. 
T'hcsc axes arc based on the clinical axes of flexion/extcnsion, abduc6orVadduction 

and internal/wernal rotation, which makes for easy dcscripflon in clinical terms. A 

disadvantage, however, is that the result is dependant on' the order in which the 

rotations arc performed. As this is not standardiscd in the literature, this can lead to 

confusion and difficulty in making comparisons 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 defmed, use of the SDA does not 

allow easy descriptio 
-n 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 tlu= rotations, but the axes are not necessarily orthogonal. One 

axis is Mined to be fixed in each segment and a third 'floating axis, orthogonal to 

these, is foundL This technique %%-as chosen because it is felt to be more clinically useful 

and allows easy comparison between studies as it gives flcxion/cxtcnsion, 

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 c, is fixed in the reference (proximal) segment and is the axis of 

flcxion/cxtcnsion. Axis Z, is f'ixcd in the target (distal) segment and represents rotation 

about the long axis of the scgmcnL Axis Z, is the floating axis and is perpendicular to 

axes Z, andC3, and rcprcscnts abduction/adduction movement of the joint. 

Ibc orthogonal axis scts rcprcscnting cach scgmcnt arc dcfincd by x postcro-antcrior, y 

disto-proximal and z mcdio-latcral (for a right limb). The unit vectors describe 

the attitude of the x, y, z axes vvith respect to the ground axis system. 

angle of rotation about x axis 

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 genemlity: 

Renamed segment axes with F (axis of flexion, f ), L Oongitudinal axis, 1), T 

(third axis, i, cross product of f and i) so that a right handed joint co- 

ordinate system always results; 

* Included a factor A (=I or -1) in the d6mition of 62 to ensure that it is 

continuous throughout the range -; r --5 ý:! ý z; 

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

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

direcdon of rotafion, where i fro A '201 
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aaI- If the proximal segment has axes (f,, I,, t, )and the distal segment has axes 

then the joint co-ordinatc system is given by (iqqZ2vjZ3v ) 
where 

ily = ?I 
ý3# = 

ii 

'20 = 
C34, C, 4, *A I'3V 

Ai IV 
I 

I if e AC,, 
)-i, 

<0 
(^3# 

where A= 
J+ 

I othenvise 

(2.1) 

(2.2) 

(2.3) 

and 
(('3, 

A e,, 
) 

A e3, 
)'f, 

>0 (2.4) 

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

-1 
(ý2jf 

* ti . 5'9'n(ý2, (2.5) COS 

OS- r 1, f, 1 (2.6) c 
(^-- )*Sig* 

.0 

k =Cos-' 
(2# 

'Atj) * 5'&#2q * 
? 

J) (2.7) 

A vector, H, is 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: 

sc A4 +sAv +S3ý3# (2.8) 

In clinical terms, the three displacements of interest are medio-lateral draw (positive to 
the right), antero-posterior draw (positive anterior) and joint compression/distraction 
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(distraction positive). These distances arc given by projection of the vector 11 onto the 
joint co-ordinatc axcs such that: 

q, i1v 

q2 C2V 

q3 - i3v 
(2.9) 

For the clbowjoint the flexion axis, i, is the hurricral z axis and the longitudinal axis, 
i. is the u1nar y axis. For the wrist joint the flexion axis is the radial z axis and the 
longitudinal axis is the hand y axis. 
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211 TECHNIQUES FOR MEASURE MENT 

211.1 The Vicon System 

The Oxford Nictrics VICON motion analysis systcm was used for the collection of 
kinematic data. The system consists of six charge-couplcd device (CCD) video 
camcras, a data-station and a PC. The carncras cmit pulsed infrared light at 5011z from 

an array of light emitting diodes (LEDs) positioned in a ring around the lens. Light 

reflected back from mark-crs placed on the subject then forms an image in the camcra's 
field of view. This produces a two-dimensional image of a given marker, allowing the 

calculation of the ccntrc of the marker from the leading and trailing edges. If the 
images from two or more camcras arc 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, 
%%Ech 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 framc; governed by a set of reconstruction parameters defining the 

possible path of the marker. If the marker falls out%vith 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, is waved around the workspace volume. Tbree markers hanging on 

a wire from a tripod mark the position of the origin and the direction of the forward 

axis, x, is defined as a line ftom 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 
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for its rcconstruction. An a%-cmgc valuc of 1.6mm (±0.63) was rccorded for 20 

randomly scicctcd trajectorics. 

Markers arc passive, and consist of 25mm polyst)Tcne spheres covcrcd with rctra- 

rcflccti%, c tape. The rctro-rcflective tape causcs light failing on the mark-crs to bc 

reflected back along the path by which it came. This helps to ensure that the carncras 

see the marker as a circle w-ith a wcll-dcf"incd edge, allowing non-circular markers to 
be rejcctcd4 thus minirnising rcflccflons, and improving the accuracy with wWch the 

marker centre is calculated. 

2111 The Alarkcr Set 

To fully describe 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 describe 

the 3D kinematics. Traditionally, markers have been placed directly onto the skin over 

cithcr 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 
forearni 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 allo-Aing 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 wras 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 I* in joint angle 

calculations using three markers per segment. 
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Figure 2.8 Technicalftame definitionfor the upper arm. 
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2113 Technical Frames of Reference 

The three mark-crs on cach segment are used to define a right-handed, orthogonal axis 

systcm, kno%%n as a 'tcchnical framc', wWch is asswncd to be rixcd relative to the 

undcrl)ing bone. To illustrate Us, the example of the upper arm is sho%%m in Figure 

2.8. 

Let the markers be 1,2,3 as shown. If the position vector of mark-cr i is ri in the 
laboratory, or global, axis system then the three markers have position vectors ri, r2, 
r3. 

The three axes arc then dcrined by three unit vectors as follows: 

(zitz2#z3)=(ri 
-ri 

)Art 
-ril 

1= 
(XI"X2"X3)=z 

^(r3-ri)Ari-ril (2.11) 

y= 
(Ylty29Y3)=Z 

^x (2.12) 

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

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

co-ordinates wherc 

X1 Yl 'Zi 

X2 Y2 22 

X3 Y3 23 

(2.13) 

The position of any point in the global system, r., can then be expressed in the 

technical system by 

r, = R(r, - r, ) - (2.14) 
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Figure 2.9,4natomicalPoint calibration technique 
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2.21.4 Anatomical Point Calibration Tcchniquc 

Ibc, marker cuffs arc placed on the subject in experimentally convcnicn4 rather than 

anatomically signirican4 places; based on a number of critcria: e 

9 the subjcct shotdd bc comfortabic; 

e the markers must be %isible to as many camems as possible; 

11, the markers must not obstruct movement of the subject; 

* the cuff must be secure, i. e. it must not move allcr calibmtion; 

* the movement of the cuff must follow as closely as possible the movcmcnt of 
the limb segmcnU 

* the mark-ers should not be collinear and the separation should be sufficient to 
minimise any crrors. 

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 
finmes. 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 r4 r4 and rs respectively, 
the tip position, and hence the anatomical landmark position in the global system is 

given by (See Figure 2.9): 

r rs)Ar4 -rsl*d+r4 i 

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 fi-ame may be 

deterniined, thus allowing, by the inverse ft-ansformation, the positioning of the 

anatomical point in the global system during a dynamic trial. 
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To allow the dcrinition of bone cmbeddcd axis systems, the following anatomical 
landmarks nced to be idcntified: 

Humerus grcater tubcrosity 

latcml cpicondyle 

mcdial cpicondyle 

Una styloid proccss 

Radius styloid process 

Hand basc of P mctacarpal 

3'dmetacarpal head 

5' mctacarpal hcad. 
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2.3. FORCE MEASUREMENT 

11c cxtcrnal loads on the limb can convcnicntly bc dividcd into thrcc groups, 
gmvitational, inertial and contact. Although the cffect of a load action is the same, to 

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

2.3.1 GILAVITATIONAL 

The %%-eight of the limb segments themselves, as well any apparatus that is being hcld, 

uill contribute 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 (13SP). 

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 Wghlight three main shortcomings of existing data: 

standards based on small-sample studies, the use of cadavers instead of live subjects, 

and a lack of informafion on diverse populations. In the present study, the sample of 

subjects consists of students of both sexes from within the Bioengincering Unit, and 

the choice of data for BSP should reflect this. Only data drawn from similar 

populations and Abcre a significant. number of living subjects %%us used were 

considered. 

Drillis and Contini (1966) measured anthropometric data in twenty North American 

male students between the ages of 20 and 40. They found segment mass, volume, 

centre of mass and moment of inertia using reaction board, %vater displacement, 

pendulum swing and photogranunetry techniques. Zatsiorsky and Scluyanov (1983) 

published one of the most comprehensive sets of data on the mass and inertial 

characteristics of human body segments, based on a study of 100 young, male 
Russians. The subjects were scanned on ay -scanner and the absorption of v -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 Icss common in the litcraturc, but two studies arc relevant. 
Young et aL (1983) rcported data on a sample of 46 kniales between die ages of 21 

and 45 and Finch (1985) used a sample of 15 females bctwccn the agcs of 20 and 29. 
Both studies made use of photogramnictry tcchniques. 

2.3.2 INERTIAL 

231.1 D'Alembert's Principle 

D'Alcmbcrt's Principle allows a dynamic problem to be reduced to a static one by 

application of Ne%%Ion's La%ýs, thus rendering solution and visualisation simpler. If one 
imagines a body of mass m accelerating %%ith acceleration a, then the force producing 
that must be ma. If the term ma is now replaced "ith a force F acting in the opposite 
direction from a, the problem can be considered to be one involving static equilibrium, 

%%berc F is the inertial force. 11c same logic applies to angular acceleration and torque. 

2.31.2 Inverse Dynamics 

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

d)mamics. That is, starting Aith information about the velocities and accelerations of 

the segment, the loads that produced these can be calculated. This is the application of 
D'Alcmbcrt's Principle. 

Inertial force is given by 

=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 ra 

and centripetal acceleration r, W2 due to rotation of the body about a point offset from 

the centre of mass, where w and a are the angular velocity and acceleration of the 

segment respectively. 

Inertial torque is given by 
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T= Ia = nik, 'a 

where I# is the principal segment mass moment of incrtia, k, is the segment radius of 

gyration. 

2.3.3 CoN"rAcr 

Contact force between a body and an object in its environment 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 interest is grip. 

233.1 Grip Force Measurement 

Although therc 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 thcsc are designed to measure 

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

in the clinic than in rcse=h. 

Stain 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 %N-as uni-axial only, the other measured the force on each phalanx but only 
for one finger. Pronk and Niesing (198 1) described a uni-axial device with a range of 0 

- 90ON and an accuracy of bater than 5%. 

For this study, a new device %%-as 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 ofa Alew 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 allo%%ing 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 readyfor calibration. 
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L' Detail (? / the gauge sites on one beam of the transducer 



bcing mcasurcd arc assumed to be radial. Six bcams wcrc incorporatcd into the device 

to gain the maximum amount of information, whilst cnsuring that the design was 
fcasiblc and the nwnbcr of clectrical output channcls rcasonabic. 

Foil strain gauges arc 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 arm of the applied force may be calculated. The 

shape of the cross-section at the gauge sites was that of a trapezium, formulae for the 

calculation of bending strcss for which arc 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. Ejcskar et at (1981) gave values for the 
flexion force produced by individual fingers of between 78N and 104N for men. 
S%%-anson et at (1970) quoted an average hand grip force, measured on a Jamar 

dynamometer, of 467N and Lee and Rim (1991) found a grip force of 60ON for a 

cylinder of 30mm. diameter. In light of this, the choice %%-as made to allow 25ON 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 
25ON applied at the ends of the beams. Under these conditions, the strain gauges 

would be subjected to approximately 5OOpc. 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 

maximurn 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 At, and a and b 

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

then 

NIO = Fa and NI, = Fb 
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=* Nl,, - Nl,, = F(a - b) 
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Each arm is calibrated individually up to 250N by the application of dead weights in 
four differcrit positions along the arm, as shown in Figure 2.13. Ilic results of this 

calibration, along %%ith design dra%%ings, may be seen in Appendix B. 

2.3.3.2 The Calculation of Moments about the Aletacarpophalangeal JOInt3 

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. Ibcsc 
forces %%-cre calculated by consideration of moment equilibrium at the MCP joints. Due 

to the diversity of the grips used in the tests, a different scheme for calculation of MCP 

moments %vas needed for each one. Ile scale of the movements involved in the 

activities required a %vorkspacc volume that %vas 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 
transduccr. 

Power Grip (transducer handle verlical) 

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 NICP joint. Data from Brand and Hollistcr (1993) gave the relative tension 

of finger flexors, based on PCSA, split into individual finger components for both 

superflicialis and profundus muscles. Any force produced by the thumb and thenar 

eminence %vas transferred to the fingers for the analysis. Although this may give rise to 
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Figure 2.14 Schematic representation of forces acting on the hand during the 
vertical power grip. 
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errors in the individual tcndon forces at the MCPjoint's, the total tcndon force crossing 
the wrist and elbowjoints, the main interest of this study, should bc afTectcd to a much 
lesser cxtcnL 

Ilc positions of the forccs and the NICP joint wcrc calculatcd in the transduccr axis 
system and die moments calculated from 

R 
51=y F 

, xr, (2.20) 
I-A41 

and if 1>6 then 1=1-6 

whcrc Fj is the forcc on bcam i 

r, is the levcr aml of cach forcc %Nifli rcspcct to the MCP joint 

k is the number of the beam over which the MCP joint rcsts 

m is the nwnbcr of beams 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 %,, -as similar in concept to that for the vertical power grip, 
except that the transducer axis ran in the opposite direction, so that the numbering 

order for the bearns mms reversed. The distribution of moments bctwecn 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 tenns of the calculation of MCP 

joint moments %vas 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. 
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Chuck Grip (transducer handle vertical) 

In the chuck grip, the transducer -A-as gripped by flu-cc fingers (first, middle and ring) 

and the thumb. Tbc calculation of the position of the forces on the transducer was a 

onc-dimcnsional problem, being simply the position of the force along the Icngth of 
the beam. The analysis is depicted in Figure 2. IS. 

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 Avre 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 trial. 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 %%rrc given by 

Afupci = F, x v, + IV, x h, (2.21) 

Af xepf = F. x v,, + lVf x hf (f =2,3,4) (2.22) 

The weight forces, IV,, were calculated to be the total wcight of the transducer, divided 

in the proportion of the normal forces, Ft. 
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2.4 OPTIMISATION 

2.4.1 PREVIOUS WORK 

Biomcchanical analyses of joints result in sets of indeterminate equations as there arc 
many more load bearing structures crossing a joint than arc necessary to satisfy tile 

equilibrium conditions. Ilicrcforc, a method of deciding how the body will distribute 

the load bct%%vcn these structures is needed. This has often been done by simplirying 
the model to the point %%-here the equation set 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 set of constraint 
equations. The constraint equations not only dcrinc the equilibrium conditions which 
must be satisfied, but can also introduce additional constraints such as non-ncgativity, 
limits on the relative values and maximum bounds for the forces. A variety of 
objective functions has bccn used in previous studies to produce physiologically 
realistic forcc-sharing models. If the objective function and thc constraint equations 
feature only linear combinations of the variables then the solution procedure is readily 
implemented using the linear programming method. A number of studies using linear 

optimisation techniques have been published. 

Linear optimisation routines have the advantages of being readily implemented and 

producing stable solutions but do not al%Nmys 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 vcrificd by comparison with EMG 

studies. Such simple criteria, particularly when used with simple, planar models, of1cn 
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 (Tsirak-os eL al. (1997)). In these simple models, the muscle with the largest 

moment arm %Nill 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, a, in their sagittal-plane model of the humero- 
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u1nar joint, which includcd ninc muscle units. For cach muscic, 1, an additional 
constraint was introduccd such that 

F, :5 PCSA, x cr (2.23) 

%%-here F is the force, PCSA is the physiological cross sectional area and a is the upper 
limit on muscle stress. Ibc results from this method %%, crc compared to those from 

previous studies using linear and non-lincar optimisation criteria and to studies using 
EMG comparison %%ith favourablc agreement. 

Bcan cf. aL (1986), however, suggested that the minimisation of maximum muscle 

stress as used by An ct. aL might not lead to unique solutions. To overcome this they 

presented a two-stap optimisation, the first of which minimiscd the maximum muscle 

stress and the second minimiscd the joint compression force, using this muscle stress 

value as a constraint. 11cy showed how the method could be applied to a simple model 

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

optimisation critcria. 

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 arc 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 model 

Nvith 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-icngth, force-vclocity and muscle 

activation (number of active motor units and their firing frequencies), whilst 

minimising the activation. An cf. aL (1989) applied the technique to the elbow and 
Kaufman cl. 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-lincar techniques. Crowninshicld and 
Brand (1981) and Dul (1986) used a physiologically based method by considering the 
inverse relationship bct%%-ccn muscle force and endurance, and maximising the lattcr. 

Both sets of authors found reasonable agreement between predicted force activation 

and actual ENIG measurements, the former in a human gait study and the lattcr in a cat 

study. Tbc minimum fatigue criterion may be a reasonable hypothesis for a repetitive 

activity such as gait, and indeed their results show good agreement bctw-ccn the model 

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

activities under consideration in this study. 

Several studies utilising non-linear, dynamic, ncurophysiologically-bascd and EMG- 

assisted solution algorithms have been published (Pandy et. aL (1992), Davy and Audu 

(1987), Raschk-e el. 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 opfin-dsation chosen for this study on that of 

Bean et. al. (1986), which has been sho%%m to combine simplicity with realistic muscle 
force prediction, when used in a highly constrained linear system. 

2.41 DEVELOPMENT OF THE OPTIMISATION ROUTINE 

The optin-dsation technique used to overcome the indeterminate problem in this study 

u-as a two stage technique, also kno%Nn as sequential programming (Bean et. 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, a, subject to the 

constraints comprising 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, %%bere 
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xFd, - j:, %fc =0 J: r (2.26) 

, %vhcre 

EF, xf, -2: FK =O 

ilarrul - kj"6d :s 

PCSA, is the physiological cross sectional area of the Vh muscle 

n is the nurnbcr of variables 

m is the number of strcss-limitcd variables (muscle and ligament) 

F, is the force in the Vh structure 

(2.24) 

(2.25) 

(2.27) 

(2.28) 

AfF, FE are the external moments and forces about and along a given axis 

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

di is the component of the Vh structure normal to the given axis 

fj is the component of the Ph structure along a given axis 

Jku,, d, J,.,, w are joint forms 

k is a constant 

There are 16 equations of the type of Equation 2.25 (13 muscles and 3 ligaments), 5 of 

type 2.26 (3 at the elbow and 2 at the wrist), 6 of type 2.27 (3 at the elbow and 3 at the 

-*N-rist) and 4 of type 2.28 (2 at the elbow and 2 at the %%Tist). These are explained more 
fully in the Section 2.5: Anatomical model. 
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11cre is no precedent in the literature for the inclusion of ligament forces in the 

minitnisation 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 strcss-limitcd, initially led to their extensive recruitment, as they have 

no &cost' implication in the optimisation, and have large moment arms. This was Ht to 

be unrealistic and so the ligaments have been strcss-limitcd in the same %N-ay as the 

muscles by the allocation of a pseudo cross-sectional area The choice of this cross- 

sectional area %%-as 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 secondary, 

and thus the ligament force should be kcpt-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. Tlcrc %vas 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 %%-as minimiscd, with the 

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

, %%-as limited to cy. Bean et. al. (1986) minimised the joint force as their second stage, 
but in this case the inclusion of ligament force %vas 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 carried out, the data are not 
comprehensive. This is due to non-standardisation of techniques for mcasurcmcnt and 
description and the fact that the studies inevitably involve small sample sizes. Chao 

and hforrcy (1978) studied the three dimensional rotation of the elbow in cadavcric 
specimens using orthogonal X-rays and found variations in both the carrying angle and 
forearm rotation angle %%ith elbow flcxiorL This is in contrast to the work- of London 
(1981) and Shýiba cl. al. (1988), who maintained that the elbow is a uni-axialjoint. '17he 

carrying angle is generally thought of as the adduction/abduction angle of the elbow, 
although precise dcfHtions vary, and here difficulty is experienced trying to compare 
studies of clbowjoint 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 

u1nar 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. They-axis was taken as the long axis of the 

hurricrus; the z-axis described as being normal to they-axis and through the ccntre 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 anteropostcrior -, icw, thus 

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

London (198 1) studied the modon 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 difilcred 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 epicondyles; and 4" to 8* inverted in the frontal plane with respect to aI ine 
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pcrpcndicular to the long axis of the humcrus. 11c also reported that the carrying angle 
of the forcann does not vary mith c1bow flexion, rcmaining bct%vccn 9* and 14 * (mean 

12*). 

Shiba a aL (1988) measured the geometry of the humero-ulnar articulation of four 

human cadavcric elbows, using a sectioning and photogruphing method. They found 

that through the capitc1lurn and trochIca, the centrcs of curvature for superimposed 

sections did not deviate by more than I trun. The mcdio-latcral axis (in this case x) was 

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

both the coronal and U-ansvcrsc 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 vvith the axis of rotation lying along the centrcs 

of curvature of the trochlear sulcus and capitellum. 

2.5.1.2 Wrist Flcxion/Extension and Radio-Ulnar Dcviation 

The %%Tist joint is sometimes described as a universal, or condyloid, joint, having two 
degrees of fteedom: flexion-Wension (F-E) and radio-ulnar (R-U) deviation (An et al. 
(1991)). Thisvms experimentally demonstrated by Moore et at (1993) in a paper 
describing a technique whereby the minimum number of degrees of freedom (DOF) for 

a joint could be determined. The technique %%-as based around the concept of thejoint 

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 dcrincs 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 %N-as applied to six normal volunteers whose wrist motion 

was tracked during specified motions using an opto-electronic motion analysis system. 
The configuration space N%-as then plotted and a parameterised surface fitted to establish 

whether the motion %k-as two DOE The low residual indicated that the data were 
described satisfactorily by the assumed number of DOR Moore et. al. concluded that 
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the %%Tist joint consists of two stationary axcs of motion, which may be non- 
intcrsccting and non-orthogonal. 

Sarrafian a at (1976) investigated the flcxion-cxtcnsion motion in 55 living %Tists 
using x-rays tak-en in thrcc positions: ncutral, full flcxion and full cxtcnsion. Thcy 
found that in extcnsion 66% of the motion occurrcd at the radio-cýl joint and 34% 

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

A study of %vrist motion in F-E and R-U deviation, made by Yourn et. al. (1978) and 
Yourn and Flatt (1979), found that the ccntres of rotation in both planes lay in the head 

of the capitatc, Aith the axis for F-E being more proximal. This is in general agreement 

%vith the %vork of several other investigators, such as Andrews and Yourn (1979), Volz 

cf. aL (1980), Brumbaugh ct. al. (1982) and Jackson ct. al. (1994), although there is 

controversy over the exact positioning and direction of the axes and, in particular, 

%%-hcther or not they intersect. Andrews and Yourn state that the axes are offset by 

approximately 5mm Whereas Brumbaugh ct. aL conclude that the axes, to aH intents 

and purposes, intersect. It must be noted here that the latter study involved 15 normal 

subjects; the former only one. Brumbaugh ct. 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 cl, al 

used a magnetic tracking device to dctem-Line the three dimensional kinematics of two 

cadaver %%Tists 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 m-rist. 

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 shoN%m in Figures 2.16 to 2.19. 
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2.5.2.1 Muscles Moving the Elbow 

Biceps Brachil - Divided into t%vo heads, the long head originating from the supra- 

gicnoid tuberosity 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 muscics. This muscle is a powerful supinator of the forearm as well as a major 
flexor. 

Brachialis - Originating from the anterior aspect of the distal two thirds of the humerus 

and medial intcr-muscular septum, the muscle belly passes across the elbow joint to 

insert by mixed tendon and muscle fibre into the coronoid process and u1nar tuberosity. 

It is a major elbow flexor. 

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

humerus and inserts Nvith a flat tendon into the latcral radius just proximal to the 

styloid process. It is primarily an elbow flexor. 

Triceps Brachii - The major muscle for extension of the c1bow, triccps is divided into 

three heads. The long head originates from the infta-glenoid tubcrosity of the scapula, 

the lateral head from the lateral side of the humerus above the deltoid tuberosity and 

the medial head ftom 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 di%ided 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 clbow, the annular ligamcnt of the 

proximal radio u1nar joint and the lateral border of the ulna, posterior to the radius to 
insert on the lateral aspect of the radius. 

Pronator quadralus - This is a small muscle located in the distal quwIcr of the 
forcarm, passing from the antcrior surfacc of the radius to the antcrior surfacc of the 

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

2.5.21 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 II and III and, sometimes, the scaphoid, passing through a groove in the 

trapezium bone. As well as flexing the uTist, this muscle also abducts thejoint radially. 

Rexor carp! u1naris - 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 u1nar adductor of the wist. 

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

discussed later. 

Extensor cwpi 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 . 

&tensor 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, %Tist, both muscles radially abduct the joint. 
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Extensor carp! u1naris - This muscle originates from the common extensor origin and 
the posterior border of the ulna and inserts into the medial aspcct of the base of the 
fifth metacarpal, causing u1nar dcviation as well as wrist cxtcnsion. 

2.5.2.3 The Muscles Controlling Grip 

Rexor digilorum profundus - This muscle originates from the medial surface of the 

olecranon, the upper two thirds of the medial and antcrior surfaces of the ulna and the 

adjacent intcrosseous membrane. The tcndon for the index finger separates in the 
forearm, with the remaining tendon splitting into three: for the other thrcc ringcrs just 

above the flexor rctinaculum. 11c 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 interphalangcal (PIP), mctacarpophalangeal (MCP) and wrist 
joints. 

Rexor digiforum superficialis - Arising from the common flexor origin, the medial 
ligament of the elbowjoint, 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 %%Tistjoints also results. 

Rexorpollicis longus - The origin of this muscle is the anterior surface of the radius, 
between the insertions of biceps and pronator quadratus and the adjacent interosscous 

membrane. It passes deep to the flexor rednaculum along the medial side of the thcnar 

eminence and inserts on the base of the distal phalanx of the thumb, being a flexor of 

the thumb interphalangeal UP) and MCP joints. 

Extensors digitorum communis, digili 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 proxirnal to the "Tist and 

inserting into the bases of the middle phalanges, and digiti minim! providing a separate 

tendon for insertion into the little finger. The latter, extensor indicis arises from the 
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postcrior ulna and intcrosscous mcmbranc and inserts into the middle phalanx of the 
index fingcr. All these tendons exccpt digiti minimi pass through a common synovial 

shcath. Arising from the inscrtion of these tcndons is the dorsal digital cxpansion, 

which inscrts into the distal phalangcs. 

Extensor pollicis Iongus - Originating from the back of the ulna, this muscle passes 
deep to the extensor rctimculurn and inscrts into the basc of the distal phalanx. As wclI 

as extending the IP and MCP joints of the thumb, the muscle also tcnds to oppose the 

action of opponenspollicis. 

Extensor pollicis brevis - This musclc ariscs from the radius and the intcrosscous; 

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. 

2.51.4 The Ligaments of the Elbow 

Radial gateral) ligament complex - Figure 210 shows the lateral ligament complex, 

which comprises four parts. The lateral u1nar collateral ligament is the only true 

collateral ligament (that isý one which originates directly from and inserts directly into 

bone) and passes from the lateral cpicondyle of the humerus to the lateral border of the 

u1nar. 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. Tle accessory 

collateral ligament passes from the annular ligament to the insertion of the lateral 

u1nar collateral ligament, but is not always present. 

Unar (medial) ligament complex - Figure 211 shows the three bands of the medial 
ligament complex. The strongest of these, the anterior band, runs from the medial 
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cpicondyle of the humerus to the sublime tubcrcle on the medial border of the coronoid 

process. I'lic posterior band runs from the coronoid process to the mcdial border of the 

olecranon and the transverse band spans the medial olccranon border. Ile latter band 

is functionally less important than the other two, and is often barely dcfincd (Morrcy 

(1993)). 

2.5.2.5 The Ligaments or the Wrist 

A detailed description of the intcr-carpal ligaments is outivith the scope of this study, 

therefore only the proximal extrinsic ligaments will be dcscribcd 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 

Ii gamcntous anatomy. 

Radial collateral ligament - nms 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 aV shape. The deep fibres are 

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

Ulno-carpal complex - is a group consisting of several components. The u1no-carpal 

meniscus is a cartilaginous structure separating the ulna and carpus which, in fact, is 

strongly bound to the u1no-dorsal. comer of the radius and inserts into the u1nar border 

of the triquetrum. The triangular fibro-cartilage (rFQ shares this origin and inserts 

into the base of the u1nar styloid. The TFC is also joined to the carpus by the u1no- 
lunate ligament. 

UInar collateral ligament - although distinguished as a ligmnent of the dorsum of the 

wrist, this is simply a Uckening of the joint capsule and contributes little to wrist joint 

stability. 

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

and triquetnun, and is relatively weak. 
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2.53 MOMENT ARMS AND LINES OF ACTION 

2.53.1 Magnetic Resonance Imaging (NIRI) 

Recent advances in imaging technology have opened the possibility of using In vivo 
data for the origin and insertion points and lines of action of muscles, tendons and 
ligaments. The fact that the muscles would have tone, and subjects could be imagcd in 

functional positions, for example gripping, would give rise to superior data to that 

obtained from cadavcric 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 antcrior and Achilles 

tendons from sagittal plane MRI scans. Koolstra el 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 imagingwith the line of action of the muscle. He showed that if a 

short, Uck 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 arc tendinous as they cross 

the joints but could be a problem for a muscle such as brachialis wMch is fleshy as it 

crosses the elbow joint. An iterative procedure to overcome this was presented by 

Koolstra et. aL 

At present, a number of problems are associated uith obtaining suitable data from the 

technique. In order to achieve sufficient resolution and high signal/noisc ratio it is 

necessary to have one or more of the follo%ing: 

a long acquisition time; 

very thick slices; 

specialiscd equipment. 

The first of these ran 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 finther 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 bccn hopcd that MRI would be uscd for die detcnnination of anatomical gconictry 
in this study, howcvcr the difficultics outlincd abovc conspircd to prcvcnt this, and 
cadaveric data from the litcraturc had to be uscd. 

2.5.3.2 Moment Arms and Lines of Action for Muscles Crossing the Elbow 

Pigeon el. at. (1996) compiled the data of several other investigators, including Amis 

et. aL (1979), Ilorii et. aL (1993) and Winters and Klc%vcno (1993), to obtain the 

moment arms (MA) of 13 arm and forearm muscles. Tlicy described the flexion- 

extension moment arm versus clbow flexion angle in terms of polynomial equations, 

of 2d, P and S'h order. The R2 value for the correlation was in all cases greater than 

0.9904, except for anconcus for which a value of 0.9349 %N-as obtained. Thc data of 
Amis el. aL, whilst being a comprehensive study of the structures involved in elbow 
function, relied on the accurate measurement of only one, embalmed cadaver. The data 

from Pigeon el. aL for Nxion-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. Seircg 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 %vas 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 an-ns 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 arm in six different positions, encompassing 
three flexion angles and three rotation positions. Ilese data were used for the current 

study, as they offered data on all the required muscles, and the lack of a sutTicicnt 

number of elbowjoint 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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elbow muscles with respect to the bones at various flcxion 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 Gcrbeaux et. aL (1996). While each 

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 geometry reported in the literature, there is a failure 

to report non-nalising factors that can be used to scale the data to a particular subject. 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 measured 

epicondylar width, using drawings or anatomical imagcs. 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, arc showm in Figures 2.23 to 2.25. 

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

Extensive data on MA of muscles crossing the %vristwere 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 superricialis into 

their individual tendons. A comparison of Buchanan's data for the fivc prime wrist 

motors with the 'work of two other investigators (Loren (1995) and Amis (1978) is 

given in Figure 2.26. Data from florii (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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Insufficient data were available on either lines of action, or origin and insertion 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 mdius. 

2.5.3.4 Moment Arms forMuscles Crossing the MCP Joint 

Data taken from Brand and I lollistcr (1993) %%vrc used to calculate the moment arms of 
the MCP flexor tendons profundus and supcrflcialis. 111c 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 supcrflcialis tendons to overall 
A-Pjoint thickness was obtained from an MRI scan. 

2.53.5 Ligament Lines of Action and Moment Arms 

Nicol (1977) gave origin and insertion 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 uniL These data were used for the calculation of lines of action and 

moment arms. All data were normaliscd, according to cpicondylar width. Other studies 

of elbow ligaments have been reported, but werc either descriptive (Fuss (1991)) or 
based on materials testing and kinematics (Regan el. aL (199 1)). 

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

extension or radio-ulnar deviation axes, -vithin 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 arc 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 ofjoint axes in the trochlea, as measured 
by Nico I (19 7 7). 
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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 derining 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) flu-cc equations may be written. One 

balancing moments in that Plane and two equating the forces along each of the axes. 
To calculate the moments due to muscle, ligament and joint forces, knowledge of each 

structure's moment arm about the centre of rotation is needed. 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. 

Wbilst it is recognised, that the model should be as realistic as possible in order to 

provide meaningful data, some simplifying assumptions have been made for two 

reasons: that the model be mathematically soluble and that sufficient data exist in the 
literature to allow its completion. 

2.5.4.1 Elbow Joint Geometry 

A detailed study of elbow joint geometry -was made by Nicol (1977) for the design of a 

prosthesis, in which the force on the trochlea was split into two components, medial 

and lateral. Nicol measured the geometry of four cadaver elbows and found that the 

joint axes were rotated relative to the u1nar axes by 30" in the x-y plane and 7* in the y- 

z plane. Thus, joint forces given in this 'joint' axis system were translated into the 

uhiar axis system before being equated to external and muscle forces measured in the 

u1nar system. The relative rotation ofjoint axes is shown in Figure 2.27. 

Figures 2.28 to 2.30 show schematic diagrams of the elbow joint model used in Us 

study and the forces and moments acting on it. The following abbreviations are used in 

these diagrams: 

Fx, Fy, Fz are external forces applied to the limb, in the u1nar axis system. 

Mx, My, Mz are external moments applied to the limb, in the u1nar axis system. 
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Figure 2.28 System offorces and moments acting on the elbow in the sagittalplane. 
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Figure 229 Yhe system offorces and moments acting on the elbow in the transverse 
plane. 
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Figure 2.30 The system offorces and moments acting on the elbow in the ftontal 
plane. 
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JLATand JmEDarc forms applicd to the trochica latcral and mcdial faccts rcspcctivcly, 
in the joint axis system. 

JR is the force applied to the radial head, assumed to be parallel to the long axis of the 

ulna. 

Fn. Ex and FExT are the combined forces of the muscles and ligamcnts, taking account 

of their respective lines of action and moment arms, grouped into flexors and extensors 

respectively. They arc too numerous to show individually. 

FMR and FNM are external and internal rotator groups, similar to above. 

FAB and FAD are abduction and adduction groups as above. 

Figure 2.28 shows the model in the sagittal plane. The forces acting on the trochica and 

the radial head are assumed to pass through the centre of rotation in the sagittal plane, 

and thus have no moment effect. It is also assumed that there is no moment effect due 

to the ligaments, as they originate from a point approximately on the flexion-extension 

axis. 

Figure 2.29 shows the model in the transverse plane. The position of the centrc of 

pressure of the forces along the trochlear surface %%-as calculated by Nicol (1977), and 
is shown in Figure 2.31 Ile radial head force has no moment effect in this plane, nor 

any force contribution. 

Figure 2.30 shows the model in the frontal plane. The lever arm for the radial head 

force about thejoint centre iswas also obtained from Nicol (1977), and is calculated as 

0.3 times the epicondylar %idth. 

For the purposes of reporting, the medial and lateral elbow joint forces are given as 

single forces acting in a given direction, where the angle quoted is measured 

anticlockwise from the positive joint x-axis. The resultant joint forces were allowed to 

take a direction from +80* to -80* to the zero degree direction given (Figure 2.32), 

ensuring stability in the humero-ulnar joint, and were 2511 out of the x-y plane as 

shown in Figure 2.29. For ease of solution, the forces were split into components along 
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Figure 2.30 The system offorces and moments acting on the elbow in the frontal 
plane. 
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JLAT and JmED are forces applied to the trochlca lateral and medial faccts; respectively, 
in the joint axis system. 

Jp. is the force applied to the radial head, assumed to be parallel to the long axis of the 

ulna. 

Fn. Ex and Fm are the combined forces of the muscles and ligaments, taking account 

of their respective lines of action and moment arms, grouped into flexors and extensors 

respectively. They are too numerous to show individually. 

FEM and FKrR are external and internal rotator groups, similar to above. 

FAB and FAD are abduction and adduction groups as above. 

Figure 2.28 shows the model in the sagittal plane. The forces acting on the trochlea and 

the radial head are assumed to pass through the ccntre of rotation in the sagittal plane, 

and thus have no moment effect. It is also assumed that there is no moment cffect due 

to the ligaments, as they originate from a point approximately on the flexion-extension 

axis. 

Figure 2.29 shows the model in the transverse plane. The position of the ccntre of 

pressure of the forces along the trochlear surface was calculated by Nicol (1977), and 
is shown in Figure 2.31 The radial head force has no moment cffect in this plane, nor 

any force contribution. 

Figure 2.30 shows the model in the frontal plane. 17he lever arm for the radial head 

force about thejoint ccntre is was also obtained from Nicol (1977), and is calculated as 

0.3 times the epicondylar width. 

For the purposes of reporting, the medial and lateral elbow joint forces are given as 

single forces acting in a given direction, Where the angle quoted is measured 

anticlockwise from the positive joint x-axis. The resultant joint forces were allowed to 

take a direction from +80* to -80* to the zero degree direction given (Figure 2.32), 

ensuring stability in the humero-uInar joint, and were 25* out of the x-y plane as 

shown in Figure 2.29. For ease of solution, the forces were split into components along 
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Figure 231 Section through trochlea showing position of centre of pressure of 
trochlearforces in x-zpIane, from Nicol (1977). 
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Figure 232 Diagram showing the extent of the joint contact area in the trochlea 
Lateralforce only shownfor clarity. 
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Figure 2.33 The lateral trochlearforce resolved into components along thejoint axes. 
Negative direction is shown dashed 

48 A 



the joint x and y-axcs, with the y component able to take positive or negative values. 
See Figure 2.33. Ilius the stability constraints at the clbow wcrc: 

JL, 
ry - JLArx tan80 <0 (2.29) 

JUEDY 
- J"EDx tan 8050 (2.30) 

However, as the variables must take non-ncgative values, according to the primary 

constraints of the Simplex routine described in Section 2.4, the solution procedure was 
divided into four stages, with each possible combination of the joint force directions 

being tested. That is, the y components of the medial and lateral forces werc set to 

anterior-anterior, posterior-posterior, posterior-anterior or antcrior-postcrior, and the 

minimum condition according to the objective functionmas taken as the result. 

2.5.4.2 Wrist Joint Geometry 

A very simplified model of the wist joint has been used in this study, as modelling the 

intercarpal forces was outwith the scope of the study. The %%Tist joint contact has been 

modelled as a single force passing through the centre of rotation in the head of the 

capitate. 

Figures 2.34 and 2.35 show the system of forces acting on the wristjoint. Joint stability 
has been assured by limiting the angle that the resultant joint force can make with the 

radial long axis, to a maximum of 300 in both planes. 

As previously stated, the Simplex algorithm does not tolerate negative values in the 

variables, and the antero-posterior and medio-lateral forces at the 'ATist joint were 

therefore constrained to be positive. In order that they could take the full range of 

values within the stability constraint noted above, the axes were rotated through 30* in 

both the sagittal and frontal planes. The stability constraints were then 

J, Jy tan 60: 9 0 

J., J. tan 60 -5 0 (2.32) 
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Figure 2.34 System offorces and moments acting on the wristjoint (distal radius) in 
the sagittal plane. 

Figure 2.35 System offorces and moments acting on the wristjoint (distal radius) in 
thefrontalplane. 
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where J,,, J, 'and J., arejoint forces in the rotated axis system. y 

2.5.43 The Simplex Tableau for Optimisation 

The Simplex routine requires that the objective function and constraint equations arc 

entered into a tableau, where the cocfficicnts of each equation form a row. In this case, 

there are 25 variable columns and 31 constraint rows in the first stage, and 24 variables 
in the second stage as sigma is removed and incorporated as a constraint. The variables 

are listed in Table 2.1. 
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Variable type Variable name Description 

FCR Flexor carpi radialis 

FCU Flexor carpi u1naris 

ECU Extensor carpi u1naris 

ECRB, Extensor carpi radialis brcvis 

ECRL Extensor carpi radialis longus 

Muscle forces BIC Biceps brachii 

BRA Brachialis 

BRD Brachioradialis 

PRT Pronator tcrcs 

TRI Triceps 

ANC Anconeus 

PRQ Pronator quadratus 

SUP Supinator 

MCLA Medial collateral ligament (antcrior) 

Ligament forces MCLP Medial collateral ligament (posterior) 

LCL Lateral collateral ligament 

JLATX Lateral olecranon (x-component) 

JMEDX Medial olecranon (x-component) 

Joint forces JLATY Lateral olecranon (y-component) 

JMEDY Medial olecranon (y-component) 

JR, Radial head 

JWX Wristjoint, (x-component) 

JWY Wristjoint (y-component) 

JNVZ Wristjoint (z-component) 

Muscle stress SIGMA Maximum overall muscle stress 

Table 21 Description ofrariables entered into the Simplex tableam 
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CIIAPTER3 SUBJECTTESTING 

3.1 RANGE OF SUBJECTS 

Tcn normal voluntcers from within the Unit %Nvrc rccruited to pcrfon-n the tcsts, fivc 

maics and five females. All subjccts were right hand dominwit. I'lic range of heights 

and body masscs is shown in Tabic 3.1. 

3.2 DESCRIPTION OF ACTIVITIES 

'ne subjects were asked to perform a range of activities chosen to reproduce motions 

commonly seen in occupational duties. Each activity involved lifling the force 

transducer from a table, moving it dirough approximately 500mm to the side and back, 

and replacing it. This Nvas rcpeated five times for each grip, using four different types 

of grip. For two activities, an additional mass of approximately 1.8kg %vas added to the 
device in order to move the position of dic ccntrc of mass and thus change the moment 

about thejoints. The four activities are described bclo%v. - 

9 Vertical power grip -the device rests on the table uith the handle vertical and is 

grasped using a power grip. The device has just its own mass of 1.9kg. This is 

shown in Figure 3.1. 

o Chuck grip -the device rests on the table %Nith the handle vertical and is grasped 

with three fingers (index, middle and ring) and the thumb in a form of precision 

grip. The device has just its ovm mass of 1.9kg. This is sho%%m in Figure 3.2. 

* Horizontal power grip -the device rests on the tabl c %Nith the hand Ic horizontal 

and is grasped using a power grip (as in hammer grip). T'herc is an additional 

mass attached to the end of the transducer to move the centre of mass away from 

the hand, bringing the total mass to 3.85kg. This is sho%%m in Figure 3.3. 

* Hook grip - the device rests on the table with the handle horizontal and is 

grasped using a hook grip (as in lifting a suitcase). There is an additional mass 

attached to the device so as to bring the ccntre of mass under the hand. The total 

mass is 3.85kg. Ilis is shown in Figure 3.4. 
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Subject Height (cm) Body mass (kg) Age Sex 

1 168 61.5 35 M 

2 166 53.5 28 F 

3 180 70.5 26 M 

4 166 66.5 26 F 

5 166 66.5 24 M 

6 182 77.3 29 M 

7 166 56.5 25 F 

8 167 73.7 27 M 

9 162 64.0 34 F 

10 164 59.5 27 F 

Table 3.1 Details ofsubjects included in the study 
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Figure 3.3 Subject peý/brming the power grip with handle horizontal. 

Figure 3.4 Subject pei. -f6rming the hook grip. 



CHAPTER 4 DATA PROCESSING 

4.1 SOFMARE 

Data processing %%ms carried out in several stages, shown in flowchart form in Figure 4.1. 

Reconstruction and labelling of the markcr trajectories -. N-as carried out using the 

Vicon3700 soft%vare from Oxford Metrics. From there the data wcrc saved in the c3d file 

format and converted to text using a program called c3dcxportcr, also from Oxford 

Metrics. 

All programmes using these data in text format were custom written using LabVIEW G, a 

graphical programming language with an extensive mnge of in-built functions, or Borland 

C++. The simplex algorithm %vras implemented using a routine adapted from Fowler 

(1997). Flowcharts outlining the steps involved in the calculation of external forces and 

moments (Figure 4.2) and the calculation of internal forces (Figure 4.3) are given. 

4.2 INTERPOLATION 

Due to the inherent difficulties of conducting complex motion analysis, some of the 

marker trajectories were incomplete. In order to make use of the data, gaps of less than 

ten frames were interpolated using a 3"d order polynomial interpolator. 

4.3 FILTERING 

The data were filtered to remove unwantcd noise. Effective filtering is essential as small 

errors are greatly magnified by the double differentiation process used in determining the 

acceleration values of the mark-ers. The most common sources of noise were systemic 
(digitisation errors and reconstruction errors) and electrical interference. 

Digital filtering was carried out, using LabVIEW routines. The type of filter used was a 

finite impulse response (FIR) filter with 25 taps, the number of coefficients used in the 

implementation. After power spectrum analysis, it %%-as decided to use a cut-off fi-equency 

of 3 Hz for all trajectories. The force datawere also filtered at 3 Hz. 
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begin 

collection of data using 
Vicon370 software 

reconstruction and labelling of 
marker trajectories 

conversion of data from 
c3d to text format 

calculation of external 
forces and moments 

calculation of muscle, 
ligament and joint forces 

end 

Figure 4.1 Outline flowchart showing the processes between data collection and the 
calculation of internal forces. Processes shown bold involved custom written 
software. 
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begin: calculate 
external loads 

-A read marker Input body mass read In data 
coordinate d ta 

, 
71a from force e and height from text file transducer 

Interpolate marker 
position data to IIIII 11ter data 

any gaps 

I 

filter data calculate tK* II 

segment parameters calculate grip forces 

construct technical axes 

construct bone- calculate position of 
embedded axes MCP joints 

calculate joint positions and 
orientations using foating 

axis system 

calculate loading on 
elbow and wrist joints 

no 

calculate position 
and acceleration of 

centres of mass 

calculate MCP 
joint moments 

last hme? 

yes 

graph results and 
write to text file 

end 

Figure 4.2 Flowchart detailing the stages involved in the calculation of the external 
forces and moments. 
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', -in: calculate VVV internal fbrces 

read external Input subject Input moment 
load data 

// 
measurements 

XX 
arm data 

calculate subject 

construct moment and force IX input muscle 
eauilibriurn eauations I PCSA data 

----1 
-, 

define muscle build tableau I- stress limits 

initial trochlear minimise max. 
lbrce r)osition muscle stress 

change trochlear 
tried 4 

trochlear force 
force combination -<combinations? 

minimise sum of 
ioint forces 

I 

extract data from I 
return tableau 

I 

calculate resultant forces 
values and anales 

I graph results and write to file I 

L end 

Figure 4.3 Flowchart showing the steps involved in the calculation of internalforces 
using the optimisalion procedure. 
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Figure 5.2 Variation of wrist joint angles during the vertical power grip activity. 
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activity. 
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CHAPTER 5 RESULTS AND DISCUSSION 

5.1 ANALYSIS OF ACTIVITY AND MODEL BEHAVIOUR 

'I'lie graphs presented in this section show a range of parameters against time for each 

activity. The purpose of these graphs is not to surnmarise the data, but to prcscnt the 

results in terms of the loading on the structures of the forearm and how that relates to 

the analysis undertaken here. It is not possible to draw conclusions relating to the 

whole sample population or to a particular activity from the following results and 
discussion. Within each activity, data from the same trial are used for direct 

comparison. One example of each activity is examined. 

5.1.1 POWER GRIP (HANDLE VERTICAL) 

5.1.1.1 Kinematics and External Loading 

Figure 5.1 shows the variation of elbow joint flexion angle during the performance of 

the vertical power grip activity. The subject moved the device from a near position to a 
far one and back again, and this is reflected in the increase and then decrease of the 

joint angle. The range of motion moved through is small, at only approximately 25*. 

The motion of the wrist joint can be seen in Figure 5.2, where the largest range of 

motion occurs in flexion-extension. The maximum extension is reached at the end of 
the motion as the device is returned to its starting position, and is approximately 45*. 

The motion through radio-ulnar deviation is much smaller, and reaches a maximum of 

approximately 17* radial deviation. 

Figure 5.3 shows the moments applied to the MCP joints during the activity. The 

labels 2 to 5 represent the index, middle, ring and little fingers respectively. it must be 

noted here that the distribution between the fingers seen in the graph is calculated 
based on their relative moment potential, not measured, and the effect of the thumb on 

the device is accounted for by transferring its load to the fingers, as explained in 

Section 2.3. The peaks in MCP joint moments occur as the device is pickcd up, both as 
it is moved away from and returned to the subject. This is due to two factors: one is 

that the device is accelerated upwards at this point and the other is that the subject 
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vertical power grip activity (Ne wtons). 

57A 



initially applies more force than necessary to prevent slip, before relaxing the grip a 
little. 

The distribution of forces around the cylinder during the %, crtical power grip can be 

seen in Figure 5.4. This is the situation at an instant in time, the time at which the total 

grip force is a maximum. It can be seen from this that the highest forccs occur adjacent 

to the MCP joints and to where the thumb and finger overlap opposite this. I'lic forces 

orthogonal to these arc significantly lower. 

The external moments and forces applied to the elbow and %kTist joints can be seen in 

Figure 5.5 and Figure 5.6. The loads applied to the elbow are defined in the u1nar axis 

system and the loads applied to the wrist arc in the radial axis system. Loads tending to 

flex, adduct and internally rotate the joints arc positive. 

It can be seen from these figures that the external loads are relatively constant during 

the activity. At the point in the middle of the activity where the transducer is placed on 

the table and the grip force diminishes, the external moments due to the transducces 

mass and inertial properties should decrease. 11owcvcr, the threshold for deciding 

whether the transducer was being held sufficiently tightly to exert a moment at the 

joints Nvas set too low, and this gave rise to the transducer appearing to continue to 

affect the joint moments even while it Nvas resting on the table. This leads to the 

unrealistic loading situation where the elbow and Nvrist joint moments are high, but the 

grip force is virtually zero. The data arising from these conditions were excluded from 

later calculations. 

Figure 5.5 shows that the load on the elbow throughout the activity is one tending to 

extend, pronate and adduct the joint. At the wrist joint, the loading condition is one of 

flexion and u1nar deviation. The rotation cfFect at the wrist passcs from internal to 

external and back to internal, but this component of the load was not includcd in the 

model. 
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5.1.1.2 Internal forces 

Figure 5.7 shows the distribution of forces amongst the structurcs of the an-n during the 

vertical power grip activity. The values of tension for the flexor digitorurn profundus 
(FDP) and flexor digitorurn superficialis (FDS) muscles arc calculated dircctly from 

the MCP moments, the others arc the rcsults of the optimisation routine. 111c forccs in 

FDS and FDP were found to be very similar aflcr summing the contributions from 

each digit. 

'Me unrealistic loading conditions described in the previous section led to tile model 
being insoluble, and in these cases the results were artificially set to zero, giving rise to 

the zero values seen in the curves at the times when the grip force is very low (or zero). 
This does not affect the maximum values obtained nor the validity of the solution 
during the rest of the trial. 

The maximum forces for each phase of the motion coincide with the maximum grip 
force, i. e. just after the device has been picked up. I'lle measured loads tend to flex and 

cause u1nar deviation at the wrist and these moments are opposed by the actions of 

extensor carpi radialis longus (ECRL), extensor carpi radialis brevis (ECRB) and 

extensor carpi u1naris (ECU), which reached peaks of 30ON or more in this case. 'Me 

use of ECU to oppose the load when the load is tending to cause u1nar deviation is 

brought on by the need to also oppose the flexion moment produced by the tendons of 
FDS and FDP at the wrist. This is a clear case of co-activation being predicted, in both 

an antagonistic and a synergistic way, by the use of a highly constrained, linear system. 

At the elbow, the loads tend to cause extension, adduction and pronation, and these arc 

resisted by a combination of brachioradialis (BRD) and biceps brachii (BIC) and the 

medial joint force (Figure 5.7 and Figure 5.8). During most of the trial, BRD is used as 

the primary flexor as it has the largest moment arm. It is also positioned so as to 

oppose the adduction moment. Between 3 and 4 seconds through the trial, however, 

BRD is suddenly switched off and BIC is used in its place. This sudden s%vitch 

represents non-physiological behaviour of the model, but is explained in terms of the 

rules and assumptions on which the model is based. This represents a limitation of the 

model and in particular the linear optimisation technique used to solve it. At this 
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instant during the trial, there is a sudden decrease in the adduction moment at tile 

elbow (Figure 5.5). This reduced need for the abduction action of BRD, combined with 
the increased flexion moment arm of BIC (Figure 2.23) due to the corresponding 
increase in c1bowjoint angle (Figure 5.1), means that it is now possible for tile model 
to select BIC to satisfy the constraints and reduce tile overall muscle stress, as BIC is a 
larger muscle than BRD. 

There is also some activity in flexor carpi radialis (I'CR), brachialis (BRA) and 

anconeus (ANQ and some load is taken by the antcrior part of the medial collateral 
ligament (MCLA). Although a large muscle, BRA has a much smaller moment arm in 

flexion than either the BIC or the BRD, and also tends to increase pronation of the 
forearm more than BRD at these joint angles (greater than 50' flexion) and this is why 
it is not used in this case. 

Examination of the joint contact forces reveals that the medial trochicar force (MED) 

is consistently larger than the lateral trochlear force (JLAT) and the sum of the two, 

trochlear forces exceeds IOOON at its maximum. Tbe radial head force (JR) reaches a 

value of approximately 250N. It is expected to be lower as the joint loading is that of 

adduction, although its presence is necessitated by the force in BRD. The force in the 

wrist joint is very high (up to 2000N) due to the high forces in the large number of 

muscles that cross it (FDS, FDP, ECU, ECRB, ECRL). 
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5.1.2 CHUCK GRIP 

5.1.2.1 Kinematics and External Loading 

Figure 5.9 shows the range of motion of the clbowjoint during the chuck grip activity. 
The flexion angle varies between approximately 28* and 54* during the motion, i. c. 

slightly more extended than in the previous activity of'vcrtical powce. 

The ANTistjoint motion, shown in Figure 5.10, differs from the previous activity in that 
it is strongly adductcd for a large part of the trial, up to 33*, but cxtcnded less, up to 

100. The adduction angle decreases to approximately 100 as the transduccr is movcd 

away from the body. 

Figure 5.11 shows the variation in MCP joint moment, wlicrc joints 2,3 and 4 arc 
those of the index, middle and ring fingers and joint I is that of the thumb. In this casc, 

the load sharing between the digits is measured, not assumed. Note that MCP1 and 4 

take the highest proportion of the load for most of the trial. 

Tbc length of time taken to complete the activity, 6.5s, is longer than the previous 

activity and the peak- seen at the start of each phase is not seen, suggesting the activity 
is being performed more cautiously. 

Figure 5.12 shows the force distribution between the thumb and the three fingers 

during the chuck grip, at the point where the total grip force is a maximum. In this 

case, this point occurs 1.76 seconds from the start of the trial. Ile total grip force is 

very much lower during this trial than in the previous one, die vertical power grip, but 

the MCP moment required is similar. This is because the lever arm for the load acting 

against the distal ends of the fingers is large. It can also be seen that the ratios between 

the forces do not correspond to the mtios between the grip moments, as the moment 

ann for the load on each finger is different. 

The external moments applied to the elbow and wrist joints during the chuck grip can 
be seen in Figure 5.13. The values do not change much during the trial, and this is for 

reasons explained in the previous section. However, it can be seen that towards the 

middle of the trial there is some decrease in Mz at the elbow and a corresponding 
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increase in Mx. This is due to the elbow axes rotating so as to align the flexion axis 

more closely with the vertical, hence the gravitational forces contribute more to Nix 

than Mz. 

Throughout the trial, the loading on the limb tends to extend, adduct and pronatc the 

elbow. At the wrist joint, the action is that of flexion and u1nar deviation. There is also 

a small tendency to externally rotate the wrist throughout most of tile trial, but as 

previously stated, this does not affect the model. 

5.1.2.2 Internal forces 

Load sharing between the muscles and ligaments of the arm during the chuck grip 

activity is shown in Figure 5.15. The distribution of musclc activity varies only slightly 

throughout the trial, with the highest forces coinciding %%ith the peak- in grip force. In 

this case, with the thumb acting in isolation on one of the transducer beams, it was 

possible to calculate the force in flexor pollicis longus (FPL). This reached a peak- 

value of approximately 200N. The peak forces in FDP and FDS were much higher at 

over 40ON and 450N respectively. 

The results from the optimisation routine indicate that the required extension and radial 
deviation moment at the wrist is distributed between the ECRL, ECRB and ECU, as 
before. ECRB has a higher force than ECRL, and this is because it has a larger 

moment arm in flexion-extension. However, in this case, compared with the vertical 

power grip, there is a higher force in ECU, and this may be due to the incrcascd radial 
deviation moment caused by the introduction of FPL, and the lower external adduction 

moment. 

At the elbow, the flexion moment is provided mainly by the BRD muscle, as this has 

the largest moment arm, and the ECRL, which is already active to balance moments at 

the wrist. This has a similar moment arm to that of BRA, but has a lower cost in the 

optimisation, although it is a much bigger muscle, because the addition of BRA would 

add to the overall joint compression force. There is a small =ount of activity from 

BRA and BIC towards the ends of the active phase. 
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Figure 5.16 shows the joint contact forces cxpcricnccd during the chuck grip activity, 

and again, the wrist joint force is very high, cxcccding 2000N. Ibis is due to tile high 

level of activity in the muscles crossing the wristjoint, needed for grip and stability of 

the wrist. The radial head force is very high during this activity, and highcr than both 

JLAT and JMED. This is possibly due to tile high forccs rcquircd in ECU and ECRL, 

both of which originate from die lateral side of the distal humerus and would tlicrcforc 

tend to compress the radial side of the elbowjoint. The forces in JLAT and WED are 

similar throughout the trial and generally approximately half that in JR. 
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5.1-3 POWER GRIP (HANDLE HORIZONTAL) 

5.1.3.1 Kinematics and External Loading 

Figure 5.17 and Figure 5.18 show the change in elbow and %NTist joint angles 

throughout the horizontal power grip activity. It appears that the motion at both the 

elbow and wrist joints is more pronounced than in the previous two examples, and the 

activity occurs in a shorter period. T'his may be attributed more to the style adopted by 

the subject than any inherent difference in the nature of the activity. I'lic elbow joint 

motion covers a range from approximately 20* to 60* flexion, and the slope of the 

graph indicates that the joint is being flexed relatively quickly (up to 1.75 Md s"). 711c 

wrist joint moves from 10* to almost 60* in extension and up to approximately 28" in 

uInar deviation. 

The calculated moment on the MCP joints during the horizontal po%vcr grip activity 

can be seen in Figure S. 19. The highest moment in seen in the third MCP joint, that of 

the middle finger, and peaks at approximately 3.7Nm. 

Figure 5.20 shows the distribution of force around the cylinder for the horizontal 

power activity at an instant in time. This shows the maximum forces occurring 

adjacent to the MCP joints and to the point where the thumb, and f ingcr overlap. 11cre 

is also a higher force on the bottom surface of the handle, as might be expected. 

Figure 5.21 shows that external moments applied to the elbow and wrist joints, and 

clearly shows the 'rest' in the middle of the trial %%hen the grip on the transducer %%-as 

relinquished. The small residual moments acting on the arm at this time are due to the 

mass and inertial properties of the limb itself Ibis activity was conducted with an 

additional mass attached to the transducer, bringing the total to 3.85kg. The mass %N-as 

attached at the end of the device away from the handle, further increasing the moment 

effect at the joints. The very sudden change in moment is because there is a single 

threshold value that determines whether the subject is holding the device, whereas in 

reality the transfer of force would occur with a gradual change. This simplification 

does not change the maximum values occurring during the trial, which are of primary 

interest. 
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Throughout the trial the load tends to extend the elbow joint with the maximum 

moment being recorded as 20Nm. There is a large variation in the momcnt value 
during the trial, and a similar effect is seen in the forces on the joints, shown in Figure 

5.22. This pattern can be explained by examining the motion of the joint from Figure 

5.17. When the device is being lifted, or accelerated upwards, there is an increase in 

the inertial force and in the moment produced by the inertial force. As it reaches 

maximum height and is accelerated downwards, the inertial force acts in the opposing 
direction and reduces the moment at the joint. There is also a moment tending to 

adduct the elbow, and to cause pronation during the first half of the trial and supination 
during the second half 

At the wrist joint, there are much larger moments than seen in the prcvious two 

activities due to the increased mass of the transducer. The effect of these moments is to 

cause flexion and u1nar deviation. 

5.1.3.2 Internal forces 

Figure 5.23 shows the forces in the muscles and ligaments during the horizontal power 

grip activity. The forces in the finger flexors, FDP and FDS, are similar to those seen 
in the previous activities, peaking at approximately SOON. The higher flexion and 

adduction moment at the wrist is reflected in the higher forces seen in ECRL and 
ECRB, with the latter reaching a peak of over 700N. ECU is also active, although at a 
lower level. 

At the elbow, the flexion moment is provided by the BRD muscle, and the ECRL 

muscle, which has a significant flexion moment arm at the elbow. BRD, ECRL and 
ECU all have significant moment arms in abduction also, and so are able to balance the 

external adduction moment. BRA is not selected by the model during this activity, 
despite its bulk, as it has a smaller moment arm in flexion than BRD and tends to 

adduct the elbow. BIC is used for part of the trial, particularly at the start and end of 

each phase, as the grip force decreases. At these points the elbow is more extended and 

the difference in moment arms between BRD and BIC decreases. 
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Ibcrc is also some force transmitted through the posterior band of the medial collateral 

ligament (MCLP), although at a low level, during the second phase of the trial. Ilis 

occurs at the maximum angle of elbow flexion, and therefore the minima of the 

adduction moment arms for BRD and ECRL (see Figure 2.24). 11iis causes MCLI, to 

be selected by the model as it becomes relatively more useful in resisting the varus 

stress. 

The joint forces encountered during the horizontal power grip arc shown in Figure 

5.24. Given the high levels of force seen in the muscles, it is not surprising to see very 
high forces in the joints. The wrist joint, in particular, experiences a force of almost 
2500N. At the elbow joint, the force is distributed evenly among the three facets for 

the first phase of the trial, with JLAT, WED and JR all reaching over SOON. In the 

second phase of the trial, the radial head force is very low initially, possibly due to the 

slightly reduced force in the forearm extensor muscles, but increases to%%-ards the end 

of the trial. 
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5.1.4 HOOK GRIP 

5.1.4.1 Kinematics and External Loading 

Figure 5.25 and Figure 5.26 show the range of motion of the clbow and wrist joints 

during the hook grip activity. It can be sccn that the maximum c1bow flexion angic is 

350 and that the wrist joint passes from extension to flexion and back during the trial. 

The wrist joint also remains in u1nar deviation throughout the trial, reaching a 

maximum of approximately 30'. 

The MCP joint moments, shown in Figure 5.27, reach a maximum of approximately 
2.5Nm, significantly lower than in the other three activities. This is to be expected as 

the additional mass of transducer is placed closer to the hand than in the horizontal 

power grip, and the problem of having to prevent slip is not seen as it is in the activities 

where the handle is oriented vertically. The peak moments are seen at the start of each 

phase of the trial, as the transducer is lifted off the table. 

The distribution of force around the grip is shown in Figure 5.28, and shows a similar 

pattern to that of the horizontal power grip. This is because, although the additional 

mass was placed under the handle for this activity, some subjects held the handle 

nearer to its end, thus making the activity similar to the horizontal power grip. This is 

seen in the external loads graphs. 

'Me external moments and forces applied to the joints during the hook grip activity are 

shown in Figure 5.29. The moments applied to the elbow joint tend to adduct and 

extend the joint throughout the motion, and there is a peak in the extension moment 

seen between 4 and 5 seconds which approaches 20Nm. This coincides with the two 

peaks in elbow flexion angle seen in Figure 5.25. There is a similar, although smaller, 

rise in the wrist adduction moment at this time, to approximately 12Nrn. The wrist 

joint is also subjected to a flexion moment throughout the trial. With respect to 

rotation, both the wrist and elbow joints are subjected to loads tending to externally 

rotate them at the start and end of the trial, and loads tending to internally rotate them 

during the rest of the trial. 
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5.1.4.2 Internal forces 

The load sharing experienced between the soft tissue structures of the limb during the 
hook grip activity can be seen in Figure 5-31. Opposing the flexion and adduction 

moments at the wrist joint, both ECRB and ECRL are active thmughout the trial. They 

are naturally selected by the model as they directly oppose the external loading 

condition and the relative contribution from each one is based on their relative sizes 

and moment arms. Some additional activity is required from ECU, however, in order 

to balance the flexion caused by the finger flexor tendon forces. 

At the elbow, in marked contrast to the previous activities, BIC is the major ilcxor. 

BRD is still active throughout the trial, but at a lower level. In the other thrcc activities, 
BRD has proved to be by far the major contributor to elbow flexion. This is possibly 
because there is little difference in the flexion moment arms between these two 

muscles with the elbow in this relatively extended position (see Figure 2.23). This 

means that the selection of BIC instead of BRD by the model reduces the maximum 

muscle stress as BIC has the larger cross-section of the two. There is a small amount of 

force taken through the MCLP towards the end of the trial. This is being used to resist 

the varus stress on the elbow as the forces in the common extensor tendons (ECRL, 

ECU) decrease. 

The fact that BIC produces its peak forces at the beginning and end of the ftW, when 

the forearm is subjected to a supination moment, is a surprise and is reflected in the 

values of joint forces seen in Figure 5.32, where the medial trochlear force is 

significantly higher than the lateral. Also of note is the fact that the time profile of the 

radial head force follows that of the ECU muscle force. This is because the ECU 

originates from the lateral epicondyle of the humerus and thus any increase in its force 

tends to compress the mdio-capitellum joint. The force in the wrist joint naturally 

reflects the forces in the tendons crossing it, and reaches a peak of just less than 

2000N, in this case. 
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5.2 SUMMARY OF MUSCLE9 LIGAIMENT AND Join FORCES 

Figures 5.33 to 5.40 summarise the data for all subjects and all trials. For cach pair of 

graphs, the first gives the calculated force value in cach structure at the point where the 

total joint force is a maximum. The second graph in the pair gives the maximum value 

encountered for each structure during the trial. The mean value and the standard 
deviation are given in each case. It can be seen from these graphs that the differences 

between the distribution at maximum j oint force and the maximum val ues are smal 1. 

The type of loading experienced by the limb during the trials %%-as similar from onc 

activity to the next, although the magnitudes of the loads varied. That is, in cach case, 

the wrist joint was subjected to u1nar deviation and flexion and the elbow joint 

experienced adduction and extension. This inevitably led to a degree of similarity in 

the activation patterns of the muscles and the resultant force levels in the ligaments and 

joint surfaces throughout the trials. 

The most commonly active muscles controlling the wrist wcrc those producing 

extension and radial deviation (ECU, ECRL, ECRB), as might be cxpectcd. Thcrc was, 

however, some activity in the wrist flexors (FCR, FCU) for the activities where the 

transducer had the additional weight attached. This %,, -as possibly to crisure stability of 

the wrist joint against the increased lateral force. 

One of the most surprising outcomes of these trials is the lack of activation in the 

brachialis muscle, elbow flexion being generated by BIC, BRD and ECRL. This 

occurred because the BIC and BRD both have much larger moment arms than BRA in 

flexion and thus can satisfy the moment equilibrium with a lower force. Also ECRL 

has a very similar moment arm to BRA in flexion, but is active to balance moments at 

the wrist also. Thus it has an extra 'benefif, but incurs no extra 'cosf, in terms of the 

optimisation procedure. 

The two activities with the lowest joint contact forces are not surprisingly the ones 

which were subjectively the 'easiest'. These were the power grip with the handle 

vertical (with no additional mass attached to the device) and the hook grip (where there 

was an additional mass but it was located close to the hand). The chuck grip, although 
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Figure 5.35 Distribution of load between forearm structures for the point at which 
the totaljointforce is a maximum, for the chuck grip activity (mean and SD). 
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Figure 5.36 Maximum load carried by each structure during the chuck grip activity 
(mean and SD). 
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Figure 5.3 7 Distribution of load between forearm structures for the point at which 
the totaljointforce is a maximum, for the horizontal power grip activity (mean and 
SD). 
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Figure 5.38 Maximum load carried by each structure during the horizontal polver 
grip activity (mean and SD). 
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Figure 5.39 Distribution of load between forearm structures for the point at which 
the totaljointforce is a maximum, for the hook grip activity (mean and SM 
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Figure 5.40 Maximum load carried by each structure during the hook grip activity 
(mean and SD). 
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performed with the transducer without the additional mass, %%ms difficult as the hand 

position gave the external load a large lever ann against the NICP joints and the 

minimal contact area led to the device slipping through the grip. 

There is a large standard deviation in all the results, indicating a wide variety of styles 

employed by the subjects. The resultant joint contact force depcnds on a numbcr of 
factors including the individual internal geometry, the limb position during the trial, 

the speed with which the task is completed and the confidcncc with which it is 

completed. The latter point may be interpreted as the force %Nith which the object is 

gripped, over and above that which is necessary for complete control. 
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5.3 VALIDATION 

There are three ways in which to validate the model used in the currcnt study: direct 

force measurement, comparison between prcdictcd and recorded muscle activity 

patterns and comparison with results predicted by other authors. I'lic first of these has 

very limited potential for obvious practical and ethical reasons, but %kill be discussed 

briefly. 

53.1 DIRECT FORCE MEASUREMENT 

Schuind et. al. (1992) carried out intra-opcmtivc tendon force measurement on the 

index fingers of five subjects, using buckle-type force transducers. A maximum force 

of 11 8N for the flexor digitorum profundus tendon was measured in the study, with the 

subject performing a tip pinch activity. Whilst direct comparison widi the current study 
is not possible, the tip pinch activity may be considered similar to the chuck grip 

activity described here, where FDP forces of approximately 40ON were found after 

summing the index, middle and ring finger tendon forces. This represents a very 

favourable comparison, with the force levels certainly being of the same order of 

magnitude. The subjects in the study of Schuind et. al. were being treated for carpal 

tunnel syndrome and the effect of this on force production is not known. 

53.2 COMPARISON WITH EMG STUDIES 

T'he ability of individual muscles to perform certain movements or tasks has been 

assessed with the use of clectromyography (ENIG) by a number of investigators. 

Basmaiian (1985) is one of the most comprehensive reports of EMG studies available. 
In studies on the elbow flexors, a number of observations of relevance to the current 

study were made regarding the function of the brachialis, biceps brachii and 

brachioradialis muscles. Basmajians view is that the brachialis muscle may be 

considered the 'workhorse' of elbow flexion as it %%-as usually active %vith the arm in 

pronation, semi-pronation and supination and in unrcsistcd as well as resisted flexion. 

In one subject, however, it showed no activity at all. The biceps brachii muscle was 

always active in supination, but showed very little activity with the forearm in the 

pronated position, whereas the brachioradialis muscle N%Ms more likely to be active 

with the forearm prone or semi-prone. 
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Of the four activities described in this study, three are performed with tile forcann in a 

semi-prone position and one with the forearm prone (the chuck grip). If the graphs of 
force sharing at maximumjoint force are cxamincd, it is seen that as the limb is uscd in 

a more prone position less of the force is providcd by the biceps. 

The most notable difference between the observations of Basmajian and tile results of 

the current study is the very small amount of activity predicted in the brachialis 

muscle, thereby precluding its description as a 'workhorse'. This is likely to be due, as 

previously stated, to its very small lcvcr arm compared to the other two main elbow 
flexors in the model, and therefore its high 'cost' in the optimisation. 1"his has been 

noted as a fundamental limitation of linear optimisation techniques in gcncmi and of 

the current model in particular. It must also be remembered, though, that some 
differences are to be expected as the work of Basmajian was carried out with the 

volunteers performing simple tasks such as flexion or supination, whereas in the 

current study the volunteer performed activities leading to complex three-dimensional 

loading situations involving the wrist and fingers as %vcll as the elbowjoint. 

T'he analyses of wrist and finger muscles indicate that load sharing between the 

extensors carpi radialis longus and brevis is expected, particularly in abduction of the 

wrist. Also commonly seen, as in the current study, is antagonistic activity of the wrist 

motors as stabilisers of the wrist joint and opponents of the grip flexors. 

533 JOINT FORCE VALUES FROM THE LITERATURE 

5.33.1 Elbow joint forces 

Amis et al. (I 980a) found elbow joint forces of up to 320ON (humero-ulnar) at 120* 

flexion for isometric force actions. His studies were based on strenuous activities such 

as pulling up to 600N, and triceps antagonism %N-as included. For high speed actions, 
forces were found not to exceed those of isometric cfforts (Amis et al. (1980b)). Amis 

et al. (1981) found higher forces in the humero-ulnar than in the humcro-radial 

articulation during elbow extension and vice versa during elbow flexion. 

Nicol (1977) developed a simplified model of the elbow joint and prcdictcd joint 

contact forces of up to 2450N at the humero-ulnar articulation and up to 150ON at the 
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humero-radial articulation, for a range of activities of daily living. Ile activities 

studied included eating, reaching to a shelf, pulling a table across the floor and rising 
from a chair without assistance from the lcgs. The highest forces wcrc found for the 

table pulling exercise. 

An et al. (1984) calculated resultant humero-ulnar contact forces of 0.3 - 0.5 times 

body weight for activities of daily living using a simple two-dimensional model. 
Gonzalez ct al. (1996) described a model of the elbow joint complex in whkh they 

predicted values of muscle force of up to 1750N (for triceps). Their model %vas based 

on data from Seireg and Arvikar (1989). Morrcy et. al. (1988) measured force 

transmission through the radial head in three cadaver elbows. They loaded the elbow 
by applying forces to the muscles biceps brachii and brachialis, but failed to simulate 

the action of brachioradialis. 

Halls and Travill (1964) found that the forces transmitted across the elbow joint were 

split between the humero-uInar and humero-radial joints in the ratio 43: 57, for a static 

load applied to the fully extended cadaver elbow. It must be noted that their results 

were obtained from implanted Mansducers, which could lead to alteration of the contact 

areas and therefore alteration of the load transmission. 

In the current study, values of up to approximately 160ON humero-ulnar force (mean 

plus standard deviation) were predicted, and the radial head forces reached 

approximately SOON. The ratio between the humero-ulnar force and the hinnero-radial 

force varied from approximately 88: 12 to 54: 46. 

533.2 Wrist joint forces 

There is a lack of information on wrist joint contact forces in the literature, although a 

number of studies on contact pressure and pressure distribution have been published. 

Ketchum et al. (1978) measured wrist extension moments and derived forces in the 

extensor carpi u1naris (ECU), extensor carpi radialis brevis (ECRB) and extensor carpi 

radialis Iongus (ECRL) of 140,200 and 246 N respectively. In the absence of activity 

in other muscles such as fmger extensors, which they claim is the case, this would give 

rise to ajoint contact force of approximately 600N. This is considerably lower than the 
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forces encountered in the present study for two reasons. The first is that the cxtcnsion 

moments at the wrist measured in this study were considerably higher than those 

reported by Ketchum et. al. Also, in the current study, the hand %%-as being used to grip 

an object and thus the finger flexor forces were high; these forces obviously add to the 

wrist joint force. 

Amis (1978) reported forces in the prime movers of the wist and ringcr flexors, as part 

of a study of the elbow, and deduced wrist compression forces from 2.23Nto 17.7N per 

unit of force applied to the hand. He then quoted a maximum force of 249N on the 
hand, giving wrist compression forces fi-orn 555N to 4407N. The results of the current 

study are well within these limits. 

5.3.3.3 Ligament forces 

In the present study, only the posterior portion of the medial collateral ligament and the 

lateral collateral ligament were found to be significantly loaded, %%ith the highest mean 

occurring during the hook grip activity. For this activity, the MCLP reached 

approximately 400N. Nicol (1977) calculated maximum values of up to 2290N in the 

medial ligaments and 80ON in the lateral ligament for more strenuous activities. Amis 

(1978) calculated a value of over 130ON in the medial ligament. 

The value calculated in this study is well within the range reported by the other authors 
but may still be an over-estimate as work reported by Regan ct. al. (1989) indicates 

that the ligaments may not be as strong as this. They tested the medial ligaments and 

the lateral ligament in a materials testing machine and found that the strongest one, the 

anterior medial ligament, failed at an average of 260N (standard deviation 71N). The 

MCLP failed at an average load of 159N (standard de%iation 40N). For the tests, bone- 

ligament-bone preparations were made from eight fresh frozen upper extremities, six 

of which were from women. The age of the subjects from whom the specimens were 

taken was not given. 
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 CONCLUSIONS 

A three dimensional mathematical model of the elbow, forearm and wrist has bccn 

developed. A biomechanical analysis of occupational lifting activities has bccn 

performed and the muscle, ligament and joint forces resulting fmm this have been 

calculated. 

Validation of the model has shown that it produces results %ithin the cxpýctcd range of 

values and compares favourably to other studies in most aspects. Elbow joint forces 

were predicted to reach approximately 160ON in the trochlea and half Us value in the 

radial head. These values are consistentwith the level of activity studied but may be 

underestimated by a limitation of the model. This is seen in the distribution of force 

between the muscles, with activity in brachialis being severely underestimated. The 

reasons for this have been discussed. Forces in the ligaments were lower than those 

calculated by other investigators, but were justified by comparison with empirical 

results. The wrist joint contact forces predicted were higher than expected, given the 

level of activity. In previous studies, the effect of grip force on the wrist and elbow 
joints has been neglected or underestimated. As a result of this, it is fclt that wrist joint 

contact forces may have been seriously underestimated in the past. 

In the context of cumulative traurna disorder (CTD), these results indicate that lifting 

activities where grip force is significant may lead to unexpectedly high contact forces 

at the elbow and particularly the wrist. The small surface area of the wrist combined 

with the high contact forces predicted will inevitably lead to high contact prcssurcs, 

which can lead to joint degeneration. This should be bome in mind when assessing 

work duties as some correlation between force on the limb and CTD has been shown. 

This work provides a valuable database of external and internal loading encountercd 
during occupational activities which may also be used by biomechanists and clinicians 

to assess the suitability of potential replacement structures and surgical procedures. 
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6.2 RECOMMENDATIONS FOR FURTHER WORK 

There are several areas where advances may be uscfully made %%ifli rcsPcct to the 

current study; the first is the model itself Anatomical data in the litcrature is 

incomplete and significant improvement may be made by the completion of this, and 
by the measurement of in vivo geometry through magnetic rcsonancc imaging. Also, 

the interaction of the radius and ulna has not been examined hcrc, and the forces in flic 

distal and proximal radio-ulnar joints as well as the force in the intcrosscous mcmb=c 

would prove to be valuable information. 

Secondly, the optimisation procedure used to overcome indeterminacy has bccn shown 
to be limited and implementation of a more sophisticated technique could produce 

more physiologically realistic results. 

Lastly, in order to provide a more comprehensive data sct for the analysis of 

occupational activities, a wider range of activities needs to be studied, encompassing a 

greater range ofjoint motion. 
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PART B 

INVESTIGATION OF KNIFE STAB 

CHARACTERISTICS 



CHAPTER 7 INTRODUCTION 

7.1 BACKGROUND 

In a recent study of assault victims presenting at an Accidcnt and Emcrgency unit in the 

West of Scotland, it was found that penetrating weapons had been used in 23% of the 

23 5 cases reported in a two month period (Wright and Kariya (1997)). In anothcr studY, 
in London, knives had been used in 15% of assaults, and accounted for 90% of the 

serious injuries (Hocking (1989)). Another recent report notes that after a concerted 

effort by Strathclyde Police to reduce the number of incidents involving knives, the 

number of serious stabbings attending one hospital fell for a period of ten months, only 

to rise again after tl-ds time (Bleetman et. al. (1997)). 

The need for police officers attending incidents of serious assault to be afforded 

protection is obvious, yet few suitable garments are on offer. Body armour designed for 

anti-ballistic use can, in some situations, allow penetration of a blade and armour 

designed to withstand blade penetration is prohibitively bulky and heavy. The 

development of stab resistant body armour has been a low priority for manufacturers 

until now as they are largely based in the USA, where police officers arc more likely to 

face the threat of shooting than stabbing (Cross (1996)). 

In order to design suitable new garments that, %vill offer the desired level of protection 

%%ithout being prohibitively bulky, accurate knowledge of the level of threat posed by a 

knife attack is needed. Information in the literature about the mechanics of knife stab 

attacks is scarce. Knight (1975) examined the force necessary to penetrate the human 

skin for use in medico-legal cases, and found that a force of as little as 5N %%-as 

sufficient with the sharpest of knives. A similar study, using porcine tissue, U-as carried 

out by Jones et. al. (1994), who published the shape of the force time profiles on the 

knife blade but sadly failed to quote the magnitudes of the forces involved. Finally, a 

study into the most important factors affecting penetration of soft armour was 

conducted by Calvano (1993), concluding that blade geometry u-as of prime importance 

and that backing material had little or no effect. 
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7.2 AIMS 

This study aims to provide scientifically verified data on the characteristics of knife 

stab attacks, allowing the development of more realistic test procedures for stab. 

resistant materials compared to the current, subjectively derived standard of 42J energy 

input. The objective of the research is to measure a range of parameters relevant to 

knife stab attacks, including: velocity of knife, energy and momentum of the attacker 

and knife before impact and the three-dimensional forces, torque, work done and 

impulse on the target after impact. 

The ability of the current drop-tower tests to replicate human knifc stab attacks is also 

assessed, using a telemetry force-measuring knife. 
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CHAPTER 8 METHODOLOGY 

8.1 MOTION ANALYSIS 

8.1.1 TECHNIQUES FOR KINEMATIC DESCRIPTION 

In contrast to the previous part of this thesis, the primary aim of the analysis of stab 
forces was their effect not on the body, but on the target, resulting in simpla kincmatic 

descriptions than previously. The body holding the knife %-, -as modelled as a series of 

rigid segments: trunk, upper arm, forearm and hand, and knife. Local, tcchnical axis 

systems were set up in each segment, as described in Part A Section 2.2.2, and uscd to 

define anatomical points allowing location of joint ccntres. Bone cmbcddcd axis 

systems were not used, however, as only the motion of mass ccntrcs u-as of interest, 

and these were calculated as being along lines joining joint ccntrcs. 

The midpoints of the following pairs of points gave the location of the joint centres: 

Joint centre First point Second point 

Shoulder Anterior shoulder Posterior shoulder 

Elbow Medial epicondyle Lateral cpicondyle 

Wrist Ulnar styloid Radial styloid 

Table 8.1 Definition ofjoint centres. 

For the shoulder, the first point A-as approximately over the lesser tuberosity of the 

humerus and the second point was directly posterior to this. The positions of the 

anatomical points were determined by a physiotherapist during data capture. 

The calculation of the velocities of the segments by differentiation of the position data, 

and knowledge of the mass distribution from published tables (Contini and Drillis 

(1966) and Zatsiorsky et aL (1983)), allowed the calculation of segment linear energies 

and momenta in fluee dimensions. From this, the total, resultant energy and momentum 

of the system just before impact was calculated. It was assumed that any energy or 

momentum that the head, non-involved arm or legs may have had would not be 

transferred to the target. 
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12 
Total Energy =E ? "VI 

Total Momentum =P=j: mv, 

where m, is the mass of the ýh segment and vi is the velocity of the ccntrc of mass of the 

I th segment. The magnitudes of the resultant values arc thcn givcn by 

E= FE,, 2 + EY2 + E.. 2 

22+p2 p= 
vp. 

+ py 

8.1.2 TECHNIQUES FOR MEASUREMENT 

Methods similar to those described in Part A of this thesis %vcrc used for the 

measurement of the kinematics of the limb and force transducer, %vith various 

modifications. As in the previous section, dime markers per segment, mounted on rigid 

plastic cuffs, were used for the measurement of the upper arm, the forearm and hand 

and the transducer. In addition to this, the torso was marked using three markcrs 

mounted directly on to the subject's skin. The mark-cr sct-up can be seen in Figure 8.8. 

Some problems were encountered with data collection which were unique to the study 

of this activity, and arose from its high speed. it %vas found that the knife N%-as impacting 

the target with speeds of up to lOm/s, making the distance travelled by mark-ers 
between subsequent Vicon samples up to 200mm. 

In order to track the markers throughout the motion, the camera set-up shown in Figure 

8.1 proved necessary, with the cameras concentrated on the subject's dominant side. 

Ile camera. positions shown are approximate and were decided upon after a great deal 

of experimentation. 
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Figure 8.2 Delail ofactive componenl o/ fi)rce-measuring knýle. 



8.2 FORCE ANALYSIS 

8.2.1 PROTOTYPE KNIFE 

A strain gauge force transducer, initially designed for the mcasurcmcnt of loads in a 

prosthetic limb, was used in preliminary tests to determine the approximate values of 
forces encountered during knife stab attacks. A cylindrical handle of diameter 35mm 

was mounted at one end while a standard test blade, of length 75mm, %%us mounted at 

the other. Two volunteers from within the Bioenginecring Unit wcrc thcn askcd to stab 

a target using the knife. Based on results fi-orn these tests, a new forcc-mcasuring 

device was designed to fit into the handle of a knife. 

8.2.2 DESIGN OF A NEW FORCE-MEASURING, KNIFE 

The device was designed to measure four components of load: axial force (Fy, along the 

length of the blade), cutting force (FO, lateral force (FO and torque (Nly). The active 

part of the t-ansducer consists of an aluminitun alloy cylindcr of inner di=ctcr 21 nim 

and outer diameter 24mm on which the gauges are mounted (Figure 8.2). A brass boss, 

threaded MIO, is pressed into the end of this to allow fixture of the knife bladc. This 

assembly then fits into the outer handle (Figure 8.3). For safety reasons a padded hilt of 
diameter 90mm is located at the base of the handle. 11be mechanical specification of the 

Icnife is given in Table 8.1 and the physical dhnensions arc given in Table 82. Dctail 

drawings are given in Appendix E. 

Axial force 200ON 

Cutting force 20ON 

Lateral force 20ON 

Torque 3Nm 

Gauge strain at rated load 270g 

Factor of safety* 6 

Table 8.1 Mechanical specUtication offorce-measuring knife. 

*Based on an Ultimate Tensile Strength of 115 Mpa. 

84 



Length of handle 140mm 

Diameter of handle 35mm 

Total mass of knife 360g 

Table 8.2 Physical specification offorce-measuring Jolife 

Data from the instrumented knife were sampled at 250011z, the maximum possibic with 

the Vicon software. Minor processing to take account of any calibration cross-cffccts 

produced the magnitudes of the four components of load. An estimate of the impulse 

transferred to the target was then obtained from the integral of the axial forcc with 

respect to time: 

Impulse= f F. dt 

8.2.2.1 Calibration of the knife 

The device was calibrated using an Instron Materials Testing Machine and using 

calibrated, dead weights. The calibration allows for the presence of cross-talk and 

results in a matrix which is used to calculate load from an array of signals. For a 

detailed description and results of the calibration, see Lane (1996). 

8.23 THE ADDITION OF AN ACCELEROMETER 

8.23.1 Work done 

To allow calculation of the work done on the target during impact, an accelerometer 

was mounted in the handle of the knife, on the back of the blade mounting boss. Trial 

tests with existing equipment indicated that acceleration values of up to 2000msý2 wcrc 

likely to be encountered. To allow for a large factor of safety and to ensure the device 

was sufficiently robust, an accelerometer with a range of ý: 50OOg was installed. 

Acceleration data were used to calculate the displacement of the knife while under load, 

and thus the work done in bringing the knife to rest, where work- is the integral of force 

with respect to distance. Thus: 
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Figure 8.4 Schematic view oftheforce-measuring knife showing the placement ofthe 
piezo-electricforce link 

site force Enk 

Figure 8.5 Detail of the force measuring knife showing the position of the strain 
gauge mounting site. 
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Workdone = fF. ds. 

where distance s is the double integral of acceleration a. Thus: 

S= 
fv. dt =f 

fa. dt 

hence Work done = 
fFv. dt 

8.2.3.2 Inertial Force 

Figure 8.4 and Figure 8.5 show a schematic representation of the knife blade assembly 

and the position of the strain gauges relative to it. It was found during comparison tests 

%%ith a piezo-electric force-measuring device (referred to in the figures as a force link-) 

that the force measured by the strain gauges was less than that recorded by the piezo- 

electric device. There were two contributions to this error 

* the inertia of the mass of metal in front of the gauge site prevented all the force 

being transmitted in the very short time-interval; 

e the connection of the gauge foil to the metalwork was not completely rigid due to 

the visco-clastic properties of the gauge backiýg material and adhesive. 

The first of these was corrected by determining the mass of metal in front of the gauge 

site and calculating the 'lost force' based on the acceleration measured. Hence 

F, -F, =ma 

F, =ma+F2 

where m represents the mass of the blade, piezo-electric force 141k, brass boss in which 

the link is mounted and the portion of the aluminium, cylinder on which the gauges are 

mounted as far as the centre-line of the gauges, and a is the acceleration of that mass. 

The second factor proved to be small after correction for the fu-st. Typical results of 

these tests are shown in Figure 9.24. 
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Figure 8.6 Fully assembled telemetry-basedforce-measuring knife. 

7 Detail oj'strain gauge amplýfier and transmitter circuitry, with aerial, of Figure N. / 
telemetry-basedforce-measuring knife. 



8.2.4 TELEMETRY 

To assess the ability of the current drop-tower test to rcplicatc die forces found in 

human stab attacks, a telemetry force-measuring knife was built. This is a single 

channel strain gauge device, housing a strain gauge amplifier and radio transmitter, 

allowing the axial force on the knife blade at impact to be recorded. The ovcrall 
diameter and length of the casing are 100mm and 125mm respectivcly. The rcceivcr 

and data collection equipment can then be operated at a safe dis=cc from the tower. 

The device is shown in Figure 8.6 and the circuit board contained within it is shown in 

Figure 8.7. 

The momentum and energy of the knife were varied by varying its mass and the height 

from which it is dropped. Tests were carried out with flure diffcrent masscs and thrcc 

starting heights. Three trials at each combination of velocity and mass were tak-cn. All 

trials were completed without the foam backing used in volunteer tests in kccping with 

current testing practice. 

87 



Subject number Body mass (kg) Height (cm) Sex 

1 93 178 M 

2 68 179 M 

3 80 173 M 

4 83 182 M 

5 92 184 M 

6 86 173 M 

7 91.5 179 M 

8 89 184 M 

9 79 184 M 

10 69 166 F 

11 80 190 M 

12 87 179 M 

13 74.5 179 M 

14 83 179 M 

15 54 163 F 

16 70 182 M 

17 64 163 F 

18 98 198 M 

19 85 177 M 

20 66.5 185 M 

Table &3 Profile ofvolunteers used in the study. 
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83 SUBJECT TESTING 

On arrival in the biornechanics laboratory, the procedures were explained to the 

volunteer and an information sheet provided. The subject was then given the 

opportunity to ask questions and asked to sign a consent form. Prior to the test starting, 

the subject was given the chance to practise stabbing the target %%ith a dummy knife to 

become familiar with the response of the target. 

The subjects removed clothing from their upper bodies and markers were attached to 

the upper arm, the wrist and the trunk. As the subject performed the stab, these markers 

were tracked by the six infra-red cameras of the Vicon motion analysis system. Tcsts 

were performed on the target with and without the fbarn backing. 

The subjects performed five stabs for each style with and without foarn totalling thirty 

stabs per subject. The target was positioned vertically for the thrust and sweep and 

inclined to 30" for the overhand stab. 

All equipment and procedures had been approved by the Departmental Safety 

Committee and the University Ethics Committee. All subjects were asked to don safety 

glasses for the test. 

After the test, the height and body mass of the subject were recorded. 

8.3.1 VOLUNTEER PROFILE 

Volunteers were recruited from within the Bioengineering Unit and from Strathclyde 

Police and consisted of 17 males and 3 females. The subjectsbody masses mnged from 

54kg to 98kg and their heights varied from 163cm to 198cm (Table 8.3). 

Examination of an audit of stab attacks committed in Strathclyde in 1995 showed that 

91% of attackers were male. 

88 



89 A 

Figure 8.8 Volunteer performing 'overhand', stab. 
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8.3.2 STYLES OF STAB ATTACK 

Tkee styles of stab were decided upon following consultation with Strafficlyde Policc: 

a short thrust forward, a horizontal style sweep around the body and an ovcrhand stab. 
(See Figures 8.8 and 8.9) 

8.3.3 THE TARGET 

The target consisted of a box of plasticine, previously used in stab simulation tests and 
intended to simulate the compliance of human flesh, covered with a sample of stab- 

resistant material. Following preliminary trials, it %N-as thought that the plasticinc did not 

sufficiently mimic the flesh and thus a piece of foam of density 33kg/M3 and thickness 

30mm was placed between the box and the material. Calvano, N. J. (1993) used foam 

of density 35 kg/m. 3 to simulate resistance of the human body. 

The stab-resistant material was made up of 28 layers of kcvlar 0.3mm thick, in a 

1.4mm pitch weave, arranged in 2 groups of 14, backed by 2 sheets of polypropylcne of 

thickness 1.0mm covered with tightly woven nylon. Overall thickness NN-as I Omm. 
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CHAPTER 9 RESULTS AND DISCUSSION 

9.1 VOLUNTEER TESTS 

Following data collection, the data were processed using the soft=rc providcd with 

the Vicon motion analysis system, and software written for the project using the 

Labview graphical programming language. 

Of the five trials taken for each style of stab, the three with the most complctc data 

were analysed and the trial giving the maximum valuc is rcportcd. For tl1rcc subjccts 

the accelerometer data appeared corrupt and therefore has not been used. It -A-as also 
found, after analysis, that the motion data were incomplete for sonic styles for sonic 

subjects. Table 9.1 displays the number of subjects for whom motion data %vcrc of 

sufficient quality to be included. 

Stab Style, Target Subjects Abbreviation 

Thrust, foam 1-11,14-19 TF 

Thrust, nofoam 1-12,15-20 TNF 

Sweep, foam 1-6,10-12,14-18,20 SF 

Sweep, nofoam 1-6,9-12,15-20 SNF 

Overhand, foam 1,2,4,6,9-11,13,14,16-20 OF 

Overhand, nofoam 1,2,, 4,6,10,11,13-20 ONF 

Table 9.1 Number ofsubjects analysedfor each style. 
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STYLE FOAM NOFOAM 

Max Min Mean 95%ile Max Min Mean 95%ile 

- Thrust 61 14 39 60 85 9 40 68 7 

Sweep 90 17 45 74 103 15 46 73 

Overhand 78 12 38 72 72 7 35 66 

Table 9.2 Energy of system before impact (Joules). 

ýI, 

STYLE FOAM NOFOAM 

Max Min Mean 95%ile Max Min Mean 95%ile 

Thrust 66 16 43 59 68 15 42 61 
_ Sweep 85 22 45 69 104 21 45 67 - 7 

Overhand 1 75 17 43 1 70 1 64 
1 

12 1 42 1 63 

Table 9.3 Momentum of system before impact (kg. nVs). 

STYLE FOAM NOFOAM 

Max Min Mean 95%ile Max Min Mean 95%ile 

Thrust 7.6 3.4 5.2 7.2 8.1 

1 

3.2 5.2 7.7 

Sweep 8.8 4.2 
1 
6.5 
- --- 

8.5 
I 

9.2 3.8 
- 

6.6 
I- 

9.0 
I 

Overhand 
1 
8.3 

1 
3.6 1 6.0 

1 
8.1 1 8.6 2.6 1 5.9 

1 
8.3 1 

Table 9.4 Knife velocityprior to impact (nVs). 
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9.1.1 ENERGY, MOMENTUM, WORK DONE AND IMPULSE 

The data from the motion analysis are summarised in Tables 9.2 to 9.4. The amount of 

energy the volunteers were able to generate in a stab attack took a wide range of 

values, and often far exceeded the previously used index level of 42J, as seen in Figure 

9.1. The values appear to be influenced by the style of approach, with the sweep 

producing the highest values, followed by the overhand and finally the thrust. Figure 

9.2 shows that the values of momentum encountered were also high, with 60kgni/s 

being exceeded in some cases with every style. Ibc cffect of style on the values for 

momentum follows the same pattern as that for energy. 

The work done quoted here is defined as the work done in bringing the knire to rest, 

and was considerably lower than the energy contained in the system before impact, 

often less than half (Figure 9.5). Due to the sudden nature of the impact, it was 

impossible to measure the amount of energy remaining in the body segments, due to 

their continued motion following the impact, and it is possible that this %N-as significant. 

Another factor is that the tip of the knife blade does not lie exactly along the axis of the 

knife, causing the knife to rotate on impact and transferring some of the linear kinetic 

energy into rotational energy. The calculation of work done was subject to an 

exceptionally large uncertainty, due to difficulty in determining the precise instant 

when the knife came to rest, which could have been as much as ±50%. The 

introduction of the foam backing tended to increase the amount of work done in 

bringing the knife to rest; that is, the amount of energy 'absorbed' by the target was 

larger (Figure 9.5). 'Me same is true of the impulse values measured, which were very 

much less than the momentum values (Figure 9.6). 
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Figure 9.1 Energy of system before impact - mean values with maximum and 
minimum pointsfor the three styles ofaitack 
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Figure 9.2 Momentum of system before impact. 
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Figure 9.3 Work done on the targetfor each style. 
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Figure 9.4 Impulses transmitted to the targetfor each style 
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FigUre 9.5 A comparison of the average energy immediately bejbre impact and the 
average work done after impactfor each sryle. 
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Figure 9.6 A comparison of the average momentum before impact and the average 
impulse required to stop the knife after impactfor each style. 
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9.1.2 FORCES AND MOMENTS 

The force along the blade (axial force) ollen reached values in excess of 2000N, as 

shown in Figure 9.7. The average value shown in the graphs of forces and torque arc 

median values because the distribution of results was skew, and this would have led to 

mean values, a more commonly quoted measure of average, being misleading. Again, 

some influence of style was seen on the forces generated, with the overhand stab 

tending to produce the largest forces and the thrust producing the smallest values. 

The cutting force and lateral force values were also found to be large in some cascs, 

and were noticeably style dependent. The highest cutting forces wcre found with the 

overhand style, where the action tends to drag the knife down, and had a mcdian value 

of approximately 30ON (Figure 9.8). Lateral force values tended to be highcst during 

the sweep style of stab, but were generally lower than the cutting forces (Figure 9.9). 

The measured torques, or twisting effects, were also highest during the swccp (Figure 

9.10). 

Figures 9.11 to 9.13 show the combined load effects acting on the knife for each type 

of stab, indicating that the maxima for each component of load do not necessarily 

occur simultaneously. Figure 9.14 shows the effect of placing a layer of foam between 

the stab-resistant material and the plasticine box. With the foam in place the forces 

tended to be lower than without, and the duration of the impact was longer. 
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Figure 9.9 Lateralforcesfor each style. 

10 

9 

5 

4 

3 

2 

1 

0 
TF TNF SF 

Figure 9.10 Torque valuesfor each style. 
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9.13 CLUSTERING OF RESULTS 

Some of the most important parameters have been quoted as percentiles, that is the 

percentage of stabs falling on or below a given value, in Figure 9.15 to Figure 9.22. 

The results of this study suggest that it may be impractical to design a garment that will 

protect against every possible threat, since in such a case the garment would be 

unwearable. It is also the case that different levels of protection would be required in 

different scenarios, and that in some situations the garment would need to be worn 

covertly. There is thus a decision to be made about the level of protection to provide, 

and clustering the results in Us way allows this to be done. For example, although the 

energy exceeded IOOJ in one case, 95% of values were below 70J but only 50% were 
below 40J. 
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Figure 9.23 Load-displacement curves for the backing foam at different loading 
rates. 
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Figure 9.24 Typical force-time profiles found during calibration tests with piezo- 
electricforce link 
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9.1.4 FOAM CHARACTERISATION 

In order to define the mechanical characteristics of the foam used in this study, graphs 

of load against compression for the foam at different loading rates have bccn plotted. 
The tests were carried out using an Instron Materials Testing machine VAth a plungcr 

of diameter 50mm. An example is shown in Figure 9.23. 

The loading rate produced here is approximately I kN/s (1000 Ncwtons per second), 

whereas the maximum loading rate encountered during stab tests was approximately 
200kN/s. It is accepted that the loading rates encountered during the stab tests arc 

orders of magnitude higher than those achievable on the Instron. machine, but the tests 

provide reproducible, comparable numbers which can be used by other researchers to 

compare the properties of the foarn. 

9.1.5 DYNAMIC CALIBRATION OF KNIFE 

Figure 9.24 shows the effect of the addition of the calculated inertial force to that 

measured at the gauge site. It is evident that this corrected figure gives good agrccmcnt 

with that measured by the separate piezo-electric force link. 
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9.1.6 LIMITATIONS OF THE METHODOLOGY 

Although these values appear to be very high, it must be realised that these values 

represent the maximum threat the wearer of an anti-stab garment is likely to face, for 

several reasons: 

* the cross-section of volunteers used in the study, although covering a vAde range 

of body types and sizes, was dominated by large, strong police officers trained in 

the skills of self-defence; 

9 In the calculation of total energy (and momentum), the energy of the torso was 

included but it is difficult to say whether all of this energy would be delivered to 

the target as the joints of the upper limb are not rigid; 

4o the instrumented knife, having a relatively large handle diarneter and a padded 

hilt, allows for the production of higher forces than may be found with a more 

typical attack weapon; 

e the target was rigidly mounted. 

One factor that could work in the opposite direction, however, is the fact that none of 

the volunteers was in a state of fear, rage or excitement, which could tend to increase 

physical perfonnance. 
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Mass (kg) Impact 

velocity 
(m/S) 

Energy 

(J) 

Momentum 

(kg. m/s) 

Peak Force* 

(N) 

4.5 5.4 66.2 24.4 2116 

4.5 7.0 110.4 31.5 2688 

4.5 9.4 198.7 42.3 2979 

1.9 5.4 28.0 10.3 869 

1.9 7.0 46.6 13.3 1772 

1.9 9.4 83.9 17.9 2515 

1.0 5.4 14.7 5.4 511 

1.0 7.0 24.5 7.0 882 

1.0 9.4 44.1 9.4 996 

Table 9.6 A summary of the force values measured in drop-tower tests at different 
levels ofenergy and momentum. 

*Average of three trials 
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9.2 RESULTS OF DROP TOWER TESTS 

Table 9.6 and Figures 9.25 to 9.27 present the results of the drop-tower tests. The 

combinations of velocity and mass to be used in the tests were chosen to try to 

replicate the range of values found in volunteer tests. 

Although it is possible to replicate the magnitude of the axial force produced in human 

stab attacks with the drop-tower, the profile of the force-time curve is different. In 

most cases in the human attack, the force profile has two peaks (Figure 9.14). This 

may be due to the fact that there is some delay between the knife coming to rest and 

the soft tissue of the arm coming to rest. In the drop-tower test, there is only one peak 
(Figure 9.27) and this may be a serious shortcoming in terms of blade penetration. It is 

also very difficult to introduce cutting and lateral forces together with torque, with a 

simple drop-tower test. 

With the current set-up, it can be seen that while the range of velocities, energies and 

momenta can be reproduced, it is impossible to match the combination of all three. It is 

possible to match only two of the three: energy and momentum, energy and velocity or 

momentum and velocity. This is because in the human stab the energy and momentum 

measured were made up of several different masses travelling at different velocities 

whereas the drop-tower has only one mass in motion. Due to the limitations of mass, 

the momentLun values tended to be small compared with those seen in volunteer tests, 

for a given energy value. 
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Figure 9.25 The relationship betweenforce and approach energy during drop tower 
tests. 
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Figure 9.26 The relationship between force and approach momentum during drop 
lower tests. 
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CHAPTER 10 CONCLUSIONS 

The following table summarises the key findings from the volunteer stab 

measurements. The principal aim of the project was to provide such information, 

which could be used to formulate realistic simulations of human stab attacks for the 

testing of protective materials. It has also been shown that different combinations of 

mass and approach velocity in drop tower tests can come very close to simulating the 

magnitude of some of the parameters contained below. This represents a major step 
forward towards obtaining a standard method of testing protective materials, which 

will simulate real life stab attack actions. With the inclusion of work to characterise the 

high load-rate response of tissue and develop a more realistic backing material (flesh 

simulant), the author is confident that a fully verified test standard will be realised. 

Property Maximum 950'percentile Mean Median 

Impact velocity (m/s) 9.2 8.4 5.8 

Impact energy (J) 103 69 36 

Impact momentum (kg. m/s) 104 68 40 - 

Axial force (N) 2261 1885 - 1091 

Cutting force (N) 869 465 - 146 

Lateral force (N) 634 343 - 88 

Torque (Nm) 9.4 6.6 - 2.6 
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APPENDIX A 

This appendix contains detail and assembly drawings for the manufacture of the grip 
force transducer. 
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APPENDIX B 

Figures BI to B6 show the results of the linear regression analysis perfonned on the 
calibration data for the grip force transducer. 
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APPENDIX C EXTERNAL FORCES AND MOMENTS 

The following tables present the external force and moment data obtained during the 

grip study. The following abbreviations are used in the tables: 

Fxe, Fye, Fze Forces acting on the elbow in the u1nar axis system 
Fxw, Fyw, Fzw Forces acting on the wrist in the radial axis system 
Mxe, Mye, Mze Moments acting on the elbow in the u1nar axis system 

Mxw, Myw, Mzw Moments acting on the wrist in the radial axis system 
MCPI Moments tending to extend the thumb MCP joint 

MCP2 Moments tending to extend the index finger MCP joint 

MCP3 Moments tending to extend the middle finger MCP joint 

MCP4 Moments tending to extend the ring finger MCP joint 

MCP5 Moments tending to extend the little finger MCP joint 

F 1,2,3,4,5,6 Forces measured on the grip trarisducer beams 
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trial Mxe Mys Mze Mxw Myw Mzw Fxe Fye Fze Fxw Fyw Fzw 
1524 5.11 1.21 -8.48 1.90 0.63 0.63 -31.7 -21.0 -21.0 9.2 -8.9 -22.3 
1525 5.42 1.04 -8.43 1.79 0.56 0.72 -31.2 -18.1 -22.4 9.6 -7.4 -22.5 
1526 5.42 IA -8.30 1.89 0.82 0.64 -31.3 -20.9 -22.4 9.1 -9.2 -22.1 
1527 5.51 1.41 -8.28 2.08 0.69 0.89 -30.7 -20.4 -22.5 9.9 -9.2 -21.2 
1528 5.61 1.03 -8.26 1.85 0.53 0.60 -30.5 -20.0 -22.7 8.9 -9.0 -21.8 
1924 3.26 0.60 -7.08 1.40 0.42 0.49 -30.8 -13.9 -14.1 6.9 -5.4 -22.3 
1925 3.58 0.57 -7.40 1.28 0.45 0.34 -31.5 -15.8 -15.8 6.9 -7.0 -22.3 
1926 3.41 0.66 -7.15 1.35 0.56 0.35 -30.8 -18.3 -14.3 6.0 -8.8 -21.4 
1724 4.35 0.82 -8.11 1.44 -0.42 1.07 -33.9 -15.6 -17.8 16.5 -6.4 -19.8 
1725 4.29 0.78 -7.74 1.08 -0.39 0.99 -32.5 -14.0 -17.9 15.9 -5.5 -18.6 
1726 4.34 0.51 -7.64 1.22 -0.66 0.96 -31.9 -14.1 -19.1 15.7 -5.9 -20.2 
1727 4.36 0.45 -7.39 1.30 -0.70 0.95 -30.5 -15.1 -18.6 15.1 -6.9 -18.6 
1728 4.65 0.66 -7.97 1.31 -0.51 0.99 -33.2 -15.0 -19.9 16.3 -7.1 -19.8 
1610 3.80 0.78 -7.43 1.57 -0.59 0.66 -30.1 -12.1 -14.3 8.9 -5.2 -21.8 
1611 3.59 0.38 -7.61 1.46 -0.37 0.59 -30.5 -15.2 -13.8 7.8 -7.7 -22.4 
1612 3.34 0.32 -7.90 1.38 -0.33 0.66 -31.7 -12.8 -13.2 8.3 -5.5 -22.9 
1613 3.56 0.31 -7.67 1.48 -0.54 0.66 -30.7 -11.4 -14.1 8.7 -4.6 -22.8 
1209 7.31 0.94 -7.98 1.93 -0.58 1.24 -26.1 -23.6 -26.5 14.5 -13.8 -21.4 
1210 7.60 0.68 -8.46 1.79 -0.60 1.43 -28.0 -25.8 -25.8 13.4 -15.1 -22.4 
1212 7.55 1.07 -8.19 1.95 -0.77 1.44 -26.2 -24.8 -25.2 13.5 -13.5 -21.7 
1213 7.46 0.95 -7.53 1.64 -0.64 1.56 -25.0 -25.1 -25.7 14.2 -14.7 -19.8 
1810 5.02 0.62 -6.84 1.38 -0.45 0.85 -28.8 -19.0 -21.3 13.7 -9.7 -21.6 
1811 5.30 0.79 -6.94 1.48 -0.65 0.65 -27.7 -20.4 -23.1 11.6 -11.0 -21.5 
1812 5.81 0.58 -6.66 1.45 -0.58 0.68 -28.0 -22.3 -25.6 13.2 -12.1 -21.5 
1409 4.92 -0.37 -8.40 0.94 -0.51 0.29 -32.1 -18.2 -18.8 -4.6 -8.3 -24.3 
1410 4.56 -0.46 -8.05 1.07 -0.39 0.21 -31.1 -17.0 -17.0 -5.3 -6.6 -23.0 
1411 4.58 -0.38 -8.42 1.02 -0.53 0.23 -32.5 -15.5 -16.5 -4.4 -5.6 -23.2 
1412 4.26 -0.51 -8.19 0.97 -0.43 0.26 -31.9 -16.0 -15.4 -5.9 -5.9 -23.2 
1413 4.91 -0.47 -8.19 1.01 -0.51 0.23 -32.1 -17.2 -18.6 -5.0 -7.0 -24.3 
1211 7.97 0.68 -7.23 1.83 -0.70 1.47 -23.6 -26.2 -27.1 13.4 -15.5 -19.6 
1927 3.74 0.57 -7.10 1.42 0.41 0.49 -30.3 -17.2 -15.8 7.5 -8.6 -21.7 
1928 3.40 0.65 -7.06 1.29 0.53 0.29 -30.3 -17.6 -15.2 6.6 -8.8 -21.5 
909 5.10 0.98 -7.15 1.62 -0.47 1.00 -27.1 -22.1 -20.1 12.7 -12.7 -20.5 
910 5.29 0.84 -7.49 1.82 -0.66 1.01 -27.3 -18.8 -20.6 13.0 -10.0 -20.5 
911 4.78 0.88 -7.52 , 1.85 -0.68 0.93 -27.7 -18.6 -19.2 11.2 -9.9 -21.3 
912 4.79 1.09 -7.74 1.76 -0.58 1.16 -28.9 -18.5 -18.8 12.5 -9.6 -21.9 
913 4.46 0.96 -7.89 1.78 -0.58 1.04 -30.2 -17.9 -18.7 11.6 -9.5 -21.4 
1024 2.79 0.27 -7.63 1.20 0.20 0.26 -31.3 -7.8 -11.2 5.2 2.6 -23.0 
1025 2.44 0.44 -7.91 1.38 -0.30 0.20 -31.6 -6.4 -9.8 3.5 3.2 -22.2 
1026 3.03. 0.66 -7.27 1.22 0.58 0.26 -29.2 -13.5 -12.5 4.4 -6.4 -21.4 
1027 3.16 0.45 -7.20 1.17 -0.39 0.24 -29.5 -10.2 -12.8 4.4 3.7 -21.4 
1028 3.1 0.46 -7.15 1.17 0.27 0.21 -28.7 -8.7 -12.6 4.0 2.6 -21.3 
mean 4.69 0.60 -7.69 1.47 -0.21 0.71 -30.0 -17.2 -18.5 8.5 -7.7 -21.6 
S. D. 1.37 0.47 0.51 0.31 0.51 0.40 2.3 4.7 4.5 6.2 4.5 1.3 

Table CI Forces (N) and moments (Arm) acting on the elbow and wristjoints during 
the verticalpower grip activity. 
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trial MCP2 MCP3 MCP4 Mcps FI F2 F3 R FS FS 
1524 -2.35 -4.05 -2.52 -1.50 126.4 70.6 61.3 122.4 60.0 24.3 
1525 -1.93 -3.31 -2.06 -1.23 88.8 58.4 35.4 97.9 46.8 15.0 
1526 -1.21 -2.08 -1.29 -0.77 69.1 36.4 29.9 71.3 33.7 11.3 
1527 -1.72 -2.96 -1.84 -1.10 68.9 49.4 29.8 77.1 41.8 11.2 
1528 -1.57 -2.70 -1.68 -1.00 85.8 56.1 33.5 87.4 42.8 16.2 
1924 -0.69 -1.18 -0.74 -0.44 21.4 32.0 11.5 40.2 29.2 17.5 
1925 -0.58 -1.00 -0.62 -0.37 26.2 25.3 16.2 42.6 22.7 15.4 
1926 -0.47 -0.81 -0.50 -0.30 28.5 21.4 14.8 41.4 16.9 15.5 
1724 . 2.12 -3.66 -2.27 -1.35 34.8 46.1 101.8 30.5 52.6 90.6 
1725 -3.78 -6.50 -4.05 -2.41 72.2 $6.0 162.5 57.3 102.5 144.0 
1726 -4.00 -6.89 -4.28 -2.55 95.0 66.3 169.1 63.8 88.9 132.2 
1727 -2.80 -4.82 -3.00 -1.78 62.6 50.0 120.8 51.8 59.1 106.8 
1728 -3.12 -5.37 -3.34 -1.99 71.3 48.0 144.7 51.3 70.3 113.2 
1610 -0.69 -1.18 -0.73 -0-44 27.6 12.8 34.9 26.1 9.7 30.3 
1611 -0.64 -1.09 -0.68 -0.40 17.9 16.3 31.5 19.0 8.4 30.3 
1612 -0.72 -1.24 -0.77 -0.46 17.5 15.9 33.5 10.8 9.8 32.1 
1613 -0.58 -0.99 -0.62 -0.37 13.3 16.1 30.2 5.4 12.6 26.4 
1209 -0.77 -1.32 -0.82 -0.49 67.8 30.8 31.0 69.6 27.2 18.9 
1210 -1.17 -2.02 -1.26 -0.75 57.9 22.7 47.3 53.4 19.3 25.9 
1212 -0.86 -1.49 -0.92 -0.55 42.2 5.9 38.9 38.3 6.5 26.7 
1213 -0.47 -0.81 -0.50 -0.30 48.8 7.8 28.9 36.5 18.7 15.1 

1810 -1.37 -2.36 -1.47 -0.87 27.9 48.9 15.6 53.0 35.3 29.4 

1811 -1.40 -2.40 -1.50 -0.89 26.5 51.0 12.8 55.3 36.3 31.7 

1812 -1.49 -2.56 -1.60 -0.95 22.2 50.2 16.1 48.2 37.9 28.4 

1409 -2.49 -4.29 -2.67 -1.59 84.9 70.9 41.9 102.9 49.1 56.1 
1410 -2.57 -4.42 -2.75 -1.64 107.2 80.8 72.2 136.3 42.2 71.8 
1411 -1.80 -3.10 -1.93 -1.15 73.3 59.1 50.8 94.4 26.5 53.3 
1412 -1.92 -3.31 -2.06 -1.23 93.3 69.1 64.8 112.4 32.3 65.3 
1413 -1.68 -2.89 -1.80 -1.07 71.5 55.1 45.0 86.7 30.8 44.8 
1211 -0.63 -1.09 -0.68 -0.40 48.4 12.8 33.0 41.9 13.4 19.8 
1927 -0.40 -0.68 -0.42 -0.25 27.6 17.3 16.4 34.8 14.4 15.5 
1928 -0.38 -0.66 -0.41 -0.24 26.7 20.7 14.1 34.7 15.6 15.4 
909 -0.61 -1.05 -0.66 -0.39 54.9 15.7 24.1 53.4 20.0 14.5 
910 -0.53 -0.91 -0.57 -0.34 46.7 15.3 17.0 46.2 18.7 10.5 

911 -0.51 -0.88 -0.55 -0.33 28.4 16.7 13.4 34.9 14.6 5.1 

912 -0.58 -1.00 -0.62 -0.37 32.9 12.3 10.7 34.3 18.2 7.0 

913 -0.58 -1.00 -0.62 -0.37 42.3 14.9 17.9 38.6 15.4 9.4 

1024 -0.57 -0.99 -0.61 -0.37 53.5 20.5 25.4 63.0 26.5 24.0 

1025 -1.28 -2.21 -1.37 -0.82 63.7 32.8 38.8 64.2 29.7 30.3 

1026 -1.01 -1.73 -1.08 -0.64 48.2 26.1 25.4 54.9 23.7 21.3 

1027 -1.23 -2.12 -1.32 -0.79 54.5 37.9 28.7 76.4 29.2 27.3 

1028 -1.59 -2.74 -1.70 -1.01 56.1 45.1 28.6 77.2 36.7 28.8 

mean -1.35 -2.33 -1.45 -0.86 53.2 36.8 43.3 58.0 32.0 36.4 
S. D. 0.93 1.59 0.99 0.59 27.0 21.9 39.6 29.0 20.9 34.1 

Table C2 Moments (Nm) acting on the MCP joints andforces (7V) measured on the 
grip transducer during the vertical power grip activity. 
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trIal Mxe Mye Mze Mxw Myw Mzw Fxe Fye Fze Fxw Fyw Fzw 
1519 6.81 1.53 -6.70 0.67 -0.49 1.68 -24.6 -18.4 -28.4 19.6 -11.6 -8.2 
1520 6.98 1.39 -6.46 0.65 -0.49 1.66 -23.8 -18.9 -29.1 19.5 -11.6 -7.4 
1521 7.02 1.55 -6.27 0.81 -0.60 2.17 -23.2 -18.2 -28.3 19.9 -11.7 -7.9 
1522 7.02 1.36 -6.15 0.57 -0.56 1.63 -22.3 -20.1 -29.1 19.5 -12.5 -7.4 
1523 6.90 1.62 -6.21 0.62 0.55 1.65 -23.1 -18.2 -28.9 19.8 -11.2 -7.5 
1919 6.70 1.71 -4.35 0.48 0.90 1.56 -18.0 -15.4 -29.6 20.5 -11.0 -6.1 
1920 7.04 1.25 -4.14 0.71 -0.36 1.75 -16.4 -15.0 -29.3 19.4 -10.7 -9.7 
1921 6.34 1.27 -3.83 0.49 0.47 1.54 -16.3 -16.0 -28.8 19.6 -12.1 -6.9 
1923 6.80 1.23 -4.54 0.72 0.44 1.62 -17.4 -15.4 -28.9 19.4 -11.9 -7.5 
1719 7.99 1.38 -4.25 -0.47 -0.75 1.26 -15.6 -19.5 -34.9 22.7 -13.5 -5.5 
1720 7.56 1.25 -3.66 0.36 -0.57 1.31 -14.4 -16.0 -32.4 21.4 -11.1 -4.5 
1721 7.44 0.92 -3.21 -0.31 -0.55 1.24 -12.1 -16.3 -32.6 20.6 -12.0 -3.9 
1722 7.85 0.85 -3.11 -0.65 -0.74 1.62 -11.5 -18.8 -32.7 20.6 -13.1 -3.0 
1723 7.55 0.84 -2.65 -0.66 -0.79 1.43 -10.2 -17.7 -32.6 19.9 -12.5 3.9 
1615 7.17 0.59 -5.31 0.52 -0.74 1.37 -21.1 -15.8 -28.4 19.0 -10.7 -9.7 
1616 7.09 0.58 -3.66 0.36 -0.65 1.21 -14.9 -17.2 -29.2 19.2 -12.1 -7.6 
1617 7.45 0.44 -3.27 0.30 -0.75 1.37 -13.3 -16.6 -29.7 19.7 -11.6 -7.8 
1618 7.09 0.56 -3.24 0.33 -0.61 1.12 -13.2 -19.2 -29.6 19.2 -13.8 -6.7 
1214 8.42 1.01 -2.38 -0.96 -0.55 1.65 -8.0 -18.3 -32.0 18.6 -14.2 8.1 
1215 8.59 0.95 -2.14 -1.07 -0.58 1.73 -5.8 -21.2 -32.6 18.8 -15.6 9.4 
1216 8.46 1.10 -2.33 -0.88 -0.55 1.86 -7.0 -21.2 -31.8 18.4 -15.8 7.8 
1217 8.38 1.17 -2.38 -0.68 -0.54 1.80 -7.2 -20.2 -32.1 18.9 -15.1 6.2 
1218 8.79 1.01 -3.06 -0.74 -0.47 1.92 -9.6 -19.3 -32.9 20.6 -14.2 7.2 
1814 7.22 0.95 -1.62 0.39 -0.35 1.24 -5.4 -19.3 -31.2 19.2 -13.7 -5.7 
1815 7.30 0.86 -1.95 0.53 -0.47 1.36 -6.3 -19.9 -31.0 19.1 -13.8 -7.3 
1816 7.43 0.96 -1.73 0.62 -0.33 1.44 -5.1 -21.7 -30.7 18.7 -14.8 -7.6 
1817 7.71 1.02 -1.67 0.66 0.35 1.49 -5.4 -21.7 -31.7 19.4 -15.0 -7.4 
1818 7.38 1.08 -2.06 0.66 0.40 1.42 -6.6 -21.2 -30.5 18.8 -14.6 -8.7 
1319 8.50 0.78 -4.05 -0.74 -0.81 1.61 -16.2 -17.6 -36.4 22.6 -13.6 5.7 
1320 8.45 0.78 -3.38 -0.59 -0.85 1.61 -14.0 -18.6 -35.4 22.7 -13.8 5.1 
1321 8.84 0.90 -5.13 -0.87 -0.95 1.92 -18.1 -21.9 -36.1 23.0 -15.3 6.7 
1323 9.51 1.02 -3.90 -1.19 -1.51 2.21 -16.0 -16.5 -39.9 24.0 -14.4 12.2 
1414 7.53 1.61 -4.14 0.93 0.52 1.25 -14.1 -24.1 -30.2 18.6 -16.1 -13.3 
1416 8.43 1.32 -3.73 0.84 0.60 1.16 -12.0 -25.6 -32.1 19.6 -16.2 -10.2 
1922 6.44 1.54 -4.22 0.49 0.64 1.63 -16.6 -15.0 -28.4 20.0 -12.1 -4.5 
914 7.28 0.93 -4.73 -0.55 -0.86 2.12 -18.6 -14.3 -28.2 21.2 -11.1 4.5 
915 7.25 1.04 -5.18 -0.31 -0.71 2.24 -19.6 -14.7 -28.1 21.2 -11.0 -3.4 
916 7.11 1.16 -5.02 -0.35 -0.71 2.19 -20.2 -11.8 -27.5 21.6 -9.7 -3.0 
917 7.03 1.00 -5.32 -0.39 -0.92 2.30 -20.2 -13.7 -27.9 21.6 -10.6 -3.2 
1019 6.90 1.05 -4.01 0.66 -0.45 1.35 -15.5 -10.7 -27.3 19.0 -7.1 -9.2 
1020 6.72 1.26 -4.33 0.61 0.44 1.37 -16.6 -10.6 -27.9 20.3 -7.4 -7.5 
1022 6.85 1.07 -4.62 0.88 -0.52 1.51 -17.2 -11.3 -26.5 18.4 -7.6 -11.1 
1023 6.59 1.06 -5.08 1.00 0.28 1.35 -18.7 -9.7 -25.9 18.2 -6.4 -13.2 
mean 7.49 1.09 -3.93 0.10 -0.35 1.60 -14.7 -17.5 -30.6 20.0 -12.4 -3.6 
S. D. 0.74 0.30 1.38 0.67 0.56 0.32 5.6 3.6 2.9 1.4 2.4 6.8 

Table C3 Forces (7V) and moments (7Vm) acting on the elbow and wristjoints during 
the chuck grip activity. 
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trial MCP2 MCP3 MCP4 MCP1 F1 F2 F3 R FS F6 

1519 -3.65 -2.77 -4.50 -3.53 21.7 26.7 18.0 -0.7 48.9 -2.1 
1520 -2.55 -3.41 -3.53 -3.35 17.8 36.5 12.8 0.7 52.5 -0.9 
1521 -2.72 -3.53 -4.31 -3-82 18.6 31.1 13.5 1.1 49.1 -0.8 
1522 -2.90 -2.77 -2.76 -2.74 13.7 28.3 13.9 1.6 41.3 -0.5 
1523 -2.97 -2.64 -3.50 -2.85 16.8 27.9 13.9 -0.6 41.6 0.4 
1919 -2.95 -2.72 -1.53 -2.92 -0.4 9.4 27.5 14.0 -1.1 42.4 
1920 -3.41 -2.45 -2.18 -2.97 11.4 27.8 17.2 -0.5 46.0 3.9 
1921 -2.22 -2.57 -2-93 -3.08 12.8 26.1 11.6 1.1 39.6 0.5 
1923 -1.80 -2.34 -2.09 -2.42 11.0 27.1 8.1 -0.5 36.0 -0.8 
1719 -2.49 -2.57 -1.90 -3.28 12.0 37.0 13.4 1.5 51.8 1.0 
1720 -1.94 -2.91 -1.85 -3.73 9.3 40.8 12.3 0.6 58.9 -0.5 
1721 -2.44 -3.15 -1-74 -4.37 8.6 44.9 13.8 0.5 64.3 i6 

1722 -2.91 -2.76 -1.57 -3.94 8.8 36.4 16.2 3.1 54.0 15.1 
1723 -1.81 -2.10 -2-99 -2.53 1.5 20.0 28.2 8.1 35.0 26.7 
1615 -1.82 -2.12 -1.23 -3.29 6.9 25.7 10.0 -0.8 41.7 -0.9 
1616 -1.19 -2.11 -2.23 -2.77 13.2 22.4 6.1 4.1 33.0 1.6 
1617 -0.99 -2.07 -2.02 -3.32 11.8 22.5 4.8 0.8 39.0 -0.9 
1618 -1.96 -2.36 -1.87 -4.13 10.6 27.4 11.1 0.6 49.2 0.5 
1214 -3.14 -2.62 -2.84 -4.01 12.3 22.9 14.9 -0.4 45.3 -0.5 
1215 -4.23 -2.43 -3.04 -3.74 12.9 21.0 18.4 -0.6 42.4 -0.4 
1216 -2.85 -2.25 -2.78 -3.52 11.7 19.7 12.9 0.6 39.4 0.4 
1217 -4.02 -2.36 -2.19 -3.50 9.8 20.5 18.5 0.4 39.3 -0.7 
1218 -3.49 -2.07 -2.40 -3.35 10.6 19.0 16.0 0.5 37.4 -0.4 
1814 -3.29 -1.73 -1.84 -2.47 0.9 11.7 20.0 17.4 -0.7 37.0 

1815 -3.75 -1.52 -2.12 -2.29 1.0 11.9 16.8 19.3 -0.9 34.2 
1816 -3.53 -1.83 -1.50 -2.40 0.5 9.1 19.8 17.9 -0.9 35.9 
1817 -2.68 -1.83 -1.97 -2.37 0.6 11.1 20.4 14.6 -0.6 34.8 
1818 -2.79 -1.69 -1.75 -2.08 0.5 '10.5 19.5 14.8 0.9 33.1 
1319 -1.39 -3.02 -3.12 -3.89 13.5 33.2 7.9 4.4 51.6 0.6 
1320 -1.32 -3.29 -2.45 -3.72 12.0 33.4 7.0 1.0 49.9 1.3 
1321 -1.85 -2.44 -1.96 -3.00 9.9 31.8 13.6 0.6 62.1 1.4 
1323 -1.95 -3.06 -2.39 -4.07 11.3 33.9 11.1 1.2 51.9 0.9 
1414 -2.95 -3.33 -1.62 -4.08 2.1 7.1 30.6 12.1 -1.2 45.9 
1416 -3.15 -3.83 -1.68 -4.55 1.2 10.5 40.7 14.6 0.6 58.4 
1922 -1.83 -2.09 -2.32 -2.90 12.3 24.7 9.0 0.7 42.2 -0.7 
914 -4.76 -2.54 -2.72 -3.76 13.8 25.9 22.2 -1.6 48.0 -1.5 
915 -3.64 -2.30 -2.60 -3.82 13.4 26.8 18.0 -1.7 48.5 1.9 
916 -3.22 -1.91 -2.02 -3.25 11.4 23.0 18.2 -1.9 44.3 -1.5 
917 -3.14 -1.73 -2.15 -2.60 11.5 20.6 14.4 -1.9 37.7 2.1 
1019 -4.60 -1.18 -2.31 -2.17 -1.6 14.5 8.6 20.6 3.5 27.3 
1020 -7.23 -1.31 -2.64 -3.74 -1.7 12.8 12.3 25.6 -2.6 38.4 

1022 -4.26 -0.38 -4A4 -3.41 22.9 2.9 24.9 -2.9 42.8 2.3 
1023 -4.50 -0.53 -4.80 -2.35 24.1 3.8 26.0 2.6 32.5 3.4 

mean -2.94 -2.34 -2.47 -3.26 9.8 22.8 16.1 4.5 34.5 10.3 
S. D. 1.16 0.73 0.83 0.65 6.6 10.2 7.1 7.5 20.5 17.0 

Table C4 Moments (Nm) acting on the MCPjoints andforces (N) measured on the 
grip transducer during the chuck grip activity. 

121 



trial Mxq Mye Mze Mxw Myw 

1515 11.45 5.04 -19.18 9.97 3.07 

1516 11.64 5.36 -17.72 9.81 -3.47 
1518 11.15 5.13 -17.06 9.24 3.15 

1519 12.00 3.03 -12.10 1.37 1.16 

1914 10.27 -5.45 -16.93 10.22 -6.08 
1915 9.86 -4,88 -17.26 10.32 -5.68 
1916 9.11 -5.26 -18.38 10.70 -6.02 
1917 8.76 -4.80 -19.47 10.86 -5.62 
1918 9.84 -6.06 -19.45 10.83 -6.21 
1714 15.13 4.63 -21.10 9.49 -3.82 
1715 18.38 5.16 -22.63 10.19 -3.30 
1716 18.83 4.97 -22.30 9.94 -3.51 
1717 16.01 5.36 -22.68 10.00 -3.13 
1718 15.71 5.14 -20.70 9.06 -2.70 
1223 17.94 5.30 -17.30 10.07 3.28 

1819 13.69 -4.42 -15.48 9.57 -5.26 
1820 14.83 -3.39 -15.15 9.66 -4.68 
1821 14.44 -3.60 -17.22 9.54 -4.98 
1822 13.25 -2.91 -17.55 9.96 -4.50 
1823 13.71 -3.06 -16.93 9.54 -4.54 
1315 12.30 5.14 -19.53 9.77 -4.37 
1316 14.26 5.74 -21.31 10.21 -3.66 
1420 15.17 -5.06 -16.31 11.63 -5.40 
1421 16.33 3.06 -17.80 12.16 -3.28 
1422 15.34 -3.80 -17.04 11.43 -4.05 
1423 16.80 -2.52 -17.13 11.55 -3.02 
1221 15.79 4.74 -17.27 10.10 2.73 
1514 10.57 5.72 -17.49 9.01 3.46 
1517 11.94 5.42 -18.23 9.58 3.32 

1622 8.90 -2.57 -18.16 9.92 -3.55 
1623 10.23 3.85 -19.27 10.35 -3.67 
1314 16.19 10.01 -18.91 8.97 6.75 

1317 12.04 -1.74 -21.12 9.81 -4.30 
1318 12.89 -2.04 -20.14 10.17 -4.57 
919 12.44 3.40 -18.53 9.98 -3.96 
920 9.60 3.22 -18.98 10.33 -3.95 
921 11.55 2.49 -17.69 10.53 -3.77 
922 10.65 3.13 -18.14 10.96 -3.78 
923 10.39 2.60 -17.81 10.49 -3.69 
1014 12.11 4.69 -20.21 11.39 2.73 

1015 9.53 2.57 -20.92 11.83 -2.63 
1016 8.70 2.70 -19.87 11.27 -2.89 
1017 8.07 2.25 -20.55 11.35 -2.65 
1018 7.89 -2.72 -20.03 11.07 -3.21 
mean 12.63 1.26 -18.61 10.10 -2.60 
S. D. 2.95 4.31 2.08 1.56 3.22 

Table C5 Forces (N) and moments 
the horizontalpower grip activity. 

Mzw 

3.82 
3.28 
3.56 
2.73 
3.09 
2.90 
3.02 
3.86 
3.79 
10.06 
11.38 
12.32 
11.52 
11.64 
7.34 
5.53 
5.94 
6.13 
5.70 
5.87 
10.13 
12.01 
2.20 

2.32 
1.50 
2.30 
6.89 
3.95 
4.91 
3.24 
3.40 
9.41 
9.05 
8.66 
7.03 

6.12 
5.83 
6.07 
5.13 
4.02 
3.21 
2.94 
2.98 
1.85 

5.65 
3.14 

Tm) an 

Fxe 

-36.0 
-33.3 
-32.6 
-39.4 
-38.3 
-36.9 
-38.6 
-39.6 
-42.0 
-43.1 
-46.8 
-44.2 
-43.2 
-38.1 
-30.3 
-30.7 
-29.8 
-36.5 
-35.6 
-33.9 
-41.3 
-41.7 
-34.3 
-34.6 
-34.3 
-32.0 
-29.1 
-32.6 
-32.9 
-38.0 
-37.8 
-35.7 
-45.9 
-40.9 
-35.1 
-35.4 
-34.3 
-34.9 
-33.6 
-38.6 
-38.9 
-37.5 
-39.5 
-40.3 
-37.0 
4.3 

ring ot 

Fye Fze 

-48.8 -32.7 
-50.9 -32.9 
-49.6 -32.2 
-29.8 -45.8 
-43.9 -21.8 
-44.4 -21.8 
-46.0 -19.8 
-42.5 -18.0 
-45.7 -18.5 
-53.1 -33.7 
-46.9 -38.3 
-46.5 -41.0 
-46.6 -35.5 
-47.7 -32.8 
-54.0 -37.4 
-47.8 -27.0 
-48.4 -28.0 
-49.0 -30.0 
-48.9 -26.8 
-47.3 -29.1 
-53.3 -28.4 
-47.7 -30.1 
-53.5 -25.7 
-56.2 -32.5 
-53.7 -25.2 
-53.0 -27.7 
-52.7 -34.5 
-50.9 -34.2 
-50.3 -33.9 
-42.3 -21.7 
-40.9 -24.7 
-61.1 -53.7 
-74.0 -25.9 
-81.1 -23.0 
-48.7 -28.9 
-50.3 -20.3 
-50.0 -22.8 
-51.2 -20.2 
-50.3 -19.5 
-37.2 -29.3 
-37.5 -20.8 
-38.0 -19.5 
-38.9 -16.2 
-36.5 -13.8 
-48.8 -28.1 
8.7 8.0 

i the elbow a 
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Fxw 

20.7 
20.1 
20.1 
39.2 

-13.3 
-11.1 
-11.7 
10.7 

-16.6 
27.2 
33.2 
34.7 
31.2 
28.9 
24.7 
14.5 
17.9 
19.4 
18.5 
19.1 
22.9 
27.3 

-14.1 
12.0 

-13.5 
-8.9 
22.8 
23.7 
22.8 
13.8 
16.8 
36.4 
24.6 
20.5 
21.8 
17.0 
15.3 
17.2 
14.8 
18.6 
11.2 
11.1 
10.6 

-10.0 
15.1 
14.7 

nd wri 

Fyw 

-32.5 
-33.3 
-34.5 
-23.4 
-31.0 
-31.1 
-32.7 
-27.8 
-32.5 
-37.6 
-33.6 
-33.6 
-33.7 
-35.3 
-40.3 
-34.4 
-35.5 
-36.4 
-35.7 
-34.6 
-40.5 
-35.4 
-38.3 

-40.2 
-37.2 
-37.5 
-39.6 
-34.3 
-35.5 
-30.6 
-29.8 
-41.0 
-38.7 
-46.4 
-37.4 
-37.2 
-36.9 
-37.3 
-36.9 
-24.9 
-25.2 
-25.3 
-26.0 
-24.0 

-34.2 
5.1 

! stjoin 

Fzw 

-36.4 
-32.9 
-33.3 
-16.2 
-35.8 
-34.9 
-37.0 
-36.9 
-37.3 
-36.0 
-37.6 
-35.5 
-34.4 
-29.6 
-28.9 
-32.1 
-30.7 
-35.0 
-33.1 
-32.9 
-36.4 

-33.8 
-33.3 
-32.4 
-35.7 
-33.7 
-28.1 
-32.2 
-32.6 
-34.6 
-36.5 
-32.2 
-39.8 
-36.6 
-32.0 
-32.6 
-32.1 
-32.0 
-31.0 
-38.7 
-38.8 
-37.4 
-38.0 
-38.4 

-34.0 
3.9 

ts during 



trial MCP2 MCP3 MCP4 MCP5 F1 F2 F3 R F5 F6 
1515 -1.32 -2.27 -1.41 -0.84 68.8 25.3 12.7 78.7 50.9 43.8 
1516 -1.54 -2.65 -1.65 -0.98 82.7 28.0 26.8 87.8 58.4 55.2 
1518 -1.42 -2.45 -1.52 -0.91 80.0 27.7 24.0 82.8 56.0 50.2 
1519 -0.28 -0.47 -0.29 -0.18 21.7 26.7 18.0 -0.6 48.9 -0.7 
1914 -1.55 -2.67 -1.66 -0.99 62.3 64.2 30.9 61.4 54.8 64.0 
1915 -1.53 -2.63 -1.64 -0.98 41.5 60.1 24.9 56.4 52.6 66.0 
1916 -1.57 -2.70 -1.68 -1.00 37.4 64.3 24.9 53.9 57.6 69.8 
1917 -1.46 -2.52 -1.57 -0.93 42.1 68.9 27.4 55.9 48.0 72.4 
1918 -1.93 -3.33 -2.07 -1.23 60.6 73.3 33.1 78.4 59.4 76.0 
1714 -3.03 -5.22 -3.25 -1.93 99.3 86.5 42.6 99.9 122.3 75.9 
1715 -2.87 -4.94 -3.08 -1.83 78.8 82.4 34.9 88.5 105.0 84.1 
1716 -2.78 -4.79 -2.98 -1.77 56.9 71.0 36.3 83.5 91.8 88.2 
1717 -2.96 -5.10 -3.17 -1.89 55.9 67.6 43.1 68.2 80.9 92.5 
1718 -3.30 -5.68 -3.54 -2.10 95.6 74.6 61.6 81.4 95.1 90.1 
1223 -2.68 -4.61 -2.87 -1.71 86.0 82.7 32.5 74.3 108.8 68.7 
1819 -1.23 -2.11 -1.31 -0.78 41.3 58.9 11.6 40.2 54.9 54.5 
1820 -1.36 -2.35 -1.46 -0.87 32.9 55.9 16.3 35.0 47.8 57.4 
1821 -1.31 -2.25 -1.40 -0.83 42.8 59.4 15.1 35.0 48.8 69.8 
1822 -1.20 -2.07 -1.29 -0.77 42.5 56.1 12.8 44.3 47.9 54.4 
1823 -1.34 -2.30 -1.43 -0.85 35.7 53.7 12.8 30.0 46.0 63.1 
1315 -2.17 -3.73 -2.32 -1.38 78.7 87.7 33.2 81.4 69.3 77.1 
1316 -2.42 -4.17 -2.59 -1.54 85.7 73.7 35.3 88.2 68.6 78.1 
1420 -2.42 -4.16 -2.59 -1.54 54.3 72.0 23.1 44.4 88.9 71.2 
1421 -3.34 -5.75 -3.58 -2.13 113.9 108.2 44.2 96.7 112.1 104.7 
1422 -3.19 -5.49 -3.41 -2.03 131.0 111.6 33.3 110.7 116.8 112.2 
1423 -3.34 -5.75 -3.58 -2.13 126.5 118.8 40.0 117.7 117.3 111.9 
1221 -2.51 -4.32 -2.69 -1.60 84.4 84.2 32.2 69.7 114.3 61.2 
1514 -0.94 -1.62 -1-01 -0-60 57.9 18.8 12.1 57.7 45.1 30.8 
1517 -1.61 -2.78 -1.73 -1.03 72.4 27.2 19.7 77.0 60.7 44.0 
1622 -1.37 -2.37 -1.47 -0.88 29.6 61.3 11.7 40.8 50.4 55.9 
1623 -1.41 -2.43 -1.51 -0.90 37.3 62.7 13.3 40.1 54.0 53.4 
1314 -1.74 -2.99 -1.86 -1.11 74.6 68.8 30.9 64.6 67.1 61.2 
1317 -1.03 -1.78 -1.11 -0.66 78.1 61.4 32.6 75.9 54.7 75.5 
1318 -1.37 -2.36 -1.47 -0.87 88.8 70.8 30.7 83.5 71.7 77.7 
919 -2.60 -4.48 -2.79 -1.66 78.0 103.6 28.6 84.6 103.0 92.7 
920 -2.70 -4.66 -2.90 -1.72 59.9 98.7 32.1 75.1 1 D4.8 85.0 
921 -2.36 -4.06 -2.52 -1.50 85.3 98.0 18.8 89.4 99.1 92.9 
922 -2.45 -4.22 -2.62 -1.56 80.2 95.6 17.2 80.6 100.5 98.2 

923 -2.38 -4-10 -2.55 -1.52 73.1 95.9 19.4 82.3 94.0 99.3 
1014 -2.06 -3.55 -2.21 -1.32 42.8 60.2 31.2 60.0 61.0 62.4 

1015 -2.07 -3.57 -2.22 -1.32 44.1 61.0 26.2 58.6 59.6 66.7 
1016 -1.86 -3.20 -1-99 -1.18 56.7 60.6 20.1 63.4 59.5 60.2 
1017 -1.70 -2.93 -1.82 -1.08 62.6 63.0 17.1 61.1 65.4 61.8 
1018 -1.62 -2.78 -1.73 -1.03 71.5 59.8 11.8 64.7 60.1 82.6 

mean -1.98 -3.42 -2.13 -1.26 66.4 68.2 26.3 68.3 73.5 70.7 
S. D. 0.74 1.28 0.79 0.47 25.2 23.8 11.0 22.9 24.6 21.4 

Table C6 Moments (Nm) acting on the MCPjoints andforces (N) measured on the 
grip transducer during the horizontal power grip activity. 

122 



trial Mxe Mye Mze 

1509 15.23 6.70 -19.99 
1510 14.76 6.51 -20.20 
1511 15.51 -6.06 -20.30 
1512 14,62 6.23 -20.04 
1513 14.68 5.64 -19.03 
1909 17.02 -9.16 -20.23 
1910 16.53 -9.57 -19.90 
1911 15.43 -9.51 -20.15 
1912 15.71 -10.00 -21.72 
1913 16.23 -10.05 -20.96 
1710 25.23 8.36 -18.55 
1711 25.48 6.52 -17.67 
1712 25.70 6.95 -20.56 
1713 23.60 6.51 -21.89 
1624 16.46 -2.99 -18.39 
1625 16.93 2.27 -19.65 
1626 16.06 -3.77 -20.62 
1627 15.93 -4.36 -20.92 
1628 16.39 -4.42 -20.55 
1224 22.95 5.87 -19.08 
1225 21.54 6.47 -20.51 
1226 21.86 6.67 -21.34 
1228 21.43 7.51 -17.66 
1824 20.11 -7.20 -18.48 
1825 18.85 -6.47 -17.11 
1826 19.06 -6.82 -19.01 
1828 19-08 -5.33 -17.28 
1309 26.73 8.98 -20.20 
1311 21.58 6.94 -19.62 
1312 18.24 -3.10 -11.23 
1313 21.56 7.88 -20.28 
1424 21.86 -6.82 -19.85 
1425 21.36 -5.54 -17.20 
1427 21.85 -9.31 -17.50 
1428 20.82 -7.82 -16.50 
1227 20.07 6.84 -18-13 
1426 21.63 -6.35 -16.72 
1827 19.42 -7.54 -18.33 
924 14.31 -3.37 -21.12 
925 14.54 -2.89 -19.87 
926 15.31 -3.44 -19.35 
927 15.26 -4.02 -18.59 
928 14.93 -3.71 -19.41 
1009 18.77 8.22 -23.61 
1010 15.22 5.13 -23.53 
1012 14.88 4.81 -24.35 
mean 18.71 -0.62 -19.50 
S. D. 3.54 6.68 2.14 

Mxw 
12.83 
12.43 
12.73 
12.39 
11.60 
14.27 
14.83 
14.31 
15.26 
15.48 
13.33 
11.90 
13.65 
13.82 
12.96 
13.29 
12.90 
12.93 
12.61 
13.14 
13.10 
12.42 
11.64 
13.48 
12.72 
13.42 
12.92 
10.48 
11.32 
2.56 
11.85 
16.87 
15.48 
14.90 
13.71 
11.56 
14.11 
13.70 
13.54 
12.43 
11.68 
11.59 
11.52 
11.48 
9.85 
13.06 
12.78 
2.06 

Myw 

-5.28 
-7.18 
-7.61 
-7.25 
-6.55 
-9.66 
-9.88 
-9.67 
-10.08 
-10.20 
-5.32 
-4.88 
-5.50 
-5.67 
-4.07 
-3.24 
-4.53 
-5.05 
-4.85 
-3.24 
-4.25 
-4.19 
4.99 

-8.28 
-7.43 
-8.13 
-6.69 
5.36 
3.29 

-5.21 
-4.71 
-7.18 
-5.35 
-7.93 
-6.96 
-4.48 
-5.59 
-8.45 
-5.04 
-4.49 
-5.41 
-5.78 
-5.42 
5.18 

-2.60 
-3.49 
-5.17 
3.64 

Mzw Fxe 

7.35 -31.2 
7.00 -36.3 
5.99 -37.2 
6.36 -35.7 
6.66 -31.6 
4.39 42.1 
3.31 41.1 
2.85 43.8 
3.50 45.3 
4.13 42.5 
12.66 -32.7 
14.61 -29.9 
13.18 -35.8 
12.09 -39.1 
6.02 -32.6 
5.85 -35.7 
4.56 -39.3 
4.25 -39.2 
3.41 40.0 
10.74 -27.8 
10.26 -30.7 
10.02 -31.3 
10.64 -28.6 
7.14 40.6 
6.48 40.0 
7.57 41.4 
5.75 -36.6 
17.43 -32.1 
15.43 -28.5 
9.52 -33.4 
14.25 -32.9 
3.89 -35.9 
-5.10 -32.7 
-7.44 -42.0 
-6.61 -36.8 
10.14 -28.4 
-6.92 -34.4 
6.30 -37.2 
6.96 -39.4 
6.27 -36.2 
7.39 -37.7 
7.13 -34.0 
6.90 -35.8 
9.72 45.3 
11.20 47.3 
9.07 47.3 
6.79 -36.6 
5.40 5.1 

Fye 

-52. 
-50.4 
-50.6 
-51.4 
-51.9 
-40.8 
-42.0 
-43.9 
41.9 

-46.3 
-49.9 
49.0 
49.9 

-45.2 
45.6 

-43.5 
-43.1 
43.7 

-44.3 
-50.4 
48.3 
47.2 
47.4 
40.7 

-41.6 
43.9 
46.4 

-55.8 
-58.7 
-59.2 
-55.6 
-53.7 
-51.0 
-50.6 
-50.3 
44.6 

-50.7 
44.0 
48.7 
47.7 
48.9 

-47.6 
49.1 

-29.5 
-26.9 
-32.8 
46.9 
6.4 

Fze 

-34.0 
-34.6 
-34.9 
-33.4 
-31.6 
-31.3 
-31.8 
-29.8 
-29.5 
-29.2 
-47.3 
-45.5 
-43.6 
-41.7 
-30.2 
-30.7 
-28.4 
-29.5 
-30.8 
-40.7 
-38.6 
-37.2 
-40.2 
-40.8 
-38.6 
-39.3 
-38.6 
-49.7 
-42.7 
-41.9 
-40.8 
-31.3 
-34.2 
-31.7 
-28.3 
-40.4 
-32.7 
-37.3 
-28.1 
-25.2 
-26.6 
-25.0 
-25.9 
-44.3 
-33.6 
-31.9 
-35.1 
6.3 

Fxw Fyw Fzw 
T2.3 

-35.2 -3191 
22.8 -35.9 -36.4 
21.6 -33.4 -36.8 
20.9 -36.3 -36.2 
20.5 -35.0 -34.5 
-16.0 -27.3 -39.5 
-19.3 -28.1 -38.9 
-22.1 -29.4 -37.5 
-20.6 -28.0 -40.1 
-21.1 -31.5 -37.9 
33.7 -35.0 -37.6 
31.8 -35.2 -33.9 
31.2 -35.7 -38.0 
29.7 -30.7 -38.7 
14.0 -33.6 -36.4 
14.7 -31.7 -36.0 
-10.9 -31.3 -38.3 
-12.9 -31.5 -38.5 
-13.5 -31.9 -39.7 
26.4 -37.5 -32.3 
27.2 -35.3 -32.4 
28.4 -34.3 -31.1 
29.8 -34.5 -30.1 
19.9 -26.5 -44.8 
18.2 -28.6 -39.0 
22.0 -30.4 -39.1 
19.0 -32.7 -37.2 
40.1 -41.5 -29.4 
30.7 -45.9 -26.8 
31.6 -46.0 -29.5 
32.4 -43.4 -30.4 
-16.2 -36.5 -39.3 
-19.5 -34.8 -36.6 
-32.1 -35.7 -34.4 
-27.3 -35.7 -31.2 
29.1 -34.1 -29.4 
-24.2 -36.5 -34.6 
16.5 -30.4 -38.1 
15.7 -35.0 -38.2 
14.3 -34.5 -35.8 
15.3 -35.3 -36.2 
14.6 -33.9 -34.1 
15.3 -35.4 -34.4 
33.0 -18.9 -35.3 
33.3 -17.3 -32.0 
25.9 -21.0 -40.8 
11.9 -33.2 -35.6 
21.2 5.6 3.7 

Table C7 Forces (N) and moments (Nm) acting on the elbow and wristjoints during 
the hook grip activity. 
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trial MCP2 MCP3 MCP4 MCP5 F11 F2 F3 R FS F6 
1509 -1-94 -3.34 -2.08 -1.24 121.9 40.9 32.8 107.1 82.3 39.0 
1510 -1.34 -2.31 -1.44 -0.85 78.2 22.1 22.4 80.3 51.4 46.6 
1511 -1.26 -2.17 -1.35 -0.80 70.1 19.5 19.9 71.2 53.5 45.5 
1512 -1.34 -2.31 -1.44 -0.85 77.0 22.5 24.4 76.5 60,7 42.4 
1513 -1.56 -2.68 -1.67 -0.99 88.8 26.6 26.6 91.1 58.7 46.3 
1909 -0.80 -1.38 -0.86 -0.51 40.0 19.8 19.1 51.7 34.0 31.8 
1910 -0.77 -1.32 -0.82 -0.49 41.7 18.4 16.9 57.6 30.2 44.3 
1911 -0.63 -1-09 -0-68 -0.40 40.0 17.4 12.4 50.8 35.0 34.2 
1912 -0.69 -1-18 -0-74 -0.44 40.3 17.7 11.4 47.4 34.2 37.7 
1913 -0.73 -1.25 -0.78 -0.46 35.7 18.1 10.3 48.5 32.7 34.9 
1710 -2.55 -4.38 -2.73 -1.62 103.7 71.5 56.4 128.8 115.6 63.0 
1711 -2.72 -4.69 -2.92 -1.74 106.5 70.9 56.3 97.6 128.7 57.3 
1712 -2.90 -5.00 -3.11 -1.85 116.9 75.5 54.1 115.1 124.3 64.5 
1713 -2.38 -4.10 -2.55 -1.52 108.2 65.8 47.4 125.2 108.5 63.8 
1624 -0.73 -1.26 -0.78 -0.47 26.2 14.9 4.2 26.9 33.8 25.7 
1625 -0.79 -1.35 -0.84 -0.50 25.6 16.3 5.4 28.0 34.9 26.7 
1626 -0.50 -0.87 -0.54 -0.32 22.7 9.5 1.9 20.8 31.8 24.3 
1627 -0.48 -0.82 -0.51 -0.31 21.8 7.2 1.7 20.0 27.6 19.3 
1628 -0.43 -0.74 -0.46 -0.27 26.7 5.0 2.7 21.3 33.6 22.3 
1224 -1.71 -2.94 -1.83 -1.09 74.1 38.3 19.3 75.1 68.5 49.4 
1225 -1.07 -1.85 -1.15 -0.68 43.9 25.2 12.2 46.2 43.8 40.4 
1226 -0.93 -1.59 -0.99 -0.59 46.4 23.9 13.5 51.8 46.4 48.1 
1228 -1.15 . 1.99 -1.24 -0.74 40.7 22.3 11.8 40.3 48.5 36.2 

1824 -0.68 . 1.18 -0.73 -0.44 30.1 23.9 6.7 34.1 35.2 35.2 
1825 -0-64 -1.10 -0.68 -0.41 23.5 20.1 7.0 25.3 37.7 24.9 
1826 -0.64 -1.10 -0.69 -0.41 21.7 17.3 11.7 20.0 38.5 23.7 
1828 -0.61 -1.04 -0.65 -0.39 27.4 18.3 10.5 26.8 37.0 27.2 
1309 -1.49 -2.56 -1-60 -0.95 49.6 35.7 25.9 56.0 51.6 54.6 
1311 -2.03 -3.49 -2.17 -1.29 72.3 44.4 30.1 82.0 82.1 56.1 
1312 -0.87 -1.50 -0-94 -0.56 61.9 43.9 29.5 79.1 64.7 58.9 
1313 -1.56 -2.69 -1.67 -0.99 54.0 43.9 31.3 53.2 64.8 47.8 
1424 -2.04 -3.52 -2.19 -1.30 93.1 72.4 20.1 122.3 86.7 85.7 
1425 -2.96 -5.10 -3.17 -1.89 118.7 64.4 33.1 144.3 86.2 95.0 
1427 -3.57 -6.14 -3.82 -2.27 134.4 63.2 52.4 150.1 80.1 112.5 
1428 -3.60 -6.20 -3.86 -2.30 121.3 65.6 61.7 142.9 65.6 119.0 
1227 -1.23 -2.12 -1.32 -0.79 37.7 23.8 11.2 36.0 50.6 29.8 
1426 -3.49 -6-01 -3.74 -2.23 129.6 82.6 49.8 153.8 59.6 128.1 
1827 -0.63 -1.08 -0.67 -0.40 28.9 21.4 7.4 28.8 38.3 28.5 
924 -1.66 -2.86 -1.78 -1.06 85.2 60.6 17.0 95.0 73.3 63.3 
925 -1.17 -2.01 -1.25 -0.74 71.7 43.7 13.7 76.8 58.1 50.2 

926 -1.24 -2.14 -1.33 -0.79 65.3 41.9 15.1 78.1 59.2 46.0 
927 -1.31 -2.26 -1.41 -0.64 65.9 37.2 11.7 67.1 59.9 52.5 

928 -1.23 -2.12 -1.32 -0.78 64.8 33.7 15.4 74.1 53.6 52.4 
1009 -1.04 -1.79 -1.11 -0.66 25.9 16.3 13.3 25.9 30.9 29.8 

1010 -1.02 -1.75 -1.09 -0.65 27.0 16.0 11.2 19.6 43.4 27.3 
1012 -1.03 -1.77 -1.10 -0.65 40.5 23.9 16.3 49.7 37.2 24.8 

mean -1.42 -2.44 -1.52 -0.90 61.9 34.4 21.4 67.8 56.8 48.2 
S. D. 0.87 1.49 0.93 0.55 34.3 21.1 16.2 39.3 25.6 25.1 

Table C8 Moments (Nm) acting on the MCP joints andforces (N) measured on the 
grip transducer during the hook grip activity. 
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APPENDIX D INTERNAL FORCES 

The following tables present the data from the optimisation routines in full, on which 

the summaries in Chapter 5 are based. 

Guide to abbreviations used in the following tables: 

FCR Flexor carpi radialis 
FCU Flexor carpi u1naris 
ECU Extensor carpi u1naris 
ECRB Extensor carpi radialis brevis 

ECRL Extensor carpi radialis longus; 

BIC Biceps bmcWi 

BRA Brachialis 

BRD Brachioradialis 

PRT Pronator teres 

TRI Triceps 

ANC Anconeus 

PRQ Pronator quadratus 
SUP Supinator 

MCLA Medial collateral ligament (anterior) 

MCLP Medial collateral ligament (posterior) 

LCL Lateral collateral ligament 

JLAT Lateral olecranon 
JMED Medial olecranon 
JR Radial head 

JW Wrist joint 

Olat Resultant force angle Oateral olecranon. - see Fig 2.32) 

Omed Resultant force angle (medial olecranon - see Fig 2.32) 

a Resultant wrist force angle (in x-y plane) 

P Resultant wrist force angle (in y-z plane) 
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trial fds fdp fcr fcu ecu ecrb ecri bic bra brd prt tri anc prq sup 
909 159 159 0 0 91 132 109 72 0 68 0 0 0 0 0 

910 141 141 0 0 80 127 105 102 0 66 0 0 0 0 0 

911 136 136 0 0 67 123 102 78 0 64 0 0 0 0 0 

912 151 151 0 0 72 134 Ill 96 0 69 0 0 0 0 0 

913 154 154 0 0 80 138 115 92 0 72 0 0 0 0 0 

1209 172 172 0 0 92 142 117 0 0 73 0 0 0 0 0 

1210 267 267 0 0 171 218 181 65 0 113 0 0 0 0 0 

1211 143 143 0 0 94 144 119 40 0 74 0 0 0 0 0 

1212 196 196 0 0 108 165 136 38 0 85 0 0 0 0 0 

1213 106 106 0 0 71 116 96 78 0 60 0 0 0 0 0 

1409 611 611 0 0 380 387 320 0 0 76 0 0 0 0 0 

1410 584 584 0 0 366 373 308 0 0 54 0 0 0 0 0 

1411 415 415 0 0 256 265 219 0 0 114 0 0 0 0 0 

1412 471 471 0 0 290 301 249 0 0 64 0 0 0 0 0 

1413 412 412 0 0 253 268 222 0 0 64 0 0 0 0 0 

1610 182 182 0 0 94 149 123 150 0 0 0 0 0 0 0 

1611 168 168 0 0 80 141 117 64 0 73 0 0 0 0 0 

1612 191 191 0 0 97 156 129 153 0 0 0 0 0 0 0 

1613 153 153 0 0 73 132 109 161 0 0 0 0 0 0 0 

1810 369 369 0 0 227 255 211 76 0 0 0 0 0 0 0 

1811 380 380 0 0 242 257 213 0 0 95 0 0 0 0 0 

1812 410 410 0 0 263 279 231 0 0 91 0 0 0 0 0 

1024 132 131 0 0 64 103 85 158 0 0 0 0 0 0 0 

1025 303 303 0 0 153 196 163 162 0 0 0 0 0 0 0 

1026 237 237 0 0 119 159 131 63 0 82 0 0 0 0 0 

1027 291 291 0 0 163 198 164 132 0 0 0 0 0 0 0 

1028 375 375 0 0 214 244 202 124 0 0 0 0 0 0 0 

1524 517 517 0 0 318 360 298 0 0 70 0 0 0 0 0 

1525 423 423 0 0 249 294 243 0 0 104 0 0 0 0 0 

1526 266 265 0 0 141 194 161 15 0 101 0 0 0 0 0 

1527 378 378 0 0 210 258 214 0 0 88 0 0 0 0 0 

1528 345 345 0 0 196 239 198 0 0 89 0 0 0 0 0 

1724 467 466 0 0 300 336 278 0 0 96 0 0 0 0 0 

1725 831 831 0 0 504 566 469 0 0 46 0 0 0 0 0 

1726 880 879 0 0 537 605 500 0 0 13 0 0 0 0 0 

1727 616 615 0 0 362 439 363 0 0 41 0 0 0 0 0 

1728 686 686 0 0 398 476 394 0 0 12 0 0 0 0 0 

1924 191 191 0 0 101 136 112 64 0 70 0 0 0 0 0 

1925 160 160 0 0 81 123 102 79 0 64 0 0 0 0 0 

1926 130 130 0 0 63 105 87 91 0 55 0 0 0 0 0 

1927 109 109 0 0 47 97 81 97 0 50 0 0 0 0 0 

1928 106 106 0 0 39 84 69 107 0 43 0 0 0 0 0 

mean 319 319 0 0 186 229 189 56 0 57 0 0 0 0 0 

S. D. 201 201 0 0 128 127 105 56 0 35 0 0 0 0 0 

Table DI Muscle forces (Newtons) encountered at maximum joint force, during the 
vertical power grip activity. 

125 A 



trial mcla mcip Icl jlat jmed jr jw olat Onwd 

909 0 0 0 196 278 20 640 56.5 56.5 4.2 -1.6 
910 0 0 0 190 257 35 586 58.7 49.7 4.4 -1.4 
911 0 16 0 174 248 0 556 59.0 46.2 4.2 -1.1 
912 0 0 0 197 260 27 611 58.6 49.1 4.1 . 1.2 
913 0 0 0 207 275 15 634 57.8 49.7 4.3 -1.2 
1209 0 72 0 148 282 0 690 56.8 51.9 4.0 -2.0 
1210 0 0 0 279 367 163 1002 60.2 59.5 3.8 -30.0 
1211 0 47 0 163 281 0 576 60.4 52.8 4.5 -30.0 
1212 0 0 0 237 321 16 793 60.8 57.2 3.7 -2.0 
1213 0 70 0 115 251 0 442 56.6 44.1 5.1 -30.0 
1409 0 0 0 502 634 315 2305 58.5 60.4 3.1 . 2.9 
1410 0 0 0 478 594 298 2211 58.3 58.9 3.0 -2.9 
1411 0 0 0 377 469 200 1565 60.2 58.3 3.1 -2.5 
1412 0 0 0 406 509 205 1778 57.7 58.6 3.0 -2.8 
1413 0 0 0 376 493 127 1563 57.9 59.8 3.2 -2.7 
1610 0 91 0 167 329 0 726 64.3 21.6 4.0 -1.6 
1611 0 42 0 187 283 0 668 58.1 43.7 4.0 -1.4 
1612 0 57 0 196 320 0 761 60.7 27A 3.9 -1.7 
1613 0 98 0 135 306 0 617 65.1 12.9 4.2 -1.2 
1810 0 0 0 355 465 68 1429 55.5 53.2 3.4 -2.7 
1811 0 0 0 341 445 179 1462 58.0 61.7 3.5 -2.6 
1812 0 0 0 358 460 213 1582 57.8 61.4 3.4 -2.7 
1024 0 82 0 119 273 0 515 62.0 12.9 4.0 -0.9 
1025 0 0 0 3D6 381 62 969 58.2 39.1 -30.0 -2.2 
1026 0 0 0 252 327 57 880 56.9 53.7 3.3 -1.9 
1027 0 0 0 307 400 18 1107 55.4 45.6 3.4 -2.3 
1028 0 0 0 349 430 120 1411 57.0 45.8 3.1 -2.6 
1524 0 0 0 446 575 232 2006 55.9 61.0 3.2 -2.7 
1525 0 0 0 364 464 228 1626 55.7 62.1 3.2 -2.5 
1526 0 0 0 264 358 77 1021 53.6 62.5 3.4 -2.0 
1527 0 0 0 333 437 152 1430 55.9 62.7 3.3 -2.6 
1528 0 0 0 305 394 159 1318 55.1 62.2 3.2 -2.5 
1724 0 0 0 381 459 345 1694 58.3 61.2 3.4 -30.0 
1725 0 0 0 619 739 578 2943 59.7 60.9 3.1 -30.0 
1726 0 0 0 675 830 514 3127 58.2 60.5 3.2 -30.0 
1727 0 0 0 504 640 302 2200 58.8 61.0 3.3 -30.0 
1728 0 0 0 546 698 316 2425 58.8 60.8 3.3 -30.0 
1924 0 0 0 215 292 26 727 54.6 55.2 3.8 -1.5 
1925 0 0 0 199 276 3 621 56.8 53.7 4.0 -1.3 
1926 0 13 0 165 241 0 508 59.3 46.8 4.1 -0.8 
1927 0 52 0 121 225 0 435 60.3 36.6 4.5 -0.4 
1928 0 62 0 101 216 0 395 54.9 33.5 4.6 -0.1 

mean 0 17 0 294 400 121 1204 58 51 3 -7 
S. D. 0 30 0 143 151 146 711 2 13 5 11 

Table D2 Ligament and joint forces (Newtons), and joint force angles (degrees), 
encountered at maximumjointforce, during the vertical power grip activity. 
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trial I fpl fds fdp fer fcu ecu ecrb ecrl bic bra brd prt tri anc prq sup 
914 256 606 552 0 0 684 583 420 0 0 33 0 0 0 0 0 
915 255 485 433 0 0 631 538 325 0 0 66 0 0 0 0 0 
916 236 427 383 0 0 578 493 310 0 0 86 0 0 0 0 0 
917 171 407 369 0 0 507 432 322 0 0 64 0 0 0 0 0 
1214 251 431 383 0 0 596 508 192 0 0 48 0 0 0 0 0 
1215 235 457 410 0 0 601 512 195 0 0 14 0 0 0 0 0 
1216 220 384 346 0 0 520 443 162 0 0 44 0 0 0 0 0 
1217 219 444 397 0 0 551 470 221 0 0 38 0 0 0 0 0 
1218 211 378 337 0 0 526 449 175 0 0 42 0 0 0 0 0 
1414 275 426 360 0 0 537 458 181 65 0 0 0 0 0 0 0 
1416 303 467 394 0 0 578 493 169 112 0 0 0 0 0 0 0 
1615 238 305 261 0 0 470 401 223 51 0 0 0 0 0 0 0 
1616 202 303 266 0 0 447 382 245 0 0 7 0 0 0 0 0 
1617 242 289 253 0 0 478 408 209 0 0 29 0 0 0 0 0 
1618 299 382 334 0 0 609 519 259 0 0 39 0 0 0 0 0 
1814 189 449 406 0 0 562 480 268 0 0 0 0 0 0 0 0 
1815 175 466 429 0 0 566 483 307 0 0 0 0 31 0 0 0 
1816 184 446 399 0 0 539 460 267 0 0 0 0 44 0 0 0 
1817 181 398 357 0 0 504 430 245 0 0 0 0 43 0 0 0 
1818 158 401 360 0 0 483 412 255 0 0 0 0 44 0 0 0 

1019 122 411 384 0 0 504 430 317 0 0 0 0 74 0 0 0 

1020 232 540 510 0 0 1129 963 631 0 0 0 0 156 0 0 0 

1022 222 441 432 0 0 601 513 295 34 0 0 0 0 0 0 0 

1023 148 522 509 0 0 563 499 413 4 0 0 0 0 0 0 0 

1319 209 318 276 0 0 488 416 241 0 0 27 0 0 0 0 0 
1320 229 317 274 0 0 499 426 206 0 0 79 0 0 0 0 0 

1321 185 324 285 0 0 459 391 269 0 0 110 0 0 0 0 0 
1323 251 319 269 0 0 512 436 210 0 0 33 0 0 0 0 0 
1519 211 543 498 0 0 607 524 433 0 0 68 0 0 0 0 0 
1520 189 441 391 0 0 554 473 364 0 0 92 0 0 0 0 0 
1521 232 537 482 0 0 628 536 432 0 0 102 0 0 0 0 0 
1522 158 381 343 0 0 506 432 322 0 0 87 0 0 0 0 0 
1523 166 406 367 0 0 558 476 364 0 0 87 0 0 0 0 0 
1719 178 312 270 0 0 546 466 276 0 0 8 0 0 0 0 0 
1720 226 318 272 0 0 567 483 238 0 0 85 0 0 0 0 0 
1721 242 328 277 0 0 554 473 219 0 0 56 0 0 0 0 0 
1722 238 353 306 0 0 539 460 223 0 0 17 0 0 0 0 0 
1723 152 349 317 0 0 509 434 284 0 0 35 0 0 0 0 0 
1919 221 462 400 0 0 575 490 237 0 0 101 0 0 0 0 0 
1920 227 512 458 0 0 617 526 260 0 0 103 0 0 0 0 0 
1921 234 460 411 0 0 591 504 259 0 0 109 0 0 0 0 0 
1922 192 320 290 0 0 462 394 230 0 0 136 0 0 0 0 0 
1923 178 387 341 0 0 493 420 218 0 0 87 0 0 0 0 0 

mean 213 411 367 0 0 559 477 277 6 0 45 0 9 0 0 0 
S. D. 40 77 77 0 0 104 89 90 21 0 41 0 28 0 0 0 

Table D3 Muscle forces (Newtons) encountered at maximum jointforce, during the 
chuck grip activity. 
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bial mcla mcip Icl jlat jmed jr jw east Omed a p 
914 0 0 0 497 573 726 2850 53.6 57.5 3.2 -30.0 
915 0 0 0 425 496 630 2451 50.8 57.3 3.3 -30.0 
916 0 0 0 384 440 619 2231 51.7 57.9 3.4 -30.0 
917 0 0 0 370 434 534 2027 54.3 58.9 3.4 -30.0 
1214 0 0 0 317 363 625 2171 55.8 62.2 3.2 -30.0 
1215 0 0 0 321 370 613 2216 57.6 62.5 3.2 -30.0 
1216 0 0 0 280 340 520 1904 53.8 66.2 3.3 -30.0 
1217 0 0 0 317 367 605 1453 58.5 64.1 60.0 60.0 
1218 0 0 0 292 349 516 1312 55.1 62.4 60.0 60.0 
1414 0 0 0 386 483 345 2048 37.6 53.0 3.3 -30.0 
1416 0 0 0 404 496 422 2203 41.5 47.1 3.3 -30.0 
1615 0 0 0 316 391 346 1739 45.6 50.8 3.5 -30.0 
1616 0 0 0 298 372 357 1690 49.0 57.1 3.5 -30.0 
1617 0 0 0 290 356 384 1722 45.6 55.6 3.5 -30.0 
1618 0 0 0 331 373 619 2207 48.8 55.6 3.3 -30.0 
1814 0 0 0 363 449 504 2158 47.9 59.6 3.3 -30.0 
1815 0 0 0 393 484 522 2225 44.8 59.1 3.3 -30.0 
1816 0 0 0 387 480 449 2101 40.6 58.2 3.3 -30.0 
1817 0 0 0 344 429 438 1936 41.0 59.3 3.4 -30.0 
1818 0 0 0 347 437 418 1895 42.0 59.6 3.4 -30.0 
1019 0 0 0 461 550 293 1994 37.4 55.5 3.4 -30.0 
1020 0 0 0 655 572 1238 3687 23.7 49.1 3.2 -30.0 
1022 0 0 0 433 515 447 2300 42.1 53.2 3.3 -30.0 
1023 0 0 0 507 622 428 2442 49.3 58.0 3.3 -30.0 
1319 0 0 0 280 329 492 1791 49.7 55.2 3.4 -30.0 
1320 0 0 0 283 336 508 1790 51.1 57.0 3.5 -30.0 
1321 0 0 0 300 346 547 1756 51.7 62.4 3.6 -30.0 
1323 0 0 0 264 294 553 1839 43.0 58.0 3.2 -30.0 
1519 0 0 0 406 447 845 2586 53.6 65.3 3.3 -30.0 
1520 0 0 0 341 371 780 2215 61.4 66.0 3.3 -30.0 
1521 0 0 0 407 440 902 2615 53.5 66.6 3.3 -30.0 
1522 0 0 0 317 354 662 1968 50.5 64.1 3.4 -M. 0 

1523 0 0 0 316 338 802 2147 48.9 67.7 3.3 -30.0 
1719 0 0 0 256 272 639 1883 49.3 54.7 3.3 -30.0 
1720 0 0 0 272 296 671 1935 45.8 59.4 3.4 -30.0 
1721 0 0 0 267 297 623 1923 46.7 57.9 3.4 -30.0 
1722 0 0 0 288 344 532 1945 44.5 58.1 3.3 -30.0 
1723 0 0 0 277 309 620 1878 54.8 61.3 3.4 -30.0 
1919 0 0 0 356 419 649 2190 49.5 65.2 3.3 -30.0 
1920 0 0 0 384 431 725 2388 55.8 63.9 3.3 -30.0 
1921 0 0 0 349 391 727 2262 52.0 64.6 3.3 -30.0 
1922 0 0 0 267 291 628 1737 51.9 67.5 3.5 -30.0 
1923 0 0 0 312 369 545 1871 51.1 64.6 3.4 -30.0 

mean 0 0 0 350 405 583 2086 48.4 59.5 6.0 -25.8 
S. D. 0 0 0 79 84 172 391 6.5 4.9 12.1 19.2 

Table D4 Ligament and joint forces (Newtons), and joint force angles (degrees), 
encountered at maximumjointforce, during the chuck grip activity. 
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trIal fds fdp fcr fcu ecu ecrb ecri bic bra brd prt tri anc prq sup 
920 718 718 0 0 292 734 607 22 0 380 0 0 0 0 0 
921 626 626 0 0 243 683 566 46 0 354 0 0 0 0 0 
922 650 650 0 0 233 690 571 26 0 357 0 0 0 0 0 
923 633 633 0 0 219 660 546 18 0 341 0 0 0 0 0 
1221 569 568 0 0 295 661 547 0 0 190 0 0 0 0 0 
1223 608 608 0 0 282 679 562 0 0 147 0 0 0 0 0 
1420 593 593 0 0 103 522 432 0 0 207 0 a 0 0 0 
1421 819 819 0 0 249 663 549 0 0 176 0 0 0 0 0 
1422 772 772 0 0 201 635 525 0 0 200 0 0 0 0 0 
1423 619 819 0 0 185 661 547 0 0 221 0 0 0 0 0 
1622 350 350 49 0 0 444 368 130 0 230 0 0 0 0 0 
1623 330 330 108 0 0 443 366 117 0 229 0 0 0 0 0 
1819 327 327 0 0 117 465 385 121 0 241 0 0 0 0 0 
1820 369 369 0 0 182 521 431 95 0 270 0 0 0 0 0 
1821 360 360 0 0 188 518 429 84 0 268 0 0 0 0 0 
1822 327 327 0 0 109 484 401 132 0 250 0 0 0 0 0 
1823 370 370 0 0 159 516 427 60 0 267 0 0 0 0 0 
1014 487 487 2 0 0 497 412 143 0 257 0 0 0 0 0 
1015 483 483 53 0 0 492 407 171 0 255 0 0 0 0 0 
1016 429 429 88 0 0 455 376 206 0 235 0 0 0 0 0 
1017 402 401 172 0 0 433 358 233 0 224 0 0 0 0 0 
1018 379 378 209 0 0 413 342 203 0 214 0 0 0 0 0 
1314 410 411 0 0 219 628 520 37 0 325 0 0 0 0 0 
1315 511 511 0 0 327 741 613 65 0 383 0 0 0 0 0 
1316 572 571 0 0 273 751 621 0 0 376 0 0 0 0 0 
1317 201 201 0 0 190 497 412 266 0 257 0 0 0 0 0 
1318 324 323 0 0 84 510 422 108 0 264 0 0 0 0 0 
1514 203 203 0 0 114 393 325 321 0 203 0 0 0 0 0 
1515 248 248 0 0 163 428 355 217 0 222 0 0 0 0 0 
1516 305 305 0 0 200 507 419 140 0 262 0 0 0 0 0 
1517 322 321 0 0 194 491 406 144 0 254 0 0 0 0 0 
1518 287 287 0 0 133 457 378 189 0 236 0 0 0 0 0 
1714 667 666 0 0 521 800 662 0 0 313 0 0 0 0 0 
1715 631 631 0 0 481 838 694 0 0 391 0 0 0 0 0 
1716 611 610 0 0 514 850 703 0 0 335 0 0 0 0 0 
1717 651 651 0 0 533 841 696 0 0 347 0 0 0 0 0 
1718 682 682 0 0 521 854 706 0 0 382 0 0 0 0 0 
1914 390 391 72 0 0 418 346 251 0 216 0 0 0 0 0 
1915 423 423 0 0 47 442 366 129 0 229 0 0 0 0 0 
1916 433 433 27 0 0 454 375 239 0 235 0 0 0 0 0 
1917 388 388 82 0 0 439 363 179 0 227 0 0 0 0 0 
1918 536 536 0 0 125 563 466 125 0 291 0 0 0 0 0 

mean 481 481 21 0 183 576 476 100 0 268 0 0 0 0 0 
S. D. 167 167 48 0 158 140 116 92 0 64 0 0 0 0 0 

Table D5 Muscle forces (Newtons) encountered at maximum joint force, during the 
horizontal power grip activity. 
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trial mcia MOP Icl jlat jmed jr jw olot Om" a 0 
920 0 0 0 689 801 593 3034. 60.1 64.6 3.2 -2.8 
921 0 0 0 694 817 381 2708 62.8 61.9 3.2 -2.7 
922 0 0 0 715 841 346 2759 63.2 61.8 3.2 -2.7 
923 0 0 0 693 822 305 2655 63.2 61.9 3.2 -2.7 
1221 0 0 0 645 814 199 2601 59.6 64.7 3.3 -2.9 
1223 0 0 0 701 983 0 2485 53.3 67.6 3.4 -30.0 
1420 0 350 0 424 808 0 2212 74.0 37. S 3.1 -2.5 
1421 0 0 0 828 1044 15 3066 64.6 61.1 3.0 -2.9 
1422 0 154 0 703 993 0 2875 67.1 52.7 3.0 . 2.7 
1423 0 177 0 718 1034 0 2994 66.1 52.9 3.0 . 2.8 
1622 0 164 0 396 644 0 1531 62.7 41.7 3.4 . 2.0 
1623 0 274 0 345 694 0 1548 67.6 31.7 3.4 . 1.9 
1819 0 0 0 553 657 13 1587 68.7 52.8 3.3 . 2.2 
1820 0 0 0 559 653 173 1839 68.7 56.8 3.3 . 2.4 
1821 0 0 0 516 641 201 1822 60.9 62.3 3.4 -2.5 
1822 0 1 a 546 692 0 1613 62.5 57.1 3.5 . 2.2 
1823 0 0 0 560 698 60 1809 62.1 60.7 3.4 -2.4 
1014 0 300 a 403 774 0 1860 66.0 34.8 3.4 -2.1 
1015 0 283 0 446 818 0 1895 67.6 33.3 3.2 -2.1 
1016 0 259 0 443 804 0 1753 68.6 31.8 3.2 -2.1 
1017 0 266 0 459 853 0 1510 69.4 29.2 -30.0 -2.0 
1018 0 423 1 372 919 0 1475 80.0 18.5 -30.0 -2.0 
1314 0 0 0 582 692 273 1977 61.8 60.5 3.6 -30.0 
1315 0 0 0 578 665 691 2448 55.7 66.5 3.4 -30.0 
1316 0 0 0 671 767 469 2759 62.1 62.2 3.4 -2.7 
1317 0 0 0 425 508 369 1345 57.0 50.6 4.2 -30.0 
1318 0 0 0 528 587 103 1632 69.2 48.4 3.6 -2.0 
1514 0 0 0 295 447 441 1105 30.7 70.0 4.1 -30.0 
1515 0 0 0 306 450 472 1296 37.2 73.4 3.9 -30.0 
1516 0 0 0 354 471 521 1704 44.5 72.5 3.6 -2.4 
1517 0 0 0 339 437 549 1701 48.4 70.1 3.5 -2.5 
1518 0 0 0 348 482 400 1511 45.9 68.4 3.7 -2.3 
1714 0 0 0 715 835 682 3018 57.8 64.8 3.4 -30.0 
1715 0 0 0 752 918 611 2979 55.6 67.1 3.6 -30.0 
1716 0 0 0 749 949 557 2994 51.7 67.9 3.6 -30.0 
1717 0 0 0 711 864 737 3072 52.4 69.0 3.5 -30.0 
1718 0 0 0 712 825 831 3138 55.8 67.9 3.4 -30.0 
1914 0 64 0 523 740 0 1590 66.2 46.2 3.2 -2.1 
1915 0 75 0 513 678 0 1673 69.8 47.5 3.1 -2.3 
1916 0 0 0 551 722 43 1695 60.6 53.9 3.3 -2.1 
1917 0 60 0 517 702 0 1637 65.1 46.1 3.3 -2.0 
1918 0 0 0 622 771 186 2193 61.7 59.5 3.2 -2.6 
mean 10 68 0 552 745 243 2121 60.7 55.5 1.8 -9.6 
S. D. 0 120 0 145 159 262 624 9.4 13.6 7.2 12.3 

Table D6 Ligament and joint forces (Newtons), and joint force angles (degrees), 
encountered at maximumjointforce, during the horizontal power grip activity. 
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trial fds fdp fcr fcu ecu eerb ecrl bic bra brd prt tri anc prq sup 

924 441 441 0 0 51 602 499 141 0 312 0 0 0 0 0 

925 279 279 43 0 0 482 399 364 0 249 0 0 0 0 0 

926 329 329 0 0 124 550 456 73 0 285 0 0 0 0 0 

927 348 349 0 0 121 560 464 2 0 290 0 0 0 0 0 

928 324 325 0 0 92 539 446 108 0 279 0 0 0 0 0 

1224 378 378 0 0 312 688 569 0 0 121 0 0 0 0 0 

1225 237 237 0 0 105 572 473 220 0 296 0 0 0 0 0 

1226 197 197 0 0 126 554 458 268 0 287 0 0 0 0 0 

1227 273 272 0 0 236 616 510 118 0 318 0 0 0 0 0 

1228 257 257 0 0 246 598 495 167 0 309 0 0 0 0 0 

1424 407 407 341 0 0 494 409 61 0 256 0 0 0 0 0 

1425 607 607 237 0 0 519 430 0 0 183 0 0 0 0 0 

1427 871 870 0 25 66 594 492 0 0 0 0 16 136 0 0 

1624 107 107 316 288 0 458 379 1 0 237 0 0 0 0 0 

1625 131 131 318 168 0 461 381 110 0 238 0 0 0 0 0 

1626 118 118 341 180 0 494 409 67 0 256 0 0 0 0 0 

1627 72 72 339 546 0 492 407 34 0 254 0 0 0 0 0 

1628 82 82 361 497 0 524 434 326 0 0 0 0 0 0 0 

1824 186 186 215 0 0 432 358 110 0 224 0 0 0 0 0 

1825 150 149 109 0 0 381 315 44 0 197 0 0 0 0 0 

1826 167 167 277 0 0 419 347 153 0 217 0 0 0 0 0 

1827 124 125 171 0 0 374 309 103 0 193 0 0 0 0 0 

1828 132 132 227 0 0 364 302 99 0 188 0 0 0 0 0 

1009 133 133 258 0 0 417 345 72 0 216 0 0 0 0 0 

1010 126 126 185 0 0 402 332 65 0 208 0 0 0 0 0 

1012 243 242 0 0 175 616 510 108 0 319 0 0 0 0 0 

1309 228 228 0 0 338 636 525 50 0 329 0 0 0 0 0 

1311 238 238 0 0 62 573 474 227 0 296 0 0 0 0 0 

1312 351 351 0 0 723 839 695 0 0 95 0 0 0 0 0 

1313 454 453 0 0 416 822 680 0 0 406 0 0 0 0 0 

1509 197 197 0 0 432 480 397 35 0 248 0 0 0 0 0 

1510 355 355 0 0 434 815 674 41 0 421 0 0 0 0 0 

1511 427 427 0 0 289 708 586 187 0 366 0 0 0 0 0 

1512 224 224 0 0 138 500 414 184 0 259 0 0 0 0 0 

1513 277 277 0 0 18 438 362 230 0 226 0 0 0 0 0 

1710 248 248 0 0 91 492 407 210 0 254 0 0 0 0 0 

1711 335 334 0 0 294 629 521 135 0 326 0 0 0 0 0 

1712 539 539 0 0 331 833 690 0 0 223 0 0 0 0 0 

1713 594 593 0 0 512 853 706 0 0 0 0 95 0 0 0 

1909 624 624 0 0 516 856 709 0 0 0 0 67 0 0 0 

1910 476 476 0 0 268 784 649 0 0 341 0 0 0 0 0 

1911 179 179 368 0 0 341 442 145 0 276 0 0 0 0 0 

1912 208 208 259 0 0 399 330 303 0 206 0 0 0 0 0 

1913 68 68 476 126 0 0 571 0 0 217 0 0 0 0 0 

Pean 284 284 123 40 142 541 472 100 0 239 0 4 3 0 0 

S. D. 171 171 157 119 182 169 115 98 0 97 0 17 20 0 0 

Table D7 Muscle forces (Newtons) encountered at maximum jointforce, during the 
hook grip activity. 
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trial I mcla MCIP Icl jlat jmed jr JW Gist Ormd a 

924 0 0 0 631 793 60 2002 63.8 58.9 3.3 -2.5 
925 0 0 0 552 769 34 1448 64.3 52.8 3.4 -2.1 
926 0 0 0 518 649 133 1756 61.8 63.2 3.5 -2.5 
927 0 0 0 565 691 22 1811 64.4 62.7 3.4 -2.5 
928 0 0 0 517 654 102 1694 60.1 60.9 3.5 -2.4 
1224 0 0 0 587 811 54 2109 53.3 69.3 3.7 -30.0 
1225 0 0 0 504 688 150 1457 51.3 63.0 3.9 -30.0 
1226 0 0 0 462 632 244 1375 46.5 63.1 4.1 -30.0 
1227 0 0 0 485 656 366 1723 44.8 71.8 3.9 -30.0 
1228 0 0 0 456 602 446 1673 46.1 69.4 3.9 -30.0 
1424 0 511 180 458 1059 0 1758 72.8 27.8 -30.0 -2.3 
1425 0 537 211 467 1055 0 2057 72.9 28.7 -30.0 -2.6 
1427 0 614 131 506 1083 0 2493 80.0 26.0 -30.0 -2.9 
1624 0 474 115 259 842 0 1443 56.1 26.3 3.4 -1.8 
1625 0 411 0 292 848 0 1484 67.8 25.3 3.4 -1.9 
1626 0 374 0 374 934 0 1686 64.5 30.1 3.3 -2.0 
1627 0 346 0 373 919 0 1654 60.0 32.1 3.2 -1.9 
1628 0 401 0 402 1154 0 1679 61.1 18.7 -30.0 . 2.2 

1824 0 447 199 360 882 0 1173 78.6 16.6 -30.0 -1.4 
1825 0 351 178 282 650 0 932 80.0 18.7 -30.0 . 1.3 

1826 0 434 226 404 941 0 1173 76.6 17.1 -30.0 -1.3 
1827 0 387 183 280 738 0 1082 72.6 15.4 3.6 -1.1 
1828 0 377 189 296 768 0 1142 65.9 15.6 3.5 -1.2 
1009 0 431 178 273 783 0 1263 54.3 23.2 3.5 -1.5 
1010 0 415 138 214 689 0 1148 54.4 23.4 3.6 -1.4 
1012 0 0 0 569 746 77 1626 46.3 64.2 4.1 -30.0 
1309 0 0 0 535 651 328 1784 45.1 64.2 4.0 -30.0 
1311 0 45 0 543 723 0 1564 57.0 50.4 4.0 -1.9 
1312 0 0 0 606 798 590 2703 37.9 75.6 3.7 -30.0 
1313 0 0 0 568 667 787 2565 52.9 73.4 3.5 -30.0 
1509 0 0 0 360 362 584 1526 66.0 60.6 4.0 -30.0 
1510 0 0 0 564 638 767 2385 53.6 69.5 3.6 -30,0 
1511 0 0 0 472 587 823 2208 50.3 71.0 3.5 -30.0 
1512 0 0 0 378 520 337 1472 44.0 69.1 3.8 -2.2 
1513 0 115 0 481 652 0 1341 80.0 34.0 3.3 -1.8 
1710 0 0 0 392 551 279 1456 45.9 67.0 3.7 -2.2 
1711 0 0 0 399 487 750 1912 48.1 73.5 3.5 -30.0 
1712 0 0 0 725 946 196 2667 56.7 66.2 3.5 -30.0 
1713 0 0 0 703 937 336 2974 48.5 67.1 3.4 -30.0 
1909 0 0 0 718 947 3ý2 3040 51.3 66.1 3.4 -30.0 
1910 0 0 0 715 902 200 2631 59.0 64.5 3.6 -2.5 
1911 0 341 0 415 897 0 1486 71.7 33.4 3.2 -1.7 
1912 0 199 136 582 903 0 1198 80.0 28.1 -30.0 -1.7 
1913 0 204 38 620 935 0 1126 80.0 32.7 -30.0 -1.6 
Mean 0 182 46 467 781 174 1737 60.7 47.1 -3.0 -11.7 
S. D. 0 214 78 134 169 249 525 12.0 21.1 13.5 13.5 

Table D8 Ligament and joint forces (Newtons), and joint force angles (degrees), 

encountered at maximum jointforce, during the hook grip activity. 
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APPENDIX E 

This appendix contains detail drawings for the manufacture of the handheld and 
telemetry force measuring knives. 
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