
A Model of Selected Human Forearm Muscles: 
Estimation, Scaling and Application 

Stephan Riek 

B.Sc. (Kinesiology), Simon Fraser University, 1990 
M.Sc. (Kinesiology), Simon Fraser University, 1991 

THESIS SUBMITTED IN PARTIAL FULFILLMENT OF 

THE REQUIREMENTS FOR THE DEGREE OF 

DOCI'OR OF PHILOSOPHY 

in the School of Kinesiology 

O Stephan Riek 1996 

SIMON FRASER UNIVERSITY 

April, 1996 

All rights reserved. This work may not be 
reproduced in whole or in part, by photocopy 

or other means, without permission of the author. 



APPROVAL 

NAME: Stephan Riek 

DEGREE: Doctor of Philosophy 

TITLE OF THESIS: A Model of Selected Human Forearm Muscles: 
Estimation, Scaling and Application 

EXAMINING COMMITTEE: 

Chair: Dr. John Dickinson 

Dr. Arthur Chapman 
Senior Supervisor 
Professor, School of Kinesiology 

Dr. Ted Milner 
Assistant Professor School of Kinesiology 

Dr.. Porn Calvert 
professor & Director, Centre for Systems Science 

- - -  

DL James Morrison 
Professor, School of Kinesiology 
Internal Examiner 

Dr. Stuart McGill, Associate Professor 
Departments KinesiologyA4echanical Engineering 
University of Waterloo 
External Examiner 

Date Approved: /f?& 



PARTIAL COPYRIGHT LICENSE 

I hereby grant to Simon Fraser University the right to lend my thesis, project 
or extended essay (the title of which is shown below) to users of the Simon Fraser 
University Library, and to make partial or single copies only for such users or in 
response to a request from the library of any other university, or other 
educational institution, on its own behalf or for one of its users. I further agree 
that permission for multiple copying of this work for scholarly purposes may be 
granted by me or the Dean of Graduate Studies. It is understood that copying or 
publication of this work for financial gain shall not be allowed without my 
written permission. 

Title of Thesis/Project/Extended Essay 

Author: 
(signature) 

(name) 

(date) 



ABSTRACT 

In general, only net torque about a joint can be measured experimentally. This 

torque, however, is often made up of contributions from several muscles that cross the 

joint. Currently, there is no non-invasive method to measure individual muscle forces in a 

complex muscuhskeletal system. The general purpose of this thesis was to construct a 

model to estimate force of a single muscle which is part of a more complex multiple- 

muscle, multiple-degree of freedom system. 

Muscle specific parameters for a Hill-type model of a single-muscle, single-degree of 

freedom system (flexor pollicis longus (FPL) acting on the distal phalanx of the thumb) 

were determined in several experiments designed to establish the isometric force-length 

relationship of the contractile component (CC), force-velocity relationship of the CC and 

force-length relationship of the series elastic component (SEC) for one subject. These 

relationships were incorporated into an iterative process which resulted in a computer 

simulation of the force producing capabilities of FPL with muscle activation, from 

electromyography (EMG), as input. The force outputs from the simulation were compared 

with experimental results of both isometric and dynamic voluntary contractions of FPL. 

Using magnetic resonance images, the relationships obtained for FPL were scaled 

according to muscle size and shape and were used to develop a computer simulation of the 

extensor carpi radialis brevis (ECRB) muscle. Physiological cross sectional area was used 

to scale maximum isometric force capability (Po) and fibre length was used to scale 

maximum shortening velocity (Vmax). The model of ECRB was evaulated by comparing 

the simulation output with various contractions evoked by electrical stimulation of ECRB in 

isolation. The model of ECRB was applied to data describing the kinematics and EMG 

profiles of novice and advanced tennis players so that muscle force in each group could be 

evaluated. The implications for sustaining lateral epicondular injuries based on predictions 

of force in ECRB were discussed. 
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1.0 General Introduction 

The complexity and versatility of human movement has captured the attention of 
/ 

investigators for centuries. Humans can demonstrate a wide range of movements from the 

simple to the complex, all the while controlling the complex interactions between muscles, 

bones and joints in a seemingly effortless manner. In order to understand such a complex 

system, the interaction between the neural, mechanical and muscular properties during 

human movement must be considered. 

One avenue of investigation has been to understand better the fundamental aspects 

of multisegmental motion and intermuscular coordination in human movements. Humans 

have available to them multisegmental limbs, many muscles crossing single or multiple 

joints and even subsections of muscles all of which must be controlled in order to perform 

tasks successfully. As a result, the central nervous system is forced to deal with a vast 

number of degrees of freedom. It has been suggested that the basic problem in motor 

control is overcoming this problem of redundant degrees of freedom (Bernstein, 1967). 

Even though the human system has seemingly endless degrees of freedom, there are likely 

to be constraints, which can be used by the central nervous system (CNS), to reduce the 

actual degrees of freedom of the endpoint of a multi-joint limb. These constraints may be 

biomechanical (biarticular muscles, geometric constraints; see van Ingen Schenau 1989; 

Zajac and Gordon, 1989) andlor physiological (inter-muscular reflexes, motor unit 

recruitment order, motor unit task groups). In addition, there may also be constraints yet 

to be discovered which may lead to a unique solution for a given motor task. How can the 

CNS choose among the seemingly infinite patterns of control variables which may lead to a 

desired outcome? Or, perhaps more importantly, how can we establish a window into the 

human system to help us understand this process? 



In order to answer this second question it is often useful to determine how muscles 

produce torque about a joint. Direct measurement of muscle forces inside the human body 

are rare because of the obvious invasive nature and requirements of sophisticated 

instrumentation and recording techniques. In animals however, techniques have been used 

extensively to deprrnine muscle force and changes in both muscle fibre length and whole 
I 

muscle length during voluntary contractions in awake animals (Hoffer et a1 1989, Herzog 

and Leonard, 198 1). 

Inverse dynamics has been perhaps the most widely used method of estimating 

internal muscle forces in humans. The method is essentially the same for all joints in the 

body. It is based on the representation of the human body as a set of rigid segments 

connected by idealized joints. All forces acting between two adjacent segments are 

represented by a resultant or net force and one resultant or net moment. Using this 

technique, the forces and moments are inferred from the kinematics caused by them, which 

is inverse to the actual operation of the system. This force or moment represents the sum 

of all load-carrying structures between two adjacent segments. It is often desirable to 

separate the resultant force and moment into forces and moments attributed to individual 

anatomical structures. With the inverse dynamics analysis we often face an indeterminate 

problem when the equations generated from an inverse dynamic analysis do not provide 

sufficient information to solve for all unknowns. Hence, alternate techniques must be used 

to help eliminate the number of unknowns in an equation. 

There are at least two methods available to solve this indeterminate problem: 

reduction and optimization. Using the reduction method, the number of unknowns is 

simply reduced until it is equal to the number of equations. This can be done by 

simplifying the anatomical structures, grouping muscles with similar function into single 

equivalent muscles, or separating the movement into distinct phases. Obviously, this 

results in a model that is less representative of the actual system. 



Optimization has been a popular method of selecting a unique solution to an 

indeterminate problem. Several optimizing criteria or cost functions have been used such 

as minimizing muscle fatigue, jerk, muscle force or stress. These static optimization 

schemes, however, cannot predict the load sharing between synergist muscles during 

dynamic contract'ons unless some knowledge of the dynamics of force generation is f 
included. Dynamic optimization uses the mechanical properties of muscle to help solve the 

indeterminate problem. In this way, the number of possible solutions is reduced to those 

consistent with physiological and mechanical properties of muscles. The problem is still 

underdetermined, so optimization criteria must still be used to obtain a unique solution. 

The optimization criteria selected by investigators may lead to erroneous suggestions that 

the CNS also uses these criteria. However, a criterion that seems successful in one type of 

task may be inappropriate in other tasks. It is perhaps more useful to consider that the 

CNS ultimately optimizes for successful execution of a task rather than optimizing for 

some arbitrary experimental criterion. 

As an antecedent to inverse dynamics, direct or forward dynamics can be used to 

estimate muscle forces in human movement. In forward dynamics the "experiment" is 

conducted using a computer model of the human musculoskeletal system. This type of 

analysis has several advantages because the trials are perfectly reproducible, it provides 

understanding by inclusion of the underlying causal mechanisms, and it allows precise 

control of all variables. A computer model must relate the most important parameters of the 

system but need not necessarily represent more than is required for a satisfactory 

approximation of its normal mechanical function. Prediction by means of a model should 

be checked experimentally and the model corrected based on this check. Confirmation of 

models in human biomechanics is difficult because shapes and material properties cannot 

be quantified accurately and are subject to continuous changes by metabolic processes (e.g. 

growth, aging, adaptation to changing loads). Parameters in the model can be adapted in 



order to match qualities of the real system. Some parameters of a model may be measured 

accurately, whereas for others, only the order of magnitude can be estimated. 

2.0. Genera Purpose 

In general, only net torque about a joint can be measured experimentally. This 

torque is often made up of contributions from several muscles which cross the joint. 

Currently, there is no non-invasive method to measure experimentally individual muscle 

forces and moments in a complex musculoskeletal system. The general purpose of this 

thesis was to estimate force in a complex multiple-muscle, multiple-degree of freedom 

system from measures of electromyography (EMG) and kinematics. To this end, a model 

of the muscle will be used with muscle specific parameters obtained from one of the few 

single-muscle, single-degree of freedom systems which can be isolated experimentally. 

This thesis was divided into 3 sections, each with a specific purpose. The purpose 

of chapter 2, was to determine the muscle specific parameters for a Hill type muscle model 

of a (flexor pollicis longus (FPL) acting on the distal phalanx of the thumb). It was 

hypothesized that, since FPL is a single-muscle, single-degree of freedom system, the 

force-length-velocity properties of FPL could be measured directly. 

Chapter 3 detailed a computer model of the FPL muscle and evaluated the model by 

comparing the torque about the distal phalanx of the thumb predicted by the model with the 

actual torque recorded in isometric contractions. The model's prediction of dynamic 

contractions was evaluated by comparing the kinematics of the distal phalanx on the thumb 

predicted by the model with the actual kinematics recorded for contractions against three 

moments of inertia. Also, it was hypothesized that the relationships describing FPL could 

be extended to another muscle (extensor carpi radialis brevis(ECRJ3)) by scaling the 



parameters with respect to muscle size and shape to produce a model of ECRB acting at the 

wrist. 

In Chapter 4, the model of ECRB was used to simulate the force produced in 

ECRB during a backhand tennis stroke for both novice and advanced players. It was 

hypothesized that the model prediction of muscle force and muscle kinematics would 
/ 

display both qualitative and quantitative differences between novice and advanced player 

that would help explain why novice players are at greater risk of developing overuse 

injuries. 



Chapter 2 

Model Parameters for Flexor Pollicis L o n ~ u s  

1.0 Introduction 

The interphalangeal joint of the thumb is a simple, one degree of freedom, 

bicondylar joint which allows flexion/extension of the distal phalanx of the thumb with an 

axis of rotation through the centre of curvature of the condylar head of the proximal 

phalanx (Toft and Berme, 1980). On each side of the joint are collateral ligaments which 

keep the articular surfaces together and restrain their movements. Any side to side 

movement is passively resisted by the joint surface and the ligaments (Toft and Berme, 

1980). Flexion of the distal phalanx is accomplished by contraction of the flexor pollicis 

longus (FPL) muscle. FPL is a unipennate muscle situated on the radial side of the 

forearm. It arises from the grooved anterior surface of the shaft of the radius, just below 

the radial tuberosity and oblique line. The fibres terminate in a flattened tendon which 

passes beneath the annular ligament and inserts into the base of the distal phalanx of the 

thumb. This joint is unusual in that FPL is the sole contributor to flexion of the distal 

phalanx of the thumb, which affords a unique opportunity to study the mechanical function 

of this muscle in isolation. Specifically, the mechanical properties of FPL can be 

determined experimentally and these properties can be used to determine the efficacy of a 

model representation of this system. 

The phenomenological model of muscle proposed by Hill (1938; 1970) consists of 

a contractile component (CC) that is in series with an elastic component (SEC) and in 

parallel with an elastic component (PEC). The CC is a theoretical construct that represents 

the force of contraction in skeletal muscle. Force production by the CC is a function of 

several factors, namely; activation, length, velocity and history of contraction. In the 



SEC, force production is a function of muscle length and activation. In the PEC, force is a 

function of muscle length only. 

I .  I The Contractile Component (CC) 

The steady state property of muscle tissue is defined by its isometric force-length 

(FL) relationship (Zajac, 1989). When a muscle fibre is stimulated under isometric 

conditions at a variety of lengths, the resulting tension is small at extremes of length and 

maximal in between these extremes. The result is a characteristic inverted "U" shaped 

curve between length and tension. This fundamental property of muscle is thought to be 

due to the amount of overlap between thin and thick filaments as predicted by the sliding 

filament theory (Gordon et al., 1966). 

On the muscle level, additional structural factors such as the fibre length relative to 

the total muscle length and the arrangement of fibres within the muscle must be considered 

(Woittiez et a]., 1984). On the muscle-tendon level, force-length properties are further 

influenced by the ratio of fibre length to tendon length and the force elongation properties 

of tendon contributing to the series elastic elements (Zajac 1989). 

The physiological operating range for whole muscle lies well within the range 

where zero force is produced (Winters, 1990; Herzog et al., 1992) with some muscles 

operating on the ascending limb of the FL curve while others operate on the descending 

limb during certain movements (Cutts, 1988; Mai and Lieber, 1990; Herzog et al., 1991). 

Herzog et al., (1992) demonstrated that isometric forces of cat triceps surae tend to increase 

for increasing muscle lengths, suggesting that they operate primarily on the ascending limb 

of the FL curve. In contrast, sarcomeres in the frog semitendinosus, muscle operate 
/ 

primarily on the descending part of the FL curve (Mai and Lieber, 1990), which has a 

decreasing isometric force potential for increasing muscle length. Furthermore, human 

rectus femoris muscles were found to operate on the ascending limb of the FL curve for 

high-performance runners and on the descending limb for high-performance cyclists 



(Herzog et al., 199 1). Although muscles operating on the descending limb of their force 

length relationship tend to instability, the interaction between length changes and moment 

arm changes must be considered to understand the effects on resultant joint torque. Also, 

muscle parallel elasticity must be considered. Although individual sarcomeres may be 

shown to operate on both the ascending and descending limbs of their force-length curves, 

the whole muscle may still show a positive slope for its overall force length curve. These 

results suggest an interrelation between isometric force potential and functional demands. 

Muscles that tend to operate on the ascending limb of the FL relation have an isometric 

force potential for increasing muscle lengths, and a decreased isometric force potential for 

decreasing muscle lengths. Therefore, it appears to be an advantage if a muscle operating 

on the ascending limb of the FL curve increases its force during a functional task while 

elongating and decreases its force while shortening and vice versa for a muscle operating 

predominantly on the descending limb of the FL relation (Herzog et al., 1992). 

Although related to muscle energetics by Hill (1938), the CC force-velocity relation 

is essentially a fit to experimental data. This hyperbolic relationship between force and 

velocity of shortening can described by the Hill equation: 

where P = force, V = velocity of shortening, Po = maximal isometric force, a and b = 

constants with dimensions of force and velocity respectively. 

When empirical FV relations are constructed for lengths less than optimal length 

(Lo), the velocity at which no tension can be sustained is found by xtrapolation to be less 9 
than maximum shortening velocity (Vmm) (Zajac, 1989). However, the sliding filament 

theory predicts that the velocity-axis intercept should be independent of sarcomere length 

(Huxley, 1974). Some experiments on single fibres, however, suggest that the velocity- 

axis intercept is both length and activation dependent, especially when muscle length and 



activation deviate significantly from Lo and maximal respectively (Zajac, 1989). Edman 

(1979) has shown that only at very short lengths does maximum velocity of sarcomere 

shortening diminish. Similar results were obtained by Hatcher and Luff (1986) on cat 

flexor digitorum longus and soleus muscles which showed a decline in maximum 

shortening velocity at extremes of muscle lengths only. 

Despite this controversy, many investigators who model muscle to study muscular 

coordination choose to assume that the velocity-axis intercept is constant (Hatze, 1977; 

Pierrynowski and Morrison, 1985) while others assume that the intercept decreases with 

decreasing length and activation (Hof and van den Berg, 198 1). It should be noted that 

some scaling of Vmax would be expected for muscles of mixed fibre type. Assuming that 

motor units are recruited according to size (Henneman et al., 1965), slower fibres are 

active at low activation while faster fibres are recruited with increasing activation. This 

would result in a overall shift of the force-velocity relationship of the muscle to higher 

Vmm, with increasing activation. This issue may not be functionally important at the 

muscle coordination level since muscle neither produces any power at zero force nor exists 

in a state near zero force for very long, or may never achieve Vmax. 

The shape of the FV relation during eccentric contractions is also important in 

simulating human movement since muscle often lengthens during contraction (eg. while 

descending stairs or decelerating to a stop). The shape of the eccentric portion of the FV 

curve is quite different than the concentric portion and it has been demonstrated that 

lengthening muscle can generate forces higher than Po. Harry et al. (1990) performed 

experiments on isolated frog muscle where shortening and lengthening velocities were 

imposed and corresponding forces were measured. Maximum forca during lengthening 

was found to be approximately 1.5 times Po, but others have used both higher and lower 

values (Winters, 1990). 

It is clear that muscle can produce force from zero activation to some high level of 

activation. It has been demonstrated that muscle force is under the influence of the size 



principle in a variety of contractions (Henneman et al., 1965; Milner-Brown et al., 1973; 

Riek and Bawa, 1992) This means that small, slow twitch motor units are recruited first 

followed by larger, fast twitch motor units. Consequently, a measure of activation which 

is based upon numbers of active motor units and their frequencies of firing will exhibit a 

complex relationship to force produced (Chapman, 1985). 

One expression of the level of activation is termed "active state" (Hill, 1970). 

Active state is the amount of force that a muscle can generate when in an isometric 

contraction (i.e., CC is neither shortening nor lengthening). This implicitly gives a linear 

relation between active state and force. Active state can be considered as the output of the 

excitation-contraction coupling dynamics and the input to the CC (Winters, 1990). Others 

have defined active state as the relative amount of calcium bound to troponin (Ebashi and 

Endo, 1968). This definition in terms of calcium dynamics, is considered a conceptual 

assumption for Huxley-type models and, in fact, may be inappropriate in a lumped 

parameter model. 

For physiological temperatures, it has been suggested that activation time is in the 

order of 10 ms and deactivation time on the order of 50 ms (Winters, 1990). Active state 

dynamics can be adequately represented by a first-order system such that activation level 

represents the isometric force produced as a percentage of the maximal isometric force 

(Caldwell, 1987). The simplest approach for modeling this dynamic process has been to 

assume unidirectional flow and first-order dynamics in which either the 

activatiorddeactivation time constants are the same or there are two time constants; one for 

activation and one for deactivation (Zajac, 1989, Winters 1990, Pandy et al., 1992). 

Winters and Stark (1985) suggested that these time constants be scaled to muscle fibre type 
/ 

(longer time constants for slow type fibres) and muscle size (longer time constants in larger 

muscle volumes). There is also evidence that activation is a function of muscle length 

(Rack and Westbury, 1969). The reduced response to stimulation at shorter lengths may 

be a result of diminished transmission of the electrical volley in the T-tubules due to 



compression (Rack and Westbury, 1969) or a reduction in the affinity of troponin for 

calcium at shorter muscle lengths (Lambert et al., 1979). 

1.2 Series Elastic Component (SEC) 

The series elastic component has been modelled as a spring with either non-linear 

or linear characteristics, determined by using several experimental techniques. Hill (1970) 

tetanized isolated frog muscle then allowed it to shorten at a controlled speed while 

recording force. This force was used to determine the velocity of shortening of the CC 

from the FV curve. The difference between CC shortening velocity and the velocity of the 

muscle represented the shortening velocity of the SEC. SEC velocity could then be 

integrated to determine SEC length which was compared to force. 

Jewel and Wilkie (1958) developed a technique of quick release from tetanus to 

examine the relationship between force and length of the SEC in an isolated muscle. The 

resulting displacement-time profile showed a rapid acceleration followed by a linear phase 

whose slope represented the shortening velocity. The linear phase of the shortening was 

extrapolated back to the ordinate at time of release. The magnitude of the intercept 

represented the amount of shortening of the SEC for a given load. This procedure was 

repeated with a variety of loads to yield the length-tension curve for the SEC. 

A third technique may be referred to as an isometric calculation method in which the 

properties of the SEC were determined from the rate of rise of tension during an isometric 

contraction (Wilkie, 1950; cf. Hill, 1970). Since the CC and SEC are in series, the rate of 

change of force with respect to time (dF/dt) is equal to: 

If activation (a) and velocity (v) are held constant, this equation reduced to: 



where the rate of change of force with respect to time is equal to the rate of change of force 

with respect to length multiplied by the rate of change of length with respect to time. 

The instantaneous stiffness of the SEC (dF/dx) could then be calculated if the 

velocity of shortening of the CC (dddt), at the same force, was determined from the force- 

velocity relationship. Each of these techniques have produced concave upward length- 

tension curves for the SEC with peak extension between approximately 2% and 8% of 

SEC length (Winters, 1990). 

The structural components of the SEC are thought to reside in the tendinous 

structures (including intramuscular and extramuscular tendon and aponeurosis) which 

behave as undamped elastic springs, in the cross bridges whose stiffness is a function of 

activation, and in the Z-bands and contractile filaments themselves whose stiffness is a 

function of force (Winters, 1990). Zajac (1990) argues that the SEC of the muscle fibre is 

negligible when compared with that of the tendon and therefore, can be eliminated for 

modelling purposes. However, SEC of the muscle fibre is variable with activation and at 

high activation may become more stiff than the tendon (Hoffer et al., 1989). 

The series elasticity attributed to the tendon (SECt) can be modelled separately from 

that of the muscle fibres (SECf) and can be characterized by its stress-strain relationship. 

Carlson et al. (1993) found no significant differences in modulus of elasticity (i.e., the 

slope of the stress-strain curve) for tendons of human extensor digitorum longus, flexor 

digitorum profundus, palmaris longus and plantaris between 2.5 and 4.5% strain. This 

similarity of the modulus of elasticity suggested similarity of tendo~ater ia l ,  therefore 

differences in stiffness were probably related to differences in cross sectional area and 

length. These stress-strain characteristics are similar to those suggested by Zajac (1989) 

for 'generic' tendon and those of FPL tendon measure in isolation by Rack and Ross 

(1984). However, measuring tendon stress at strains beyond physiological range may 



have little functional significance. In fact, Loren and Lieber (in press) suggest each tendon 

of the human upper limb has a unique stress-strain relationship. 

1.3 Parallel Elastic Component (PEC) 

The PEC is also an elastic component of muscle primarily due to the passive tissue 

within and surrounding muscle (e.g. epimysium, perimysium, endomysium, sarcolemma). 

This element is often excluded from models of muscle except when joint ranges of motion 

approach extremes. 

1.4 Lines of Action 

The relative accuracies of the resultant muscle and joint forces are proportional to 

the accuracies of specifying the moment arms and orientations of muscle lines of action. In 

general, accurate data concerning the muscle orientations and moment arms are required to 

define the coefficients in the equilibrium equations for force analysis of the muscles (An et 

al.. 1981). In the past, straight lines or lines joining origin to insertion of muscles were 

used to define muscle lines of action (Seiring and Arvikar, 1975). The locations of origins 

and insertions have been measured by radiography (Mcleish and Charnley, 1970), directly 

from cadaver specimens (Veeger et al., 199 1 ; Hogfors et al., 1987; Chen et al., 1988; 

Wood et al., 1989a, 1989b), using serial sectioning methods on cadavers (An et al., 1981) 

or in vivo using magnetic resonance imaging (MRI) (Koolstra et al., 1989; Caldwell and 

chapman,'1991; Buchanan et al. 1993). 

The serial sectioning method allows the path of the muscle to be obtained using the 

centroid of the muscle and tendon cross-sections. The muscle line 9f action can be 

obtained by joining these centroids. This approach assumes that the fibres contract 

uniformly across each cross-section and their lines of pull are perpendicular to the cross- 

section. Although this assumption may not always be true, An et al. (1981) suggested that 

the centroid line still provides the best estimate of the line of action and is more accurate 



than a straight line approximation . The curved nature of some muscles makes 

representation of the line of action by straight lines between origin and insertion less 

appropriate. 

1.5 Moment Ann 

The capacity for a muscle to act on an object not only depends on the amount of 

force the muscle can generate but also how well this linear force is translated into rotational 

force or torque about the joint centre. The moment arms about a joint are crucial in 

determining the joint torque produced by a muscle. A muscle moment arm can be defined 

as the length of the perpendicular segment from the line of action of the muscle to axis of 

rotation of the joint (Buchanan et al., 1993). Changes in moment arm with joint rotations 

can be estimated in geometric terms by establishing a model describing the tendon-joint 

displacement relationship. Armstrong and Chaffin (1978), found that Landsmeer's Model 

I best represented interdigit tendon-joint mechanics. In this model, the tendon is held 

securely against the curved articular surface of the proximal bone of the joint with the axis 

of rotation situated at the centre of the head of the proximal bone. During rotation of the 

joint, the relationship between tendon excursion and joint angle is given by: 

where E = tendon excursion, r = the distance from the joint centre to the tendon and 8 = 

joint rotation in radians. The instantaneous moment arm (M) of the tendon can be obtained 

from the slope of the plot of the tendon excursion vs joint angle, or = dEId8, (An et al., 

1983). 
r 



1.6 Purpose 

The purpose of the first part of this study was to determine the muscular properties 

required to develop a Hill type model of the flexor pollicis longus muscle of one healthy 

subject. It was hypothesized that, since FPL is a single-muscle, single-degree of freedom 

system, the force-length-velocity properties of FPL could be measured directly and an 

indeterminate problem would be avoided. 



2.0. Methods 

2.1. Morphometric Characteristics 

A series of cross sectional magnetic resonance images (each 5 mm thick) of a single 

subject's right arm and hand in a fully extended position with the forearm supinated. The 

distance between each slice was 10% of the slice thickness or 0.5 mrn. These images were 

traced by hand and digitized onto a Macintosh IIsi computer using a Deskjet scanner and 

analyzed using NCSA Image analysis software. Muscle area, centroid location, tendon 

area and centroid location were measured with respect to a fixed set of orthogonal axes 

whose origin was external to the first slice. The centroid location of the muscle and tendon 

in each slice was defined by the centre of the best fitting ellipse and confirmed visually. 

The muscle and tendon centroid location of each slice was used to define the line of action 

of the muscle, described as a three dimensional data set. The distance (r) from one centroid 

location to the next was calculated from the distance equation: 

The x and y values were measured in reference to an external reference frame. The z value 

was consistent and represented the distance between each slice (5.5mm). In this way, the 

muscle's length was accurately reflected even when its course was not parallel to the long 

axis (z) of the reference frame. 

Muscle fibre length was estimated using the fibre length to muscle length ratio of 

0.24 suggested by Lieber et al. (1990) as being consistent betweenpecimens. The 

physiological cross sectional area (PCSA) was define according to Sacks and Roy (1984) 

as: 



muscle mass (g) cosa  
PCSA = 

p (g/cm2) fibre length (cm) 

alternatively, 

(muscle volume (cm3) cosa) 
PCSA = fibre length (cm) 

where a = the surface pennation angle and p = muscle density. Surface pennation angle 

was taken from Lieber et al. (1992). The maximum isometric tension (Po) was determined 

from the maximum torque measured (1.39 Nm) divided by the muscle moment arm 

(0.0086m) estimated from the MRI. From PCSA and Po, the maximum muscle stress, or 

specific tension, of this muscle was calculated. The moment arm of the FPL muscle was 

defined as the perpendicular distance from the line of action to the joint centre of rotation as 

estimated from the centre of curvature of the condylar head of the proximal phalanx (Toft 

and Berme, 1980). 

2.2. CC Force-Length Relationship 

Position and torque were measured using a potentiometer and linear strain gauges 

coupled to a rotatable shaft. The subject's right hand and forearm were stabilized on a 

horizontal bar in a position similar to that used for the MR imaging. Only the distal 

phalanx of the thumb was free to move. The axis of rotation of the interphalangeal joint of 

the thumb was coaxial with the axis of rotation of the shaft. The subject performed three 

maximum voluntary contractions (MVC) at joint angles ranging f r p  0 (full extension) to 

60 degrees flexion while isometric torque was measured. The mean torque at each angle 

was converted to force at each length by dividing by the muscle moment arm (MMA) 

determined from the magnetic resonance images. The length so obtained was adjusted for 

stretch of the SEC (force divided by stiffness) at each force. 



2.3. CC Force- Velocity Relationship 

The torque-angular velocity characteristics of FPL were determined by performing 

several quick release and quick stretch contractions. The subject first performed an 

isometric contraction at one of three torque levels (0.25 Nm, 0.75 Nm or 1.25 Nm) which 

corresponded to 0.1 8,0.54 and 0.90 activation. The torque was then quickly reduced (or 

increased for eccentric contractions) while the subject maintained the same level of effort. 

The resulting torque, angular velocity and angular displacement were recorded for each 

torque step. This was repeated for several torque steps until near zero torque was recorded 

at the highest angular velocity. At least 5 torque steps were performed at each initial level 

of contraction for concentric contractions and 3 for eccentric contractions. The entire 

procedure was repeated for 3 starting positions (10,30 and 40 degrees of flexion). The 

angular measurements were converted to linear measurements by accounting for the muscle 

moment arm. 

Since the CC and SEC are in parallel, the total velocity of shortening is equal to the 

velocity of the CC plus the velocity of the SEC, 

VTOT = VCC + VSEC therefore, 

The velocity of the SEC was estimated from the stiffness and displacement - time profile 

for each contraction and subtracted from the total velocity to give CC velocity. The force 

was corrected for muscle length so that the values reflected the mus~le force at Lo. The 
/ 

force at peak velocity for each activation level was grouped by starting position and formed 

points along the force-velocity relationship. 



2.4. SEC Tendon Characteristics 

The tendon characteristics were determined using values obtain from the literature. 

Rack and Ross (1984) subjected human flexor pollicis longus tendon, obtained at autopsy, 

to sinusoidal stretching movements from which estimates of tendon stiffness were derived 

from measured force and length changes. For the current study, it was assumed that the 

tendon characteristics per unit length and cross sectional area were identical. This allowed 

the stiffness-force relationship of the FPL tendon obtained by Rack and Ross (1 984) to be 

scaled by length and cross sectional area to represent the tendon measured in the MRIs. A 

length-tension relationship was constructed by converting the stiffness (Nlmm) into 

compliance (rnm/N) and then integrating this with respect to force (N). This represented 

the series elasticity attributed to the tendon (SECt). 

2.4. SEC Fibre Characteristics 

The series elasticity attributed to the muscle fibres (SECf) was estimated by 

mathematically removing the series elasticity of the tendon (SECt ) from the total series 

elasticity  SECT,^). The characteristics of the SECTot were determined by subjecting the 

muscle to several quick stretches and quick releases. A torque motor apparatus was used 

to give isovelocity angle changes to the distal phalanx of the thumb while the subject 

performed an isometric contraction of FPL. The thumb underwent rotations of 3 degrees, 

5 degrees and 10 degrees in 9 ms, 15 ms and 30 ms respectively to either stretch or shorten 

the FPL muscle. The subject performed initial isometric contractions of 0.25 Nm, 0.75 

Nm and 1 . Z  Nm (representing 0.18,0.54 and 0.90 activation). Each combination of 

initial torque, amplitude of rotation and direction of rotation (stretchpr release) was 
/ 

repeated 5 times for a total of 45 trials. Also, the passive stiffness (kp) was determined by 

repeating the stretches while the FPL muscle was relaxed. 

The static stiffness for each trial was calculated as the change in torque divided by 

the change in angle. The new torque level was determined by an average of the torque over 



a period after any transient changes in torque due to acceleration and deceleration of the 

thumb, but prior to increased torque due to reflex activation. The stiffnesses in angular 

terms (Nrnldeg) were converted to linear terms (Nlmm). 

Since the SECt and SECf are connected in series, the total stiffness ( k ~ )  is given 

by: 

which allows the fibre stiffness to be defined by: 

kf = k t k ~  
k t -  k~ . 



3.0 Results 

3.1. Morphometric Characteristics 

Results from the MRI measurements o f FPL are shown in table 2.1 below. Where 

applicable, measurements of the same muscle from other studies are shown for 

comparison. Muscle length was defined as the length from the most proximal muscle 

fibres to the most distal muscle fibres at the muscle-tendon junction following the muscles 

line of action. Fibre length was not directly measured from the MRI, but rather calculated 

using the mean fibre length to muscle length ratio of 0.24 reported by Lieber et al. (1992). 

Muscle volume was calculated by summing the muscle cross-sectional areas measure from 

MRI over a slice thickness of 5.5 mm 

Table 2.1 Characteristics Describing the FPL Muscle and Tendon Obtained from 
Magnetic Resonance Images. 

Characteristic 

muscle length 

fibre length 

PCSA 

tendon length 

tendon CSA 

muscle volume 

pennation angle 

muscle mass 

FUML 

moment arm 

Po 

MRI Lieber et 

a1 (1992) 

16.8 cm 

4.5 cm 

2.08 cm2 

7 degrees 

10 g 

0.24 

Rack & 

Ross(i984) 

4.0-5.0 cm 

10-13 cm 

0.091 cm2 

11.8 g 

7.4-8.0 mm 

Kilbreath 

et a1 (1993) 

7.6 mm 

131 N 



3.2. CC Force-Length Relationship 

The CC force-length relationship exhibited a characteristic inverted "U" shape of 

maximum isometric force versus muscle length. At both very short lengths and very long 

lengths, the isometric force capability of the muscle was reduced (approx 0.65Po and 

0.64Po respectively) with the maximum isometric force (Po) at some intermediate muscle 

length (Lo). Figure 2.1 shows force (PRO) as a function of muscle length (LLo). The 

1 1 experimental data points were fit with a 4th order polynomial that predicted force (F) 

from length (L) where: 

Best Fit Line 

Experimental Data Points 

Length (ULo) 

Figure 2.1 Normalized Force-Length Relationship for the CC 
, /I  

Resting length (LR) was slightly longer than Lo at (1.01Lo) and was defined by 

measuring the angle of the distal phalanx of the thumb (0.52 radians from full extension) 

when the joint was relaxed after several passive movements from fully extended to fully 



flexed. Muscle length at this angle was determined by calculating the tendon excursion 

(change in length) from fully extended (position of MRI measurements) using a constant 

moment arm of 8.6 mm determined from MRI cross sections. Tendon excursion (E) was a 

function of moment arm (r) and angle (0 in radians) where: 

The isometric force-length relationship indicated the relative force producing capability of 

the muscle at a given length. 

3.3. CC Force-Velocity Relationship 

Below is a representative record of a single contraction of FPL from a quick release 

after generating an isometric voluntary contraction (figure 2.2). The line shows the time at 

peak angular velocity where torque and displacement were measured. These measurements 

were converted to force and velocity and formed one point on the force-velocity 

relationship. The force was also normalized to optimal muscle length (Lo). 
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Figure 2.2 Torque, angular veloctity and angular displacement profiles recorded during a single 

isometric contraction. 

The CC force-velocity relationship exhibited a characteristic decrease in velocity 

with increases in load with the maximum force (Po) obtained at zero velocity. Figure 2.3 

shows the data points obtained describing the force (P) produced as a function of velocity 

(V). These points were fitted with Hill's equation where: 
/' 
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Figure 2.3 Force-velocity relationship for the CC for various levels of activation (open squares = 

0.18, open triangles = 0.54, open circles = 0.9). 

The eccentric portion of the relationship was predicted using the following equation 

adapted from Caldwell(1995): 

(Ps - Po) vcc = S - ps) + S 

where: Po = maximum isometric muscle force, 

Ps = saturation force in eccentric contractiod 

P = instantaneous muscle force, 

Vcc = velocity of the CC, 

a & b = constants from Hill's equation. 



The constants a and b were determined using a public domain, non-linear curve 

fitting program (Xmgr). Several fits were performed until suitable values of a and b were 

found such that both the concentric equation and eccentric equation could be scaled by Po 

alone. The values for a and b were 140.0 N and 0.30 mls respectively. From the raw 

data, the maximum force during eccentric contraction was estimated to be 1.72Po. 

3.4. SEC Tendon Characteristics 

The tendon characteristics obtained from the literature (Rack and Ross, 1984) 

showed a typical relationship between tendon stiffness and force. Figure 2.4 shows the 

stiffness-force relationship obtained by Rack and Ross (1 984) for a tendon 100 mm long, 

with a cross sectional area (CSA) of 9.1 mm2. This relationship was fitted with an 

equation; 

Stiffness = 39.06 ~ o r c e ~ . ~ ~ ~  - 39.06 

Also shown in figure 2.4 is this same relationship scaled to represent a tendon 

13 1.7 mm long with a CSA of 8.42 mm2 as described by the MRI. Since the MRI tendon 

is longer and has a smaller CSA it was expected to be less stiff than the tendon examined 

Rack and Ross (1984). The scaling was accomplished by multiplying the stiffness (k) at 

each force by the ratios of length and CSA as follows: 



Ross, 1984 

MRI 

Force (N) 

Figure 2.4 Stiffness-Force Relationship for FPL tendon 

A force-length relationship was constructed by converting the stiffness to 

compliance, and then integrating this with respect to force. For tendon, the force-length 

relationship is commonly reported as a stress-strain relationship, Force was divided by 

tendon CSA to yield stress (NImm2) while length change was reflected as percent 

extension to give strain (%). The tendon characteristics showed increasing stress with 

increasing strain (figure 2.5). This relationship was fitted with a line described by the 

following equation: 

where y = stress (NImm2) and x = strain (%). 
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Figure 2.5 Stress-Strain Relationship for the FPL Tendon 

3.5. SEC Fibre Characteristics 

SEC fibre stiffness was derived from  SECT,^ and SECt. The stiffnesses calculated 

for each displacement were collapsed across starting positions to produce the stiffness 

force relationship seen below (figure 2.6) where stiffness is a function of force and length. 
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Figure 2.6 Stiffness-Force Relationship for Fibre Series Elasticity (SECf) 

The stiffness-force relationship was assumed to be linear and was described by an 

equation of the form: 

i 
where F = force (N), S = the slope of the stiffness force relationship as a function of length 

change and kp = passive stiffness (2.79 Nlmm). The function, S, was determined by 

fitting a second-order polynomial to the data (figure 2.7). 



S = 3 2 4 . 8 2 ~ ~  - 96.71L + 7.033, 

where L = length change as %Lo. 

Length Change (%Lo) 

Figure 2.7 The slope of the stiffness-force relationship as a function of length change. 

The stiffness-force relationship was converted to a force-length relationship (F = k 

AL) for the SECf that was dependent on activation (figure 2.8). When the SECf is at 

resting length (i.e., no stretch) the force across it must be zero. Therefore, the force-length 

relationship also had a point at the origin. The slope of force-length relationship (stiffness) 

was a function of activation described by figure 2.9. The stiffness at zero activation 

corresponds to the passive stiffness of 2.79 Nlmm (17.32 (P/Po)/y). 
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Figure 2.8 Force-length relationship for the SECf as a function of activation. 
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Figure 2.9 Stiffness-activation relationship for the SECf. (y = 17.32 + 157 .82xO.~~~  r2 = 0.99) 



Combining these two relationships yielded the equation below which described the force of 

the fibre SEC as a function of length and activation. 

Force = (17.32 + 157.82~ct0.399) Stretch of the SECf 



4.0 Discussion 

Models of the mechanical properties of skeletal muscle allow investigators to study 

various aspects of movement control and coordination. Many researchers have found 

Hill's model suitable for examining muscular contraction in human movement because of 

its balance between simplicity and accuracy (Caldwell and Chapman, 1988; Zajac, 1989; 

Caldwell, 1995). To implement a Hill model as representative of a specific muscle, 

morphometric data are needed to transform the model from a dimensionless, generalized 

form to one specific to the muscle of interest. Most often these morphometric parameters 

are estimated from the literature. In this experiment, the properties of human flexor pollicis 

longus muscle required to produce a Hill model were determined from in vivo 

experimental measurements along with a morphometric description of FPL obtained from 

MR images. The only characteristic that could not be determined experimentally was the 

isolated tendon stress-strain relationship which was derived from data presented by Rack 

and Ross (1984) and muscle fibre length from Lieber et al., (1992). 

4.1 Morphometric Characteristics 

Measurements taken directly from the magnetic resonance images were used in 

conjunction with values from the literature to produce a morphometric profile of the FPL 

muscle of one subject. The FPL was described by its total length, fibre length, 

physiological cross sectional area (PCSA), tendon length, tendon cross sectional area, 

volume, mass and moment arm. As depicted in Table 2.1, the measurements obtained 

from the MR images were compared subjectively with values obtairfed from the literature. 

It is clear that the values obtained in this study are similar in their description of the 

morphology of FPL when compared with the studies cited. The advantage of the present 

study is that these morphometric measurements were acquired from a healthy subject in 



vivo rather than from cadaver specimens. This allows for the direct comparison and 

construction of the relationships describing the mechanical properties of FPL. 

From the measured torque during maximum voluntary contraction and PCSA, a 

value for maximum muscle stress was obtained. The conversion from torque to force was 

accomplished by dividing by the muscle moment arm (8.6 mm) and muscle stress or 

specific tension was represented as forcefunit cross sectional area. For FPL, maximum 

muscle stress was found to be 5 1.4 N/cm2. Despite the fact that maximal muscle stress has 

been suggested to remain constant across muscle specimens (Loren and Lieber, in press) 

there is still considerable variation in the values reported in the literature. The value 

obtained in this study is considerably higher than values obtained in studies of isolated 

muscle. Many investigators have used a value in the range of 20 - 25 ~ / c m ~  for maximal 

isometric stress in mammalian muscle (Lieber et al., 1994; Powell et al., 1984; Loren and 

Lieber, 1995; Close, 1972; Ettema & Huijing, 1993). Upon direct measurement values 

from 30 to 38 ~ / c m ~  have been reported in dog muscle (Jayes & Alexander 1982; 

Alexander, 1974). Rall, (1985) suggested a maximum force per unit cross sectional area 

20 - 35 Nfcm2 for vertebrate skeletal muscle stress although indicated that this may vary 

considerably while Yoshihuku and Herzog (1990) used 40 NIcm2 for the human 

quadriceps. The value obtained in this study was approximately 2 fold larger than the 

lower values cited in the literature. This may be explained in terms of the FUML ratio 

obtained from Lieber et a1 (1992) used to determine fibre length. The fibre length reported 

by Lieber kt a1 (1992) was actually a measure of fibre bundle length and in most cases this 

is not the same as the actual length of the individual muscle fibres (Loeb et al, 1987). In 

some cat hindlimb muscles, fascicles are composed of muscle fibres,that run only part of 
/ 

the fascicle length and taper to the end as fine strands. These strands are interdigitated with 

other tapered fibres with the muscle mass (Loeb et al, 1987). This means these long 

parallel-fibered muscles are actually composed of shorter muscle fibres arranged in series. 

The result is an increase in effective PCSA. The implications for this study are that the 



fascicle fibre bundle) length measured by Lieber et a1 (1992) may over-estimate fibre length 

considerably. If for example fibre length were overestimated by 2 fold, PCSA would be 

underestimated by 2 fold and specific tension would also be overestimated by 2 fold. 

Should this be the case, the specific tension found in this study would be 25.7 Nlcm2, and 

would compare well with the literature. 

4.2 CC Characteristics 

As expected, the isometric force producing capability of FPL depended on the 

length at which it was allowed to contract. The maximum isometric force capability (Po = 

161.3 N) was slightly higher than that estimated by Kilbreath and Gandevia (1 993) (Po = 

13 1 N). The latter, however, was estimated from external estimates of moment arm rather 

than direct measurement using MRI as in the current study. For a better comparison, the 

direct torque measurements should be used. The peak isometric torque found in this study 

was 1.39 Nm compared with 1.79 Nm estimated from the data of Capaday et al. (1994), 

1 .O Nm found by Kilbreath and Gandevia (1 993) and only 0.48 Nm reported by Carter et 

al. (1993). Clearly the torque at MVC measured in this study is within the range reported 

elsewhere in the literature. 

The force-velocity relationship found in this study showed a characteristic 

decreasing force potential with increasing velocity of contraction. This relationship was 

first characterized by A.V. Hill (1938) is his experiments on isolated frog muscle 

culminating in the equation bearing his name that describes the relationship between force 

and the velocity of shortening. In determining the constants for this equation, Hill found a 

mean a/Po of 0.25 for frog sartorius muscle (Hill, 1970). The ratio a/Po, describes the I 
curvature of the relationship and establishes how quickly the velocity decreases with 

increasing force. Wilkie (1950) however, found that a/Po ranged from 0.20 to 0.48 for 

five subjects performing elbow flexion. More recently, a/Po ratios have been shown to 

vary considerably between muscles of the cat hindlimb ranging from 0.067 for extensor 



digitorum longus (EDL) to 0.927 for soleus (Baratta et al., 1995). In the present study, 

both a and b were fitted using a recursive least-squares algorithm (Xmgr). The best fit was 

obtained when the relative error in the sum of squares was 5 1 x 10-9 (a/Po = bNmax = 

0.96). 

The differences in a/Po ratios may be related to differences in muscle fibre 

composition (Close, 1972). One would expect a lower aPo  ratio for predominantly slow 

twitch muscles as suggested by Faulkner et al., (1986) who found a/Po was 0.15 for slow 

twitch muscle fibres and 0.25 for fast twitch muscle fibres. This, however, is contrary to 

the findings of Baratta et al. (1995) who found that the muscles with the highest velocities 

(tibialis anterior and EDL in the cat hindlimb) also had the lowest a/Po ratios. 

Considerations should be made when comparing results from experiments done on isolated 

animal muscle with those done on intact humans. In experiments with human subjects, it 

is often more difficult to control accurately load, velocity, activation and limb position in 

the apparatus. Also isolated muscle can be examined in linear terms whereas for in vivo 

human studies, experimental data are measured in angular terms since muscular contraction 

usually results in angular motion of a limb segment. Since torque is a function of moment 

arm, joints in which moment arm change through range of motion may display torque- 

angular velocity relationships that depart significantly from Hill's hyperbolic relationship. 

In this study, it was assumed that the moment arm for FPL was constant throughout the 

range of motion. Small changes in moment arm may have led to errors in converting 

measured torque values to muscle force. Measurement errors can easily occur when 

estimating centres of rotation and moment arms required when data in angular terms are 

related to linear measurements. Also, joint viscosity and segment mpment of inertia as well 
/ 

as moment of inertia of the recording equipment should be considered and corrected for. 

In this study, however, the moment of inertia of the distal phalanx of the thumb was 

probably insufficient (approximately 7.5 gcm2) to affect the measured torques. 



4.3 SEC Characteristics 

Muscle stiffness is reflected by the slope of its length-tension relationship. 

Stiffness tends to increase as tension and length increase until a maximum value is attained 

and failure occurs. In normal conditions, the regulation of muscle stiffness in under reflex 

control, which when combined with central control creates a complex system (Nichols and 

Houk, 1976). The actual regulation of stiffness may involve both force feedback and 

length feedback components that constantly update the muscle's stiffness to accommodate 

load and length changes. 

Tendon is situated in series with muscle fibres and each has its own mechanical 

properties that contribute to muscle stiffness. Experiments on isolated tendon suggest that 

tendon stress (force per unit cross sectional area) increases with strain (relative change in 

length) (Rack and Ross, 1984; Lieber et al., 1994; Loren and Lieber (in press)). 

Typically, the stress-strain (or force-length) relationship for tendon exhibits a curvilinear 

toe region with small increases in length leading to a linear increase in force with further 

stretch. This toe region tends to occur within the first 2% of strain with failure at 

approximately 10% strain and 100 MPa stress. Although the curved toe region is relatively 

small compared with the entire range of tendon extensibility, it is functionally the most 

important. Tendon strain when muscle force is maximum is typically 3 to 3.5% with stress 

around 35 MPa stress (Zajac, 1989). 

The tendon of FPL described by Rack and Ross (1984) was subjected to sinusoidal 

stretches at forces up to nearly 150 N. This force represented a torque of approximately 

1.2 Nm if the tendon attached to the distal phalanx of the thumb at a point 7.7 mm from the 

axis of joint rotation as was estimated in their study. Comparing with the maximum 
/ 

isometric torques produced by FPL found in other studies, suggests that this tendon was 

examined within its physiological operating range. 

The stiffness-force relationship obtained from Rack and Ross (1984) was scaled to 

represent a tendon of the size and length measured from the MRI. The stress-strain 



relationship obtained was similar to those seen for isolated tendons of other forearm 

muscles. Loren and Lieber presented average load(%Po) - strain(%) relationships for the 

five prime movers of the wrist (Loren and Lieber, in press). When converted to the same 

units, the FPL tendon in this study was found to be approximately as stiff as extensor carpi 

radialis longus, but more stiff than extensor carpi radialis brevis, extensor carpi ulnaris, 

flexor carpi radialis and flexor carpi ulnaris tendons (Loren and Lieber, in press). 

The stiffness-force relationship obtained for the entire series elasticity  SECT,^ 

was similar to those reported for the same muscle in other studies. To compare with other 

studies figure 2.6 must be converted to angular terms to give angular stiffness (Ndrad) vs 

torque (Nm). Figure 2.10 shows the angular stiffness-torque relationship for both the 

data obtained in this study and those obtained by Rack and Ross (1984, their figure 4) for 

the interphalangeal joint of the thumb. Although at each torque, the angular stiffness 

calculated in this study was lower than found by Rack and Ross, they are in the same order 

of magnitude. Compared with Carter et al., (1993) the stiffness obtained here were higher, 

although again in the same order of magnitude. This is not surprising considering the 

potential variation in muscle and tendon sizes across subjects. 

The increase in stiffness with force is expected and confirmed in many other studies 

(Carter et al., 1993; Rack and Ross, 1984). With increased activation more cross bridges 

are formed effectively increasing the number of springs in parallel. Since stiffnesses add 

for springs in parallel, the overall stiffness increases. 



.052 rad stretch 

0.87 rad stretch 

0.1 7 rad stretch 

Rack and Ross, (1 984) 

Figure 2.10 Total angular stiffness versus torque for the distal phalanx of the thumb. The data of 

Rack and Ross (1984) are compared with the experimental data from this study for the 

three stretches (3 degrees = 0.52 radians, 5 degrees = 0.087 radians, 10 degress = 0.17 

radians). 

The stiffness of springs in series add as their reciprocals so that the overall stiffness 

of springs in series is less than any of the constituents. This fact was used to determine the 

stiffness attributed to the muscle fibres themselves as outlined in the methods. Strictly 

speaking the SECf represents not only the elasticity of the muscle fibres and cross-bridges, 

but also any tendinous structures that may reside in the muscle in the form of an 

aponeurosis. Experimental resulll of Rack and Westbury (1984) indicate equal normalized 

stiffness values for tendon and aponeurosis. However, others have suggested that tendon 

and aponeurosis may display different elastic properties, perhaps being related to the 
/ 

junction between the aponeurosis and muscle fibres (Huijing and Eftema, 1989; Ettema and 

Huijing, 1993). 

The passive properties of the muscle fibres were represented as a pure elasticity. 

Recently however, Lin and Rymer (1993) showed that the mechanical response of muscle 

to stretch exhibits not only length dependence but also velocity dependence. They argue 



that the traditional descriptions of short-range stiffness and yield are inadequate and that the 

change in force that has typically been called muscle yield reflects a transition between 

short-range, transient elastic behaviour to steady-state viscous behaviour. However, in 

the model used in this study (presented in Chapter 3), the viscous properties of the muscle 

were contained solely in the force-velocity relationship. 

5.0 Summary 

The relationships obtained in this study describing the mechanical properties of the 

flexor pollicis longus muscle appear to be appropriate when compared with available 

information in the literature. These relationships were used in a computer simulation 

describing force production of FPL as presented in Chapter 3. 



Chapter 3 

Model Develooment and Scaling 

1.0 Introduction 

It is often useful and indeed desirable to estimate individual muscle forces in a 

multimuscle system. When individual muscles are modelled, their parameters are often 

estimated from the body of literature available. Although the efficacy of a model derived 

from estimated parameters can always be questioned, it is of little consequence to model 

only those muscles for which all parameters can be measured directly. The power of a 

muscle model is realized when it is modified to represent those muscles that can not 

normally be isolated in viva. This section details a muscle model based on the 

relationships described in chapter 2 and the extension of those relationships to produce a 

model of extensor carpi radialis brevis (ECRB) so that its contribution to net torque at the 

wrist can be estimated. 

1.1 Muscle Architecture and Scaling 

Skeletal muscle architecture is important in determining the functional properties of 

muscle (Gans 1982; Gans and Gaunt, 1991; Lieber and Brown, 1992). It has been shown 

that the maximal tension developed by skeletal muscle (Po) is proportional to its 

physiological cross-sectional area (PCSA) in spite of the wide variability in muscle size and 

shape (Powell et al., 1984). Gans (1982) suggested that PCSA an9 fibre length were the 

primary determinants of a muscle's isometric force and isotonic. velocity respectively. The 

architectural features of 21 different muscles in the human forearm and upper arm were 

determined by Lieber et al.. (1990, 1992). Measurements included muscle length, muscle 

mass, surface fibre pennation angle, and fibre bundle length and PCSA. Generally, digital 



extensors were similar in design and characterized as long fibred, small PCSA muscles 

while digital flexors were characterized as long fibred muscles with intermediate PCSA. 

The greater the PCSA, the better suited a muscle is for force production. With this 

information force per unit cross-sectional area (specific tension) can be used to estimate the 

muscles maximum force producing capability. 

Fibre length is also an important factor that affects muscle function. The speed 

capacity of a muscle (i.e. its maximum shortening velocity) is proportional to its fibre 

length (Zajac 1992; Gregor, 1993). The shortening velocity of a fibre is proportional to its 

length because muscle fibre velocity is the sum of all the velocities of the in-series 

sarcomeres. Thus the velocity capacity of the fibre is proportional to the number of its 

sarcomeres or, equivalently, to fibre length. As a result, muscles with long fibres have the 

potential to shorten faster than muscles with short fibres. The length range over which a 

muscle can generate active force is also proportional to its fibre length (Zajac, 1992). The 

excursion range of a muscle is identical to the range of a single muscle fibre if the fibres 

have a small and constant pennation angle. Therefore, fibre length, not muscle length, is 

the relevant parameter in estimating velocity and excursion potential. It has been suggested 

that fibre length and PCSA are the most important musculotendon architectural parameters 

in discriminating muscles of the forearm (Lieber et al., 1992; Zajac 1992). 

1.2 The Wrist Joint 

Wrist motion is the result of a complex interaction of carpal kinematics occurring at 

the different levels of the joint. None of the muscles acting on the wrist insert on the 

proximal carpal row. Instead, they attach distally either to the base pf the metacarpals or to 
/ 

the bones of the distal carpal row (Garcia-Elias et al., 1991). In normal wrist motion, 

there is very little motion between the individual bones of the distal carpal row which can 

be thought of as one functional unit (Ruby et al., 1988, Savelberg et al., 1993). In 

flexion, the distal carpal bones not only rotate about an axis implying flexion but also ulna 



deviation. Conversely, in extension they slightly radial deviate (Ruby et a]., 1988). The 

bones of the proximal carpal row appear to be less tightly bound to one another than in the 

distal row (de Lange et al., 1985). However, all the bones in the proximal row rotate in 

the same direction no matter what wrist motion occurs (Ruby et al., 1988, Savelberg et 

al., 1993). Therefore, the proximal carpal row can also be considered as a functional unit 

articulating with the radius and ulna proximally and with the distal row of carpal bones. 

This finding leads to the concept of the carpal mechanism which considers the proximal 

row of carpals as a segment whose total outline is adjustable to the space left between the 

radius and the relatively rigid distal row of carpals (Ruby et al., 1988, Savelberg et al., 

1993). In such a concept, the distal row of carpals should be considered as part of the 

hand. Models of the wrist joint, then, should focus on determining the rules governing the 

equilibrium between the total outline of the proximal row of carpals and the position of this 

joint (i.e., the position of the hand relative to the radius) (Savelberg et al., 1993). As 

such, an anatomically based coordinate system originating in the distal radius and oriented 

in such a way that the x-axis was directed in the radioulnar direction, the y-axis in the 

palmardorsal direction and the z-axis longitudinally, has been used to describe the motion 

of this joint (de Lange et al., 1985). Similarly, Ruby et al. (1988) used a set of 

orthogonal axes based on the bone structure of the distal radius with the longitudinal axis 

lying along the shaft of the radius to describe gIobal wrist motion based on motion of the 

capitate with respect to the distal radius. 

In a recent study by Buchanan et al. (1993), the wrist was model as a non- 

orthogonal, skewed universal joint based on the experimental data of Andrews and Youm 

(1979), Bumbaugh (1982) and Sommer and Miller, (1980) which showed a separation 
/ 

between the radial-ulnar deviation axis and the flexion-extension axis. Both axes were 

found to pass through the capitate with the radial-ulnar deviation axis 4-9 mm more distal 

than the flexion-extension axis. Despite this separation of the axes, Buchanan et al. 



(1993) found that force analysis was insensitive to changes in these parameters over the 

range of 0 to 2.0 cm of skew. 

1.3 Wrist Musculature 

Of the 15 muscles whose tendons cross the wrist joint, 5 are thought to be prime 

wrist extensors or flexors. They are: extensor carpi ulnaris (ECU), extensor carpi radialis 

longus (ECRL), extensor carpi radialis brevis (ECRB), flexor carpi ulnaris (FCR) and 

flexor carpi radialis (FCR). The other muscles whose tendons cross the wrist joint are the 

long finger flexors and extensors. Although these muscles insert distally to the wrist, they 

may still contribute some torque at the wrist joint. 

Lieber et al. (1990, 1992) performed detailed studies on the architectural features of 

several muscles of the forearm. For the prime wrist extensors and flexors fibre length to 

muscle length ratio ranged from 0.19 (+I- 0.01) to 0.82 (+I- O.Ol)(mean = 0.40) and 

pennation angle ranged from 2.5 (+/- 0.7) to 12.1 (+/- 0.6)(mean = 6.02) degrees in the 

five sets of cadaver muscles. In the long finger flexors and extensors fibre length to 

muscle length ratio ranged from 0.28 (+I- 0.012) to 0.69 (+/- 0.062)(mean 0.40) and 

pennation angle ranged from 2 (+I- 0.06) to 10 (+I- 0.08)(mean 5.5) degrees. Clearly the 

architectural features of the prime wrist extensors and flexors are similar to the long finger 

flexors and extensors. 

1.4 Functional Studies of Wrist Musculature 

In an effort to understand better the functional contributions of each of the main 

wrist moving muscles, several studies have been performed using both cadaver and in vivo 
/ 

specimens. In a study by Horii et al. (1993), the excursion of the tendons of prime wrist 

movers in seven cadavers was measured in response to angular displacements of the wrist 

joint. From these relationships, instantaneous moment arms of each tendon were 

calculated on the basis of the slope of the curve between tendon excursion and joint angular 



displacement. Tendon moment arms were found to be consistent throughout the full range 

of motion in both flexion-extension and radial-ulnar deviation. It was suggested that, 

based on moment arm calculations, the more effective working muscles were the FCR and 

FCU for flexion, the ECRB for extension, the ECRL for radial deviation and the ECU and 

FCU for ulnar deviation. The FCR was found not to work efficiently as a radial deviator 

by virtue of its small moment arm. 

Use of electrical stimulation has allowed some researchers to investigate the 

isometric action of forearm muscles, in vivo (Nathan, 1992). Electrical stimulation can, 

however, lead to erroneous results since it is difficult to ensure that only one muscle is 

being stimulated (i.e., no stimulation "overflow"). Also, the mechanical response of 

electrically stimulated muscle tends to be of high gain since large, fast-twitch fibres are 

recruited first, contrary to the orderly recruitment of motor units seen in voluntary 

contractions. Although, the direction of the resultant moment vector for a stimulated 

muscle may be determined (Nathan, 1992), electrical stimulation does not address the 

question of the magnitude of the moment produced by individual muscles during voluntary 

contraction. 

In an effort to estimate isometric muscle forces, Buchanan et al. (1993) used EMG 

signals from five muscles acting at the wrist during a series of isometric contractions in 

flexion, extension, ulnar deviation and radial deviation. With this method, force-EMG 

coefficients, in units of Newtons per normalized EMG unit, were calculated and used in 

conjunction with the necessary anatomical data, to predict individual muscle forces. There 

are, however several limitations with such a method. The force-EMG coefficients are not 

applicable across subjects or even within the same subject on diffe5~nt days. This method 

also assumes a linear force-EMG relationship and that the EMG describes the average 

activity of the entire muscle (i.e., no functional compartmentalization)(Buchanan et al., 

1993). 



1.5 Purpose 

The purpose of this chapter was to construct a model and computer simulation of 

the FPL muscle using the relationships described in chapter 2 and to evaluate the model by 

comparing its output with experimental data recorded during voluntary contractions. A 

further purpose was to scale the relationships according to PCSA and fibre length so that a 

model of the ECRB muscle could be constructed. 



2.0 Methods 

2.1 Morphometric Characteristics 

The morphometric characteristics of ECRB were measured from serial, cross- 

sectional magnetic resonance images of one subject taken at 5.5 mm intervals. See section 

2.1 for details on the measurements taken. The wrist was modelled as a two degree of 

freedom hinge joint, and ECRB has a moment arm for flexiodextension motion as well as 

radial-ulna deviation motion. The moment arm was defined as the perpendicular distance 

between the axis of rotation to the line of action of the muscle. Both the flexiodextension 

and radial-ulnar deviation axes were defined as running through the head of the capitate 

bone of the wrist (figure 3.1) 

Radial/ Ulnar 
Deviati on Axis 

Palmar Surface I 

Ext ensi on 
Moment Arm Dorsal Surface 

/' 

Radial Deviati on 
Moment Arm 

Flexion/ 
Ext ensi on 
Axis 

Figure 3.1 Diagram of cross section through the right wrist, viewed from distal to proximal, drawn 

from magnetic resonance images. Origin of axes is the head of the capitate. Extension 

and radial deviation moment arms are shown in relation to the ECRB tendon. 



The two most important measurements for scaling the relationships describing the 

mechanical properties of FPL to describe the mechanical properties of ECRB were PCSA 

and fibre length. PCSA was calculated according to Sacks and Roy (1982), in which 

muscle mass (g) cosa  
PCSA = 

p (g/cm2) fibre length (cm) 

alternatively, 

(muscle volume (cm3) cosa) 
PCSA = fibre length (cm) 

where a = the surface pennation angle and p = muscle density. If the angle of pennation is 

small its cosine is close to 1 .O and the PCSA is approximately muscle volume over fibre 

length. This approximation was used since the surface pennation angle for ECRB is less 

than 10 degrees ( Lieber et al., 1990). Fibre length was calculated using the ratio of fibre 

length to muscle length of 0.38 described by Lieber et al. (1992, 1994) and Loren and 

Lieber (1995) as being consistent across specimens. 

2.2 The Model 

The muscle model consisted of three components; an active contractile component 

(CC) in series with two passive elastic components; one whose stiffness was variable with 

activation representing the elasticity of the muscle fibres (SECf) and one representing the 

elasticity of the tendon (SECt). The characteristics of each component were described by 

the relationships obtained for FPL in chapter 2. 



Fibre SEC 

CC 

Tendon SEC 

Figure 3.2 Schematic representation of the muscle model showing the contractile component in 

series with two elastic components. The arrow signifies a stiffness that is variable with 

activation. 

The movements of interest in this study did not occur near the extremes of joint 

range or muscle length so the parallel elastic component used in other Hill models was 

ignored. 

The inputs to the model were activation and muscle kinematics. Activation was a 

function of stimulation defined by rectified, low-pass filtered EMG adapted from Pandy et 

al. (1992). 

where a(t) = muscle activation at time t. 

u(t) = neural input between 0 and 1. 

Tfise = activation time constant 

%fall= deactivation time constant 

/' 
This is a first order differential equation for muscle excitation-contraction dynamics 

that is nonlinear in the control of u(t) (Pandy et al., 1992). The advantage of this equation 

is that it models muscle activation (a(t)) at any value of (u(t)) between 0 and 1 and is not 

constrained to an on or off type of activation. The rise and decay time constants were 



determined by comparing the rising and falling phases of the model output with the tension 

recorded during a twitch-like contraction of FPL. Activation and deactivation time 

constants of 45 and 90 rns respectively with a fixed delay of 50 ms seemed to best capture 

the time course of tension development and relaxation. The stimulation input was derived 

from surface EMG that was rectified and low-pass filtered at a frequency of 3 Hz. 

2.3 The Simulation Routine 

The simulation routine used in this study was similar to that developed by Baildon 

and Chapman (1983) and used elsewhere (Caldwell and Chapman, 1989; Caldwell and 

Chapman, 1992; Edmonstone, 1993; Caldwell, 1995). It consisted of an iterative process 

which used EMG and muscle kinematics as inputs and calculated muscle force as its 

output. 

The force-time profile of the muscle calculated by the model was determined as 

follows, For each iteration (time = t), the relative force potential of the muscle was 

determined from the active force-length relationship and activation. Force was first 

predicted as a function of SECf length according to its force-length relationship. Since the 

CC and SECf are in series, the force across the CC was set equal the force across the 

SECf. The CC velocity at this force was determined from its force-velocity relationship. 

The velocity was then integrated with respect to time to determine a new CC length. The 

new SECf length was determined from the new CC length. Also, the tendon length was 

calculated based on the tendon stress-strain relationship that described SECt. Tendon 

stress was calculated as force 1 tendon cross sectional area. At the next time step (time = t 

+ At), this process was repeated with the new set of initial conditionp (activation, CC 
/ 

length, SECf length). This iterative process is displayed graphically in figure 3.3. 



For each time t 

Read in Stimulation and Kinematics 

For each Iteration 

1. Calculate activation from stimulation 
2. Predict CC force from SECf length 
3. Calculate relative CC force from CC length 
4. Calculate CC velocity from CC force 
5. Integrate CC velocity for CC length 

I 

Muscle force = sum of CC forces 
Tendon length = f(muscle stress) 
Calculate new SECf length 

Figure 3.3 Flow diagram displaying the iterative process for calculating muscle force. 

For contractions from rest, there are no initial external muscle kinematics from 

which to predict SEC stretch and therefore muscle force. However, since the muscle in 

this model was under very little load, only a small amount of activation was needed for the 

CC to shorten. A very small load allowed the CC to shorten at a very high velocity. 

Integration of the CC velocity with respect to time determined the CC shortening at the 

expense of SEC fibre stretch. From then on, the iterative process is identical to when the 

muscle was exposed to an external influence causing a change in kinematics. 

/ I  

2.4 Scaling 

To extend the model to ECRB, the force-velocity relationship describing the CC 

and stiffness-force relationship describing the SECf and the stress-strain relationship 

describing the SECt of FPL were scaled according to the morphometric measurements 



obtained for both muscles. The morphometric characteristics of the ECRB muscle were 

measured in the same manner as FPL (see Methods, chapter 2). Since the isometric force- 

length relationship describing the CC had been normalized with respect to maximum 

isometric capacity (Po) and muscle length at Po (Lo) the same relationship was used for 

both muscles. 

The force-velocity relationship was scaled on both the force and velocity axes. The 

maximum force (Po) was scaled by the ratio of PCSAs while maximum velocity (Vmax) 

was scaled to ratio of fibre lengths. In order to maintain dPo = bNmax constant, Hill's 

constant 'a' was also scaled by the ratio of PCSA and 'b' by the ratio of fibre lengths (FL) 

as indicated below. 

The SEC relationships were scaled by these parameters also. Muscles with larger 

PCSAs tend to be more stiff (i.e.. more springs in parallel) while muscle with long fibres 

tend to be less stiff (i.e.. more springs in series). The stiffness (k) of the SEC fibre was 

scaled by the ratios of PCSA and fibre length as shown below: 

The stress-strain relationship describing the tendon of FPL h a s  scaled by the 

tendon cross-sectional area and length. The same principle applies as for scaling SEC 

fibre. It was assumed that tendon characteristics per unit length and cross sectional area 

were the same for both FPL and ECRB tendons. 



2.5 Model Evaluation 

The efficacy of the model was evaluated by comparing model results to 

experimental results of a number of different contractions; isometric contractions of FPL, 

dynamic contractions of FPL and electrical stimulation of ECRB. 

2.5.1 Isometric Contractions of FPL 

Torque during isometric contractions of FPL was recorded using the force 

transducer apparatus described in chapter 2. Instead of the elastic link, a rigid link was 

used to connect the force transducer to the disk so that the disk was unable to rotate. 

Electromyographic (EMG) signals were recorded using silver-silver chloride electrodes 

placed on the surface of the skin over the FPL muscle. The EMG signal was amplified and 

bandpass filtered (32Hz - 3.2 kHz), digitized at 2000 Hz sampling rate and stored on 

computer (DataQ Data Acquisition Software) for later analysis. The subject performed 

several isometric contractions of various intensities at the optimal joint angle (established in 

chapter 2). The subject performed two series of 16 isometric contractions categorized as 

"FAST" (those with fast rise times) or "SLOW" (those with slow rise times). The first 

three and last three contractions in each series were of maximum intensity. The EMG 

recorded during each contraction was full-wave rectified and 3 Hz low-pass filtered (2nd 

order, dual pass Butterworth) to establish a linear envelope. The mean peak EMG 

recorded at maximum intensity (first 3 and last 3 contractions) for each condition was used 

to scale all other EMG (within each condition) so that it could be express as a value 

between 0 and 1. This established the stimulation input to the model simulation. The 

stimulation profile of each contraction in each of the two conditions,was used as input to 
/ 

the simulation. The output, in the form of a force-time profile, was compared with the 

force-time profile established experimentally. The measured torque was converted to 

muscle force using the moment arm measure as described in Chapter 2. 



2.5.2 Dynamic Contractions of FPL 

During the dynamic contractions of FPL, the angular position of the interphalangeal 

joint of the thumb was measured using the apparatus described in chapter 2. EMG was 

recorded from the FPL muscle as described above. Both angular position and EMG were 

digitized (2000 Hz sampling rate) and recorded on computer. The subject performed 

maximum flexion contractions of the interphalangeal joint of the thumb in three load 

conditions. In the first condition (Ismall), 12 contractions were performed against a small 

moment of inertia (2.45 X kgm2) introduced by fixing a 50 g mass a distance of 7 cm 

from the axis of rotation . In the second condition (Imed), a 100 gram mass was fixed to 

the apparatus at a distance of 7 cm from the axis of rotation increasing the moment of 

inertia to 4.9 X 10-3 kgm2. Twelve contractions were performed. The third condition 

(IlUge), consisted of 12 contractions against a moment of inertia of 9.8 X 10-2 kgm2 

(200g mass at 7 cm). The angular position records for each condition were averaged then 

differentiated to give angular velocity and double differentiated to give angular acceleration. 

The EMG was full wave rectified, low pass filtered (3 Hz), scaled to the maximum and 

then averaged to give the average stimulation profile for each condition. These procedures 

resulted in a single stimulation and kinematic profile for dynamic contractions against each 

of the three moments of inertia. 

The stimulation profile in each condition formed the input to the model. The 

output, in the form of joint kinematics, was based on the muscle force predicted by the 

model. The joint kinematics were calculated in a separate subroutine as an impulse- 

momentum problem. The angular impulse about the axis of rotation of the distal phalanx 

of the thumb is equal to the change in angular momentum as reflectefi by: 
/ 



The time over which the moment (Mo) was applied was equal to the iteration time of the 

model (At). The resulting angular velocity (a) was calculated by: 

The angular position (8) was determined by numerical integration of the angular velocity 

over the iteration time, 

This procedure was repeated for each iteration of the simulation. 

2.5.3 Electrical Stimulation of ECRB 

The ECRB muscle was electrically stimulated (Grass S48 stimulator and Grass 

SIU5 stimulation isolation unit) through bipolar stimulating electrode (Ag-AgCL, lcm 

diameter contacts, 2cm centre to centre separation) with a train of 0.2 ms pulses at 60 pps 

for 800ms. The best location from stimulation was found by moving the stimulator to 

various locations over the surface of ECRB. The best site was one which produced the 

largest contraction of ECRB but with no ovefflow to the neighbouring muscles. The 

intensity was set high enough to evoke contraction of ECRB but with no overflow to 

neighbouring muscles. Ovefflow to other muscles was examined by visual inspection as 

well as gentle palpation of the tendons of the muscles, particularly extensor carpi radialis 

longus (ECRL). Extensor torque and radial deviation torque were deasured 

simultaneously using two force transducers similar to the one described in chapter 2. With 

the hand in a position similar to when the magnetic resonance images were taken, the rigid 

bar of one force transducer was placed against the dorsum of the hand 5.5 cm from the 

wrist. The other transducer was placed against the radial side of the hand 6.7 cm from the 



wrist (figure 3.4). A train of pulses was used rather than single pulses to provide a better 

signal to noise ratio for recording torque with the torque transducers. Single pulses evoked 

only very small torques that were difficult to record over background fluctuations in 

torque. The train of stimuli were recorded with surface electrodes placed over the ECRB. 

This signal was later treated in the same manner as the EMG recorded from FPL during 

voluntary contractions and formed the basis of the stimulation input to the model. 

Top View - Palmar Surface of Hand End View 

Extension 
Torque 

- 
Radial 

I I 

Deviation Torque 

igers 
Thum 7•‹lmw 

Torque 

Figure 3.4 Diagram showing the placement of force transducers for recording torque about the wrist 

during electrical stimulation of ECRB. 

Since the stimulation intensity as a ratio of maximum (ie.between 0 and 1) could not be 

determined accurately for the stimulation trials, only the time course of the resulting twitch- 

like contractions were compared, not the amplitude. 
/ 

The ECRB was also subjected to perturbations consisting of a quick stretch. The 

ECRB was electrically stimulated to produce approximately 0.3 Nm torque then stretched 

either 3 degrees or 10 degrees in 100 ms by a torque motor apparatus. The torque, angular 

velocity and angular position were recorded later compared with model predictions. 



3.0 Results 

3.1. Morphometric Characteristics 

Results from the MRI measurements of ECRB are shown in table 3.1 below. 

Where applicable, measurements of the same muscle from other studies are shown for 

comparison. Muscle length was defined as the length from the most proximal muscle 

fibres to the most distal muscle fibres at the muscle-tendon junction following the muscles 

line of action. Fibre length was not directly measured from the MRI but rather, calculated 

from muscle length and the fibre 1ength:muscle length ratio of 0.38 reported by Lieber et al. 

(1990). Muscle volume was calculated by summing the muscle cross-sectional areas 

measure from the MRI over a slice thickness of 5.5 mm. Muscle mass was calculated from 

muscle volume and muscle density (1.056 glcm3). Maximum isometric force (Po) was 

estimated by multiplying the PCSA by specific tension (51.4 NIcm2 calcuIated in chapter 

2). 

3.2 Scaling Relationships to ECRB 

The effects of scaling the force-velocity relationship for FPL to ECFU3 by the ratios 

of PCSAs and fibre lengths are shown below in figure 3.5. The new force-velocity 

relationship maintained its general shape and is described by Hill's equations where a = 

173.6 N and b = 0.873 m/s (a/Po = bNmax = 0.87). The maximum isometric capacity 

(Po) was calculated to be 199.4 N (Po for FPL multiplied by 1.24 (ratio of PCSAs, 

ECRB:FPL). The maximum shortening velocity (Vmax) for ECRB was calculated to be 

2.91 times that of FPL (ratio of FLs, ECRl3:FPL). 1' 
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Figure 3.5 Force-velocity relationship for ECRB obtained by scaling the force and velocity axes as 

indicated. 

The force-stiffness relationship describing the SECfibre of FPL was scaled by the ratios of 

PCSAs and fibre lengths. The stiffness portion (slope) of the equation describing the 

force-length-activation relationship of the fibre SEC of FPL was scaled as below: 

F o r c e ~ c ~ ~  = (1 7 .32+157.82~ctO.~~~)  ( PCSAEC* FLFpL ) Stretch of SECf PCSAFPL FLECRB 

This equation has the form F = k scaling factor x. 



3.3 Model Evaluation 

3.3.1 Isometric Contractions of FPL 

When comparing single contractions, the model produced an isometric force-time 

profile that resembled the experimental force-time profile for the same EMG input. Figure 

3.6 shows the processed EMG signal (rectified, 3 Hz low-pass filtered) that represented 

the stimulus input to the model. The stimulus to activation function used in this model 

(Pandy et al., 1992) had an activation time constant of 30 ms and a deactivation time 

constant of 180 ms. These time constants were chosen so that the activation profile 

followed the recorded force profile as closely as possible for a single twitch-like 

contraction. The muscle force predicted by the model is shown together with the actual 

force recorded for this contraction (figure 3.6). Of note is the similarity in rise-time and 

peak tension of the force profile predicted by the model compared with the actual record. It 

is also important to note that the force profile produced by the model follows the activation 

process much more closely than the actual muscle, suggesting that the model lacks, 

somewhat, the low-pass filtering characteristics of muscle. 



O-' 1 Stimulation 

Ln - 
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Actual Force (PIPo) 

Model Force (PIPo) 

Figure 3.6 Force recorded for a single, SLOW rise isometric contraction of FPL. The processed 

EMG and model activation are shown for comparison as is the force predicted by the 

model. 

A typical force-time profile of a fast isometric contraction is shown below in figure 

3.7. In general, the force profile predicted by the model compared well with the actual 

force profile. Both the amplitude and time course of tension development and relaxation 

were predicted well by the model. Of note is the slower rise time of tension compared with 

stimulation and activation, illustrating the low-pass filter characteristics of muscle captured 

by the model. 
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Figure 3.7 Force recorded for a single, FAST isometric contraction of FPL. The processed EMG and 

model activation are shown for comparison as is the force predicted by the model. 

To compare how well the model predicted force from measures of EMG the peak 

force predicted by the model as well as the peak force recorded experimentally were plotted 

as a function of peak stimulation (processed EMG). A positive linear correlation for this 

relationship was expected. Using the rectified, low-passed filtered EMG as input, each 

voluntary contraction that was recorded was simulated by the muscle model to produce a 

force-time profile. The peak force predicted by the model was plotted with respect to the 

peak stimulation determined from the processed EMG. For the SLOW contractions, this 

relationship was fitted by linear regression and yielded a line with a significant positive 

correlation (r2 = 0.917, F(1,9) = 32 18, p < 0.001). For the experimental data, the peak 
/ 

torque that was recorded was converted to force and also plotted w{th respect to the peak 

stimulation. As with the model results, linear regression resulted in a significant positive 

correlation (r2 = 0.839, F(1,9) = 41.84, p < 0.001). When the two EMG-force 

relationships were compared for SLOW isometric contractions (figure 3.8), the model 



appeared to underestimate force more for high intensity contractions than for low intensity 

contractions. 

0 Model 

Actual 

0 X 2 
Peak Stimulation 

Figure 3.8 Muscle force as a function of rectified, low-pass filtered (3 hz) EMG for experimental and 

model results for SLOW isometric contractions. (experimental data y = 1.085~ - 0.046, 

r2 = 0.839; model prediction y = 0 .917~  - 0.007, r2 = 0.998) 

Comparison of model results with actual results was accomplished by plotting the 

actual peak force with respect to the peak force predicted by the model (figure 3.9). If the 

model prediction were perfect, one would expect a relationship with a perfect correlation, 

r2 = 1 with a slope of 1. For the SLOW contractions, a significant positive correlation was 

found (r2 = 0.833, F(1,9) = 36.96, p < 0.001). The slope of this relationship was 1.177 

and y intercept of -0.035 suggesting that the model was a good predictor of force for 

i SLOW isometric contractions. 



Model Peak Force (PIPo) 

Figure 3.9 Actual peak force as a function of peak force predicted by the model for SLOW 

contractions. Linear regression y = 1.177~ - 0.035, r2 = 0.833. 

For the FAST isometric contractions, the discrepancy between the model 

predictions and the actual results was accentuated (figure 3.10). The experimental data 

showed a larger, although still significant correlation (r2 = 0.772, F(1,16) = 50.83, p < 

0.001) compared with the SLOW contractions. The force-EMG relationship obtained from 

the model results displayed a significant positive correlation (r2 = 0.998, F(l, 16) = 9627, 

p < 0.001). The model results appeared to overestimate force for FAST isometric 

contractions of low intensity contractions but underestimate force for high intensity 

contractions. 
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Figure 3.10 Muscle force as a function of stimulation (rectified, low-pass filtered (3 hz) EMGImax 

EMG) for experimental and model results for FAST isometric contractions (experimental 

data y = 0 .993~  - 0.209, r2 = 0.772; model prediction y = 0.684~ + 0.003 r2 = 0.998) 

Similar to the SLOW condition, the plot of actual peak force as a function of peak 

force predicted by the model showed a significant positive correlation (r2 = 0.788, F(1.16) 

= 55.65, p < 0.001) in the FAST condition. Also, the slope (1.461) and y-intercept (- 

0.218) suggest that there is a systematic offset in the model predictions (figure 3.1 1). 



Model Peak Force (PiPo) 

Figure 3.11 Actual peak force as a function of peak force predicted by the model. Linear regression: y 

= 1.464~ - 0.218, r2 = 0.788. 

3.3.2 Dynamic Contractions of FPL 

The average profiles describing the angular position, angular velocity and angular 

acceleration of the distal phalanx of the thumb were compared with model results for 

contractions against three moments of inertia (figures 3.12,3.13, 3.14). The model 

appeared to predict well the kinematic characteristic of contractions against each moment of 

inertia. In each case, however, the model predictions appeared to fluctuate more when 

compared with the experimental trials. This is not surprising since each experimental 

condition was an average of ten trials. As the moment of inertia was increased, the 

kinematics predicted by the model were advanced in time compared with the actual results. 
/' 
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Figure 3.12 Angular position, angular velocity and angular acceleration for Ismall condition. 
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Figure 3.13 Angular position, angular velocity and angular acceleration for Imed condition 
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Figure 3.14 Angular position, velocity and acceleration for Ilarge condition 

3.3 .3~Ili1ectricdcSt1mu!ation ofECcRB 

Extensor torque and radial deviation torque recorded duringelectrical stimulation of 

ECRB are shown below in figure 3.15. These values were displayed as joint torque rather 

than converted to muscle force so that the relative magnitude of the muscle moment arms 

for ECRB could be easily observed. 



Figure 3.15 Extensor and radial deviation torque recorded for ECRB in response to electrical 

stimulation (800 ms train, 60 pps, 0.2 ms pulse).. 

For the experimental data, the peak torque in the extension direction was 1.6 times 

higher than in the radial deviation direction in response to the same muscle stimulation. 

The ratio near the end of the stimulation train dropped to 1.46 times. Extension torque 

predicted by the model would be 1.28 times greater than radial deviation torque since the 

moment arm measured in the MRI cross-sections was 1.28 times greater for extension than 

for radial deviation. 

When subjected to a quick stretch perturbation, the model prediction showed an 

increase in torque as a result of the stretch. In the experimental trial, there was a large 

transient torque due to acceleration and deceleration of the hand and the apparatus. The 

moment of inertia of the hand and apparatus was estimated by oscillating the hand and 

apparatus at a frequency of 20 Hz and recording position and torque. The position trace 
/ 

was double differentiated to give angular acceleration. The momenf of inertia was 

estimated as the average ratio of torque to angular acceleration during the period of 

oscillation. Also the passive stiffness of the wrist extensors was measured by performing 

quick stretches while the limb was relaxed. The values for inertia and passive stiffness 



7 1 

were used in the model so that total torque about the wrist could be calculated. The torque 

due to the passive stiffness was a function of angle while the torque due to the inertia was a 

function of angular acceleration (angular position double differentiated). These torques 

were added to the torque contribution of ECRB predicted by the model. 

I Time (s) y I 

0 0 

-0.25 1 I I 
a Time (s) a 

0 
'9 

0 0 2 

Actual 

Model 

Figure 3.16 Experimental and model prediction of the response of ECRB to a quick stretch of the 

wrist (3 degree stretch) 



4.0 Discussion 

In general, the computer simulation of FPL predicted force well for isometric 

contractions. During dynamic contractions the angular kinematics predicted by the model 

compared favourably with those recorded experimentally. The model parameters were 

scaled based on the morphometric characteristics to represent ECRB. The efficacy of the 

model of ECRB was tested by imposing a quick stretch perturbation. The model predicted 

the torque response well after inertial effects and passive stiffness were accounted for. 

4.1 Morphometric Characteristics and Scaling 

As in chapter 2, the morphometric characteristics of ECRB were determined from 

serial cross sectional magnetic resonance images of the right forearm and hand of one 

subject. The dimensions describing muscle volume, mass, length, physiological cross 

sectional area, fibre length, tendon length, tendon cross sectional area and moment arm 

were displayed in table 3.1 along with measurements available in the literature that 

described the same dimensions. Although there is a considerable variation in human 

dimensions, the values obtained in this study were similar to those found in the literature. 

When measuring the muscle moment arm, it is vital to have an accurate description 

of the axis of rotation of the joint. This is particularly difficult for the wrist joint because of 

the complex interaction between the carpal bones. Also, the precise centres of rotation for 

the wrist were difficult to measure from only cross sectional scans. Ideally, serial 

longitudinal scans in conjunction with kinematic data could be used to determine the centres 

of rotation. In addition, each MR cross-sectional image portrayed ?surface that was 

separated frob the next by 5.5mrn. If the axis of rotation was somewhere in this gap, it 

could not be measured. Therefore, there could be an error of up to 2.75 mm in estimating 

the axes of rotation of the wrist. This potential error corresponds to approximately half the 

distance between the radial-ulnar deviation axis and the flexion-extension axis (Buchanan et 



al., 1993). However, using an EMG coefficient method, Buchanan et al. (1993) found 

that the torque about the wrist was insensitive to changes in the separation of the two axes 

over a range of 0 to 2.0 cm and suggested that the variability of the EMG activity 

overshadowed any variability in the length of separation of the two axes. Since EMG 

forms the basis of the activation input to the model, this study would face the same 

insensitivity. Therefore, for ease of measurement, the axial position of the centres of 

rotation of both the flexionlextension axis and radial-ulnar deviation axis were set to 

coincide at the head of the capitate. 

The magnitude of the moment arms of ECRB for radial deviation and extension 

(figure 3.17) found in this study compared favourably with those reported previously 

(Horii et al., 1993; Buchanan et al., 1993; Tolber et al., 1985; Loren et al., in press). 

There is, however, some controversy as to which is larger. 

0 Horii et a1 (1 993) 

Loren et a1 (1 995) 

0 Buchanan et al(1993) 

0 Brand (1985) 

0 Tolbert (1 985) 

+ MRI 

Radial Deviation Moment Arm (cm) 

Figure 3.17 Moment arms of ECRB determined from the MRI scans in tds  study compared with 

values reported in the literature. 

After examining the tendon excursion of ECRB in human cadavers Horii et al. 

(1993) suggested that the moment arm for radial deviation was 1.3 * 0.2 cm and for 



extension 1.2 * 0.2 cm and that these values remained constant through the range of 

motion. Loren et al.. (in press) however, suggested that the moment arms vary with joint 

angle, particularly for extension. With the wrist in neutral position the moment arms of 

ECRB were approximately 1.7 cm for radial deviation and 1.5 cm for wrist extension but 

reached its maximum of 1.9 cm at 30 degrees of extension (Loren et al., in press). The 

radial deviation moment arm varied less. Using MR images, Buchanan et al. (1993) found 

that the moment arm for wrist extension (1.5 cm) was considerable larger than for radial 

deviation (0.9 cm). These are similar to the values reported here and were confirmed by 

electrical stimulation of ECRB which resulted in greater extensor torque than radial 

deviation torque. 

The effects of scaling the force-velocity relationship of FPL to represent ECRB 

were shown in figure 3.5. This scaling was based on the ratio of physiological cross 

sectional areas and the ratios of fibre lengths between the two muscles. The maximum 

isometric tension of a muscle is proportional to its physiological cross sectional area 

(Powell et al., 1984) and so the relative tension of muscles can be compared by comparing 

their PCSA (Brand et al., 198 1). The PCSA calculated in this study for ECRB was 1.24 

times greater than the PCSA of FPL, suggesting that the maximum isometric potential of 

ECRB was 1.24 times greater. Brand et al. (198 1) estimated that the ECRB could produce 

1.56 times the tension of FPL based on measurements taken from cadaver specimens. 

These measurements were based on comparisons of PCSA of each muscle as a percentage 

of the totai PCSA for all the muscles of the limb. The resulting term, "tension fraction" 

was only a proportional measure and made no numerical statement of the tension, but 

rather allowed for comparison of the relative capability of each muscle. Lieber et al. (1990, 

1992) also measured morphometric characteristics of several forearm muscles of five 

human cadavers. The PCSA measured was 1.3 1 times greater for ECRB than for FPL. In 

examining the MRIs, there was some difficulty in delineating individual muscles, 



particularly the proximal fibres of ECRB from extensor carpi radialis longus. This could 

have lead to an underestimation of the volume of ECRB and subsequently the PCSA. 

It has been suggested that the speed at which a muscle can contract is proportional 

to its fibre length (Zajac, 1992). Assuming that individual sarcomeres have similar 

maximum shortening velocities, a muscle fibre with more sarcomeres in series would have 

a larger maximum shortening velocity. The fibre length in this study, calculated as a 

portion of muscle length measured from the MR images was 7.86 cm. Lieber et al. (1992, 

1994) has shown that there is a remarkable consistency in the muscle length to fibre length 

ratio. For ECRB this ratio is 0.38 and was used to calculated the fibre length of ECRB. 

When compared with the data of Lieber et al. (1994), the muscle length measured in this 

study compares well. Obviously using the muscle length to fibre length ratio suggested by 

Lieber et al. (1992, 1994) would result in a good comparison of fibre length as well. Other 

studies have measured fibre lengths in ECRB of 4.9 cm (Amis et al., 1979), and 5.3 cm 

(An et al., 1981). Although the fibre lengths described by Lieber et al(1992) are actually 

measures of fascicle length (see Chapter 2), they are still useful in scaling the velocity axis 

of the force-velocity relationship to represent muscles of various lengths assuming there is 

a consistent relationship between fibre length and fascicle length. 

4.2 Model Evaluation 

In general, the model predictions of force in isometric contractions compared well 

with experimental results whereas the kinematics of dynamic contractions was less well 

predicted. 

4.2.1 hometi-ic Contractions of FPL 

The force-time profile for isometric contractions of FPL were compared with model 

predictions for contractions of both fast rise times and slow rise times. Although the 

overall range was similar, the SLOW contractions appeared to underestimate force 



particularily for high intensity contractions. Linear EMG-force relationships for isometric 

contractions have been well documented (Seyfert and Kinkel, 1974; Carter et al., 1993; 

Jensen et al., 1993) and have formed basic assumptions in estimating muscle forces 

(Buchanan et al., 1993). The force estimate of the model for isometric contractions is a 

linear function of stimulation (rectified and low-pass filtered EMG) and so the explanation 

for the error may be expressed in terms of the EMG. The rectified EMG was low-pass 

filtered at 3 Hz, similar to the 20 ms rise time used by Hof and van den Berg (1 98 1a,b) and 

suggested by Zajac (1989). Filtering would result in a bias toward low frequency, type S 

(slow) motor units. That is, the higher frequency fast motor units would be attenuated 

more than lower frequency slow motor units. According to the size principle (Henneman 

et al., 1965) small, slow motor units are recruited before large, fast motor units. Filtering 

would reduce the amplitude of the EMG, more at higher intensities than at lower intensities 

because the high frequency units would be more attenuated. The greater attenuation of the 

signal at higher intensities could be a direct contributor to the underestimation of force since 

the stimulation input to the model was attenuated. This may contribute to the 

overestimation of force at low intensity contraction also. Since the stimulation input to the 

model was expressed relative to the maximum rectified, low-pass filtered EMG for a given 

condition, an underestimate of this maximum due to the biased attenuation of the filtering 

would lead to an overestimation of the submaximal stimulation, particularly at the lowest 

intensities of contraction. 

For the FAST isometric contractions, force predicted by the model was 

overestimated at the lowest intensities and underestimated at the high intensities of 

contraction compared with the force determined from experimental trials. The explanation 
/ 

offered above would explain this observation as well. A further explanation is that the 

EMG-force relationship for FPL is non-linear. Infact, an exponential relationship may 

provide a good fit to the experimental data. 



4.2.2 Dvnamic Contractions of FPL 

Dynamic contractions of FPL against various moments of inertia were performed 

while angular position of the thumb and EMG were recorded. The model predictions 

compared well with the actual kinematics recorded for position, velocity and acceleration. 

Although in some cases EMG-force relationships have been found to be highly non-linear 

during dynamic contractions (Guimaraes et al., 1995) others have found have found linear 

relationships, but only using EMG recordings from areas of high signal amplitude (Jensen 

et al., 1993). Reasonable predictions of instantaneous force during dynamic voluntary 

contractions have been made using models that use processed EMG along with force- 

velocity and force-length properties of muscle (Hof and van den Berg, 198 1a,b; van den 

Bogert et al. , 1988). One possible explanation for the variability in EMG during dynamic 

contractions may be movement of the electrodes with respect to the active motor units. 

Given that each contraction was of maximum effort and there was little variability in the 

peak angular velocity obtained, one might expect a more consistent peak amplitude of the 

processed EMG. 

As the moment of inertia against which FPL was contracted was increased the 

model predictions became more advanced in time. A constant time delay was introduced 

between stimulation and activation in order to approximate any electromechanical delay. 

There are data, however, that would suggest that the phase lag between integrated EMG 

and tension increases with the frequency (Soechting and Roberts, 1975). Therefore it may 

have been more appropriate to have a delay that was a function of the input frequency 

(command) rather than a constant delay. 

// 

4.2.3 Electrical Stimulation of ECRB 

Stimulation of ECRB was used to examine the mechanical properties of the muscle 

in isolation and compare the responses with the model predictions. Specifically, the 

stimulation profiles were used to examine the extension and radial deviation moment arms 



as well as the muscle's response to a perturbation. The difference between extensor torque 

and radial deviation torque was simply a function of the magnitude of the moment arm in 

each of these two directions since muscle force should be the same. The ratio of extensor 

torque to radial deviation torque for the electrical stimulation contraction of ECRB was 1.6 

to 1.46 depending on where it was measured and suggested the moment arm for extension 

was at least 1.46 times greater than for radial deviation. The model, however, predicted 

that the torque in extension should be only 1.28 times greater based on the comparison of 

moment arms. The decreasing torque during the stimulation suggested that some form of 

accomodation may have been present. As the stimulation continued, the muscle fibres may 

have been less likely to respond to their full capacity. Also, the torque values did not drop 

by the same ratio (extension torque decreased more than radial deviation torque), 

suggesting that the experimental set may have been at fault. Despite this, the stimulation 

suggested that the moment arms determined from the MR images were at least the correct 

order of magnitude as well as direction (i.e., extension greater than radial deviation). 

There may also have been some stimulation overflow to other muscles. Given the location 

of the stimulating electrodes, it was likely that overflow stimulated a portion of the finger 

extensors, which would contribute to wrist extensor torque also, rather than the flexor 

carpis radialis (also a radial deviator). This would explain the greater extensor torque seen 

during the stimulation trials compared with the extensor torque predicted by the moment 

arm ratios. 

In response to a sudden perturbation about the wrist joint consisting of a stretch of 

the extensor muscles, torque about the wrist increased markedly. The magnitude of the 

torque increase was predicted well by the model, including the torqy fluctuations during 

the stretch. This suggested that the model adequately reflected the muscle's response to a 

sudden perturbation and would be useful in simulating conditions in which the muscle is 

subjected to a sudden, small perturbation. 



5.0 Summary 

The model and simulation of FPL presented in this chapter accurately predicted 

muscle force for isometric contractions as well as joint kinematics for the dynamic 

contractions. When the parameters were extended to ECRB, the model captured the 

general force producing characteristics of this muscle. These results suggested that the 

model would prove useful in simulating a wide variety of contractions of ECRB. 



Force in Extensor Carpi Radialis Brevis During a Backhand 

Tennis Stroke: Implications for Iniurv 

1.0 Introduction 

Lateral Epicondylitis or Tennis Elbow is manifested by pain over the region of the 

lateral epicondyle of the humerus (Roetert et al., 1995). One prime etiological factor for 

Lateral Epicondylitis (LE) is thought to be over exertion of the Extensor Carpi Radialis 

Brevis (ECRB) muscle resulting in microtrauma (Morris et al., 1989). At greatest risk of 

injury are those persons performing repetitive wrist movements in sports such as tennis or 

occupations such as keyboard entry. 

It appears that novice tennis players in particular are at risk of developing LE and 

often report pain on performing a backhand stroke. Lateral Epicondylitis occurs in up to 

50% of recreational tennis players, most of whom are over 30 years of age (Morris et al., 

1989). Examination of the kinematics of the backhand stroke initially led investigators to 

suggest that skilled players maintain a constant wrist position, whereas novice players are 

likely to use more wrist motion to produce the stroke (Bernhang, et al., 1974). Increased 

grip pressure has also been suggested as an expert-novice difference that may contribute to 

over exertion of the ECRB muscle (Bernhang et al., 1974). More recently, Ingelman 

(1991) and Blackwell and Cole (1995) investigated the kinematic EMG profiles of 

expert and ndvice tennis players performing the backhand stroke and showed distinct 

differences between the two groups. Experts performed the stroke with the wrist extended 

while novices performed the stroke with the wrist flexed. Furthermore, at ball contact, 

experts increased the amount of wrist extension while novices increased the amount of 



wrist flexion (Blackwell and Cole, 1995). The wrist flexion patterns observed in the 

novice players may indicate conditions that promote wrist extensor injury. This eccentric 

contraction of the ECRB may lead to injury through at least two possible mechanisms. 

First, eccentric muscle contraction has been shown to result in muscle injury (Lieber et al., 

1991) characterized by muscle fibre degeneration. The second possible mechanism 

concerns the muscle's isometric force-length relationship. The kinematic profile of the 

novice group suggests and increased lengthening of the ECRB muscle at the point of 

impact of the ball. This lengthening may move the ECRB beyond the plateau of its force- 

length relationship, to a position that is less advantageous in counteracting the large loads 

experienced during the imposed stretch resulting from ball impact (Blackwell and Cole, 

1995). Until now, muscle forces and internal muscle kinematics could not be assessed in 

order to confirm or refute the speculative nature of the potential injury mechanisms. 

This section offers a practical application of the model of ECRB to predict muscle 

force using the EMG and kinematic data of Ingelman (1991) as inputs. These data were 

used because the kinematics describing not only the motion about the flexiodextension 

axis, but also motion about the radiaVulnar deviation axis were available. 

1.1 Purpose 

The purpose of this chapter was to apply the model of ECRB using established 

kinematic and EMG data describing the backhand tennis stroke. It was expected that both 

qualitative and quantitative differences in the action of ECRB in advanced and novice 

players would be predicted and that these differences would help to x lain why novice /" 
players are more at risk of developing lateral epicondylitis. , 



2.0 Methods 

The typical EMG and kinematic profiles of advanced and novice tennis players as 

reported by Ingelman (1991) were used as input to the model simulation. The figures 

summarizing the EMG (rectified, low-pass filtered) and wrist joint kinematics (figures 9, 

10 and 11 from Ingelman, 1991) of advanced and novice tennis players performing a 

backhand stroke were scanned onto a Macintosh computer and digitized using NCSA 

Image software. This process resulted in time series data describing each profile at a 

resolution equivalent to sampling at 143 Hz. The EMG was expressed as a fraction of 

maximum (0 to 1). Kinematics were described by the changes in wrist joint angle about 

both the flexiodextension axis and the radiaVulnar deviation axis. From the kinematics, the 

length change or excursion of the ECRB muscle was calculated based on the equation, E = 

re, where r is the moment arm and q the joint angle. The total excursion was calculated as 

the sum of the excursion due to both flexiodextension motion and radial-ulna deviation 

motion. For a full description of how these data were collected and processed, see 

Ingelman (1991). The iterative model developed in Chapter 3 was used to predict the 

muscle force in ECRB in both the novice and advanced groups. 



3.0 Results 

3.1 Kinematics 

The time series data describing the EMG and joint kinematics of advanced and 

novice tennis players performing a backhand stroke are shown in figure 4.1. For a full 

description of these data see Ingelman (1991). Briefly, the advanced and novice groups 

show similar patterns of activation and joint kinematics although the amplitude of activation 

and angular position were significantly different (Ingelman, 1991). Both groups began the 

movement with the wrist extended. The novice group began movement toward wrist 

flexion well before ball impact and reached a peak wrist flexion angle of approximately 10 

degrees approximately 200 ms before ball impact. Just before impact, the novice group 

began a rapid extension movement. Immediately after impact, the wrist angular position in 

the novice group increased sharply toward flexion due to the collision of the ball with the 

racquet. This transient and abrupt change in angle lasted approximately 50 ms, after which 

wrist extension continued in the follow through phase of the motion. 

In contrast, the advanced group exhibited little change in flexion angle until 

approximately 400 ms before impact. At this point, the advanced players began wrist 

flexion, however the angular position of the wrist always remained in extension. Just 

before ball impact, the advanced group began a rapid extension movement. The transient 

flexion after ball impact was markedly diminished in the advanced group compared with the 

novice group. 

The angular position about the radial deviation axis showed differences between the 

advanced and novice groups as well. Novice players began the mo~ion with the wrist ulna 

deviated. Just before impact, they rapidly increased ulnar deviation angular position. 

Immediately after impact there was a sudden slowing of the ulnar deviation before 

increasing again to reach a peak of approximately 24 degrees about 100 ms after impact. 

Following this, the wrist underwent radial deviation toward neutral. The advanced group 



displayed a similar kinematic pattern but began the movement with the wrist radially 

deviated. The rapid movement to ulnar deviation began approximately 100 ms before 

impact. At impact there was a brief change in direction from ulna deviation to radial 

deviation before ulnar deviation continued to a maximum angle of approximately 15 

degrees about 150 ms after impact. 
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Figure 4.1 EMG and wrist kinematics of novice and advanced players performing a backhand tennis 

stroke. Stimulation (a), flexiodextension kinematics (b) and radiaYulnar kinematics (c) 

shown are from Ingelman (1991). 



3.2 ECRB Muscle Force 

The force-time profiles predicted by the model for advanced and novice players are 

shown in figure 4.2 below. The advanced group exhibited a larger peak force ( 89.9 N, 

162 ms after impact) compared with the novice group (65.33N, 3 ms after impact). In the 

advanced group, impact occurred well before the peak force but for the novice group 

impact nearly coincided with peak force. The greater muscle force seen in the advanced 

group compared with the novice group may have been predicted from the greater magnitude 

of stimulation (EMG), however, kinematics also play an important role in determining 

muscle forces. 

Advanced 

- - - - - - -  Novice 

Figure 4.2 Muscle force in ECRB predicted by the model for advanced and novice groups. Ball 

impact is at time = 1.0 s. 

The change in length of ECRB resulting from the wrist kinematics during the 

backhand stroke of the advanced and novice groups is illustrated in figure 4.3. Although in 

both groups the muscle lengthened during the first half of the movement (until ball impact) 

then shortened during the follow-through, there also were striking differences between the 



two profiles. In the novice group, ECRB moved from a length shorter than resting 

(negative values) to a length longer than resting (positive values) at impact. However, in 

the advanced group, ECRB remained shorter than resting length throughout the entire 

course of the movement. At impact it was closest to resting length, but remained slightly 

shorter. 

0 r 

Time (s) 

Figure 4.3 Muscle length change from resting length as a result of wrist kinematics of advanced and 

novice groups. Solid vertical line designates ball impact. 

To demonstrate the importance of the wrist kinematics in determining muscle force, 

the model was used to predict force for an isometric contraction from the same activation 

profile as the dynamic contraction (Figure 4.4). Muscle length was set to the same length 

as the initial conditions of the dynamic contraction and remained constant. In the advanced 

group the peak tension was considerably lower in the isometric condaction compared with 

the dynamic contraction. 
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Figure 4.4 Effects of wrist kinematics on predicted muscle force for the advanced group. 

When radiaYulnar deviation movement was removed, the tension was also lower 

than the normal dynamic condition and the shape of the later phase of the force-time profile 

was altered. When flexion/extension movement was set to zero, the force-time profile was 

nearly identical compared with the normal condition until impact after which the force 

profile was altered. 

For the novice group, kinematics seemed to play a minor role in determining muscle 

force. The tension under normal dynamic conditions, theoretical isometric conditions, 

radiallulnar deviation kinematics alone and flexionlextension kinematics alone were 

predicted by the model and shown in figure 4.5. 
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Figure 4.5 Effects of wrist kinematics on predicted muscle force for the novice group. 

The isometric contraction showed a small increase in force compared with the 

normal dynamic contraction suggesting that the wrist kinematics of the novice group had 

little effect on determining muscle tension. Not surprisingly neither radiallulnar deviation 

kinematics alone nor flexiodextension kinematics alone had a large effect on muscle force. 

The length changes of the ECRB muscle brought about by the wrist kinematics 

were examined more closely in an effort to determine how these length changes were 

distributed amongst the components of the muscle model. The muscle was made up of part 

tendon (SECt) and part muscle fibre. The sum of the length of these two components was 

always equal to the length of the muscle. Continuing, the muscle fibre was made up of part 

contractile component (CC) and part fibre series elastic component (SECf). Similarly, the 

sum of the length of these two components was always equal to the length of the muscle 
/ 
/ fibre. 

In the novice group, the muscle kinematics resulted in a slow stretch of the muscle 

fibre (figure 4 . 6 ~ )  with little length change in the tendon (figure 4.6b) for the first 750 ms 

of the movement. Just before ball impact, the muscle fibre underwent little length change 



while the tendon was stretched. The ball impact resulted in a sudden lengthening of the 

muscle which was taken up primarily by the muscle fibre. Closer examination of the 

components that make up the muscle fibre revealed that the lengthening of the muscle fibre 

was taken up almost exclusively by the SECf.while the CC length remained constant. 

In the advanced group, the muscle kinematics showed a slow shortening of the 

muscle fibre (figure 4 .7~ )  with little change in tendon length (figure 4.7b) for the first 500 

ms of the movement. Closer to ball impact, both the muscle fibre and tendon were 

stretched. Just after impact, the muscle fibre shortened slightly while the tendon continued 

to stretch. The kinematics of the contractile component (figure 4.7d) and fibre series 

elastic component (figure 4.7e) showed that the lengthening was taken up by the SECf 

while the CC shortened. 



- d - - 
- 

I 

I 1 
a Time (s) $ V! Pi 

0.1 

0*095: 

\ \ 
0.09 

0.085 - 
0.08 - 

0.075 - 
I 

0.07 
Time (s) k h k 

0 4 

Figure 4.6 Muscle length (a), tendon length (b), fibre length (c), contractile component length (d), 

and fibre series elastic component length (e) during backhand stroke of novice group. 
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Figure 4.7 Muscle length (a), tendon length (b), fibre length (c), contractile component length (d), 

and fibre series elastic component length (e) during backhand stroke of advanced group. 



4.0 Discussion 

The model results suggested that advanced players produced more tension in ECRB 

during the backhand tennis stroke than did novice players. Perhaps a more important 

aspect than the amplitude of the tension is where the peak tension occurred with respect to 

ball impact. In the novice group, the impact occurred at peak force in ECRB. As a result 

the muscle was in a less advantageous state to deal with the sudden stretch, which occured 

just after impact. With decreasing activation and tension, stiffness was reduced, 

particularly in the muscle fibre where a large portion of the impact was taken up (figure 

4.6~). This means the muscle fibre underwent a large stretch due to the ball impact which 

was taken up in primarily by the fibre SEC (figure 4.6e). An additional consideration is the 

muscle's position along its force-length relationship when impact occurred. For the novice 

group, the muscle was slightly longer than resting length. The sudden lengthening resulted 

in movement toward the descending limb of the force-length relationship, toward 

diminishing force potential for increased lengths. Essentially, the novice group displayed 

entirely the wrong muscle kinematics and activation pattern to best cope with the sudden 

lengthening resulting from ball impact. 

The advance group, on the otherhand, displayed increasing activation and muscle 

force leading up to ball impact. The impact resulted in a stretch of the muscle, which was 

taken up by the tendon and fibre series elastic components. The ECRB muscle length for 

the advanced group was slightly shorter than resting length at ball impact and therefore, any 

sudden stretch would push the CC to a more advantageous position on its force-length 

relationship. / /  

These observations fit with those seen during surgical intervention to treat LE. 

The tendinous origin of ECRB has been implicated as the site of damage in patients with 

lateral epicondylitis (Peterson and Renstrom, 1986). Although the maximum tendon stress 

observed in this study (7.8 N/-2 for advanced and 5.7 ~ l m m ~  for novice) was far from 



the estimated ultimate stress (50 - 100 ~ lmrn2;  Zajac, 1989) and would not cause an acute 

tendon strain, the repetitive nature of tennis could result in a chronic strain due to the 

repetitive loading or stresses of the tendinous origin of ECRB (Keene, 1985). Indeed, the 

observations in this study suggest that the novice player is subjected to greater stretch of 

tendinous components of the ECRB than are advanced players. 



Chapter 5 

Limitations 

The usefulness of a model can be evaluated by asking whether it contributes to the 

better understanding of a problem or question in science. The model presented in this 

thesis was a better predictor of muscle force in some contractions than in others. Isometric 

contractions were predicted well, but dynamic contractions were more variable. The 

difficulty in predicting force from EMG during dynamic contractions has been experienced 

by many researchers. Most often, electromyography has been used as an indicator of 

muscle force in conjunction with some force-length-velocity relationship of muscle to 

predict force. This seems to work well for isometric contractions, but not dynamic 

contractions. The major limitations of this type of Hill model is that the relationships were 

derived from essentially static situations. Even the force-velocity relationship, which by 

name implies some dynamic component was, essentially a static relationship. Each point 

was derived from a measure of instantaneous velocity and force and so the relationship 

lacked the continuous nature of actual muscle. This is also a fundamental limitation of a 

computer simulation. In this simulation, there was a discrete, serial order of operations 

that was a quasistatic iteration to determine force. 

The simulation also had other limitations that may alter the behaviour of the muscle. 

There was no distinction of "internal tendon" or aponeurosis which would alter the 

properties of the muscle Also, pennation angle, although when small may hardly alter 

muscle force, has been shown to have a considerable effect on musyle compliance. 

~ e s ~ i t e  these short comings, the model performed quite well when used to compare 

two conditions of muscular contraction as in the tennis stroke. Each parameter was 

estimated as accurately as possible and appeared to compare well with similar 

measurements obtained from the literature. Therefore, to obtain results more accurate than 



those presented in this thesis it may be necessary to utilize a model of more complex 

structure. However, this would require more complex interactions between relationships 

and as a result more computing time and power. One must evaluted the balance between 

cost and benefit for each application of this and any other model before deciding on 

potential changes. 

There are several advantages of using MRI to establish model parameters. The 

technique allows parameters to be established on living tissue in an unharmful and non- 

invasive manner. It is also useful since data from the same subject can be used to perform 

experiments in the laboratory. However, difficulties arise in determining the precise 

centres of rotation and orientation of the axes. In this study only cross-sectional images 

were available to determine the centres of rotation of joints and moment arms of muscles. 

A better method would have been to use additional scans form other angles in conjunction 

with kinematic data to estimate better the location of the centre of rotation of each joint. 



Ap~endix 1 

Sensitivitv Analvsis 

In many models, certain parameters have a greater influence on the model's 

outcome than others. In this sense, it is often useful to determine which parameters are the 

most important. This can be accomplished by assessing changes in the model's output in 

response to changes in a given parameter. Those parameters for which small changes 

cause large changes to the model output are thought to be most important and the model is 

said to be sensitive to changes in these parameters. A sensitivity analysis was carried out 

on the model of FPL by altering several parameters. The activation time constant (zi,,), 

deactivation time constant (~fdl), muscle fibre stiffness, and the force-velocity parameters a 

and b were each altered by plus or minus 5, 10,25 and 50 % of their initial value while 

every other parameter was held constant. The peak force predicted by the model during a 

single isometric contraction was compared for each change in the parameter of interest. 

A l . l  Activation Time Constant ('Crise) 

Only the largest changes in activation rise time (50%) had a noticeable effect on the 

force profile predicted by the model (figure Al). Using the fastest rise time (-50% of the 

initial value) resulted in a highest peak force as well as a fastest rise in tension. Using the 

slowest rise time (+50% of the initial value) resulted in a lowest peak tension and slowest 

rise in tension. However in general, the model was insensitive to small changes in 

activation rise time. /' 
1 
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Figure A l :  Model prediction of force for activation rise time constant +I- 50% of original. 

A1.2 Deactivation Time Constant (Zf,ll) 

Changes in deactivation time constant of +I- 50% of the initial value showed only a 

small effect on model predictions of muscle force (figure A2). The main effect in terms of 

force amplitude was on the falling phase of the contraction. The lowest time constant (ie. 

faster deactivation) resulted in a fastest increase in force production and also a fastest 

decrease or relaxation. The overall effects, however, were small compared with the large 

changes in the value of this parameter. The model was insensitive to small changes in the 

deactivation time constant 
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Figure A2: Model prediction of force for deactivation time constant +I- 50% of original. 

A1.3 Fibre Stiffness (kSECf) 

Changes in muscle fibre stiffness had a more pronounced influence on force 

compared with changes in the activation and deactivation parameters (figure A3). A 50% 

reduction in fibre stiffness had a dramatic effect on the model prediction of force, 

decreasing the force substantially. Although a 50% increase also had a noticable effect, the 

force prediction was increased by a smaller amount suggesting a non-linear effect with 

changes in fibre stiffness. 
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Figure A3: Model prediction of force for fibre stiffness +I- 50% of original. 

This nonlinear influence was illustrated more clearly when the percent change in the 

fibre stiffness was compared with the percent change in peak force prediction (figure A4) 

over the entire range of changes. Changes in force output were larger for decreases in 

muscle stiffness than for increases in muscle stiffness. As the stiffness was reduced, the 

contractile component, in series, was able to shorten at a high velocity as it stretched the 

SECf. This higher velocity of shortening came at the expense of force, as predicted by the 

force-velocity relationship. With increased stiffness, the CC was less able to stretch the 

fibre SEC and contracted at a lower velocity approached thereby generating more force. 

The non-linear effects in terms of force amplitude are, then, a result of the shape of the 

force-velocity relationship. That is, changes in velocity of contraction do not result in 

linear changes in force. These values were summarized in table Al .  



Figure A4. Percent change in peak force as a function of percent change in fibre stiffness. 
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A1.4 Hill's Parameter a 

Changes in force velocity parameters also effected the model predictions of force. 

Increases in Hill's parameter a resulted in decreases in force output and also a slower rise 
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in tension (figure A5). For increases in this parameter, the opposite changes were 

observed. This can be explained by examining the changes in the force-velocity 

relationship with changes in a.. In the case of increased a (+50%) the force at any velocity 

was less than the initial value. For decreased a,  the opposite was true. 
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Model prediction of force for simulations using values of a +I- 50% of original. 

Over the entire range of changes, there was a linear relationship between changes in 

a and changes in force. This is because the shape of the force-velocity relationship was 

preserved such that at any velocity the force was increased or decreased by the same 

amount for a given change in a. These values were summarized in table A2. 



Figure A6. Percent change in peak force as a function of percent change in a. 
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A1.5 Hill's: parameter b 

Changes in b had a profound effect of the model's prediction of force. For 

increases of 50% of the original value, the force increased. Decreases of 50% resulted in a 

dramatic and much larger drop in force than observed for increase of 50%. This large drop 
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suggested that there was a non-linear influence of changes in force as a function of changes 

in b.  

Model Force 
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Figure A7. Model prediction of force for simulations using values of b +/- 50% of original. 

The non-linear effect of changes in force as a function of changes in b are 

illustrated in figure A8. For increases in b , the force at any velocity was larger as 

predicted by the force-velocity relationship. The non-linear effect occured because changes 

in b not only shifted the force-velocity upward (increased b ) or downward (decreased b ), 

but also changed the concavity or curvature of the relationship. Low values of b resulted 

in high curvature or concavity of the force-velocity relationship. As a results greater 

changes in force for the same percentage change in b were observed for decreased values 

than for increased values of b . These values were summarized in table A3. 

/' 



Figure AS. Percent change in peak force as a function of percent change in b. 
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A1.6 Summary 1 

From this analysis, it is suggested that the model is most sensitive to changes in 

fibre stiffness, and parameters of the force-velocity relationship. Since the changes in force 

observed with changes in fibre stiffness as well as changes in a and b could be explained 

in terms of the force-velocity relationship, it is likely that the force-velocity relationship is 
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the dominate characteristic in this model. As a result, it is of utmost importance to ensure 

accurate assessment of the force-velocity characteristics of the muscles which are modelled 

using this protocol, 
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