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Abstract 

In muscle and movement modelling it is almost invariably assumed that force actually 
exerted is determined by several independent factors. This review considers the fact that 
length force characteristics are not a relatively fixed property of muscle but should be 
considered the product of a substantial number of interacting factors. Level of activation 
and recruitment are influential factors in relation to aspects of muscle architecture. For the 
level of activation effects of its short term history (potentiation, fatigue in sustained 
contractions) have to be taken into account and are reviewed on the basis of recent 
experimental results as well as available literature. History is also an important determinant 
for the effect of length changes. This concept is introduced on the basis of recent 
experimental evidence as well as available literature. Regarding effects of muscle architec- 
ture, the concepts of primary and secondary distribution of fibre mean sarcomere length are 
introduced as well as effects of muscle geometry for mono- and bi-articular muscles on 
those distributions. Implications for motor control are discussed and the need for intramus- 
cular coordination indicated. 

1. Introduction 

Much scientific effort has been devoted towards modelling of skeletal 
muscle and of movement. This effort started in the 17th century (e.g., 
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Stensen, 1667; Borelli, 1680) and is continued in the present at an enor- 
mous volume due to the development of easily accessible computational 
facilities. 

In order to create a systematic approach to these phenomena, first a 
short description of the goals, principles and strategies will be provided 
below as an introduction. Subsequently, a number of muscle characteristics 
will be reviewed specifically. 

The major purposes of this presentation is (1) to consider systematically 
a number of muscular properties, (2) to discuss effects of inclusion or 
neglecting such properties in muscle modelling and to evaluate the need to 
consider such properties in muscle and movement modelling, and (3) to 
describe some effects of such properties for the control and coordination of 
movement. 

1.1. Modelling goals 

In general muscle modelling is done with the following major goals: 
1. To study mechanism within and characteristics of single muscles.Two 

major substreams can be distinguished: 
1.1. The study of more or less isolated fundamental principles or 

mechanisms of muscle activity (e.g., Hill, 1938; Huijing and Woit- 
tiez, 1984; van Ingen Schenau et al., 1988; Bobbert et al., 1990; 
Ettema and Huijing, 1990; Hatze, 1990). 

1.2. To study more integrated characteristics of muscle, its excitation 
(e.g., Hill, 1970; Huxley, 1957; Hatze, 1981; Zahalak and Ma, 1990; 
Zahalak, 1990; Ma and Zahalak, 1991). 

2. To incorporate muscle models in models of the body(-segments) to 
simulate human (e.g., Hatze, 1976; Hatze, 1977; Pedotti et al., 1978; Dul 
et al., 1984; Bobbert et al., 1986a; Bobbert et al., 1986b; Zajac, 1989; 
Thunnisse, 1993; Franken, 1993) or animal movement (van Leeuwen, 
1992) and study its control. The distinguished categories 1 and 2 are 
similar to Winters’ muscle physiologists and system bioscientists’ ap- 
proaches (Winters, 1995). 

1.2. ModelZing strategies 

In modelling strategy two important features can be distinguished namely 
the principal approach and the direction of analysis. 
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Principal approach 
Building models always involves simplification of reality. These simplifi- 

cations will generally be made according to the principle approaches 
indicated below: 
- by using the system analysis approach by including some mathematical 

description of input output characteristics of a neuromuscular entity, a 
muscle or its parts, without regard for the actual mechanism involved in 
creating the particular characteristics (descriptive models, e.g., Baratta 
and Solomonow, 1992). 

- by incorporating the most important physical and/or physiological prin- 
ciples, which explain the causes of certain muscle characteristics (ex- 
planatory models). 
Explanatory models can be based on either structural considerations 

(structural models, e.g., Sliding filament theory of contraction (Huxley, 
1957), Distribution Moment model (Zahalak, 1990)) or can be based on 
considerations of principles not involving actual structural entities (phe- 
nomenological models, e.g., Hill type models (e.g., Hill, 1950)). The vast 
majority of present day muscle and movement models is based on this type 
of model involving in its simplest form a contractile element and a series 
elastic element. Its impact on understanding of muscle function cannot 
easily be overrated. In several cases the need for anatomically identifiable 
parameters has led some modellers to equate the series elastic element to 
the tendinous tissues of the tendon and aponeurosis by neglecting intracel- 
lular series elastic components or ascribing total series elastic component 
values to these structures (e.g., Bobbert et al., 1990). 

Muscle modelling will always involve a combination of the description 
and explanation strategies, because even in explanatory models, a choice 
has to be made at what level explanation will start. The enlargement of the 
descriptive level is always an effective way of enhancing the simplicity of 
the model. 

Direction of analysis 
Several directions of analysis are found in muscle modelling: 

- Direct mechanical analysis. The direction of analysis is in general terms 
from the inside to the outside of the body, i.e., the model is used to 
relate properties of parts of the analyzed system to that of the whole 
system, taking into account the mechanics of interaction of the subsys- 
tem. Examples are the modelling of muscle characteristics on the basis 
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of fibre and aponeurosis characteristics and the modelling of movement 
of the body (parts) on the basis of muscle and joint characteristics, 

* Inverse mechanical analysis. On the basis of variables which are accessi- 
ble for external measurement (e.g., reaction forces, etc.) models are used 
to calculate joint moments and forces. On the basis of joint moments 
muscle forces may be calculatedIn engineering this type of application is 
very recognizable in the design process of machines. Successful strength 
analyses and design of for example protheses (e.g., Lemmers, 1994) are 
based on mechanical modelling as well as the application of considerable 
safety margins. 

- Combined direction mechanical analysis. A combination of these two 
approaches is also found in models which use inverse mechanics of 
human movement to calculate forces and moments around a particular 
joint in combination with direct mechanical modelling of muscles to 
study the production of the required net moments and forces (e.g., 
Thunnisse, 1993). 

Types of application 
As the aims of the modelling work are so important for the strategy of 

modelling, further consideration should take into account the type of 
application intended. Two types of uses can be distinguished: 

(1) Heuristic application, i.e., the model is applied to quantitatively study 
effects of potentially important mechanisms of muscle function. In this type 
of application it is not the exactness of the prediction which is most 
important but the possibility to manipulate the mechanisms of choice so 
that in effect “experiments of thought” can be performed to test or 
generate idea’s. This particularly useful in cases in which the behaviour of 
the muscle is too complicated to review without modelling. Comparison 
with data obtained through empirical research is necessary to check if the 
mechanisms modelled are actually active in a real muscle and if no other 
major features are over-looked. These empirical experiments should not be 
confused with sensitivity analysis of models to its selected parameters. In 
that sense it may be unwise to refer to running the model as an experiment. 
Because of the nature of the goals of this type of model application most 
progress is often made if the model results do not agree well with 
experimental results. In such cases there is certainty that the model and 
thus the idea’s on which the models are build should be revised or 
extended. In the case of a much better correspondence of model and 
experimental results there is always the possibility that the agreement is 
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coincidental because of interactions or cancelling of opposing effects De- 
spite the fact that the main purpose of modelling in this type of application 
is the generation of idea’s, combination of this type of application of 
models, with experimentation is crucial because the process of empirical 
confrontation of the model with reality will prevent the use of models 
which have little to do with reality. 

(2) Predictive application, i.e., the model is used to predict the behaviour 
of the muscle within a certain allowable range of error. Even though 
acceptance of a certain range of error is absolutely necessary as the model 
will always be a simplification of reality, in predictive applications a major 
goal is always a prediction with as high a correspondence as possible to 
what actually happens within the muscle. In many cases this approach is 
used to obtain information on variables that can not be measured directly 
(Zajac and Winters, 1990). This is of course accompanied by the inherent 
risk that the model predictions can not be validated directly by experimen- 
tation! Sometimes this type of application is aimed at determining the 
requirements of strategies of artificial control of muscle (e.g., Baratta and 
Solomonow, 1992) or predicting effects of compensation for the pathology 
by the healthy parts of the locomotor apparatus (e.g. Winter et al., 1990). 
Particularly, in clinical settings one expects such applications of muscle 
modelling, because there, the aims are not in the first place to generate 
new idea’s about the functioning and control of the muscle, but to use the 
model for diagnosis and to pinpoint pathological deviation from the normal 
as well as the location or level of the abnormality. 

Complexity of the model 
The question arises how simple or complex models of either type or 

application should be. This question has received some attention in the 
literature (e.g., Audu and Davy, 1985; Winters and Stark, 1987; Baratta and 
Solomonow, 1992) From a practical point of view any model of muscle or 
locomotor apparatus should be as simple as possible in the light of the aims 
for which it is made. This view would arise already from exclusively 
considering the efficiency considerations of the modelling work itself (e.g., 
Audu and Davy, 1985). However, two much more important factors will be 
the limited control over very complicated muscles and the difficulty of 
obtaining appropriate parameters for the model. If a model is so complex 
that the reason for certain phenomena can not be intuitively located once 
the effects have been described, a sizable danger is that the modeller looses 
the connection with important biological elements that he is trying to 
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model. In such a case if the model does not describe reality reasonably well 
very little may be learned from that fact. 

Particularly in modelling in vivo muscles or movement of humans, the 
difficulty obtaining appropriate parameter values is very apparent. Because 
of this difficulty, particularly authors involved in this type of work may 
select parameters from the literature on the basis of the availability rather 
than the appropriateness. It can be concluded that in modelling work not 
always an enhanced sense of responsibility is shown for the parameters 
used in the models. Combination of modelling work and experimental work 
could alleviate this problem. However, labs equipped for this type of 
modelling work are not always suitable for experimentation aimed at 
obtaining for example muscle parameters. This problem should be solved 
through increased interdisciplinary cooperation. Such cooperation will also 
have as a consequences that myology labs will become more interested in 
performing experiments as asked for by modellers (see also Winters, 1995). 
However modellers should also be willing to invest time and interest in 
performing such experiments in interdisciplinary cooperation as they bear 
responsibility for parameters used in models. 

The factor of appropriate parameter values will be more important in 
predictive than in heuristic applications. For the above described reasons 
parameter choice based solely on specific experimental measurements 
rather than on values from the literature should be commended (e.g., 
Durfee and Palmer, 19941, but it is clear that such purity of approach will 
not always be possible. 

It is obvious that uncertainty of each of the parameters will affect the 
uncertainty of the model results. On top of that, increasing the number of 
parameters will also increase the chance of interference of errors leading to 
possible agreement of model and experimental results in specific conditions 
of movement without agreement in underlying mechanisms of model and 
muscular reality. The clearly present and very human bias of researchers, 
journal referee’s and funding agencies in the direction of positive results of 
research projects will only lead to increased incidence of models which, 
despite the fact that a reasonable agreement with empirical results may be 
presented, may have little to do with the reality of human movement. 

Physiological features generally incorporated in muscle models 
Almost invariably features incorporated in muscle models with either 

heuristic or predictive goals are: 
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I. length force characteristics, and II. force velocity characteristics: 
Often muscle are modelled under conditions of maximal activation (Hill, 

1938; Huijing and Woittiez, 1984; Huijing and Woittiez, 1985; Bobbert et 
al., 1986a; Bobbert et al., 1986b; Otten, 1988; Lieber et al., 1992; Bobbert 
and van Zantwijk, 1994), but characteristics of muscles under conditions of 
submaximal activation are also modelled by varying. 

III. degree of activation: 
- by simple grading of force (e.g., Zajac, 1989; Winters and Stark, 1987; 

Winters and Woo, 1990; Thunnisse, 1993) 
- through recruitement (e.g., Coggshall and Bekey, 1970; Hawkins and 

Hull, 1992; Heckman and Binder, 1993b) 
- or firing rate coding (e.g., Heckman and Binder, 1993a) 

Only very occasionally time dependent characteristics of muscle are 
included in the model: 

IK fatiguability characteristics: 
(e.g. Hawkins and Hull, 1993). These authors compartementilized mus- 

cle in a fatiguable and a non-fatiguable section. The effects of fatigue were 
modelled by grading of force. 

Almost always the fundamental characteristics of muscle or muscle-ten- 
dom complex (I through N in the paragraph above) are modelled as being 
independent (e.g., Woittiez et al., 1984; Bobbert et al., 1986a, Bobbert et 
al., 1986b; Zajac, 1989; Hawkins and Hull, 1992; Hawkins and Hull, 1993; 
Thunnisse, 1993). If this would be correct a high degree of simplification 
can be attained by modelling these characteristics in descriptive models. 
However, over the last decennia experimental evidence has been accumu- 
lating slowly, indicating that this assumption of independency is not a 
correct one. 

Evidence for this interdependence of some of these factors may be 
encountered at the organ level (e.g., Huijing and Ettema, 1988; Ettema et 
al., 1990a; Ettema et al., 1990b; Ettema et al., 19921, at the intracellular 
level (see below) as well as at the level of motor units (see below). 
Particularly the existence of a sarcomere length dependent sensitivity to 
calcium ions (e.g., Stephenson and Wendt, 1984) as well as of distributions 
of mean sarcomere length of different fibres (e.g., Huijing, 1988; Heslinga 
and Huijing, 1990; Heslinga and Huijing, 1993; Huijing and Baan, 1992; 
Willems and Huijing, 1994b; de Ruiter et al., 19951, or motor units (e.g., 
Bagust et al., 1973; Lewis et al., 1972), may indicate a necessity for 
adaptation of muscle models. The decision if such adaptation of models is 
necessary, should be made in view of the modelling goals as well as the 
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desired level of organisation at which the model output is aimed. The same 
will be true for the way any changes are incorporated in the model (i.e., a 
descriptive or an explanatory way). In the present article we will focus on 
isometric length force characteristics because doing that will already allow 
us to present a number of important features that should be considered in 
this type of decision making for muscle modelling. 

2. Factors affecting isometric muscle length-force characteristics 

A distinction will be made between muscles comprised of fibres of 
identical properties and tendinous elements with homogeneous characteris- 
tics on the one hand and a second part muscles comprised of fibres and 
tendinous elements which are not identical in different locations within the 
muscle will be discussed. This distinction is not made only for didactic 
purposes but also because frequently muscle models are constructed ac- 
cording to the first group (e.g., Benninghoff and Rollhauser, 1952; Gans 
and Bock, 1965; Huijing and Woittiez, 1984; Huijing and Woittiez, 1985; 
Woittiez et al., 1984; Otten, 1988; Zajac, 1989; Scott and Winter, 1991; 
Hawkins and Hull, 1991; Burkholder et al., 1994). As in this type of 
modelling usually no mechanical interaction between fibres is incorporated 
it is implicitly equivalent to modelling a muscle as containing one giant 
fibre. 

2.1. Extracelluar effects: muscle geometry 

Muscle geometry is to be considered one aspect of muscle architecture. 
In this context muscle architecture is defined as the arrangement of the 
elements constituting the muscle with respect to each other. A major factor 
for muscle geometry is muscle volume. As muscles shorten their cross-sec- 
tional area increases because of constant volume of the muscle. The 
constancy of muscle volume was first shown in experiments performed in 
the late 1660’s by Jan Swammerdam (see Kardel, 19941, but published 
much later (Swammerdam, 1737) and in more recent times confirmed 
(Baskin and Paolini, 19671. The notion was enforced by the fact that a 
constant lattice volume was inferred from X-ray diffraction studies (Huxley 
and Brown, 1967; Rome, 1967; Elliott et al., 1967; Matsubara and Elliott, 
1972). It should be noted that some contradictory evidence is reported for 
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volume of isolated fibres (Neering et al., 1991; Taylor et al., 1992; Trombitas 
et al., 1993). 

If bulging and other redistribution of volume of muscle fibres is not 
taken into account, the increase in cross-sectional area is inversely propor- 
tional to fibre shortening, and the only way enough space can be created 
for the enlarged muscle cross-sectional area is an increase of the angle 
between the fibre and the attachment site. If the attachment site is allowed 
to change length further changes of this angle are necessary. 

To study effects of muscle geometry it is important to distinguish 
muscles according to the ways of attachment of its fibres. 

Muscle fibres attached to bony elements at both ends 
Modelling of muscle geometry and its functional consequences has many 

times been performed as if muscle was build according to this description, 
i.e., any elastic effects were excluded (Stensen, 1667; Borelli, 1680; Ben- 
ninghoff and Rollhauser, 1952; Gans and Bock, 1965; Huijing and Woittiez, 
1984; Huijing and Woittiez, 1985; Woittiez et al., 1984; Burkholder et al., 
1994). This type of muscle geometry is very rare but it occurs in some 
molluscs for muscle which can close the shell. Nevertheless, this type of 
model has contributed to the understanding of muscular functioning. As we 
concentrate on modelling of human muscle or muscles of other mammals 
we can limit considerations to the following: The increase in fibre angles 
will have enhancing effects for length range of active force exertion (e.g., 
Huijing and Woittiez, 1984; Huijing and Woittiez, 1985; Woittiez et al., 
19841, as well as for shortening velocity of the muscle (e.g., Woittiez et al., 
1984; Zuurbier and Huijing, 1993). 

Muscle fibres attached to aponeuroses at both fibre ends 
A parallel fibred muscle will have relatively long fibres compared to 

muscle length and a very short aponeuroses. The direction in which the 
fibres exert force will be almost parallel to that of the muscle. Therefore, 
fibre angle with the line of pull of the muscle will be negligible but the 
aponeurosis angle may be sizable (Willems and Huijing, 1994a). For such a 
muscle the major factors for determining length range of active force 
exertion as well as shortening velocity will be the same as those determin- 
ing the properties for its fibres, i.e. number of sarcomeres in series within 
the fibres and sarcomere length force and force velocity characteristics. 
This is so because functional effects of changing fibre and aponeurosis 
angle and elastic effects of the aponeurosis will be most likely be small and 
therefore negligible. For muscle of much higher degree of pennation the 
fibres will be short relative to muscle length and the aponeurosis relatively 
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long. Fibre angle will be large and aponeurosis angle smaller. For such a 
muscle major factors for determining length range of active force exertion 
as well as shortening velocity will still be number of sarcomeres in series 
within the fibres and sarcomere length force and force velocity characteris- 
tics. However because of this muscle geometry both angular effects and 
elasticity may contribute substantially to muscle length range of active force 
exertion and shortening velocity. In modelling these features have been 
worked on by modelling muscle of homogeneous geometry and other 
properties under conditions of maximal activation. 

An important consequence of the (assumed) homogeneity of the muscle 
would be the scalability of muscle properties as a function submaximal 
activation due to recruitment of motor units, identical with respect to 
length range: Length range of active force exertion and instantaneous 
velocity of shortening are uniquely related to muscle length. If all the fibres 
of a muscle have approximately similar characteristics and behave similarly 
it is expedient to model the muscle as one giant muscle fibre: Many lumped 
fibre models used in modelling of movement (e.g., Bobbert et al., 1986a; 
Bobbert et al., 1986b; Zajac, 1989; Thunnisse, 1993) make use of this idea 
by simply scaling of force of submaximally activated muscle on the basis of 
maximally activated length force characteristics (Fig. 1). The question if 
such application may be considered valid will be discussed in paragraphs 
below. 

The heuristic value of modelling homogeneous pennate muscle is appar- 
ent: For example for rat gastrocnemius medialis muscle length range 
between optimum and active slack length for muscle can be understood to 
be considerably increased compared to that of its fibres. Also even at 
moderately short muscle lengths rat gastrocnemius muscle fibres will 

Fma (N) 

J!!!!L 
Ima (mm) 

Fma (%) 

I \ 
Ima (mm) 

Fig. 1. Scaling force. A. schematic representation of muscle length force characteristics is shown in the 

left panel. In muscle modelling frequently estimates of force for submaximally active muscle is obtained 

by scaling the force of the maximally active muscle linearly for all lengths, i.e., the normalized length 

force curves of maximally and submaximally active muscle are identical (right panel). 
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shorten only at a small fraction of the speed of shortening of the muscle 
(Zuurbier and Huijing, 1992). Despite the fact that these phenomena have 
been studied for more than three centuries (e.g., Stensen, 1667) the exact 
mechanisms determining the angular effects are not understood in every 
detail (Zuurbier et al., 1994, see also Willems and Huijing, 1994a). Also the 
elastic or other effects of the aponeuroses are not very well understood as 
experimentally determined length changes of the aponeurosis were re- 
ported not to be uniform (Zuurbier et al., 1994). On the basis of similar 
experiments in cat soleus muscle Scott and Loeb (1995) conceived the idea 
that involvement of the epimysium could lead to artifacts in marker 
displacement (in their case: sonographic crystals glued to the muscle). 
Correction for these artifacts led to similar stress-strain properties for 
tendon and aponeurosis. If this mechanism was also present in the results 
for other muscles (Griffiths, 1989; Caputi et al., 1992; Zuurbier et al., 1994) 
can not be excluded and should be investigated. Recent discussion on the 
electronic mail forum for Biomechanics and movement science (BIOMCH- 
L) indicates that differential length changes within this type of tissue 
should also be considered. 

Particularly angular effects on fibre shortening speed in relation to 
muscle shortening speed effects, but also the effects on length range of 
active force generation are very important for muscle functioning. Regard- 
ing the level of force, similar arguments have been made by Scott and 
Winter (1991). Therefore it is clear that the statement by Winters (19951 
that effects of muscular geometry have become exaggerated for muscle 
modelling, is hardly tenable. What could be true that, depending on the 
modelling goals and the level of organization that these models are di- 
rected at, it may not always be necessary to include these effects as 
explanatory models, but that a descriptive approach may suffice. 

2.2. In tra-sarcomere effects 

Length dependent Ca sensitivity 
Development and application of techniques for obtaining isolated fibres 

allow study of muscle on the level of the fibre in addition to the level of the 
organ. Comparison of results of these two types of my muscle research 
allows identification of mechanisms active at the cellular level and at the 
organ level. Studying skinned muscle fibres have the additional advantage 
that the contractile apparatus can be studied under conditions in which the 
“milieu interne” of the sarcomeres could be manipulated in experiments. 
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Fig. 2. Effects of myofibrillar length dependent Ca*+ sensitivity. Schematic representation of length 
force data plotted for sarcomeres in skinned fibres of rat extensor digitorum longus muscle (modified 
from Stephenson and Wendt, 1984). The percentages identify length force curves of the fibre at the 
indicated value of maximal calcium concentration. Note that as calcium concentrations are decreased, 
not only force decreases but sarcomere optimum length and active slack length (i.e., the lowest length 
at which force can be exerted) shift progressively to higher length. The maximal length of active force 
exertion remains unchanged. 

First, temperature effects were studied (Stephenson and Williams, 1981). 
Later a length dependent myofibrilar sensitivity to calcium was discovered 
(Stephenson and Wendt, 1984; Stienen et al., 1985; de Beer et al., 1988). 

Experimental evidence indicates that myofibrillar proteins are not equally 
sensitive to calcium at every sarcomere length. A functional consequence of 
this length dependent calcium sensitivity is that at lower calcium concentra- 
tions sarcomere optimum length and probably also active slack length are 
shifted to higher lengths (Fig. 2). Of course if the length force characteris- 
tics of sarcomeres are dependent on intracellular calcium concentration, 
this will also be the case for length force characteristics of fibres and 
muscle. 

Consequences of length dependent calcium sensitivity. Firing frequency 
Examples of length dependent calcium sensitivity effects on muscle 

length force characteristics can be found in the literature in which these 
characteristics are studied as function of stimulation frequency (Rack and 
Westbury, 1969; Rome et al., 1985; Roszek et al., 1994). If stimulation is 
performed at a lower frequency force will generally be lower. Rome et al. 
(1985) concluded that this lower force did not lead to substantially altered 
sarcomere length force properties. However, Rack and Westbury (1969), 
Roszek et al. (1994) and Roszek and Huijing (1995) found that, as stimula- 
tion frequency is lower, the ascending limb of the length force curve of fully 
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Fig. 3. Effects of varying stimulation frequency on muscle length force characteristics. Top panel: 
schematic representation of data obtained by Rack and Westbury, 1969. Note that for lower stimulation 
frequencies force is lowered and optimum length shifts to higher lengths. Estimates of muscle active 
slack length would also show such a shift. Lower panel: Normalized force as a function of stimulation 
frequency for different muscle lengths at or near optimum length (I,). These curves were constructed 
for modelling purposes by Hatze (1981) on the basis of data shown in the top panel, and incorporated 
into a muscle model. It should be noted that variation of length normalized force characteristics is 
implicitly described as a function of stimulation frequency for the lengths indicated. 

recruited muscle is shifted as a whole to higher lengths. This means that 
muscle optimum length and muscle active slack length both will occur at 
higher lengths at submaximal stimulation (Fig. 3). In muscle modelling a 
notable exception to the rule that such effects are neglected is the work of 
Hatze (1981), in a which length dependent stimulation rate-force curve is 
incorporated in the model (Fig. 3). Such curves implicitly define alterations 
of length force characteristics as described above. 

Fatigue 
In general, muscle fatigue is defined in an operational way by its effect: 

the failure to maintain the required or expected power or force output 
(e.g., Allan et al., 1992; Fitts, 1994). In case of electrical stimulation of 
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muscle or nerve the definition is extended with the condition of constant 
input (Levy et al., 1990). Despite the fact that length force characteristics 
are considered very important determinants of muscle functioning capabil- 
ity, little attention has been focused on this aspect. This is probably the 
case because attention has been drawn mainly to the many mechanisms 
(see Sjogaard, 1991; Sahlin, 1992; Enoka and Stuart, 1992; Allan et al., 
1992; Grassino and Clanton, 1993; Fitts, 1994) implicated in this compli- 
cated phenomenon, but also because the general description of fatigue is 
given only in terms of decrease of force during sustained or repeated 
contractions at one or at best only a few muscle lengths. In muscle 
modelling this has resulted, if attention was given to fatigue at all, in simple 
grading of length force characteristics of the fatigable segments of the fibre 
population (Hawkins and Hull, 1993). 

Some recent work in muscle fatigue has focused on changes of sensitivity 
of myofibrilar proteins to calcium ions in intermittent contractions and on 
inhomogeneities within the muscle fibre concerning calcium release from 
the sarcoplasmatic reticulum during the process of excitation contraction 
coupling (Westerblad et al., 1990; Westerblad et al., 1991; Allan et al., 
1992). It is useful to make this distinction because two different mechanism 
are active in the development of fatigue: During intermittent contraction 
the intracellular calcium concentration is lowered but remains homoge- 
neous throughout the cell, whereas during sustained contraction the cal- 
cium concentration is lowered more in the centre than at the periphery of 
the cell (Westerblad et al., 1991; Allan et al., 1992). Because of the length 
dependent calcium sensitivity described above, not only is a decrease in 
force expected but also changes of the length force characteristics: At 
lower calcium concentrations the ascending limb of the length force curve 
will be shifted to higher lengths. Because of this effect the relationship 
between decrease of force and the actual cause of fatigue is highly 
non-linear. The effects of this phenomenon are illustrated schematically in 
Fig. 4. In the left panel the muscle length dependent force for two 
intracellular compartments are distinguished : the inner and outer ones. In 
unfatigued active fibres, Ca2+ concentration is homogeneous throughout 
the cell so compartment length force characteristics are identical. The total 
force is calculated by adding the forces exerted by the compartments. The 
middle panel shows length force characteristics of the fatigued fibre. For 
the outer compartment [Ca2+] unchanged and consequently also the length 
force curve. For the inner compartment [Ca2’] is lowered so effects of 
myofibrillar length dependent calcium sensitivity are encountered: Opti- 
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Fig. 4. Schematic representation of a possible mechanism for fatigue induced changes of length force 
characteristics during sustained contraction. 

mum and active slack lengths shift to higher muscle lengths. Summation of 
the force for each muscle length yields total fibre force. A comparison 
between length force curves for the fatigued and unfatigued state is made 
for the hypothetical fibre. Note that active slack length and maximal length 
of active force exertion are unchanged but that the shape of the curve for 
the fatigued fibre is altered in such a way as to shift optimum length 
somewhat to higher lengths.Experimental evidence compatible with such a 
mechanism during sustained contraction is available for rat muscle Fig. 5. 
(Huijing and Baan, 1995). Note that, due to the shift in optimum length, 
the magnitude of fatigue induced decrease of force is very much dependent 
on muscle length. 

Potentiation by firing rate history 
The term potentiation is generally used for situations in which a higher 

force is found than expected on the basis of a description of the instanta- 
neous external circumstances under which a muscle is active. It is encoun- 
tered for example as post-tetanic potentiation for the amplitude of twitches 
performed a certain time after a tetanic contraction (Allan et al., 1992; 
Fitts, 1994), or even an increased force exerted in a concentric as well as 
isometric phase of contraction following an initial eccentric phase (Cavagna, 
1977; Ettema et al., 1990a; Ettema et al., 1990b; Ettema et al., 1992). It is 
clear that the mechanism of the increased force is not necessarily the same 
and may not involve calcium concentration in these circumstances. An 
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Fig. 5. Experimental data for rat medial gastrocnemius muscle length force characteristics as obtained 
for sustained contractions of 2 s (Huijing and Baan, 1995). Force and muscle length were sampled every 
200 ms (Sl through S9) after the onset of supramaximal stimulation of the Ischiadic nerve. Note the 
progressive decrease of force due to fatigue and the progressive shift of optimum length to higher 
lengths. 

example of this is the interaction between aponeurosis length and fibre 
length due to elastic effects at higher muscle forces (Ettema et al., 1992). 

Despite that fact, it is very likely that in potentiating phenomena often 
calcium concentration is implicated in an important role since it is a 
mediator of muscle activation. In cases where this is true, as with decreas- 
ing firing frequencies, potentiation will affect length force characteristics of 
muscle not only with respect to the magnitude of the force exerted, but also 
regarding the relative position of the length force curve with respect to the 
length axis (e.g., Roszek et al., 1994; Roszek and Huijing, 1995). Decreas- 
ing firing rates are encountered frequently in human muscles during 
sustained contractions (Marsden et al,, 19831. Fig. 6 shows that, for a 
decreasing stimulation rate staircase, optimum length shifts to higher 
lengths for lower frequencies but active slack length is affected to a very 
small extent at most. It should be noted however that, compared to equally 
low but constant stimulation frequencies, optimum length is not shifted as 
much to higher lengths (Roszek et al., 1994; Roszek and Huijing, 1995). As 
a consequence force particularly at lower muscle length is highly potenti- 
ated in the decreasing frequency staircase. It is conceivable that this would 
be caused by higher calcium concentrations remaining in the cell due to a 
certain time needed to pump Ca back to the sarcoplasmatic reticulum. 
However if only increased calcium concentrations would play a role, length 
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Fig. 6. Length force curves for rat medial gastrocnemius muscle for contractions with decreasing 
stimulation frequency staircases performed at different muscle lengths. Muscle length is indicated as 
deviation from the length at which optimum force was encountered for the 100 Hz stimulation 
frequency (ImaolOO). Note that as the frequency is decreased force decreases and optimum length shifts 
substantially and progressively to higher lengths whereas active slack length changes only very little at 
best. As a consequence particularly at lower lengths force exerted remains much higher than would 
expected on the basis of equally low but constant stimulation frequency. 

force characteristics obtained during decreasing and constant stimulation 
protocols would be identical, if optimum muscle lengths would be superim- 
posed and optimum force normalized. Analysis indicates that this is not 
found (Roszek and Huijing, 1995). One important reason for this is the fact 
that muscle active slack length is shifted only very little to higher lengths if 
the muscle is stimulated at low frequencies in a decreasing stimulation 
frequency staircase (Roszek and Huijing, 1995). A higher force is main- 
tained for a decreasing stimulation rate protocol than for a constant 
stimulation rate protocol for at least several seconds. Unpublished observa- 
tions from our laboratory indicate that even if a decreasing stimulation 
frequency staircase is followed immediately by an increasing staircase in 
principle for muscle active slack length the situation remains similar but 
optimum muscle length shifts back in the direction of that of high frequen- 
cies. Therefore, other factors than calcium per se must be involved as well. 

Considerable evidence (reviewed by Sweeney et al., 1993) exists for 
implication of phosphorylation of part of the myosin molecule (myosin light 
chain) to this phenomenon. For details on myosin structure the reader is 
referred to Lowey (1986). That phosphorylation of part of myosin light 
chain is implicated in this type of potentiation has been clear since the 
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work of Manning and Stull (1979). In the last decade it has become clear 
(Sweeney et al., 1993) that this phosphorylation shifts &a-force curve, 
which in principle is comparable to the frequency force curve, to lower 
concentration (or frequency) values and may alter its shape by becoming 
steeper, i.e., myofilaments become more sensitive to calcium. For a given 
firing frequency both the amplitude of force generated and the rate of 
force development as well as stiffness is increased. The fact that the myosin 
heads move away from thick filament back-bone seems to be implicated in 
this. It is also clear that the enzyme that regulates this phosphorylation 
(myosin light chain kinase) is activated very much faster by increasing Ca 
concentrations than it is deactivated by rapidly decreasing calcium concen- 
trations. Depending on the activity of the enzyme that removes the phos- 
phor groups (myosin light chain phosphatase) a high degree of phosphory- 
lation may persist even though calcium concentrations may have dropped. 
In other words the phosphorylated myosin light chain may act as a memory 
for higher firing rates. 

As the rate of activation of the kinase enzyme is very high for higher 
firing rates a relatively short period of activity at these rates may influence 
“the memory” substantially. 

These phenomena cause the length range between optimum and active 
slack lengths to be quite variable depending on the actual firing rate 
conditions as well as their short term history. As a consequence the force at 
a particular muscle length may be highly variable in these circumstances, 
particularly if the ascending limb of the length force curve is considered. 

Effects of previous length changes of active muscle 

Excentric contraction. The potentiating effects on concentric or isometric 
muscle force of a preceding excentric phase of the contraction is well 
known (Edman et al., 1978; Edman et al., 1982; Cavagna, 1977; Ettema et 
al., 1990a; Ettema et al., 1990b; Ettema et al., 1992). It is also quite clear 
(Edman et al., 1978; Ettema et al., 1992) that this type of potentiation 
occurs predominantly at higher muscle lengths (i.e., near or particularly 
over optimum lengths where the magnitude of the effect increases). This 
means that length force characteristics of fibre and muscle are likely to be 
changed: At the higher lengths, force is increased and as a consequence 
optimum muscle length shifts to higher lengths (Ettema and Huijing, 
1994b, see for example their Fig. 1). These effects on the length force 
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curves need to be described in more detail as our present understanding is 
based on a very limited number of experiments. 

Concentric contraction. The fact that shortening has a decremental effect 
on muscle force during subsequent isometric contractions has been known 
for decades (Buchtal and Kaiser, 1951; Abbot and Aubert, 1952; Deleze, 
1961; Bahler et al., 1968; Joyce and Rack, 1969; Marechal and Plaghki, 
1979; van Ingen Schenau et al., 1988) but has found almost no application 
in muscle and movement modelling. This effect is present regardless of the 
nature of the shortening phase of the contraction (isokinetic or isotonic 
contraction). This post-shortening decrease of force is accompanied by a 
decreased stiffness (Sugi and Tsuchiya, 19881, which lead to the idea that 
shortening in some way decreases the number of attached crossbridges. 
The mechanism by which this decrease of force is effected is not clear at 
all. Edman (1975); Edman, 1980) reported a deactivation of fibres due to 
shortening, but that phenomenon seems to be limited to twitches. Edman 
et al. (1993) implicated the role of distribution of sarcomeres in series 
within a fibre: Shortening performed at lengths over optimum length 
induced a larger distribution of sarcomere length within one fibre than 
below optimum length, so that a correlation could be shown between the 
magnitude of inhomogeneities of sarcomere length in series and post 
shortening force decrease. Granzier and Pollack (1989) found that only 
part of the post shortening force decrease could be explained by in series 
inhomogeneity of sarcomere length, as they also saw the effect in fibre 
segments of homogeneous sarcomere length. It is clear that regarding 
mechanism as well as functional consequences further work is necessary. 
The question needs to be asked if the effects of excentric and concentric 
length changes of active muscle are opposite effects of the same mecha- 
nism. Regarding possible mechanisms the issue needs to be addressed if 
this phenomenon can be reconciled with the sliding filament theory. 
Particularly the study of the effects of previous shortening on isometric 
length force characteristics is important to evaluate functional conse- 
quences. A start of this type of work was made recently by Vance et al. 
(1994) for load moving contractions and by Meijer et al. (1995) for isoki- 
netic and isotonic contractions. From this work it is already apparent that 
isometric length force characteristics are different after shortening, and 
that several aspects of history of shortening influences these important 
muscle mechanical properties. In his contribution to this issue Winters 
(1995) makes the statement that certain basic physiological experiments 



462 P.A. Huijing / Human Movement Science 14 (1995) 443-486 

(such as length ramp and hold protocols) “have very little value for most 
voluntary movements”. Even though it may be true that such results may 
not yield the type of parameters that modellers may be looking for, it is 
clear that if these experiments indicate as substantial changes in mechani- 
cal properties as they do, they are crucial for the understanding of 
mechanisms and effects active in voluntary movement and thus also for 
modelling voluntary movement. 

During a concentric contraction at constant activation, actual force is of 
course determined by both instantaneous length and velocity effects. The 
idea was conceived in our laboratory (Meijer et al., 1995, unpublished 
observations) that isometric length force characteristics that partly govern 
mechanical behaviour of the muscle during a concentric contraction can be 
reconstructed on the basis of isometric length force curves which were 
made for contractions with the appropriate shortening history. As this idea 
is executed even more substantial changes of length force characteristics 
are encountered particularly at lengths near and well over optimum length 
were force remains relatively constant. 

The fact that shortening history seems to have such profound effects has 
another very important implication for modelling of muscle and movement 
as well as experiments in the realm of force velocity characteristics. 
Experimentally the different points, on the basis of which of the force 
velocity curve is constructed, were obtained by executing protocols in such 
a way that a target muscle length was reached at different velocities either 
isotonically or isokinetically. It is impossible to do this without imposing 
different shortening history as evident from parameters such as starting 
length and range of shortening which seem to affect length force properties 
so substantially. Therefore force velocity curves obtained in this way do not 
show exclusively the effects of velocity on force exerted, but rather the nett 
effect of interaction of changed length force characteristics with velocity 
effects. This expected to be of particular importance for force velocity 
curves for higher muscle lengths (just under optimum length and higher). 

2.3. Conclusion I 

From the above it is clear that euelt for fully recruited homogeneous 
muscle the effects of degree of activation and muscle length force charac- 
teristics are not independent factors. Short term history of activation and 
shortening and lengthening of a muscle are very important factors. The 
shape of the length force curve is thoroughly affected by both history 
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effects, however the effects of previous shortening most fundamentally 
alters the length force curve. Therefore, descriptive or explanatory mod- 
elling of muscle, particularly those with predictive purposes, is not very 
likely to be successful unless the nonlinear effects of myofibrilar length 
dependent calcium sensitivity and its history as well as shortening and 
lengthening history are taken into account. 

For muscle modelling the combination of firing rate effects, and shorten- 
ing history effects will yield one additional important phenomenon: Positive 
slopes of the length force curve slopes are encountered at very much higher 
lengths than would be expected on the basis of the sliding filament theory. 
Many instability problems of muscle models may be prevented by incorpo- 
rating this feature in some way. It may preclude the necessity of manipulat- 
ing parameters that sometimes is performed to get models working. 

Because of the described history effects is clear that muscle (or limb) 
stiffness may not be assumed to be simply and uniquely related to muscle 
activation as is frequently done in studies of motor control (for a descrip- 
tion see, e.g., Gielen et al., 1995). 

3. Non uniformly build muscle: distributed properties 

In the previous paragraphs properties of fully and partially activated 
were discussed for homogeneous muscle, in which all fibres were maximally 
or submaximally active. It is quite clear that fully homogeneous muscle do 
not exist. Therefore, in the paragraphs below attention will be focused on 
several aspects of inhomogeneity and functional consequences. A distinc- 
tion will be made between muscles that are fully recruited and those that 
are partially recruited. In the former all fibres are active and in the latter 
only a segment of the fibres (motor units) are activated. 

3.1. Sarcomere effects 

Ca sensitivity of fast and slow sarcomeres 
Stephenson and Williams (1981) studied the effect of temperature on the 

calcium - force curves of skinned fibres and concluded that characteristics 
of the calcium - normalized force curve are very different for sarcomeres 
of fast and slow fibres. Implications for sarcomere length force characteris- 
tics should be worked out. 
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Distribution of sarcomere length 
The phenomenon of distributions of sarcomere length was reviewed 

recently (Huijing, 1995). Below the most salient features will be indicated. 
Two types of distributions of sarcomere lengths can be distinguished: 
1. Within one fibre, lengths of sarcomeres in series may not be identical: 

The sarcomeres at the ends of the fibre tend to be shorter than those in 
the centre segment (Gordon et al., 1966al. As a consequence feedback 
mechanisms controlling are used to study isometric sarcomere length 
force properties (e.g., Gordon et al., 1966b). If so called fixed end 
contractions are induced complicated mechanical interactions will take 
place between sarcomeres arranged in series, causing at least the de- 
scending limb length force characteristics of an isometric fibre(-segment) 
to be fundamentally different from sarcomere length force curves (e.g., 
Granzier and Pollack, 1990; Pollack et al., 1993): It has the effect at 
least on the descending limb of the length force curve to increase the 
length range between optimum length and maximal length of active 
force exertion. As a consequence fibre length force characteristics will 
deviate substantially from those predicted by sliding filament ap- 
proaches (e.g., Zuurbier et al., 1995). Particularly for models that use 
fibre or contractile element length force characteristics in a descriptive 
way this may be highly relevant. 

2. If sarcomere length within a fibre is averaged, mean sarcomere length of 
different fibres of a muscle may be compared. 

Primary distribution of fibre mean sarcomere length 
One may visualize a distribution of mean sarcomere length simply by 

altering the number of sarcomeres in series for a selection of fibres within a 
muscle without changing the length of those fibres or the muscle (Fig. 7). It 
is clear that a distribution of sarcomere length will be introduced this way. 
Such a distribution will be referred to as a primary distribution of mean 
sarcomere length. Such a distribution is referred to as a primary as it is the 
consequence of a change of muscle architecture. The functional effects of 
introducing such a primary distribution may be visualized by shifting fibre 
length force curves along the axis of muscle length combined with an 
increase of fibre length range of active force exertion. 

This primary distribution may be a very important factor determining the 
length range of active force generation of the fully recruited muscle: 
Willems and Huijing, 1994a; Willems and Huijing, 1994b; Willems and 
Huijing, 1995 showed for rat semimembranosus muscle that length range 
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Fig. 7. Schematic illustration of the concept of primary distribution of fibre mean sarcomere length. 
Three identical fibres are indicated in the top part of the figure: Identical sarcomere length force 
curves and number of sarcomeres in series cause identical fibre length force characteristics. If these 
fibres are mounted within a muscle such that their optimum lengths are distributed with respect to 
muscle length (lower panel) a primary distribution of mean sarcomere length is obtained at any muscle 
length. The effects on the muscle length force cmve is a lower than maximally possible force at muscle 
optimum length and an increased length range of active force exertion. 

between optimum and active slack lengths of individual muscles did not 
correlate with number of sarcomeres encountered within fibres, but did 
correlate highly with a variable estimating the magnitude of the distribution 
of mean sarcomere length of fibres. This means that individual variation of 
this length range is to a large extent explained by individual variation in 
distribution of mean sarcomere length: In that study between almost zero 
and up to l/3 of the muscle length range between optimum and active 
slack length should be ascribed to this distribution of sarcomere length. 
The fact that these muscles were easily damaged just over optimum length 
(Willems and Huijing, 1995) may be related to the primary distribution. 
Damage encountered in some fibres occurred in sarcoplasmatic reticulum 
near the surface of the fibre (Willems, Huijing and Friden, unpublished 
observations (see also Willems, 1994). Such possible effects of the distribu- 
tion should be taken into account when considering the cause of the 
damage (e.g., Lieber and Friden, 19931. 

It should be noted that active slack length of this type of muscle is 
determined by one group of fibres, namely the fibres that can still generate 
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force at the lowest muscle length, whereas optimum muscle length will be 
determined by the mean of optimum lengths of all fibres, weighed for the 
contributions of force. As a consequence for a muscle with a primary 
distribution, any change in contribution of force of a segment of the fibre 
population (due to for example fatigue, potentiation or submaximal activa- 
tion) will lead to at least some change of muscle optimum length (Huijing, 
1995). In the experimental results described in the first segment of this 
article these effects are present as well as those discussed explicitly. 

3.2. Effects of muscle geometry 

Muscle fibres attached to aponeuroses at both ends 
Considerable evidence is available indicating that the geometry of pen- 

nate muscle is not completely uniform (e.g., Beritoff, 1925; Benninghoff 
and Rollhauser, 1952; Rollhauser and Wendt, 1955; Willemse, 1963; 
Heukelom et al., 1979; Woittiez et al., 1984; Huijing, 1985; Gans and de 
Vree, 1987; Otten, 1988; Gans and Gaunt, 1991; van Leeuwen and Spoor, 
1993; Zuurbier and Huijing, 1993; Ettema and Huijing, 1994a; Willems and 
Huijing, 1994a; Willems and Huijing, 1995) and that this has consequences 
for in vivo movement (Hoffer et al., 1992). Despite this evidence, in muscle 
modelling many investigators, who include effects of geometry in their 
models, choose to disregard this aspect (e.g., Stensen, 1667; Borelli, 1680; 
Pfuhl, 1937; Benninghoff and Rollhauser, 1952; Gans and Bock, 1965; 
Hatze, 1981; Huijing and Woittiez, 1984; Huijing and Woittiez, 1985; 
Pierrynowski and Morrison, 1985; Otten, 1988; Zajac, 1989; Spoor et al., 
1991; Hawkins and Hull, 1991; van Leeuwen, 1992; Burkholder et al., 
1994). It is clear that in many cases heuristic aims of modelling work lead 
to this attractive simplification, or it is thought that relative to the errors 
that will be made inevitably in modelling the effects of this simplification 
will be minor. Even though this may be true one should realize that a major 
principle in muscle will change: The mean sarcomere length of different 
fibres will not necessarily be equal any more. 

Even though many of the muscle models describing the effects of muscle 
geometry are explanatory types regarding muscle geometry, a major cause 
of difficulties with these models is most likely that they do not model 
events that take place within the muscle mechanically: Force is introduced 
only as a function of fibre length, which is obtained as a function of muscle 
geometry, and assumed fibre length force characteristics. Van Leeuwen 
and Spoor (19921 argued that this has led to many muscle models which are 
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not mechanically stable. For the detailed study of mechanics of pennate 
muscle it is clear that more mechanically oriented muscle models are 
required which incorporate sufficient physiological characteristics. A finite 
element analysis of muscle, such as the one for which preliminary results 
have been presented by Otten (1994) and van der Linden et al. (19951, is 
indicated. Recently a meeting of dutch biomechanics groups (to be re- 
ported (1995) in a special issue of the European Journal of Morphology) 
showed a very high density of groups working on this type of models in the 
Netherlands. Within the limitations of their assumptions such models will 
allow a more appropriate handling of interactions of forces along the line 
of pull of the fibres and perpendicular to it, as well as interactions between 
fibres. By doing so it is expected that bulging and/or curving of muscle 
fibres or aponeuroses and functional consequences will be understood 
better. One thing these types of models show quite clearly: Even if muscle 
geometry is modelled to be homogenous initially (i.e., equal fibre lengths, 
fibre mean sarcomere lengths, fibre angles, etc.) a distribution of fibre 
length and fibre mean sarcomere length and fibre angles will develop due 
to interaction between fibres, and fibres and elastic tissue elements (Otten, 
1988; van der Linden et al., 1995; Huijing, 1995). Because these variation of 
mean sarcomere length of fibres is an effect secondary to the effects of 
several factors such as those discussed below we will refer to this phe- 
nomenon as: secondary distribution of fibre mean sarcomere length (Huijing, 
1995). Such a secondary distribution can be visualized by a widening of 
length range of active force exertion of certain (groups of) fibres. 

For example differences in angular effects of pennation (e.g., Zuurbier 
et al., 1994) and/or aponeurosis compliance (e.g., Bobbert et al., 1990; 
Zuurbier et al., 1994) will lead to differences in the relationship between 
muscle length and mean sarcomere length for different fibres with equal 
number of sarcomeres in series. Another factor will be curving of fibres 
and aponeuroses (Heukelom et al., 1979; Otten, 1988; van Leeuwen and 
Spoor, 1993; Zuurbier and Huijing, 1993; Willems and Huijing, 1995) which 
will also introduce such a distribution of fibre length and thus possibly of 
mean sarcomere length of different fibres. Finite element modelling con- 
firms this (e.g., van der Linden et al., 1995, see also Huijing, 1995). 

Muscle length force characteristics of fully recruited muscle will be 
influenced to some extent by this secondary distribution of sarcomere 
length: The length range of active force generation will be enhanced more 
at the expense of force exerted at optimum muscle length (Fig. 8) than was 
expected on the basis of angular and elastic effects in homogeneous 
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Fig. 8. Schematic illustration of the concept of secondary distribution of fibre mean sarcomere length. 

muscle. In the top part three identical fibres are indicated: Identical 
sarcomere length force characteristics and number of sarcomeres in series 
cause identical fibre length force characteristics. If these fibres are mounted 
within a muscle such that for a given length change of muscle a variable 
smaller length change is found for each fibre a secondary distribution of 
fibre mean sarcomere length will be introduced. These differences in the 
deviation of fibre length changes from muscle length changes may be 
caused by variable contributions of changes of fibre angles or variable 
elastic contributions to muscular length changes. The latter condition is 
used in the lower panel. The effect is that, as a function of muscle length, 
the length range of force exertion of each fibre is increased. This leads to 
an increased muscle length range of active force exertion, at the expense of 
a somewhat decreased optimum force. 

Therefore, the uniform muscle assumed in the first part in this article 
partially for didactic purposes, is not likely to exist in biological reality. 

During the discussions at the biomechanics meeting indicated above it 
was pointed out by Dr. Otten that, in addition to the mechanisms discussed 
above in the paragraph on the effects of stimulation frequency, elastic 
effects particularly for fibres at proximal and distal ends may affect the 
stimulation frequency experimental results: Due to the ripple in the force, 
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which may be substantial at lower stimulation rates, the length of elastic 
tendons and aponeuroses will vary somewhat in time. The length of muscle 
fibres in series with these elastic structures will also vary by a small 
amount. As an extension of the finite element modelling results it is clear 
that differences may exist within the muscle regarding this effect for fibres 
at different locations within the muscle. As a consequence the fibres may 
not be completely isometric within the isometric muscle tendon complex. In 
such a case effects of shortening velocity would have to be accounted for. 
Further work aimed at quantitatively separating these velocity effects as 
well as consideration of such behaviour for in vivo circumstances (i.e., 
non-synchronized firing of motor units) is clearly necessary to be able to 
determine their relative importance. 

Winters (1995) has argued that performing the intricate finite element 
modelling is “perhaps of interest to anatomist, will be of limited value to 
the system’s bioscientist interested in multi-joint coordination”. It is very 
likely true that such finite element models are too complex and time 
consuming to run to be incorporated in modelling coordination of move- 
ment. Even if it would be feasible the model would be so complex that in 
the case its predictions would deviate substantially from reality, nothing 
could be learned from the model, and it would have lost even its heuristic 
value. On the other hand if the functional effects (e.g., increasing the 
length range of active force generation) would be neglected, particularly at 
lower muscle lengths, substantial underestimation of forces exerted may 
occur. The only solution (as suggested also by Winters (1995)), is descrip- 
tive modelling. This may be possible since, for a given level of activation, 
angular and elastic effects are quantitatively related to either actual muscle 
or fibre lengths. In effect such an approach has been widely used by 
manipulating muscle length force curves by shape factors (e.g., Otten, 1988; 
Hatze, 1981; Thunnisse, 1993). The problem then becomes to what extent 
the descriptive length force curve should be manipulated for different 
muscles active in human or animal movements studied. 

A very important property of muscle with fibres attached to two aponeu- 
roses, which are in turn attached to bone by tendons, is the fact that the 
external tendons cannot maintain a moment in the absence of additional 
external forces. Therefore, the external tendons will always be aligned, 
unless gravity or retinaculi (connective tissue bands, which have effects 
similar to that of a pulley) or pressure by neighbouring muscles provide 
such an external force. 

As a consequence rotation of the muscle at constant length around its 



470 P.A. Huijing/ Human Movement Science 14 (1995) 443-486 

A. muscle fibres with two aponeuroses 
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and one bony attachment 
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Fig. 9. Schematic representation of effects of rotation of a muscle with respect to its origin for: (A) A 
hypothetical muscle whose fibres attach at both ends to aponeuroses which are continuous with 
external tendons; (B) A hypothetical muscle whose fibres attach with one end to an aponeurosis but 
with the other end directly to bone (right panel). 

origin or insertion will not affect the geometry of the muscle (Fig. 9A). Any 
primary distribution of fibre mean sarcomere length will also be unchanged 
by the rotation of the muscle. The only change that may be observed, if the 
bony attachment of the tendon does not have a very small area, will be a 
small change of length force properties of the tendon due to rearrange- 
ment of the length of different tendinous fibrils (for an example of this type 
of effect see Jansen et al., 1995). As during movement rotation of the 
segment to which the muscle is attached will not take place around the 
origin or insertion of the muscle but around a joint axis located at a 
distance, the muscle will have to shorten to cause such a rotation (Fig. 9A). 
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For the effects on muscle force exerted during constant activation angular 
and elastic effects, as well as effects of secondary distribution of fibre mean 
sarcomere lengths will have to be taken into account in an identical way as 
during experimental determination of length force characteristics of in situ 
muscle in which on shortening the muscle redistributes itself along a fixed 
external line of pull. This is true for monoarticular as well as a biarticular 
muscle of the type indicated: there will be a determined relationship 
between length of the muscle-tendon complex and the angle of the joint or 
joints that are crossed by the muscle because of the independence of the 
effects on length changes caused by either joint (Grieve et al., 1978; Visser 
et al., 1990). As a consequence length force characteristics of these types 
can be described relatively well as a function of joint angle(s). 

Muscle fibres attached with one end to aponeurosis and the other end to bone 
A large fraction of muscles of the body have their fibres attached at one 

side to bone. Even though some short elastic fibres are involved in 
anchoring the fibres into the bone, it is clear that mechanical properties of 
such an attachment will be very different from that of fibres onto an 
aponeurosis. 

Only few authors provide evidence of their awareness of the fact that 
such architecture may have functional consequences (e.g., Otten, 1988; 
Willems and Huijing, 1994a; Willems and Huijing, 1994b; Willems and 
Huijing, 1995). The straight or curved line of pull of such a muscle may 
intersect the bony plane of attachment at any location depending on the 
distribution of forces exerted by the individual fibres (Willems and Huijing, 
1994a; Willems and Huijing, 1995). So in contrast with muscles of which 
fibres are connected to two aponeuroses the muscle line of pull, around 
which changes of muscle geometry take place, will not be in a relatively 
fixed position but it may wander throughout the muscle. 

Even more important may be effects of a feature illustrated schemati- 
cally in Fig. 9B: A hypothetical muscle whose fibres attach with one end to 
an aponeurosis but with the other end directly to bone (right panel). If a 
muscle of this type is rotated around a point on its bony origin different 
aspects of muscle architecture will change: The geometry of the muscle is 
affected by changing fibre angles with respect to the bony origin as well as 
the relation between lengths of different fibres. As a consequence any 
distribution of fibre mean sarcomere length is affected. As no changes of 
muscle length are involved this must be considered changes of the primary 
distribution of this parameter. The effect is governed by differences be- 
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Fig. 10. Experimental evidence for maximally active rat semimembranosus lateralis muscle that primary 
distribution of fibre mean sarcomere length is manipulated by rotation of the muscle with respect to its 
bony origin. 

tween the moment arms of the different fibres with respect to the axis of 
rotation. 

During in vivo performance of movement, the rotation will not take 
place at the origin of the muscle but at the joint axis located at some 
distance, therefore the muscle needs to shorten also, which will involved 
additional changes of the distribution of fibre mean sarcomere length. As 
this change is associated with muscle shortening it is considered a sec- 
ondary distribution. It is concluded that the effects of joint movement 
involve not only a secondary distribution but also changes of primary 
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distribution of fibre mean sarcomere length. As the movement progresses 
length force curves of (groups of) fibres are shifted along the length axis. 
For rat semimembranosus muscle experimental evidence for the presence 
of such phenenomena is available (Willems and Huijing, 1995) and is 
illustrated in Fig. 10. The top panel shows schematically the experimental 
setup (superimposed for the two conditions). The numbers identifying the 
conditions (122 and 68, respectively) relate to the angle that the muscle 
makes with its bony origin. Muscle length is changed by moving the force 
transducer holder. The middle panel shows mean sarcomere lengths for 
proximal fibres as a function of distal fibre length. Note the substantial 
change caused by muscle rotation. The bottom panel illustrates the func- 
tional effects of this: In the specific example distal fibre length-sarcomere 
force curves (assumed on the basis of myofilament length parameters) 
remain unchanged, but for the proximal fibre the curve is relocated relative 
to the length axis as a function of rotation. 

Even if effects of shortening history on isometric length force curves (see 
above) may be neglected, this would mean that during movement the 
characteristics of the muscle under constant activation are not governed by 
one length force curve. As the joint movement takes place the force is 
determined by jumping from one length force curve to the other. These 
different curves describe the length force characteristics for the muscle 
with different degrees of primary distribution of fibre mean sarcomere 
length. Depending on the distribution as well as the length range viewed 
the shape of the muscle length force trajectory actually followed during 
movement may be highly different. 

This also means that for this type of muscle results from experiments in 
which only secondary distribution of fibre mean sarcomere length was 
manipulated by changing the length of the muscle by moving the external 
tendon or aponeurosis (e.g., Willems and Huijing, 1994a; Willems and 
Huijing, 1994b) may not be extrapolated without potentially substantial 
error to the in vivo characteristics of muscle. A completely new experimen- 
tal approach is necessary for this type of muscle. Finite element modelling 
of this type of muscle is indicated to increase our quantitative understand- 
ing of these phenomena for different muscles. 

Biarticular muscle 
Applying the same principles to biarticular muscle in principle yields 

similar consequences. An important difference is that the magnitude of the 
effect is determined by different joints for which altered differences be- 



474 P.A. Huijing/Human Movement Science 14 (1995) 443-486 

0.2 - - 
4889atul@ 

0.1 - 

0.0 I I I I 
-4 -2 0 2 4 8 

ho (motor unit) - lmeo (mm) 

Fig. 11. Histogram of the distribution of motor unit optimum length with respect to muscle optimum 

length found for cat flexor digitorum longus muscle on the basis of data of Bagust et al. (1973). the 

relative number of motor units is indicated on the y-axis and the length axis is expressed as deviation of 

the motor unit optimum length [Imao(motor unit)] of muscle optimum length (Imao). Note that fast 

twitch motor units tend to reach their optimum force at lower lengths than slow twitch motor units. 

tween moment arms of the fibres are likely to exist. This means that the 
magnitude of the effect is in this case determined by which is the moving 
end and which fixed and fixed end of the muscle. 

3.3. Partially recruited muscle 

Maximally activated motor units 
Length force characteristics of non-homogeneous muscles may vary 

much with degree of recruitment: depending on the primary and secondary 
distribution fibre mean sarcomere length and the particular selection of 
motor units to be recruited. It is conceivable that the specific distribution 
which is available at the fibre level would be non-specific at the motor unit 
level if all motor units were equipped with representative selections from 
the fibre distribution. However, evidence is accumulating, based on experi- 
ments using ventral root stimulation of single motor units (Fig. 111, indicat- 
ing that the distribution of fibre mean sarcomere length is systematic for 
fibres within one motor units so that effects of this distribution are 
recognizable also at the motor unit Ievel (Lewis et al., 1972; Bagust et al., 
1973; Stephens et al., 1978; Grottel and Celowski, 1990; Filippi and 
Troiani, 1993). 

Submaximally activated motor units 
Force exerted by single motor units can only be graded by varying firing 

frequency. The effects of stimulation frequency on force generation of 
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motor units has been studied by a number of authors (e.g., Kernel1 et al., 
1983; Hennig and Lijmo, 1985; Hennig and Lijmo, 1987; Binder Macleod 
and Clamarm, 1989; Einsiedel and Luff, 1993). However, none of these 
authors studied effects of these variables on motor unit length force 
characteristics, but they did show that differences in frequency force curves 
between motor unit types exist. As fibres of a motor unit are of the same 
type because of neural influences on muscle tissue (Guth, 19681, myofibri- 
lar length dependent calcium sensitivity will have similar effects for the 
motor unit as for the fibre. 

4. Implications for motor control 

The results presented in the sections above focus on mechanical proper- 
ties of muscle and some interactions. They indicate that mechanical prop- 
erties of muscle may be very dependent on the degree of activation and 
recruitment of the muscle. These factors are not processes with infinite 
degrees of freedom but seem be governed within specific restraints. 

Recruitment is controlled according to two major not mutually exclusive 
strategies (Kernell, 1993): I. A fundamental mechanism underlying many 
patterns of recruitment is the property-ranked recruitment hierarchy based 
on the size principle of Henneman (e.g., Henneman et al., 1965; Milner 
Brown et al., 1973). In many actions motor units are recruited according to 
their size. Size being described as a set of correlations between factors such 
as force exerted, number of muscle fibres innervated, soma and axon size 
of the motoneurons. If more force is needed progressively bigger motor 
units are recruited to the pool of active motor units. 

II. There is also evidence for tusk related recruitment strategies (e.g., 
Desmedt and Gaudaux, 1981; ter Haar Romeny et al., 1984; Hoffer et al., 
1987; Nardone et al., 1989) by which specific motor units may be recruited 
out of size hierarchy in specific tasks. 

Natural firing frequency is limited to a range between minimal fre- 
quency, below which no regular firing is maintained (Kernel& 1965) and a 
maximal rate which is determined by the neuron’s membrane properties 
(Kernell, 1965). Rate matches may exist between these determinants of the 
firing frequency range and the type of motor unit (Kernell, 1993). 

Whichever the recruitment strategy and actual firing rate, mechanical 
properties of muscle may be highly variable, depending on the actual 
conditions. Most attention in work on motor control is focused on inter- 
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muscular coordination i.e. the processes that are responsible for the timing 
and fine tuning of forces and moments exerted by different muscles (c.f. 
several chapters of Winters and Woo, 1990; Jacobs and van Ingen Schenau, 
1992a; Jacobs and van Ingen Schenau, 1992b; van Ingen Schenau et al., 
1994; van Ingen Schenau et al., 1995). In that type of work attention is 
usually not focused on the properties of individual muscle but more on the 
interactions of the effects of forces they exert. More rarely the need to take 
into account the mechanical properties of muscle is recognized (e.g., 
Gregor et al., 1988; Herzog and Leonard, 1993; Herzog et al., 1991; Herzog 
et al., 1992). This is necessary because of the fact that many features of the 
control system are determined by the characteristics of the active periph- 
eral system (e.g. Kostyukov and Levik, 1994; Franken, 1994). 

Work on intermuscular coordination (e.g., Jacobs and van Ingen Schenau, 
1992a; Jacobs and van Ingen Schenau, 1992b; van Ingen Schenau et al., 
1994; van Ingen Schenau et al., 1995) indicates that, to be able to perform a 
movement in the context of specified tasks in a particular environment, 
specified net moment needs to be exerted at specified joints and that 
particular combinations of activity of certain muscles is required. In other 
words specific muscle will have to exert specific forces at given times in 
order to create the required net moment in the joint they cross as well the 
reaction force vector exerted by the earth needed to be able to perform the 
specified task. Some evidence pointing in this direction was generated by 
experiments of Jacobs and van Ingen Schenau (1992a; Jacobs and van 
Ingen Schenau, 1992b) for human movement, and by van Ingen Schenau et 
al., 1994 for animal movement. Unpublished observations by Jacobs and 
Macpherson on the cat indicate that in the control of posture the activity of 
some muscle seems to be primarily related to determining the size of the 
foot reaction force working on the whole body, whereas the activity of 
other muscles is more related to the direction of this force vector. It is 
expected that the requirement of a specified muscle force are present in 
both groups of muscles but more rigorously in the latter group. 

From the above it is evident that an additional question needs to be 
asked: How is the muscle controlled to deliver the required force at the 
desired time necessary for performance of the movement. This question is 
apparent most vividly in the inverse mechanics approach. 

Considering the highly variable mechanical properties of muscle de- 
scribed above, this question indicates a need for attention toward what may 
be termed “intrumusculur coordination”, i.e., the activity of the central 
nervous system necessary to tune the muscle activity to the variable 



P.A. Huijing / Human Movement Science 14 (1995) 443-486 417 

mechanical properties of muscle so that the required force may be exerted. 
Not only the principles of excitation dynamics described above in this 
paragraph on recruitment strategies should be taken into account but also 
the mechanical effects of applying these strategies considering the variable 
properties of muscle. 

The notion, that is frequently encountered in movement modelling (for a 
short description see also van Ingen Schenau et al., 1995, and Gielen et al., 
1995 this issue), that (apparently) the number of muscles in the body is 
highly redundant considering the number of degrees of freedom in the 
joints. It is conceivable that this notion has to be revised at least in part, if 
the specific requirements of inter- and intra-muscular coordination are 
considered in relation to the variable length force properties of muscle. A 
similar suggestion is made by Gielen et al., 1995. 

If the control of motor units is a rather noisy one (as proposed by van 
Galen and de Jong, 1995) it means that one is likely to have to deal with 
noisy force output of muscles because of the variation in mechanical 
properties because of the noise in recruitment, firing rate coding and their 
histories. van Galen and de Jong (1995) argue that the mechanical proper- 
ties of the limbs such as stiffness, viscosity and friction between the object 
and the limb will filter most of the noise away. Considering the magnitude 
of the effects of for example firing rate coding and potentiation it is 
unlikely that the effects of such noise can be filtered away completely. 
However with respect to this it is very important that more data become 
available on the behaviour of motor units which are active out of synchrony 
with other units within the same muscle. Winters (1995) also calls for that 
type of experiment. Some experimental data is available (e.g., Rack and 
Westbury, 1969) but such experiments are rather difficult to perform. The 
use of finite element models may help, at least in an heuristic way, to 
increase understanding of complicated interactions that may take place. 

5. Concluding remarks 

If one would attempt to rank the phenomena described above in two 
sections according to their expected importance for muscle modelling or 
control of movement, it becomes immediately clear that not sufficient data 
is available to make reasonable estimates of ranking. The principles of 
several mechanisms were discussed above on the basis of animal experi- 
mental data but virtually no information was provided about the magnitude 
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of the effects in in vivo situations. Data on human muscles seems to be 
lacking in most cases, probably because some of these concepts are not 
widely recognized. Therefore substantial experimental work is necessary on 
animal and human subjects under controlled experimental conditions as 
well as description of variables during in vivo movement. Concerted effort 
of modelling and experimental labs is indicated to bridge the gap between 
conceptual understanding and quantitative factual information about hu- 
man muscle. This should be based on common scientific curiosity and 
interest rather than cooperation only on the basis of, hopefully reciprocal, 
service. 

Even without a formal ranking it is clear that the effects of firing 
frequency and potentiation are likely to be substantial particularly at low 
lengths relative to muscle optimum length. The effects of length change 
history are very much of fundamental importance but the functional effects 
are expected also to be substantial particularly near and over optimum 
length. It is as yet uncertain for human muscles which magnitudes are to be 
expected for primary distributions of fibre mean sarcomere length. This 
author would expect them to be substantial, particularly in less pennate 
muscles. A very high individual variability is also expected for this phe- 
nomenon. 
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