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INTRODUCTION 

 

THE PHYSIOLOGICAL SIGNIFICANCE OF RELAXED 

SKELETAL MUSCLE 

 

A feature which distinguishes skeletal muscle from most other biological tissues is its ability 

to contract.  Muscles shorten and generate force, and in intact living organisms, these forces 

are transmitted through elastic structures to the skeletal system, producing movement.  

Skeletal muscle contraction is an area of physiology which has been intensively studied and it 

is now almost universally accepted that in an actively contracting muscle, force is generated 

by the combined action of numerous crossbridges, ‘molecular motors’, each of which acts as 

an independent force generator (Huxley, 1957; Huxley & Simmons, 1971). 

 

Contracting skeletal muscle is the most metabolically active tissue in the body with a power 

density that can exceed 200 W kg-1  during a single movement (Wilkie, 1976).  Given the 

dynamic nature of active muscle, it is perhaps not totally surprising that relatively little work 

has focused directly on relaxed skeletal muscle.  In comparison with tetanically stimulated 

muscle, it appears relatively quiescent and consequently might be regarded as uninteresting in 

both a mechanical and a metabolic sense.  Nevertheless, it should be remembered that skeletal 

muscle accounts for more than 40 % of the body mass in man, and that, under normal 

physiological conditions, the vast majority of this muscle mass is relaxed at any instant.  The 

sheer quantity of relaxed skeletal muscle in the body dictates that even a small amount of 

metabolic or mechanical activity in relaxed muscle must exert a significant influence on an 

individual’s physiological state and on the physical properties of their muscle tone. 
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THE CONCEPT OF MUSCLE TONE 

 

Relaxed skeletal muscles are not completely flaccid; they feel firm when palpated, and exhibit 

a resistance to stretch which is attributed by clinicians to ‘muscle tone’.  In physiology 

however, ‘muscle tone’ has no precise definition.  As Matula stated  “ Each author 

understands by the term something different, and usually each is unable to supply any sharp 

definition of the conception. ” (quoted by Sherrington (1919)). 

 

The first evidence that relaxed muscles generated a small, but significant resting tension, was 

discovered by Galen of Pergammon (129-201).  He showed that if a flexor muscle was 

severed, the unbalanced pull of the antagonist muscle immediately extended the limb to 

which it was attached.  This resting tension was fundamental to the role of muscles in 

maintaining active posture e.g. retaining an extended arm in a raised position.  Although 

active posture held the body in an approximately stationary position, Galen believed that it 

was maintained by a motion inherent to the muscles themselves, a state which he described as 

a     or tonic action.  This belief was still prevalent in the seventeenth 

century when Fabricius wrote  “ when both legs stand although there is in them no visible 

motion of the muscles, all the muscles are of a truth in motion and in action ” (quoted by 

Sherrington (1919)).  Indeed, for many early physiologists, tone (derived from the Greek  

  - a word describing the tension in a tuned string) was synonymous with life itself.  In his 

treatise of 1729,  “ Medicine Rationalis Systematicae ”  , Hoffman described the importance 

of ‘tonus’, a ubiquitous liquid that flowed from the brain to all parts of the body placing them 

in a state of mild contraction.  Too much tonus led to spasm - too little to flaccidity.  Failure 

to control the level of tonus successfully, resulted in death. 

 

By the nineteenth century, investigations into muscle tone had become more focused but 

perhaps no less confused.  There was a general belief that tone resulted from a low level of 
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continuous activity in the efferent nerve supply, and this feeling was strengthened when 

several workers reported a slight elongation of frog muscles following damage to the motor 

nerves (Wundt, 1858; Brondgeest, 1860; von Anrep, 1880).  Thus, at the beginning of the 

twentieth century, muscle tone was generally regarded as a neurally mediated phenomenon. 

 

Liddell & Sherrington’s (1924) classic paper on the stretch reflex demonstrated unequivocally 

that the intact nervous system contributes to muscle tone.  In a series of experiments 

performed on decerebrate cats (a preparation in which a complete transection has been made 

through the brain at the level of the colliculi, and in which the stretch reflexes are particularly 

accentuated), they showed that an imposed stretch produced a reflex contraction of the same 

muscle (Figure 1.1).  The tension response had two components: a phasic component 

(proportional to the stretch velocity) and a tonic component (proportional to the final static 

degree of stretch) (Rothwell, 1987). 

 

The work of Liddell & Sherrington (1924) was interpreted as implying that muscle tone arose 

purely as a result of reflex activity and was maintained by a  “ steady motor output in 

response to a steady barrage of afferent input ” (Mathews, 1972).  There are however several 

serious objections to this hypothesis.  A relaxed skeletal muscle exhibits tone, but shows no 

signs of electromyographic activity (Basmajian, 1957; Hník, 1981; Lakie, Walsh & Wright, 

1984).  Basmajian (1957), who reported on thousands of subjects, noted that  “ in no normal 

muscle at complete rest has there been any sign of neuromuscular activity ”.  Thus, the tone 

of completely relaxed muscles cannot be attributed to activation of the contractile mechanism 

following membrane depolarisation induced by nervous excitation.  Furthermore, Liddell & 

Sherrington themselves (1924) showed that a relaxed muscle exhibited a considerable 

resistance to stretch (Figure 1.1), even after the nerve supply to the muscle had been cut 

(disconnecting the reflex mechanism).  This tension could only be attributed to the 

mechanical properties of the muscle tissue itself. 
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Figure 1.1. The stretch reflex in a decerebrate cat. 

 
Solid line (M) shows the tension response of the quadriceps muscle in a decerebrate cat to an 
imposed stretch.  The muscle was stretched by lowering the operating table.  Dotted line (T) 

shows the table height.  The dashed line (P) shows the tension response of the quadriceps muscle 
to an identical stretch after it had been denervated.  This tension response was due solely to the 
mechanical properties of the denervated muscle.  It is interesting to note that the reflex activity 

increased the maximum tension produced by the stretch by a factor of less than 3. 
Taken from Figure 18, Creed, Denny-Brown, Eccles, Liddell & Sherrington (1932). 

 

 

It is clear that muscle tone is a poorly understood physiological concept.  Tone has both 

active and passive contributions and in some circumstances it has proved difficult to 

differentiate between them.  It is interesting to note that Sherrington himself (at the 

International Neurological Congress in Berne in 1931) suggested that the word ‘tonus’ should 

be abolished.  This was apparently because he realised that ‘reflex’ tone could not entirely 

account for the mechanical properties of relaxed skeletal muscle (Hník, 1981). 

 

This work investigates some of the mechanical properties of isolated, denervated, relaxed frog 

muscles.  The experimental results demonstrate that these relaxed muscles are not entirely 

inactive.  Rather they produce small amounts of tension and exhibit a resistance to movement 

which depends to a large extent on the prior mechanical history.  These mechanical 

properties, which can only be attributed to the muscle fibres themselves, must contribute to 

the non-neurally mediated aspect of muscle tone. 
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MUSCLE TONE IN MAN 

 

The elegant experiments of Lakie, Walsh & Wright (1984) introduce the three, intertwined, 

mechanical properties of relaxed skeletal muscle which were investigated in this work: the 

resting tension of relaxed skeletal muscle, the non-linear resistance to an imposed stretch and 

the dependence of this resistance on the history of movement. 

 

Lakie et al. (1984) used a low-inertia printed motor to apply varying torques to the relaxed 

human wrist joint and measured the resulting angular displacements (Figure 1.2). 

 

EMG electrodes

Printed motor

Potentiometer  
 

Figure 1.2. Experimental apparatus to measure the mechanical properties of 
the relaxed human wrist. 

 
The wrist was coupled to a printed motor which applied varying torque signals to the wrist.  The 
resulting angular displacements were measured using the potentiometer.  EMG was monitored at 

high amplification throughout the experiment.  The absence of consistent EMG activity confirmed 
that the mechanical effects observed were not the result of neurally mediated reflex excitation. 

Taken from Figure 1, Lakie, Walsh & Wright (1984). 
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Resting tension 

 

The relaxed wrist adopted an angular position dictated by the relative amounts of tension in 

the flexor and extensor muscles of the forearm.  The hand could be displaced by imposing a 

small biasing torque through the motor.  If the biasing torque was removed, the hand drifted 

back to its original position.  Throughout these experiments there was no indication of 

consistent electromyographic activity in the relaxed forearm muscles.  The extensor and 

flexor muscles thus appeared to possess a low level of resting tension which was not 

attributable to nervous excitation. 

 

Non-linear resistance 

 

If a linearly increasing rectangular driving torque was applied to the hand (Figure 1.3), the 

resulting displacements were not directly proportional to the magnitude of the driving torque.  

Rather, the displacement was disproportionately small when the torque was low.  The wrist 

thus appeared to be stiff for small movements but became more compliant as the size of the 

movement increased. 

 
Figure 1.3. Wrist displacements resulting from a ramped rectangular driving 

torque. 
 

Although the magnitude of the ramped rectangular driving torque increased linearly with time, the 
resulting displacements increased in a non-linear manner.  The displacements were 

disproportionately small when the torque was low.  Thus, the apparent stiffness of the wrist 
decreased as the size of the movement increased. 

Adapted from Lakie, Walsh & Wright (1986). 
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Mechanical history dependence 

 

Lakie et al. (1984) described a third mechanical property of the human wrist: the reduction of 

its apparent stiffness by prior movement.  A small sinusoidal torque signal applied to the hand 

produced a corresponding small sinusoidal angular displacement (Figure 1.4).  A few cycles 

of a larger amplitude torque input produced a much larger wrist displacement.  However, 

when the torque signal was reduced back to its original level, the corresponding angular 

displacements were much larger than before the perturbation.  Thus the mechanical response 

of the wrist was critically dependent on its prior history of movement. 

 

 
 

Figure 1.4. The mechanical history dependence of the resistance to movement 
of the human wrist. 

 
A small sinusoidal torque signal produced a corresponding sinusoidal angular displacement.  A, C 
and E are large torque perturbations applied for 3, 2 and 1 cycles respectively.  Each produced the 
same increase in displacement.  When the torque signal was returned to its initial amplitude after 

each of these perturbations, the resulting angular displacement was larger than before the 
perturbation.  B, D, F, G and H are time intervals during which there was no applied torque signal 

for 3, 2, 1, 2 and 5 sinusoidal periods respectively.  When the torque signal was returned to its 
initial amplitude after each of these intervals, the resulting angular displacement was reduced 

relative to its pre-interval magnitude.  The extent of this reduction was increased by the length of 
the time interval.  Torque and position signals follow from the end of the top lines to the 

beginning of the bottom lines. 
Taken from Figure 10, Lakie, Walsh & Wright (1984). 

 

These experiments highlight three complicated mechanical properties of relaxed skeletal 

muscle: its resting tension, its non-linear resistance to movement, and the reduction of this 
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resistance by prior movement.  It is difficult, and perhaps impossible, to study these 

properties in isolation.  The experiments described in the present work suggest that they may 

be inextricably linked.  However, in the interests of clarity, the following sections will discuss 

these three properties separately as far as this is possible. 
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THE NON-LINEAR RESISTANCE TO AN IMPOSED 

STRETCH 

 

‘Preliminary’ rigidity 

 

The simple experiments of Lakie et al. (1984) suggest that relaxed skeletal muscle presents a 

disproportionately high resistance to small stretches.  Confirmation of this finding is provided 

by the work of Liddell & Sherrington (1924) who noted a discontinuity in the tension 

response (Figure 1.1) of a denervated relaxed cat quadriceps muscle to an imposed stretch.  

Although tension rose continually throughout the imposed lengthening, as Liddell & 

Sherrington pointed out,  “ the curve shows  ...  a characteristically slightly steeper upgrade 

of tensile resistance at commencement of the stretch than immediately following ... ” .  If the 

muscle is regarded simply as an elastic element, its stiffness is defined as the tension 

increment per unit length change.  The non-linearity of the tension response suggests that 

relaxed muscle behaves as a stiffer elastic element during the initial phase of a stretch than 

during the latter stages. 

 

A similar non-linear tension response to stretch was investigated in a paper written by Denny-

Brown in 1929.  Length stretches were imposed on the semitendinosus muscle of a 

decerebrate cat (Figure 1.5).  The tension response for an imposed stretch consisted of two 

distinct phases.  Initially, the muscle presented considerable resistance to stretch; a small 

change in muscle length producing a substantial change in tension.  As the length stretch 

continued, there was a sudden change in the slope of the tension response.  The resistance to 

stretch decreased sharply, and the same increment in muscle length produced a much smaller 

change in tension.  Denny-Brown compared this behaviour with that of an elastic band.  

Although stretching an elastic band also produced an increasing force, the band’s constant 

stiffness resulted in a tension response which was simply a linear function of the stretch 
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length.  The mechanical behaviour observed in relaxed skeletal muscle was clearly different 

from that of a linear elastic system. 

 

 

 
Figure 1.5. Tension response of a relaxed cat muscle to an imposed stretch. 

 
Solid lines show the tension response of a decerebrate cat’s relaxed semitendinosus muscle to an 

imposed stretch.  (Although the nerve supply to the muscle was intact, no stretch reflex was 
excited.)  The muscle was stretched by lowering the operating table.  Dashed line shows the table 
height.  Response C preceded response D by an interval of 3 seconds.  The initial steep phase of 

the tension response was attributed to ‘preliminary’ or ‘stationary’ rigidity. 
Adapted from Figure 1, Denny-Brown (1929). 

 

Denny-Brown named the initial phase of the tension response ‘preliminary’ or ‘stationary 

rigidity’ and noted its appearance “ whenever the muscle has rested for more than a very 

short period at any length.  The minimum interval (less than 1/10 second) for its appearance 

has not been determined exactly... ”.  He realised that it was this “ stationary rigidity which 

causes the curve to depart from the line of an elastic body...” and noted it as “ a peculiarity of 

muscle substance and a property of the muscle fibre. ”. 

 

 

Length-tension plots of relaxed skeletal muscle 

 

Further evidence that relaxed skeletal muscle presents a non-linear resistance to an imposed 

stretch was provided by the work of Buchthal & Kaiser (1951).  This publication described 

the results of a detailed investigation of the mechanical properties of both single frog muscle 

fibres and small bundles of frog fibres measured using an isotonic technique where the 
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muscle’s tension rather than its length was the controlled variable.  Buchthal & Kaiser 

obtained XY plots of the length response to a cyclical variation in load (Figure 1.6) and 

demonstrated that relaxed skeletal muscle was stiffer for short stretches than for long ones.  

This effect was particularly accentuated if the length perturbations were maintained below 

~ 0.2 % l0 (where l0 is the resting length of the muscle).  These experimental results 

confirmed, using a tension-control rather than a length-control technique, the finding of both 

Liddell & Sherrington (1924) and Denny-Brown (1929) that the apparent stiffness of relaxed 

skeletal muscle was greater for short stretches than for long ones. 

 

 

 
Figure 1.6. XY plots of length against tension for a relaxed skeletal muscle 

fibre. 
 

A single, relaxed, frog semitendinosus muscle fibre was stretched to a set length by the application 
of a fixed load.  The tension in the muscle was then varied sinusoidally ( ~ 30 Hz) symmetrically 

around this fixed load.  This varying tension produced corresponding changes in the muscle’s 
length.  When the muscle’s fibre length (µm) was displayed as a function of the applied tension 
(dynes: 1 dyne = 10 µN), the oscilloscope trace plotted an ellipse.  Three different ellipses were 

obtained by applying sinusoidal perturbing forces of different magnitudes.  The major axis of the 
intermediate sized loop is parallel with the length axis - this indicates that the muscle is being 

perturbed at its resonant frequency.  The major axis of the smallest loop is rotated anti-clockwise 
from resonance indicating an increase in stiffness; similarly the clockwise rotation of the major 
axis of the larger loop indicates a decrease in muscle stiffness.  Thus the muscle appears stiffer 

during small movements than during large ones.  Temperature 0 °C. 
Taken from Figure 32, Buchthal & Kaiser (1951). 
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The Short Range Elastic Component 

 

In 1968, D.K.Hill (son of the physiologist A.V.Hill) published a paper entitled  “ Tension due 

to interaction between the sliding filaments in resting striated muscle.  The effect of 

stimulation. ” .  Hill’s paper proved to be extremely influential and continues to shape much 

of the present day thinking concerning the mechanical properties of relaxed skeletal muscle.  

Hill imposed constant velocity ramp stretches on pairs of relaxed sartorius muscles isolated 

from either frogs (Rana temporaria) or toads (Bufo bufo), and observed a non-linear tension 

response.  The biphasic nature of the tension response (Figure 1.7) was similar to that 

observed by Denny-Brown (1929), but considerably accentuated, particularly in hypertonic 

Ringer’s solution. 

 

 

 
Figure 1.7. Tension response of a pair of relaxed skeletal muscles to a 

constant velocity length change. 
 

Tension responses (thick lines) to constant velocity length changes (thin diagonal lines) for pairs 
of frog (A and B) and toad (C and D) sartorius muscles.  A and B were obtained when the muscle 
was bathed in a slightly hypertonic Ringer’s solution and show the characteristic tension response 
to an imposed stretch and an imposed release respectively.  C and D were obtained in isotonic and 

hypotonic solutions respectively.  The initial phase of the tension response is attributed to the 
Short Range Elastic Component (SREC).  The SREC stiffness is increased in hypertonic Ringer’s 

solution and decreased in hypotonic Ringer’s solution relative to its value in isotonic bathing 
solution.  Temperature 20 °C. 

Taken from Figure 2, Hill (1968). 
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Hill noted that during the initial phase of an imposed stretch, tension rose approximately 

proportionally with the applied length change.  The muscle produced a  “ simple, almost 

‘spring-like’ resistance ... but only a very small length change is required before the ‘elastic 

limit’ is reached ”  (Hill, 1968).  Hill attributed the initial phase of the tension response to the 

Short Range Elastic Component (SREC) and defined the length change over which the SREC 

acted as the elastic limit (around 0.2 % l0 for a moderate velocity stretch).  Beyond this elastic 

limit, the continuing stretch did not produce a further increase in force in hypertonic and 

isotonic solutions, but served only to maintain the tension at an approximately constant 

plateau.  When the muscle was subjected to a constant velocity shortening length change, the 

tension response was almost exactly the reverse of that observed during lengthening. 

 

 
 

Figure 1.8. SREC stiffness and elastic limit for different stretch velocities. 
 

SREC stiffness  (  ,  ) and elastic limit  (  )  for a wide range of stretch velocities 
(4 × 10-7 l0 s

-1 ~ 0.4 l0 s
-1 ).  Data obtained from pairs of frog sartorius muscles bathed in 

hypertonic Ringer’s solutions.  Temperature 20 °C. 
Taken from Figure 6, Hill (1968). 

 

Hill performed a series of experiments in which the muscle pairs were subjected to imposed 

ramp stretches at different stretch velocities.  The range of stretch velocities (approximately 

(4 × 10-7 l0 s-1 ~ 0.4 l0 s-1 ) largely encompasses those likely to be encountered by frog muscles 

under most physiological conditions.  The stiffness of the SREC (Figure 1.8) proved to be 

only slightly dependent on the stretch velocity.  It increased by a factor of only 5 despite an 

increase in the stretch velocity of 5 orders of magnitude.  The elastic limit (Figure 1.8) was a 
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little more velocity sensitive and tripled with a nearly thousand-fold increase in stretch 

velocity.  The maximum tension produced during the SREC phase of an imposed stretch 

(Figure 1.9) again increased with stretch velocity but only by a factor of approximately 10 

with a ten-thousand-fold increase in velocity. 

 

 
 

Figure 1.9. Maximum SREC tension for different stretch velocities. 
 

Maximum SREC tension for a wide range of stretch velocities (4 × 10-5 l0 s
-1 ~ 0.4 l0 s

-1 ).  Data 
obtained from pairs of frog sartorius muscles bathed in hypertonic Ringer’s solutions.  

Temperature 20 °C. 
Taken from Figure 7, Hill (1968). 

 

Hill believed that the both the stiffness and the maximum tension developed during the SREC 

response were only affected to a minor degree by stretch velocity over the experimental range 

and thus described the constant tension plateau maintained beyond the elastic limit (Figure 

1.7) as a ‘frictional’ resistance. 

 

 

Further evidence of a non-linear tension response during stretches of 
physiological velocity 

 

The biphasic nature of the tension response of relaxed skeletal muscle to an imposed stretch 

has been observed independently by many workers and in a number of different experimental 

protocols.  Lännergren (1971), working with relaxed single twitch muscle fibres isolated from 

the iliofibularis muscle of the frog, observed a biphasic tension response similar to that 



16 

described by Hill (1968).  As in Hill’s work, both the elastic limit, and the stiffness of the 

SREC increased with stretch velocity, but only by a factor of approximately three with a 

hundred-fold increase in stretch velocity.  Qualitatively similar non-linear tension responses 

have also been described in frog toe muscles (M. ext. brev. prof. digit. IV, Herbst, 1976), in 

single frog tibialis anterior fibres (Haugen & Sten-Knudsen, 1981a, b; Haugen, 1982), in 

single frog semitendinosus fibres (Helber, 1980) and in human leg muscles (Hufschmidt & 

Schwaller, 1987). 

 

 

The non-linear tension response to fast ramp stretches 

 

Hill’s experiments (1968) primarily employed stretch velocities less than 0.4 l0 s-1 and 

suggested that the initial phase of the non-linear tension response of relaxed skeletal muscle 

to an imposed stretch was essentially elastic.  Recent work (Bagni, Cecchi, Colomo & 

Garzella, 1992a, 1995; Mutungi & Ranatunga, 1996a, b) has complicated this simple 

interpretation.  These experiments measured the tension and sarcomere length responses of 

relaxed skeletal muscle fibres to imposed length control stretches and used generally faster 

stretches than Hill e.g. Bagni et al. (1995): 2 ~ 250 l0 s-1 , Mutungi & Ranatunga (1996b): 

0.01 ~ 15 l0 s-1 .  Despite these relatively high stretch velocities, the tension responses (Figure 

1.10) appeared qualitatively similar to those described by Hill. 

 

However, the results of Bagni et al. revealed a quantitative difference from those of Hill.  

Bagni et al. measured the tension responses of relaxed muscle fibres to constant length 

stretches of variable velocity.  When the maximum tension produced during the first phase of 

the non-linear response in intact muscle fibres was plotted against the stretch velocity, the 

result was a straight line extrapolating back to a small positive y-intercept (Figure 1.11).  

These results suggested that the first phase of the response could be considered as the sum of 
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two components: an elastic component (independent of stretch velocity) and a viscous 

component (which generated a tension directly proportional to the stretch velocity).  At high 

stretch velocities, the contribution of the viscous component dominated the tension response; 

at low velocities, its contribution was negligible and the response appeared predominantly 

elastic. 

 

 
 

Figure 1.10.  Tension and sarcomere length responses of a single relaxed frog 
skeletal muscle fibre to an imposed ramp stretch. 

 
Tension and sarcomere length responses to a single ramp stretch of a relaxed single frog muscle 

fibre isolated from the lumbricalis digiti IV muscle.  Stretch amplitude 3 % l0 , stretch velocity 21 
l0 s

-1, initial sarcomere length 2.15 µm.  P1 and P2 labels in this original diagram are accidentally 
transposed.  In the paper  P1 refers to the initial tension response and P2 to the slower but sustained 

tension rise.  Traces shown after chemical skinning obtained in high ionic strength solution.  
Temperature 15 C. 

Taken from Figure 1, Bagni, Cecchi, Colomo & Garzella (1995). 

 

Bagni et al. (1995) showed that the sarcomere length lagged the applied fibre length change 

and accelerated throughout the initial phase of the response (Figure 1.10).  The transition to 

the second phase of a less rapid rise in tension occurred when the sarcomere length had 

stopped accelerating and had attained a constant velocity.  Bagni et al. concluded that the 

velocity dependence of the first phase of the tension response resulted from the acceleration 

of a viscous element within the sarcomere. 
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Figure 1.11. The effect of stretch velocity on the maximum tension developed 
during the initial phase of the non-linear response. 

 
Maximum tension developed during the initial phase of the tension response: intact fibre  (  ), 

after skinning - low ionic strength (  ), after skinning - high ionic strength  (  ).  Note the non-
zero y-intercept for intact fibre data.  This suggests that a component of the response is velocity 

insensitive. This component is attributed by Bagni et al. to the SREC.  A non-zero SREC intercept 
was not found in the data obtained from skinned fibres at either high or low ionic strength.  Its 

absence is probably due to the swelling of the filament lattice associated with skinning (Goldman 
& Simmons, 1986) since Bagni et al.’s experiments confirmed that the non-zero intercept returns 

when the experiments are repeated on skinned fibres which have been recompressed to their 
original size by the addition of polyvinylpyrrolidone (PVP) (data not shown).  Temperature 15 C. 

Adapted from Figure 4,  Bagni, Cecchi, Colomo & Garzella (1995). 

 

A similar partly viscous, partly elastic tension response is suggested by Mutungi & 

Ranatunga’s experimental results (1996b) for mammalian fibres (Figure 1.12).  For stretch 

velocities greater than 2 l0 s-1 , the maximal tension developed during the initial phase of the 

biphasic tension response was directly proportional to the stretch velocity.  This is indicative 

of a viscous mechanism.  However, for stretch velocities less than 2 l0 s-1 , the maximal 

tension was less strongly related to stretch velocity and the data extrapolated to a non-zero 

intercept.  Thus the tension response to these slower stretches is indicative of a predominantly 

elastic mechanism. 
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Figure 1.12.  The effect of stretch velocity on ‘breakpoint’ tension in a bundle 
of relaxed rat muscle fibres. 

 
Maximum tension developed during the initial phase of the non-linear tension response.  A linear 

regression line fitted to the high velocity range (> 2 l0 s
-1) extrapolates to zero tension at zero 

velocity in agreement with a purely viscous response.  The data points in the low velocity range 
(< 2 l0 s

-1) lie above the regression line.  These experimental results are indicative of a tension 
response which is dominated by a viscosity at velocities greater than 2 l0 s

-1 and by an elasticity at 
lower stretch velocities.  Temperature 10 C. 

Adapted from Figure 3, Mutungi & Ranatunga (1996b). 

 

The experimental results of Bagni et al. and Mutungi & Ranatunga do not necessarily 

contradict those obtained by Hill.  Hill noted that the resistance to stretch started to increase 

rapidly at the highest stretch velocities (Figures 1.8 and 1.9).  Bagni et al. observed that 

although the resistance to stretch increased linearly with stretch velocity, it would not be zero 

at zero velocity (Figure 1.11).  It would appear therefore that the initial phase of the tension 

response may be dominated by viscous properties at high stretch velocities and by elastic 

properties at low stretch velocities. 
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THE REDUCTION IN THE RESISTANCE TO STRETCH 

PRODUCED BY PRIOR MOVEMENT 

 

Lakie et al. (1984 and Figure 1.4) demonstrated that the resistance of the relaxed human wrist 

to small imposed stretches was temporarily reduced following a perturbation.  This type of 

behaviour was described in relaxed skeletal muscle by Denny-Brown in 1929 and is clearly 

seen in Figure 1.5.  The diagram shows the tension responses to two identical stretches 

separated by an interval of three seconds.  The magnitude of the initial phase of the tension 

response to the second stretch was reduced to about half the corresponding value in the first 

stretch.  Denny-Brown noted that  “ [the initial phase of the tension response lessens] upon 

rapid repetition of the stretch but recovers with rest at a stationary length. ” . 

 

The later work of Buchthal & Kaiser (1951) also described the reduction in a relaxed 

muscle’s resistance to stretch brought about by prior movement.  They applied cyclical 

changes in load and measured the resulting changes in muscle length.  Repeated applications 

of a load which produced an elongation of order 0.3 % l0 , reduced the initial stiffness of the 

muscle to around 60 % of its value for the first stretch.  However as Buchthal & Kaiser 

pointed out  “ these changes were not permanent and the fibre regained its original stiffness 

after a few minutes of recovery  ” .  Buchthal & Kaiser introduced a new term to muscle 

physiology by describing the relaxed muscle fibres as being thixotropic. 
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Thixotropy 

 

The term thixotropy (from the Greek  thixis  - touching, and  trope  - turning) was first used 

by Peterfi (1927) to describe a temporary reduction in the viscosity of the cytoplasm of sea-

urchin eggs following their mechanical disturbance with a needle.  Peterfi believed that the 

temporary reduction resulted from a sol-gel-sol transformation and this hypothesis was 

supported soon afterwards by the discovery of similar rheological properties in other sol-gel 

systems such as aqueous iron oxide dispersions.  However, observations of thixotropy are no 

longer confined solely to sol-gel systems and thixotropic behaviour has since been measured 

in numerous materials ranging from drilling mud to silver amalgams (Bauer & Collins, 1967).  

The diversity of thixotropic materials means that it is has proved difficult to formulate an 

exact, all-encompassing definition of thixotropy, but it is generally agreed to describe an 

isothermal situation in which there is a  “ decrease in the apparent viscosity under shear 

stress, followed by a gradual recovery when the stress is removed. ” (Harris, 1977).  It is 

important to note that the term thixotropy should not be used to describe non-Newtonian 

fluids in which the viscosity falls as the sheer stress is increased, but in which the recovery is 

so rapid (in relation to the time necessary for an experiment) that it cannot be measured.  

These materials are best described as ‘shear-thinning’ (Blair, 1969). 

 

The precise molecular interactions underlying thixotropic behaviour depend on the 

microscopic structure of the material in question.  However, a possible qualitative mechanism 

has been proposed by Bauer & Collins (1967).  They suggested that thixotropic materials 

possess a weak internal structure in which regions where adhesive forces act to link dispersed 

particles form an elastic network which is temporarily able to resist low levels of stress.  If the 

applied stress is either sufficiently prolonged, or alternatively sufficiently large, catastrophic 

breaking of the elastic network results and the material develops a continual flow pattern.  It 

is only when the applied stress is removed, and the material comes to rest, that random 
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Brownian motion can bring adhesive regions into close contact allowing the elastic network 

to reform. 

 

The rheological definition of thixotropy applies only to the reduction in a substance’s 

viscosity.  This precise definition is not adhered to in muscle physiology.  In the physiological 

context, thixotropy normally describes a temporary reduction in the resistance to stretch 

brought about by prior movements imposed on the muscle, independent of whether the 

resistance is entirely proportional to velocity. 
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The time-course of thixotropic recovery 

 

Lännergren’s careful experiments (1971) on single frog muscle fibres demonstrated that the 

initial phase of the non-linear tension response was critically dependent on the prior 

mechanical history of the muscle (Figure 1.13). 

 
A)

B)

 
 

Figure 1.13.  Tension responses of a relaxed single skeletal frog muscle fibre 
to imposed stretches. 

 
Tension responses of an isolated, relaxed frog iliofibularis muscle fibre to imposed ramp stretches.  
A)  Effect of paired stretches.  Two identical ramp stretches were applied to the muscle separated 

by an interval of ~ 7 seconds.  The tension increment produced during the initial phase of the 
tension response is reduced for the second stretch.  Note however that the maximal tension 

produced is approximately constant for each stretch.  B)  Effect of stimulation.  The left-hand trace 
shows a test stretch.  The right-hand trace shows an identical stretch preceded by a single twitch 

contraction (only partly shown).  The initial phase of the tension response to the imposed stretch is 
considerably reduced following stimulation relative to the test stretch response.  Temperature 

22 °C. 
Adapted from Figure 5, Lännergren (1971). 

 

The muscle fibre was held at a constant length for a period of several minutes before being 

subjected to two length stretches, each just sufficient to exceed the elastic limit, but separated 

by a variable time interval.  For short time delays, the initial phase of the tension response to 

the second stretch was reduced relative to the corresponding first stretch value.  As the inter-

stretch interval was increased, the tension responses for the two stretches became more 

similar and thixotropic recovery was judged to be substantially complete after a period of 

around three minutes (Figure 1.14). 

 



24 

 
 

Figure 1.14.  Time-course of thixotropic recovery. 
 

Data points show the maximal force developed during the initial phase of a constant velocity 
stretch initiated a variable time after either a single twitch stimulus (open symbols) or a preceding 
conditioning stretch (solid and partly-solid symbols).  The force values are expressed relative to 

those produced during an identical test stretch which was initiated only after the muscle had been 
held at a constant length for a period of several minutes.  Data obtained from four different single 

iliofibularis frog fibres.  Temperature 22 °C. 
Taken from Figure 6, Lännergren (1971). 

 

The initial phase of the tension response to an imposed stretch was also reduced following 

electrical stimulation (Figure 1.13).  The approximately logarithmic time-course of the 

thixotropic recovery was maintained independent of whether the thixotropic reduction was 

produced by imposed movement or electrical stimulation (Figure 1.14).  However it is unclear 

from these experiments whether the reduction in the initial phase of the tension response 

following prior electrical stimulation results from the process of force-generation itself or as a 

result of interfilamentary movement during contraction.  In principle it may be possible to 

clarify this point in a series of experiments in which interfilamentary movement was 

prevented during electrical stimulation by a sarcomere length clamp servo-mechanism 

(Goldman & Simmons, 1984; Goldman, 1992).  As far as the author is aware, these 

experiments have not yet been undertaken and the precise cause of the thixotropic reduction 

of the SREC following electrical stimulation remains uncertain. 
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Further evidence of a thixotropic reduction in the size of the initial phase of 
the non-linear tension response to an imposed stretch 

 

The thixotropic behaviour of relaxed skeletal muscle has been described independently by 

several other workers (Herbst, 1976; Hufschmidt & Schwaller, 1987; Lakie & Robson, 1988a, 

b, c, 1990; Campbell & Lakie, 1995a).  Herbst (1976) described a reduction in the stiffness of 

the initial phase of the non-linear tension response brought about by prior movement (Figure 

1.15).  Hufschmidt & Schwaller (1987) observed similar mechanical properties in relaxed 

human lower leg muscles. 

 

 
 

Figure 1.15.  Tension response of relaxed frog skeletal muscle to a pair of 
identical triangular stretches. 

 
Biphasic tension responses of a relaxed frog skeletal muscle (M. ext. brev. prof. digit. IV) to two 
identical triangular stretches.  The record on the left shows the tension and muscle length traces 

plotted against time, that on the right shows the same data plotted as an XY plot of tension against 
length.  The initial phase of the tension response to the second stretch is less stiff than the 

corresponding phase of the first stretch.  Note that although there is a small reduction in the 
resting tension at the end of the first stretch, the same maximal tension is reached in each stretch.  

Temperature ~ 20 °C. 
Taken from Figure 1, Herbst (1976). 

 

Both Herbst (1976) and Hufschmidt & Schwaller (1987) measured the tension response to 

imposed length stretches.  Thixotropic behaviour has also been observed using the alternative 

tension control protocol where the length response to applied tension pulls is measured.  

Lakie & Robson (1988a, b) measured the extension of relaxed frog sartorius muscles in 

response to tension pulls.  The muscles extended further in response to a control pull if they 

had previously been subjected to a short period of ‘stirring’ - repeated stretching beyond the 

elastic limit.  The time course of the thixotropic stiffness recovery (Lakie & Robson, 1988b) 

was approximately logarithmic and in good agreement with the results of Lännergren (1971 
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and Figure 1.14); it was also unaffected by temperature (3 and 17 °C).  Similar thixotropic 

behaviour was observed when the ‘stirring’ period was replaced by a single electrically 

evoked isometric (fixed-end) twitch contraction (Lakie & Robson, 1988c) and in relaxed frog 

single iliofibularis twitch fibres (Lakie & Robson, 1990). 

 

It is interesting to note that despite his detailed investigation of the mechanical properties of 

relaxed skeletal muscle, Hill (1968) was not explicitly aware of the mechanical history 

dependence of the SREC (personal communication, 1997).  His paper does however  “ make 

an important point concerning the experimental procedure ... In order to display a clear-cut 

length-tension relation ... it is essential that all the fibres shall generate tension at precisely 

the same time ... The only way of ensuring that this happens is by subjecting the muscle to a 

preliminary length change ... [followed by] a pause sufficient to allow the tension to settle to 

a steady level. ” .  This ‘conditioning length-change’ may have masked the effect of 

thixotropy; if it preceded the test ramp stretches by a constant time interval, the measured 

SREC would reflect the consistent amount of thixotropic recovery occurring during the time 

interval between the conditioning stretch and the test stretch. 
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THE RESTING TENSION OF RELAXED SKELETAL 

MUSCLE FIBRES 

 

A.V.Hill wrote in 1952 “ The tension of a resting muscle diminishes continually with 

decreasing length; there is no sharp end point and it is impossible to define a length at which 

the tension becomes zero. ” .  The resting tension of a relaxed muscle at a moderate length 

may be small compared with the forces that it develops during active contraction, but it is not 

insignificant.  If a relaxed, isolated muscle is shortened from a moderate length so that it 

hangs in a loose loop, it does not remain slack indefinitely.  Rather the muscle slowly pulls in 

the slack length and redevelops a resting tension.  This tension recovery may have an 

important physiological significance since it could pull in the filaments of passively shortened 

fibres and remove slack muscle length.  However at the present time the precise source of the 

resting tension in relaxed muscles remains unclear. 

 

In principle the resting tension of relaxed skeletal muscle can arise from any mechanical 

linkage between the tendon connections.  However the precise source remains uncertain.  

Ramsey & Street (1940) reported that the sarcolemma was responsible for the major part of 

the elasticity although this conclusion was later retracted (Street, 1983).  Sandow (1966) 

suggested that the sarcoplasmic reticulum bore a substantial resting tension but experiments 

described by Kawai & Brandt (1973), in which destruction of the internal membranous 

system did not affect resting tension in skinned crayfish muscle fibres, do not support 

Sandow’s hypothesis.  Alternatively there are a number of possible sources of resting tension 

within the sarcomere itself (Figure 1.16).  These include titin filaments (which link thick 

myosin filaments to their adjacent Z-lines) and the S-filaments hypothesised as linking 

adjacent actin filaments (Huxley, 1957) (though the existence of S-filaments has yet to be 

verified).  It is clear that passive linkages must contribute to the resting tension of skeletal 
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muscle, particularly at long sarcomere lengths.  These linkages are normally considered to be 

elastic in nature and are often referred to as the ‘parallel elastic component’. 

 

The experiments of D.K.Hill (1968) suggested that there is a further source of resting tension 

in relaxed skeletal muscle which augments the contribution of the parallel elastic component.  

He measured the resting tension of a pair of sartorius muscles held at a fixed length and 

showed that the tension increased when the bathing solution was made hypertonic.  Hill did 

not believe that this increase in tension could be fully accounted for by the effect of solution 

tonicity on the parallel elastic component and suggested that the extra tension produced in the 

hypertonic solution resulted from increased molecular interaction between the actin and 

myosin filaments.  This interaction produced a small, actively generated force - the 

Filamentary Resting Tension (FRT).  Thus at any instant, the resting tension in skeletal 

muscle was the algebraic sum of the tension in the parallel elastic component and the FRT. 

 
Z-Line ActinMyosinCrossbridge

S-filament Titin  
 

Figure 1.16.  Idealised mechanical model of the sarcomere lattice structure. 
 

Several possible sources of elasticity exist with the sarcomere lattice structure.  Titin filaments 
link the thick myosin filaments to their adjacent Z-lines.  S-filaments have been proposed as a 

possible link between adjacent actin filaments though their existence has yet to be verified.  
Crossbridges linking the actin and myosin filaments would also contribute to the compliance of 

skeletal muscle. 

 

Hill’s hypothesis (that the resting tension of skeletal muscle has both active and passive 

sources) is considered in more detail in the course of this work, but a strong piece of 
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supporting evidence comes from the work of Herbst (1976) and is summarised here.  Herbst’s 

experimental records (1976 and Figure 1.15) showed that following an imposed triangular 

stretch the resting tension of relaxed frog skeletal muscle was temporarily reduced below its 

value at the commencement of the stretch.  Similarly, if the direction of the triangular stretch 

was reversed and the muscle was first shortened and then lengthened back to its original 

position, the resting tension of the relaxed muscle was temporarily increased.  This is despite 

the fact that the muscle length was the same at the beginning and at the end of the stretch.  If 

the resting tension was entirely due to the passive stretch of elastic elements, it would be a 

single-valued function of muscle length and thus identical at the beginning and end of the 

triangular stretches.  Thus it appears likely that there is a further non-elastic component which 

contributes to the resting tension of relaxed skeletal muscle.  The tension generated by this 

component must be influenced by the history of movement. 
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POSSIBLE SOURCES OF THE RESTING TENSION AND THE 

THIXOTROPIC BIPHASIC TENSION RESPONSE 

 

VISCO-ELASTIC MECHANISMS 

 

Bagni et al. (1995) developed a three-element model which accurately simulated the biphasic 

tension response of a skinned skeletal muscle fibre to a single high velocity ramp stretch.  

This model cannot be extended to provide a satisfactory explanation for either the variable 

resting tension in relaxed skeletal muscle or the thixotropic biphasic tension response 

observed at physiological stretch velocities. 

 

First, Bagni et al.’s model does not predict the existence of a ‘frictional’ resistance during the 

biphasic tension response (Hill, 1968).  Although the visco-elastic element would produce a 

constant tension plateau during a prolonged stretch, its resistance would be directly 

proportional to the stretch velocity rather than only weakly dependent on it (Hill, 1968; 

Lännergren, 1971).  Secondly, Bagni et al.’s three-element model cannot account for the 

mechanical history dependence of the tension responses.  Only the visco-elastic element 

could produce a tension dependent on the history of movement and the visco-elastic 

relaxation time of ~ 1 ms calculated from their results is at least two orders of magnitude too 

short to account for the thixotropic time-course observed by Lännergren (1971 and Figure 

1.14) and Lakie & Robson (1988b).  Thus while viscous and visco-elastic systems must 

dominate the mechanical properties of relaxed skeletal muscle at very high stretch velocities, 

they cannot be the dominant mechanisms underlying the experimental results previously 

described which were obtained using more physiological stretch velocities. 
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TITIN 

 

Hill (1968) concluded that since the SREC was considerably less stiff than either the tendons 

or the sliding filaments  “ the material responsible for the elastic response must be located 

between the filaments ”.  Strictly speaking, Hill’s argument does not lead inevitably to this 

conclusion and the SREC could, in principle, arise from any connection between the Z-lines 

of the sarcomere.  The significance of this clarification is increased following recent 

suggestions (Linke, Bartoo, Ivemeyer & Pollack, 1996; Mutungi & Ranatunga, 1996a, b; 

Bartoo, Linke & Pollack, 1997) that the visco-elastic properties of relaxed skeletal muscle are 

dominated by titin filaments. 

 

Titin filaments join thick myosin filaments to their adjacent Z-lines (Figure 1.16).  In skeletal 

muscle, the filaments are composed of two exceptionally large proteins: titin (relative 

molecular mass ~ 2 × 106) and nebulin (mass ~ 8 × 105) (Horowits, Kempner, Bisher & 

Podolsky, 1986).  Titin filaments probably bear a substantial portion of the resting tension at 

long sarcomere lengths (Horowits, Kempner, Bisher & Podolsky, 1986; Keller III, 1997) and 

furthermore may play an important mechanical role by keeping thick myosin filaments 

centred within the sarcomere during active contraction (Horowits & Podolsky, 1987).  

However it is unlikely that titin can underlie the observations of the SREC and FRT described 

in this work. 

 

The evidence for this view-point is compelling.  First, if titin controlled the mechanical 

history dependent resting tension, it would have to bear tension at short sarcomere lengths.  

The experimental evidence suggests that this is not the case.  Radiation induced damage 

causes a dose-dependent reduction in the resting tension of rabbit psoas muscles stretched 

beyond a sarcomere length of 2.6 µm but does not affect the mean sarcomere length of a slack 

fibre (Horowits, Kempner, Bisher & Podolsky, 1986).  Furthermore, the segmental extension 
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model (Wang, McCarter, Wright, Beverley & Ramirez-Mitchell, 1991) suggests that titin 

behaves as a dual-stage molecular spring so that moderate stretches extend the I-band portion 

of titin with an accompanying exponential rise in tension (Linke, Bartoo, Ivemeyer & Pollack, 

1996).  However, Wang et al. (1991) reported that skeletal muscle fibres showed no 

significant increase in passive resting tension until they were stretched beyond sarcomere 

lengths of 2.5 µm.  These findings imply that titin does not normally contribute to passive 

resting tension near slack length. 

 

Secondly, if titin produced the biphasic SREC tension response, it would have to be 

disproportionately stiff for small movements.  Again, the present experimental evidence does 

not support this requirement.  The results of molecular combing experiments (Tskhovrebova 

& Trinick, 1997) (in which individual titin molecules are extended by a receding meniscus) 

endorse the view that imposed stretches first extend the compliant PEVK region before 

extending the stiffer I-band immunoglobulin domains (Labeit & Kolmerer, 1995; Keller III, 

1997).  This interpretation has been confirmed by recent experiments (Tskhovrebova, Trinick, 

Sleep & Simmons, 1997) in which the force-extension relationship of a single titin molecule 

was measured using an optical-tweezers technique (Finer, Simmons & Spudich, 1994; Padgett 

& Allen, 1997).  These experiments show that titin behaves as a non-linear stiffening elastic 

element for dynamic stretches (Figure 1.17).  Individual titin molecules produce less 

resistance to the initial stages of an imposed stretch than to the latter stages.  Titin molecules 

thus appear to possess the opposite mechanical properties to those required to generate the 

SREC. 
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Figure 1.17.  Force-extension relationship of a single titin molecule. 
 

The continuous line shows the dynamic force-extension relationship of a single titin molecule 
measured using an optical-tweezers technique.  The symbols show the tension predicted by two 
different molecular structure models.  Titin appears to behave as a stiffening non-linear elastic 

element. 
Adapted from Figure 2, Tskhovrebova, Trinick, Sleep & Simmons (1997). 

 

While these observations suggest that titin filaments do not dominate the mechanical 

properties of relaxed muscle at short sarcomere lengths, an alternative judgement has been 

reached by Bartoo et al. (1997).  They concluded that the stiffness and resting tension of 

relaxed skeletal and cardiac myofibrils (though not specifically the SREC and FRT) at all 

sarcomere lengths principally reflected the mechanical properties of titin filaments.  If this is 

indeed the case, titin filaments must possess complicated (and so far unobserved) short-range 

elastic properties since Bartoo et al. (1997) showed that the myofibrils were 

disproportionately stiff for small movements.  In this respect, Bartoo et al.’s observations in 

glycerinated myofibrils are very similar to those described by Buchthal & Kaiser (1951) in 

intact fibres.  It is likely that this amplitude dependent stiffness is synonymous with the SREC 

tension response to imposed ramp stretches. 

 

It is interesting to note that a protein folding mechanism in actin rather than in titin filaments 

has also been proposed as a possible mechanism underlying the SREC (Helber, 1980).  This 

‘meander model’ does not appear to have been developed further.  In the original hypothesis, 

the mechanical connection linking actin filaments at opposite ends of the sarcomere was not 
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specified.  Without such a connection, length changes in individual actin filaments would not 

result in changes in muscle tension. 
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CROSSBRIDGES 

 

Physiological basis 

 

The active contraction of skeletal muscle is regulated by the concentration of free Ca2+ ions 

(Tao, Gong & Leavis, 1990).  While it is difficult to measure with certainty the intracellular 

concentration of free Ca2+ in a relaxed muscle fibre, recent estimates using calcium sensitive 

electrodes suggest a value of ~ 0.16 µM (Rüegg, 1992).  A skinned frog fibre preparation at 

this Ca2+ concentration would develop around 25 % of its maximal tension (Julian, 1971).  

While the calcium kinetics in an intact muscle fibre may be different it seems entirely 

possible that there may be sufficient free Ca2+ under relaxed conditions to permit a relatively 

small number of crossbridges to cycle through attached states.  Certainly relaxed muscles are 

not entirely quiescent.  It has been suggested (Hill, 1965) that around 25 % of the Basal 

Metabolic Rate (BMR) in humans may be attributed to the metabolic activity of relaxed 

muscle.  While some of this energy must be used for processes such as ionic pumping and 

cellular repair, a proportion of the metabolic activity may be used to generate muscle tone.  

Hill (1968) believed that a small number of crossbridges did indeed link the actin and myosin 

filaments in a relaxed muscle and proposed a ‘working hypothesis’ which provided a 

qualitative explanation for both the SREC and the FRT.  He suggested that  “ in a resting 

muscle, the crossbridges on the myosin filament are not entirely inactive, but a very small 

proportion of them are cross-linked with the actin filaments.  The links are very stable and 

have a long ‘life’.  The elastic behaviour is due to the ... spring-like properties of these 

bridges.  The elasticity is ‘short-range’ because the bridges can be ... stretched only a small 

way from the steady-state position before the contacts ‘slip’.  The FRT is attributed to an 

‘active process’ which operates by imparting ‘organised’ potential energy .. by potentiating 

their attachment, against their elastic resistance, to sites on the actin filaments which are 

displaced towards the Z line. ” . 
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Hill’s working hypothesis suggested that the stiffness of the SREC was a reflection of the 

number of crossbridges linking the actin and myosin filaments.  If this suggestion is accepted 

and it is assumed (as in the case of tetanically stimulated muscle (Ford, Huxley & Simmons, 

1981)) that the stiffness of relaxed muscle is proportional to the number of attached 

crossbridges, it is possible to estimate the number of crossbridges linking the actin and 

myosin filaments under resting conditions.  The initial stiffness of the SREC ( 2  105 

N m-2 , Young’s Modulus) is approximately 1 % of that of tetanically stimulated muscle ( 2 

 107 N m-2 , calculated from Figure 1, Huxley & Simmons (1970)).  The precise proportion 

of myosin heads attached to the thin filaments during a maximal isometric contraction is a 

matter of some debate but X-ray diffraction evidence (Haselgrove & Huxley, 1973) and 

stiffness measurements (Goldman & Simmons, 1977) suggest a value in the range 50  75 % 

(Bershitsky, Tsturyan, Bershitskaya, Mashanov, Brown, Burns & Ferenczi, 1997).  Hill’s 

hypothesis therefore suggests that the SREC and the FRT are manifestations of approximately 

1  2 % of the total crossbridge number. 

 

Hill’s hypothesis may be extended (Herbst, 1976; Lakie & Robson, 1988a) to account for the 

thixotropic reduction in the SREC stiffness following prior movement if it is assumed that the 

number of attached crossbridges is temporarily reduced by the perturbation.  Thus it would 

appear that a small number of stable crossbridges binding between the actin and myosin 

filaments may provide a possible explanation for the resting tension of relaxed skeletal 

muscle, the non-linear resistance to imposed movements and its dependence on the prior 

mechanical history.  However, the crossbridge hypothesis remains controversial and the 

supporting evidence needs to be considered with care. 
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Crossbridge binding states 

 

The first crossbridge model of muscle contraction (proposed by A.F.Huxley in 1957) was 

based on a scheme consisting of just one attached and one detached crossbridge state.  The 

rate constants defining the attachment and detachment steps were relatively slow and 

consequently, both attached and detached states were relatively long-lived (Schoenberg, 

1986).  Huxley’s model (1957) predicted many of the thermodynamic and mechanical 

properties of contracting muscle known at the time. 

 

More recent experiments e.g. Ford, Huxley & Simmons (1977), Lombardi, Piazzesi, Ferenczi, 

Thirlwell, Dobbie & Iriving (1995) have revealed complicated tension transients which 

cannot be wholly accounted for by the original two-state model.  These experimental results 

suggest that there are several intermediate crossbridge binding configurations (Huxley & 

Simmons, 1971; Huxley, 1980) between the attached and detached states originally proposed 

(Huxley, 1957).  This interpretation has been supported by biochemical evidence (Brenner, 

1990; Geeves, 1991). 

 

The precise details of the crossbridge cycling scheme in activated muscle remain unknown.  

However it is generally agreed that myosin crossbridges initially attach to actin in a rapid-

equilibrium state.  The mean attached lifetime in this state is very short (~ 100 µs).  A 

proportion of these weakly-bound crossbridges progress to a more stable strongly-bound 

state.  These strongly-bound crossbridges have a longer mean attached life-time than weakly-

bound crossbridges and contribute to the stiffness of the muscle without generating significant 

force.  Strongly-bound crossbridges in turn undergo a conformational change - the power-

stroke - and generate force.  These stable power-stroked crossbridges add to both the stiffness 

and the tension of the muscle.  Only after binding ATP do they detach (Spudich, 1994). 
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While crossbridge cycling is almost universally accepted in activated muscle, do crossbridges 

actually bind between the actin and myosin filaments in relaxed muscle?  Experimental 

results suggest that a significant proportion of crossbridges become attached to actin in 

skinned fibres at low ionic strength (Brenner, Schoenberg, Chalovich, Greene & Eisenberg, 

1982; Schoenberg, 1988; Brenner, 1990; Tregear, Townes, Gabriel & Ellington, 1993).  

These crossbridges are believed to correspond to weakly-bound states and are in rapid 

equilibrium.  Schoenberg (1985, 1988) showed that a distribution of these cycling 

crossbridges, each acting as a linear spring with one attachment and one detachment rate 

constant, is mechanically analogous to a visco-elastic system with a relaxation time of ~ 100 

µs.  These crossbridges cannot be responsible for the SREC.  As has been previously argued 

the limited velocity dependence of the SREC stiffness and maximal tension show that it 

cannot be entirely visco-elastic in origin.  Furthermore, a clear elastic limit can be observed 

even when extremely slow stretches are used (e.g. 8 × 10-6 l0 s-1 , Lakie & Campbell, 

unpublished observations).  With such slow stretch velocities, rapidly cycling crossbridges 

could not be stretched sufficiently to generate a SREC before they detached.  If the SREC is 

to be attributed to crossbridges, it is essential that the responsible crossbridges cycle relatively 

slowly.  Thus it is likely that the crossbridges hypothesised to underlie the SREC must 

correspond to strongly-bound pre- or post-power-stroked states. 

 

 

Calcium dependence 

 

While there is no direct evidence for the presence of long-lasting crossbridges in relaxed 

muscle, a strong relationship between the SREC and the intracellular free Ca2+ concentration 

has been demonstrated by Moss, Sollins & Julian (1976).  They showed that the size of the 

SREC in skinned skeletal and cardiac muscle fibres was dependent on the concentration of 

Ca2+ in the fluid bathing the myofibrils.  This Ca2+ dependence supports the hypothesis that 
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the SREC is a manifestation of a small number of stable crossbridges bound between the actin 

and myosin filaments of relaxed muscle since the intracellular free Ca2+ concentration 

controls crossbridge activity in contracting muscle. 

 

Further supporting evidence comes from the work of Isaacson (1969) who showed that the 

intracellular Ca2+ concentration in frog sartorius muscles is elevated above control values 

when the bathing Ringer’s solution is made hypertonic with sucrose.  This increase in 

intracellular Ca2+ concentration would presumably increase the number of attached 

crossbridges and may explain the enhanced FRT and SREC stiffness observed in such 

hypertonic solutions (Hill, 1968; Lännergren & Noth, 1973). 

 

Lännergren & Noth (1973) believed that hypertonic Ringer’s solutions could partially activate 

the normal contractile apparatus.  Tetracaine appeared to block this activation and 

substantially reduced (but did not abolish) the increase in FRT produced by hypertonicity 

without affecting the increase in the SREC.  This finding was interpreted as implying that the 

SREC and FRT could not share a common crossbridge origin.  However it is now known that 

tetracaine is a ryanodine receptor blocker which inhibits the calcium-induced calcium release 

mechanism (Endo, 1992).  Thus tetracaine may not eliminate the increase in intracellular Ca2+ 

concentration due to the hypertonic medium but will prevent the internal amplification of 

Ca2+ by the calcium-induced calcium release mechanism.  While the hypertonic Ringer’s 

solution elevates the intracellular Ca2+  concentration sufficiently to promote increased 

crossbridge attachment (and thus a larger SREC), tetracaine may prevent intracellular Ca2+ 

escalating to a level which causes substantial force production. 
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Constraints on crossbridge properties 

 

Experimental evidence imposes two constraints on the behaviour of crossbridges if they are to 

be responsible for the SREC.  The first constraint is imposed by the limited velocity 

dependence of the SREC.  If the crossbridges behaved as linear springs (Goldman & 

Simmons, 1986) and possessed both a single attachment and a single detachment rate 

constant, then they would produce a visco-elastic response to stretch (Schoenberg, 1985).  

The SREC tension would thus be directly proportional to the stretch velocity.  This is not in 

agreement with the experimental results of Hill (1968 and Figures 1.8 and 1.9) and 

Lännergren (1971).  A simple way of explaining the relatively weak velocity dependence of 

the SREC is if crossbridges detach more rapidly when pulled to more strained configurations.  

This hypothesis (that the crossbridge detachment rate is dependent on strain) is consistent 

with most theories of active muscle contraction e.g. Huxley (1957). 

 

The second constraint relates to the attachment of crossbridges.  When the muscle is stretched 

beyond the elastic limit forcibly detaching crossbridges, tension is maintained at or near the 

elastic limit level rather than collapsing to near zero (Figure 1.7).  As Hill (1968) pointed out, 

this behaviour requires that any forcibly detached crossbridges are rapidly replaced to 

produce what he referred to as a  “ frictional resistance ” .  Thus crossbridges are required to 

attach swiftly during interfilamentary movement.  This implies that the crossbridge 

attachment rate during movement must be high. 

 

Since the stiffness of the SREC at any time is assumed to be related to the number of 

crossbridges bound between the filaments, the thixotropic reduction in the size of the SREC 

following prior movement may be explained if the number of bound crossbridges is 

temporarily reduced by the perturbation.  As the SREC recovers only slowly after prior 

movement (Lännergren, 1971; Lakie & Robson, 1988b), the crossbridge attachment rate 

following a perturbation must be relatively low.  There is thus a paradoxical requirement for 
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fast crossbridge attachment during a stretch and slow crossbridge attachment between 

stretches.  It has recently been shown that this paradox can be resolved if the probability of 

crossbridge attachment is increased during interfilamentary movement as a result of a ‘stretch 

enhancement’ mechanism (Campbell & Lakie, 1995b). 
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Possible objections to a crossbridge mechanism for the SREC and FRT 

 

Sarcomere length dependency 

 

It has long been known that the size of the SREC is not proportional to filament overlap (Hill, 

1968).  This observation has been used to suggest that the SREC cannot arise from a 

crossbridge mechanism (Hill, 1968; Sandow, 1970).  Although the interpretation of 

experimental results obtained at different sarcomere lengths (Figure 1.18) is complicated by 

the varying stiffness of the parallel elastic component, the experimental evidence suggests 

that the SREC stiffness and tension actually peak in frog muscle fibres at a sarcomere length 

of around 3 µm (Figure 1.19) rather than at around 2.2 µm where maximal active tension is 

generated (Haugen & Sten-Knudsen, 1981a).  This is despite the fact that at 3 µm filament 

overlap is reduced to around 50 % of its maximum value. 

 

 
 

Figure 1.18.  Non-linear tension responses obtained at different initial 
sarcomere lengths. 

 
The diagram shows the non-linear tension response of a relaxed single frog semitendinosus 
muscle fibre to identical stretches (stretch velocity 0.6 mm s-1 , l0  15.2 mm) imposed at six 

different initial sarcomere lengths.  The parallel component stiffness can be estimated from the 
gradient of the tension response beyond the SREC.  The parallel component stiffness increases 

with sarcomere length and at long lengths acts to mask the SREC response.  Temperature 
unspecified. 

Taken from Figure 2, Haugen & Sten-Knudsen (1981a). 
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If crossbridge activity in relaxed muscle was proportional only to the number of actin binding 

sites within interacting range of crossbridge heads, then the size of the SREC would scale 

with filament overlap.  However at low Ca2+ concentrations the sarcomere length for optimal 

tension generation is also increased to around 3 µm (Figure 1.20 and Endo, 1973).  Since this 

length would lie on the descending limb of the length-tension relationship obtained during 

maximal activation, the experimental evidence suggests that the number of crossbridge 

interactions at low Ca2+ concentrations is not simply proportional to filament overlap. 

 

100 75 50 25 0

Approximate % Filament Overlap  
 

Figure 1.19.  Dependence of the SREC stiffness, parallel elastic component 
stiffness and SREC tension plateau on sarcomere length. 

 
SREC stiffness (), SREC tension plateau () and parallel elastic stiffness () for different 

sarcomere lengths.  Data obtained from a single relaxed frog semitendinosus muscle fibre 
stretched at 2.2 nm ms-1 per half-sarcomere.  Neither the SREC stiffness nor the SREC tension 

plateau are directly proportional to filament overlap.  Temperature unspecified. 
Adapted from Figure 5, Haugen and Sten-Knudsen (1981a). 

 

 

The length dependence of the Ca2+ sensitivity of the contractile apparatus has been reviewed 

by Stephenson & Wendt (1984).  The increase in Ca2+ sensitivity at long sarcomere lengths 

may be a consequence of the differential distribution of troponin-C’s affinity for Ca2+ along 

the thin filament (Martyn, Coby, Huntsman & Gordon, 1993).  Alternatively, the number of 

crossbridge interactions between the actin and myosin filaments may increase as the lattice 

spacing is reduced at long sarcomere lengths.  This suggestion is supported by the work of 

Goldman & Simmons (Goldman & Simmons, 1986) who found that the stiffness of relaxed 
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skinned fibres increased when the lattice spacing was decreased by the addition of either 

polyvinylpyrrolidone (PVP - a synthetic linear polymer) or bovine serum albumin.  Such an 

effect might also provide a partial explanation for the increase in the SREC stiffness observed 

in intact fibres osmotically compressed by hypertonic Ringer’s solutions (Hill, 1968; 

Lännergren & Noth, 1973). 

 
 

 
 

Figure 1.20.  Dependence of the resting tension of skinned single frog muscle 
fibres on sarcomere length at different free Ca2+ concentrations. 

 
Symbols show the tension developed by single skinned iliofibularis muscle fibres (Xenopus 

laevis) at a range of sarcomere lengths and free Ca2+ concentrations.   - 30 µM,  - 3 µM,  - 
1.5 µM,  - 1 µM,  - 0.85 µM,  - 0.7 µM.  Maximal tension is developed at a sarcomere 

length of  2.2 µm in high Ca2+ solutions but at a sarcomere length of  3 µm in low Ca2+ 
solutions.  Temperature  0 C. 

Taken from Figure 1, Endo (1973). 

 

BDM 

 

2,3-butanedione 2-monoxime (BDM) reversibly depresses isometric force production in intact 

muscle fibres (Bagni, Cecchi, Colomo & Garzella, 1992b; McKillop, Fortune, Ranatunga & 

Geeves, 1994; Lyster & Stephenson, 1995; Zhao, Naber & Cooke, 1995; Seow, Shroff & 

Ford, 1997).   BDM reduces calcium release and suppresses crossbridge cycling.  However, 

its mode of action appears to be different in different muscles and in those of different species 

(Lyster & Stephenson, 1995).  BDM does not appear to influence the non-linear tension 
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response of relaxed rat skeletal muscle to an imposed stretch (Mutungi & Ranatunga, 1996a, 

b).  However this finding does not in itself negate the possibility that the SREC is a 

manifestation of attached crossbridges in relaxed muscle, and clear conclusions cannot be 

drawn from the experimental results until the precise mode of action of BDM in rat skeletal 

muscle is established.  If BDM mainly affects calcium release in activated muscle, it may not 

significantly change resting calcium levels (and thus the number of bound crossbridges) in 

relaxed muscle.  Alternatively, if BDM simply detains crossbridges in a low-force and high-

stiffness state (Zhao, Naber & Cooke, 1995; Seow, Shroff & Ford, 1997), it may not have a 

significant effect on the SREC.  As far as the author is aware, no experiments investigating 

the effect of BDM on either the FRT or thixotropic recovery have been undertaken at the 

present time.  The results of such experiments might provide important evidence of the 

mechanisms underlying the SREC, FRT and thixotropy in relaxed skeletal muscle. 

 

The relationship between the SREC and the FRT 

 

The crossbridge hypothesis attributes the SREC and the FRT to a relatively small number of 

crossbridges bound between the actin and myosin filaments in a relaxed muscle.  A simple 

analysis might suggest that each attached crossbridge would produce the same proportional 

increase in both the stiffness of the SREC and the magnitude of the FRT.  Thus the SREC 

stiffness would change pari passu with the FRT (Hufschmidt & Schwaller, 1987).  This 

simple prediction is not verified by the experimental evidence. 

 

Clear evidence of the dissociation between the SREC and the FRT comes from the work of 

Hufschmidt & Schwaller (1987).  They measured both the thixotropic reduction in the 

maximal tension of the SREC and the recovery of the resting tension in relaxed human lower 

legs following a perturbation.  Although both the maximal SREC tension and the resting 
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tension were temporarily reduced by an applied stretch, they did not recover at the same rate 

(Figure 1.21).  In all subjects the resting tension recovered more quickly than the SREC. 

 

The differing recovery rates of the SREC and FRT following a perturbation does not 

necessarily imply that they cannot share a common crossbridge origin.  It is relatively easy to 

construct a model in which the SREC and FRT both arise as manifestations of crossbridge 

activity but recover at different rates - such a hypothesis will be considered in more detail 

later in this work.  However the notion that each attached crossbridge contributes both a fixed 

tension and a fixed stiffness increment does not seem tenable in the light of the experimental 

evidence. 

 

 
 

Figure 1.21.  Differing recovery rates of the SREC and resting tension 
following a perturbation. 

 
SREC tension () at various times after an applied stretch and resting tension recovery (solid 

line).  Measurements obtained from the relaxed human lower leg.  In all subjects, SREC recovery 
was slower than resting tension recovery. 

Adapted from Figure 6, Hufschmidt & Schwaller (1987). 

 

Indeed on reflection, it is only in the very simplest of crossbridge mechanisms that a 

crossbridge would contribute a fixed increment to both the SREC stiffness and the FRT.  In 

more realistic mechanisms, the mechanical properties of an individual crossbridge would 

depend on the orientation at which it was attached (Huxley, H. E., 1969; Schoenberg, 1980; 

Cecchi & Bagni, 1994).  A simple leverage argument might suggest that the axial force 

transmitted by an extending crossbridge would be greater if the crossbridge was aligned 

parallel to the thick myosin filament than if it was at nearly right angles to the fibre axis.  
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Thus different orientations of crossbridges might be expected to contribute to the SREC 

stiffness and the FRT in different relative proportions. 

 

This mechanical effect might help to explain the results of Lännergren & Noth (1973) who 

measured the effect of bathing solution tonicity on both the SREC stiffness and the FRT.  

(These experiments have already been discussed in connection with the calcium sensitivity of 

the mechanical properties of relaxed muscle.)  Both the SREC stiffness and the FRT rose in 

hypertonic solutions but they did not increase in proportion.  The SREC stiffness rose 

exponentially with tonicities up to 2.5 times normal Ringer’s solution while the magnitude of 

the FRT appeared to plateau near the top end of this range.  However, Lännergren & Noth 

also showed that the elastic limit increased with solution tonicity, quadrupling to 0.6 % l0 

over the same tonicity range.  This experimental result suggests that the axial range of the 

crossbridge linkage is increased in hypertonic media.  It would appear therefore that the 

mechanical properties of the crossbridge itself are influenced by the radial separation of the 

actin and myosin filaments.  Thus the dissociation between the SREC and FRT at high 

tonicities is perhaps partly attributable to a change in the physical properties of each 

crossbridge linkage. 

 

In an alternative interpretation of these results, it could be imagined that while the SREC 

reflects the stretch of all strongly-bound crossbridges, the FRT is a measure only of the 

number of power-stroked crossbridges contributing to the resting tension of relaxed muscle.  

Thus a disassociation between the SREC and the FRT could represent a change in the 

proportion of strongly-bound crossbridges which have undergone a power-stroke. 

 

It can be seen that the precise relationship between the SREC and the FRT predicted by a 

crossbridge mechanism is critically dependent on its inherent assumptions.  At the present 

time, there is no experimental evidence which negates the possibility of the SREC and the 
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FRT being due to a low-level of crossbridge activity.  However, the existing experimental 

evidence does impose severe constraints on any proposed crossbridge mechanism. 
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THIXOTROPY IN MUSCLE SPINDLES 

 

The exact mechanisms underlying the thixotropic biphasic tension response of relaxed muscle 

to an imposed stretch remain uncertain.  Although Hill (1968) proposed that the SREC arose 

as a result of a low level of crossbridge activity, this hypothesis has not been universally 

accepted by muscle physiologists e.g. Sandow (1970). 

 

In light of this controversy, it is perhaps interesting to note that it is a generally held belief in 

the field of spindle physiology that the mechanical history dependence of the spindle’s 

response (Hunt & Kuffler, 1951; Hagbarth, Hägglund, Nordin & Wallin, 1985; Hagbarth, 

Nordin & Bongiovanni, 1995; Rothwell, 1994) follows as a consequence of crossbridge 

activity in the intrafusal muscle fibres (Proske, Morgan & Gregory, 1993).  It is not the 

intention of this section to provide a full description of thixotropy in muscle spindles - full 

reviews of this subject are given in Mathews (1972) and Proske et. al. (1993). 
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SUMMARY 

 

It is clear that relaxed skeletal muscle possesses some rather curious mechanical properties.  It 

maintains an ability to generate tension and although it produces considerable resistance to 

the initial stages of an imposed stretch, the precise amount of this resistance depends inter 

alia on the prior history of movement. 

 

The complexity of the molecular structure of muscle makes it difficult to attribute any of the 

observed phenomena to specific mechanisms.  However, it has often been suggested that the 

most likely explanation lies in a low level of crossbridge activity.  This thesis describes new 

experimental data which supports this belief.  It also presents a theoretical model - the 

Crossbridge Population Displacement Mechanism - which is consistent with the existing 

experimental evidence and in which the SREC and FRT arise as manifestations of a low level 

of crossbridge activity in relaxed skeletal muscle. 
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METHODS 

 

EXPERIMENTAL MEASUREMENTS 

 

Most detailed investigations of the mechanical properties of skeletal muscle are based on 

experiments performed using isolated muscle preparations.  A classic physiological skeletal 

muscle preparation is that of the frog sartorius muscle.  It is relatively robust, is of a 

convenient size, and if maintained in a suitable physiological solution, stays alive for several 

days.  However the frog sartorius contains many hundreds of fibres and it is impossible to be 

certain that all of these fibres are contributing equally to the observed mechanical response.  

Furthermore the possible effects of connective tissue such as the endomysium and 

perimysium are unknown.  For these reasons, the experiments described in this work were 

performed not using whole muscles, but single fibres and small bundles of fibres (2 ~ 10 

fibres) isolated from frog skeletal muscles.  These preparations could be observed directly 

through a dissecting microscope and checked to ensure that all of the fibres were functionally 

viable.  The experimental results obtained from single fibre preparations were not 

significantly different from those obtained from small bundles of fibres.  Thus, the 

mechanical properties described in this work are those of living skeletal muscle rather than 

artefacts of the preparation. 

 

For conciseness, the experimental procedures described here normally refer to single fibre 

preparations.  Essentially the same procedures were also used for preparations consisting of a 

bundle of fibres. 
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DISSECTION 

 

Isolated frog muscles must be bathed in a suitable physiological solution to maintain the ionic 

composition of the intracellular fluid.  Such solutions are known as Ringer’s solutions (named 

after Sir Sydney Ringer who investigated the influence of different blood constituents on the 

contraction of the frog heart (Ringer, 1882, 1883a, b)).  The precise ionic composition of frog 

plasma depends on the time of year and shows slight variations, both within and between 

species (Burton, 1975).  Since there is no requirement for a unique set of ionic concentrations 

for the bathing solution, the present experiments used a standard composition (Table 3.1) first 

described by Adrian (1956) and since then, commonly used in many muscle physiology 

experiments e.g. Ford, Huxley & Simmons (1977).  On several occasions, glucose was added 

to the Ringer’s solution (10 mM concentration).  It had no obvious effect on either the 

experimental results or on fibre viability. 

 
Table 3.1.  Ionic composition of Ringer’s bathing solution 

 

Salt Concentration (mM) 

Na Cl 115 

K Cl 2.5 

Ca Cl2 1.8 

Na H2 PO4 0.85 

Na2 HPO4 2.15 

pH = 7.2 

 

An individual skeletal muscle fibre (~ 70 µm in diameter) is extremely delicate; if the 

sarcolemma is damaged the muscle fibre appears to clot as a contraction spreads axially along 

the fibre from the site of the injury.  For this reason, mounting attachments cannot be made to 

the fibre itself, but rather must be clamped to the tendinous connections at either end of the 
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fibre.  (It is mainly for this reason that single fibres cannot be readily isolated from the frog 

sartorius muscle.  It inserts directly into the pelvic bone at one end with no obvious tendinous 

connections.)  Three different muscle preparations (iliofibularis, semitendinosus and tibialis 

anterior) were used in the present experiments (Figure 3.1).  All three have strong tendon 

attachments and relatively little connective tissue between the fibres.  They are thus ideal 

muscles for single fibre dissection.  (It is important to note that only twitch fibres were 

selected from the iliofibularis muscle.  The muscle also contains some slow ‘tonic’ fibres 

(Abbott & Brady, 1964).) 

 
A) B) C)

Iliofibularis

Tibialis Anterior

Semitendinosus

 

 
Figure 3.1. Anatomical locations of the iliofibularis, tibialis anterior and 

semitendinosus muscles of the frog 
 

A): Iliofibularis muscle.  Left thigh, posterior view. 
B): Tibialis anterior.  Right lower leg, anterior view. 

C): Semitendinosus.  Left thigh, anterior view. 
Adapted from Ecker (1889). 

 

Common European frogs (Rana temporaria and Rana pipiens) were used in these 

experiments.  The frogs were supplied by the University’s Biomedical Services Unit and kept 

in tanks (partially filled with water) at room temperature.  The frogs were fed regularly on a 

mixture of worms, maggots and flies.  Males and females were used randomly in all 

experiments.  Frogs were killed by decapitation followed by pithing. 
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Initial dissection was performed using a low magnification microscope (× 4, Prior, UK).  The 

frog’s leg was skinned, pinned out on a cork mat and liberally sprayed with Ringer’s solution  

to prevent dehydration.  The iliofibularis muscle has a single tendon at each end; both the 

tibialis anterior and the semitendinosus muscles are bipennate with a single tendon at one end 

and two tendon connections at the other.  The blunt dissection technique used was similar for 

all three muscles.  First, a single tendon was freed, tied with a length of silk thread and cut.  

Then the muscle was freed from its connective tissue along its entire length.  Finally the 

remaining tendons were tied and cut.  The isolated muscle could then be lifted carefully away 

from the leg and placed in a Petri dish containing chilled Ringer’s solution.  After a short 

period of practice, whole muscles could isolated with relative ease.  The open Petri dishes 

were stored in a refrigerator  at ~ 4 °C and muscles normally remained viable for at least 24 

hours after dissection. 

 

Further dissection of the isolated muscles to individual fibres was carried out with the aid of a 

high quality zoom stereo microscope (× 6 ~ × 50, 376768, Wild, Switzerland).  This stage of 

the dissection proved to be more problematic than the isolation of the whole muscles (almost 

certainly because of the increased susceptibility of the isolated fibres to mechanical damage).  

The whole muscle was transferred to a dissecting dish (milled from a solid block of Nylon 66) 

containing chilled Ringer’s solution and pinned out by the tendons (using stainless steel 

hypodermic needles) to form a fan structure.  Dissection continued using stainless steel 

forceps, glass probes and finely pointed scissors until either a single fibre or a small bundle of 

fibres remained.  At this point, small gold clips (Figure 3.2) were attached to the tendinous 

sheets at either end of the fibre.  These clips could be gripped with fine forceps and allowed 

the fibre to be manipulated without damage to the sarcolemma.  The fibre was lifted clear of 

the dissecting dish and carefully transferred to the muscle chamber itself.  In some 

experiments, this transfer was accomplished using a specially-developed technique.  A short 
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length (~ 10 mm) of fine stainless steel wire (AISI 316, diameter 250 µm, Goodfellow, UK) 

was bent to form a loop with a small hook at either end.  The wire was mounted in an X-Y-Z 

manipulator and carefully lowered into the dissecting dish.  The gold clips attached to the 

fibre were then dropped over the wire hooks and the suspended fibre lifted clear of the 

dissecting dish.  The dissecting dish was then replaced by the muscle chamber and the fibre 

was lowered back into the Ringer’s solution and removed from the wire hooks.  This 

procedure ensured that the fibre was neither over-stretched nor damaged by accidental contact 

with the gold clips during the transfer. 
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Figure 3.2. Tendon clips. 

 
A) Clips (~ 1.5 × 1.5 mm) were cut from gold foil (25 µm thick) using fine scissors and a scalpel 

blade.  Each clip typically weighed around 20 mg.  B) The arms of the clips were folded round the 
tendinous connections within 0.5 mm of the end of the fibre and crimped tightly with a pair of 

forceps.  This provided a secure attachment without damaging the fibre itself. 
Adapted from Ford, Huxley & Simmons (1977). 

 

The muscle chamber was constructed from a polycarbonate, square-sectioned cuvette tube 

(67.775, Sarstedt, Germany).  The open-ended tube was modified to form a trough by 

removing one side and blocking the open end with a polycarbonate plate.  The joint round this 

plate was sealed with epoxy resin (Araldite, Ciba-Geigy).  The cuvette tube formed an ideal 

muscle chamber since the transparent parallel side walls transmitted the laser beam used to 

measure sarcomere length with minimum dispersion - see the following sections for more 

details. 
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Following the end of the experiment, the fibre’s dimensions were measured from a magnified 

microscope image (Hilux 70, Watson, UK, magnification × 60 ~ × 300) displayed on a 

monochrome monitor fitted with a calibrated graticule.  The cross-sectional area of single 

fibres was calculated from the fibre width assuming a circular profile.  Some fibres displayed 

considerable variation in width along their length.  In such circumstances the mean of several 

different measurements distributed evenly along the fibre length was used.  The irregular 

geometry of bundles of fibres made estimation of their cross-sectional area more difficult.  

Where possible the cross-sectional area of each fibre in the bundle was calculated 

independently.  However, in some instances it was only possible to measure the width and 

height of the entire bundle in which case the cross-sectional area was estimated assuming an 

elliptical profile. 
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EXPERIMENTAL APPARATUS 

 

The great majority of the experiments performed in the course of this research involved 

measuring the tension response of relaxed skeletal muscle to imposed length control stretches.  

This section describes the apparatus (Figure 3.3) that was used in these experiments.  

Towards the end of the research work a small number of experiments were also performed 

using an alternative tension control protocol.  The necessary modifications to the 

experimental apparatus required for these experiments are described with the relevant 

experimental results in Chapter 4. 
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Figure 3.3. Schematic diagram of experimental apparatus. 
 

The isolated muscle was immersed in chilled Ringer’s solution and connected between the force 
transducer and the puller.  Length stretches were imposed on the muscle by the puller and the 

resulting tension responses measured by the force transducer.  A laser beam was projected through 
the fibre and a first order diffracted beam imaged on a position sensitive detector to provide a 
measure of sarcomere length.  Full details of the force transducer, puller and sarcomere length 

measurement are given in the following sections.  Not shown for reasons of clarity in this diagram 
are the thermocouple probe used to measure the temperature of the Ringer’s solution, the large 

heatsink for the Peltier device, and the silver electrodes used for electrical stimulation of the 
muscle.  A demisting system (also not shown) pumped air through fine hypodermic needles onto 

the chamber walls.  This helped to prevent condensation which would otherwise have affected the 
transmission of the laser beam through the chamber. 
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The muscle chamber was placed on a stainless-steel base plate mounted on top of a Peltier 

device (69 W, 618-730, RS, UK) (Figure 3.3).  This solid-state semiconductor device cooled 

the bathing Ringer’s solution by pumping heat from the muscle chamber to a high capacity 

heat-sink formed from a large brass block (approximately 300 × 50 × 50 mm) cooled by 

circulating water.  The temperature of the Ringer’s solution in the muscle chamber was 

measured using a thermocouple probe (Type T, 151-271, RS, UK) and regulated by a 

feedback circuit (340-083, RS, UK) which controlled the Peltier device.  The cooling power 

of the Peltier device was sufficient to lower the contents of the muscle chamber from room 

temperature to 0 ºC within approximately 30 minutes. 

 

The hooks of the force transducer and puller were lowered into the trough and the fibre 

connected between these using the gold clips previously described. 

 

The muscle was occasionally stimulated, both to provide a comparison between active and 

passive mechanical properties, and to check the fibre viability.  A biphasic stimulating pulse 

(100 V peak-to-peak open-circuit, time constant ~ 2 ms) was produced by a 50 W Class B 

audio amplifier (GSA 600S, Goodmans, UK) and a step-up isolating transformer (217-775, 

RS, UK) and applied to the muscle via a pair of silver stimulating electrodes (5 × 2 × 0.5 mm) 

positioned in the chamber on either side of the muscle.  The stimulator was triggered by a 

signal generator and could be used to apply either a single twitch stimulus or a burst of tetanic 

stimulation. 

 

More details concerning the experimental apparatus, data collection and its analysis, can be 

found in the following sections. 
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Computer interfacing 

 

The apparatus was interfaced with a PC (466/MX Dell, USA) through a 12-bit combined 

ADC and DAC device (1401, Cambridge Electronic Design, UK).  The input signal to the 

puller servo-system was controlled by the DAC module.  Pre-programmed stretches could 

thus be applied to the muscle, while the resulting force, fibre length and sarcomere length 

signals were recorded via the ADC module and saved to computer files for off-line analysis.  

The ADC and DAC operations were controlled by commercially available software (Spike 2 

Data Capture, Cambridge Electronic Design, UK). 

 

Experiments with a wide range of time-scales were carried out in the course of this work.  On 

some occasions, fast length stretches with a rise-time of order 25 ms were imposed on the 

muscle.  On others, extremely slow stretches lasting more than 20 minutes were used.  The 

sampling rates for the force, fibre length and sarcomere length signals were varied according 

to the time-scale of the experiment and ranged from approximately 5 Hz during slow stretches 

to more than 10 kHz during the fastest stretches.  Under all conditions, analogue low-pass 

filtering was used to prevent aliasing of the intermittently sampled signals (see ‘Fundamentals 

of Signal Analysis’, Hewlett-Packard (1994) for a simple review). 
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Length control puller 

 

The puller (308B Lever Arm System, Cambridge Technology Inc., USA) (Figure 3.4) was 

used to apply precisely controlled stretches to the muscle.  It was based on a high 

performance, moving-magnet, rotary motor suspended on precision ball bearings.  The 

titanium arm of the puller was extended with a wire hook (see Figure 3.4 legend for details).  

In addition, a small piece of putty (~ 2 mm3 ) was attached to the beam to provide additional 

mechanical damping to the puller.  This helped to reduce the dither at the puller tip to a sub-

micron level.  The motor itself was controlled by an electronic servo-mechanism which 

followed a computer generated input signal (see ‘Computer interfacing’ for details).  The 

servo-mechanism was tuned to the mass and inertia of the motor arm and had a step-time of 

approximately 2 ms (500 µm movement).  Thus the puller’s frequency response was more 

than adequate for the fastest triangular stretches used in this work. 

 

Motor body
Mounting bracket

Titanium arm

Motor shaft 

Wire hook  
 

Figure 3.4. Length control puller 
 

The original titanium puller arm was extended by a 15 mm length of stainless-steel wire (AISI 
316, diameter 250 µm, Goodfellow, UK) bent to form a triangular foot-plate.    The vertical spike 

in the foot-plate fitted through the hole in the gold clip (Figure 3.2) gripping the tendon.  This 
arrangement provided a secure attachment for the clip.  It also helped to prevent the fibre from 

sagging into a loop by supporting the clip’s weight. 

 

Fibre length was measured using the output position signal from the servo-mechanism 

(derived from an optical position detector incorporated in the motor assembly).  This signal 
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was calibrated using an optical projection system.  The wire hook was illuminated with white 

light from a 100 W tungsten halogen lamp, and an image focused through a SLR camera lens 

(focal length 50 mm) onto a screen placed approximately 4 m distant from the puller.  The 

optical magnification (~ × 70) of this system was measured by positioning  a reference object 

of known dimensions adjacent to the wire hook and measuring the size of the image on the 

screen.  An input signal was then applied to the servo-mechanism and the resulting 

displacement of the hook’s image measured.  Movement of the hook was linearly related to 

the servo-mechanism input signal.  In the course of the experiments a number of different 

footplates were used and the exact puller calibration was dependent on the length of the arm.  

However, an output signal from the servo-mechanism  of 1 V generally corresponded to a 

hook movement of around 500 µm.  It is important to note that although the puller generated a 

rotary motion, linear calibrations of the hook’s movement along the fibre axis were used 

throughout this work.  The rotary movement produced a vertical displacement of the puller 

hook which corresponded to around 0.25 µm in a typical stretch.  This small vertical 

movement was almost certainly negligible. 

 

The stiffness of the puller arm was estimated by using the optical projection system to 

measure the hook’s displacement when a small weight was hung from the (horizontally 

positioned) arm.  The calculated value of around 300 N m-1  was at least 1000 times greater 

than the stiffness of the relaxed muscle fibre itself.  Thus a typical fibre tension of 10 µN 

displaced the end of the wire hook by around 30 nm.  This is probably negligible in 

comparison to imperfections in the servo-system.  The great majority of this compliance was 

almost certainly contributed by the wire hook. 
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Force transducer 

 

The forces produced by stretching relaxed skeletal muscles are very small (~ 5 µN per fibre).  

The force transducer (Figure 3.5) used in these experiments thus had to be extremely 

sensitive.  The sensor element (Figure 3.5B) was formed from an ‘Akers gauge’ (AE801, 

SensoNor, Norway) and consisted of a small silicon beam with an ion implanted resistor on 

each side.  Deflection of the beam increases the length (and thus resistance) of one side of the 

beam and simultaneously decreases the length (and resistance) of the other. 
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Figure 3.5. Construction details of the force transducer  

 
A)  Transducer housing.  The sensor element (AE801, SensoNor, Norway) was mounted in a 

housing milled from a solid block of brass.  The housing contained a small piece of strip-board 
carrying the two 1 k resistors which completed the Wheatstone resistance bridge.  The resistors 

and solder joints were encased in silicone sealant to reduce thermal effects.  The entire sensor 
element was enclosed in the brass gauge holder to exclude light (the ion implanted resistors are 

light sensitive) - only the wire hook protruded from the brass housing.  The housing was covered 
by a thin brass plate (not shown) to minimise air currents and associated thermal drift.  B)  Sensor 
element.  The element consisted of a stiff silicon beam (5  0.95  0.15 mm, E = 1.6 × 1011  N m-2) 
protruding from a circular brass casing (diameter 1.8 mm, length 5 mm).  The beam was extended 
with a 10 mm length of stainless-steel wire (AISI 316, diameter 250 µm, Goodfellow, UK) bent to 
form a triangular footplate.  For full details refer to Figure 3.4 legend.  The upper end of the wire 
was sintered into a silica glass microcapillary tube which was cemented to the silicon beam with 
epoxy resin (Araldite, Ciba-Geigy).  This insulated the silicon beam from the transient currents 

induced during electrical muscle stimulation. 
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The single crystal silicon from which the sensor element is formed is an ideal elastic material 

since it can be bent almost to its breaking point without any hysteresis effects.  Furthermore, 

silicon is extremely stiff so that the small forces applied in the course of this work produced 

only minimal displacements of the beam.  Thus the sensor element was effectively isometric. 

 

The element was connected with two passive, matching resistors, to form a Wheatstone 

resistance bridge.  The bridge was connected to a low noise, low drift, strain-gauge amplifier 

(308-815, RS, UK).  This energised the bridge and produced an amplified voltage (× 104 ) 

proportional to the resistance imbalance (and thus the loading of the element). 

 

The force transducer was calibrated by clamping the brass housing so that the sensor element 

was positioned horizontally.  Small test weights (formed from thin wire and weighed on a 

chemical balance) could then be suspended from the beam and the output voltage from the 

amplifier noted.  The output voltage was proportional to the applied load over the entire 

calibration range (normally 0 - 1 mN).  Different sensor elements used throughout the series 

of experiments had different sensitivities - probably largely due to slight variations in the 

hook assembly - but typical sensitivities were of the order of 0.15 mN V-1 .  The noise level 

without filtering was equivalent to approximately 0.5 µN. 

 

The output voltage of the strain-gauge amplifier normally needed to be further amplified to 

match the  5 V input range of the ADC device and ensure maximal resolution.  This was 

done using a variable gain (× 1 ~ × 100) DC amplifier (NL106, NeuroLog, Digitimer, 

Hertfordshire, UK).  This signal was low-pass filtered as appropriate (NL125, NeuroLog, 

Digitimer, Hertfordshire, UK) to prevent aliasing due to the intermittent sampling of the ADC 

device. 
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The frequency response of the force transducer was limited both by the mechanical properties 

of the sensor element and by the amplifier circuitry.  The experiments described in this work 

primarily used relatively slow stretches (rise times ~ 500 ms).  For these stretches, the 

frequency response of the force transducer was limited entirely by the amount of low-pass 

filtering employed.  This filtering was reduced for the faster stretches (rise times > 25 ms).  

Without filtering, the frequency response of the sensor element itself was the limiting factor.  

The resonant frequency of the transducer was controlled by its stiffness and inertia and was 

significantly reduced by the extended wire hook.  Figure 3.6 shows the transient oscillations 

produced when the sensor was rapidly unloaded in air.  The clear peak in the frequency 

response curve (Figure 3.6 - inset) shows the resonant frequency of the sensor element.  In 

this case it is approximately 425 Hz.  Typical values for different sensors ranged from 400 ~ 

1000 Hz.  While these resonant frequencies are not particularly high they were more than 

adequate for the stretching velocities used in this work. 
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Figure 3.6. Frequency response of the force transducer 
 

The main diagram shows the decaying tension oscillations produced when the force transducer (in 
air) is rapidly unloaded at time  t = 0 s.  These oscillations occur at the resonant frequency.  The 

Fast Fourier Transform of these oscillations (inset) identifies a clear resonant frequency of 
~ 425 Hz.  The mechanical damping was considerably increased when the transducer was lowered 

into the Ringer’s solution.  When the footplate was submerged, rapid unloading of the sensor 
element produced a reduced amplitude tension oscillation which decayed over a few cycles. 
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The stiffness of the force transducer was measured as  100 N m-1  using the same optical 

projection system used to calibrate the puller.  Thus a typical fibre tension of 10 µN displaced 

the end of the force transducer by around 100 nm.  Most of the compliance was due to the 

wire hook rather than the stiffer silicon beam. 
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Optical measurement of sarcomere length 

 

An individual frog skeletal muscle fibre is a single cell, the myofibrils of which are divided 

longitudinally into numerous sarcomeres, the smallest functional unit which behaves like a 

muscle.  At either end, the fibre forms a connection with a tendinous sheet composed almost 

entirely of collagen.  The dissected fibres were connected between the puller and the force 

transducer with gold foil clips which clamped directly to these tendinous attachments. 
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Figure 3.7. Schematic diagram of optical diffraction by a skeletal muscle 

fibre. 
 

A laser beam incident on a muscle fibre is transmitted as a spectrum of discrete lines.  To a good 
approximation this can be regarded as a simple example of Fraunhofer diffraction (Hecht, 1989).  
The angle between the 0th and 1st order lines is  1 , that between the 0th and 2nd order lines  2 
etc.  The diffraction angles are related to the wavelength of the incident light and the sarcomere 

length of the fibre. 

 

A stretch imposed on the fibre by movement of the puller hook extends not only the 

sarcomeres, but also the tendinous connections.  The amount of tendon extension induced by 

the imposed stretch depends on the relative stiffnesses of the sarcomeres and the tendinous 

sheets.  (Due to their relatively low compliance, the extensions produced in both the foil clips 

and the force transducer assembly are negligible compared with the fibre movement.)  Thus a 

change in fibre length does not necessarily imply a corresponding change in the length of the 
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myofibrils.  Experiments attempting to measure the length dependence of molecular 

interactions within the sarcomere thus require a direct measure of sarcomere length.  In the 

present work, this was achieved using the optical technique of laser diffraction. 

 

If a narrow, non-divergent beam of monochromatic light is projected through a skeletal 

muscle fibre, the transmitted light can be observed on a screen oriented perpendicularly to the 

axis of the beam.  The transmitted light is not constrained to a single spot, but rather forms a 

spectrum of discrete lines of light (Figure 3.7). 

 

The regularly repeating A- and I-bands of the sarcomere have different refractive indices due 

to the different concentrations of proteins in each region: n = 1.38 and 1.37 respectively 

(Sidick, Knoesen, Xian, Yeh & Baskin, 1992).  Since the sarcomere length of skeletal muscle 

(2 ~ 3 µm) is comparable to the wavelength of visible light (400 ~ 700 nm), the muscle acts 

as an optical phase grating and the transmitted light is diffracted by an angular displacement 

related to the sarcomere length.  Rigorous analysis of this diffraction is complicated by the 

irregular nature of the muscle’s micro-structure; not only is a muscle fibre an approximately 

cylindrical 3-dimensional structure, but myofibrillar skew introduces Bragg reflection effects 

(Rüdel & Zite-Ferenczy, 1979; Sidick, Knoesen, Xian, Yeh & Baskin, 1992).  However for 

most purposes, the spectrum can be treated as a simple Fraunhofer diffraction pattern, and the 

angles ( m ) at which the discrete lines of the spectrum are emitted can be obtained with 

sufficient precision from the standard grating formula (Hecht, 1989) 

 

 sin ( ) , , 
m

m
d

m  with 1 2 3 (3.1) 

 

where    is the wavelength of monochromatic light,  d  is the sarcomere length and  m  is the 

diffraction order number.  Hence measurement of the angular displacement of one line of the 

diffraction spectrum determines the mean sarcomere length in the illuminated section of the 
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fibre.   ( 1   16.7  with Helium-Neon (HeNe) laser light (633 nm) and a sarcomere length 

of 2.2 µm; an increase in sarcomere length reduces  m .) 

 

A segment ( 0.7 mm in length) of the muscle fibres was illuminated with the beam from a 5 

mW continuous-wave HeNe laser (LGK7267, Zeiss, Germany) (Figure 3.3).  (A HeNe laser 

is an ideal light-source for measuring diffraction effects: it is monochromatic, has a low 

divergence ( 1 mrad) and its high power renders the beam readily detectable.)  One of the 

first order diffraction beams was imaged through a cylindrical lens (focal length 0.3 m, 

01LCP019, Melles Griot) onto a linear position sensitive detector (SL76-1, United Detector 

Technology, U.S.A.) mounted 1.4 m distant from the fibre.  The photodiode detector was 

connected to position monitoring circuitry (301-DIV, Graseby Electronics, U.S.A.) which 

produced an output voltage proportional to the linear position of the focused beam incident on 

the detector.  (The full output voltage range of the optical system ( 10V) corresponded to a 

beam movement at the detector of  76 mm.  Typical experimental stretches corresponded to 

a beam movement of  10 mm.  The detector’s gross position was always adjusted so that the 

beam’s movement during a stretch swept across the centre of the detector.)  The fibre was 

generally illuminated near the force transducer to reduce the effect of artefacts produced by 

the mechanical propagation of the imposed length change along the fibre. 

 

Fibre length changes imposed on the muscle thus altered the mean sarcomere length of the 

illuminated segment.  This altered the beam’s position on the detector and produced a 

proportional change in the output voltage of the monitoring circuitry.  The resulting signal 

was saved to a computer file in the normal way.  Thus the sarcomere length could be 

calculated at any point in an imposed stretch by a computer algorithm incorporating the 

standard grating formula (Equation 3.1). 
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Validation of the experimental apparatus 

 

A number of control experiments were undertaken to ensure that the experimental results 

could not be attributed to artefacts introduced by the apparatus itself. 

 

The sarcomere length measurement system was tested by mounting a diffraction grating (300 

lines mm-1 ) in the laser beam.  Movement of the grating longitudinally along the beam axis 

swept one of the first order diffraction beams across the position sensitive detector.  This 

movement was detected satisfactorily by the monitoring circuitry. 

 

Unlike a beam diffracted from a regular grating, the beam diffracted by a single muscle fibre 

has a complicated intensity profile (Rüdel & Zite-Ferenczy, 1979).  Bragg reflection effects 

cause the intensity profile to be dominated by striations oriented in such a way that incident 

and diffracted angles are equal (Goldman, 1992).  During an imposed stretch different 

populations of sarcomeres (with different striation angles) scan through the stationary laser 

beam.  Thus, an imposed stretch affects not only the mean diffraction angle for a given order 

but also its intensity profile.  Since the monitoring circuitry detects movement of the centroid 

of the incident spot, changes in the intensity profile of the diffracted beam during a stretch 

would generate artefacts in the sarcomere length signal.  It is difficult to estimate the 

magnitude of these artefacts in the present work.  Certainly, some preparations initially 

produced noisy, discontinuous sarcomere length signals in response to an imposed stretch.  

However, careful adjustment of the laser beam to illuminate a different section of the fibre 

generally eliminated discontinuities in the sarcomere length signal and resulted in an output 

which varied approximately proportionally with the applied fibre length change.  It should be 

stressed that any slight inaccuracies in sarcomere length measurement caused by these effects 

would not significantly affect the conclusions of this work; the fibre length signal, rather than 

the sarcomere length signal, was generally used during data analysis. 
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The puller and force transducer were tested by replacing the muscle with a thin strip cut from 

an elastic band.  The band’s size was comparable to that of a bundle of muscle fibres.  It was 

connected between the puller and force transducer in the normal way using gold clips.  Paired 

triangular stretches were applied using the puller under a variety of different experimental 

conditions and the results are summarised in Figure 3.8.  The band was considerably stiffer 

than a similarly sized relaxed muscle.  The tension responses (at both room temperature and 

at 5 °C) showed no evidence of either a SREC or of significant hysteresis.  Thus the non-

linear mechanical response of relaxed muscle described in this work cannot be attributed to 

imperfections in the experimental apparatus. 
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Figure 3.8. Validation of the puller and the force transducer. 
 

A small strip of elastic band (5 × 0.5 × 0.2 mm) was connected between the puller and the force 
transducer using standard gold clips.  Pairs of identical triangular stretches were applied to the 
band.  The tension responses obtained under a variety of different experimental conditions are 
shown both against time (top) and as XY plots of tension against length (bottom).  There is no 

evidence of either a SREC response or of significant hysteresis in the tension responses. 
A) Band suspended in air at room temperature.  B) Band immersed in water at room temperature.  
C) Band immersed in water at 5 °C.  Note that the overall band length was different in the three 

cases.  Thus differences in the gradients of the XY plots are fully accounted for by the band’s non-
linear elasticity. 
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DATA HANDLING 

 

Data files were analysed using computer algorithms developed in the course of this work.  

These algorithms were normally implemented in a high-level scripting language designed for 

simple manipulation of the data files (Spike 2 Data Analysis, Cambridge Electronic Design, 

UK).  In some instances (generally those requiring off-line averaging or retrospective digital 

filtering), the algorithms were translated into source-code for the C programming language.  

This code (compiled using Turbo C++, Version 3, Borland, U.S.A.) ran approximately one 

thousand times faster than the scripting language.  However C programs required complex 

file manipulation and C was only used for data analysis when its enhanced computational 

power was required. 

 

i



73 

 

 

 

 

 

CHAPTER 3 

 

LENGTH CONTROL EXPERIMENTS 
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LENGTH CONTROL EXPERIMENTS 

 
This chapter summarises the results obtained from experiments in which the tension response 

of relaxed muscle fibres was measured in response to imposed length stretches.  Experiments 

were carried out between October 1996 and February 1997 using both single fibres and small 

bundles of fibres isolated from the tibialis anterior, semitendinosus and iliofibularis muscles 

of Rana temporaria and Rana pipiens.  These experiments were primarily concerned with an 

investigation of the effect of varying the inter-stretch interval between two identical stretches, 

and with characterising the velocity dependence of the tension responses. 

 

Similar experimental trends were shown in many experiments.  There is however 

considerable variation in the passive stiffness of frog skeletal muscle e.g. seasonal effects 

(Robson, 1990) and together with the difficulty of accurately normalising for fibre cross-

sectional areas, this significantly complicates comparisons between different preparations.  

Consequently the experimental data shown in this work were derived from individual 

preparations. 

 

Full details of the experimental apparatus used can be found in Chapter 3.  All of the 

experiments described in this chapter stretched muscle fibres from an initial mean sarcomere 

length in the range 2.1  2.3 µm. 
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REPEATED STRETCHES 

 

Figure 4.1 is a typical example of the tension and sarcomere length responses of an isolated 

relaxed single skeletal muscle fibre to a pair of identical constant velocity triangular stretches.  

In agreement with previous results e.g. Hill (1968), Bagni et al. (1995) the tension response to 

the first stretch consisted of two distinct phases.  Initially the muscle presented considerable 

resistance to the imposed stretch and the tension rose sharply and approximately 

proportionately with the applied length change. 
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Figure 4.1.  Force and sarcomere length responses to two identical constant 
velocity triangular stretches. 

 
Single intact semitendinosus muscle fibre.  In all figures  l0 is the fibre length which corresponds 

to a mean sarcomere length of 2.2 µm.  Stretch length ~ 0.01 l0. Stretch velocity ~ 0.01 l0 s
-1.  Two 

stretches separated by 1.0 s.  The fibre had been held at a constant length for 1 minute before the 
first stretch was initiated.  Tensions were measured from a baseline  (arbitrarily assigned to be 

zero force) which corresponded to the mean resting tension in the 0.5 second period preceding the 
first stretch.  Thus measured tension values could be less than, as well as greater than, the 

prevailing resting tension.  Dashed lines show the tension baseline and the corresponding initial 
sarcomere length.  The initial phase (SREC) proceeded until an elastic limit was reached.  In the 

first stretch, this elastic limit occurred at a sarcomere length of 2.180 µm and a tension of 2.4 µN.  
The corresponding values in the second stretch were 2.180 µm and 1.0 µN.  Temperature 5.0 ºC. 

 

As the length stretch continued, there was a transient drop in tension.  This drop was small 

compared with the overall magnitude of the tension response.  The drop (while a common 

experimental finding e.g. Hill (1968), Lännergren (1971), Herbst (1976)) is not a feature 
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which can be observed in all fibre preparations.  Even if it is present at short sarcomere 

lengths, it can be removed be stretching the muscle to a longer initial length (Haugen & 

Sten-Knudsen, 1981a).  It would thus appear to be critically dependent on the initial resting 

tension of the muscle. 

 

Beyond this transient drop, the tension continued to rise but at a slower rate and the tension 

reached a maximum value at the extreme stretch length.  During the shortening phase of the 

triangular stretch, the tension fell with a concave profile and discontinuities in the tension 

response were much less pronounced than during the lengthening phase.  (It is important to 

note however that the biphasic nature of the tension response is not always more sharply 

delineated in lengthening than in shortening.  An equally clear SREC response can be 

observed during a shortening stretch if it is the first imposed length change after a long time 

period at a constant length - see Figure 4.6 and accompanying text for more details.) 

 

Although the fibre was restored to its original length at the end of the first triangular stretch, 

the resting tension was reduced below its original value (Figure 4.1).  Much of this tension 

deficit was recovered during the first few hundred milliseconds after the end of the stretch but 

it is clear that neither the resting tension nor the sarcomere length regained their initial values 

during the one second interval before a second identical stretch was imposed on the muscle.  

During the inter-stretch interval, fibre length was fixed, whereas sarcomere length 

progressively shortened with an associated rise in fibre tension.  The rise in resting tension 

during the inter-stretch interval could only be attributed to an extension of the parallel elastic 

component if sarcomere length increased simultaneously.  Since sarcomere length actually 

shortened slightly during the inter-stretch interval (Figure 4.1), the rise in tension cannot be 

attributed to an increased stretch of elastic non-crossbridge components within the sarcomere.  

An increasing tension accompanied by sarcomeric shortening strongly suggests that the 

contractile apparatus may be responsible. 
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In accordance with Hill’s chosen nomenclature (1968) the initial phase of the tension 

response is referred to as the Short Range Elastic Component (SREC) and the length 

increment required to produce the apparent change in the muscle’s stiffness as the elastic 

limit.  The muscle’s resting tension is the sum of actively and passively generated 

components.  Passive resting tension is attributed to the parallel elastic component and 

reflects stretch of non-crossbridge components within the muscle.  The actively generated 

portion of the resting tension is known as the Filamentary Resting Tension (FRT).  The 

tension in a relaxed muscle at any instant is thus the sum of the stress in the parallel elastic 

component and the force due to the attached crossbridges.  At physiological sarcomere 

lengths, the precise magnitude of these components are difficult to determine but they are 

unlikely to be zero (Hill, 1952). 

 

The second stretch produced a qualitatively similar two-phased tension response to the first 

(Figure 4.1).  However there were clear and consistent differences between the responses.  

The SREC tension rose more slowly and from a slightly lower base-line than during the first 

stretch.  The transient drop in tension at the elastic limit was no longer present and the 

maximal SREC tension was considerably reduced relative to the first stretch value.  This 

reduction is a manifestation of thixotropy - the temporary reduction in the SREC tension and 

stiffness following movement. 
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DATA ANALYSIS 

 

Three parameters are of particular importance in a quantitative description of the SREC: the 

initial stiffness of the muscle, the elastic limit and the maximal force produced during the 

SREC phase of the response (referred to as the elastic limit force).  Computer algorithms were 

developed which calculated numerical values for these parameters from the experimental data 

files. 

 

The analysis was complicated by the different biphasic tension responses obtained under 

varying experimental conditions.  In some records (e.g. Figure 4.1, first stretch), the elastic 

limit was clearly marked by a transient drop in tension.  In others (e.g. Figure 4.1, second 

stretch), the elastic limit was less clear and was represented by a more rounded change in the 

gradient of the tension response.  In this latter case, it was more difficult to identify the elastic 

limit unambiguously.  A single algorithm was developed which could be used to calculate the 

initial stiffness of the muscle, irrespective of the prominence of the SREC.  The identification 

of the elastic limit proved to be slightly more problematic and two different algorithms were 

used depending on the appearance of the biphasic tension response.  All three algorithms are 

described in this section. 

 

During the initial phase of the non-linear tension response, tension rises in almost direct 

proportion to the applied length change (Figure 4.1).  The SREC can thus be approximated as 

a linear elastic system with stiffness  S .  In this model, the incremental force ( F ) is related 

to the applied length change ( L ) by the equation 

 

 S F
L

 


 (4.1) 
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The stiffness of the SREC is a measure of the muscle’s elastic resistance to movement.  

However, since the tension produced by a relaxed muscle is directly proportional to its cross-

sectional area (Lännergren & Noth, 1973), the measured stiffness of a muscle fibre with a 

cross-sectional area of two square units would be double that of an otherwise identical fibre 

with a cross-sectional area of one square unit.  Similarly a bundle of two identical muscle 

fibres would have a measured stiffness which was twice that of each individual muscle fibre.  

Thus, in order to compare the elastic resistance of different muscles, it is essential that the 

measured stiffness is corrected for the length ( L ) and cross-sectional area ( A ) of the 

individual preparations.  This is done by normalising the stiffness to obtain Young’s Modulus 

( E ).  E is the ratio of stress to strain in an elastic response and represents the stress required 

to double the muscle’s length.  It is expressed as 

 

 

E S L
A

F
A
L

L

 






 (4.2) 

 

The SREC stiffness was calculated using the technique illustrated in Figure 4.2.  The 

beginning and end of the linear phase of the tension response were identified, and regression 

lines were fitted to the corresponding sections of the force and fibre length records.  The 

stiffness of the muscle was calculated from the ratio of the gradients of these lines.  This 

value was corrected for the fibre’s length and cross-sectional area and expressed as a Young’s 

Modulus. 

 
It may seem that calculating the SREC stiffness as the ratio of the gradients of two regression lines 
is unnecessarily complicated.  An equivalent value of the SREC stiffness could be calculated 
directly from one regression calculation if the data was plotted as an XY trace e.g Figure 4.7.  In 
practice the file handling software stored the experimental traces in a format which was more 
amenable to the chosen algorithm. 
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Figure 4.2.  Schematic diagram illustrating the technique used to calculate 
the SREC stiffness. 

 
Tension response of a single relaxed iliofibularis muscle fibre to an imposed length stretch.  

During the SREC phase of the tension response, tension rises approximately proportionately with 
the applied fibre length change.  The beginning and end of the linear phase of the response were 
identified, and regression lines indicating the rate of rise of both the tension and the fibre length 

signals were calculated using a least-squares minimisation routine.  The gradients of these 
regression lines are indicated by the dashed lines superimposed on the experimental records.  The 

fibre stiffness was calculated from the ratio of the tension gradient to the fibre length change 
gradient.  This stiffness value was corrected for the fibre’s length and cross-sectional area and 

expressed as Young’s modulus (N m-2). 

 

The experimental results presented in this work suggest that it is unwise to attribute a specific 

value to the SREC stiffness.  Not only is there a considerable seasonal variation in the passive 

stiffness of frog skeletal muscle (Robson, 1990) but the biphasic tension response is critically 

dependent on both the stretch velocity and the previous mechanical history.  Lakie & Robson 

(1988b) warned  “ the results emphasise the danger of assigning a particular value to the 

stiffness of relaxed muscle since it is so dependent on what has gone before ” .  Nevertheless 

it is important to note that the results presented here are in excellent agreement with those 

published elsewhere in the literature (Table 4.1).  The mean value of the SREC stiffness in the 

present work was 2.09  105 N m-2 ( 0.46  105 N m-2  S.E.M., Young’s Modulus, n = 15 

preparations, stretch velocity  0.01 l0 s-1 , mean sarcomere length  2.2 µm, iliofibularis, 

semitendinosus and tibialis anterior single fibres and small bundles of fibres, minimum pre-

stretch interval 60 s).  There were no consistent differences in the results obtained from 
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preparations isolated either from the different muscles or from the different species (Rana 

temporaria and Rana pipiens). 

 
Table 4.1.  SREC stiffness values (Young’s Modulus) of relaxed frog muscle. 

 
 

Workers Year Muscle SREC stiffness (N m-2)

Hill 1968 Frog sartorius, 
20 C 

 

1.3 × 105 

Lännergren 1971 Frog iliofibularis 
single fibres, 
20  24 C 

 

2.3 × 105 

Moss, Sollins & 
Julian 

1976 Frog semitendinosus 
single fibres, 

4 C 
 

2.9 × 105 

Halpern & Moss 1976 Frog sartorius, 
3  4 C 

 

2.8 × 105 

Halpern & Moss 1976 Frog semitendinosus, 
11 C 

 

2.0 × 105 

Helber 1980 Frog semitendinosus 
single fibres, 
unspecified 
temperature 

 

2.0 × 105 

Lakie & Robson 1988a Frog sartorius, 
3, 10 & 17 C 

 

1.1 × 105 

Lakie & Robson 1990 Frog iliofibularis 
single fibres, 

3 C 
 

1.8 × 105 

Present Work 1996-97 Frog single fibres and 
bundles of fibres, 

5  7 C 

2.1 × 105 

 

Two distinct methods were used to identify the elastic limit point which marked the full 

extent of the SREC.  In tension records which displayed a transient drop in tension beyond 

the elastic limit, the elastic limit was simply marked with a cursor during the initial stages of 

the computer analysis.  This proved to be both the simplest and most reliable way of 
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calculating the elastic limit and the elastic limit force in such tension responses.  However, in 

cases where the elastic limit was represented solely by a change in the gradient of the tension 

response, it was identified as the intersection of regression lines fitted to the two phases of the 

tension response (Figure 4.3). 

 

In both cases, the elastic limit force was defined as the increment in force at the elastic limit 

point (Figure 4.3) above the initial pre-stretch value.  The length change corresponding to the 

elastic limit itself was calculated from the fibre length signal.  It was generally normalised to 

the length of the fibre and expressed as a percentage of the resting muscle length % l0  (where 

l0  is the fibre length which corresponds to a mean sarcomere length of 2.2 µm). 
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Figure 4.3.  Schematic diagram illustrating the regression technique used to 
identify the extent of the SREC. 

 
Tension response of a single relaxed iliofibularis muscle fibre to an imposed length stretch.  

Regression lines (dashed lines superimposed on the experimental records) were fitted separately to 
the two phases of the tension response using a least-squares minimisation routine.  The extent of 
the SREC is identified by the elastic limit point and is calculated from the intersection of the two 

regression lines.  The corresponding increment in force ( F ) is termed the elastic limit force.  
The elastic limit itself (i.e. the length change required to produce the change in gradient of the 

tension response) was calculated from the fibre length signal at the elastic limit point. 

 

The mean values for the elastic limit and elastic limit force in the present work were 0.37 % l0 

(  0.09 % l0 S.E.M. ) and 523 N m-2 (  69 N m-2  S.E.M.) respectively (n = 15 preparations, 

stretch velocity  0.01 l0 s-1 , mean sarcomere length  2.2 µm, iliofibularis, semitendinosus 
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and tibialis anterior single fibres and small bundles of fibres, minimum pre-stretch interval 

60 s).  The mean elastic limit force corresponded to around 2.4 µN per fibre.  As in the case 

of the SREC stiffness values, there were no consistent differences in the results obtained from 

preparations isolated either from the different muscles or from the different species. 
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THE TIME-COURSE OF THIXOTROPIC RECOVERY 

 

The extent of the thixotropic reduction in the SREC response to the second stretch depends on 

the time interval between the imposed stretches.  By varying this time interval, it is possible 

to measure the time-course of the thixotropic recovery of the elastic limit force and the SREC 

stiffness.  These time-courses are shown in Figures 4.4 and 4.5 respectively. 
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Figure 4.4.  Elastic limit force recovery following an initial stretch. 
 

Single relaxed semitendinosus muscle fibre.  Individual trials were separated by a fixed period of 
1 minute and consisted of two identical triangular stretches of length ~ 0.01 l0 , velocity ~ 0.01 
l0 s

-1 separated by a variable time interval.  Symbols show the elastic limit force for the second 
stretch.  Dashed line shows the mean elastic limit force for the first stretch.  This was independent 

of the inter-stretch interval.  In this experiment up to 4 responses were averaged to increase the 
signal-to-noise ratio.  Temperature 5.5 ºC. 

 

Unless the two identical stretches were separated by a period of many seconds, the elastic 

limit force in the second stretch tension response was reduced relative to the corresponding 

first stretch value (Figure 4.4).  The extent of the reduction was not constant but depended on 

the inter-stretch interval.  For inter-stretch intervals greater than approximately 0.1 s the 

elastic limit force recovered with an approximately logarithmic time-course.  It is interesting 

to note however that the maximum thixotropic reduction in the elastic limit force was not 

observed when the second stretch follows immediately after the first.  A larger thixotropic 

reduction of the second stretch elastic limit force was produced if the two stretches were 
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separated by a short time interval (~ 0.1 s) rather than if this interval was reduced to zero.  

This finding was a consistent feature of the experimental results and was observed in many 

preparations.  As far as the author is aware it has not been previously reported. 

 

Essentially the same thixotropic time-course was seen in the recovery of the SREC stiffness 

following an initial stretch (Figure 4.5).  Again the greatest thixotropic reduction was 

observed if the two stretches were separated by a short time interval (~ 0.05 s) rather than if 

the second stretch followed immediately after the first.  For longer inter-stretch intervals, the 

SREC stiffness recovered in a similar logarithmic manner to the elastic limit force.  This is in 

good agreement with other published work e.g. Buchthal & Kaiser (1951), Lännergren 

(1971), Lakie & Robson (1988b).  Although full thixotropic recovery of the SREC stiffness 

may take several minutes, it is substantially complete after a period of approximately 30 s. 
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Figure 4.5.  SREC stiffness recovery following an initial stretch. 
 

Bundle of 5 relaxed iliofibularis muscle fibres.  Individual trials were separated by a fixed period 
of 90 seconds and consisted of two identical triangular stretches of length  0.015 l0 , velocity 

 0.015 l0 s
-1 separated by a variable time interval.  Symbols show the SREC stiffness for the 

second stretch.  Dashed line shows the mean SREC stiffness for the first stretch.  This was 
independent of the inter-stretch interval.  Stiffness values are expressed as Young’s Modulus.  

Temperature 5.0 °C. 
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RESPONSE TO LENGTH CHANGES WHERE SHORTENING 

PRECEDED LENGTHENING 

 

The biphasic nature of the tension response is most sharply delineated if the muscle has been 

maintained at a constant length for a relatively long period of time.  Using triangular stretches 

where lengthening preceded shortening, the SREC was always more obvious in the 

lengthening phase (Figure 4.6, bold lines).  However if the triangle was reversed and the 

muscle was initially shortened from its resting length, the discontinuities in the tension 

response were much more evident during the shortening phase (Figure 4.6, thin lines).  This 

phenomenon is discussed in more detail in Chapter 6. 
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Figure 4.6.  Force and sarcomere length responses to triangular stretches of 
opposite polarity 

 
Single relaxed iliofibularis muscle fibre.  Bold lines show the tension and sarcomere length 
responses to a triangular stretch where lengthening preceded shortening.  Thin lines show 

responses to a triangular stretch where shortening preceded lengthening.  Stretch magnitude ~ 0.01 
l0 .  Stretch velocity ~   0.01 l0 s

-1 .  The fibre had been held at a constant length for 1 minute 
before each stretch was initiated.  Dashed lines show the tension baseline (defined as in Figure 1) 

and the corresponding initial sarcomere length.  Temperature 7.0 °C. 

 

It is interesting to note that while the resting tension following a triangular stretch where 

lengthening preceded shortening was temporarily reduced below its initial value, in the 
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converse situation where shortening preceded lengthening the resting tension was temporarily 

increased at the end of the triangular stretch (Figure 4.6 and Herbst, 1976). 
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XY PLOTS OF TENSION AGAINST LENGTH 

 

An important insight into the mechanism underlying the biphasic tension response of relaxed 

skeletal muscle to an imposed stretch can be gained if the response is plotted not against time 

(Figure 4.1) but as an XY plot of tension against sarcomere length (Figure 4.7). 
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Figure 4.7.  XY plot of force against sarcomere length for two constant 
velocity triangular stretches. 

 
Single relaxed iliofibularis muscle fibre.  Stretch length ~ 0.011 l0 Stretch velocity  0.011 l0 s

-1.  
Two stretches separated by 1.0 s.  The fibre had been held at a constant length for 1 minute before 

the first stretch was initiated.  The XY plots proceed in a clockwise direction.  Temperature 
6.0 ºC. 

 

The XY plot (Figure 4.7) highlights the reduction of ~ 1 µN in the fibre’s resting tension 

following the first stretch.  Since the mean sarcomere length was essentially the same at the 

beginning and end of the first stretch, this reduction cannot be attributed to a decreased 

stretch of the parallel elastic component.  Thus, the drop in resting tension suggests that the 

fibre’s FRT had been reduced following the first stretch. 

 

The FRT did not completely recover in the one second interval between the imposed 

stretches.  At the commencement of the second stretch, tension rose more slowly, and from a 

lower level, than during the first stretch.  Despite this, the maximal tensions and sarcomere 

lengths obtained in the two stretches were almost identical.  This finding confirmed that the 
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biphasic tension response cannot be entirely attributed to the stretch of passive elastic 

elements within the sarcomere since, in such a situation, the muscle’s tension would be 

uniquely defined by its mean sarcomere length.  In contrast, the XY plot (Figure 4.7) showed 

that the fibre tension at the same sarcomere length can be different in each of the two 

stretches. 

 

It is also interesting to note that the differences between the XY traces for the two triangular 

stretches were much greater during the lengthening phase of the stretches than during the 

shortening phases.  Furthermore, the resting tensions at the end of the first and second 

stretches were almost identical.  This finding has been previously described by Campbell & 

Lakie (1996) who suggested that the SREC and the FRT are generated by the same 

mechanism which exists in a different state at the beginning of the first and second stretches 

(thus explaining the associated difference in resting tensions).  However the mechanism is 

forced into similar states at the maximal displacement in each of the two stretches.  This 

would suggest that the tension responses during the shortening phases of the first two 

stretches and during both lengthening and shortening phases of subsequent identical stretch 

cycles would be the same. 

 

This interpretation is considered in more detail later in this work but is supported by the 

experimental records shown in Figures 4.8 and 4.9 which show the tension and sarcomere 

length responses of a single relaxed fibre to three consecutive identical triangular stretches.  

While there are clear differences between the responses to the first and second stretches, there 

are no consistent differences between the responses for the second and third stretches.  Indeed 

if many identical stretches are imposed on the muscle (data not shown), the only significant 

differences between consecutive responses are between the first and second; the response to 

the second stretch being identical to the responses to all subsequent stretches.  This finding 

would appear to confirm Campbell & Lakie’s suggestion that the underlying physical 
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mechanism is in an identical state at the end of the first, second and any subsequent identical 

stretch. 
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Figure 4.8.  Force and sarcomere length responses to three identical constant 
velocity triangular stretches. 

 
Single relaxed iliofibularis muscle fibre.  Stretch length ~ 0.011 l0. Stretch velocity ~ 0.011 l0 s

-1.  
The fibre had been held at a constant length for 1 minute before the first stretch was initiated.  

Temperature 5.0 ºC.   
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Figure 4.9.  XY plots of force against sarcomere length for three identical 
constant velocity triangular stretches. 

 
Same data as Figure 4.8 but plotted as an XY plot of tension against sarcomere length.  The XY 
plots proceed in a clockwise direction.  The plots for the second and third stretches are almost 

superimposed. 
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VELOCITY DEPENDENCE 

 

Hill (1968) believed that the initial phase of the non-linear tension response was essentially 

elastic since his experiments showed that the tension developed during the SREC was 

proportional to the size of the applied stretch and relatively independent of the stretch 

velocity.  More recent work e.g. Bagni et al. (1995), using faster stretch velocities than Hill, 

has shown that the tension generated during the initial phase of the non-linear response to 

these stretches is more strongly related to stretch velocity.  Such experiments suggest that the 

mechanical properties of relaxed muscle are dominated by a viscous component which 

produces a resistance to movement proportional to the rate of stretch.  Thus a thorough 

investigation of the velocity dependence of the tension responses may provide important 

evidence of the mechanisms underlying the SREC and the FRT of relaxed skeletal muscle.  

 

The range of stretch velocities used in the present work (generally 5 × 10-4 ~ 2 l0 s-1 ) was 

limited by the performance of the experimental apparatus.  The puller had a step-response 

time of ~ 2 ms and could not produce accurate triangular stretches with rise-times of less than 

~ 10 ms.  Thus the puller’s limited frequency response determined the maximum possible 

stretch velocities in the current work.  In contrast, the minimum permissible stretch velocity 

was limited by slow drift in the tension signal.  The slowest triangular stretch velocities 

normally used had rise-times of order 20 s.  If this rise-time was greatly exceeded, base-line 

tension drift would have become significant in comparison with the magnitude of the tension 

responses.  Nevertheless the range of stretch velocities used in the present work encompasses 

those which the intact muscle would normally be subjected to under physiological conditions. 

 

Figure 4.10 shows the tension and sarcomere length responses of a relaxed single fibre to 

triangular stretches of constant length but different velocity.  The tensions both at the elastic 

limit and at the extreme stretch length were substantially greater for the faster stretch velocity.  
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It is clear therefore that the magnitude of the biphasic tension response is affected by the rate 

of stretching, even at these physiological velocities.  The relationship between stretch velocity 

and the SREC stiffness, the elastic limit force and the elastic limit over a four thousand-fold 

range of stretch velocities is shown in Figures 4.11, 4.12 and 4.13 respectively. 
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Figure 4.10.  Force and sarcomere length responses of the same fibre to two 

different velocity triangular stretches. 
 

Single relaxed iliofibularis muscle fibre.  Stretch length ~ 0.009 l0. Stretch velocities ~ 0.009 and 
 0.09 l0 s

-1.  In both cases, the muscle fibre had been held at a constant length for 1 minute before 
the stretch was initiated.  Dashed line shows the tension base-line and the corresponding initial 

sarcomere length.  Temperature 6.0 ºC.   
 

 

Figure 4.11 shows the effect of stretch velocity on the SREC stiffness.  In agreement with 

several other published results (Hill, D. K., 1968; Lännergren, 1971; Campbell & Lakie, 

1995a), the initial stiffness of the SREC appears to be only weakly dependent on the 

stretching velocity over this physiological range.  It increased by a factor of approximately 

two despite a four thousand-fold increase in stretch velocity.  The observation that the SREC 

stiffness is relatively independent of the stretch velocity throughout the experimental range 

provides important evidence concerning the underlying mechanism.  If the SREC was 

dominated by a viscous component, its stiffness would increase linearly with velocity.  This 

prediction is not compatible with the present experimental results. 
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Figure 4.11.  SREC stiffness for different stretch velocities. 
 

Single relaxed iliofibularis muscle fibre.  Triangular stretch length ~ 0.009 l0.  Trials were 
repeated at fixed intervals of 1 minute.  Stiffness expressed as Young’s Modulus.  Note 

logarithmic velocity scale.  Temperature 5.5 ºC.  The solid line is a best-fit to show the trend of 
the data.  It does not imply a specific functional relationship. 

 

The elastic limit force is slightly more dependent on stretch velocity (Figure 4.12).  It 

increased by a factor of about 8 over the same four-thousand fold velocity range.  It is 

important to note however that the elastic limit force increased much more rapidly at the 

higher stretch velocities studied in this work.  Nevertheless, the tension responses, even at the 

higher end of this stretch velocity range, were very far from being directly proportional to the 

stretch velocity.  They cannot be a simple viscous response. 
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Figure 4.12.  Elastic limit force for different stretch velocities. 
 

Single relaxed iliofibularis muscle fibre.  Triangular stretch length ~ 0.009 l0.  Trials were 
repeated at fixed intervals of 1 minute.  Temperature 6.0 ºC.  The solid line is a best-fit to show 

the trend of the data.  It does not imply a specific functional relationship. 
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It is interesting to note that the elastic limit was not independent of the stretch velocity 

(Figure 4.13) but increased in a similar manner to the elastic limit force (Figure 4.12).  This is 

in agreement with other published observations (Hill, 1968; Lännergren, 1971). 
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Figure 4.13.  Elastic limit for different stretch velocities 

 
Bundle of 5 relaxed iliofibularis muscle fibres.  Triangular stretch length ~ 0.015 l0 .  Trials were 
repeated at fixed intervals of 1 minute.  Temperature 5.0 ºC.  The solid line is a best-fit to show 

the trend of the data.  It does not imply a specific functional relationship. 

 

Further confirmation that the biphasic tension response cannot arise solely from a viscous 

mechanism comes from the presence of clear elastic limit in the tension response to extremely 

slow stretches.  On several occasions, a bundle of relaxed fibres was subjected to a series of 

extremely slow stretches (< 8 × 10-6 l0 s-1 , data not shown).  These preparations exhibited a 

small, but clear biphasic SREC tension response.  The stretch velocity in these experiments 

was so low that a viscous component within the sarcomere would have produced a negligible 

resistance to movement and could not have been responsible for the non-linear tension 

response. 

 

It is also important to note that the thixotropic reduction in the resistance to a second imposed 

stretch persisted over the entire range of stretch velocities studied in the present work.  Figure 

4.14 shows the SREC stiffness values for paired stretches of different velocity.  There is a 
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highly significant reduction (p < 0.005 at each velocity, Student’s t-test, paired samples, test 

conducted separately for each velocity condition) in the SREC stiffness of the second stretch 

relative to the first stretch value across the entire velocity range. 
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Figure 4.14.  Thixotropic reduction in the SREC stiffness of paired stretches 
at different stretch velocities 

 
Bundle of 5 relaxed iliofibularis muscle fibres.  Individual trials were repeated at fixed intervals of 
1 minute and consisted of two identical triangular stretches (length ~ 0.015 l0 ) separated by 0.5 s.  
Symbols show the mean SREC stiffness (Young’s Modulus) for the first (  ) and second (  ) 
stretches respectively.  Error bars (indicating S.E.M.) are not shown where they are smaller than 

the symbols.  Temperature 5.0 ºC. 

 

In summary, the SREC appears to be only weakly dependent on the stretch velocity over the 

physiological range studied in the present work.  Experimental results obtained at the lower 

end of this range (Figures 4.11 and 4.12) show that the tension response is practically 

independent of stretch velocity.  This suggests that the tension response to these slow 

stretches is essentially elastic.  At the higher stretch velocities studied, the tension responses 

become more dependent on velocity.  However the increase in elastic limit force (Figure 4.12) 

is mirrored by a corresponding increase in the elastic limit (Figure 4.13).  Thus the SREC 

stiffness, effectively the ratio of the elastic limit force to the elastic limit, remains relatively 

constant (Figure 4.11).  This behaviour characterises a mechanical system with a limited 

elastic range, but in which the range of the elasticity increases with velocity. 
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SARCOMERE LENGTH ACCELERATION 

 

Bagni et al. (1995) attributed the velocity dependence of the first phase of the non-linear 

tension responses to the acceleration of a viscous component within the sarcomere.  It is 

interesting to note that sarcomere length acceleration could also be observed in the slower 

stretches used in these experiments (Figure 4.15). 
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Figure 4.15.  Force, sarcomere length and sarcomere length velocity for two 
identical constant velocity triangular stretches. 

 
Single relaxed iliofibularis muscle fibre.  Stretch length ~ 0.011 l0. Stretch velocity  0.011 l0 s

-1.  
Two stretches separated by 1.0 s.  The fibre had been held at a constant length for 1 minute before 
the first stretch was initiated.  The sarcomere length accelerates at the beginning of each triangular 
stretch.  The acceleration phases are marked with double-headed arrows.  Dashed lines show the 

tension base-line, the corresponding initial sarcomere length and zero velocity.  Temperature 
6.0 ºC. 

 

Figure 4.15 illustrates the sarcomere length acceleration occurring at the beginning of each 

imposed length stretch.  The velocity trace, calculated off-line by differentiating and 

subsequently smoothing the recorded sarcomere length trace, was inevitably noisy.  However 

the acceleration phase was generally more pronounced and longer-lived during the first 

stretch than in subsequent stretches. 
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CHAPTER 4 

 

TENSION CONTROL EXPERIMENTS 
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TENSION CONTROL EXPERIMENTS 

 
Roberts (1963) described a series of experiments in which the mechanical properties of the 

soleus muscle of a decerebrate cat were measured using both length and tension changes.  He 

distinguished between the two experimental conditions; under length control, the muscle’s 

length was  “ imposed ”  whereas under tension control the muscle had  “ freedom to take up 

its own length ” .  Thus he described length control experiments as ‘imposed stretches’ and 

tension control experiments as ‘applied pulls’.   

 

This chapter describes a relatively small number of experiments in which the fibre and 

sarcomere length responses of relaxed muscle fibres were measured in response to applied 

tension pulls.  (In the present work, the term ‘pull’ is used to indicate an applied tension 

change irrespective of whether the tension is increasing or decreasing.)  The experiments 

were performed in May and June, 1997 using both single fibres and small bundles of fibres 

isolated from the iliofibularis and semitendinosus muscles of Rana temporaria. 

 

The present experiments were planned with two main aims: first, to explore the relationship 

between the SREC and previous descriptions of thixotropic behaviour observed under tension 

control conditions (Buchthal & Kaiser, 1951; Lakie & Robson, 1988a, b, c, 1990) and 

secondly to investigate the elastic nature of the SREC.  Additionally, in a limited number of 

experiments, the time-course of thixotropic recovery was measured by varying the time 

interval between two identical tension pulls.  An attempt was also made to characterise the 

velocity dependence of the tension responses but the range of velocities which could be used 

was severely limited by the frequency response of the puller. 

 

The experimental procedures used were identical to those described in Chapter 3 except that 

the length control puller was replaced by the tension control puller described in the following 
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section.  All of the experiments described in this chapter pulled muscle fibres from an initial 

mean sarcomere length in the range 2.1  2.4 µm. 

 



100 

PULLER 

 

The experiments described in this chapter required apparatus which could apply tension pulls 

to a relaxed muscle fibre.  In principle, it would have been possible to adapt the existing 

length control puller (Chapter 3) for this purpose by controlling it with a feedback signal 

derived from the force transducer.  However, in practice, it proved simpler to construct a 

dedicated tension control puller. 

 

The tension control puller used in these experiments (Figure 4.1) was constructed from a 

modified moving iron ammeter (0-1 A, 700 m, 259-505, RS, UK).  The ammeter consisted 

of a small iron mass attached to a shaft mounted in low-friction PTFE bearings.  The mass 

was surrounded by a wire coil (diameter 24 mm) which was coaxial with the shaft.  Current 

passing through the wire coil created a magnetic field which interacted with the iron mass and 

generated a torque which caused the shaft to rotate.  Over a limited range of movement, the 

magnitude of the torque was directly proportional to the current passing through the coil.  

Thus by controlling the coil current with a feedback mechanism, a light lever arm attached 

directly to the shaft could be used to apply a precisely controlled force directly to one end of 

the muscle. 

 

The mechanical response of the tension puller to an input signal was dominated by its 

relatively high inertia.  This limited the tension puller’s frequency response.  In the present 

experiments, the rate of change of tension was normally maintained below approximately 5 

µN s-1  to prevent under-damped oscillation.  Other than its inertia, the main factor 

influencing the mechanical response of the tension puller was the static friction in the PTFE 

bearings.  This was measured in a simple experiment.  The force transducer was linked to the 

puller by a length of fine silk thread and a graph was plotted of the measured tension against 

the puller current.  A regression line fitted to the experimental data was then extrapolated 
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back to zero current.  The y intercept (which corresponds to the static friction) was less than 

0.1 µN.  This was probably insignificant in comparison with the applied tension pulls. 

 

Wire hook
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Displacement transducer

Wire coil

Moving iron shaft

Transducer target

 
 

Figure 4.1.  Tension puller 
 

A stainless steel hook was glued with cyanoacrylate adhesive to the original ammeter pointer.  The 
hook extended approximately 30 mm below the ammeter shaft.  As in the case of the force 

transducer, the hook was arranged to form a footplate which supported the weight of the gold clip 
gripping the muscle’s tendon.  A 30 mm length of tinned copper wire (24 s.w.g., 355-085, RS, 

UK) was glued to the ammeter shaft and formed the target for the contactless, eddy-current 
displacement transducer used to measure fibre length.  Not shown for reasons of clarity in this 

diagram, is a further length of tinned copper wire strategically positioned to counter-balance the 
wire hook. 

 

The tension puller was controlled by an analogue servo-mechanism (Figure 4.2 and 

Appendix 1) which generated a tension in the muscle proportional to a command voltage 

derived from a 12-bit DAC device (1401, Cambridge Electronic Design, UK - see Chapter 3 

for further details).  The servo-mechanism utilised a feedback voltage derived from the force 

transducer output.  This ensured that the force applied to the muscle was linearly related to 

the input command voltage and was not influenced by either the puller’s inertia, or the slight 

unbalanced forces resulting from the changing orientation of the puller arm. 

 

Fibre length was measured in these tension control experiments using a contactless, eddy-

current displacement transducer (Model 502-F, Graham & White Instruments, St.Albans, 

Herts, UK).  The transducer (working range ~ 4 mm, resolution ~ 1 µm) monitored the 

displacement of the wire arm shown in Figure 4.1.  As in the case of the length control 

experiments (Chapter 4), sarcomere length was continually monitored using a laser diffraction 

technique. 
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Figure 4.2.  Schematic diagram of tension control servo-mechanism 
 

The force generated by the tension puller was controlled by an analogue servo-mechanism 
(Appendix 1), the gain of which was set by the value of the negative feedback resistor.  The input 

to the amplifier was derived from the summation of three voltage signals: the force bias, the 
command voltage and the feedback signal.  The force bias controlled the minimum tension 

generated by the puller.  Adjusting this voltage changed the initial sarcomere length of the muscle 
before a pull was applied.  The command voltage was controlled by a 12-bit DAC device (1401, 

Cambridge Electronic Design, UK - see Chapter 3 for further details).  This allowed pre-
programmed pulls of variable size and velocity to be applied to the muscle.  The third input to the 
amplifier was a feedback signal derived from the filtered force transducer output.  This feedback 
signal ensured that the puller generated a tension in the muscle which was linearly related to the 

command voltage  
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REPEATED TENSION PULLS 

 

Figure 4.3 is an example of the fibre and sarcomere length responses of an isolated relaxed 

single skeletal muscle fibre to a pair of identical triangular tension pulls.  (Figure 4.3 should 

be compared with the analogous length control experiment shown in Figure 4.1).  The 

biphasic nature of the response can be seen in both the fibre and sarcomere length traces. 
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Figure 4.3.  Fibre and sarcomere length responses to two identical triangular 
tension pulls. 

 
Single relaxed iliofibularis muscle fibre.  Pull magnitude ~ 3.5 µN.  Pull velocity ~ 3.5 µN s-1 .  
Two pulls separated by 0.5 s.  Note that, as in the length control diagrams, in this figure and all 
subsequent figures in this chapter, tension values were measured from a base-line (arbitrarily 

assigned to be zero force) which corresponded to the mean resting tension in the 0.5 second period 
preceding the first pull.  Dashed lines show the tension base-line and the corresponding initial 

sarcomere and fibre length values.  The fibre had been held at a constant tension for a period of 1 
minute before the first pull was initiated.  The biphasic nature of the response is shown by the 

sudden increase in the velocity of sarcomere and fibre lengthening as tension is increased above a 
critical value.  The initial slow lengthening phase corresponds to the SREC.  Temperature 6.0 °C. 

 

Following the commencement of the first tension pull, the muscle extended relatively slowly 

and approximately linearly in response to the increasing tension.  This first phase of the 

response is attributed to the SREC.  A relaxed skeletal muscle thus behaves as a stiff elastic 

element during the first stages of an imposed movement of physiological velocity.  In length 

control experiments, this elasticity produces a disproportionately large increase in tension; in 
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tension control experiments, the high stiffness results in a disproportionately small increase in 

length. 

 

As the tension pull continued, there was a sharp change in the slope of the fibre and 

sarcomere length responses.  This transition marked the elastic limit of the SREC.  Beyond it, 

the muscle lengthened more rapidly, and the same increment in tension produced a much 

greater increase in length than during the initial SREC phase.  The muscle reached a 

maximum length at the extreme applied tension. 

 

As tension was reduced during the second half of the triangular pull, the muscle shortened 

and exhibited a similar biphasic length response to that observed during lengthening.  The 

discontinuities during shortening were less pronounced than during lengthening (however see 

Figure 4.4 and accompanying text for further discussion). 

 

At the end of the first triangular pull, the muscle’s tension was restored to its original value 

(Figure 4.3).  Despite this, the muscle did not entirely recover its initial resting length, a 

phenomenon which was particularly noticeable in the fibre length trace.  The second tension 

pull, commenced after an inter-pull interval of 0.5 s and produced sarcomere and fibre length 

responses which were qualitatively similar to those observed during the first pull.  Relative to 

the first pull however, the muscle extended more rapidly during the initial SREC phase.  This 

consistent finding is indicative of a thixotropic reduction in the fibre’s stiffness.  In some 

experiments, the muscle extended to a slightly greater length during the second pull than 

during the first. 

 

It is important to note that if the SREC response was attributed to a viscous component within 

the sarcomere, an increasing tension pull would result in a continually accelerating length 

response.  This is clearly not compatible with the experimental results described here. 
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A COMPARISON OF THE LENGTH RESPONSES TO LENGTHENING 

AND SHORTENING TENSION PULLS 

 

Figure 4.4 shows a typical example of the sarcomere length responses of a single relaxed 

muscle fibre to two triangular tension pulls - one where lengthening preceded shortening and 

the other where shortening preceded lengthening.  In both triangular pulls, a clear biphasic 

sarcomere length response could be seen during both lengthening and shortening. 

 

0 1 2 3Time (s)

2.13

2.17

Sarcomere
Length

(µm)

-6

0

6

Force
(µN)

 
 

Figure 4.4.  Sarcomere length responses to triangular tension pulls of 
opposite polarity. 

 
Single relaxed iliofibularis muscle fibre.  Bold lines show the tension and sarcomere length 

responses to a triangular pull where lengthening preceded shortening.  Thin lines show responses 
to a triangular pull where shortening preceded lengthening.  Pull magnitude ~ 4 µN.  Pull velocity 
~ ± 4 µN s-1 .  Dashed lines show the tension base-line and the mean of the corresponding initial 

sarcomere lengths for the two traces.  The fibre had been held at a constant tension for a period of 
1 minute before each pull was applied.  The sarcomere length records are effectively mirror 

images.  This indicates that the muscle has similar mechanical properties for both lengthening and 
shortening.  Temperature 7.0 C. 

 

In the tension pull where lengthening preceded shortening, the biphasic nature of the 

sarcomere length response was more evident during the initial lengthening portion of the pull 

than during the subsequent shortening phase.  Conversely, when shortening preceded 

lengthening, the SREC was more sharply delineated in the initial shortening phase.  These 

results show that a relaxed muscle fibre presents a stiff elastic resistance to movement both 



106 

during the initial stages of an applied movement, and when the direction of movement is 

reversed.  However, the elastic resistance is not constant.  The SREC of relaxed skeletal 

muscle is stiffer during the first applied tension change after a period at a fixed tension, than 

if the SREC is revealed by a change in the direction of movement. 

 

In summary, these tension control experiments show that, as in length control experiments, 

clear SREC behaviour can be observed during both lengthening and shortening.  The biphasic 

nature of the length response is most evident during the first applied tension change after a 

period at stationary rest, regardless of the direction of movement. 
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DATA ANALYSIS 

 

As in the case of the length control experiments, the SREC stiffness and elastic limit were 

calculated from the tension and fibre length traces.  The fibre length traces were used in 

preference to the sarcomere length traces because they provided a more consistent and 

reliable record of muscle length throughout the duration of each experiment. 

 

The output voltage of the eddy current displacement transducer used to measure fibre length 

was not linearly related to the position of the wire hook.  (This non-linearity was not 

unexpected - it follows as a consequence of the electromagnetic theory on which the 

transducer is based.)  A careful calibration procedure was thus required.  The following 

procedure was performed immediately after each experiment.  The optical projection system 

described in Chapter 3 was used to measure the linear displacement of the wire hook at a 

minimum of 15 positions distributed evenly throughout the full range of movement.  The 

corresponding displacement transducer output voltage was noted at each position.  A least-

squares minimisation routine (Fig.P, Biosoft, Cambridge, UK) was then used to fit a high-

order polynomial to the calibration data.  The actual fibre length could then be calculated 

directly from the recorded voltage trace using the polynomial calibration function. 

 

This calibration procedure, though relatively simply, required enhanced computational power, 

and the analysis algorithms were implemented entirely in the C-programming language.  The 

experimental records were displayed as XY plots of tension against fibre length.  A simple 

linear regression technique was then used to fit best-fit lines to the two phases of the 

response.  The analysis procedure is schematically illustrated in Figure 4.5. 
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Figure 4.5.  Schematic illustration of the technique used to calculate the 

SREC stiffness, the elastic limit and the elastic limit force. 
 

XY plot of tension against fibre length for a single relaxed semitendinosus muscle fibre subjected 
to an applied tension pull.  Regression lines (dashed lines superimposed on experimental records) 
were fitted separately to the two phases of the response using a least-squares minimisation routine.  

The SREC stiffness was calculated from the gradient of the regression line fitted to the initial 
phase of the response.  The extent of the SREC was identified by the elastic limit point which was 
defined as the intersection of the two regression lines.  The elastic limit (L) was calculated from 

the fibre length increment at the elastic limit point.  Similarly, the elastic limit force (F) was 
calculated from the corresponding force increment. 

 

The limited number of tension control experiments performed in the present work produced 

mean values for the SREC stiffness, the elastic limit and the elastic limit force as 1.22 × 105 

N m-2 (± 0.47 × 105 N m-2 S.E.M. , Young’s Modulus), 0.70 % l0 (± 0.53 % l0 S.E.M.) and 433 N 

m-2 ( 203 N m-2 S.E.M.) respectively (n = 49 observations from 4 preparations, pull velocity ~ 

4 µN s-1 , mean sarcomere length  2.2 µm, minimum pre-pull interval 1 minute).  The mean 

elastic limit force corresponded to  2.2 µN per fibre.  Care is necessary in interpreting the 

statistical significance of these experimental results due to the relatively small number of 

preparations.  However it is important to note that the numerical values for the SREC 

stiffness, the elastic limit and the elastic limit force are in good agreement with those obtained 

under length control conditions. 

 



109 

THE TIME-COURSE OF THIXOTROPIC RECOVERY 

 

The length responses shown in Figure 4.3 demonstrate that the SREC provides less resistance 

to extension during the second pull than during the first.  This is an example of thixotropic 

behaviour.  The time-course of the thixotropic recovery was measured (as in the length 

control stretches described in Chapter 4) by varying the time interval between two identical 

tension pulls.  Typical results are shown in Figures 4.6 and 4.7. 
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Figure 4.6.  Elastic limit force recovery following an initial pull. 
 

Single relaxed iliofibularis muscle fibre.  Individual trials were separated by a fixed period of 1 
minute and consisted of two identical triangular tension pulls of magnitude  4 µN, velocity   4 
µN s-1 separated by a variable time interval.  Symbols show the mean elastic limit force ( S.E.M.) 

for the second pull.  Dashed line shows the mean elastic limit force for the first pull.  This was 
independent of the inter-pull interval.  Temperature 7.0 C. 

 

The thixotropic time-course revealed by these tension-control experiments was similar to the 

analogous length control result previously described in Chapter 4.  Unless the two identical 

tension pulls were separated by a period of many seconds, both the elastic limit force and the 

SREC stiffness were reduced relative to their corresponding first pull values (Figures 4.6 and 

4.7 respectively).  As in the length control experiments, the maximal reduction did not occur 

when the second pull followed immediately after the first.  Rather the largest thixotropic 

reduction in the elastic limit force and SREC stiffness occurred when the two pulls were 

separated by a period of  1 s. 
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In the length control stretches, the maximum reduction occurred after a shorter inter-stretch 

interval of  0.1 s.  Unfortunately, because only a small number of tension control 

experiments were performed, it is not yet possible to tell whether this is a statistically 

significant difference.  If this difference was confirmed in subsequent experiments, it may 

reveal an important distinction between the responses to length stretches and tension pulls. 
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Figure 4.7.  SREC stiffness recovery following an initial pull. 
 

Single relaxed iliofibularis muscle fibre.  Individual trials were separated by a fixed period of 1 
minute and consisted of two identical triangular tension pulls of magnitude  4 µN, velocity  4 
µN s-1 separated by a variable time interval.  Symbols show the mean SREC stiffness ( S.E.M., 
Young’s Modulus, error bars not shown where they are smaller than the symbol) for the second 
pull.  Dashed line shows the mean SREC stiffness for the first pull.  This was independent of the 

inter-pull interval.  Temperature 7.0 C. 
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XY PLOTS OF TENSION AGAINST LENGTH 

 

Both the biphasic nature of the sarcomere length response, and the thixotropic reduction in 

the SREC stiffness are clearly evident when the experimental records are plotted as an XY 

plot of tension against sarcomere length as in Figure 4.8. 
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Figure 4.8.  XY plot of force against sarcomere length for two triangular 
tension pulls. 

 
Single relaxed iliofibularis muscle fibre.  Pull magnitude  5 µN.  Pull velocity  5 µN s-1 .  Two 

pulls separated by 0.1 s.  The fibre had been held at a constant tension for 1 minute before the first 
pull was initiated.  The XY plots proceed in a clockwise direction.  Temperature 6.0 C. 

 

A further advantage of the XY plot is that it highlights the failure of the muscle to recover its 

initial sarcomere length in the short time interval between the two pulls, even though the 

tension was reduced to its pre-pull value.  This phenomenon confirms that the mechanical 

properties of relaxed muscle are not purely elastic in origin.  In an elastic system, the tension 

and resting length of the muscle would be linearly related.  In contrast, a relaxed skeletal 

muscle’s length is not defined uniquely by its resting tension. 

 

It is interesting to compare the different XY plots of tension against sarcomere length 

obtained using the length and tension control techniques (Figures 4.7 and 4.8 respectively).  

In the length control experiments, the plastic nature of the tension response is demonstrated 

by the temporary reduction in resting tension following the first stretch.  Conversely, in the 
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tension control experiments, the plasticity of the response is shown by the muscle’s failure to 

recover its initial sarcomere length immediately after the first pull.  These two different 

effects are likely to be manifestations of the same underlying mechanism. 

 

Figure 4.9 shows the XY plots of tension against sarcomere length for three identical 

triangular tension pulls, each separated by 0.5 s.  Although there is a clear thixotropic 

reduction in the SREC response between the first and second pulls, the second and third pulls 

are effectively superimposed.  This finding supports the suggestion of Chapter 4 that the 

mechanism underlying the SREC response exists in an identical state at the end of the first, 

second and any subsequent identical stretch. 
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Figure 4.9.  XY plot of force against sarcomere length for three triangular 
tension pulls. 

 
Single relaxed iliofibularis muscle fibre.  Three identical triangular tension pulls, each separated 
by 0.5 s.  Pull magnitude ~ 4 µN.  Pull velocity ~ 4 µN s-1 .  The fibre had been held at a constant 

length for a period of 1 minute before the first pull was initiated.  The XY plots proceed in a 
clockwise direction.  The small amount of sarcomere shortening seen immediately after the first 
pull is initiated is almost certainly an artefact.  It was not a consistent finding of the experimental 

work and is not considered to be of physiological significance. Temperature 7.0 C. 
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VELOCITY DEPENDENCE 

 

The limited frequency response of the tension puller used in the present work dictated that the 

velocity dependence of the length responses could only be ascertained over a very small range 

of pull velocities.  The experimental results obtained are summarised in Figures 4.10, 4.11 

and 4.12. 
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Figure 4.10.  SREC stiffness for different pull velocities. 
 

Single relaxed semitendinosus muscle fibre.  Pull magnitude  4.5 µN.  Symbols show the mean 
SREC stiffness ( S.E.M., Young’s Modulus) at each pull velocity.  Trials were repeated at fixed 

intervals of 1 minute.  Temperature 6.0 C. 

 

Figure 4.10 shows the effect of pull velocity on the SREC stiffness.  Since it was the fibre’s 

tension rather than its length which was the controlled variable in these experiments, the data 

points are plotted against the rate of tension rise in µN s-1 .  However it is important to note 

that these tension pulls produced stretch velocities of the order of 0.01 l0 s-1 .  The SREC 

stiffness showed only a slight increase over the ten-fold increase in pull velocity. 
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Figure 4.11.  Elastic limit force for different pull velocities. 
 

Single relaxed iliofibularis muscle fibre.  Pull magnitude  5 µN.  Symbols show the mean elastic 
limit force  ( S.E.M.) at each pull velocity.  Trials were repeated at fixed intervals of 1 minute.  

Temperature 5.5 C. 

 

Neither the elastic limit force (Figure 4.11) nor the elastic limit itself (Figure 4.12) appeared 

to increase linearly with pull velocity.  Indeed (although the data are relatively noisy and 

further experiments would need to be performed before definite conclusions could be drawn), 

the length responses seemed relatively insensitive to pull velocity over the limited range of 

velocities studied in these experiments.  Thus the results of these tension control experiments 

are in general agreement with those described in Chapter 4 which were obtained using a 

wider range of stretch velocities under length control conditions. 
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Figure 4.12.  Elastic limit for different pull velocities. 
 

Single relaxed semitendinosus muscle fibre.  Pull magnitude  4.5 µN.  Symbols show the mean 
elastic limit ( S.E.M.) at each pull velocity.  Trials were repeated at fixed intervals of 1 minute.  

Temperature 6.0 C. 
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ELASTIC RECOIL 

 

Recent experimental evidence e.g. Bagni et al. (1995) has suggested that the non-linear 

tension response to fast length control stretches has viscous properties which are not 

consistent with Hill’s suggestion (1968) that the SREC is an essentially elastic response.  In 

principle, a simple experiment carried out under tension control conditions could clarify the 

visco-elastic nature of the non-linear tension response.  An elastic element, subjected to a pull 

where tension increased to a pre-set level before abruptly falling to zero would recoil when 

the tension was reduced.  Conversely, an entirely viscous element could not develop a 

restoring force and hence could not recover its initial length.  The possibility of carrying out 

this type of experiment was one of the main justifications for building a tension control puller. 

 

Unfortunately the low frequency response of the tension puller used in these experiments 

meant that force could not be cut instantaneously.  Rather, tension fell with an under-damped 

oscillatory profile and did not reach a steady base-line until after a period of  500 ms (Figure 

4.13).  Consequently, the results of these simple recoil experiments could not be interpreted 

unambiguously.  However it is important to note that the muscle length remained in phase 

with the measured tension during the recoil (Figure 4.13).  Furthermore, during the oscillatory 

phase, sarcomere length and tension remained phase locked.  This was also the case if the 

tension was cut before the muscle had been pulled beyond its elastic limit.  This mechanical 

behaviour is fully compatible with that of a predominantly elastic system. 

 



116 

0 1 2 3Time (s)

2.38

2.41

Sarcomere
Length

(µm)

-3

0

5

Force
(µN)

 
 

Figure 4.13.  Elastic recoil of sarcomere length following a reduction in 
tension. 

 
Single relaxed iliofibularis muscle fibre.  Pull magnitude  5 µN.  Pull velocity  5 µN s-1 .  The 
command voltage controlling the tension puller servo-mechanism was reset to zero force after 

1.0 s of pulling.  The low frequency response of the tension puller resulted in a period of under-
damped oscillation.  During this oscillatory period, sarcomere length and tension varied in phase.  
Furthermore, by plotting tension against sarcomere length in an XY diagram, it could be seen that 

tension and sarcomere length were linearly related during the oscillatory phase.  This is 
characteristic of a predominantly elastic response. 
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CHAPTER 5 

 

A THEORETICAL MODEL 
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A THEORETICAL MODEL 

 

THE CROSSBRIDGE POPULATION DISPLACEMENT 

MECHANISM 

 

A theoretical model, the Crossbridge Population Displacement Mechanism, which simulates 

the response of a relaxed skeletal muscle to an imposed length control stretch has been 

developed.  The Mechanism (which may be regarded as a quantitative development of Hill’s 

(1968) qualitative ‘working hypothesis’) is based on the assumption that the SREC and the 

FRT arise as a manifestation of a small number of slowly cycling crossbridges which link the 

actin and myosin filaments in a relaxed muscle.  It predicts four variables - the measured 

tension, the internal crossbridge force, the proportion of attached crossbridges and the mean 

sarcomere length - at any instant in an imposed stretch protocol. 

 

In principle, the underlying structure of the Crossbridge Population Displacement Mechanism 

can also be used to calculate the response of a relaxed skeletal muscle to an applied tension 

control pull.  Unfortunately, the first attempts to develop the computer source code needed for 

the numerical simulations encountered unforeseen computational problems.  (Oscillations in 

sarcomere length due to quantal changes in the crossbridge force led, as a result of positive 

feedback due to the stretch enhancement mechanism, to an escalating crossbridge population 

and consequent mechanical instability.)  These computational problems arise entirely as a 

result of the numerical techniques used in the simulation algorithm.  It is anticipated that they 

could be overcome either by refining the algorithm or by using enhanced computational 

power to reduce truncation errors inherent in the calculations.  However, it was not possible 

to overcome these problems in the limited time available.  Nevertheless, it is important to 

emphasise that the experimental results obtained under tension control conditions are 
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analogous to those obtained under length control conditions and are not in conflict with the 

conceptual predictions of the Crossbridge Population Displacement Mechanism. 

 

The Mechanism consists of three mechanical components: a crossbridge component, a 

parallel elastic component and a series elastic component (Figure 6.1).  This three component 

structure has previously been used to analyse experimental data (Haugen & Sten-Knudsen, 

1981a).  However the mathematics underlying the crossbridge component (and thus the 

model’s predictive ability) have been entirely developed during the course of this work. 

 

Fibre Length

Crossbridge
Component

Parallel Component

Series Component

A) kp

Fcb

F

B)

Xp Xs

ks

X  
 

Figure 6.1.  Three component model. 
 

A)  The series elastic component represents the tendon attachments.  The parallel elastic 
component represents the effect of the sarcolemma, sarcoplasmic reticulum, titin filaments and 

other passive mechanical structures within the sarcomere.  The parallel and series components are 
modelled as linear springs.  The crossbridge component is more complicated and simulates the 

crossbridge interactions between a lattice of actin and myosin filaments.  It acts both as a tension 
generator and a short range elastic element.  B)  The model’s state is defined by the parallel 

component length  Xp  , the parallel component stiffness  kp  , the series component length  Xs  , the 
series component stiffness  ks  and the crossbridge force  Fcb.  The overall fibre length  X  and 
tension  F  are defined in terms of these parameters.  The parallel component length  Xp  in the 

simulation corresponds to the mean sarcomere length of a real muscle. 

 

The parallel elastic component represents the effect of titin filaments, the sarcolemma, the 

sarcoplasmic reticulum and other non-crossbridge components.  Its length  Xp  is analogous to 

the mean sarcomere length of a relaxed muscle fibre.  The series elastic component represents 

the mechanical effect of the tendon connections.  The overall muscle length  X  corresponds to 

the measured fibre length. 
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NUMERICAL SIMULATION 

 

It is axiomatic that tension is continuous throughout the three component model.  Following 

the nomenclature defined in Figure 6.1, the tension  F  in the muscle is given as 

 

 F k X k X Fs s p p cb      (6.1) 

 

subject to the constraint that 

 

 X X Xp s   (6.2) 

 

The non-linear behaviour of the three component model arises from the internal crossbridge 

force  Fcb .  The model predicts this force by simulating the response of a large population of 

identical crossbridges, each acting as a linear spring of stiffness  kcb .  Although in reality 

crossbridge interactions would occur at many sites along the actin and myosin filaments, the 

simulation regards all actin binding sites as equivalent and the state of an individual attached 

crossbridge is defined solely by its displacement  x  from a position of zero strain.  These 

crossbridges generate a small force acting in such a direction as to increase filament overlap - 

the FRT. 

 

Even in active muscle, the precise way in which crossbridges generate force is presently 

uncertain (Block, 1995; Simmons, 1995).  It is not the aim of this model to explain the 

crossbridge dynamics which generate the FRT but there are at least two possible mechanisms.  

A small proportion of the attached crossbridges might undergo a power-stroke and generate 

tension as a result of a conformational change.  Alternatively the crossbridges could possess a 

slight binding asymmetry.  If a crossbridge population were to be bound symmetrically 

around a mean displacement  x0  , a population of  n  crossbridges would produce a 
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crossbridge force  n·kcb·x0  .  These two mechanisms do not produce greatly different 

theoretical predictions for the SREC and the FRT.  Since the second mechanism is a single-

stage process which can be modelled with fewer independent parameters, the author has opted 

to explain the FRT in this work as a result of a slight crossbridge binding asymmetry rather 

than as a result of a sub-population of power-stroking crossbridges. 

 

It is assumed that the physical size of the crossbridge head must limit the maximum 

crossbridge displacement at which filament interaction can take place.  This limit is set in the 

model by the parameter  xmax .  Not all crossbridges within interaction range are bound.  

Rather, individual crossbridges bind with an attachment rate constant  a  which is relatively 

low and is limited by factors including binding site availability and crossbridge configuration 

and orientation.  The attachment rate constant  A  for crossbridges with displacements 

between  x  and  x  +  x  binding between stationary filaments is thus given by a constant  A0  

which is the product of the attachment rate constant  a  for an individual crossbridge binding 

to a single binding site and the number of binding sites within interaction range i.e. 

 

 
A a

x
y

x x x x x0
max

0 max 0 max 


   



2

0

for

elsewhere

   
 (6.3) 

 

where  y  represents the mean actin binding site spacing (Figure 6.2).  The model assumes that 

although the probability of an individual crossbridge attaching to the actin filament is 

relatively low, if attachment does take place, it does so instantaneously.  This suggests that if 

there is relative movement between the filaments, the probability of an individual crossbridge 

attaching increases with the number of binding sites passing within interaction range (Figure 

6.2).  Thus, if in a period of one second, each crossbridge moves a distance    , and thus 

passes    binding sites, the attachment rate constant  A  is given by 
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 (6.4) 

 

where  v  is the interfilamentary sliding velocity expressed as the number of interaction ranges 

traversed per second.  Thus the attachment rate constant is increased by an amount 

proportional to the interfilamentary velocity.  This is described as ‘stretch enhancement’. 

 

A)

B)

2 xmax



y
Actin

Myosin
Crossbridge

Binding site

 
 

Figure 6.2.  Stretch enhancement mechanism 
 

A)  Each crossbridge can interact (with low probability) with any binding site within  xmax .  The 
mean actin binding site spacing is given by  y .  B)  If, in a time interval of 1 second, the filaments 
are displaced a relative distance   , the probability of a crossbridge attaching to the thin filament 

increases in direct proportion to the number of binding sites passed.  Thus, although the 
probability of an interaction with a specific binding site is not increased, the probability of an 

interaction between the filaments increases in direct proportion with the interfilamentary velocity. 

 

The model only predicts a SREC response with a minimal velocity dependence over a 

physiological range (see Chapter 4) if highly strained crossbridges (both in extension and 

compression) detach more quickly than unstrained crossbridges.  The author has opted to 

model the strain dependence of the detachment rate constant  D(x)  as a parabolic relationship.  

Thus 

 



123 

 D x D x x( ) ( )   0 0 2  (6.5) 

 

where  D0  is the rate constant for spontaneous crossbridge detachment and    is a constant.  

The dependence of the attachment and detachment rate constants on crossbridge displacement 

is  illustrated in Figure 6.3.  It is important to emphasise that no particular physiological or 

thermodynamic significance is attached to the form of the attachment and detachment rate 

constants used in these simulations.  They have been chosen as the simplest relationships 

consistent with the experimental observations.  It is likely that the match between the 

theoretical predictions and the experimental results could be improved by a judicious 

optimisation of the rate constants.  However, this process would not affect the relevance of 

the arguments presented in this work. 
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Rate
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0        max

D
0
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0

0

 
 

Figure 6.3.  Attachment and detachment rate constants for different 
crossbridge displacements. 

 
Both the attachment and detachment rate constants are dependent on the crossbridge displacement.  

The detachment rate is parabolic and offset around  x0 .  The attachment rate is also symmetric 
around  x0  but is constant over the defined interaction range and zero elsewhere.  The magnitude 
of the attachment rate constant is given by A0  if the filaments are stationary but is increased by 

interfilamentary movement.  See Figure 6.2. 

 

The attachment and detachment rate constants define the number of crossbridges  n(x,t)  

bound with a displacement between  x  and  x + x  at time  t  through the partial differential 

equation 
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  (6.6) 

 

where  N  represents the total number of crossbridges available to take part in the interaction.  

This equation does not produce a simple analytic solution for  n(x,t)  for an arbitrary stretch.  

However, if the crossbridge population is left undisturbed for a long period of time, the 

crossbridge population evolves to a steady-state equilibrium distribution and  n(x,t)  is thus 

independent of time.  This simplifies equation 6.6 and an expression for the equilibrium 

distribution  neq(x)  can be obtained. 

 

The number of crossbridges  neq(x)  bound at equilibrium with displacements between  x  and  

x + x is given by 
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where the total number of bound crossbridges is given by 
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 (6.8) 

 

Thus, since  D(x)  is parabolic, the steady state crossbridge distribution  neq(x)  has a 

Lorentzian profile (Figure 6.4). 

 

The force contributed by the crossbridge component depends on the crossbridge distribution 

and is calculated for an arbitrary distribution  n(x,t)  by the integral 
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 F t n x t x k xcb cb( ) ( , )  


   (6.9) 

 

The crossbridge force generated by the steady-state equilibrium distribution can be calculated 

from equation 6.9 by substituting the equilibrium distribution  neq(x)  for  n(x,t) .  This allows 

the initial configuration of the three component model to be set (from equations 6.1 and 6.2) 

once the initial muscle length and the parallel and series elastic stiffnesses have been defined.  

Simulations proceed from this stable equilibrium state in a series of discrete time steps.  

Imposed length changes strain the crossbridge component and the evolution of the 

crossbridge distribution (and thus the state of the three component model) following these 

perturbations is calculated by integrating the governing differential equation (equation 6.6) 

and recalculating the new component lengths and tensions (equations 6.1, 6.2 and 6.9).  This 

was achieved in practice by translating the simulation algorithm into source code for the C 

programming language and running the simulations on a PC.  (A copy of the source code used 

is included in this work as Appendix 2.)  The differential equations were numerically 

integrated using a fourth-order Runge-Kutta technique (Press, Teukolsky, Vetterling & 

Flannery, 1992). 

 

Figure 6.4 shows an illustrative example of the redistribution of the crossbridge population 

during an imposed stretch from the equilibrium Lorentzian profile to the skewed, but steady-

state distribution maintained by the sustained interfilamentary movement. 
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Figure 6.4.  Redistribution of the crossbridge population during an imposed 
stretch. 

 
The surface plot is an illustrative example of the redistribution of a crossbridge population during 

an imposed lengthening stretch (0.02 l0 s
-1 starting at t = 0).  The vertical y-axis indicates the 

number of crossbridges at a given displacement (expressed in arbitrary units).  The horizontal x-
axis shows the corresponding crossbridge displacement in metres.  The  z-axis, running ‘into’ the 

page, shows the stretch time in seconds.  The crossbridge population is redistributed from a 
Lorentzian profile symmetrical around x0 at time t = 0, to a skewed but steady-state distribution 

maintained by the sustained stretch.  This surface plot is an approximation to the crossbridge 
redistribution predicted by the Crossbridge Population Displacement Mechanism.  The real 
numerical simulations used much smaller time-steps and a far greater number of possible 

crossbridge displacements to produce a smoother redistribution than that illustrated here.  It is 
interesting to note (though not clear from this diagram) that the stretch enhancement mechanism 

dictates that the crossbridge population at some displacements may be increased above its 
equilibrium value if the imposed stretch is sufficiently fast. 
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ASSUMPTIONS INHERENT IN THE CROSSBRIDGE POPULATION 

DISPLACEMENT MECHANISM 

 

The Crossbridge Population Displacement Mechanism is a mathematical model which can be 

used to predict the mechanical responses of a relaxed skeletal muscle to imposed length-

control stretches.  It attributes the SREC and the FRT to a small number of slowly-cycling 

crossbridges.  The Mechanism makes five simple assumptions concerning the mechanical 

behaviour of these crossbridge (Table 6.1). 

 
Table 6.1. Assumptions underlying the proposed Crossbridge Population Displacement 

Mechanism 

 
1) In a relaxed muscle, the actin and myosin filaments are linked by a relatively small number 

of crossbridges, each of which behaves as a linear spring for both extension and 
compression. 

 
2) Only crossbridges with displacements corresponding to a defined interaction range can 

bind between the filaments.  The attachment probability is independent of displacement 
within this interaction range but is increased by interfilamentary movement. 

 
3) Unstrained crossbridges are stable and relatively long-lived, whereas crossbridges with 

high strains detach more rapidly. 
 
4) Interfilamentary displacement skews the crossbridge distribution. 
 
5) The mean crossbridge displacement of an undisturbed population is slightly positive.  This 

bias produces a force which acts to increase filament overlap and contributes to the 
muscle’s resting tension. 

 

 

None of these assumptions are incompatible with the known mechanical properties of 

strongly-bound crossbridges.  However, it is clear, as discussed in Chapter 2, that the 

observed mechanical properties cannot be attributed to rapidly cycling, weakly-bound 

crossbridges. 
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Several other comments should be made concerning the numerical simulations presented in 

this work. 

 

 

Number of sarcomeres 

 

Most existing mathematical models of muscle contraction infer whole muscle responses from 

crossbridge parameters e.g. Huxley (1957), Huxley & Simmons (1971), Schoenberg (1985).  

Others e.g. Luo, Cooke & Pate (1993) include the effect of series elastic elements, but 

relatively few e.g. Allinger, Epstein & Herzog (1996) compute the response of multiple 

sarcomeres in series.  In preliminary feasibility studies, the Crossbridge Population 

Displacement Mechanism was extended to simulate the response of up to five serial 

sarcomeres.  The predictions of this extended model were not significantly different from 

those obtained using a single sarcomere model.  Since simulating the response of serial 

sarcomeres considerably increases both the computational time and complexity, the model 

presented here is based on a single sarcomere (i.e. one lattice of actin and myosin filaments) 

connected in series with an elastic element. 

 

 

Crossbridge mechanics - the importance of a population distribution 

 

Given that a single frog skeletal muscle fibre contains of order 2  108 crossbridges per half-

sarcomere (Flitney & Hirst, 1978), it is clearly not practical to calculate the length and tension 

of a muscle by simulating the behaviour of each individual crossbridge.  First, it is unlikely 

that a complete microscopic description of the muscle, accurately detailing the positions and 

states of each crossbridge, could ever be obtained.  Secondly, even if such a description 
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existed, it would not be possible to solve the resulting 108 simultaneous differential 

equations! 

 

Nevertheless, theoretical models based on crossbridge properties can predict macroscopic 

quantities such as a muscle’s length or tension with reasonable accuracy e.g. Huxley (1957), 

Schoenberg (1985).  These models simulate the behaviour of crossbridge distributions.  Their 

predictions remain accurate because the huge numbers of crossbridges involved means that 

the precise state of an individual crossbridge is insignificant compared with that of the entire 

population.  (An analogous example exists in statistical physics; the pressure of a gas in a 

cylinder can be predicted without knowing the position and velocity of each molecule.  The 

small fluctuations in pressure caused by individual molecules hitting the cylinder walls are 

negligible in comparison to the behaviour of the gas as a whole (Mandl, 1991).) 

 

 

Filament overlap 

 

It might be expected that since filament overlap is decreased during stretch, the number of 

actin binding sites would be correspondingly reduced during simulations of passive stretches.  

Indeed, this would be a relatively straightforward refinement to include in the calculations.  

However, as discussed in Chapter 2, there is reason to suspect that the number of crossbridges 

binding between the actin and myosin filaments under relaxed conditions is not simply a 

linear function of sarcomere overlap (Stephenson & Wendt, 1984).  Furthermore, for the 

small stretches and short sarcomere lengths generally simulated in this work, the associated 

effect would be small, and almost certainly outweighed by non-linearities in the parallel and 

series elastic components. 
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Compressive forces - the predictions of the Mechanism for shortening stretches 

 

The Crossbridge Population Displacement Mechanism may not provide accurate predictions 

of the tension responses during sustained shortening stretches.  This is because one of the 

assumptions underlying the Mechanism is that each of the three components (Figure 6.1) is 

capable of bearing sustained compressive forces.  In reality however, a relaxed muscle is not 

a rigid object and if an attempt is made to shorten a muscle by reducing the distance between 

the tendon attachments, the muscle eventually falls into a slack loop. 

 

In the event, the predictions of the crossbridge model remained in good agreement with the 

experimental results during both shortening and lengthening stretches.  This may be because 

the clear SREC observed during passive shortening (e.g. Figure 4.6) arose from a sharp 

reduction in the prevailing resting tension to a reduced, but still positive level.  Thus, the 

muscle remained under tension throughout the applied stretches so that the fibre length signal 

(i.e. the position of the puller hook) remained an accurate representation of the muscle’s 

actual length. 

 

If the muscle fibre had actually been compressed by a sustained shortening stretch, it would 

have ‘buckled’, and the Mechanism would no longer have provided an accurate prediction for 

the observed tension response. 

 

 

An approximation inherent to the simulation algorithm 

 

Interfilamentary movement strains the existing crossbridge population and results in a 

continually fluctuating crossbridge force as crossbridges cycle through attached and detached 

states.  The complexity of the numerical simulation is considerably increased by the fact that 

changes in crossbridge force result in interfilamentary movement which in itself leads to 



131 

changes in crossbridge force.  Thus it would appear that the state of the three component 

model cannot be calculated until its state is already known.  The numerical simulations of the 

Crossbridge Population Displacement Mechanism presented here solved this computational 

difficulty by estimating the change in the crossbridge force during an iterative step from the 

change in the crossbridge force induced by the previous iterative step.  Consequently, the 

simulations proceeded on the assumption that  

 

 F t t F t F t F t tcb cb cb cb( ) ( ) ( ) ( )       (6.10) 

 

The errors introduced by this approximation can be reduced at the expense of computational 

speed by reducing the time step  t  .  Simulations were generally carried out with  t  1 ms.  

Reducing the time steps to  50 µs did not produce significantly different numerical 

predictions. 
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THEORETICAL PREDICTIONS 

 

REPEATED STRETCHES 

 

Figure 6.5 shows the tension and sarcomere length responses to two identical triangular 

stretches predicted by the Crossbridge Population Displacement Mechanism. 
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Figure 6.5.  Theoretical prediction of force, crossbridge force, proportion of 

attached crossbridges and sarcomere length responses to two identical 
constant velocity triangular stretches. 

 
Stretch length  0.01 l0. Stretch velocity 0.01 l0 s

-1.  Two stretches separated by 1.0 s.  Force 
predictions: solid line - overall muscle tension, dashed line - internal crossbridge force  Fcb .  (As 

in the case of the experimental results, forces are measured as deviations from the prevailing 
resting tension at the beginning of the first stretch.  Thus tension values can be less than as well as 
greater than zero.)  This diagram should be compared with the similar experimental results shown 
in Figure 4.1.  The Crossbridge Population Displacement Mechanism is based on 7 independent 
parameters.  These parameters can be adjusted individually until they predict an optimal match 

between the experimental results and the theoretical predictions.  However, the same combination 
of parameters does not produce the optimal match for different experimental protocols.  Since the 

theoretical predictions are intended to illustrate experimental trends rather than to calculate 
specific numerical values, the compromise parameters listed below were used to produce the 

results here and (unless otherwise specified) in all other figures in this chapter.  A0·2·xmax = 0.04 s-1 
, D0 = 0.2 s-1 , xmax = 8 nm , x0 = 0.1 nm ,  = 1.6  1018 s-1 m-2 , N = 104 , kcb = 0.1·kp = 0.005·ks . 

 

The model’s prediction (Figure 6.5) is in good agreement with the experimental results shown 

in Figure 4.1; there is a clear SREC and a transient drop in tension at the elastic limit.  
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Furthermore the tension at the end of the first stretch is reduced below the initial resting 

tension implying a temporary reduction in the FRT. 

 

The Crossbridge Population Displacement Mechanism also predicts the thixotropic nature of 

the tension responses; in Figure 6.5 the second stretch produces a qualitatively similar 

biphasic tension response to the first but the SREC tension rises more slowly and from a 

lower base-line than during the first stretch.  Furthermore, while the tension at the elastic limit 

is considerably reduced for the second stretch, the model predicts the same maximal tension 

for each of the two stretches in agreement with the experimental results (Figure 4.1).  Indeed 

the Mechanism predicts that not only the maximal tensions, but the entire tension responses in 

the latter stages of repeated stretches are identical.  This prediction is illustrated in Figure 6.6 

in which the only difference in the two stretch responses is in the first  0.01 µm of sarcomere 

stretch.  Beyond this point, the traces for the first and second stretches are superimposed.  

Furthermore, if a third identical stretch (preceded by the same inter-stretch interval) is 

imposed on the muscle, the predicted tension response is identical to the second stretch 

response (not shown). 
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Figure 6.6.  Theoretical prediction of XY plot of force against sarcomere 
length for two constant velocity triangular stretches. 

 
Stretch length 0.01 l0 .  Stretch velocity 0.01 l0 s

-1 .  Two stretches separated by 0.2 s.  This 
diagram should be compared with the similar experimental results illustrated in Figure 4.7.  The 

XY plots proceed in a clockwise direction. 
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THE TIME-COURSE OF THIXOTROPIC RECOVERY 

 

The Crossbridge Population Displacement Mechanism also provides a prediction for the time-

course of the thixotropic recovery.  The recovery of the elastic limit force is shown in Figure 

6.7. 
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Figure 6.7.  Theoretical prediction of elastic limit force recovery following an 
initial stretch. 

 
Two identical stretches separated by variable time delay.  Stretch length  0.005 l0. Stretch velocity 

0.005 l0 s
-1.  Symbols show the elastic limit force for the second stretch.  Dashed line shows the 

elastic limit force for the first stretch.  This was independent of the inter-stretch interval.  This 
diagram should be compared with the similar experimental results shown in Figure 4.4. 

 

For two stretches separated by more than 10 seconds the reduction in the force at the elastic 

limit for the second stretch is minimal.  The maximum reduction is produced by a short inter-

stretch interval (~ 0.2 s) rather than if the second stretch follows immediately after the first. 

 

The Mechanism’s prediction for the recovery time-course of the SREC stiffness (Figure 6.8) 

is similar but not identical to that of the elastic limit force (Figure 6.7).  The main difference 

is that the Mechanism predicts that the thixotropic reduction for two consecutive stretches 

(i.e. inter-stretch interval equals zero) is proportionately greater for the elastic limit force than 

the for the elastic limit stiffness.  This is in agreement with the experimental results (Figure 

4.4 and 4.5). 
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Figure 6.8.  Theoretical prediction of SREC stiffness recovery following an 
initial stretch. 

 
Two identical stretches separated by variable time delay.  Stretch length  0.005 l0. Stretch velocity 

0.005 l0 s
-1.  Symbols show the SREC stiffness for the second stretch.  Dashed line shows the 

SREC stiffness for the first stretch.  This was independent of the inter-stretch interval.  This 
diagram should be compared with the similar experimental results shown in Figure 4.5. 

 



136 

VELOCITY DEPENDENCE 

 

The velocity dependence of the predictions of the Crossbridge Population Displacement 

Mechanism can also be examined.  A summary of the theoretical predictions is shown in 

Figure 6.9. 
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Figure 6.9.  Theoretical prediction of the velocity dependence of the SREC 
stiffness, elastic limit force and elastic limit length. 

 
 - SREC stiffness,  - elastic limit force,  - elastic limit.  This diagram should be compared 

with the experimental results shown in Figures 4.11, 4.12 and 4.13. 

 

Again the theoretical predictions (Figure 6.9) appear to be in general agreement with the 

experimental results (Figures 4.11, 4.12 and 4.13).  The SREC stiffness is only weakly 

dependent on stretch velocity and increases by a factor of less than two with a ten-thousand 

fold increase in stretch velocity.  However it should be noted that at low velocities the 

simulated value of SREC stiffness rises with velocity while the experimentally observed 

values stay relatively constant.  The reverse is the case at the higher stretch velocities.  It is 

possible that the fit between the experimental results and the simulated values might be 

improved by a more judicious choice of rate constants. 
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The simulations predict that both the elastic limit and the elastic limit force are more strongly 

dependent on velocity than the SREC stiffness (Figure 6.9).  This is in agreement with the 

experimental results.  However, there is a discrepancy between the theoretical predictions and 

the experimental results at stretch velocities below 0.05 l0 s-1 ; the simulated values of the 

elastic limit and the elastic limit force continue to fall with decreasing velocity whereas the 

observed values are approximately constant.  Again, the fit between the experimental results 

and the simulated values might be improved if the simulations were based on a different 

choice of assumptions.  Nevertheless, it is important to note that neither the elastic limit, nor 

the elastic limit force, are directly proportional to the stretch velocity (as the elastic limit 

force would be if the response was entirely due to a viscous mechanism). 
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SARCOMERE LENGTH ACCELERATION 

 

Bagni et al.’s (1995) clear experimental records showed that sarcomere length accelerates 

throughout the initial stages of a fast length control stretch.  The slower stretches used in the 

present work also display an initial phase of sarcomere length acceleration (Figure 4.15).  

Like the tension response, the sarcomere length response is also dependent on the prior 

mechanical history of the muscle; if a second stretch is imposed on the muscle a short time 

after the first, the acceleration phase is less pronounced than during the first stretch.  Bagni et 

al. interpreted their experimental results as suggesting that the non-linear tension response 

resulted from the acceleration of a viscous component within the sarcomere.  The Crossbridge 

Population Displacement Mechanism suggests, at least for the slower stretches used in the 

present work, that sarcomere length could accelerate as a result of changes in the crossbridge 

force (Figure 6.10).  Thus the Mechanism predicts sarcomere length acceleration as a 

consequence rather than a cause of a non-linear tension response to stretch.  This point is 

discussed in more detail in Chapter 6. 
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Figure 6.10.  Theoretical predictions of force, sarcomere length and 

sarcomere length velocity for two identical constant velocity triangular 
stretches. 

 
Stretch length  0.01 l0. Stretch velocity 0.01 l0 s

-1.  Two stretches separated by 0.2 s.  The 
sarcomere length accelerates at the beginning of each triangular stretch.  The acceleration phases 

are marked with double-headed arrows.  It is noticeable that the peak acceleration is reduced in the 
second stretch.  The stiffness parameters were adjusted in this simulation to emphasise the 
acceleration response: kcb = 0.125·kp = 0.0091·ks .  All other parameters remain unchanged. 
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DISCUSSION 

 
The experimental results described in Chapters 4 (length control conditions) and 5 (tension 

control conditions) confirm that relaxed skeletal muscle possesses both a resting tension and a 

non-linear resistance to an imposed stretch which is dependent on the muscle’s history of 

movement.  The sheer complexity of the structure of each individual sarcomere makes it 

difficult to categorically attribute the experimental results to specific molecular mechanisms.  

However, the experimental results are in good agreement with the predictions of the 

theoretical Crossbridge Population Displacement Mechanism described in Chapter 6. 

 

The Mechanism calculates predictions for the tension and sarcomere length responses of a 

relaxed skeletal muscle under length control conditions, based on the hypothesis that the FRT 

and the SREC both arise as manifestations of a small number of slowly-cycling crossbridges 

linking the actin and myosin filaments.  It is a strength of the Crossbridge Population 

Displacement Mechanism that despite being based on only a few simple assumptions, it 

provides a plausible theoretical explanation for many of the observed phenomena:  the 

velocity dependence of the SREC over the range studied, the maintenance of a tension plateau 

beyond the SREC, the reduction of the SREC by prior movement and the different recovery 

time-courses of the SREC and FRT. 

 

The Mechanism also predicts a feature of the experimental results which has not been 

previously described.  In experiments using paired stretches, the maximum reduction in the 

SREC tension is produced when the inter-stretch interval is short (0.1  0.2 s) rather than if 

the inter-stretch interval is reduced to zero. 

 

In short, this work suggests that the Crossbridge Population Displacement Mechanism may 

contribute to a better understanding of the mechanical properties of relaxed skeletal muscle.  
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This chapter discusses the experimental observations and their relationship to the theoretical 

framework. 
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THE THIXOTROPIC NON-LINEAR RESISTANCE TO AN 

IMPOSED STRETCH 

 

THE BIPHASIC NATURE OF THE TENSION RESPONSE 

 

The biphasic nature of the tension response of a relaxed skeletal muscle to an imposed length 

control stretch was first systematically investigated by D.K.Hill in 1968.  He named the initial 

phase of the tension response the Short Range Elastic Component (SREC).  Hill justified the 

term on two accounts.  First, the tension produced was almost linearly related to the size of 

the applied stretch up to an elastic limit of  0.2 % l0 .  Secondly, the tension at the elastic 

limit was only affected to a minor degree by stretch velocity within the range of relatively 

slow velocities that he used (4  10-7  0.4 l0 s-1).  These mechanical properties are 

characteristic of a predominantly elastic mechanism. 

 

Hill believed the actin and myosin filaments in relaxed muscle were linked by a small number 

of slowly cycling crossbridges.  His  “ working hypothesis ”  (1968) attributed the SREC 

response to the crossbridges’  “ spring-like properties ” .  If the muscle was stretched beyond 

the elastic limit, the crossbridges  “ slipped ”  and generated a  “ frictional resistance ”  which 

was relatively independent of the stretching velocity. 

 

In essence, the Crossbridge Population Displacement Mechanism is simply a quantitative 

development of Hill’s original qualitative hypothesis.  The Mechanism is based on the 

assumption that the actin and myosin filaments of relaxed muscle are linked by a population 

of slowly cycling crossbridges.  Each attached crossbridge acts as a linear elastic spring and is 

defined only by its displacement  x  from a position of zero strain.  If the muscle is held at a 

fixed length for a relatively long period of time, the crossbridge population becomes 
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symmetrically distributed around  x0  (Figure 6.4).  Crossbridges are displaced by 

interfilamentary movement.  Highly strained crossbridges detach more quickly than relatively 

unstrained crossbridges.  A constant velocity stretch imposed on the muscle thus distorts the 

crossbridge distribution until (if the stretch is sufficiently prolonged) it adopts a skewed, but 

steady-state, profile maintained by the continuing stretch (Figure 6.4).  The displacement of 

the elastic crossbridges to this steady-state profile produces the initial rise in tension and 

subsequent tension plateau characteristic of the SREC response (Figure 6.5).  The elastic limit 

is indicative of the stretch length required to produce the skewed steady-state distribution.  

Since, beyond the elastic limit, the continuing stretch acts only to maintain the frictional 

resistance of the steady-state distribution (Figure 6.5), the slowly increasing tension seen in 

many experiments (e.g. Figure 4.1 second stretch) must be attributed to increasing strain in 

the parallel elastic component. 

 

When the direction of the imposed stretch is reversed, the individual crossbridges are 

compressed and pushed back across the interaction range.  This produces a rapid decrease in 

the internal crossbridge force and underlies the sharp reduction in tension which occurs at the 

start of each shortening length change in Figure 6.5.  As the muscle continues to shorten, the 

distribution adopts a new steady-state skewed profile corresponding to a negative crossbridge 

force.  The Mechanism thus provides an explanation for the temporary reduction in resting 

tension observed following the end of a triangular stretch - when the muscle is returned to its 

original fibre length, the strain in the parallel elastic component is effectively the same as at 

the commencement of the stretch but it is now combined with a reduced crossbridge force. 

 

Alternatively, under tension control conditions (Figure 5.3), the biphasic nature of the SREC 

response is represented by a period of slow lengthening followed by a sudden increase in the 

lengthening velocity as the tension exceeds a critical value.  The initial slow lengthening 

phase corresponds to the redistribution of the crossbridge population from its symmetrical 
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equilibrium distribution to the steady-state skewed profile which is maintained throughout the 

latter stages of the continuing pull. 

 
The experiments performed in this work did not reveal a systematic difference between the 
muscles’ responses to imposed length stretches and applied tension pulls.  This contrasts with the 
results of T.D.M. Roberts’ experiments (1963) performed on the soleus muscles of decerebrate 
cats.  It is likely that this discrepancy arises as a result of the neurally mediated reflex activity 
present in the cat but absent in the isolated frog muscle fibres used in the  present work. 
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THIXOTROPY AND THE IMPORTANCE OF A ‘STRETCH 

ENHANCEMENT’ MECHANISM 

 

In some fibre preparations (under length control conditions) the elastic limit is associated with 

a transient drop in tension e.g. Figure 4.1.  However, this drop is always small in comparison 

to the overall tension response so that the tension is maintained at or near the elastic limit 

level rather than collapsing to near zero.  As Hill pointed out (1968), this behaviour requires 

that any forcibly detached crossbridges are rapidly replaced to produce what he referred to as 

a  “ frictional resistance ” .  Thus crossbridges are required to attach swiftly during 

interfilamentary movement.  This implies that the crossbridge attachment rate during 

movement must be high. 

 

The stiffness of an actively contracting muscle is often regarded as a measure of the number 

of crossbridges linking the actin and myosin filaments (Bressler & Clinch, 1975; Ford, 

Huxley & Simmons, 1981).  The same argument suggests that the initial stiffness of the 

SREC is indicative of the number of crossbridges bound between the filaments in a relaxed 

muscle.  However the SREC stiffness is not constant (Figures 4.1 and 5.3); if a relaxed 

skeletal muscle is subjected to two identical stretches, the SREC stiffness of the second 

stretch is reduced by an amount dependent on the inter-stretch interval (Figures 4.5 and 5.7).  

The Crossbridge Population Displacement Mechanism attributes this thixotropic effect to a 

temporary reduction in the number of crossbridges bound between the filaments. 

 

As the SREC recovers only slowly after prior movement (Figures 4.4, 4.5, 5.6 and 5.7) the 

crossbridge attachment rate following a perturbation must be relatively slow.  There is thus a 

paradoxical requirement for a fast crossbridge attachment rate during a stretch (to ensure a 

frictional tension plateau) and a slow crossbridge attachment rate between stretches (to ensure 

a slow thixotropic recovery).  This can be resolved if the probability of crossbridge 
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attachment is increased during interfilamentary movement as a result of ‘stretch 

enhancement’ (Campbell & Lakie, 1995b) - see Chapter 6 for a description of a possible 

mechanism. 

 

Figures 6.5, 6.7 and 6.8 show that the Crossbridge Population Displacement Mechanism 

predicts a thixotropic tension response to imposed length stretches which is in good 

agreement with the experimental results (Figures 4.1, 4.4 and 4.5).  During an imposed 

stretch, interfilamentary movement skews the crossbridge distribution (Figure 6.4), and 

although highly strained crossbridges are continually detaching, stretch enhancement ensures 

that they are rapidly replaced by other less strained crossbridges so that the number of 

attached crossbridges remains relatively constant in the latter stages of the stretch (Figure 

6.5).  At the end of the stretch, a large number of crossbridges are left in highly strained 

states.  These crossbridges detach.  However, since the filaments are almost stationary at the 

end of the stretch, the stretch enhancement mechanism no longer provides rapid replacements 

for these detaching crossbridges and the number of crossbridges bound between the filaments 

falls (Figure 6.5).  If the muscle is held at a constant length for a long period of time, the 

crossbridge distribution gradually redevelops and evolves towards its stable equilibrium 

distribution (Figure 6.4).  However this takes many seconds and if a second stretch is imposed 

before the population has completely redeveloped, the initial effect of the stretch is to 

displace a reduced number of crossbridges.  This produces a reduced SREC response. 

 

The Crossbridge Population Displacement Mechanism predicts that the maximum reduction 

in the elastic limit force occurs for short inter-stretch intervals ( 0.2 s) rather than if the 

second stretch follows immediately after the first (Figure 6.7).  This prediction is supported 

by the experimental results (Figure 4.4) but has not been previously described.  A brief inter-

stretch interval produces the greatest thixotropic reduction in the elastic limit force because 

the strained crossbridges do not detach instantaneously once the imposed movement stops.  It 
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requires a short time interval for the strained crossbridge population to fall.  The maximum 

SREC reduction is produced by an inter-stretch interval which is long enough for highly 

strained crossbridges to detach and yet short enough that the crossbridge population does not 

recover significantly between the stretches. 

 

Under tension control conditions, thixotropy manifests as an increased velocity of fibre and 

sarcomere lengthening during the initial stages of a repeated pull.  This occurs simply because 

there are fewer crossbridges to provide resistance at the commencement of the second pull. 

 

A further feature of the Crossbridge Population Displacement Mechanism is that it can 

explain why the maximum tensions produced by paired length control stretches are the same 

despite the reduction in the prevailing resting tension at the commencement of the second 

stretch (Figures 4.1, 4.7, 6.5 and 6.6).  If the imposed stretch produces the same tension 

increment during the first and second stretches, the maximal tension should be depressed to 

the same extent as the resting tension.  However Figures 4.1 and 4.7 show that any reduction 

in the maximal tension between the two stretches is much less than the substantial reduction 

of  1 µN in the FRT.  The Mechanism provides a simple explanation for this result. 

 

The Mechanism is based on the assumption that the muscle’s tension is the sum of the tension 

in the parallel elastic component and the internal crossbridge force.  At the end of the first 

stretch, the number of attached crossbridges is temporarily reduced below its initial value 

(Figure 6.5).  This depleted crossbridge population (and the consequently reduced crossbridge 

force) underlies the temporary reduction in the muscle’s resting tension.  When the second 

stretch is initiated, stretch enhancement ensures that the crossbridge population recovers 

towards the steady-state skewed distribution reached during the first stretch.  Thus the 

crossbridge populations produce the same frictional tension plateau in each stretch (with the 

proviso that the stretches are sufficiently prolonged to pull the crossbridge distribution to its 
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steady-state profile).  Since the internal crossbridge forces and the parallel elastic component 

strains are the same at the extreme stretch lengths, the maximal tensions in the two triangular 

stretches must be identical. 

 

An extension of this argument explains why the Crossbridge Population Displacement 

Mechanism predicts that if a relaxed skeletal muscle is subjected to three identical triangular 

length stretches (Figures 4.8 and 4.9), there are clear differences between the first and second 

stretch tension responses but the second and third stretch responses appear almost identical.  

The initial stages of the tension response to the first stretch reflect a redistribution of the 

crossbridge population from its symmetrical equilibrium distribution to a steady-state skewed 

distribution maintained by the continuing stretch.  Once the crossbridges have been pulled 

into this skewed distribution, the initial mechanical memory of the crossbridge distribution at 

the commencement of the stretch is lost, and the crossbridge dynamics are influenced only by 

the imposed length changes.  Thus, while the crossbridge distribution at the beginning of the 

first stretch reflects the preceding recovery time at a fixed length, the crossbridge 

distributions at the beginning of the second and third stretches are controlled only by the 

preceding (identical) stretches.  An analogous argument can explain the similar tension 

control experimental results illustrated in Figures 5.8 and 5.9. 

 

The biphasic nature of the SREC response is most sharply delineated during the first imposed 

length or tension change, regardless of the direction of movement (Figures 4.6 and 5.4).  This 

is because the biphasic response represents the redistribution of crossbridges from their initial 

positions at the commencement of the stretch to the steady-state dynamic distribution 

produced by the imposed movement.  The redistribution is greatest when the crossbridges are 

displaced from the narrow stable equilibrium distribution (Figure 6.4) and least when they are 

translated from the broad steady-state distribution corresponding to sustained movement 

(Figure 6.4). 
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Several published records e.g. Figure 7, Lännergen (1971), Figure 1, Herbst (1976) confirm 

the finding of the present work that the discontinuity in the biphasic tension response is 

accentuated in the first of several imposed length stretches but (as far as the author is aware) 

this is the first time that an explanation for the phenomenon has been proposed. 

 

The experimental results (Figures 4.1 and 4.6) show that essentially the same maximal 

tension is produced during two identical triangular stretches.  Since the elastic limit force is 

reduced in the second stretch, this finding implies that the rate of tension rise beyond the 

elastic limit is greater during the second stretch than during the first.  This may be interpreted 

as an increase in the apparent stiffness of the muscle beyond the elastic limit (Figure 4.6).  

The Crossbridge Population Displacement Mechanism attributes this effect to the slowly 

increasing crossbridge force as the crossbridge population recovers towards its skewed but 

steady-state distribution.  Thus the Mechanism may provide a partial explanation for 

differences in the apparent stiffness of the muscle beyond the elastic limit.  (However, it is 

clear that solution tonicity (Hill, 1968) and sarcomere length (Hill, 1968; Haugen & Sten-

Knudsen, 1981a) also influence this apparent stiffness.) 
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THE RELATIONSHIP BETWEEN RESTING TENSION, THE 

FRT AND THE SREC 

 

The resting tension of a relaxed skeletal muscle increases with fibre length (Ramsey & Street, 

1940).  This effect can be attributed to the increased stiffness of the parallel elastic component 

at long sarcomere lengths (Haugen & Sten-Knudsen, 1981a).  At long lengths, the stiff 

parallel elastic component would dominate the mechanical properties of a relaxed skeletal 

muscle thus providing an explanation for the decreasing prominence of the SREC response 

with increasing sarcomere length (Haugen & Sten-Knudsen, 1981a).  However at shorter 

sarcomere lengths, corresponding to the muscle’s natural resting length in the body, the 

parallel elastic component is relatively unstrained.  At these more physiological lengths, the 

crossbridge generated FRT is comparable with the tension in the parallel elastic component, 

and must make an important contribution to the muscle’s resting tension. 

 

Hufschmidt & Schwaller (1987) showed that the recovery time-course of the SREC and the 

resting tension in relaxed human leg muscles were clearly different (Figure 2.21).  Further 

evidence of this disparity comes from Figure 4.1 which shows that although the resting 

tension had largely recovered in the one second interval between the imposed stretches, the 

elastic limit force was still substantially reduced in the second stretch.  The dissociation 

between the recovery time-courses of the SREC and FRT have been used as evidence 

(Hufschmidt & Schwaller, 1987) to suggest that the SREC, the FRT, or both, must be 

generated by structures other than crossbridges (Lännergren, 1971; Herbst, 1976). 

 

A further strength of the Crossbridge Population Displacement Mechanism is that it provides 

an explanation for this dissociation.  The reduction in resting tension following a triangular 

length control stretch occurs largely because the mean crossbridge displacement is negative; 

most of the crossbridges are compressed.  Tension recovery is a result of two distinct 
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mechanisms.  Immediately after the stretch, negatively strained crossbridges detach rapidly, 

the crossbridge force becomes less negative and the measured resting tension rises.  A second 

slower phase of the tension rise is due to the reattachment of crossbridges as the population 

regains its stable equilibrium distribution.  Thus the time-course of the initial redevelopment 

of the FRT is controlled largely by the rate at which highly compressed crossbridges detach.  

Conversely, the SREC, related to the number of attached crossbridges, recovers more slowly 

as the crossbridge population redevelops.  Hence, the SREC and the FRT, while sharing a 

common origin, recover at different rates. 

 

While the Mechanism is based on the assumption that the tension in the muscle is the sum of 

the tension in the parallel elastic component and the internal crossbridge force, it is important 

to note that these forces are not entirely independent.  If the muscle has rested undisturbed for 

a period of time so that the crossbridges are distributed symmetrically around  x0 , the internal 

crossbridge force acts in such a direction as to increase filament overlap.  This force increases 

the strain in the series elastic element and maintains the parallel elastic component at a shorter 

length than if there were no crossbridges present.  Hence, under both length and tension 

control conditions, an increasing crossbridge force results in a decreasing sarcomere length.  

This effect probably explains the slow shortening of sarcomere length seen between the two 

stretches in Figure 4.1. 

 

It is clear that the resting tension of a relaxed skeletal muscle is critically dependent on the 

distribution of the crossbridge population at physiological sarcomere lengths.  The 

redistribution of crossbridges following an imposed stretch, and the subsequent effect on the 

mean resting tension and sarcomere length are likely to underlie the phenomenon of muscle 

creep (Hill & Hartree, 1920; Buchthal & Kaiser, 1951; Abbott & Lowy, 1957).  The effects 

may be long-lasting; Buchthal & Kaiser described the results of a tension control experiment 

in which a relaxed frog muscle fibre continued to slowly lengthen more than 15 minutes after 
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a sudden increase in the imposed resting tension.  If the creep in relaxed muscle is to be 

attributed to the redistribution of crossbridges, the prolonged time-course implies that the 

crossbridges are cycling extremely slowly. 
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VELOCITY DEPENDENCE AND SARCOMERE LENGTH 

ACCELERATION 

 

Hill’s (1968) belief that the SREC is an essentially elastic mechanism has been challenged by 

recent work which suggests that the biphasic tension response to fast stretches has viscous 

properties (Bagni et al., 1992a, 1995; Mutungi & Ranatunga, 1996a, b).  This difference in 

interpretation may be due to the different ranges of stretch velocities employed.  Hill’s stretch 

velocities did not exceed 0.5 l0 s-1  while Bagni et al. (1995) used stretch velocities in the 

range 2  250 l0 s-1 . 

 

The experimental observations in the present work have been confined to stretch velocities 

between 5  10-4  2 l0 s-1 (length control experiments).  This range of stretch velocities 

encompasses those likely to be encountered by frog muscles under most physiological 

conditions.  The experimental results (Figures 4.11 and 4.12) show that the tension response 

is practically independent of stretch velocity for the lower stretch velocities (<  0.05 l0 s-1).  

(This was also found to be the case for the tension control experimental results shown in 

Figures 5.10 and 5.11 which corresponded to stretch velocities of order 0.01 l0 s-1 ).  This 

suggests that the predominant mechanism for these slow stretches is elastic.  At the higher 

stretch velocities, the tension responses become more dependent on velocity.  However, even 

at the highest stretch velocities used in these experiments, the tension responses are still less 

than linearly related to the stretch velocity as they would be if they were produced as a result 

of a viscous mechanism.  While viscous and visco-elastic systems must dominate the tension 

and sarcomere length responses at very high stretch velocities they cannot be the dominant 

mechanisms underlying the experimental observations using the physiological stretch 

velocities described in this work. 
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The present experimental results show that the increase in the elastic limit force with stretch 

velocity (Figure 4.12) is mirrored by a corresponding increase in the elastic limit (Figure 

4.13).  The SREC stiffness is affected to a lesser degree by stretch velocity (Figure 4.11).  

This behaviour characterises a system with a limited elastic range but in which the range of 

the elasticity increases with velocity. 

 

In this respect also, the experimental results are in relatively good agreement with the 

predictions of the Crossbridge Population Displacement Mechanism (Figure 6.9).  It is likely 

that the agreement could be improved by a different choice of rate constants e.g. Huxley & 

Tideswell (1997) but this would detract from the inherent transparency of the model. 

 

The Mechanism predicts that the elastic limit increases with stretch velocity because fast 

stretches displace crossbridges further before they detach than slow stretches. 

 

This increase in the elastic limit with stretch velocity provides a partial explanation for the 

corresponding rise in the elastic limit force.  However, fast stretches also produce a greater 

stretch enhancement effect than slow stretches.  Stretch enhancement increases the probability 

of crossbridge attachment and thus the number of crossbridges bound between the filaments.  

Fast stretches therefore produce a higher elastic limit force than slow stretches because they 

stretch a larger number of crossbridges a greater distance. 

 

The Crossbridge Population Displacement Mechanism predicts that the effect of stretch 

velocity on the SREC stiffness is relatively weak (Figure 6.9).  This is because the initial 

SREC stiffness is dominated by the number of crossbridges bound at the beginning of the 

stretch.  The stretch itself cannot influence this number.  The weak velocity dependence is 

attributed to the diminishing significance of spontaneous crossbridge detachment as the 

stretch velocity is increased. 
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Bagni et al. (1992a, 1995) attributed the velocity dependence of the biphasic tension response 

to the acceleration of a viscous component within the sarcomere.  This interpretation was 

based on the experimental observation of a period of sarcomere length acceleration which 

coincided with the initial phase of the tension response. 

 

Sarcomere length acceleration was also observed in the present experiments (Figure 4.15) 

with stretch velocities as low as 0.01 l0 s-1 .  With such low stretch velocities, it is unlikely 

that these periods of acceleration could arise as a result of mechanical propagation effects 

along the fibre length.  Consequently, it is interesting to note that the Crossbridge Population 

Displacement Mechanism suggests, at least for the slower stretches used in the present work, 

that sarcomere length could accelerate as a result of changes in the crossbridge force (Figure 

6.10). 

 

If the muscle is held in a fixed position for a long time, the crossbridge population evolves to 

its stable equilibrium distribution.  If a length stretch is imposed on the muscle, the 

crossbridge component initially presents considerable resistance to movement.  The apparent 

stiffness of the combination of the parallel elastic component and the crossbridges is 

relatively high and the applied stretch produces a comparatively small increase in the length 

of the parallel elastic component.  A significant proportion of the applied length change 

extends the series elastic element. 

 

As the stretch continues, crossbridges start to detach more rapidly due to their increased strain 

(Figure 6.5).  The apparent combined stiffness of the parallel elastic component and the 

reduced crossbridge population is now less than at the beginning of the stretch and the 

continuing fibre length change produces a proportionately greater elongation in the parallel 

elastic component than at the beginning of the stretch.  This is sarcomere length acceleration. 
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If a second stretch is imposed on the muscle before the crossbridge population has fully 

redeveloped (Figure 6.5), the crossbridge component will produce less resistance to the initial 

stages of the imposed stretch.  The parallel elastic component will extend more rapidly at the 

beginning of the stretch and consequently sarcomere length acceleration will be reduced. 

 

The Crossbridge Population Displacement Mechanism thus provides an explanation both for 

sarcomere length acceleration and its dependence on the mechanical history of the muscle.  

The limited velocity dependence of the SREC over the physiological range suggests that 

sarcomere length acceleration occurs as a consequence rather than as a cause of the non-linear 

tension response to stretch. 
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THE PHYSIOLOGICAL SIGNIFICANCE OF THE SREC AND 

THE FRT 

 

Contracting skeletal muscles are the most metabolically active tissues in the body with a 

power density that can exceed 200 W kg-1  during a single movement (Wilkie, 1976).  When 

relaxed, muscles’ energy requirements are considerably reduced but they are not zero.  

Resting muscles are not entirely quiescent.  Indeed A.V.Hill (1965) (extrapolating from 

results obtained from isolated frog muscles) suggested that the activity of relaxed skeletal 

muscles might account for as much as 25 % of the Basal Metabolic Rate in humans.  This 

metabolic activity is often assumed to correspond to energy requiring processes such as active 

transport and cellular repair found in all cells throughout the body.  However, the results of 

this work suggest that some of this metabolic activity may correspond to crossbridge cycling.  

In essence, this research show that the normal contractile apparatus may not be completely 

deactivated in resting muscles.  Instead, it is simply down-regulated to low but non-zero level. 

 

Since muscles produce movement and perform external work, it is often enlightening to 

compare them with their analogous mechanical equivalents.  If relaxed muscles are not 

completely inactive, it is misleading to compare them to an electric motor which is switched 

on or off as required.  Rather, muscles would be more closely linked to the internal 

combustion engine of a car with an automatic gear-box i.e. the engine can produce a 

continuum of output torque levels but is never disconnected from the wheels.  While an 

automatically geared car creeps forward when the brakes are released (even when the 

accelerator is not depressed), the contractile apparatus of a skeletal muscle generates tension 

even when there is no nervous excitation.  The present work suggests that this could be the 

basis of relaxed muscle tone (see Chapter 2). 
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The Crossbridge Population Displacement Mechanism suggests that the SREC and FRT are 

manifestations of a crossbridge population between 1 and 2 % of the total crossbridge number 

(See Chapter 1, ‘Crossbridges - Physiological basis’).  It is interesting to speculate whether 

this proportion of crossbridges bound between the actin and myosin filaments in relaxed 

muscle serves a useful physiological purpose.  The frictional resistance developed by the 

SREC might help to preserve sarcomere length homogeneity when a muscle is subjected to an 

imposed stretch.  Alternatively, the SREC and the FRT might prove to be physiologically 

important mechanisms at a more macroscopic level.  Grillner (1972) discussed the problems 

introduced by timing difficulties (e.g. nerve conduction and electro-mechanical coupling 

delays) in a proprioceptive motor control system.  He suggested that a resistance to movement 

inherent in the muscle fibres themselves (i.e. the SREC) might help to stabilise the body 

against unpredictable external forces before the proprioceptive control mechanism could 

superimpose further adjustments.  (The Crossbridge Population Displacement Mechanism 

predicts that the crossbridge distribution reforms at any maintained sarcomere length.  This 

could prove to be a useful feature in a motor control context since the resistance of the 

relaxed muscle to movement would be essentially independent of its mean sarcomere length.) 

 

A different role was proposed by Hill (1968).  He calculated that the FRT was sufficient to 

overcome the resistance of the SREC and believed that the actively generated tension might 

act to remove slack in passively shortened muscle fibres. 

 

However, it is of course possible that the SREC and the FRT do not serve a useful 

physiological purpose and merely represent imperfections in the contractile system which are 

unimportant under normal physiological conditions.  The SREC and the FRT may simply 

reflect the ‘failure’ of relaxed skeletal muscle to completely inhibit crossbridge cycling.  

Crossbridge activity in contracting skeletal muscle is controlled by the concentration of free 

Ca2+  ions in the sarcoplasm.  In a tetanically stimulated muscle the intracellular Ca2+  
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concentration reaches  10 µM producing substantial crossbridge cycling.  In a relaxed 

muscle fibre, the intracellular Ca2+  concentration is not reduced to zero but only to a value of 

 0.16 µM (Rüegg, 1992).  This Ca2+  concentration may be sufficient to sustain a low level 

of crossbridge activity in a relaxed muscle fibre.  This state of partial activation could actually 

represent the minimal metabolic rate of relaxed skeletal muscle.  To reduce crossbridge 

cycling, the muscle would have to remove Ca2+  ions from the intracellular fluid by an active 

transport system.  This calcium pumping process uses energy and requires one molecule of 

ATP to remove two Ca2+  ions from the sarcoplasm (Rüegg, 1992).  However, if calcium 

pumping was reduced, the intracellular Ca2+  concentration would rise resulting in a large 

increase in crossbridge turnover and presumably a corresponding increase in the muscle’s 

metabolic rate.  Consequently the minimum resting metabolic rate of skeletal muscle may 

represent a compromise between the energy required to remove Ca2+  from the sarcoplasm 

and the energy consumed by crossbridge cycling. 
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CONCLUSIONS 

 
Relaxed frog skeletal muscle fibres exhibit intriguing mechanical properties.  They possess a 

resting tension which is not defined solely by muscle length, and display a non-linear 

resistance to imposed movements which is dependent on the mechanical history. 

 

The experimental results from a large number of experiments performed under both length 

and tension control conditions are in general agreement with a theoretical Crossbridge 

Population Displacement Mechanism which has been developed during the course of this 

work.  The Mechanism attributes the Short Range Elastic Component and the Filamentary 

Resting Tension to a small number of slowly cycling crossbridges which link the actin and 

myosin filaments of relaxed skeletal muscle. 

 

The proposed dynamics of the crossbridge distribution are relatively complicated but a useful 

simplification is that the Crossbridge Population Displacement Mechanism confers on relaxed 

skeletal muscle a time-dependent elasticity which is self-resetting at all physiological 

sarcomere lengths.  The response to the initial stages of an imposed stretch is dominated by 

the time at rest, while the latter stage is dominated by the stretch velocity. 

 

An implication of the Mechanism is that relaxed skeletal muscle is not entirely inactive.  The 

molecular motors of a relaxed muscle may be idling rather than completely switched off. 
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SUGGESTIONS FOR FURTHER WORK 

 

Development of the Crossbridge Population Displacement Mechanism 

 

It was not an original aim of this research to show that the SREC and FRT of relaxed skeletal 

muscle were manifestations of slowly cycling crossbridges.  Rather, the theoretical 

simulations were developed to investigate whether Hill’s original ‘working hypothesis’ 

(1968) was compatible with the experimental evidence.  It is undeniable that the SREC and 

FRT may arise from sources such as titin or visco-elastic mechanisms but the author believes 

that the present experimental evidence is generally consistent with the predictions of a slowly 

cycling crossbridge hypothesis. 

 

The agreement between the experimental results and the simulated responses is good but not 

perfect.  It would be interesting to investigate whether the fit could be improved by changing 

the variation of the attachment and detachment rate constants as functions of x .  A suitable 

choice of rate constants might be similar to those described by Huxley & Tideswell (1997). 

 

The present work would be strengthened if the numerical algorithms underlying the 

predictions of the Crossbridge Population Displacement Mechanism could be developed to 

allow simulation of the fibre and sarcomere length responses to applied tension pulls.  This is 

an area that may prove worthy of further investigation. 
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Calcium dependence of the SREC and FRT 

 

The Crossbridge Population Displacement Mechanism is not tied to any specific form of 

crossbridge binding in relaxed skeletal muscle.  However, it is hypothesised that crossbridge 

binding is controlled (as in actively contracting muscle) by the concentration of free Ca2+  in 

the sarcoplasm.  Experiments investigating the effect of the intracellular Ca2+  concentration 

on the SREC and the FRT could provide important evidence of their underlying mechanisms. 

 

Although experimental evidence shows that the SREC is abolished if Ca2+  is removed from 

the sarcoplasm (Moss, Sollins & Julian, 1976), the exact relationship between the intracellular 

Ca2+  concentration and the magnitude of the SREC, and furthermore the covariance of the 

SREC and the FRT have not yet been determined.  By using permeabilized single muscle 

fibres in which the intracellular Ca2+  could be directly controlled, it would be possible to test 

the predictions of the Crossbridge Population Displacement Mechanism in partially and fully 

activated muscles. 

 

The Mechanism suggests that there would be no clear demarcation between the mechanical 

properties of relaxed and fully activated muscle.  Rather, there would be a continuum 

whereby the magnitude of the SREC and the FRT at any level of activation were related to the 

intracellular Ca2+  concentration.  Thus, the FRT of relaxed muscle would be analogous to the 

active tension of maximally activated muscle; the SREC to the Short Range Stiffness present 

in contracting muscle (Rack & Westbury, 1974). 
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Characterisation of the SREC in cardiac muscle 

 

Although the existence of a SREC has been demonstrated in relaxed cardiac muscle (Moss, 

Sollins & Julian, 1976), the passive mechanical properties of cardiac muscle have received 

relatively little attention in recent years.  A thorough investigation of the SREC in cardiac 

muscle, and a careful study of any thixotropic behaviour, might highlight mechanical 

properties which have important consequences for cardiac function. 

 

Thixotropic behaviour would presumably decrease the stiffness of the relaxed myocardium 

during diastole.  Failure of the thixotropic mechanism would lead to increased myocardial 

stiffness, decreased cardiac filling and thus decreased cardiac output during systole (as a 

result of the Frank-Starling law).  This might have important consequences in certain cardiac 

diseases such as idiopathic dilated cardiomyopathy. 

 

Passive properties of intermittently activated skeletal and cardiac muscle 

 

The magnitude of the SREC in skeletal muscle is temporarily reduced following an 

electrically evoked fixed end contraction (Lännergren, 1971; Lakie & Robson, 1988c).  This 

thixotropic reduction might have important implications for skeletal muscles which are 

activated in an intermittent manner.  It could also have significant consequences for cardiac 

muscle (which is spontaneously rhythmically active). 

 

It is presently unknown whether the thixotropic reduction following stimulation is produced 

as a result of the sarcomere movement induced by the contraction, or as a consequence of 

crossbridge cycling during active force-generation.  The thixotropic effect could be 

investigated by stimulating the muscle while simultaneously preventing interfilamentary 

movement using a length-clamp mechanism (Goldman & Simmons, 1984; Goldman, 1992).  
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This type of experiment could help to elucidate the exact mechanism underlying the SREC of 

relaxed muscle.  Furthermore, the experimental results might help to explain mechanical 

effects (such as the latency relaxation) which accompany the transition from relaxed to active 

force generating muscle. 

 

Energetic implications 

 

The experimental results described in this work suggest that relaxed muscle is not entirely 

quiescent.  Even under resting conditions there is some degree of crossbridge activity.  Thus, 

muscle is not analogous to an electric motor which can be switched on or off on demand; 

rather it is like an internal combustion engine which idles when it is not required to do work.  

The concept of an idling rate in relaxed muscle is not new. A.V.Hill (1965) pointed out that in 

man about 25% of the Basal Metabolic Rate (BMR) could be attributed to muscle 

metabolism.  A muscle requires energy for cellular maintenance and repair and ionic 

pumping.  However, the present experimental results suggest that a proportion of the BMR 

may power a low level of crossbridge activity. 

 

A thorough investigation of this hypothesis might provide a new understanding of how the 

energy input of the body is balanced with its expenditure.  This could prove to be a 

particularly important area of research because there is a realistic possibility of altering the 

number of cycling crossbridges with pharmacological interventions.  This work could lead to 

new treatments for metabolic obesity. 
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APPENDIX 5 

 

TENSION CONTROL SERVO-MECHANISM 

 

Full details of the circuit diagram of the analogue servo-mechanism used to control the 

tension puller are shown below (Figure A1.1). 
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Figure A1.1. Circuit diagram of tension control servo-mechanism 
 

The figure shows the circuit diagram of the tension control servo-mechanism.  Resistance values 
are given in ohms.  The feedback signal was derived from a low-pass-filtered version of the force 

transducer output. 
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APPENDIX 3 

 

CROSSBRIDGE POPULATION DISPLACEMENT 

MECHANISM SOURCE CODE 

 

This appendix contains the source code used in simulations of the Crossbridge Population 

Displacement Mechanism.  The code is written in Turbo C++ (Version 3, Borland, U.S.A.).  

The compiled code would run on any IBM-compatible PC with either EGA or VGA graphics 

hardware. 
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/*  C-code to model response of relaxed muscle to imposed 

length stretch.  Calculations based on 4th Order Runge-Kutta 

approximation with fixed step-size */ 

 

/* Pre-processor commands */ 

 

#include <stdlib.h> 

#include <stdio.h> 

#include <graphics.h> 

#include <dos.h> 

#include <conio.h> 

#include <math.h> 

#include <process.h> 

 

/* Global definitions */ 

 

/* Program definitions */ 

 

#define time_step 5e-4 

      // defines time delay 

      // between iterations (s) 

#define drawing_skip 10 

      // graphics variable to 

      // speed up iterations 

      // draws position 

      // distribution 

      // only every nth time 

 

/* Crossbridge definitions */ 

 

#define no_of_bridges 10000 

      // defines number of 

      // bridges in analysis 

#define kbridge 1e-4 

      // defines crossbridge 

      // stiffness (arbitrary 

      // units 

#define detachment 0.04 

      // defines detachment 

      // rate (1/s) 

#define attachment 0.2 

      // defines attachment 

      // rate (1/s) 

#define range 8e-9 

      // defines crossbridge 

      // attachment range (m) 

#define power_stroke 1e-10 

      // defines crossbridge 

      // power stroke (m) 

#define no_of_positions 2601 

      // defines number of 

      // crossbridge positions 

#define no_of_attachment_positions 2001 

      // defines number of 

      // crossbridge positions 

      // where attachment 

      // can occur 

#define step ((2*range)/(no_of_attachment_positions-1)) 

      // defines distance 

      // between 

      // attachment positions 

#define alpha (((1/0.01)-detachment)/(range*range)) 

      // defines detachment 

      // rate proportionality 

      // constant 

 

/* Other definitions */ 

 

#define kparallel (0.001*no_of_bridges*kbridge) 

      // defines parallel 

      // elastic component 

      // stiffness (arbitrary 

      // units) 

#define kseries (0.02*no_of_bridges*kbridge) 

      // defines series elastic 

      // component stiffness 

      // (arbitrary units) 

#define xparallel_nought 0.1e-6 

      // defines parallel 

      // elastic 

      // component length at 

      // bridge force=0 

#define xseries_nought (kparallel*xparallel_nought/kseries) 

      // defines series elastic 

      // component length at 

      // bridge force=0 

 

/*************************************************/ 

 

/* Variables */ 

 

/* Single values */ 

 

float loop;    // integer counting 

      // iteration steps 

float no_of_iterations; 

      // number of iterations 

      //to be carried out 

float x;     // muscle displacement 

float last_x;    // muscle displacement 

      // for 

      // last iteration cycle 

float delta_x;   // change in muscle 

      // displacement during 

      // iteration cycle 

float xparallel;   // displacement of 

      // parallel 

      // component 

float delta_xparallel;  // shift to parallel 

      // component during 
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      // iteration 

      // cycle 

float xseries;    // displacement of 

      // series 

      // component 

float bridge_shift;  // integer for 

      // crossbridge bin 

      // shift due to filament 

      // displacement 

float no_bound;   // number of bridges 

      // bound 

float last_no_bound;  // number of bridges 

      // bound 

      // on last iteration cycle 

float force;    // overall force in 

      // muscle 

float bridge_force;  // force due to 

      // crossbridges 

float last_bridge_force; 

      // force due to 

      // crossbridges 

      // for last iteration 

      // cycle 

float max_x;    // maximum muscle 

      // displacement 

float centre=((no_of_positions-1)/2); 

      // bin number of 

      // position 

      // of zero displacement 

float half_width=((no_of_attachment_positions-1)/2); 

      // number of bins in 

      // half width of 

      // distribution 

float max_initial_pop; // maximum bin 

      // population 

      // after initialisation 

float a_rate;    // attachment rate for 

      // iteration cycle 

float last_a_rate;   // attachment rate for 

      // last iteration cycle 

float max_a_rate;  // attachment rate to be 

      // drawn to screen 

 

/* Calculation arrays */ 

 

float bin_position[no_of_positions+1]; 

      // displacement of each 

      // possible bridge 

      // position 

double bin_population[no_of_positions+1]; 

      // number of bridges 

      // with 

      // each possible 

      // displacement 

 

/* Graphical display arrays */ 

 

float graph_origin_x[8]={0,100,370,100,370,370,100,100}; 

      // graph x origins 

float graph_origin_y[8]={0,210,210,360,360,210,210,210}; 

      // graph y origins 

float axes_length_x[8]={0,170,170,170,170,170,170,170}; 

      // axes x lengths 

float axes_length_y[8]={0,80,80,80,80,80,80,80}; 

      // axes y lengths 

float scalex[8];   // x scaling factors 

float scaley[8];   // y scaling factors 

float oldx[8];   // previous x 

      //  coordinates 

float oldy[8];   // previous y 

      // coordinates 

 

/* Strings */ 

 

char input_file_string[50]="c:\\model\\length.txt"; 

      // length input file 

      // string 

char force_output_string[50]="c:\\model\\force.txt"; 

      // force output file 

      // string 

char bridge_output_string[50]="c:\\model\\bridge.txt"; 

      // bridge force output 

      //file string 

char prop_attached_string[50]="c:\\model\\rop.txt"; 

      // proportion of 

      // attached 

      // bridges output file 

      // string 

char xparallel_string[50]="c:\\model\\xpar.txt"; 

      // delta_xparallel 

      // output file 

 

/*************************************************/ 

 

/* Function declarations */ 

 

float find_no_of_iterations(void);  

      // finds number of 

      // iterations 

      // to carry out 

void calculate_bin_positions(void); 

      // calculate 

      // displacements 

      // from zero strain for 

      // each bin 

void initialise_bin_populations(void);  

      // initialises crossbridge 

      // distributions 

int start_graphics_routines(void);  

      // sets up graphics 
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      // hardware 

void initialise_graph_variables(void); 

      // initialises scaling 

      // factors for graphs 

void draw_graphs(void); 

      // draws graph axes, 

      // titles and number 

      // indicators 

void update_graph(int graph_number,int colour,float new_y); 

      // draws new section of 

      // graph 

void draw_position_distribution(int colour); 

      // draws crossbridge 

      // position distribution 

void display_numbers(void); 

      // displays simulation 

      // current paramaters 

void count_bridges(void);  

      // counts number of 

      // bound 

      // bridges across 

      // all possible sites 

void calculate_bridge_force(void);  

      // calculates force due 

      // to crossbridges 

double calculate_derivitive(int bin_number, 

  float offset, float rate); 

      // returns derivitive 

void runge_kutta_update(int bin_number);  

      // updates bin 

      // population 

      // due to attachment 

      // and detachment 

void bridge_turnover(void); 

      // updates bin 

      // populations 

      // both due to a/d and 

      // filamentary 

      // movement 

void calculate_component_displacements(void); 

      // calculates shifts to 

      // parallel and series 

      // components during 

      // iteration cycle 

void shift_crossbridges(void);  

      // moves crossbridges 

      // due to 

      // interfilamentary 

      // movement 

 

/*************************************************/ 

 

/* Main program loop */ 

 

void main() 

{ 

 /* Initialisation */ 

 

 /* Simulation */ 

 

 no_of_iterations=find_no_of_iterations(); 

      // sets value for 

      // no_of_iterations 

 calculate_bin_positions(); 

 initialise_bin_populations(); 

 last_no_bound=no_bound; 

 calculate_bridge_force(); 

 last_bridge_force=bridge_force; 

 

 xparallel=(xparallel_nought- 

   (bridge_force/(kseries+kparallel))); 

 xseries=(xseries_nought+(bridge_force/ 

   (kseries+kparallel))); 

 

 /* Graphics */ 

 

 start_graphics_routines(); 

 initialise_graph_variables(); 

 draw_graphs(); 

 setfillstyle(2,getbkcolor()); 

 

/*************************************************/ 

 

 /* File handling */ 

 

 FILE *input_file; // create pointer for 

      // input file 

 FILE *force_file; // create pointer for 

      // force output file 

 FILE *bridge_file; // create pointer for 

      // bridge force output 

      // file 

 FILE *prop_attached_file;  

      // create pointer for 

      // proportion of. 

      // attached bridges 

      // output file 

 FILE *xparallel_file;  

      // create pointer for 

      // delta_xparallel 

      // output file 

 

 input_file=fopen(input_file_string,"r"); 

      // open input file 

 force_file=fopen(force_output_string,"w"); 

      // open force file 

 bridge_file=fopen(bridge_output_string,"w"); 

      // open bridge force file 

 prop_attached_file=fopen(prop_attached_string,"w"); 

      // open prop attached 
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      // file 

 xparallel_file=fopen(xparallel_string,"w"); 

      // open delta_xparallel 

      // file 

 

  /* Checking that files are open */ 

 

  if (input_file==NULL) 

   { 

   clrscr(); 

   printf("\a%s could not be opened.\nAbort", 

    input_file_string); 

   abort(); 

   } 

  if (force_file==NULL) 

   { 

   clrscr(); 

   printf("\a%s could not be opened.\nAbort", 

    force_output_string); 

   abort(); 

   } 

  if (bridge_file==NULL) 

   { 

   clrscr(); 

   printf("\a%s could not be opened.\nAbort", 

    bridge_output_string); 

   abort(); 

   } 

  if (prop_attached_file==NULL) 

   { 

   clrscr(); 

   printf("\a%s could not be opened.\nAbort", 

    prop_attached_string); 

   abort(); 

   } 

  if (xparallel_file==NULL) 

   { 

   clrscr(); 

   printf("\a%s could not be opened.\nAbort", 

    xparallel_string); 

   abort(); 

   } 

 

/*************************************************/ 

 

 /* Main processing loop */ 

 

 for (loop=1;loop<=no_of_iterations;loop++) 

 { 

  last_x=x;  // updating old muscle 

      // displacement 

  last_bridge_force=bridge_force; 

      // updating old 

      // crossbridge force 

 

  fscanf(input_file,"%g",&x); 

      // reading in new 

      // muscle 

      // displacement 

 

  delta_x=(x-last_x); 

      // sets muscle 

      // displacement 

      // for iteration cycle 

 

  bridge_turnover(); 

      // controls bridge 

      // attachment and 

      // detachment 

 

  force=(kseries*xseries); 

      // calculates muscle 

      // force 

 

/*************************************************/ 

 

  /* File Output */ 

 

  fprintf(force_file,"%g\n",(force- 

   ((kseries*xseries_nought))); 

      // outputs muscle force 

  fprintf(bridge_file,"%g\n",bridge_force); 

      // outputs bridge force 

  fprintf(prop_attached_file,"%g\n",(no_bound/ 

   (float)no_of_bridges)); 

      // outputs prop 

      // attached file 

  fprintf(xparallel_file,"%g\n",xparallel); 

      // outputs parallel cpt 

      // length 

 

/*************************************************/ 

 

  /* Animation */ 

 

  if (fmod(loop,drawing_skip)==0) 

  { 

   update_graph(1,15,x); 

      // updates muscle 

      // displacment graph 

   update_graph(6,2,(xparallel- 

    xparallel_nought)); 

      // updates parallel cpt 

      // displacement graph 

   update_graph(2,15,(force- 

    (kseries*xseries_nought))); 

      // updates muscle force 

      // graph 

   update_graph(5,2,bridge_force); 

      // updates bridge force 
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      // graph 

   update_graph(4,15,no_bound); 

      // updates attached 

      // number graph 

   draw_position_distribution(2); 

      // draws crossbridge 

      // position distribution 

 

   display_numbers(); 

  } 

 

  if (fmod(loop,drawing_skip)==(drawing_skip-1)) 

      // blocking out position 

      // distribution for neat 

      // redrawing 

  { 

   bar((graph_origin_x[3]+1), 

    (graph_origin_y[3]-axes_length_y[3]), 

   (graph_origin_x[3]+axes_length_x[3]), 

    (graph_origin_y[3]-1)); 

  } 

 

 } 

 

/*************************************************/ 

 

 /* Shutdown */ 

 

 getch();    // waits for key-press 

      // before wiping screen 

 

 fclose(input_file); // closes all files 

 fclose(force_file); 

 fclose(bridge_file); 

 fclose(prop_attached_file); 

 fclose(xparallel_file); 

 

 closegraph();  // closes graphics 

      // routines 

} 

 

/*************************************************/ 

 

/* Function codes */ 

 

float find_no_of_iterations(void) 

{ 

 float j=0;   // counting integer 

 float temp;   // temporary float - no 

      // use 

 

 FILE *input_file; // create pointer for 

      // input file 

 input_file=fopen(input_file_string,"r"); 

      // open input file in 

      // read mode 

 

  /* Checking to see that file is open */ 

 

  if (input_file==NULL) 

  { 

   clrscr(); 

   printf("\aInput file %s could not be 

    opened.\nAbort", 

    input_file_string); 

   abort(); 

  } 

 

 while (!feof(input_file)) 

      // reads through file 

      // until end is 

      // reached 

 { 

  fscanf(input_file,"%f",&temp); 

 

  if (temp>max_x) 

      // automatically scales y 

      // displacement axes 

  { 

   max_x=temp; 

  } 

 

  j++; 

 } 

 

 fclose(input_file); // closes file 

 

 return (j-1); 

} 

 

void calculate_bin_positions(void) 

{ 

 int j;    // counting integer 

 

 for (j=1;j<=no_of_positions;j++) 

 { 

  bin_position[j]=((-centre+(j-1))*step); 

 } 

} 

 

void initialise_bin_populations(void) 

{ 

 int j;    // counting integer 

 

 float no_pos=no_of_attachment_positions; 

      // floating version of 

      // integer variable 

 

 float sum_inverse_d=0; 

      // sum of inverse 
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      // d_rates 

 

 for (j=1;j<=no_pos;j++) 

 { 

  sum_inverse_d=(sum_inverse_d+ 

   (1/(detachment+(alpha*pow(bin_position[j],2))))); 

 } 

 

 no_bound=(no_of_bridges/(1+(1/((attachment/no_pos)* 

   sum_inverse_d)))); 

 

 for (j=(1+centre-

half_width);j<=(1+centre+half_width);j++) 

 { 

  bin_population[j]=(attachment*(no_of_bridges- 

   no_bound)/(no_pos*(detachment+ 

   (alpha*pow(bin_position[j],2))))); 

 } 

 

 max_initial_pop=bin_population[1+centre]; 

} 

 

int start_graphics_routines() 

{ 

 int graphdriver = DETECT, graphmode, error_code; 

 

 //Initialize graphics system; must be EGA or VGA 

 

 initgraph(&graphdriver, &graphmode, "c:\\tc\\bgi"); 

 error_code = graphresult(); 

 

 if (error_code != grOk) 

  return(-1);  // No graphics 

      // hardware found 

 

 if ((graphdriver != EGA) && (graphdriver != VGA)) 

 { 

  closegraph(); 

  return 0; 

 } 

 

 return(1);   // Graphics OK, 

      // so return "true" 

} 

 

void initialise_graph_variables(void) 

{ 

 int j; 

 

 /* x scaling factors */ 

 

 for (j=1;j<=7;j++) 

 { 

  if (j!=3) 

  { 

   scalex[j]=(axes_length_x[j]/no_of_iterations); 

  } 

  else 

  { 

   scalex[3]=(axes_length_x[j]/no_of_positions); 

  } 

 } 

 

 /* y scaling factors */ 

 

 if (max_x==0) 

 { 

  max_x=1e-9; 

 } 

 

 scaley[1]=(axes_length_y[1]/max_x); 

 scaley[2]=(axes_length_y[2]/0.35e-9); 

 scaley[3]=(axes_length_y[3]/(1.1*max_initial_pop)); 

 scaley[4]=(axes_length_y[4]/(0.1*no_of_bridges)); 

 scaley[5]=scaley[2]; 

 scaley[6]=scaley[1]; 

 scaley[7]=scaley[1]; 

 

 /* Setting initial graph coordinates */ 

 

 for (j=1;j<=7;j++) 

 { 

  oldx[j]=(graph_origin_x[j]); 

  oldy[j]=(graph_origin_y[j]); 

 } 

} 

 

void draw_graphs() 

{ 

 int j;    // counting integer 

 

 setcolor(4); 

 

 outtextxy(150,50,"Tension Response of Relaxed Muscle to 

   Stretch"); 

 

 setcolor(9); 

 

 for (j=1;j<=4;j++  // Graphs 1-4 

  { 

  moveto(graph_origin_x[j],graph_origin_y[j]); 

  lineto(graph_origin_x[j], 

   (graph_origin_y[j]-axes_length_y[j])); 

  moveto(graph_origin_x[j],graph_origin_y[j]); 

  lineto((graph_origin_x[j]+axes_length_x[j]), 

   graph_origin_y[j]); 

  } 

 

 /* Adding y-axes labels */ 

 



176 

 outtextxy((graph_origin_x[1]-20),(graph_origin_y[1]- 

  axes_length_y[1]),"x"); 

 outtextxy((graph_origin_x[2]-20),(graph_origin_y[2]- 

  axes_length_y[2]),"F"); 

 outtextxy((graph_origin_x[3]-90),(graph_origin_y[3]- 

  axes_length_y[3]),"Position"); 

 outtextxy((graph_origin_x[3]-100),(graph_origin_y[3]- 

  axes_length_y[3]+10),"Distribution"); 

 

 /* Range indicators */ 

 

 line((graph_origin_x[3]+(centre*scalex[3])), 

  graph_origin_y[3], 

  (graph_origin_x[3]+(centre*scalex[3])), 

  (graph_origin_y[3]+20)); 

 line((graph_origin_x[3]+((centre-(range/step))*scalex[3])), 

  graph_origin_y[3], 

  (graph_origin_x[3]+((centre- 

  (range/step))*scalex[3])), 

  (graph_origin_y[3]+20)); 

 line((graph_origin_x[3]+ 

  ((centre+(range/step))*scalex[3])), 

  graph_origin_y[3], 

  (graph_origin_x[3]+((centre+(range/step))*scalex[3])), 

  (graph_origin_y[3]+20)); 

 

 outtextxy((graph_origin_x[4]-70),(graph_origin_y[4]- 

  axes_length_y[4]),"Attached"); 

 outtextxy((graph_origin_x[4]-60),(graph_origin_y[4]- 

  axes_length_y[4]+10),"Number"); 

 

 /* Number indicators */ 

 

 setcolor(15); 

 

 outtextxy(10,400,"Proportion attached:"); 

 outtextxy(10,420,"Time (s):"); 

 outtextxy(10,440,"Attachment rate:"); 

} 

 

void update_graph(int graph_number, int colour, float new_y) 

{ 

 setcolor(colour);  // sets drawing colour 

 

 moveto(oldx[graph_number],oldy[graph_number]); 

      // moves to old cursor 

      // position 

 oldx[graph_number]=(graph_origin_x[graph_number]+ 

   (loop*scalex[graph_number])); 

 oldy[graph_number]=(graph_origin_y[graph_number]- 

   (new_y*scaley[graph_number])); 

      // updates cursor 

      // position 

 lineto(oldx[graph_number],oldy[graph_number]); 

      // draws line to new 

      // cursor position 

} 

 

void draw_position_distribution(int colour) 

{ 

 int j;    // counting variable 

 

 setcolor(colour);  // sets drawing colour 

      // for graph 

 

 moveto(graph_origin_x[3],graph_origin_y[3]); 

 

 for (j=1;j<=no_of_positions-1;j++) 

 { 

  lineto((graph_origin_x[3]+ 

   (j*scalex[3])), 

   (graph_origin_y[3]- 

   (bin_population[j]*scaley[3]))); 

 } 

} 

 

void display_numbers(void) 

{ 

 char prop_bound[10]; 

      // string containing 

      // current 

      // prop bound 

 char old_prop_bound[10]; 

      // string contain last 

      // drawn prop bound 

 char iteration_time[10];  

      // string containing 

      // current 

      // iteration number 

 char old_iteration_time[10];  

      // string containing last 

      // drawn iteration 

      // number 

 char a_rate_number[10]; 

      // string containing 

      // current a-rate 

 char old_a_rate_number[10]; 

      // string containing last 

      // a-rate 

 

 /* Writing over old numbers */ 

 

 setcolor(getbkcolor()); 

 

 sprintf(old_iteration_time,"%.4f",((loop- 

  drawing_skip)*time_step)); 

 outtextxy(200,420,old_iteration_time); 

 

 sprintf(old_prop_bound,"%.3f",(last_no_bound/ 

  no_of_bridges)); 
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 outtextxy(200,400,old_prop_bound); 

 

 sprintf(old_a_rate_number,"%.3f",last_a_rate); 

 outtextxy(200,440,old_a_rate_number); 

 

 /* Writing new numbers */ 

 

 setcolor(15); 

 

 sprintf(iteration_time,"%.4f",(loop*time_step)); 

 outtextxy(200,420,iteration_time); 

 

 sprintf(prop_bound,"%.3f",(no_bound/no_of_bridges)); 

 outtextxy(200,400,prop_bound); 

 

 sprintf(a_rate_number,"%.3f",max_a_rate); 

 outtextxy(200,440,a_rate_number); 

 

 /* Updating old values */ 

 

 last_no_bound=no_bound; 

 last_a_rate=max_a_rate; 

 max_a_rate=0; 

} 

 

void count_bridges(void) 

{ 

 int j;    // counting integer 

 

 no_bound=0; 

 

 for (j=1;j<=no_of_positions;j++)  

      // cycling through 

      // possible 

      // bridge positions 

 { 

  no_bound=(no_bound+bin_population[j]); 

 } 

} 

 

void calculate_bridge_force(void) 

{ 

 int j;    // counting integer 

 

 bridge_force=0; 

 

 for (j=1;j<=no_of_positions;j++) 

 { 

  bridge_force=(bridge_force+ 

   (bin_population[j]*kbridge* 

   (bin_position[j]+power_stroke))); 

 } 

} 

 

double calculate_derivitive(int bin_number,float offset, 

 float rate) 

{ 

 float no_pos=no_of_attachment_positions; 

      // floating version of 

      // number of 

      // attachment 

      // positions 

 float no_brid=no_of_bridges; 

      // floating version of 

      // number of bridges 

 

 float d_rate=(detachment+ 

  (alpha*pow(bin_position[bin_number],2))); 

      // detachment rate for 

      // this iteration 

 

 if (abs(bin_number-centre)>half_width) 

 { 

  rate=0; 

 } 

 

 return(((rate/no_pos)*(no_brid-no_bound))- 

  (d_rate*(bin_population[bin_number]+offset))); 

} 

 

void runge_kutta_update(int bin_number) 

{ 

 double k1=0;  // temp derivitives for 

 doublr k2=0;  // runge-kutta 

 double k3=0; 

 double k4=0; 

 

 double delta; 

 

 k1=(time_step*calculate_derivitive(bin_number, 

  0,a_rate)); 

 k2=(time_step*calculate_derivitive(bin_number, 

  (k1/2),a_rate)); 

 k3=(time_step*calculate_derivitive(bin_number, 

  (k2/2),a_rate)); 

 k4=(time_step*calculate_derivitive(bin_number, 

  k3,a_rate)); 

 

 delta=((k1+k4+(2*(k2+k3)))/6.0); 

 

 bin_population[bin_number]= 

  (bin_population[bin_number]+ delta); 

 

 if (bin_population[bin_number]<0) 

      // preventing negative 

      // populations 

 { 

  bin_population[bin_number]=0; 

 } 

} 
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void bridge_turnover(void) 

{ 

 int j;    // counting integer 

 

 count_bridges();  // updates number of 

      // bound bridges 

 

 calculate_bridge_force(); 

      // updates crossbridge 

      // force 

 

 calculate_component_displacements(); 

      // works out changes to 

      // component lengths 

 

 shift_crossbridges(); 

 

 /* Set attachment rate with enhancement */ 

 

 a_rate=(attachment*(1+ 

  (fabs(delta_xparallel)/time_step)/ 

  (2*range))); 

 

 if (a_rate>max_a_rate) 

 { 

  max_a_rate=a_rate; 

 } 

 

 /* Control attachment and detachment */ 

 

 for (j=1;j<=no_of_positions;j++) 

 { 

  runge_kutta_update(j); 

 } 

} 

 

void calculate_component_displacements(void) 

{ 

 delta_xparallel=(-(bridge_force-last_bridge_force)/ 

  (kparallel+kseries)); 

      // expression for 

      // muscle creep 

 

 delta_xparallel=(delta_xparallel+((kseries*delta_x)/ 

  (kseries+kparallel))); 

      // experession for 

      // change due to 

      // tendon pull 

 

 xparallel=(xparallel+delta_xparallel); 

      // updating parallel cpt 

      // length 

 

 xseries=(xseries+(delta_x-delta_xparallel)); 

      // updating series cpt 

      // length 

} 

 

void shift_crossbridges(void) 

{ 

 int j;    // counting integer 

 int movement=0;  // number of bins to be 

      // moved 

 

 bridge_shift=(bridge_shift+delta_xparallel); 

 

 if (fabs(bridge_shift)>step) 

 { 

  movement=(bridge_shift/step); 

  bridge_shift=fmod(bridge_shift,step); 

 } 

 

 if (movement>0) 

 { 

  for (j=(no_of_positions);j>=(1+movement);j--) 

  { 

   bin_population[j]=bin_population[j- 

    movement]; 

  } 

 

  for (j=1;j<=(1+movement);j++) 

  { 

   bin_population[j]=0; 

  } 

 } 

 

 if (movement<0) 

 { 

  for (j=1;j<=(no_of_positions+movement);j++) 

  { 

   bin_population[j]=bin_population[j- 

    movement]; 

  } 

 

 for (j=(no_of_positions+movement+1); 

  j<=no_of_positions;j++) 

  { 

   bin_population[j]=0; 

  } 

 } 

} 
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APPENDIX 6 

 

PUBLISHED WORK 

 

In the course of this research, six abstracts were published in the Journal of Physiology.  

Three of these abstracts were concerned with the mechanical properties of relaxed skeletal 

muscle; the others resulted from investigations into different areas of motor control.  A further 

full-length paper was submitted to the Journal of Physiology in September, 1997.  The 

publications are listed below and copies are included in this appendix. 

 
CAMPBELL, K. S. & LAKIE, M. (1995a). Tension responses to imposed length changes in 
isolated relaxed muscle fibre bundles from Rana temporaria. Journal of Physiology 487, 155-
156P. 
 
CAMPBELL, K. S. & LAKIE, M. (1995b). Can the short range elastic component and thixotropy 
both be due to crossbridge activity in relaxed muscle? Journal of Physiology 491, 130-131P. 
 
CAMPBELL, K. S. & LAKIE, M. (1996). Sarcomere length measurement during thixotropic 
tension responses in relaxed amphibian muscle. Journal of Physiology 495, 162P. 
 
LAKIE, M. & CAMPBELL, K. S. (1995). A method of identifying small sudden force 
increments in a voluntary isometric contraction in man. Journal of Physiology 483, 2P. 
 
LAKIE, M., JUPP, N., CAMPBELL, K. S. & COMBES, N. (1996). The effect of percutaneous 
digital nerve stimulation on finger tremor in man. Journal of Physiology 495, 183P. 
 
LAKIE, M., KELLY, S. M. & CAMPBELL, K. S. (1997). A comparison of ankle torques in a 
fictive standing task in man. Journal of Physiology 501, 42P. 
 
CAMPBELL, K. S. & LAKIE, M. (1997). A crossbridge mechanism can explain the thixotropic 
Short Range Elastic Component of relaxed frog skeletal muscle. (Submitted). 
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Journal of Physiology, (1995), 487, 155-156P 
 
Tension responses to imposed length changes in isolated relaxed muscle fibre bundles from Rana 
Temporaria 
 
K.S. Campbell and M. Lakie 
 
Applied Physiology Research Group, School of Sport and Exercise Sciences, University of 
Birmingham, Birmingham, B15  2TT. 
 
When stretched, relaxed muscle is initially stiff (Hill, 1968).  This Short Range Elastic Component 
(SREC) was ascribed by Hill to long lived crossbridges in resting muscle.  If the imposed length 
change continues beyond this limit, the resistance to stretch reduces abruptly.  We describe this part of 
the response as the Second Component.  Experiments using fast stretches may suggest that the initial 
resistance has viscous properties which are not fully consistent with the mechanism above (Bagni et 
al., 1992). 
 
We have investigated the behaviour of the SREC at moderate stretch velocities.  Small bundles (10-15 
fibres) were isolated from the iliofibularis muscle of Rana temporaria.  The tension response to pairs 
of identical triangular stretches (5 s apart, 0.5-2.5% muscle length) was examined.  The stiffness of the 
SREC and Second Component was calculated for both stretches. 
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Fig.1. Stiffness of SREC and Second Component with varying stretch velocity. (Muscle lengths per second) 
Mean results  S.E.M. from 4 bundles. Sarcomere length 2.2 µm. Temperature 9 C. Bundle stiffnesses 

normalised to mean Second Component values for all velocities. 
 
Both the SREC and Second Component have a stiffness which is effectively independent of stretch 
velocity over the studied range.  The stiffness of the SREC of the second stretch was less than the first.  
Both these observations are consistent with the suggestion that the SREC is due to stable cross-
linkages which act as linear springs and which, once detached, take some time to relink.  The second 
component is attributed to the parallel elastic component.  There is no appreciable viscous component 
of the SREC at the velocities studied. 
 
K.S.C. is a Wellcome Prize Student. 
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Journal of Physiology, (1995), 491, 130-131P 
 
Can the Short Range Elastic Component and thixotropy both be due to crossbridge 
activity in relaxed muscle? 
 
K.S.Campbell and M.Lakie 
 
Applied Physiology Research Group, School of Sport and Exercise Sciences, University of 
Birmingham, B15 2TT 
 
In relaxed muscle, the short range elastic component (SREC) is generally thought to be due to 
attached crossbridges (Hill, 1968). At short sarcomere lengths, where the contribution of the 
parallel elastic component can be disregarded, the form of the SREC is a sharp increase in 
tension when the muscle is initially stretched. When the stretch size attains and subsequently 
exceeds the "elastic limit" (~ 0.2% muscle length), the tension remains constant (a "frictional 
resistance"). The elastic limit is thought to represent the forcible detachment of crossbridges, 
and the constant tension is due to continuing reattachment of crossbridges during stretch. As 
Hill pointed out, this mechanism imposes two constraints on crossbridge behaviour. The mean 
lifetime of a crossbridge must be quite long in order to permit an increased strain before 
detachment, and crossbridges, once detached, must be able to reform rapidly to generate a 
"frictional" resistance. 
 
The initial stiffness of the SREC should reflect the number of attached crossbridges. It has 
been shown that the SREC stiffness and the tension at the elastic limit, are not constant, but 
have values which are dependent on the prior history of movement of the muscle (Campbell 
& Lakie, 1995; Herbst, 1976; Lännergren, 1971). This observation suggests that the number 
of attached crossbridges rises to some maximal value rather slowly (many seconds) after large 
movements. The SREC is thixotropic. 
 
The results of a mathematical model which generates a realistic thixotropic SREC are 
presented. It proves impossible to do this with a single crossbridge attachment rate. If this is 
fast enough to account for the frictional resistance, the thixotropic recovery is unrealistically 
quick. If it is chosen to give an appropriate thixotropic recovery, a constant SREC tension 
cannot be maintained. One possible solution is to permit a faster rate of crossbridge 
attachment in muscle while it is being stretched. A modest increase (2-5) gives a 
satisfactory fit. This may represent a form of "stretch activation". An alternative interpretation 
of these conflicting requirements is that the mechanisms responsible for the SREC and for 
thixotropic stiffness changes are not both due to crossbridges. 
 
K.S.C. is a Wellcome Prize Student. 
 
REFERENCES 
 
Campbell,K.S. & Lakie,M. (1995). J.Physiol. 487, 155-156P 
Herbst,M. (1976). Pflügers Arch. 364, 71-76 
Hill,D.K. (1968). J.Physiol. 199, 637-684 
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Journal of Physiology, (1996), 495, 162P 
 
Sarcomere length measurement of thixotropic tension responses in relaxed amphibian muscle 
 
K.S.Campbell and M.Lakie 
 
Applied Physiology Research Group, School of Sport and Exercise Sciences, University of 
Birmingham, B15 2TT 
 
 
Hill (1968) suggested that the short range elastic component (SREC) is due to the presence of stable 
crossbridges linking actin and myosin in relaxed skeletal muscle.  This hypothesis is supported by the 
phenomenon of thixotropy - the finding that the SREC tension is not constant but depends on the prior 
mechanical history (Lännergren, 1971). 
 
We have investigated sarcomere length changes produced by small triangular stretches imposed on 
fibre bundles and single fibres isolated from the tibialis anterior muscles of Rana temporaria.  Fibres 
were suspended between a force transducer and a length stretcher .  A laser beam was projected 
through the fibre and a first order diffraction beam collected and imaged onto a position sensitive 
detector. 
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Fig 1. Force response against sarcomere length for two identical stretches (2% l0 , 0.07 l0 s

-1 ) separated by 0.2 s.  
Bundle of 4 fibres.  4 ºC.  Traces proceed in a clockwise direction. 

 
Although the tension for the second stretch rises more slowly and from a lower level than for the 
initial stretch, the maximum tensions and sarcomere lengths obtained in Figure 1 are almost identical.  
This suggests that the SREC and Filamentary Resting Tension (FRT) are generated by the same 
mechanism which reaches a similar state at the maximum displacement. 
 
These results are fully compatible with a mathematical model currently being developed in which the 
SREC and FRT are manifestations of crossbridge activity in relaxed muscle (Campbell & Lakie, 
1995). 
 
K.S.C. is a Wellcome Prize Student. 
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Journal of Physiology, (1995), 483, 2P 
 
A method of identifying small sudden force increments in a voluntary isometric contraction in 
man 
 
M.Lakie and K.S.Campbell 
 
Applied Physiology Research Group, School of Sport and Exercise Sciences, University of 
Birmingham, Birmingham, B15 2TT. 
 
In an attempt to detect force increments produced by the recruitment of individual motor units in the 
human first dorsal interosseous, a procedure for measuring and subsequently analysing the force 
produced in an isometric contraction has been developed.  The subject relaxes in a specially 
constructed chair, with the right arm and hand rigidly supported.  The proximal phanlangel joint of the 
right index finger is positioned in a moulded ring rigidly connected to a load cell (2 kg, R.S. 632-736).  
The force signal is amplified, displayed on an oscilloscope, and simultaneously recorded at 1000 Hz 
using a 12-bit analogue to digital converter and a combined data collection and analysis package 
(C.E.D. 1401, Spike 2, Dell 466/Mx).  A ramp voltage is displayed on the second oscilloscope 
channel, and the subject instructed to push against the load cell to track this target.  Individual trials 
last approximately 7 s and reach one-quarter of the maximum voluntary contraction. 
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Fig. 1. Identification of trigger points. A) Criteria for selecting a trigger point.  The force signal must have a 
gradient less than the set lower threshold at time t, and a gradient greater than the set upper threshold at time t+.  

B) An enlarged section of a force trace showing the identified trigger points. 
 
Analysis of the recorded force signal is carried out using a specially developed computer program.  
The force signal is digitally smoothed, and the signal separated into small time segments.  The 
gradient (force increase per unit time) is calculated for each segment, and compared with the mean 
average gradient for the entire recording.  By setting 'gradient thresholds', points in the trace where a 
slowly increasing force is followed after a time delay  by a sharply increasing force can be identified  
These are termed trigger points.  Varying the segment length, the time delay , and the gradient 
thresholds, allows differing numbers of trigger points to be detected.  With appropriate parameters 
selected, the trigger points may identify the recruitment of new motor units. 
 
Integrated surface EMG can be simultaneously recorded and subjected to the same analysis, allowing 
comparisons to be made between force and EMG fluctuations. 
 
K.S.C. is a Wellcome Prize Student 
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Journal of Physiology, (1996), 495, 183P 
 
The effect of percutaneous digital nerve stimulation on finger tremor in man 
 
M. Lakie, Nicola Jupp, K.S. Campbell and N. Coombes * 
 
Applied Physiology Research Group, School of Sport and Exercise Sciences and 
* Department of Neurophysiology, University of Birmingham, Birmingham 
 
Percutaneous electrical stimulation of the digital nerves has been shown to reverse the order 
of recruitment of motor units in muscles controlling the movements of the hand (Garnett & 
Stephens, 1981).  Physiological postural tremor is largely generated by the activity of small 
motor units that are subtetanically activated (Lakie et al. 1986).  If stimulation of digital 
nerves causes reversal of recruitment order in a significant number of motor units then it 
might be expected that the premature recruitment of larger motor units would generate a 
larger tremor size. We have investigated this possibility.  Physiological tremor was recorded 
from the outstretched middle finger of the right hand while the subject exerted a small force 
(1.0 N) in two conditions.  The force was exerted (1) against a rigid load cell, or (2) against a 
compliant, low inertia, torque servomotor.  In the case of the load cell, the subject regulated 
the force using a visual feedback provided by a meter, whereas in the case of the torque motor 
the subject regulated the position using a visual indicator on an analog scale.  With the load 
cell, tremor was recorded as the fluctuation in force, and with the torque motor, as a 
fluctuation in acceleration.  The situation in (2) was very similar to the normal accelerometric 
method of recording tremor, where a limb is supported against gravity.  Ten subjects, five 
men (20-42 years old), were studied with their permission and with ethical approval.  
Percutaneous stimulation was applied using ring electrodes following the method of Garnett 
& Stephens (1981), but stimulus currents of 5  threshold were used rather than 4  .  Tremor 
was recorded for 12 s periods at 1 min intervals for 10 min before stimulation, 6 min during 
and 5 min after.  Stimulation caused a clear and significant increase in tremor size in 
condition (1), but no change in condition (2).  When the increase in tremor occurred it was 
progressive, with a similar time course to that described by Garnett & Stephens (1981) for 
motor unit recruitment reversal.  It may be relevant that in condition (1), and in the 
circumstances where motor unit recruitment order has been reported to be reversed, the 
subject is attempting to control force rather than position.  Although artificial (visual) 
feedback of force provided, the stimulus may disrupt transmission of sensory information 
from the skin of the finger at the site where the force is exerted. 
 
K.S.C. is a Wellcome Prize Student. 
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A comparison of ankle torques in a fictive standing task in man 
 
M.Lakie, S.M.Kelly and K.S.Campbell 
 
Applied Physiology Research Group, School of Sport and Exercise Sciences, University of 
Birmingham, B15 2TT 
 
Using an apparatus based on that described by Fitzpatrick et al. (1992), and with ethical 
permission, eight subjects attempted to balance an inverted pendulum with inertia and centre 
of mass similar to those of their own bodies.  The blindfolded subjects were firmly supported 
upright so that visual and vestibular inputs were excluded and movement was confined to 
ankle rotation.  Most subjects were easily able to maintain the pendulum in a state of dynamic 
equilibrium; subjects who could not perform competently after a brief period of practice were 
excluded.  The torques generated by the left and right legs were independently recorded by 
load cells, and ankle rotation (which was common to both) was recorded by a Hall effect 
device.  Signals were digitised at 50 Hz and analysed by computer.  Trials lasted 30 s.  The 
total ankle torque (sum of left and right) produced by each subject was sufficient to prevent 
the mass from toppling.  However, it was clear that the contribution of the right and left leg 
varied from trial to trial and within most trials, and some subjects clearly favoured one leg 
(Figure 1).  For short periods the system appeared to operate elastically, and during these 
periods the calculated spring stiffness was often somewhat less than that required to fully 
balance the load (Gurfinkel et al., 1974).  Collapse of the pendulum was prevented by 
intermittent relatively abrupt changes in torque, which we interpret as being due to changes in 
motor unit activity. 
 

  
Figure 1.  Ankle torques plotted against ankle angle, with zero degrees corresponding to a neutral position of 90
 at the ankle joint.  In this 10 s period the greater contribution is made by the left leg (the arrows indicate the 

direction of time).  Regression line gradients would represent stiffness if the system were elastic. 
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SUMMARY 

 

1) The passive tension and sarcomere length of relaxed frog skeletal muscle fibres were 

measured in response to imposed length stretches.  The tension response to a constant 

velocity stretch exhibited a clear discontinuity.  Tension rose more rapidly during the 

initial ~ 0.2 % l0 of the stretch than during the latter stages.  This initial tension response 

is attributed to the Short Range Elastic Component (SREC). 

 

2) The use of paired triangular stretches revealed that the maximum tension produced 

during the SREC response of the second stretch was significantly reduced by the first 

stretch.  This history dependent behaviour of the SREC can explain thixotropic stiffness 

changes that have been previously described in relaxed muscle. 

 

3) The relaxed muscle fibres possess a small resting tension.  In addition to any 

contribution from the stretch of passive structures, there is an actively generated 

component, the magnitude of which is reduced by prior movement.  The actively 

generated component is referred to as the Filamentary Resting Tension (FRT). 

 

4) A mathematical model is described in which the SREC and FRT arise as a manifestation 

of a small number of slowly cycling, stable crossbridges linking the actin and myosin 

filaments of relaxed muscle.  This Crossbridge Population Displacement Mechanism 

provides a theoretical explanation for many of the observed phenomena: the velocity 

dependence of the SREC over the range studied, the maintenance of an approximately 

constant tension beyond the SREC, the reduction of the SREC by prior movement and 

the different time-courses of the recovery of the SREC and FRT. 
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5) A further strength of the Crossbridge Population Displacement Mechanism is that it 

predicts a feature of the experimental results which has not been previously described.  

In experiments using paired stretches, the maximum reduction in the second stretch 

SREC tension is produced when the inter-stretch interval is short (~ 0.1 s) rather than if 

the inter-stretch interval is reduced to zero. 

 

6) Measurement of the response to slow stretches shows that sarcomere length accelerates 

during the SREC phase of the stretch.  The Crossbridge Population Displacement 

Mechanism explains this response in terms of a detachment of crossbridges that is strain 

and time dependent. 
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INTRODUCTION 

 

The precise control of posture and movement imposes severe constraints on the human 

neuromuscular system.  In particular, to maintain stability, the motor control system must 

continually react to proprioceptive feedback as the body is perturbed by unpredictable 

external forces.  In this type of control mechanism there is an inevitable time delay (due to 

e.g. nerve conduction and electro-mechanical coupling) between the sensing of the 

perturbation and the completion of the corrective movement.  The delays in the feedback loop 

are destabilising and may result in tremulous movement (McMahon, 1984).  A small 

resistance to movement inherent in the muscle fibres themselves would provide mechanical 

damping.  This would increase postural stability (Grillner, 1972) without markedly affecting 

the body’s ability to produce large rapid movements under voluntary control. 

 

Even when movements are generated it is often only a relatively small number of motor units 

in the agonist muscles which are activated.  Such movements inevitably stretch the fibres of 

the antagonist muscle groups and passively shorten unrecruited fibres in the agonist muscles.  

The neuromuscular control system must allow for these passive mechanical properties if it is 

to control movements with precision.  A better understanding of the mechanical properties of 

inactive muscle would thus be useful in a holistic description of the neuromuscular control 

system. 

 

In 1968, D.K.Hill demonstrated that relaxed frog sartorii exhibited both a small actively 

generated resting tension - the Filamentary Resting Tension (FRT) - and a disproportionately 

high resistance to the initial stages of an imposed length stretch - the Short Range Elastic 

Component (SREC).  Further work (e.g. Lännergren, 1971; Herbst, 1976; Lakie & Robson, 

1988a, b, 1990; Campbell & Lakie, 1995a, 1996) has shown that both the initial resistance of 

the SREC and the tension generated by the FRT depend crucially on the mechanical history of 
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the muscle.  Prior movements applied to the muscle temporarily reduce its initial stiffness 

during a subsequent stretch by as much as 50 % (Lakie & Robson, 1988a, b).  This behaviour, 

which characterises a mechanical system in which the state depends on the history of 

movement, is thixotropic (Buchthal & Kaiser, 1951; Lakie, Walsh & Wright, 1984). 

 

The precise mechanism underlying the SREC and FRT in relaxed frog skeletal muscle 

remains uncertain.  Hill believed that the SREC and FRT were manifestations of a low level 

of crossbridge activity in relaxed skeletal muscle.  More recent work (although not 

specifically investigating the SREC and FRT) suggests that many of the mechanical 

properties of relaxed muscle may be attributed to either viscous and visco-elastic behaviour 

(Bagni, Cecchi, Colomo & Garzella, 1992, 1995; Mutungi & Ranatunga, 1996a, b) or to titin 

filaments (Linke, Bartoo, Ivemeyer & Pollack, 1996; Bartoo, Linke & Pollack, 1997).  This 

paper describes some measurements of the SREC and FRT in relaxed frog skeletal muscle 

fibres.  It also presents a simple theoretical model, the Crossbridge Population Displacement 

Mechanism, which predicts the mechanical behaviour of a small number of slowly cycling 

crossbridges based on a few plausible assumptions.  The predictions of the model are in 

excellent agreement with the experimental observations.  It is undeniable that either visco-

elastic mechanisms or titin filaments may dominate the mechanical properties of relaxed 

skeletal muscle under certain conditions.  However, this work does show that the SREC and 

FRT are fully compatible with Hill’s original crossbridge hypothesis, and moreover, that the 

hypothesis provides a succinct explanation for many of the complex mechanical properties of 

relaxed skeletal muscle. 
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METHODS 

 

EXPERIMENTAL MEASUREMENTS 

 

Frogs (Rana temporaria and Rana pipiens) were killed by decapitation and pithed.  Single 

twitch muscle fibres and small bundles of muscle fibres (2 ~ 6 twitch fibres) were isolated 

from the iliofibularis and semitendinosus muscles.  The fibres were dissected in a 

polycarbonate trough containing standard Ringer’s solution (NaCl 115 mM, KCl 2.5 mM, 

CaCl2 1.8 mM, NaH2PO4 0.85 mM, Na2HPO4 2.15 mM, pH 7.2).  The entire dissecting trough 

was then transferred to the experimental apparatus and clamped to a stainless steel base plate 

mounted on a Peltier effect heat pump.  The Peltier device was regulated by a feedback circuit 

which controlled the temperature of the bathing Ringer’s solution.  The hooks of the force 

transducer and puller were lowered into the trough and the fibre connected between these 

using small clips cut from gold foil (thickness ~ 25 µm).  The clips crimped tightly around the 

tendinous sheets within 0.5 mm of each end of the fibre.  The hooks (bent from stainless steel 

wire, AISI 316, diameter 250 µm) were shaped to form a footplate which held the clips 

horizontal and helped to prevent the fibre from sagging under its own weight. 

 

The force transducer comprised an extended silicon beam sensor (AE801, SensoNor, 

Norway) and a low noise strain-gauge amplifier.  The resonant frequency of the transducer 

was more than 800 Hz.  Although this resonant frequency is not particularly high, it is more 

than adequate for the stretch rise times (25 ms ~ 30 s) used in this work.  The advantage of 

increased sensitivity obtained by extending the force transducer beam, outweighs the 

disadvantage of the accompanying reduction in resonant frequency for these experiments.  

The puller was a precision servo-controlled motor (Model 308B, Cambridge Technology Inc., 

USA) with a modified, low inertia arm. 
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The fibres were illuminated near the force transducer with a 5 mW HeNe laser (LGK7267, 

Zeiss).  A first order diffracted beam was imaged through a cylindrical lens (focal length 0.3 

m) onto a linear position sensitive detector (SL76-1, United Detector Technology, USA) 

mounted 1.4 m distant from the fibre.  This allowed measurement of the mean sarcomere 

length within the illuminated fibre segment ( 0.7 mm in length). 

 

The puller system was interfaced with a PC (466/MX, Dell) through a combined ADC and 

DAC device (1401, Cambridge Electronic Design, UK).  Pre-programmed stretches could be 

applied via the puller using the DAC module while the resulting force, fibre length and 

sarcomere length signals were recorded via the ADC module and saved to computer files for 

off-line analysis.  A sampling frequency appropriate to the stretch duration was used, and 

ranged between 100 Hz and 10 kHz.  The ADC and DAC operations were controlled by 

commercially available software (Spike2, Cambridge Electronic Design, UK). 

 

The experimental results revealed no significant differences between preparations from the 

iliofibularis and semitendinosus muscles.  Similar experimental trends were shown in many 

experiments on both single fibres and small bundles of fibres.  There is however considerable 

variation in the passive stiffness of frog skeletal muscle e.g. seasonal effects (Robson, 1990) 

and, together with the difficulty of accurately normalising for fibre cross-sectional areas, this 

significantly complicates comparisons between different fibre preparations.  Consequently the 

data shown in this paper were derived from individual preparations. 
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MODELLING 

 

A CROSSBRIDGE POPULATION DISPLACEMENT MECHANISM 

 

A theoretical model has been developed in which the SREC and FRT arise as a manifestation 

of a small number of slowly cycling crossbridges in relaxed muscle fibres.  Briefly, the 

Crossbridge Population Displacement Mechanism consists of three components: a crossbridge 

component, a parallel elastic component and a series elastic component.  This three-

component structure has previously been used to analyse experimental data (Haugen & Sten-

Knudsen, 1981) but the dynamics of the crossbridge component (and thus the model’s 

predictive ability) have been developed during the course of this work.  The two main 

assumptions underpinning the crossbridge mechanism are that the detachment rate constant 

for an individual crossbridge is dependent on the strain in its elastic linkage and that the 

attachment rate constant increases with the velocity of interfilamentary movement (an effect 

which we attribute to a ‘stretch enhancement’ mechanism).  Full details of the Crossbridge 

Population Displacement Mechanism are given in the Appendix to this paper. 

 

The simulation algorithm was translated into source code for the C programming language 

and simulations were performed using a 66 MHz 486 PC.  Simulating one second of the 

muscle’s response took approximately one minute of computation time. 
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RESULTS 

 

EXPERIMENTAL MEASUREMENTS 

 

Paired stretches 

 

Figure 1 is a typical example of the tension and sarcomere length responses of an isolated 

intact single skeletal muscle fibre to a pair of identical constant velocity triangular stretches.  

In agreement with previous results (e.g. Hill, 1968; Bagni et al., 1995) the tension response to 

the first stretch consisted of two distinct phases.  Initially, the muscle presented considerable 

resistance to the imposed stretch and the tension rose sharply and approximately 

proportionately with the applied length change. 

 

As the length stretch continued there was a transient drop in tension.  This drop was small 

compared with the overall tension response.  The drop (while a common experimental finding 

e.g. Hill, 1968; Lännergren, 1971; Herbst, 1976) is not a feature which can be observed in all 

fibre preparations.  Even if it is present at short sarcomere lengths it can be removed by 

stretching the muscle to a longer initial length (Haugen & Sten-Knudsen, 1981).  It would 

thus appear to be critically dependent on the initial tension of the muscle. 

 

Beyond this transient drop the tension continued to rise but at a slower rate and the tension 

reached a maximum value at the extreme stretch length.  During the shortening phase of the 

triangular stretch, the tension fell with a concave profile and discontinuities in the tension 

response were much less pronounced than during the lengthening phase. 

 

Although the fibre was restored to its original length at the end of the triangular stretch, the 

resting tension was reduced below its initial value.  Much of this tension deficit was 
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recovered during the first few hundred milliseconds after the end of the stretch but it is clear 

that neither the resting tension nor the sarcomere length recovered completely to their initial 

levels during the one second interval before a second identical stretch was imposed on the 

muscle.  During the inter-stretch interval, fibre length was fixed, whereas sarcomere length 

progressively shortened with an associated rise in fibre tension.  The rise in resting tension 

during the inter-stretch interval could only be attributed to an extension of passive elastic 

structures if sarcomere length increased simultaneously.  The experimental results show that 

during the inter-stretch interval, sarcomere length shortened slightly, and thus the rise in 

tension cannot be attributed to an increased stretch of elastic non-crossbridge components 

within the sarcomere.  An increasing tension accompanied by sarcomeric shortening strongly 

suggests that the contractile apparatus may be responsible. 
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Figure 1.  Force and sarcomere length responses to two identical constant velocity triangular 
stretches 

 
Single intact semitendinosus muscle fibre.  In all figures  l0 is the fibre length which corresponds 

to a mean sarcomere length of 2.2 µm.  Stretch length ~ 0.01 l0. Stretch velocity ~ 0.01 l0 s
-1.  Two 

stretches separated by 1.0 s.  The fibre had been held at a constant length for 1 minute before the 
first stretch was initiated.  Tensions were measured from a baseline  (arbitrarily assigned to be 

zero force) which corresponded to the mean resting tension in the 0.5 second period preceding the 
first stretch.  Thus measured tension values could be less than, as well as greater than, the 

prevailing resting tension.  Dashed lines show the tension baseline and the corresponding initial 
sarcomere length.  The initial phase (SREC) proceeded until an elastic limit was reached.  In the 

first stretch, this elastic limit occurred at a sarcomere length of 2.180 µm and a tension of 2.4 µN.  
The corresponding values in the second stretch were 2.180 µm and 1.0 µN.  Temperature 5.0 ºC. 
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In accordance with Hill’s chosen nomenclature (1968) we refer to the initial phase of the 

tension response as the Short Range Elastic Component (SREC) and the length increment 

required to produce the tension transient as the elastic limit.  The muscle’s resting tension 

includes both actively and passively generated components.  Passive resting tension is elastic 

and reflects stretch of non-crossbridge components.  The actively generated portion of the 

resting tension is known as the Filamentary Resting Tension (FRT).  The tension in a relaxed 

muscle at any instant is thus the sum of the stress in the parallel elastic component and the 

force due to the attached crossbridges.  At physiological sarcomere lengths, the precise 

magnitudes of these components are difficult to determine but they are unlikely to be zero.  

As A.V.Hill (1952) pointed out  “ the tension of a resting muscle diminishes continually with 

decreasing length; there is no sharp end point and it is impossible to define a length at which 

the tension becomes zero. ” . 

 

The second stretch produced a qualitatively similar two-phased tension response to the first 

(Figure 1).  However there were clear and consistent differences between the responses.  The 

SREC tension rose more slowly and from a slightly lower base-line than during the first 

stretch.  The transient drop in tension at the elastic limit was no longer present and the 

maximum SREC tension was considerably reduced.  In the two stretches, there was no 

consistent difference in either the maximal tension or the maximal sarcomere length attained. 

 

The extent of the reduction of the second stretch elastic limit force depends on the time 

interval between the stretches.  Figure 2 shows the recovery time course of the elastic limit 

force.  The maximum reduction was produced by a short inter-stretch interval (~ 0.1 s).  For 

longer inter-stretch intervals the elastic limit force recovered with an approximately 

logarithmic time-course and complete recovery took many seconds.  This in agreement with 

other published work e.g. Buchthal & Kaiser, 1951; Lännergren, 1971; Lakie & Robson, 

1988b. 
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Figure 2.  SREC recovery following an initial stretch 

 
Single semitendinosus muscle fibre.  Individual trials were separated by a fixed period of 1 minute 
and consisted of two identical triangular stretches of length ~ 0.01 l0 , velocity ~ 0.01 l0 s

-1 with a 
variable inter-stretch interval.  Symbols show the elastic limit force for the second stretch.  Dashed 

line shows the mean elastic limit force for the first stretch.  This was independent of the inter-
stretch interval.  In this experiment up to 4 responses were averaged to increase the signal-to-noise 

ratio.  Temperature 5.5 ºC. 

 

A new finding of this work is that the maximum reduction in the elastic limit force is not 

observed if the second stretch follows immediately after the first.  A larger thixotropic 

reduction of the second stretch elastic limit force is produced if the two stretches are 

separated by a short inter-stretch interval (~ 0.1 s) than if this interval is reduced to zero.  This 

original finding was a consistent feature of the experimental results and was observed in 

many preparations. 

 

Any physical explanation proposed to underlie the SREC and FRT of relaxed skeletal muscle 

must account for these unusual mechanical properties.  Figures 3 and 4 illustrate additional 

experimental evidence which imposes constraints on proposed theoretical mechanisms. 

 

Figure 3 shows the tension and sarcomere length responses of an isolated single fibre to a pair 

of identical triangular stretches.  The responses are plotted not against time but as an XY plot 

of tension against sarcomere length.  This XY plot highlights the fact that the muscle is not 

purely elastic; in a purely elastic system tension is a single-valued function of length. 
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Figure 3.  XY plot of force against sarcomere length for two constant velocity triangular 
stretches 

 
Single intact iliofibularis muscle fibre.  Stretch length ~ 0.011 l0. Stretch velocity 0.011 l0 s

-1.  Two 
stretches separated by 1.0 s.  The fibre had been held at a constant length for 1 minute before the 

first stretch was initiated.  Temperature 6.0 ºC. 

 

The XY plot clearly shows that the FRT of the fibre was reduced by the first stretch and that it 

did not completely recover to its initial value in the one second interval between the imposed 

stretches.  Any reduction in the maximum tension produced by each stretch was much less 

than the substantial reduction of around 1 µN in the FRT.  This finding has been previously 

described (Campbell & Lakie, 1996). 

 

Figure 4 shows the tension and sarcomere length responses of a single intact fibre to three 

identical consecutive triangular stretches.  While there were clear differences between the 

responses for the first and second stretches, there were no consistent differences between the 

responses for the second and third stretches.  Indeed if many stretches were imposed on the 

muscle, the only significant differences between consecutive responses were between the first 

and second; the response to the second stretch being identical to the responses of all 

subsequent consecutive identical stretches.  This finding suggests that the underlying physical 

mechanism is in an identical state at the end of the first, second and any subsequent stretch. 
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Figure 4.  Force and sarcomere length responses to three identical constant velocity 

triangular stretches 
 

Single intact iliofibularis muscle fibre.  Stretch length ~ 0.011 l0. Stretch velocity ~ 0.011 l0 s
-1.  

The fibre had been held at a constant length for 1 minute before the first stretch was initiated.  
Temperature 5.0 ºC.   
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Response to length changes where shortening preceded lengthening 

 

The biphasic nature of the tension response is most sharply delineated if the muscle has been 

maintained at a constant length for a relatively long period of time.  Using triangular stretches 

where lengthening preceded shortening, the SREC was always more obvious in the 

lengthening phase (Figure 5, bold lines).  However if the triangle was reversed and the muscle 

was initially shortened from its resting length, the discontinuities in the tension response were 

much more evident during the shortening phase (Figure 5, thin lines). 
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Figure 5.  Force and sarcomere length responses to triangular stretches of opposite polarity 
 

Single relaxed iliofibularis muscle fibre.  Bold lines show the tension and sarcomere length 
responses to a triangular stretch where lengthening preceded shortening.  Thin lines show 

responses to a triangular stretch where shortening preceded lengthening.  Stretch magnitude ~ 0.01 
l0 .  Stretch velocity ~   0.01 l0 s

-1 .  The fibre had been held at a constant length for 1 minute 
before each stretch was initiated.  Dashed lines show the tension baseline (defined as in Figure 1) 

and the corresponding initial sarcomere length.  Temperature 7.0 °C. 

 

It is interesting to note that while the resting tension following a triangular stretch where 

lengthening preceded shortening was temporarily reduced below its initial value, in the 

converse situation where shortening preceded lengthening the resting tension was temporarily 

increased at the end of the triangular stretch (Figure 5). 
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Velocity dependence 

 

The velocity dependence of the tension responses may provide important evidence of the 

mechanisms underlying the SREC and FRT of relaxed skeletal muscle.  Figure 6 shows the 

tension and sarcomere length responses of a relaxed single fibre to two triangular stretches of 

constant length but different velocity.  The tensions both at the elastic limit and at the 

extremes of the stretch were clearly greater for the faster stretch velocity. 
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Figure 6.  Force and sarcomere length responses of the same fibre to two different velocity 

triangular stretches 
 

Single intact iliofibularis muscle fibre.  Stretch length ~ 0.009 l0. Stretch velocities ~ 0.009 and 
 0.09 l0 s

-1.  Note that the right hand traces are drawn with a time-base ten times faster than the 
left hand traces.  In both cases, the muscle fibre had been held at a constant length for 1 minute 
before the stretch was initiated.  Dashed lines show the tension baseline and the corresponding 

initial sarcomere length.  Temperature 6.0 ºC.   

 

Figures 7, 8 and 9 summarise the results of a large number of experiments in which muscle 

fibres were subjected to constant length stretches of variable velocity. 

 

During the first part of the SREC, tension rises proportionately with the applied fibre length 

change.  The SREC stiffness was calculated as the ratio of stress to strain during this part of 

the SREC.  This ratio corrects for the cross-sectional area of the muscle (Young’s Modulus).  

The mean value of the SREC stiffness calculated in these experiments was 1.98  105  N m-2 (

 0.44  105 N m-2  S.E.M. , n = 15 preparations, stretch velocity  0.01 l0 s-1 , temperature 5  
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7 C).  This is in excellent agreement with other published values e.g. Hill (1968) - frog 

sartorius, 1.5  105  N m-2 , 20 C; Lännergren (1971) - frog iliofibularis, 2.3  105  N m-2 , 20 

 24 C; Halpern & Moss (1976) - frog semitendinosus, 2.0  105  N m-2 , 3 C; Lakie & 

Robson (1990) - frog iliofibularis 1.8  105  N m-2, 3 C. 

 

Figure 7 shows the effect of stretch velocity on the SREC stiffness.  In agreement with several 

other published results (Lännergren, 1971; Hill, 1968; Campbell & Lakie, 1995a) the initial 

stiffness of the SREC appears to be relatively independent of stretching velocity over this 

physiological range.  It increased by a factor of approximately two with a four-thousand fold 

increase in stretch velocity.  If the SREC were dominated by a viscous mechanism, its 

stiffness would be proportional to the stretching velocity rather than only weakly dependent 

on it. 
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Figure 7.  SREC stiffness for different stretch velocities 

 
Intact iliofibularis muscle fibre.  Triangular stretch length ~ 0.009 l0.  Trials were repeated at fixed 
intervals of 1 minute.  Stiffness expressed as Young’s Modulus.  Temperature 5.5 ºC.  The solid 

line is a best-fit to show the trend of the data.  It does not imply a specific functional relationship. 

 

The force at the elastic limit was slightly more dependent on stretch velocity (Figure 8).  It 

increases by a factor of about 8 over the same four-thousand fold velocity range.  It is 

important to note however that the elastic limit force increases much more rapidly at the 

higher stretch velocities studied in this work.  Nevertheless, the tension responses, even at the 



203 

higher end of this stretch velocity range, are very far from being directly proportional to the 

stretch velocity.  They cannot be a simple viscous response. 
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Figure 8.  Elastic limit force for different stretch velocities 

 
Single iliofibularis muscle fibre.  Triangular stretch length ~ 0.009 l0.  Trials were repeated at 

fixed intervals of 1 minute.  Temperature 6.0 ºC.  The solid line is a best-fit to show the trend of 
the data.  It does not imply a specific functional relationship. 

 

It is interesting to note that the elastic limit itself increases with stretch velocity.  Figure 9 

shows the effect of stretch velocity on the elastic limit.  The elastic limit shows a similar trend 

to the elastic limit force. 
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Figure 9.  Elastic limit for different stretch velocities 
 

Bundle of 5 intact iliofibularis muscle fibres.  Triangular stretch length ~ 0.015 l0 .  Trials were 
repeated at fixed intervals of 1 minute.  Temperature 5.0 ºC.  The solid line is a best-fit to show 

the trend of the data.  It does not imply a specific functional relationship. 
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MODELLING 

 

PREDICTIONS OF THE CROSSBRIDGE POPULATION DISPLACEMENT 

MECHANISM 

 

Paired stretches 

 

This section presents some of the theoretical predictions of the Crossbridge Population 

Displacement Mechanism.  (The model itself is fully described in the Appendix to this paper.)  

Figure 10 shows the predicted tension and sarcomere length responses to two identical 

triangular stretches. 
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Figure 10.  Theoretical prediction of force, crossbridge force, proportion of attached 
crossbridges and sarcomere length responses to two identical constant velocity triangular 

stretches 
 

Stretch length  0.01 l0. Stretch velocity 0.01 l0 s
-1.  Two stretches separated by 1.0 s.  Force 

predictions: solid line - overall muscle tension, dashed line - internal crossbridge force.  (As in the 
case of the experimental results, forces are measured as deviations from the prevailing resting 

tension at the beginning of the first stretch.  Thus tension values can be greater than as well as less 
than zero.)  This diagram should be compared with the similar experimental results shown in 

Figure 1.  As the theoretical predictions are intended to illustrate experimental trends rather than to 
calculate specific numerical values, the compromise parameters listed below were used to produce 
the results here and in Figures 11 and 12.  A0·2·xmax = 0.04 s-1 , D0 = 0.2 s-1 , N = 104 , xmax = 8 nm , 

x0 = 0.1 nm ,  = 1.6  1018 s-1 m-2 , kcb = 0.1·kp = 0.005·ks . 
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The model’s prediction (Figure 10) is in good agreement with the experimental results shown 

in Figure 1; there is a clear SREC and a transient drop in tension at the elastic limit.  

Furthermore the tension at the end of the first stretch is reduced below the initial resting 

tension implying a temporary reduction in the FRT. 

 

The second stretch produces a qualitatively similar biphasic tension response to the first but 

the SREC tension rises more slowly and from a lower base-line than during the first stretch.  

While the tension at the elastic limit is considerably reduced for the second stretch, the model 

predicts the same maximum tension for each of the two stretches. 

 

Figure 11 shows the recovery time-course of the SREC.  It is also in good agreement with the 

experimental data (Figure 2). 
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Figure 11.  Theoretical prediction of SREC recovery following an initial stretch 
 

Two identical stretches separated by variable time delay.  Stretch length  0.005 l0. Stretch velocity 
0.005 l0 s

-1.  Symbols show the elastic limit force for the second stretch.  Dashed line shows the 
elastic limit force for the first stretch.  This was independent of the inter-stretch interval.  Same 

model parameters as Figure 10.  This diagram should be compared with the similar experimental 
results shown in Figure 2. 

 

For two stretches separated by more than 10 seconds the reduction in the force at the elastic 

limit for the second stretch is minimal.  The maximum reduction is produced by a short inter-

stretch interval (~ 0.2 s) rather than if the second stretch follows immediately after the first. 
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Velocity dependence 

 

Figure 12 summarises the effect of stretch velocity on the predictions of the Crossbridge 

Population Displacement Mechanism.  Again the theoretical predictions appear to be in 

general agreement with the experimental results (Figures 7, 8 and 9).  The SREC stiffness is 

only weakly dependent on stretch velocity and increases by a factor of less than two with a 

ten-thousand fold increase in stretch velocity.  The elastic limit and the force at the elastic 

limit are more strongly dependent on velocity.  However, they are still far from being directly 

proportional to the stretch velocity as they would be if the response was dominated by a 

viscous mechanism. 
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Figure 12.  Theoretical prediction of the velocity dependence of the SREC stiffness, elastic 
limit force and elastic limit 

 
 - SREC stiffness,  - elastic limit force,  - elastic limit.  Same model parameters as Figure 10.  

This diagram should be compared with the experimental results shown in Figures 7,8 and 9. 
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DISCUSSION 

 

The biphasic nature of the tension response 

 

The experimental results presented here confirm that relaxed muscle fibres present a 

disproportionately high resistance to the initial stages of an imposed stretch.  This biphasic 

behaviour was first fully described by D.K.Hill (1968).  He named the initial phase of the 

tension response the Short Range Elastic Component (SREC) and justified the term because 

the tension produced was almost linearly related to the size of the applied stretch up to an 

elastic limit of  0.2 % l0 .  The tension at the elastic limit was only affected to a minor degree 

by stretch velocity within the range of relatively slow velocities that he used (4  10-7  0.4 l0 

s-1). 

 

Hill attributed the SREC to a low level of crossbridge activation.  He proposed a  “ working 

hypothesis ”  in which a small proportion of long-lived crossbridges are attached to the actin 

filaments.  The elastic behaviour of the SREC is due to the spring-like properties of these 

linkages.  The elasticity is short-range because the crossbridges can be only be displaced by a 

small amount before their elastic limit is reached.  These crossbridges also generate an active 

tension - the Filamentary Resting Tension (FRT). 

 

More recent work (Bagni et al., 1992, 1995; Mutungi & Ranatunga, 1996a, b) has 

complicated the interpretation of the biphasic tension response.  These experiments measured 

the tension and sarcomere length responses of relaxed skeletal muscle fibres to imposed 

stretches and used generally faster stretches than Hill e.g. Bagni et al. (1995):  2 ~ 250 l0 s-1 , 

Mutungi & Ranatunga (1996b):  0.01 ~ 15 l0 s-1 .  Despite these relatively high stretch 

velocities the tension responses appeared qualitatively similar to those described by Hill. 
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However, the results of Bagni et al. revealed a quantitative difference from those of Hill.  The 

maximum tension produced during the first phase of the tension response was a linear 

function of  stretch velocity.  While the force produced by a purely elastic element is a 

function only of its length, the force produced by a pure viscosity is a function only of its 

velocity.  Since the maximum tension produced during the first phase of the tension response 

to these fast stretches was almost directly proportional to the stretch velocity, the first phase 

must be dominated by a viscous rather than an elastic mechanism.  Bagni et al. (1995) showed 

that during this initial phase the sarcomere length lagged the applied fibre length change.  The 

sarcomere length accelerated throughout the initial phase of the tension response.  The 

transition to the second phase of a less rapid rise in tension occurred when the sarcomere 

length had stopped accelerating and had attained a constant velocity.  Bagni et al. concluded 

that the first phase of the tension response resulted from the acceleration of a viscous element 

within the sarcomere.  The complete tension response to an imposed ramp stretch was 

adequately simulated by a three-element model consisting of a parallel combination of a 

viscosity, an elasticity and a visco-elastic element (a pure elasticity connected in series with a 

pure viscosity). 

 

The experimental results of Bagni et al. and of Hill are not necessarily mutually exclusive.  

Hill noted that the resistance to stretch started to increase rapidly at his highest stretch 

velocities.  Bagni et al. observed that although resistance to stretch increased linearly with 

stretch velocity it would not be zero at zero velocity.  It would appear therefore that the initial 

phase of the tension response may be dominated by viscous properties at high stretch 

velocities and by elastic properties at low stretch velocities. 

 

A similar partly viscous, partly elastic tension response to stretch velocities of less than 2 l0 s-

1 is suggested by Mutungi & Ranatunga’s experimental results (1996b) for mammalian fibres. 
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The experimental observations in the present work have been confined to velocities between  

5  10-4  and  2  l0 s-1 .  This range of stretch velocities encompasses those likely to be 

encountered by muscles under most physiological conditions.  Experimental results for the 

lower stretch velocities (Figures 7 and 8) show that the tension response is practically 

independent of stretch velocity.  This suggests that the predominant mechanism for these slow 

stretches is elastic.  At the higher stretch velocities the tension responses become more 

dependent on velocity.  However the increase in tension with stretch velocity (Figure 8) is 

mirrored by a corresponding increase in the elastic limit (Figure 9).  Thus the ratio of the 

elastic limit force to the elastic limit remains relatively constant.  This behaviour characterises 

an elastic system in which the range of the elasticity increases with velocity. 

 

Any complete theory underlying the biphasic tension response of relaxed muscle must explain 

not only the viscous and elastic components of the tension response but also their dependence 

on mechanical history (Figure 2).  The three-element model suggested by Bagni et al. to 

explain their experimental results does not provide a satisfactory explanation for all of the 

experimental results presented in this paper.  Firstly Bagni et al.’s three-element model 

predicts that both the stiffness and the maximum tension produced during the initial phase of 

the tension response cannot be less than linearly related to the stretch velocity.  This clearly 

contradicts the experimental results shown in Figures 7 and 8.  Secondly, Bagni et al.’s three-

element model cannot account for the mechanical history dependence of the tension 

responses.  Only the visco-elastic element could produce a mechanical history dependence in 

the tension responses.  The visco-elastic relaxation time of ~ 1 ms calculated from their 

results is at least two orders of magnitude too short to account for the thixotropic tension 

response shown in Figure 2.  This relaxation time of ~ 1 ms is also too short to account for the 

long-lived reduction in FRT following the end of an imposed triangular stretch (Figure 1).  

While viscous and visco-elastic systems must dominate the tension and sarcomere length 

responses at very high stretch velocities, they cannot be the dominant mechanisms underlying 
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the experimental observations using the physiological stretch velocities described in this 

work. 



211 

A crossbridge basis for the SREC and FRT? 

 

At the relatively low stretch velocities described in this work, the SREC produces a tension 

which is both linearly related to the applied length change below the elastic limit and only 

weakly related to stretch velocity.  These properties are characteristic of a response dominated 

by an elastic mechanism.  Further evidence of the elastic nature of the SREC mechanism is 

the presence of a clear elastic limit in the tension response even when extremely slow 

stretches are used (e.g. 8  10-6 l0 s-1 , Lakie & Campbell, unpublished observations).  A full 

explanation of the elasticity has to explain its limited range, its mechanical history 

dependence, the FRT and its reduction following a triangular stretch.  A small number of 

stable crossbridges bound between the filaments in relaxed muscle can provide a satisfactory 

basis for this elasticity. 

 

Is there any evidence that crossbridges are bound between actin and myosin filaments in 

relaxed muscle?  Experimental results suggest that a significant proportion of crossbridges 

become attached to actin in skinned fibres at low ionic strength (Brenner, Schoenberg, 

Chalovich, Greene & Eisenberg, 1982; Schoenberg, 1988; Brenner, 1990; Tregear, Townes, 

Gabriel & Ellington, 1993).  These crossbridges are believed to correspond to weakly-bound 

states and are in rapid equilibrium.  Schoenberg (1985) showed that a distribution of these 

cycling crossbridges, each acting as a linear spring with one attachment and one detachment 

rate constant, is mechanically analogous to a visco-elastic system  with a relaxation time of ~ 

100 µs.  These rapidly cycling crossbridges cannot be responsible for the SREC.  If the SREC 

is to be attributed to crossbridges, it is essential that the responsible crossbridges cycle only 

slowly. 

 

While there is no direct evidence for the presence of long-lasting crossbridges in relaxed 

muscle, there is a strong relationship between the SREC and the intracellular Ca2+ 
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concentration.  Moss, Sollins and Julian (1976) showed that the size of the SREC in skinned 

skeletal and cardiac muscle fibres was dependent on the concentration of Ca2+ in the fluid 

bathing the myofibrils.  This Ca2+ dependence supports the hypothesis that the SREC is a 

manifestation of crossbridge activity because Ca2+ is known to control crossbridge cycling in 

contracting muscle.  Further supporting evidence comes from the work of Isaacson (1969) 

who demonstrated that Ringer’s solution made hypertonic with sucrose elevates the 

intracellular Ca2+ concentration in frog sartorius muscles.  This increase in Ca2+ concentration 

may underlie the increase in the magnitude of both the SREC and the FRT in such hypertonic 

Ringer’s solutions (Hill, 1968; Lännergren & Noth, 1973). 

 

Although Hill suggested that these changes were due to a mechanically induced increase in 

crossbridge interaction between the actin and myosin filaments, Lännergren & Noth (1973) 

have shown that such hypertonic Ringer’s solutions partially activate the contractile 

apparatus.  They also showed that tetracaine substantially reduced (but did not abolish) the 

increase in FRT produced by hypertonicity without affecting the increase in the SREC.  This 

finding was interpreted as implying that the SREC and FRT could not share a common 

crossbridge origin.  However, it is now known that tetracaine is a ryanodine receptor blocker 

and inhibits the calcium-induced calcium release mechanism (Endo, 1992).  Tetracaine will 

not eliminate the increase in intracellular Ca2+ concentration due to the hypertonic medium 

but does prevent the internal amplification of Ca2+ by the calcium-induced calcium release 

mechanism.  While the hypertonic Ringer’s solution elevates the intracellular Ca2+ 

concentration sufficiently to promote increased crossbridge attachment (and thus a larger 

SREC), tetracaine may prevent intracellular Ca2+ escalating to a level which causes 

substantial crossbridge force production. 

 

It is difficult to measure with certainty the intracellular concentration of free Ca2+ in a relaxed 

muscle fibre.  Recent estimates using calcium sensitive electrodes suggest a value of ~ 0.16 
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µM (Rüegg, 1988).  A skinned fibre preparation at this Ca2+ concentration would develop 

around 25 % of its maximal tension (Julian, 1971).  While the calcium kinetics in an intact 

fibre may be different it seems entirely possible that there may be sufficient free Ca2+ under 

relaxed conditions to permit a low level of crossbridge cycling.  This would have metabolic 

implications.  Raising the intracellular Ca2+ concentration would produce a large increase in 

crossbridge turnover and a corresponding increase in the muscle’s metabolic rate.  Conversely 

active removal of Ca2+ from the cytoplasm would reduce crossbridge turnover but would use 

energy to pump Ca2+ .  The minimal resting metabolic rate of the muscle may represent a 

compromise between the energy required to remove Ca2+ from the cytoplasm and the energy 

consumed by crossbridge cycling. 

 

We hypothesise that the SREC and FRT are actively generated by the calcium dependent 

binding of crossbridges between the actin and myosin filaments of relaxed muscle.  It is 

possible to estimate how many crossbridges are actually attached between the filaments if it is 

assumed (as in the case of tetanically stimulated muscle) that the stiffness of the muscle is 

proportional to the number of attached crossbridges.  The initial stiffness of the SREC is 

approximately 1 % of that of tetanically stimulated muscle.  We therefore suggest that the 

SREC and FRT are manifestations of a crossbridge population of the order of 1 % of the total 

crossbridge number. 

 

Our experimental results impose two constraints on the behaviour of these crossbridges if 

they are responsible for the SREC.  The first constraint relates to the rate of attachment of 

crossbridges.  When the muscle is stretched beyond the elastic limit forcibly detaching 

crossbridges, tension is maintained at or near the elastic limit level rather than collapsing to 

near zero (Figure 1).  As Hill pointed out, this behaviour requires that any forcibly detached 

crossbridges are rapidly replaced to produce what he referred to as a  “ frictional resistance ” 
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.  Thus crossbridges are required to attach swiftly during interfilamentary movement.  This 

implies that the crossbridge attachment rate during movement must be high. 

 

Since the stiffness of the SREC at any time is assumed to be controlled by the number of 

crossbridges bound between the filaments, the thixotropic reduction in the size of the SREC 

following prior movement (Figures 1 and 2) may be explained if the number of bound 

crossbridges is temporarily reduced by the perturbation.  As the SREC recovers only slowly 

after prior movement (Figure 2) the crossbridge attachment rate following a perturbation must 

be relatively slow.  There is thus a paradoxical requirement for a fast crossbridge attachment 

rate during a stretch and a slow crossbridge attachment rate between stretches.  This can be 

resolved if the probability of crossbridge attachment is increased during interfilamentary 

movement as a result of a ‘stretch enhancement’ mechanism (Campbell & Lakie, 1995b) - see 

Appendix for details. 

 

The second constraint is imposed by the limited velocity dependence of the SREC.  If the 

crossbridges possessed both a single attachment and a single detachment rate constant, they 

would produce a visco-elastic response to stretch (Schoenberg, 1985) and the elastic limit 

force would be directly proportional to the stretch velocity.  This is not in agreement with the 

experimental results (Figure 8).  A simple way of explaining the relatively weak velocity 

dependence of the SREC is if crossbridges detach more rapidly when pulled to more strained 

configurations.  This hypothesis (that the crossbridge detachment rate is dependent on strain) 

is consistent with most theories of active muscle contraction e.g. Huxley (1957). 

 

A further feature of a crossbridge mechanism is that it can explain why the maximal tensions 

produced by paired stretches are the same, despite the reduction in the prevailing resting 

tension at the commencement of the second stretch (Figures 1 and 3).  As the two stretches 

commence at identical fibre lengths, the reduction in prevailing tension must reflect changes 
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in actively generated tension (FRT), rather than in the tension produced by the passive stretch 

of non-crossbridge components.  If the imposed stretch produces the same tension increment 

during the first and second stretches, the maximal tension should be depressed to the same 

extent as the resting tension.  Figures 1 and 3 clearly show that any reduction in the maximal 

tensions produced by the two stretches is much less than the substantial reduction of around 1 

µN in the FRT.  Our hypothesis that the SREC and FRT are manifestations of a low level of 

crossbridge activity in relaxed muscle provides a possible explanation for this result.  After a 

long period with no interfilamentary movement, the crossbridges linking the actin and myosin 

filaments evolve to a stable equilibrium distribution (Figure 15).  An applied stretch displaces 

these crossbridges and distorts the equilibrium distribution.  If the stretch is sufficiently long, 

the mechanical memory of the initial equilibrium distribution is lost and the continuing stretch 

maintains a skewed but steady-state dynamic distribution (Figure 15).  After the first stretch, 

the crossbridge distribution takes many seconds to re-attain its initial equilibrium distribution.  

This altering distribution underlies the slow recovery of the FRT.  The second applied stretch 

skews this partially recovered population which eventually re-attains the same steady-state 

dynamic distribution as during the first stretch.  Once this steady-state distribution is achieved 

the tension responses for the two stretches are identical.  The crossbridge distributions are 

different at the beginning and end of the first stretch.  However the distributions are pulled 

into the same state at the end of the first, second and any subsequent identical stretch.  This 

mechanism thus explains the difference between the tension responses to the first and second 

stretches, and the similarity of the tension responses to the second and third stretches shown 

in Figure 4. 

 

The biphasic nature of the tension response is most sharply delineated if the muscle has been 

maintained at a constant length for a relatively long period of time before the length change is 

imposed.  Hill (1968), measuring the tension responses to imposed ramp stretches observed 

equally clear discontinuities with shortening or lengthening stretches.  In the present 
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experiments, using triangular stretches where lengthening preceded shortening, the SREC 

was always more obvious in the lengthening phase (Figure 5).  However, if the triangle was 

reversed and the muscle was initially shortened from its resting length, the discontinuities 

were much more evident during the shortening phase (Figure 5).  Thus, the SREC is most 

evident during the first imposed length change, regardless of the direction of movement.  This 

behaviour, which to our knowledge has not previously been satisfactorily explained, is 

predicted by the Crossbridge Population Displacement Mechanism. 

 

When a muscle is subjected to an imposed length change, the magnitude of the crossbridge 

force increases and, if the stretch continues for a sufficient period, is maintained at a constant 

level.  This change in crossbridge force represents a redistribution of the crossbridges from 

their initial positions to the steady-state dynamic distribution (Figure 15) produced by the 

imposed length change.  It is greatest when the crossbridges are displaced from the narrow 

stable equilibrium distribution (Figure 15).  This explains the sharp SREC response to the 

first movement after a long time interval at a fixed length.  The biphasic nature of the tension 

response is less obvious if the crossbridges are redistributed from the broad steady-state 

distribution produced by movement.  The Crossbridge Population Displacement Mechanism 

confers on resting muscle a time-dependent elasticity which is self-resetting at all 

physiological lengths. 
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THE CROSSBRIDGE POPULATION DISPLACEMENT MECHANISM 

 

The crossbridge population displacement mechanism presented in this work predicts that the 

initial phase of the tension response to imposed stretches increases with stretch velocity but is 

decreased by prior movement.  The predictions of the model for the mechanical history 

dependence (Figure 11) and the velocity dependence (Figure 12) of the tension responses are 

in general agreement with the experimental results described in the present work (Figures 2, 

7, 8) and elsewhere in the literature e.g. Hill (1968); Lännergren (1971).  It is a strength of the 

Crossbridge Population Displacement Mechanism that it makes accurate predictions of the 

experimental results based only on a few plausible assumptions. 

 

A further advantage of the Crossbridge Population Displacement Mechanism is that it 

provides explanations both for the time-course of the thixotropic recovery (Figures 2 and 11) 

and for the sarcomere length acceleration observed during the initial phase of the tension 

response (Figures 1 and 10).  In addition the model suggests a quantitative relationship 

between the SREC and the FRT. 
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Thixotropy 

 

If a muscle is subjected to two identical stretches, the elastic limit force produced during the 

second stretch depends on the inter-stretch interval.  If the two stretches are separated by less 

than ~ 10 s the elastic limit force produced during the second stretch is reduced relative to that 

of the first (Figure 2).  The model attributes this thixotropic effect to a temporary reduction in 

the number of crossbridges bound between the filaments.  During an imposed stretch 

interfilamentary displacement skews the crossbridge distribution (Figure 15), and although 

highly strained crossbridges are continually detaching, stretch enhancement ensures that they 

are rapidly replaced by other less strained crossbridges so that the number of attached 

crossbridges remains constant (Figure 10).  At the end of the stretch a large number of 

crossbridges are left in highly strained states.  These crossbridges detach.  However, since 

there is relatively little interfilamentary movement, the stretch enhancement mechanism can 

no longer provide rapid replacements for these detaching crossbridges and the number of 

crossbridges bound between the filaments falls (Figure 10).  If the muscle is held at a constant 

length for a long period of time, the crossbridge population gradually redevelops and evolves 

towards its stable equilibrium distribution (Figure 15).  However this takes many seconds and 

if a second stretch is imposed before the population has completely redeveloped, the initial 

effect of the imposed stretch is to displace a reduced number of crossbridges.  This produces a 

reduced SREC. 

 

The Crossbridge Population Displacement Mechanism predicts that the maximum reduction 

in the elastic limit force occurs for short inter-stretch intervals (~ 0.2 s) rather than if the 

second stretch follows immediately after the first (Figure 11).  This prediction is supported by 

the experimental results (Figure 2) and has not been previously described.  A short inter-

stretch interval produces the greatest thixotropic reduction in the elastic limit force because 

the strained crossbridges do not detach instantaneously once the imposed movement stops.  It 
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requires a short time interval for the strained crossbridge population to fall.  The maximum 

SREC reduction is produced by an inter-stretch interval which is long enough for highly 

strained crossbridges to detach and yet short enough that the crossbridge population does not 

recover significantly between the stretches. 
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Velocity dependence 

 

The Crossbridge Population Displacement Mechanism predicts that both the elastic limit and 

the elastic limit force increase with stretch velocity (Figure 12).  The increase in elastic limit 

arises because fast stretches displace crossbridges further before they detach than slow 

stretches. 

 

This increase in elastic limit with stretch velocity provides a partial explanation for the 

corresponding rise in the elastic limit force.  However fast stretches also produce more stretch 

enhancement than slow stretches.  Stretch enhancement increases the mean attachment 

probability and thus the number of crossbridges bound between the filaments.  Fast stretches 

produce a higher elastic limit force than slow stretches because they stretch a larger number 

of crossbridges a greater distance. 

 

The Crossbridge Population Displacement Mechanism predicts that the effect of stretch 

velocity on the SREC stiffness is relatively weak (Figure 12).  This is because the SREC 

stiffness is dominated by the number of crossbridges bound at the beginning of the stretch.  

The stretch itself cannot influence this number.  The weak velocity dependence is attributed to 

the diminishing significance of spontaneous crossbridge detachment as the stretch velocity is 

increased. 
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Sarcomere length acceleration 

 

Bagni et al.’s (1995) clear experimental records showed that sarcomere length accelerates 

throughout the initial stages of a fast stretch.  The slower stretches used in the present work 

also show an initial phase of sarcomere length acceleration  (Figure 1).  Like the tension 

response, the sarcomere length response is also dependent on the prior mechanical history of 

the muscle; if a second stretch is imposed on the muscle a short time after the first, the 

acceleration phase is much less pronounced during the second stretch (Figure 1).  Bagni et al. 

interpreted their experimental results as suggesting that the non-linear tension response 

resulted from the acceleration of a viscous component within the sarcomere.  Our model 

suggests, at least for the slower stretches used in the present work, that sarcomere length 

could accelerate as a result of changes in the crossbridge force (Figure 10).  Thus the model 

predicts sarcomere acceleration as a consequence rather than a cause of a non-linear tension 

response to stretch. 

 

If the muscle is held in a fixed position for a long time, the crossbridge population of the 

three-component model evolves to its stable equilibrium distribution (Figure 15).  If a length 

stretch is imposed on the muscle, the crossbridge component initially presents considerable 

resistance to movement.  The apparent stiffness of the combination of the parallel elastic 

element and the crossbridges is relatively high and the applied stretch produces a relatively 

small increase in the length of the parallel elastic element.  A significant proportion of the 

applied length change extends the series elastic element. 

 

As the stretch continues, crossbridges start to detach more rapidly due to their increased strain 

(Figure 10).  The apparent combined stiffness of the parallel elastic element and the reduced 

crossbridge population is now less than at the beginning of the stretch and the continuing 
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fibre length change produces a proportionately greater elongation in the parallel elastic 

element than at the beginning of the stretch.  This is sarcomere length acceleration. 

 

If a second stretch is imposed on the muscle before the crossbridge population has fully 

redeveloped (Figure 10), the crossbridge component will produce less resistance to the initial 

stages of the imposed stretch.  The parallel elastic element will extend more rapidly at the 

beginning of the stretch and sarcomere length acceleration will be reduced. 

 

A three-component model incorporating a crossbridge population displacement mechanism 

thus provides an explanation both for sarcomere length acceleration and its dependence on the 

mechanical history of the muscle. 
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The relationship between the SREC and FRT 

 

The time-course of the redevelopment of the SREC and FRT after an imposed stretch are 

clearly different (Figure 1 and Hufschmidt & Schwaller, 1987).  This disparity has been used 

as evidence to suggest that the SREC, the FRT, or both, must be generated by structures other 

than crossbridges e.g. Helber (1980); Lännergren (1971). 

 

A further strength of the Crossbridge Population Displacement Mechanism is that it provides 

an explanation for this difference.  The reduction in resting tension following a triangular 

stretch is largely because the mean crossbridge displacement is negative; most of the 

crossbridges are compressed.  Tension recovery occurs as a result of two distinct mechanisms.  

Immediately after the stretch, negatively strained crossbridges detach rapidly and the 

crossbridge force rises.  Thus the early phase of rising tension corresponds to a redistribution 

of the crossbridge population.  A second slower phase of the tension rise is due to the 

reattachment of crossbridges as the population reattains its stable distribution. 

 

The time-course of the redevelopment of the FRT is controlled largely by the rate at which 

the crossbridge distribution re-evolves to a symmetrical distribution around  x0  .  The stiffness 

of the SREC is proportional to the number of crossbridges attached between the filaments at 

any time.  Thus, the SREC and FRT, while sharing a common origin, redevelop at different 

rates. 
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Possible objections to a crossbridge basis for the SREC 

 

It has long been known that the size of the SREC is not proportional to filament overlap (Hill, 

1968).  This observation has been used to suggest that the SREC cannot arise from a 

crossbridge mechanism (Sandow, 1970).  Experimental evidence shows that the SREC 

stiffness and tension actually peak in frog muscle fibres at a sarcomere length of around 3 µm 

(Haugen & Sten-Knudsen, 1981) rather than around 2.2 µm where maximal active tension is 

generated.  This is despite the fact that filament overlap is reduced to around 50 % of its 

maximum value at 3 µm.  If crossbridge activity in relaxed muscle was only proportional to 

the number of actin binding sites within interacting range of crossbridge heads, then the size 

of a crossbridge generated SREC would scale directly with filament overlap.  However at low 

Ca2+ concentrations the sarcomere length for optimal tension generation is increased to 

around 3 µm (Endo, 1973).  This length would lie on the descending limb of the length-

tension relationship obtained during maximal activation and suggests that the number of 

active crossbridges at low Ca2+ concentrations is not simply proportional to filament overlap.  

This length sensitivity of the contractile apparatus to Ca2+ has been reviewed by Stephenson 

& Wendt (1984).  The increase in calcium sensitivity at long sarcomere lengths may be a 

consequence of a number of mechanisms e.g. length dependent changes in myofilament 

lattice spacing or the differential distribution of troponin-C affinity for Ca2+ along the thin 

filament (Martyn, Coby, Huntsman & Gordon, 1993).  Thus the overlap dependence of a 

crossbridge generated SREC may be quite different from that of active tension. 

 

Similar uncertainties complicate the analysis of experiments utilising 2,3-butanedione 2-

monoxime (BDM).  BDM is believed to depress reversibly actively generated tension both by 

reducing calcium release and by suppressing crossbridge cycling.  The mode of action 

appears to be different in different muscles and in those of different species  (Lyster & 

Stephenson, 1995).  BDM does not appear to influence the tension response of relaxed rat 
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skeletal muscle to stretch (Mutungi & Ranatunga, 1996b).  Before clear conclusions can be 

drawn from this result it is vital that the precise mode of action of BDM, whether through its 

effect on calcium release or on crossbridge cycling, is established in rat skeletal muscle.  If 

BDM mainly affects calcium release in activated muscle this may not significantly change 

resting calcium levels in relaxed muscle.  Alternatively,  if BDM only stops a proportion of 

crossbridges cycling between strongly-bound and active force-generating states it may not 

have a significant effect on the SREC. 

 

Hill (1968) concluded that since the SREC was considerably less stiff than either the tendons 

or the sliding filaments  “ the material responsible for the elastic response must be located 

between the filaments ”.  Strictly speaking, Hill’s argument does not lead inevitably to this 

conclusion and the SREC response could, in principle, arise from any connection between the 

Z-lines of the sarcomere.  The significance of this clarification is increased following recent 

suggestions (Mutungi & Ranatunga, 1996a, b; Linke et al., 1996; Bartoo et al., 1997) that the 

visco-elastic properties of relaxed skeletal muscle are dominated by titin filaments (the 

exceptionally large proteins which link the thick myosin filaments to their adjacent Z-lines). 

 

We believe that titin filaments may bear a substantial portion of the resting tension at long 

sarcomere lengths (Horowits, Kempner, Bisher & Podolsky, 1986; Keller III, 1997) but 

cannot underlie the observations of the SREC and FRT described in this paper.  The evidence 

supporting this view-point is compelling.  First, if titin controlled the mechanical history 

dependent FRT, it would have to bear tension at the short ( 2.2 µm) sarcomere lengths at 

which the present experiments were performed.  The experimental evidence suggests that this 

is not the case.  Radiation induced damage to titin causes a dose-dependent reduction in the 

resting tension of rabbit psoas muscles stretched beyond a sarcomere length of 2.6 µm but 

does not affect the mean sarcomere length of a slack fibre (Horowits, Kempner, Bisher & 

Podolsky, 1986).  Furthermore, the segmental extension model (Wang, McCarter, Wright, 
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Beverley & Ramirez-Mitchell, 1991) suggests that titin behaves as a dual-stage molecular 

spring so that moderate stretches extend the I-band portion of titin with an accompanying 

exponential rise in tension (Linke et al., 1996).  However, Wang et al. (1991) reported that 

skeletal muscles fibres showed no significant increase in passive resting tension below 

sarcomere lengths of 2.5 µm.  These findings imply that titin does not normally contribute to 

passive resting tension near slack length.  Secondly, if titin produced the biphasic SREC 

tension response it would have to be disproportionately stiff for small movements.  Again, the 

present experimental evidence does not support this requirement.  The results of molecular 

combing experiments (Tskhovrebova & Trinick, 1997) (in which individual titin molecules 

are extended by a receding meniscus) endorse the view that imposed stretches first extend the 

compliant PEVK region before extending the stiffer I-band immunoglobulin domains (Labeit 

& Kolmerer, 1995; Keller III, 1997).  This interpretation has been confirmed by recent 

measurements of the force-extension curve of single titin molecules (Tskhovrebova, Trinick, 

Sleep & Simmons, 1997).  These results show that titin behaves as a non-linear stiffening 

elastic element.  Individual titin molecules thus produce less resistance to the initial stages of 

an imposed stretch than to the latter stages.  We believe that titin filaments have the opposite 

mechanical properties to those required to generate the SREC. 

 

An alternative judgement has been reached by Bartoo et al. (1997) who concluded that the 

passive mechanical properties (though not specifically the SREC and FRT) of relaxed skeletal 

and cardiac muscle fibres were dominated by titin filaments at all sarcomere lengths.  If this is 

indeed the case, titin must possess complicated short-range elastic properties.  Bartoo et al. 

measured the tension response to sinusoidal length perturbations of varying amplitude.  The 

apparent stiffness of the myofibrils increased as the size of the length perturbation was 

reduced.  This amplitude dependence persisted even when the mean sarcomere length was 

increased to a length at which there was  “ negligible thick and thin filament overlap ” 

(Bartoo et al., 1997) and the authors thus concluded that the effect could not be due to 
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crossbridge activity.  However a careful inspection of their Figure 1 shows that the 

proportional increase in stiffness was greatest at the short sarcomere lengths corresponding to 

full filament overlap.  (For oscillations ranging from 80 to 5 nm per half-sarcomere, stiffness 

increased by 260 % at a sarcomere length of 1.90 µm.  The corresponding increase at 3.61 µm 

was just 40 %.)  This striking dependence on filament overlap strongly suggests to us that the 

phenomenon may be partially attributed to the forcible detachment of stable crossbridges by 

the imposed length perturbations.  The residual 40 % increase at long sarcomere lengths could 

either arise from titin (as suggested by Bartoo et al.) or, if there were sarcomere length 

inhomogenities, from a degree of filament overlap in some sarcomeres.  Bartoo et al.’s 

observations of an increased stiffness for small movements in myofibrils are very similar to 

those described by Buchthal & Kaiser (1951) in intact fibres.  If, as we believe is likely, the 

increased stiffness for small movements is synonymous with the SREC, it may arise either 

from titin (but see comments above) or from crossbridges.  However, we entirely agree with 

Bartoo et al. that the behaviour cannot arise as a result of weakly binding rapidly cycling 

crossbridges - it is an essential requirement of the Crossbridge Population Displacement 

Mechanism that the responsible crossbridges cycle only slowly - see ‘A crossbridge basis for 

the SREC and FRT?’ for further discussion. 
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Conclusion 

 

We conclude that the SREC and FRT are manifestations of a low level of crossbridge activity 

in relaxed muscle.  Although the proposed dynamics of the crossbridge distribution are quite 

complicated, a useful simplification is that the initial stage of the tension response to stretch is 

dominated by the time at rest, while the latter stage is dominated by the stretch velocity.  The 

existence of bonds linking the actin and myosin filaments, and the presence of a FRT may 

imply a small but significant energy consumption in relaxed muscles.  The molecular motors 

of muscle may be idling rather than switched off when the muscle is relaxed. 
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APPENDIX 

 

A CROSSBRIDGE POPULATION DISPLACEMENT MECHANISM 

 

The theoretical model presented in this work consists of three mechanical components: a 

crossbridge component, a parallel elastic component and a series elastic component (Figure 

13). 

 

Fibre Length

Crossbridge
Component

Parallel Component

Series Component

A)

kp

Fcb

X

F

B)

Xp Xs

ks

 

 
Figure 13. Three component model.  A) Parallel elastic and crossbridge components in  

conjunction with a series elastic component.  B) Mathematical definitions 
 

A)  The series elastic component represents the tendon attachments.  The parallel elastic 
component represents the effect of the sarcolemma, sarcoplasmic reticulum, titin filaments and 

other passive structures within the sarcomere.  The parallel and series components are modelled as 
linear springs.  The crossbridge component is more complicated and simulates the crossbridge 
interactions between a lattice of actin and myosin filaments.  It acts both as a tension generator 

and a short range elastic element. 
B)  The model’s state is defined by the parallel component length  Xp  , the parallel component 

stiffness  kp  , the series component length  Xs  , the series component stiffness  ks  and the 
crossbridge force  Fcb.  The overall muscle length  X  and tension  F  are defined in terms of these 

parameters. 
 

This three-component structure is the simplest mechanical system which we have found to be 
consistent with the experimental data.  While the model could in principle be extended to simulate 

the behaviour of multiple serial sarcomeres this considerably increases its mathematical 
complexity.  Preliminary feasibility studies have indicated that the results would not be 

significantly different from those produced by simulations based on a single filament lattice 
structure. 

 

It is axiomatic that tension is continuous throughout the three component model.  This defines 

the tension  F  in the muscle as 
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 F k X k X Fs s p p cb      (1) 

 

subject to the constraint that 

 X X Xp s   (2) 

 

The non-linear behaviour of the three-component model arises from the internal crossbridge 

force  Fcb .  The model predicts this force by simulating the response of a large population of 

identical crossbridges, each acting as a linear spring of stiffness  kcb .  Although in reality 

crossbridge interactions would occur at many sites along the actin and myosin filaments, the 

simulation regards all actin binding sites as equivalent and the state of an individual attached 

crossbridge is defined solely by its displacement  x  from a position of zero strain.  These 

crossbridges generate a small force acting in such a direction as to increase filament overlap - 

the FRT. 

 

It is hypothesised that the FRT arises as a result of a slight crossbridge binding asymmetry.  

Crossbridges are assumed to bind symmetrically around a mean displacement  x0  so that an 

undisturbed population of  n  attached crossbridges produces a crossbridge force  n·kcb·x0  .  

(An alternative explanation for the FRT might be that a small proportion of the attached 

crossbridges undergo a power-stroke and generate tension as a result of a conformational 

change.  These two mechanisms do not produce greatly different theoretical predictions.) 

 

We assume that the physical size of the crossbridge head must limit the maximum crossbridge 

displacement at which filament interaction can take place.  This limit is set in the model by 

the parameter  xmax .  Not all crossbridges within interaction range are bound.  Rather, 

individual crossbridges bind with an attachment rate constant  a  which is relatively low and 

is limited by factors including binding site availability and crossbridge configuration and 
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orientation.  The attachment rate constant  A  for crossbridges with displacements between  x  

and  x  +  x  binding between stationary filaments is thus given by a constant  A0  which is 

the product of the attachment rate constant  a  for an individual crossbridge binding to a single 

binding site and the number of binding sites within interaction range i.e. 

 

 
A a

x
y

x x x x x0
max

0 max 0 max 


   



2

0

for

elsewhere

   
 (3) 

 

where  y  represents the mean actin binding site spacing (Figure 14).  The model assumes that 

although the probability of an individual crossbridge attaching to the actin filament is 

relatively low, if attachment does take place, it does so instantaneously.  This suggests that if 

there is relative movement between the filaments, the probability of an individual crossbridge 

attaching increases with the number of binding sites passing within interaction range (Figure 

14).  Thus, if in a period of one second, each crossbridge moves a distance    , and thus 

passes    binding sites, the attachment rate constant  A  is given by 
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where  v  is the interfilamentary sliding velocity expressed as the number of interaction ranges 

traversed per second.  Thus the attachment rate constant is increased by an amount 

proportional to the interfilamentary velocity.  We describe this as ‘stretch enhancement’. 
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Figure 14.  Stretch enhancement mechanism 
 

A)  Each crossbridge can interact (with low probability) with any binding site within  xmax .  The 
mean actin binding site spacing is given by  y .  B)  If, in a time interval of 1 second, the filaments 
are displaced a relative distance   , the probability of a crossbridge attaching to the thin filament 

increases in direct proportion to the number of binding sites passed.  Thus, although the 
probability of an interaction with a specific binding site is not increased, the probability of an 

interaction between the filaments increases in direct proportion with the interfilamentary velocity. 

 

The model only predicts a SREC response with a minimal velocity dependence over a 

physiological range (see Results section) if highly strained crossbridges (both in extension 

and compression) detach more quickly than unstrained crossbridges.  We have opted to model 

the strain dependence of the detachment rate constant  D(x)  as a parabolic relationship.  Thus 

 

 D x D x x( ) ( )   0 0 2  (5) 

 

where  D0  is the rate constant for spontaneous crossbridge detachment and    is a constant.  

It is important to emphasise that we do not attach a particular physiological or thermodynamic 

significance to the form of the attachment and detachment rate constants used in these 

simulations.  They have been chosen as the simplest relationships consistent with the 

experimental observations.  It is likely that the match between the theoretical predictions and 

the experimental results could be improved by a judicious optimisation of the rate constants.  

However, this process would not affect the relevance of the arguments presented in this paper. 
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The attachment and detachment rate constants define the number of crossbridges  n(x,t)  

bound with a displacement between  x  and  x + x  at time  t  through the partial differential 

equation 

 

 

 n x t

t
A N n x t x D x n x t

x

( , )
( , ) ( ) ( , )



  




 



  (6) 

 

where  N  represents the total number of crossbridges available to take part in the interaction.  

n(x,t)  evolves to a stable distribution if the muscle is held at a constant length for a long 

period.  The crossbridge force resulting from this stable distribution can be calculated from 

the integral 

 

 F t n x t x k xcb cb( ) ( , )  


   (7) 

 

and this sets the initial configuration of the three-component model.  Simulations proceed 

from this stable equilibrium state in a series of discrete time-steps.  Imposed length changes 

strain the crossbridge component and the evolution of the crossbridge distribution (and thus 

the state of the three-component model) following these perturbations is calculated by 

integrating the governing partial differential equations.  This was achieved in practice by 

translating the simulation algorithm into source code for the C programming language and 

running the simulations on a PC.  The differential equations were numerically integrated 

using a fourth-order Runge-Kutta technique (Press, Teukolsky, Vetterling & Flannery, 1992).    

Figure 15 shows an illustrative example of the redistribution of the crossbridge population 

during an imposed stretch from the stable equilibrium profile to the skewed, but steady-state 

distribution maintained by the sustained interfilamentary movement. 
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Figure 15.  Redistribution of the crossbridge population during an imposed 
stretch 

 
The surface plot is an illustrative example of the redistribution of a crossbridge population during an imposed 
lengthening stretch (0.02 l0 s

-1 starting at t = 0).  The vertical y-axis indicates the number of crossbridges at a 
given displacement (expressed in arbitrary units).  The horizontal x-axis shows the corresponding crossbridge 

displacement in metres.  The  z-axis, running ‘into’ the page, shows the stretch time in seconds.  The crossbridge 
population is redistributed from an equilibrium profile symmetrical around x0 at time t = 0, to a skewed but 
steady-state distribution maintained by the sustained stretch.  This surface plot is an approximation to the 
simulation predictions which used much smaller time-steps to produce a smoother redistribution than that 
illustrated here.  It is interesting to note (though not clear from this diagram) that the stretch enhancement 

mechanism dictates that the crossbridge population for some negative displacements may be increased above its 
equilibrium value if the imposed stretch is sufficiently fast. 

 

Table 1 summarises the mechanism. 

 
Table 1. Propositions of the Crossbridge Population Displacement Mechanism 

 
1) In a relaxed muscle, the actin and myosin filaments are linked by a relatively small number 

of crossbridges, each of which behaves as a linear spring for both extension and 
compression. 

 
2) Only crossbridges with displacements corresponding to a defined interaction range can 

bind between the filaments.  The attachment probability is independent of displacement 
within this interaction range but is increased by interfilamentary movement. 

 
3) Unstrained crossbridges are stable and relatively long-lived, whereas crossbridges with 

high strains detach more rapidly. 
 
4) Interfilamentary displacement skews the crossbridge distribution. 
 
5) The mean crossbridge displacement of an undisturbed population is slightly positive.  This 

bias produces a force which acts to increase filament overlap and contributes to the FRT. 
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