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understanding of how sarcomere length impacts the force 
of contraction but also reveals inadequacies in our knowl-
edge that need to be addressed by additional research.
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Introduction

Skeletal muscle has been studied in the intact human (in 
vivo), partially isolated in living animals (in situ) and 
removed from the animal (in vitro). In  vivo, the effective 
moment that can be exerted in any joint configuration is 
dependent on moment arm and the force that the muscle 
exerts in that position. The sarcomere length of the mus-
cle fibers is a major factor influencing the force of contrac-
tion, and this length depends on initial sarcomere length 
as well as the tendon stiffness which dictates the amount 
of fiber shortening that will occur, even when joint angle 
does not change. Although advances have been made, our 
knowledge about muscle properties that dictate the length 
dependence of force production is still incomplete.

Abstract Maximal active force of skeletal muscle con-
traction occurs at a sarcomere length where overlap of thick 
and thin filaments is optimal. However, the interaction 
of muscle length and active force is complicated. Active 
force, is the force generated by energy-requiring processes. 
To calculate active force, passive force provided by in-
parallel structures must be subtracted from total force. 
Sarcomere length will change during a contraction with 
constant muscle–tendon length, due to tendon stretch. Pas-
sive force therefore changes during the contraction. Tak-
ing this into account, it has been demonstrated that there is 
less length dependence of fatigue than previously thought. 
The remaining difference may be associated with length 
dependence of activation, a property that is evident with 
submaximal activation. The sarcomere length at which 
peak contraction occurs is longer than the length that gives 
optimal overlap of the filaments and this shift of optimal 
length appears to be due to increased  Ca2+ sensitivity. The 
increased  Ca2+ sensitivity occurs because at longer lengths, 
the myofilaments are closer together allowing greater force 
than expected. However, the potential for length-dependent 
activation has been challenged. Submaximal contractions 
obtained by recruitment of fewer motor units but with 
maximal stimulation across different muscle lengths still 
demonstrate length-dependent activation. In contrast, con-
tractions with similar absolute electromyographic signal 
magnitude at different lengths do not demonstrate length-
dependent activation. Recent work has improved our 

Communicated by Nigel A. S. Taylor.

 * Brian R. MacIntosh 
 brian.macintosh@ucalgary.ca

1 Faculty of Kinesiology, University of Calgary, Calgary, AB, 
Canada

http://crossmark.crossref.org/dialog/?doi=10.1007/s00421-017-3591-3&domain=pdf


1060 Eur J Appl Physiol (2017) 117:1059–1071

1 3

Early observations of the skeletal muscle force–
length relationship

The force–length relationship of skeletal muscle was first 
described in the nineteenth century by Blix (1891, 1892, 
1894), elaborated by Ramsey and Street (1940), and Hill 
(1953) and refined by Gordon et al. (1966). This fundamen-
tal property of muscle seems simple enough: maximally 
activated muscle generates the greatest active isometric 
force when sarcomere length allows optimal overlap of the 
myofilaments. Active force decreases when contraction is 
performed at shorter or longer lengths than this optimum. 
The force–length relationship describes only the isometric 
property of muscle related to the sarcomere length at which 
the contraction is accomplished when the contraction is 
performed with maximal activation.

Isometric is a term that refers to a constant length. A 
truly isometric muscle contraction would not allow short-
ening of the muscle fibers. However, the term is regularly 
used to refer to constant length of the muscle–tendon unit. 
In this case, muscle fiber length changes as the tendon is 
stretched. The magnitude of muscle fiber shortening is 
dependent on the force of contraction and the stiffness of 
the tendon. The sarcomere length change depends on the 
amount of shortening and the number of sarcomeres in 
series. In this paper, the term, isometric, will be used when 
fiber length change is prevented. The term “fixed-end con-
traction” will be used to refer to a contraction where the 
muscle–tendon unit length is kept constant.

A summary of the last review

The last major review of the force–length relationship 
was by Rassier et al. (1999) and some of the key points of 
that review will be reiterated here before considering the 
advances in our understanding of this complex property 
of skeletal muscle. In most cases, only active force is pre-
sented in the force–length relationship (see Fig.  1a). Pas-
sive force, the force measured at different lengths when 
there is no activation of the muscle, is sometimes pre-
sented and occasionally total force, the actual peak force 
reached when the muscle is activated, is also presented 
(see Fig.  1b). Active force is calculated in an effort to 
represent the involvement of active processes in generat-
ing muscle force. According to the cross-bridge theory of 
muscle contraction (Huxley 1957), active force is generated 
by the myosin heads while energy is provided by adeno-
sine triphosphate hydrolysis. Although we like to separate 
active and passive force, it needs to be remembered that, 
in vivo, it is total force that is the effective force operating 
at the ends of the muscle.

a

b

c

Fig. 1  A theoretical force–sarcomere length relationship for maximal 
contractions of human muscle is shown (a). This relationship is based 
on thin filament lengths of 1.3 µm and thick filament length of 1.6 µm 
and a bare zone in the middle of the thick filament of 0.2 µm. In b, 
passive (blue solid line), total (triangles) and active force measured 
by subtracting passive force measured before the contraction (tradi-
tional method, open circles) and active force measured in the alter-
native method (green squares) is shown. Vertical dotted blue line 
represents active force measured in the alternative method. Realis-
tic myofilament overlap and actin–myosin spacing is shown in c for 
human sarcomeres at 2.0, 2.8 and 3.4 µm. These models of myofila-
ments were created by John Holash using images imported from the 
protein data bank. Perspective of the myofilaments is from near on 
the left to further away on the right. This perspective explains the nar-
rowing of the image to the right. The dark object at the near end is 
the M-line and the dark object at the far end is the Z-disk. (Color fig-
ure online)



1061Eur J Appl Physiol (2017) 117:1059–1071 

1 3

There were several key messages of the 1999 review 
of the length dependence of muscle contraction (Rassier 
et  al. 1999). These key messages are summarized below. 
The suggested convention of using force–length relation-
ship to refer to maximally activated muscle and the length 
dependence of contractile force when activation is submax-
imal will be retained in this paper. The force–length rela-
tionship is also known as the length–tension relationship. 
Here, force–length relationship is used because this term 
is consistent with other terms used to refer to fundamental 
muscle properties: force–velocity relationship, force–pCa2+ 
relationship and force–frequency relationship. In each case, 
the force generated by the muscle, the dependent variable is 
dependent on the second term in the expression, the inde-
pendent variable.

The sliding filament and the cross-bridge theories of 
skeletal muscle contraction can explain why maximal 
isometric active force decreases from the plateau of the 
force–length relationship when contractions occur with 
longer or shorter sarcomere length than at the plateau. 
These theories describe the relationship between the con-
tractile filaments, actin and myosin and the distribution of 
myosin heads that form cross-bridges, use energy and gen-
erate force. Assuming a constant force per cross-bridge, the 
active force of an isometric contraction is dependent on the 
number of myosin heads that can interact with binding sites 
on actin and contribute to force generation. The number of 
possible interactions decreases as muscle sarcomere length 
is increased from the plateau of the force–length relation-
ship until no interactions are possible at a length corre-
sponding to the length where no filament overlap exists. 
As length decreases from the plateau, force decreases due 
to possible interference from thin filaments projecting into 
the opposite side of the sarcomere (see Fig. 1c) and press-
ing of the myosin filament against the z-disk. Interfilament 
distance also increases at shorter lengths (see Fig. 1c). This 
increase in interfilament distance associated with short sar-
comere length may also contribute to the lower force on the 
ascending limb of the force–length relationship, and this is 
thought to be due to lower force per cross-bridge (Bagni 
et  al. 1990), but could also relate to fewer cross-bridges 
forming, due to the distance between myofilaments.

Skeletal muscle has several properties that change as a 
result of prior activation. Fatigue and activity-dependent 
potentiation are two of these history-dependent properties 
and these each have a length dependence. The force exerted 
at a given length is also history dependent during a sin-
gle contraction (Abbott and Aubert 1952; Bullimore et al. 
2007). When muscle is activated then stretched to a longer 
length, the active force is greater than the force observed 
when the muscle is activated at the longer length. This 
property of muscle is called stretch induced enhancement 
of force. In contrast, when muscle is activated then allowed 

to shorten, the active force is less than that observed for 
an isometric contraction at the final length. This is called 
shortening-induced depression. The sliding filament theory 
and cross-bridge theory cannot explain stretch-induced 
enhancement or shortening-induced depression of active 
force (Rassier et  al. 1999). Stretch-induced enhancement 
may be dependent on passive properties of titin, which has 
increased stiffness in the presence of elevated  Ca2+ (Labeit 
et al. 2003).

When activation is submaximal, there is a shift of opti-
mal length to longer sarcomere lengths due to length-
dependent increase in  Ca2+ sensitivity. When the level of 
activation is controlled by constant frequency stimulation 
in an intact muscle preparation or by constant  [Ca2+] in 
a skinned fiber preparation, the sarcomere length which 
yields the highest peak force is longer than the length 
at which maximal overlap of the thick and thin filaments 
occurs. This property of striated muscle is referred to as 
length-dependent activation. The mechanism for length-
dependent activation is thought to be related to proximity 
of the myosin heads with the actin filaments. As length is 
increased, the myofilaments become closer together (see 
Fig.  1c) and this proximity increases the probability of 
actin myosin interaction.

Staircase, post-tetanic potentiation and post-activation 
potentiation are three similar forms of history-dependent 
properties of muscle (MacIntosh and Rassier 2002; Mac-
Intosh and Bryan 2002). Staircase is potentiation during 
repeated low frequency activation. Post-tetanic potentiation 
is enhanced active force of twitch or submaximal contrac-
tions following a tetanic contraction and post-activation 
potentiation is enhanced active force of twitch or submaxi-
mal contractions following a voluntary contraction. Prior 
activation of muscle results in activation of myosin light 
chain kinase, an enzyme that phosphorylates the regula-
tory light chains of myosin (Grange et al. 1993). Phospho-
rylation of the regulatory light chains results in increased 
mobility of the myosin head, bringing it closer to the bind-
ing site on actin (Levine et al. 1996). On subsequent activa-
tion, the myosin heads have a greater probability of binding 
than when they were lying close against the thick filament 
backbone, as they do in the nonphosphorylated condition. 
This advantage results in more force during submaximal 
activation than would otherwise occur. More force at a 
given submaximal  [Ca2+] is referred to as increased  Ca2+ 
sensitivity (MacIntosh 2003). The relative enhancement of 
force at a given  [Ca2+] is greater at short sarcomere lengths, 
giving activity-dependent potentiation a length depend-
ence (Rassier et  al. 1997; MacIntosh and Rassier 2002). 
This length dependence is thought to occur because at long 
lengths the myofilaments are already closer together and 
the proximity of the myofilaments already increases  Ca2+ 
sensitivity (MacIntosh 2003).
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The force–length relationship is often represented 
graphically, showing active force as a continuous line. The 
descending limb of the force–length relationship has been 
interpreted as an unstable, softening material (Allinger 
et al. 1996). However, the force–length relationship should 
not be thought of as a continuous property. Each point on 
the relationship represents a single fixed-end or isometric 
contraction where force rises, may be held briefly, then 
decreases. There is no tendency for muscle to continuously 
stretch during contraction as would be expected for a sof-
tening material. In fact, in the case of a fixed-end contrac-
tion, the muscle fibers can shorten at the expense of tendon 
elongation.

The number of sarcomeres along the length of a mus-
cle varies between individuals, for a given muscle, in a 
functional manner. Athletes who compete in an upright 
position (runners) apparently have more sarcomeres in 
series in their rectus femoris muscle (Herzog et  al. 1991) 
than athletes who compete in a more bent over position 
(cyclists and speed skaters). The number of sarcomeres in 
series can be reduced when a muscle is immobilized for 
prolonged periods of time (Spector et al. 1982). The vari-
ability of number of sarcomeres in series dictates that the 
moment–joint angle relationship is not necessarily similar 
between individuals.

The properties of muscle described above and the then-
current understanding of them were well described in the 
review by Rassier et  al. (1999) and that material will not 
be further described here. This review will provide an 
update, based on studies published since that review was 
written. Recent work has enhanced our understanding of 
the force–length relationship and the length dependence of 
contraction. Much of the work presented here will consider 
submaximal contractions because these are more common 
in every-day life than maximal contractions. The follow-
ing topics will be covered here: (1) the functional range of 
sarcomere lengths in vivo; (2) passive tension change dur-
ing muscle contraction; (3) a new way to calculate active 
force; (4) the length dependence of fatigue; and (5) length 
dependence of activation. This recent work improves our 
understanding of how sarcomere length impacts the force 
of contraction but also reveals inadequacies in our knowl-
edge that need to be addressed by additional research.

The functional range of sarcomere lengths in vivo 
in humans

The force–length relationship is typically measured in 
muscle in vitro where the range of sarcomere lengths can 
be evaluated over the full force–length relationship (see 
Fig.  1a). The full range of sarcomere lengths is depend-
ent on filament lengths. Human actin filaments are slightly 

longer than the familiar frog actin filaments. Lieber (1994) 
reports 1.3  µm and Walker and Schrodt (1974) report 
1.27 µm for human muscle thin filament length. The human 
Z-disk width is also slightly greater than frog Z-disk width, 
but the above estimates of thin filament length takes this 
into consideration; 1.3 is half the distance from the end of 
the thin filaments near the middle of one sarcomere to the 
middle of the neighboring sarcomere. Sarcomere length at 
optimum should be 2.6–2.8 µm. This estimate uses 1.3 µm 
for two thin filament lengths, including 0.1 µm for Z-disk 
width (half of a Z-disk is at each end of the sarcomere) and 
0.2 µm for the bare zone in the middle of the thick filament. 
At the short end of the plateau the thin filaments from each 
end of the sarcomere would just meet in the middle of the 
M-band. At the long end of the plateau the thin filaments 
would be pulled apart to expose the bare region of the thick 
filament. This range of sarcomere lengths would allow the 
greatest overlap of thick and thin filaments, of human mus-
cle, with the maximum possible interaction between myo-
sin heads and actin binding sites. The myofilament arrange-
ment expected for human muscle is presented in Fig. 1c for 
sample sarcomere lengths.

The functional range of sarcomere length in  vivo, the 
actual range over which muscle sarcomere length can vary, 
is dependent on several factors: absolute muscle length, 
number of sarcomeres, tendon length and stiffness, moment 
arm length and joint range of motion. The functional range 
should be less than the theoretical range, otherwise active 
force would be zero at some joint position. However, the 
fact that there are more than one muscle acting across a 
joint and these muscles may not be functioning at the same 
sarcomere length means that it is possible that one muscle 
may be stretched to a length where no active force is gener-
ated. This would actually broaden the functional moment-
joint angle relationship (Gerritsen et  al. 1998). Other fac-
tors that could broaden the functional moment–joint angle 
relationship relative to the theoretical relationship include 
depression of maximal voluntary force near optimal length 
and nonuniformity of sarcomere length. It has long been 
known that isolated muscle demonstrates a widening of 
the force–length relationship for fixed-end contractions (ter 
Keurs et al. 1978).

Actual measurements of sarcomere lengths for human 
muscle in vivo are rare. Laser diffraction has been used to 
measure sarcomere length over a range of joint positions in 
wrist muscles (Lieber et al. 1994). Estimates of sarcomere 
length can also be obtained from cadaver material (Herzog 
et  al. 1992) and from measurement of the moment–joint 
angle relationship in conjunction with ultrasound imaging 
(Maganaris 2001; Kawakami and Fukunaga 2006). Values 
obtained by these techniques are presented in Table 1.

Clearly, different muscles function over different ranges 
of sarcomere lengths. It is often reported that muscles 
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operate during maximal contraction at or near the plateau 
of the force–length relationship. In this case, it would be 
expected that muscles with a compliant tendon would have 
relatively long sarcomere length at rest, and shorten to the 
optimal length or to the ascending limb of the force–length 
relationship during maximal effort. In contrast, muscles 
with a particularly stiff tendon will shorten less during a 
fixed-end contraction, so they might begin at a shorter sar-
comere length in the stretched passive position. However, 
this conjecture appears not to be the case, as can be seen in 
Fig. 2. Considering the limited number of direct measures 
of sarcomere length in vivo, this is an area that requires fur-
ther research.

It has been reported that human flexor carpus ulnaris 
functions at relatively long sarcomere lengths, in the range 
3.2–4.2 µm (Lieber et al. 1996). Sarcomere length of human 
extensor carpus radialis apparently has a more restricted 
length range from 2.6 to 3.4 µm at rest, corresponding to 
passive movement through the range of motion. These 
authors also estimated shortening during fixed-end contrac-
tion could account for a change in sarcomere length of less 
than 0.15  µm, yielding a full operating sarcomere length 
range of 2.45–3.4 µm. This range is predominantly on the 
plateau and descending limb of the force–length relation-
ship (see Fig. 2).

Sarcomere length can also be estimated from measures 
of the joint angle, moment relationship in vivo. Such meas-
ures indicate that many of the muscles of the human body 
operate during maximal fixed-end contraction at the plateau 
or on the ascending limb of the force–length relationship. 
For example, Maganaris (2003) evaluated the force–fasci-
cle length relationship of the medial gastrocnemius mus-
cle during maximal voluntary plantarflexion at a variety of 
ankle joint angles (20° dorsiflexion to 30° plantarflexion, 
measured from a neutral position). The resulting force–fas-
cicle length relationship was linear, increasing force with 
increasing length. It can be assumed that sarcomere lengths 
were no longer than that length expected on the short side 
of the plateau of the relationship (2.60 µm). The measured 
fascicle length at the shortest position was 75.8% of that at 
the longest length so it can be estimated that the short sar-
comere length would be no longer than 1.97 µm.

These measurements, reported by Maganaris (2003) 
were taken with the knee extended, so considering the 
gastrocnemius is a two-joint muscle, the lengths would 
represent the long end of the active range of motion; pas-
sive lengths were not given, but would be longer than the 
lengths measured during activation.

Table 1  Reported sarcomere 
lengths (µm) in vivo in human 
subjects

Muscle Passive Sarcomere 
Length Range

Active Sarcomere 
Length Range

Source

Rectus femoris 1.6–4.24 Herzog et al. 1990
Vastus lateralis 1.85–3.72 Herzog et al. 1990
Vastu medialis 1.76–3.87 Herzog et al. 1990
Vastus intermedius 1.82–4.02 Herzog et al. 1990
Fl carpus ulnaris 3.2–4.2 Lieber et al. 1994
Ext carpus radialis 2.6–3.4 2.45–3.25 Lieber et al. 1994
Soleus 1.75–2.8 Maganaris (2001)
Tibialis anterior 1.75–2.8 Maganaris (2001)
Medial gastrocnemius 1.8–2.6 Maganaris (2003)
Lateral gastrocnemius 1.9–2.6 Maganaris (2003)
Soleus 1.9–3.45 1.5–2.2 Kawakami and Fukunaga (2006)
Medial gastrocnemius 2.2–3.2 1.7–2.25 Kawakami and Fukunaga (2006)

Fig. 2  Theoretical force–length relationship for human muscle, 
showing reported range of resting and active sarcomere lengths for 
medial gastrocnemius muscle (red; Kawakami and Fukunaga 2006) 
and extensor carpi radialis (green; Lieber 1994). For each muscle, the 
solid line represents the sarcomere length from rest to full contraction 
at the long end of the range of observed sarcomere lengths. The dot-
ted line represents the sarcomere length from rest to full contraction 
at the short end of the range of observed sarcomere lengths. (Color 
figure online)
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The Achilles tendon is somewhat compliant (Fletcher 
et  al. 2010), so it can be imagined that muscle fascicle 
length change occurs during these maximal effort contrac-
tions. Achilles tendon compliance was confirmed by the 
report of Wakahara et  al. (2007) in which fascicle length 
of the medial gastrocnemius muscle during maximal effort 
plantarflexion yielded an estimated sarcomere length 
range of 1.6–3.4 µm. Considering that passive length was 
66  mm before the slow shortening contraction with the 
knee extended, and maximum force during slow shortening 
was reached at 40 mm, sarcomere length at rest must have 
been greater than 4.3 µm, the theoretical sarcomere length 
at which active force is zero. The only way this could hap-
pen would be if another muscle (synergist) was at a shorter 
sarcomere length at this joint position.

Ichinose et al. (1997) give a more complete view of the 
force–length relationship for the vastus lateralis muscle. 
Measurements of fascicle length were obtained by ultra-
sound imaging at rest and during submaximal as well as 
maximal contractions initiated at several knee joint angles. 
At rest, fascicle length ranged from 88 to 117 mm across 
the range of motion. During maximal contraction, fasci-
cle length ranged from 56 to 95 mm, indicating consider-
able shortening during these fixed-end contractions. Con-
sidering that several muscles contribute to knee extensor 
moment, the true force–length relationship for the vastus 
lateralis cannot be known. However, if it is assumed that 
the shape of the relationship between length and force 
exerted by the vastus is similar to that observed for all ago-
nists, then conclusions can be made. The highest active 
force occurred at 70° of flexion and the fascicle length at 
the peak of this contraction was about 88 mm. If this posi-
tion is assumed to be at the middle of the plateau of the the-
oretical force–length relationship, then it can be estimated 
that passive lengths correspond to 2.64–3.51 µm and dur-
ing maximal voluntary contraction sarcomere length var-
ied from 1.68–2.85 µm. This range begins at a sarcomere 
length that should represent close to the shortest length that 
would be expected and straddles the optimal sarcomere 
length range.

Ichinose et  al. (1997) also evaluated submaximal con-
tractions. They asked their subjects to target 10, 30, 50 
and 80% of the peak force achieved from each starting 
joint angle. The fascicle length at which the highest force 
for a given apparent level of activation occurred was pro-
gressively longer as the level of activation decreased. This 
observation is similar to that illustrated in the force–length 
relationship in Fig. 3 where 30, 50 and 70% of maximum 
force is illustrated for three initial positions. It can be seen 
that regardless of the percent of peak force targeted, the 
joint angle with the highest force will always be from the 
same initial length as that which gave the highest maximal 
force. The lower the force (smaller percent of maximum), 

the longer the fascicles will be at this joint angle. This shift 
of the apparent optimal length to longer fascicle lengths 
was reported by Ichinose et  al. (1997) and was attributed 
to length-dependent activation. However, considering that 
they assumed that constant level of activation could be 
achieved during submaximal activation by targeting a pre-
determined percent of maximal force, it was a forgone con-
clusion that whatever initial length gave the highest force 
would also yield the highest force at any given percent of 
maximum. Their result for submaximal contractions was 
totally anticipated.

The relevant question is, does targeting a fixed percent 
of maximum at each initial joint position require the same 
level of activation for all lengths? This seems unlikely. 
Arampatzis et al. (2007) demonstrated that percent of max-
imal isometric force does not translate to a similar level of 
activation at all joint angles.

Rack and Westbury (1969) addressed this issue of sub-
maximal activation by considering the force–frequency 
relationship at several lengths. Summation of tetanic con-
tractions occurs differently across the lengths because the 
twitch time-course varies across lengths. Twitch contrac-
tion time is brief at short lengths and increases as length 
is increased (Rassier and MacIntosh 2002). This differ-
ence in time-course of contraction will result in enhanced 
summation at long lengths and a length dependence of the 
force–frequency relationship. Rack and Westbury reported 
a shift to longer lengths for optimal length as frequency of 
activation was decreased.

One of the problems with most of the studies mentioned 
above is that they have used the traditional method for cal-
culation of active force. This method of calculation will 

Fig. 3  The theoretical force–length relationship is shown for maxi-
mal effort contractions and three sample contractions are shown with 
initial sarcomere length short (blue), optimal (brown) and long (grey). 
Submaximal contractions at 30, 50 and 70% of maximum are shown 
for the three initial lengths. The dashed lines join the common per-
cent of maximum contractions, illustrating that the “optimal” length 
will follow the path of the sarcomere length change for the initial 
length that gave the largest peak active force. (Color figure online)
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yield errors when passive force is substantial, which may 
have been the case for measures on the Achilles tendon, but 
would not have been a problem for the quadriceps muscle 
which can move through the full range of motion without 
substantial passive force. Calculation of active force may 
be performed incorrectly in many published studies. This 
issue will now be addressed before we return to a discus-
sion of the length dependence of activation.

Passive force decreases during contraction

Quantification of the force–length relationship is not as 
easy as the description above would imply. Usually, there 
is a series elastic structure that stretches as muscle active 
force is developed, causing the fascicle and therefore sar-
comere length to change during contraction. This short-
ening is evident as a fascicle length change in Fig. 3. Ich-
inose et al. (1997) report length changes that correspond to 
20–36% of initial length. Furthermore, calculation of the 
active force requires subtraction of the passive force and 
the passive force subtracted is often not measured at the 
fascicle length at which peak force occurred. Active force 
is defined here as the force generated by active, energy 
requiring processes in the muscle. Passive force is evident 
when muscle is stretched without activation and therefore 
without the engagement of active processes. The interac-
tion of passive and active force is not always obvious. More 
about this problem will be presented below, but first some 
background will be discussed.

Historically, the force–length properties of muscle were 
studied in isolated muscle, clamping the tendon very close 
to the fiber or muscle (Levin and Wyman 1927; Jewell and 
Wilkie 1958; Edman and Kiessling 1971), leaving very lit-
tle tendon in series with the contractile tissue. Tendon is 
compliant, so this exclusion allowed the study of reason-
ably isometric contractions, even without feedback to con-
trol segment or sarcomere length, a technique introduced 
by Gordon et al. (1966).

Passive force is not usually represented on the 
force–length relationship (see Figs. 1a, 2, 3), and when it 
is, it is presented alone or with active force illustrated at the 
same initial length, erroneously suggesting that there was 
no shortening during the contraction. The problem with 
this method of presenting the force–length relationship is 
that passive force very likely changes during contraction as 
fascicles shorten against a compliant tendon, as was seen in 
Fig. 1b. This change in passive force happens because in an 
intact whole muscle, passive resistance to stretch is a func-
tion of the connective tissue between the myofibers. As the 
fascicles shorten during a contraction, stretching the natu-
ral in-series structures, this passive force must decrease. 
A more appropriate way of presenting the force–length 

relationship is illustrated in Fig. 1b. Here, the length range 
of the passive force is different from the length range of the 
active muscle.

The approach to study the force–length relationship with 
minimal tendon or with feedback to control segment or 
sarcomere length is a valuable approach that allows under-
standing of the underlying mechanisms contributing to this 
fundamental property of muscle. However, it is not the 
same as what goes on in vivo, obscuring our understand-
ing of how muscle functions in reality, with an intact and 
compliant tendon. A key problem arises when it is of inter-
est to isolate the active force of contraction in vivo. Active 
force is typically calculated by subtracting a passive force 
from the total force. Traditionally, the passive force that has 
been subtracted was measured at the initial length for the 
contraction. This may not be the passive force still acting at 
the peak of force development.

Jewell and Wilkie (1958) evaluated the magnitude of 
shortening of muscle fascicles during fixed-end contrac-
tions and concluded that minimal fiber shortening actu-
ally occurred. Under this circumstance, it is appropriate to 
subtract the passive force measured at the initial length at 
which the contraction was performed, to calculate active 
force. This method is referred to here as the traditional 
method of calculating active force. The preparation used by 
Jewell and Wilkie was a parallel fibred muscle with little 
or no tendon, and extreme caution was taken to ensure that 
the measurement system was quite stiff. There was very lit-
tle opportunity for fascicle length, and therefore sarcomere 
length, to change during contraction. Under this condition, 
it seems appropriate to estimate active force in the tradi-
tional way.

Alternative calculation of active force

However, when the muscle preparation has substantial ten-
don, as it often does in vivo, then it can be expected that 
during a contraction where the ends are fixed, the fasci-
cles will shorten as the tendon elongates and force devel-
ops (MacIntosh and MacNaughton 2005). Muscle–tendon 
length does not change, but fascicle and therefore sar-
comere length does change as the tendon stretches with 
development of force. This change in sarcomere length will 
change the passive force expressed across the parallel elas-
tic elements: titin, membrane, and connective tissue. This 
revelation makes it apparent that active force is not as easy 
to calculate as was once thought. Furthermore, there are 
only a few examples of publications where the appropriate 
passive force was subtracted (Bobbert et  al. 1990; Brown 
et al. 1999; Scott et  al. 1996; ter Keurs et  al. 1980; Mac-
Naughton et  al. 2006). For this reason, we have a limited 
understanding of the true active force at lengths where 
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passive force is substantial. This method to calculate active 
force is referred to as the alternative method and will only 
affect values for active force at initial sarcomere lengths 
where passive force is evident, and fascicle or fibre shorten-
ing occurs during the development of active force. It is nev-
ertheless important to consider evidence that passive force 
is changing during a muscle contraction.

In 2005, MacIntosh and MacNaughton demonstrated 
that passive force must decrease during an isometric, fixed 
end, contraction. The evidence for this conclusion was 
obtained from observation of repeated fixed-end contrac-
tions of the rat medial gastrocnemius muscle in  situ. The 
muscle was initially stretched to a length that resulted in 
substantial passive force, and the muscle was indirectly 
stimulated with supramaximal doublet (5 ms delay) pulses 
every 30  s; intervals for which neither potentiation nor 
fatigue would be expected. Similar stimulation at a short 
length (very low passive force) resulted in repeat contrac-
tions of the same amplitude, with no change in passive 
force.

When held at a long initial length, the passive force 
decreased over time (stress relaxation), but total force dur-
ing sequential contractions did not change and, of critical 
importance, initial fascicle length did not change. When 
active force was calculated in the traditional way then it 
appeared that active force was increasing over the course 
of these contractions. However, when the passive force 
assumed to be present at the peak of total force was sub-
tracted, active force remained constant. Further evidence 
favoring this alternative method of calculating active force 
was obtained by repeat determination of the force–length 
relationship prior to and following the period of stress 
relaxation. In the second case, passive force had decreased, 
total force at each length remained constant and fascicle 
length at a given whole muscle length was not different. 
When calculated in the alternative manner, active force did 
not change, but traditional active force was increased for 
contractions at long lengths. The alternative method of cal-
culating active force gives the correct active force.

The different ways of calculating active force (tradi-
tional and alternative) will give the same active force in 
three conditions: when the isometric contraction is initiated 
at a length where there is no passive force; when there is 
essentially no series elastic structure; and when segment or 
sarcomere length feedback is used to control length. How-
ever, when the fixed-end contraction is initiated at a length 
where passive force is present, and fascicles shorten dur-
ing the contraction, the two methods will result in differ-
ent estimates of active force. Considering that until 2005, 
almost everyone accepted the traditional method of calcu-
lating active force, there are quite likely several published 
reports related to in situ or in vivo force–length relationship 
that will need to be reconsidered.

The alternative method of calculating the active 
force–length relationship shown in Fig. 1b would yield an 
accurate estimate of active force regardless of the prepara-
tion in use. The only assumption is that the passive force 
at any fascicle or sarcomere length can be determined by 
passive stretching the muscle through the range of length 
change. It is necessary then to know the fascicle or sar-
comere length at the peak of the contraction to know what 
passive force to subtract. It is important to realize that pas-
sive force can change over time (MacNaughton and Mac-
Intosh 2006), so it may be necessary to frequently deter-
mine the passive force–length relationship. The realization 
that passive force changes during repeated contractions has 
helped us to gain an understanding of the length depend-
ence of fatigue.

The length dependence of fatigue

The research literature relating muscle length and mus-
cle fatigue is rather confusing and until recently, no good 
explanation could be found for the curious results. In gen-
eral, it has been reported that fatigue was greater when 
repeated contractions were elicited at long length than 
when they were at a short length. This, by itself was not 
difficult to understand; stronger contractions at the longer 
length might be expected to cause greater fatigue. How-
ever, repeated contractions at any length has been reported 
to result in greater fatigue when assessed at short length 
than when measured at long length. In fact there have 
been reports of substantial fatigue when measured at short 
lengths while fatigue was absent when measured at long 
lengths, similar to the traditional measures presented in 
Fig. 4.

Much of the discrepancy in reports of fatigue can be 
explained by the difficulty of measuring active force at 
lengths where substantial passive force exists. This dif-
ficulty is avoided in most studies by ignoring the issue; 
active force is calculated in the traditional manner. How-
ever, there is a problem with this approach when the mus-
cle under study has substantial in-series elasticity as is the 
case for many muscles in vivo. The problem is only evident 
at long sarcomere lengths where passive force is substan-
tial, and this problem relates to the issue that passive force 
does change over time, particularly as a result of a series 
of repeated contractions, like those that would result in 
fatigue.

Using the alternative method to calculate active force, 
MacNaughton and MacIntosh (2006) showed that fatigue 
is nearly uniform across all lengths when contractions 
are conducted at one length then measured across a broad 
range of lengths (see Fig. 4). This realization that the length 
dependence of fatigue was a consequence of miscalculation 
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of the active force should be considered a warning that 
other properties of muscle may also be misunderstood due 
to inappropriate consideration of passive force.

It should be noted, however, that even when active force 
is calculated using the alternative method, there is still 
a length dependence of fatigue. When fatigue results in a 
parallel shift downwards in active force, the percent change 
is actually greater at short muscle lengths where the initial 
force was less (see Fig. 5). MacNaughton et al. (2007) dem-
onstrated that this greater relative depression of active force 
at a short length also occurs with exposure to dantrolene 
(see Fig. 5), a drug that inhibits stimulation-induced release 
of  Ca2+ from the terminal cisternae. A greater relative 
depression of active force at shorter lengths is essentially 
the same as a slight shift to the right for the optimal length. 
This is in association with a depression in activation. This 
emphasized fatigue effect at short lengths is associated with 
the length dependence of activation and there is no need 
to pursue additional mechanisms to explain this length 
dependence of fatigue.

Length dependence of activation

In 1969, Rack and Westbury published the results of a 
study in which submaximal contractions were evaluated 

for the length dependence of active force. They used a 
very clever distributed stimulation to activate all motor 
units at the same frequency, but in a pseudo-asynchronous 
manner. To achieve this, they divided the ventral roots to 
allow independent activation of groups of motor units. By 
activating these groups at the same frequency, but at dif-
ferent times a smooth contraction was obtained at a vari-
ety of submaximal stimulation frequencies. They reported 
an interesting observation: optimal length for submaximal 
contractions occurs at longer muscle lengths when fre-
quency of activation is lower. This shift to longer lengths 
of the apparent optimal length for submaximal contractions 
has been referred to as length-dependent activation and is 
evident in skinned fibers as well (Stephenson and Williams 
1982; Yang et al. 1998; Martyn and Gordon 1988).

It has generally been considered that length dependence 
of activation in skeletal muscle is due to increased  Ca2+ 
sensitivity at long sarcomere lengths (Stephenson and Wil-
liams 1982). To understand this, it is important to realize 
that most cases of altered  Ca2+ sensitivity relate to prox-
imity of the myosin heads to the thin filaments (MacIntosh 
2003). Stretching the sarcomere to long lengths brings the 
myofilaments closer together (see Fig.  1c). Confirming 
this theory, Yang et  al. (1998) showed that skinned fibers 
demonstrated increased  Ca2+ sensitivity when myofila-
ments were compressed with dextran without changing the 
sarcomere length. Dextran imposes an osmotic pressure on 
the myofilament lattice, causing the movement of fluid out 
of the lattice, bringing the myofilaments closer together. 
These authors also demonstrated that regulatory light chain 

Fig. 4  The length dependence of active force for 50  Hz (submaxi-
mal) contractions of rat medial gastrocnemius muscle prior to and 
after repetitive contractions resulting in fatigue. Pre refers to before 
fatigue and post refers to after fatigue. Active force (mean ± SEM) 
was calculated in the traditional (solid symbols) or alternative (open 
symbols) manner. With the traditional method, optimal length is 
shifted to the left and there appears to be no fatigue at the longest 
tested length. However, with the alternative method, active force 
decreases in a nearly parallel fashion across lengths. Source: Mac-
Naughton et  al. 2007 with permission of the author. Muscle length 
is presented as mm difference from the original optimal length deter-
mined with double pulse stimulation at high frequency. Optimal 
length for 50 Hz contractions occurs at a length longer than the opti-
mum for double-pulse stimulation at 200 Hz

Fig. 5  Active force of rat medial gastrocnemius muscle after fatigue 
or after dantrolene injection, measured in the alternative manner and 
expressed as percent of prefatigue or predantrolene. Length is meas-
ured the same way as open symbols in Fig. 4. Fatigue and dantrolene 
have a similar effect, greater relative depression of force at short 
length, demonstrating that much of the length dependence of fatigue 
can be explained by a mechanism similar to that of dantrolene, sim-
ply reduced  Ca2+ release. A lower average  [Ca2+] during the contrac-
tion will enhance the contraction in proportion to sarcomere length. 
Source: MacNaughton et al. 2007 with permission of the author
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phosphorylation increased  Ca2+ sensitivity at short sar-
comere lengths, but only when the myofilament matrix had 
not been compressed with dextran. It is thought that phos-
phorylation of the regulatory light chains increases  Ca2+ 
sensitivity by allowing more mobility of the myosin heads, 
permitting them to transition to a position closer to the 
actin filaments. This observation confirms that increased 
 Ca2+ sensitivity is a property of proximity of the myosin 
heads with the actin filaments, and that mechanisms are not 
additive. This means that submaximal contractions of intact 
muscle with regulatory light chain phosphorylation should 
not demonstrate length dependence of activation. This pos-
sibility needs to be evaluated.

Length dependence of activation refers to the fact that 
peak isometric force occurs at a length longer than the 
length where overlap of the myofilaments is optimal. As 
length increases beyond the length associated with optimal 
overlap, the increase in probability of cross-bridge forma-
tion due to proximity of myosin heads to the thin filament 
must be more effective than the decreased probability due 
to fewer myosin heads in the overlap region. This length 
dependence of activation can only be effective up to about 
125–140% of optimal length. Beyond this length, the 
decreasing overlap dominates the influence of active force.

Recent work has raised some interesting questions 
related to this theory of length-dependent activation. Holt 
and Azizi (2014) challenged the theory by testing contrac-
tions with maximal activation but activation of fewer than 
all of the motor units. Remarkably, their results show that 
maximal activation of fewer motor units results in a shift of 
the optimal length to longer lengths (see Fig. 6). This shift 
was not expected, since the motor units were maximally 
activated. Of particular interest, Holt and Azizi reported a 
substantially larger shift to the right of the optimal length 
than previously reported, to 1.6 times optimal length; con-
siderably more than the shift reported by Rack and West-
bury which was only 1.25 times optimal length.

It is thought that there is a sarcomere length beyond 
which the impact of decline in overlap exceeds the improve-
ment due to proximity of the myofilaments. Yang et  al. 
(1998) showed that phosphorylation of the regulatory light 
chains had no effect at a sarcomere length of 3.2 µm. This 
observation suggests that the limit of benefit from proxim-
ity of myofilaments is likely at or shorter than 3.2 µm. For 
rabbit muscle with an optimal length of 2.32 µm, the maxi-
mum benefit would occur at no longer than 1.4 times opti-
mal length.

Holt and Azizi (2014) interpret their results as evidence 
that it is less than maximal force that is important for the 
shift of optimal length referred to as length-dependent acti-
vation, not submaximal activation of individual fibers nor 
proximity of the myofilaments. One problem with this work 
is that they used the traditional method of calculating active 

force. It is known that optimal length is underestimated for 
strong contractions when the traditional method of calcu-
lating active force is used (see Fig.  3). The muscle they 
studied was the frog plantaris muscle. This muscle has a 
substantial passive force within the length range evaluated 
(Azizi and Roberts 2010). The plantaris muscle also has a 
very compliant tendon (Azizi and Roberts 2010).

Fontana and Herzog (2016) determined the force–length 
relationship for vastus lateralis muscle, using the approach 
by Ichinose where force was targeted at fixed percent of 
maximum for each initial length. Their results were quite 
similar to those presented by Ichinose where the peak of 
the relationship between length and force shifted to the 
right for submaximal activation, but the maximum always 
occurred with the same initial length. However, when they 
normalize force across the lengths to a common percent 
of maximum electromyographic signal, to obtain a similar 
level of activation across the length range, a different result 
was obtained. All curves previously showing the length 
dependence of submaximal force now lined up with the 
optimum at the same fascicle length. This is certainly an 
interesting observation, but it is not clear that this method 
can assure a similar level of activation. The same fascicle 
length in the latter case was associated with different joint 
positions, because the variation in force resulted in vari-
ations in tendon length and therefore muscle–tendon unit 
length. It is also possible that this similar optimal fascicle 

Fig. 6  Simulated experiment, similar to the data from Holt and Aziz. 
A theoretical frog muscle force–length relationship is shown (similar 
to Fig. 1a) and superimposed are values for contractions with maxi-
mal (blue dots) and submaximal activation with twitch contractions 
(green) or progressively fewer motor units (brown) activated with 
high frequency stimulation. The motor units were not submaximally 
stimulated, except for the twitch contractions, yet optimal length 
shifted to longer lengths when force was less. In the case of Holt and 
Azizi (2014), the optimal length for the lowest force contractions was 
1.6 time longer than optimal length for maximal contractions. This 
would correspond to a sarcomere length of 3.36 µm if the optimum 
for maximal contractions occurred at 2.1 µm. (Color figure online)
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length relates to persistent potentiation (see above regard-
ing the length dependence of activity-dependent potentia-
tion). Fontana and Herzog only allowed 2 min rest between 
sequential contractions, so activity-dependent potentiation 
which persists for several minutes would still be present, 
and might mask length dependence of activation.

It has been shown that the traditional method of calcu-
lating active force results in an underestimation of the true 
optimal length by 1–2 mm in the rat medial gastrocnemius 
muscle (MacIntosh and MacNaughton 2005). Although 
the rat medial gastrocnemius muscle is about 30 mm long, 
individual fascicles are just 12–15  mm, so this 1–2  mm 
represents a substantial change in optimal length. When 
active force is calculated in the alternative manner, there 
still appears to be a length dependence of activation, but 
the result is relatively small (see Fig. 7). This discrepancy 
between traditional and alternative method of calculat-
ing active force is affected by compliance of the in-series 
structures and the measurement system, as well as the 
magnitude of passive force. High frequency doublet stim-
ulation resulted in an optimal length very similar to the 
length anticipated with longer duration tetanic stimulation 
(Rassier and MacIntosh 2002). However, 50 Hz stimulation 
and twitch contractions resulted in slightly longer optimal 
length, in spite of the fact that 50 Hz stimulation resulted in 
greater active force than doublet stimulation. Considering 
that the work I am quoting was not intended to address this 
question, it is clear that additional work is needed. Length-
dependent activation is real, but clearly there is interaction 
with other mechanisms that change  Ca2+ sensitivity and 

active force must be calculated in the alternative manner to 
allow quantification of the impact of this mechanism on the 
length dependence of active force.

Conclusions

Considerably more work has been completed evaluating the 
force–length relationship of human muscle in vivo than was 
the case at the time of the last major review of this topic 
(Rassier et al. 1999). This new research has contributed to 
our understanding of the sarcomere length over which our 
muscles operate, but has raised further questions regarding 
the length dependence of submaximal contractions.

The realization that passive force changes during con-
traction in vivo has on the one hand allowed a better under-
standing of the length dependence of fatigue, but has also 
raised questions about the length dependence of submaxi-
mal contractions. Clearly additional work is needed to 
address the issue of length dependence of activation and 
in vivo contractions.

To summarize, the key observations reviewed here are 
the following. (1) Human skeletal muscle seems to func-
tion at a sarcomere length that allows the highest active 
force contribution, but in many cases length of the fasci-
cles changes substantially during maximal contractions. 
(2) Passive force changes during contraction because ten-
don elongates and fascicles shorten during contraction. 
(3) Active force can be calculated in spite of the chang-
ing passive force, but there are published examples where 
active force has not been calculated correctly. (4) There 
is a persistent length dependence of fatigue that probably 
associates with length dependence of activation. (5) Length 
dependence of activation may explain some of the increase 
in optimal length for submaximal contractions, but use of 
the traditional method of calculating active force probably 
makes some attempts to study length-dependent activation 
incorrect.
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