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Abstract

Most models of in vivo musculoskeletal function fail to take into account the diversity of force trajectories defined by muscle fiber
architecture. It has been shown for many muscles, across species, that muscle fibers commonly end within muscle fascicles without
reaching a myotendinous junction, and that many of these fibers show a progressive decline in cross-sectional area along the length of
the muscle. The significance of these anatomical observations is that the tapering would seem to preclude forces generated at the
largest cross-sectional area of the fibers being transmitted to the sarcomeres toward the ends of the tapered fiber. If all of the forces are
transmitted via the sarcomeres arranged in series, those few sarcomeres at the smaller ends of the fibers must tolerate the stress exerted
by the more numerous sarcomeres arranged in parallel at the portions of the fiber with larger cross-sectional areas. A logical
alternative would be for forces to be transmitted laterally along the length of a fiber to the cell membrane and the extracellular matrix.
Such a structural arrangement would permit an alternative force transmission vector and minimize the necessity for a precise level of
force to be generated along the entire length of a fiber. There are cytoarchitectural and biochemical data demonstrating the presence
of a subcellular network which is appropriately located to transmit forces from the active intracellular contractile elements to the
extracellular intramuscular connective tissues. However, to fully comprehend how forces are transmitted from individual cross
bridges to the tendon, it will be necessary to understand the interactions of all of the components of the muscle—tendon complex from
the molecular to the multicellular level. It is insufficient to know the physiology of the individual components in a restricted
experimental paradigm and assume that these conditions account for the functional characteristics in vivo. Thus, the challenge is to
understand how the sarcomeres and all of the associated structures transmit the forces of the whole muscle to its attachments. ( 1999
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Historically, skeletal muscle has been modeled for bi-
omechanical analysis as a network of parallel cells pas-
sing from a tendinous origin to a tendinous insertion,
with each cell consisting of an array of parallel myofibrils
running uninterrupted along the length of the cell. An
outgrowth of this model is the assumption that the pri-
mary site of force transmission must be the site at which
the network of myofibrils terminates in the cell mem-
brane at the end of a cylindrical muscle fiber, i.e. the
myotendinous junction (MTJ). Thus, a great deal of re-
search has been devoted to characterizing the mechanical
properties of the MTJ and the molecular links respon-

sible for transmitting forces from the myofibrils to the
connective tissues comprising the tendon. The anatom-
ical and molecular composition of the MTJ has been
reviewed previously (Patel and Lieber, 1997; Tidball,
1991), but several points will be outlined here for later
comparison to extra-junctional force transmission. First,
the anatomy of the MTJ and its implications for force
transmission are well understood. The numerous folds in
the junctional membrane serve not only to increase the
surface area of the junction, but also to transmit the force
applied by the myofibrils as a shear force rather than
a tensile force on the membrane. Second, the protein
complexes that appear to be responsible for linking the
contractile machinery to the extracellular matrix are gen-
erally understood, and include connections involving
both vinculin and dystrophin (Tidball, 1991). Further,
the mechanical properties of the MTJ have been tested,
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Fig. 1. Diagrammatic representation of the experiments performed by Street (1983): (A) A single fiber is dissected free of a bundle. The bundle (splint) is
then pinned at the end nearest the fiber, and attached to a force transducer at its distal end. The single fiber is then stimulated with or without its free
end pinned. Without the end pinned it still generates at least 75% of the force it generated when pinned: (B) A single fiber, or small bundle of fibers, is
dissected free in the intervening space between two splints. When these splints are pulled apart, the sarcomere spacing matches very closely with
markers placed on the cell surface, and is non-linear along the length of the fiber. These results provide evidence for a force-bearing linkage between
sarcomeres and the cell membrane.

and much is known about its stress—strain properties
(Tidball et al., 1993).

However, numerous studies have demonstrated an
extra-junctional transmission of sarcomeric forces
laterally to the sarcolemma along the length of muscle
fibers. While there is little debate as to the existence of
a laterally transmitted trajectory for myofibrillar forces,
the functional importance of such a mechanism may be
underestimated in the literature at present. Both anatom-
ical (Eldred et al., 1993; Ounjian et al., 1991; Trotter,
1991; Trotter and Purslow, 1992) and physiological
(Street, 1983) evidence indicates that the transmission of
force to the tendon by many muscle fibers can be ex-
plained only if a significant portion of the force is trans-
mitted laterally to the cell membrane or extracellular
matrix. In particular, the ability of motor units with
parallel fibers tapering gradually to a point to transmit
forces must be dependent on a lateral transmission mech-
anism. Some of the evidence presented here has been
reviewed recently by Patel and Lieber (1997), with par-
ticular attention paid to the proteins involved and their
possible individual roles. This review will begin with the
anatomical and physiological evidence for the phenom-
enon of lateral transmission, and its implications for the

in vivo function of skeletal muscle, and will then discuss
the integration of these forces from the single fiber to the
whole muscle level.

2. Physiology and anatomy of single fibers

Dramatic evidence demonstrating the lateral transmis-
sion of forces within skeletal muscle was provided by
Street (1983), who clearly showed that not only passive
but also active forces are transmitted by the sarcolemma
of single fibers. She used two preparations, a single fiber
surrounded at one end by a bundle of transected fibers
(called a splint, Fig. 1A), and a bundle of fibers transected
so that one or a few fibers bridged the gap between two
splints (Fig. 1B). Using the first preparation, she demon-
strated that when not held at its free end, a single fiber
could transmit to the tendon on the distal end of the
splint 76—100% of the force it transmitted when held at
both ends. If force transmission was primarily focused at
MTJs and relied on the ability of a muscle cell to pull its
attachments closer together, then a cell held only at one
end should merely shorten and not be able to transmit
force to the held end. In contrast, if the myofibrils within
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Fig. 2. Generalized diagrammatic representation of the protein path-
ways known or postulated to take part in force transmission to the
extracellular matrix. Two chains of proteins have been identified which
theoretically could serve this function. In the first actin binds to dystro-
phin, which in turn binds to b-dystroglycan. b-dystroglycan is then
linked to laminin-2 (merosin) in the extracellular matrix by a-dystro-
glycan. The sarcoglycan complex may function in stabilizing these
associations. In a second chain of proteins, actin is bound by talin,
which binds vinculin. Vinculin binds to one of a family of integrins
which bind to collagen and laminin-1 in the extracellular matrix.

the cell were linked at various points along the sar-
colemma, then those portions of the cell held within the
splint could apply forces by pulling against one another.
Physiological evidence for such a network of sarcolem-
mal attachments was provided by Street’s second prep-
aration in which the fibers intervening between two
splints were stretched by pulling on the splints. She found
that the change in sarcomere spacing following a stretch
was directly correlated to the change in the length of the
local membrane. Thus, because sarcomere spacing is
dependent on local rather than global length changes,
there must be some link keeping the sarcomeres in regis-
ter with the membrane.

Street also has presented cytoarchitectural data which
help explain the large proportion of force which can be
transmitted to the splint. If myofibrils ran in a linear
array down the length of the muscle cells, then only that
fraction of myofibrils located at the periphery of the cell
could transmit forces laterally to the membrane. The
myofibrillar net described by Street (1983) in which my-
ofibrils branch and blend with one another, would allow
central myofibrils to transmit their forces through the net
to attachment sites on the cell membrane. Thus, the force
produced by a fiber splinted at one end would not be
dependent only on the number of myofibrils at the pe-
riphery of the cell. In addition, Street described a network
of protein filaments attaching the Z- and M-lines to the
cell membrane, and suggested that these filaments might
be capable of transmitting force from the myofilaments,
through the cell membrane, and to the connective tissue.

More recently, Law and Lightner (1993) reported that
in bundles of skeletal muscle fibers stretched to the point
of MTJ failure in a divalent cation free bath, sarcomeres
in those fibers which failed first remained stretched. If
there were no lateral connections, passive elements with-
in the sarcomeres would return them to their resting
length when the MTJ failed. Therefore, there must be
some link between myofibrils and the extracellular
matrix which allows adjacent fibers to maintain similar
sarcomere lengths. These results, as well as those ob-
tained by Street (1983), demonstrate that there must be
some force transmitting linkage from the sarcomeres to
the cell membrane and extracellular matrix that can
function independently of the MTJ.

3. Molecular basis for lateral transmission

At approximately the same time that Street (1983) was
describing the phenomenon of lateral transmission and
the protein connections between myofilaments and the
extracellular matrix, Pardo et al. (1983b) described the
localization of vinculin in regularly spaced subsarcolem-
mal domains, called costameres, overlying the I-bands of
avian skeletal muscle cells. It was proposed at that time
that these structures could form the basis for a network

capable of transmitting forces from the Z-lines to the cell
membrane along the entire sarcolemma. Costameres
have now been identified in both skeletal and cardiac
muscle from a variety of species, and many of their
components and connections are known. The arrange-
ment of the proteins discussed below is shown schemati-
cally in Fig. 2.

Among the proteins associated with costameres, the
distribution of vinculin is the best characterized and is
often used as a control for the localization of other
proteins. It has been located in both skeletal (Mondello
et al., 1996; Pardo et al., 1983b; Terracio et al., 1990) and
cardiac (Danowski et al., 1992; Pardo et al., 1983a;
Terracio et al., 1990) muscle from a variety of species,
including humans. Vinculin also has been shown by
confocal microscopy of immunofluorescent tissue sam-
ples to be located throughout the Z-line of skeletal
muscle, not just at the sarcolemma (Terracio et al., 1990).
This observation suggests that vinculin may play a major
role in load-bearing linkages throughout muscle fibers.
Other proteins which have been identified as co-localiz-
ing with vinculin at costameric structures in skeletal
and/or cardiac muscle include talin (Terracio et al., 1989;
Tidball et al., 1986), desmin (Granger and Lazarides,
1978; Mondello et al., 1996), and integrins (Belkin et al.,
1996; McDonald et al., 1995). These proteins form a net-
work connecting actin filaments within the cell to the
collagen/laminin network of the extracellular matrix
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(Tidball, 1991). In addition bundles of collagen have
shown to preferentially associate with the cell surface
overlying costameres (Borg et al., 1983; Shear and Bloch,
1985).

A second membrane-associated complex is linked to
the actin cytoskeleton by dystrophin, the product of the
Duchenne muscular dystrophy gene. Dystrophin is pres-
ent in skeletal muscle costameres (Masuda et al., 1992;
Porter et al., 1992), although it may be more densely
distributed at the ends of fibers (Masuda et al., 1992). It is
therefore generally distributed in areas where it could
serve as an attachment for actin filaments involved in
force transmission. Unlike skeletal muscle, the distribu-
tion of dystrophin in cardiac muscle cells is uniform
throughout the cell (Stevenson et al., 1997). The implica-
tions of this difference in distribution are unclear, but
may indicate a greater requirement for lateral force trans-
mission in cardiac muscle. Associated with dystrophin
are the dystroglycan and sarcoglycan complexes (Straub
and Campbell, 1997) and b-spectrin (Craig and Pardo,
1983; Porter et al., 1992; Repasky et al., 1982). In addi-
tion, another protein, sarcospan, was recently shown to
be colocalized with this dystrophin associated protein
complex (Crosbie et al., 1997). The dystroglycan complex
is in turn associated with laminin-2 (merosin) in the
extracellular matrix via its a-subunit (Ervasti and Camp-
bell, 1993; Yamada et al., 1994).

Thus, there are two major protein complexes which
have been identified as forming linkages between sar-
comeres and the extracellular matrix. The relative im-
portance of the vinculin/talin/integrin system versus the
dystrophin/dystrophin-associated protein (DAP) system
remains unknown. One of the interesting aspects of defi-
ciencies in the dystrophin/DAP system is that the loss of
one of these proteins is generally associated with a reduc-
tion in the levels of all of the proteins. Loss or altered
function of these proteins leads to a number of dystro-
phies with varying severity (Brown, 1997). Tissue from
human patients with a number of these muscular dystro-
phies, and from animal analogs of many of these diseases,
has allowed some insight into the function of the dystro-
phin/DAP system. At the myotendinous junction the
lack of dystrophin in mdx mice leads to significant alter-
ations in actin—membrane association, as well as a reduc-
tion of normal junctional folding (Law and Tidball, 1993;
Tidball and Law, 1991). While it has long been known
that dystrophic muscle has reduced force production
capacity, it was recently found in dystrophin-deficient
golden retrievers that both maximum twitch and tetanic
tension were strongly correlated with the amount of the
a-dystroglycan subunit remaining in the muscle (Ervasti,
et al., 1994). Therefore, the force deficit may be due to a
loss of cytoskeletal—extracellular matrix connections
rather than being secondary to muscle damage. The
importance of a functional connection was underscored
by the experiment of Cox et al. (1994) who expressed in

mdx mice a dystrophin isoform which does not bind to
actin. Despite the fact that this dystrophin fragment
restored the DAP complex, these animals still exhibited
severe muscular dystrophy. This result suggests that the
role of the dystrophin/DAP complex is strongly asso-
ciated with its ability to link the cytoskeleton to the
extracellular matrix.

Unlike deletions in the dystrophin/DAP complex, loss
of vinculin or of the b1 integrin, the primary b subunit in
skeletal muscle, result in non-viable embryos (Fässler
and Meyer, 1995; Xu et al., 1998). However, despite the
inability to directly test the function of this system
in vivo, a number of studies have shown the potential for
this system to participate in force transmission. The pri-
mary integrin of the myotendinous junction, a7b1 integ-
rin, is upregulated in mdx mice (Hodges et al., 1997),
perhaps as a compensatory mechanism for the loss of
dystrophin/DAP mediated connections in these mice.
Vinculin networks also may be associated with sites of
lateral transmission of force in cardiac cells. Danowski
et al. (1992) grew cardiac myocytes on a flexible silicone
substrate and injected the cells with fluorescent vinculin.
When the cells became autorhythmic, their contractions
caused pleating of the substrate. These pleats had the
same spacing as the Z-lines and coincided with areas of
vinculin fluorescence. Given the non-specific distribution
of dystrophin in cardiac myocytes (Stevenson et al.,
1997), this observation strongly suggests that the cos-
tameric vinculin/talin/integrin system could be the site of
lateral force transmission to the extracellular environ-
ment.

An additional level of complexity was recently added
by Yoshida et al. (1998). Their experiments demonstrated
that, in vitro, the a5 integrin subunit was associated with
the sarcoglycans, a component of the DAP complex.
Thus, these two systems are probably not functioning as
discrete entities in normal skeletal muscle, but rather are
likely working in concert to establish linkages through
the cell membrane.

4. Motor unit properties vs. motor unit architecture

It has been suggested by a number of authors that
costameres could serve as sites of lateral force transmis-
sion, but there has been relatively little insight offered as
to the role these structures might play in vivo. In particu-
lar, there is mounting evidence that the long-held as-
sumption that all muscles are simple arrays of fibers
passing from tendon to tendon is without basis (see
Table 4 in Trotter, 1993). In fact it has been suggested
that it would be safer to assume that a skeletal muscle is
comprised of in series fibers unless it has been expli-
citly shown to be comprised of continuous fibers
(Trotter, 1993). However, few studies have attempted to
demonstrate a relationship between this type of muscle
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Fig. 3. Cross-sectional areas of fibers from several adjacent fascicles of
a slow motor unit as a function of position within the muscle. In
contrast to fast units (Fig. 4), most fibers in slow units have relatively
constant cross-sectional areas along their length. From Ounjian et al.
(1991).

architecture and the biochemical and physiological prop-
erties of motor unit fibers.

To understand the mechanical interactions among
motor units it is necessary to consider functional differ-
ences among motor units of different types. In the tibialis
anterior of the cat, there are differences in the specific
tension, i.e. the force produced per unit cross-sectional
area, of fast and slow motor units (Bodine et al., 1987).
Fast motor units had a mean specific tension of
23.5 N/cm2 and slow units a mean specific tension of
17.2 N/cm2. When considered in association with the
anatomy of single fibers in a motor unit (see below), this
difference has important implications for the loading
conditions imposed upon the cell membranes of the fibers
in different motor units. For example, Ounjian et al.
(1991) reported significant differences in the architecture
of fast and slow motor unit fibers in the cat tibialis
anterior. Slow fibers were less likely to taper along their
length and were on the average longer than fast fibers,
with many of the slow fibers traveling the entire length of
a fascicle and ending bluntly at the MTJ (Fig. 3). In
contrast, most fast fibers began at a tendon but tapered,
i.e. showed a progressive decrease in cross-sectional area,
to end in a point within the fascicle (Fig. 4). Thus, those
fibers with the highest specific tension, the fast fibers,
must transmit a large proportion of their force to the
endomysium and/or adjacent muscle fibers.

In addition to the longitudinal differences in motor
unit area (Ounjian et al., 1991; Roy et al., 1995), there can
be large variations in the cross-sectional areas of fibers
within a motor unit. Bodine et al. (1987) reported two
fold to eight fold differences in motor unit fiber cross-
sectional areas in units isolated from the tibialis anterior
of 11 cats. In addition, following alterations in neuromus-
cular activity, i.e. reinnervation or spinal cord injury,
individual motor units may contain multiple fiber types
and single fibers may express multiple myosin heavy
chain isoforms (Talmadge et al., 1995, 1996; Unguez et
al., 1993, 1995). The physiological consequences of hav-
ing multiple fiber types within a motor unit are unclear.

Variations in cell shape have implications for the load-
ing of the cell membrane. In muscle fibers of the cat
biceps femoris, tapering is estimated to be on the order of
1° relative to the long axis of the fiber (Trotter, 1990). The
termination of the taper of skeletal muscle fibers in the
cat tibialis anterior takes the shape of a parabolic solid,
an arrangement which would lead to a progressive in-
crease in the angle between the myofibrils and the cell
membrane (Eldred et al., 1993). Therefore, as myofibrils
approach the end of the fiber, shear loading on the cell
membrane is decreased and tensile loading is increased
(Tidball, 1983). Because very few intrafascicularly termi-
nating cells exhibit MTJ-like folding, there must be some
mechanism by which skeletal muscle cells are able to
increase the stiffness of their terminal cell membrane to
resist the large tensile loads. Dystrophin and/or the DAP
complex could serve this function (Pasternak et al., 1995).
It also would be advantageous if these cells could trans-
mit forces into the extracellular matrix along their entire
length to avoid concentrating all these forces at their
ends. As discussed above, both the dystrophin/DAP
complex and the vinculin/talin/integrin systems are well
positioned to serve this function.

5. Dynamics of multiple motor units

Given the complexity of the anatomy of single motor
units, the analysis of the behavior of multiple motor units
becomes difficult. When a single motor unit contracts,
the majority of its fibers will be adjacent to elastic ele-
ments, i.e. passive non-unit fibers (Bodine et al., 1988) and
connective tissue. Also, depending on the motor unit type
a significant number of its fibers may also be in series
with inactive fibers. Under these conditions it would be
most efficient for force to be transmitted to a system
which bypasses these distensible elements. However,
fibers with an intrafascicular ending cannot possess
a unique attachment to the tendon. If this were the case
then the whole muscle length—tension properties, parti-
cularly the passive length—tension curve, would be
defined by the shortest fibers in the muscle. There
must, therefore, exist a diverse integrated network of
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Fig. 4. Cross-sectional areas as a function of position within the muscle for fibers from one fascicle of a fast motor unit. All fibers taper at one or both
ends. Note that the calibration differs from Fig. 3. From Ounjian et al. (1991).

connective tissue which disperses the force from each
motor unit and transmits it to the tendon.

Proske and Morgan (1984) proposed such a network
as an explanation for their observations of tension trans-
mission to a split tendon in the cat soleus muscle. Upon
activation of varying numbers of motor units, producing
from 20 to 100% of the maximum tetanic tension of the
muscle, they observed that the fraction of the total force
transmitted to each half of the tendon was constant. They
concluded that the force produced by individual motor
units must be integrated within the muscle’s connective
tissue matrix before being transmitted evenly to the ten-
don as a whole.

If the forces of motor units are integrated within the
muscle, then when more than one motor unit is active,
there must be an interactive effect on the total force and
displacement produced. If two units are arranged perfect-
ly in parallel then their force production would be addi-
tive, but they would create no more displacement than
either unit would create independently. If two units that
are anatomically in series are activated, then their dis-
placements, but not their forces, would be additive. It is
even possible that one unit could unload a shorter paral-
lel unit. Both Clamann and Schelhorn (1988) and
Emonet-Denand et al. (1990) observed non-linear addi-
tions in the force production of multiple motor units in
the medial gastrocnemius, soleus, and peroneus longus
muscles of the cat. These non-linearities are likely created
by a stiffening of the series elastic element associated with
each fiber. In muscles with fibers arranged in series,
recruitment of an additional motor unit which is partially
in series and in parallel to a first unit would be a frequent
occurrence. During sub-maximal contractions, these
newly recruited muscle fibers would not only add their
force to the total output, but would also stiffen the series
elastic element acted upon by the first unit, allowing it to
transmit a greater portion of its total force potential.

A further consideration in the dynamics of motor unit
interaction is the geometry of the endomysium. De-
scribed as a mesh of randomly oriented collagen fibrils
when originally examined by electron microscopy (Borg
and Caulfield, 1980; Rowe, 1981) more recent analyses
have demonstrated that it is to some degree an ordered
array (Purslow and Trotter, 1994). At short muscle
lengths the arrangement of the collagen is biased toward
circumferential, and as muscle length increases the fibrils
become increasingly oriented with the long axis of the
muscle (Purslow and Trotter, 1994; Tidball and Daniel,
1986).

Because adjacent fibers share an endomysium, it is
important to consider the implications of these local
changes in the arrangement of the connective tissue net-
work during the recruitment of additional motor units.
Clamann and Schelhorn (1988) reported that occa-
sionally when a new unit was recruited and then derec-
ruited the first unit maintained a higher force production
than it did prior to recruitment of the second unit. One
possible explanation for this finding is that an improved
alignment of the intramuscular connective tissue resulted
from the contraction of the second unit, and that the first
unit could continue to take advantage of this realignment
following derecruitment of the second unit. Such a sys-
tem would potentially be beneficial to the optimization of
whole muscle function in vivo.

Motor unit architecture could also affect the ability of
skeletal muscle to resist an imposed stretch. Petit et al.
(1990a, b) measured the change in initial stiffness to an
imposed stretch during the contraction of motor units in
the cat peroneus longus. Slow units were always stiffer
than fast units, despite the fact that fast units produced
greater forces. If it is assumed that motor unit architec-
ture in the peroneus longus is similar to that in the tibialis
anterior, then slow units which have fibers that span the
length of a fascicle have a smaller series elastic element,
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Fig. 5. Force-velocity curve recorded from an implanted tendon force
transducer in a freely moving cat walking on a treadmill at 2.2 m/s
(solid line). The isotonic force—velocity curve obtained in an in situ
terminal experiment (dashed line) on the same cat is superimposed on
the in vivo force-velocity curve. Note the elevated force levels at any
given velocity in vivo compared to the in situ condition. Data taken
from Gregor et al. (1988).

and therefore experience a larger portion of the stretch
applied to the whole muscle than fast units which are
comprised of fibers that taper and terminate intrafas-
cicularly. During activation of a single fast unit the rela-
tively large series elastic element would absorb much of
the displacement and the observed response to the
stretch, the initial stiffness, would be smaller. Thus, des-
pite the similarities in the contractile machinery of the
two unit types, their architectural designs may define
very different mechanical properties.

The in-series/in-parallel arrangement of motor units
can be modeled at the whole muscle level. From measure-
ments of two muscles or muscle compartments in series
(Demieville and Partridge, 1980; Edgerton et al., 1987) or
in parallel (Demieville and Partridge, 1980), it is clear
that the force—length relationships of each constituent are
altered by the interaction. Muscles or compartments
arranged in series perform mechanical work on one an-
other, and the output of the system depends on the
timing and magnitude of the output of its parts.

In light of the effects that architecture has on the force
transmission by motor units, it is reasonable to expect
that it would be related to the pattern of recruitment in
vivo. During low power movements the architecture of
slow motor units, i.e. fibers extending from tendon to
tendon, would make them ideally suited to respond
quickly to small variations in the pattern of loading. The
smaller in series compliance would transmit more stretch
to the fibers, and in turn transmit more force from the
fibers to the tendon. Therefore, it would be necessary
only to add parallel units to increase the force output of
the muscle. In contrast, during high-power movements it
would be beneficial to the function of the muscle as
a whole for motor units arranged in series to be activated
together. These units would act to stiffen the path of force
transmission for one another, increasing the efficiency of
the muscle.

6. Muscle—tendon dynamics

The primary goal of skeletal muscle contraction is to
generate force and/or produce displacement, usually
about a joint. To this end forces appear to be transmitted
from the muscle fibers, via the myotendinous junction
and the intramuscular connective tissue, to the tendon.
The degree to which the efficiency of the musculotendi-
nous system depends upon the elastic elements within the
connective tissue to store mechanical energy and release
it at an appropriate time remains unclear. Interestingly,
most research related to force production in skeletal
muscle has attempted to eliminate compliance as a vari-
able by using isotonic contractions so that the properties
of sarcomere dynamics can be discerned. Because the
elastic component of the musculotendinous unit is elimi-
nated by isotonic testing, differences between the pre-

dicted and observed functions of individual muscles and
muscle groups in vivo should be expected to be substan-
tial. Fig. 5 illustrates a typical whole muscle force—velo-
city curve for the cat soleus muscle measured in situ,
along with one measured in vivo during treadmill loco-
motion. The differences between the in situ and in vivo
curves represent the release of energy stored in the elastic
components of the musculotendinous system during
locomotion. The components of the musculotendinous
unit contributing to this phenomenon remain unknown.
One possibility is that rather than the tendon, the apo-
neurosis, and the components of the interfiber matrix
being strictly transmitters of muscle force, they may act in
concert with the muscle to improve the total output as
well as the metabolic efficiency of locomotion by storing
and releasing elastic energy. The possible effects of energy
storage on efficiency of locomotion have been discussed
in detail recently by Ingen Schenau et al. (1997) in an
issue of the Journal of Applied Biomechanics (Vol. 13,
No. 4) which includes a number of responses from experts
in this field.

Several experiments suggest that some elastic energy
can be stored and released from the tendon proper of
a muscle. Based on the observation that kangaroo hop-
ping is more metabolically efficient than quadrupedal
running at most speeds, Morgan et al. (1978) examined
energy storage in the tendon of the wallaby gastrocne-
mius in situ. Measuring energy loss with the full tendon
in place and with a portion of the tendon excluded from
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Fig. 6. (A) In situ force, length, and velocity records from a rat soleus
muscle undergoing isovelocity release following a maximal isometric
tetanus (P

0
). (B) The solid line is a force—velocity curve generated from

the records in (A). The dotted line is a force—velocity curve generated
from a series of isotonic shortening contractions. Note the considerable
enhancement of force output in the isovelocity contraction compared to
that predicted from the isotonic contractions. V

.!9
, maximal shorten-

ing velocity.

the experimental system at strains up to 3.7%, as much as
60% of the total output of the system could be attributed
to the tendon. Similar results were obtained more re-
cently in vivo in running turkeys by Roberts et al. (1997),
who also reported that 60% of the total work during
muscle shortening was performed by elastic elements,
primarily the aponeurosis. The potential for the tendon
to serve as a sink for strain energy has been demonstrated
in a number of species (Bennett et al., 1986; Ker, 1981). In
some experiments as much as 90% of strain energy
introduced into tendons was recovered during repetitive
stretch-shortening cycles at frequencies and stresses ap-
proximating those observed during locomotion.

Additional evidence for the use of non-contractile ele-
ments as sites for energy storage comes from the work of
Fukunaga and colleagues. Using ultrasonic imaging,
they have examined changes in fascicle length during in
vivo movements of human skeletal muscle. The data
demonstrate that fascicle length decreases during ‘‘static’’
contractions of both the tibialis anterior and the quad-
riceps muscles (Fukunaga, et al., 1997). This fiber
shortening would result in strain of elastic elements in the
muscle—tendon complex. The physiological significance
of this strain without a change in length of the whole
musculotendinous unit is illustrated in Fig. 6. Following
an isometric contraction of a whole rat soleus in situ, the
muscle is allowed to shorten at a constant velocity sim-
ilar to those occurring in locomotion (Fig. 6A). As can be
seen in Fig. 6B, the isovelocity curve differs noticeably

from the isotonic force—velocity curve, which by design
avoids the variable of changing strain during the contrac-
tion—relaxation cycle. Thus, there is storage of strain
energy in a muscle that never received a stretch. The
endpoints of a number of releases at different velocities
matched the isotonic force—velocity curve. There are two
possible mechanisms for this observed energy release: (1)
although the musculotendinous unit is isometric, the
muscle shortens, thereby lengthening the series elastic
element and introducing strain energy, and (2) contrac-
tion of the muscle causes a realignment of the intramus-
cular connective tissue which releases energy when it
returns to its resting arrangement. Condition 1 is analog-
ous to the experiments performed by Gregor et al. (1988)
and Fukunaga et al. (1997) which are discussed above.
Experimental evidence for intramuscular storage of
strain energy (condition 2) has been provided by Tidball
(1986) who demonstrated that single frog skeletal muscle
cells were able to store more energy with the basement
membrane intact than with it removed. These latter data
demonstrate that extracellular components exist which
are capable of storing strain energy. Therefore, as has
been suggested by Trotter (1990, 1993) it is appropriate
to consider all connective tissue in the musculotendinous
complex as a portion of the series elastic element.

7. Conclusions

There is overwhelming physiological and cytoarchitec-
tural evidence for the presence of a mechanism for lateral
force transmission from sarcomeres along the length of
a fiber through the cell membrane and into the extracel-
lular matrix as well as serially via the MTJ. At least two
protein complexes, one containing vinculin and the other
containing dystrophin, have the potential to transmit
forces from actin filaments to the endomysium. While it is
clear that there are multiple potential subcellular trajec-
tories for force transmission, the relative importance of
the different protein complexes associated with the con-
tractile machinery and the extracellular matrix, and the
mechanical properties of the complexes remain un-
known. Additionally, there are intrafascicularly termina-
ting fibers which must transmit forces laterally to the
endomysium or to other cells in order to perform work
on the tendon. This anatomical evidence is supported by
physiological experiments demonstrating non-linearities
in whole muscle function predicted from the output of
single motor units. It appears likely that to accurately
model the musculotendinous system, variations in the
motor unit composition of a particular muscle, the three-
dimensional interactions of these motor units during
movement, and the implications of these design features
for force transmission, must be integrated into a func-
tionally relevant, dynamic model of the connective tissue
matrix including the tendon. Considering these factors
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will provide a clearer understanding of the mechanical
features that the nervous system must control, and the
importance of energy storage as a tool for increasing the
efficiency of movement. In addition, given the varying
architectures of motor units within a muscle, the mecha-
nisms used to ensure that the desired stress—strain proper-
ties of the whole muscle are maintained during submaxi-
mal contractions should be determined. A more thorough
understanding of the mechanism of force transmission in
skeletal muscle will allow more accurate models of the
neural control of locomotion in vivo to be developed.
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