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ABSTRACT
Understanding of the musculoskeletal system has evolved from the collection of individual phe-
nomena in highly selected experimental preparations under highly controlled and often unphysi-
ological conditions. At the systems level, it is now possible to construct complete and reasonably
accurate models of the kinetics and energetics of realistic muscles and to combine them to un-
derstand the dynamics of complete musculoskeletal systems performing natural behaviors. At the
reductionist level, it is possible to relate most of the individual phenomena to the anatomical struc-
tures and biochemical processes that account for them. Two large challenges remain. At a systems
level, neuroscience must now account for how the nervous system learns to exploit the many com-
plex features that evolution has incorporated into muscle and limb mechanics. At a reductionist
level, medicine must now account for the many forms of pathology and disability that arise from
the many diseases and injuries to which this highly evolved system is inevitably prone. © 2017
American Physiological Society. Compr Physiol 7:429-462, 2017.

Introduction
Quality of life and reproductive success depend on the ability
to execute voluntary movements that are effective, efficient,
and safe. Animals learn to move their limbs by coordinat-
ing neural commands to skeletal muscles. Although most
everyday movements are carried out with little mental effort,
their neuromuscular control is difficult to understand. Conse-
quently, many debilitating disorders of mechanics and move-
ment remain poorly diagnosed and treated. This article pro-
vides descriptions of the structure and function of muscles and
articulated limbs from two perspectives: the muscle phys-
iologist or biomechanician who wants to understand these
structures for their own sake, and the sensorimotor neuro-
physiologist who needs to understand how these structures
define the control problems that are solved by the nervous
system. Scientific interest in and research on musculoskele-
tal systems have been longstanding and voluminous and well
reviewed (246). It is now possible to replace many of the
lumped, phenomenological models of the past with reductive
and quantitative models in which observed properties of mus-
cle arise from the properties and functions of individual struc-
tures within the system (206). This article presents the most
current and widely accepted mechanisms, theories, and mod-
els of action and identifies aspects that remain uncertain and
even contentious but are probably important for system con-
trol, performance, development, and/or dysfunction. Many
details regarding the biochemistry and genetic expression of
these mechanisms are the subject of much research in muscle
physiology, which lies outside the scope of this review.

What Are the Drivers of Musculoskeletal
Structure and Function?
Muscles are perhaps the most highly evolved tissues in the
body. The basic architecture and biochemistry of the con-
tractile apparatus is highly conserved throughout the animal
kingdom (Fig. 1). Nevertheless, because muscles represent
the majority of the mass and metabolic demand of most mul-
ticellular animals, any opportunity to improve functionality
within a particular ecological niche has likely been discov-
ered and exploited (245). This review is focused on mam-
malian skeletal muscle and particularly human physiology
and performance, to the exclusion of many specializations
and features well described in other classes and species. The
details and specializations of the structure and function of the
elements reviewed herein may be easier to appreciate in the
context of the attributes that they support.

Strength
The ultimate limit on the contractile force that can be gener-
ated by a muscle is the tensile strength of the material from
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Figure 1 Basic architecture of a mammalian striated skeletal muscle fiber, consisting myofib-
rillar bundles of paracrystalline myofilaments organized into serially repeating sarcomeres.
Action potentials traveling along the sarcolemma and invaginations called transverse tubules
activate the contractile state by releasing calcium from terminal cisternae of the sarcoplasmic
reticulum; relaxation occurs as calcium is pumped back into the sarcoplasmic reticulum. Varities
of recently elucidated scaffold structures (not illustrated) maintain the highly regular alignment of
all of these structures across the length and breadth of muscle fibers. Reprinted with permission
(207).

which it is made—filamentous proteins composed of pep-
tide linkages. The more tightly such filaments can be packed
into a given space, the stronger the material. At the level of
the individual muscle fibers, the evolutionary competition for
strength results in a paracrystalline packing of myofilaments
(124,163) that, nevertheless, must slide freely past each other.
Because muscle fibers are filled with an essentially constant
volume of incompressible material, any change in length must
change the cross-sectional area and hence the lattice spacing
of these myofilaments. Many of the length-dependent com-
plexities of force generation arise from these simple physical
constraints.

At the level of whole muscles, the evolutionary competi-
tion for strength results in arrangements of muscle fibers, ten-
dons, and their arrangement on the bones so as to maximize
forces delivered to end effectors such as fingers, claws, and
teeth. Features such as pennate muscle architecture, moment
arms, and tendons with pulleys and retinacular constraints
reflect attempts to optimize strength within constraints on
mass and its distribution on the skeleton (120).

Power
Animals convert the chemical energy that they derive from
food into mechanical energy that can be used to interact
with the world around them. From physics, we know that
this requires force to be applied over a distance; the product
of force and distance is work. Note that the actual motion
of the limb to which the muscle is attached is the result of
many different internal and external forces, so may result
in shortening (negative length change) or stretching (posi-
tive length change) of the muscle, hence positive or negative
work, respectively. The rate at which work is accomplished is
power, the product of force and velocity (which has a positive
or negative sign). If the positive power generating capabil-
ity of a muscle is bounded (e.g., by its blood supply and the
kinetics of crossbridge cycling), then force must decrease as
velocity increases. Structural features that optimize strength
(e.g., large moment arms or pennate architecture with short
fascicles and long aponeuroses) tend to increase the velocities
of fascicular and crossbridge motion for a given joint angle
velocity, thereby reducing power output (120). Most muscles
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are comprised of a mix of fiber types, each of which has cross-
bridge kinetics that are designed to work best under different
kinematic conditions of use.

Efficiency and economy
Perhaps the most important driver of animal evolution is the
need to maintain positive energy balance. Growth and repro-
duction are possible only if the organism obtains more calo-
ries from its food than it expends acquiring it. According to
thermodynamics, energy consumption is required only when
doing positive work, that is, a muscle generating force while
shortening. The amount of positive work performed per unit
of energy consumed is efficiency. The complex arrangement
of multiple muscles crossing multiple joints in various com-
binations provides opportunities to transfer momentum (i.e.,
kinetic energy) from one part of the body to another when
muscles are isometric or lengthening (273, 340); thermody-
namically, this requires no energy consumption. The complex
mechanisms for crossbridge binding and release are designed
to maximize economy, which is the momentum generated
(the product of force and time) per unit of energy consumed.
During active lengthening of muscles, crossbridges can reat-
tach rapidly to maintain force production while consuming no
energy at all, a huge evolutionary advantage. This allows ani-
mals with limbs to consume very little energy when locomot-
ing at constant velocity on level terrain, a condition for which
an idealized machine requires zero energy consumption.

Modulation and control
Precise movements are possible only if muscles are organized
to permit precisely graded and rapidly modulated force out-
put. This is largely the function of the endoplasmic reticulum,
a highly refined set of membrane invaginations, pumps, con-
duits, and cisterns whereby the state of activation of the mus-
cle can be controlled (Fig. 1). Rapid cyclical movements such
as running require muscles to cycle rapidly between freely
stretchable and maximal force generating states in response to
neural impulses arriving at a single synaptic location that may
be centimeters from the distributed sites of force generation
throughout the muscle fiber. The signaling and control sys-
tem for activation consumes a substantial part of the energy
budget (see “Modeling muscle mechanics and energetics—
Energetics”) and tends to be optimized for different types of
behaviors in different types of muscle fibers.

Structural stability
A system that is designed to operate near its limits of struc-
tural strength and speed will necessarily be particularly vul-
nerable to damage from unstable states. Muscle fibers contain
a variety of internal structural proteins and external connec-
tive tissues to mitigate these risks. Disorders and failures of
these structures are responsible for the majority of injuries

and disabilities treated in the health care system. The notion
that muscle fibers and myofibrils should be free to slide past
each other without friction or viscosity was based on the
observation that little or no heating relatable to mechani-
cal energy dissipated in such friction or viscosity could be
detected in thermodynamic experiments (151). A tightly cou-
pled system that prevents most such sliding motion seems
more realistic and also satisfies this thermodynamic observa-
tion and the associated attribute of efficiency and economy
(see earlier).

Self-organization
Like all biological tissues, the structural and contractile ele-
ments that comprise a muscle must be constantly replaced.
As the animal grows, new material must be added to maintain
strength and function. Higher animals with sophisticated ner-
vous systems compete by adapting to ecological niches and
learning useful behavioral patterns. The actual conditions and
patterns of use of a given muscle cannot be predicted, espe-
cially as species evolve through mutations of musculoskeletal
structure, so cannot be predetermined genetically. Respond-
ing to these conditions of use requires machinery within the
individual muscle fibers that can identify wear and usage pat-
terns, direct the resynthesis of the required materials, and
insert them into the structure while it is constantly under
active use. This is the function of various scaffold proteins
and signaling pathways that are just starting to be discovered
(124).

How Does Musculoskeletal Structure and
Function Affect Motor Behavior?
A plausible scheme for the neural control of any movement
must explain how neural commands interact with the intrinsic
mechanical properties of muscles and skeletal articulations
to produce that movement. A major challenge with identi-
fying such schemes is that the relationship between neural
commands and musculoskeletal structure is basically circu-
lar: neural activation of a muscle results in contractile forces
that result in skeletal motion that changes the kinematics of
the muscle and hence its force production. That is to say that
skeletal kinetics (forces applied to the system) affect skele-
tal kinematics (position, velocity, and acceleration) and mus-
cle kinematics (sarcomere length and velocity), which in turn
affect muscle kinetics (contractile force). The control schemes
are also circular: centrally generated neural commands are
deeply modulated by the somatosensory feedback that rep-
resents the motion and forces associated with the behavior.
Experimental techniques to observe behaving animals usu-
ally provide only a tiny subset of the many state variables and
neural signals required to understand such a system (Fig. 2).
The rest must be inferred from formal or informal models of
the components themselves (209).
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Figure 2 Motor behaviors are the result of many complex phys-
iological and mechanical processes that have limited experimental
observability. The state of activation of muscles is often measured by
electromyographical signals (EMG) reflecting action potentials along
muscle fibers. The consequent kinetic (motive) processes that eventually
affect the observable motion of the body and any forces applied to con-
tacting objects depend, in turn, on the architecture, posture, and motion
(spatial) of the musculoskeletal system. Reprinted with permission (207).

One engineering strategy for controlling a complex plant
is to create an inverse model of the plant’s dynamics. Such
a model can be used to compute the feed-forward command
signals that will result in the desired change of state of the
plant. The feasibility of this approach depends on the com-
plexity and stationarity of the plant dynamics. This review
describes the many complex features of the musculoskeletal
system that contribute to its desirable functional attributes
but require extremely complex and generally noninvertible
models to describe. To make the problem even worse, mus-
cle mechanics are not stationary. Muscle properties change
even during a single movement, which changes the neural
commands required for the task and therefore the demands
placed on neural structures (e.g., spinal cord and brain) to
generate them. The mechanics of skeletal muscle can change
from their normal, resting state as a result of potentiation,
fatigue, injury, disease as well as longer-term physiological
and morphological changes that depend on activation, length,
and loading history.

Limb Mechanics
Limb motion results from the combined set of a variety of
forces that the limbs experience. These forces can be gener-
ated within the limb itself, such as by musculotendons, liga-
ments, and interaction forces caused by the inertia and rota-
tional acceleration of connected limb segments (see Section
“Joint constraints”). Forces exerted on the limb can also orig-
inate from outside of the limb and include gravity as well as
contact with the environment. The motion that results depends
on the magnitude, location, and direction of all of these forces.
The motion also depends on the mass and mass distribution
of individual limb segments that resist acceleration, as well as
how the limb segments are connected by anatomical joints and
any constraints on their motion, which define the interaction
forces between all connected limb segments.

Force location and direction
The forces exerted by the environment can be applied in the-
ory to any location on the body and in any direction depending
on the type of interaction. The force of gravity on the other
hand has a virtually constant direction and magnitude, and
its location is effectively at the center of mass of each limb
segment. The forces that are generated within the limb, for
example, the musculotendon forces in particular, have a loca-
tion and direction that is defined by the anatomy (see Section
“Musculotendon path”). The attachment points of the mus-
culotendons on the skeleton define the force location, while
the orientation of the tendon at the attachment site defines the
pulling direction of the musculotendon force.

The portion of the force that actually contributes torque to
rotate a joint depends on the origin and insertion points of the
muscle on the skeleton and constraints imposed by anatomical
joints. Anatomical joints allow motion of the limb segments in
some axes, but not others, and may include anatomical stops in
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the allowed axes. The better the alignment between the force
direction and the allowable direction of motion of the joint,
the more that the force contributes to motion of the joint. For
example, a larger portion of the force generated by the biceps
contributes to rotation of the elbow than the brachialis muscle,
because a relatively larger component of the brachialis force
is in the direction that is perpendicular to its allowable motion
and hence simply compresses the elbow joint.

Mass
Musculotendon forces accelerate the limb mass, which con-
sists mostly of the mass of the underlying bones and soft tissue
including musculotendons themselves, which often account
for the majority of the limb mass (73,113,116). The mass dis-
tribution of the limbs determines the limb’s inertial resistance
to motion along all possible directions. The mass distribution
can change within a movement due to changes of location and
shape of underlying muscles that stretch and shorten during
movement (243). One general design principle for limbs is
to minimize the mass of the distalmost parts of the limb that
experience the largest accelerations and decelerations. This
gives rise to muscles with long distal tendons that commonly
insert close to joints resulting in small moment arms. To gen-
erate the contractile force and torque required to exert useful
forces at the end points of such limbs, such muscles tend to
be highly pennate, complicating their dynamics and control.

Joint constraints
Motion of limb segments is coupled through the anatomical
joints that join them (154, 257, 258). A force will not only
accelerate the limb segment it is applied on but also all other
connected segments (194,252). Imagine, for example, placing
your arm in front of you in a horizontal posture and increas-
ing the activation to your monoarticular shoulder flexors. This
would not only cause your shoulder joint and upper arm to
rotate in the direction of flexion, but it would also pull the
lower arm along because it is connected to the upper arm via
the elbow joint. The portions of the lower and upper arm clos-
est to elbow joint will move similarly, but the distal portion
of the lower arm would lag behind due to the inertia of the
segment. The elbow joint and lower arm would, therefore,
rotate in the direction of extension. Such interaction forces
influence the muscle forces required for a desired movement.
If the passive extension of the elbow brings the hand near a
desired target, then minimal activation of the elbow muscula-
ture would be necessary. If passive extension overshoots the
target, the elbow flexors would need to be activated to brake
the movement and, conversely, if passive extension under-
shoots the target, then elbow extensors would need to be
activated to increase the amount of the elbow extension.

Biarticular muscles present opportunities to correct for
these effects as well as to transfer momentum efficiently
between segments (331) but these indirect effects make it
impossible to determine the effects of their activation on
either limb posture or end-point force without considering

the kinematics and kinetics of the whole limb (311). Much
recent research in sensorimotor planning and control has been
focused on how the CNS anticipates and compensates for
these complexities during reaching movements of the arms
(126, 192).

These interaction effects (also called Coriolis forces)
result in muscles generating accelerations at joints that they
do not cross that are both proximal and distal to those on
which they exert direct torques (194, 252). For example, dur-
ing quiet standing in humans, activation of the monoarticu-
lar ankle extensor soleus results in extensor accelerations of
both the knee and hip as it pulls against the linked masses
of the proximal leg and trunk. For the biarticular gastroc-
nemius muscles, which are anatomical knee flexors as well
as ankle extensors, the net acceleration at the knee may be
a counterintuitive knee extension for most standing postures
(126, 192, 311, 331, 343).

Formal modeling of limb dynamics
Each limb segment moves according to the forces applied on
it primarily by the musculotendons, the environment, and the
movement constraints imposed on it by connected segments.
The complex relationship between limb forces and move-
ment obeys Newton’s laws of motion for point masses. In the
simplest case, it can be assumed that each limb segment is
composed of a collection of point masses that are rigidly con-
nected, formally known as a rigid body. The effect of forces
on motion of rigid bodies has been derived from Newton’s
laws and is formally known as Euler’s laws of motion.

Euler’s laws of motion for one segment fully define its
relationship between forces and motion when it is not con-
nected to any other segment. To account for motion of the
entire limb, Euler laws of motion must be applied to all limb
segments but the forces applied to a given segment must be
supplemented with the forces that are necessary for satisfy-
ing the constraints imposed by the anatomical joints. This
is a complicated, nonintuitive task and many mathematical
formulations have been developed to do it (341). To make
matters even more complicated, limb segments deform in
reality, for example, via changes in muscle shape resulting
from contractions and limb movement, which may have a
significant effect on limb mechanics (64). Such deformations
can be represented by splitting limb segment representations
into multiple rigid bodies that can move relative to each other,
storing, releasing, dissipating, and transferring kinetic energy
through viscoelastic coupling between them. Characterizing
limb motion in this case would involve describing the motion
of a larger number of rigid bodies with a larger number of
constraints associated with them.

Coupling of muscle and limb mechanics
Limb mechanics are strongly coupled to muscle mechanics
(Fig. 3). The force generated by a given muscle is applied
indirectly to the limb by stretching the intermediate ten-
don plus aponeurosis. Furthermore, the musculotendon forces
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Figure 3 Coupling between muscle and limb mechanics. Neural signals from motoneurons in the
spinal cord excite muscles that then generate force depending on the time course of musculotendon
length (see Section “Muscle mechanics in the potentiated, nonfatigued state”). The musculotendon force
then influences limb motion depending on the mechanics of the limb as well as the location and the
pulling direction of the musculotendon force. The limb motion that results changes the musculotendon
path depending on the musculoskeletal attachments within the limb and the physical constraints due to
contact with neighboring bone/soft tissue. The musculotendon path determines both the musculotendon
length, which has substantial effects on muscle mechanics, and musculotendon pulling direction, which
has substantial effects on limb mechanics. Moreover, the limb motion, which results largely from mus-
culotendon forces also modulates muscle mechanics through its effects on neural excitation of muscle
through proprioceptor mediated input to the spinal cord and brain.

applied to the limb are modulated substantially by the limb
motion itself (see Section “Muscle mechanics in the nonfa-
tigued state”). The effects of musculotendon force on limb
motion, and vice versa, are defined by the musculotendon
path from origin to insertion. Textbook descriptions of muscle
mechanics usually illustrate a single muscle attached directly
to bones on either side of a single joint with a single hinge-
like axis of motion. In fact, the majority of skeletal muscles
cross more than one joint and the majority of joints have
more than one degree of freedom of motion. The moment
arm in one axis of motion may depend on the joint angle in
another axis of motion, even reversing sign (336). Tendons
are often constrained to follow nonstraight paths by passing
over pulleys and through retinacula, which causes them to
generate torques at those intermediate points and not just at
the origin and insertion. In axial muscles of the neck and
trunk, individually innervated neuromuscular compartments
are often connected in series with partial attachments to par-
allel muscles and bones (178, 264). Mathematical models of
musculoskeletal mechanics are complex but feasible for most
limb systems (given some simplifying assumptions) but have
been attempted for only a few axial systems (74, 223, 313).
This section provides examples of how various anatomical
arrangements can affect the actions of individual muscles.

Tendon and aponeurosis

Muscles do not exert forces on bones directly. Muscles are
joined with bones through elastic connective tissue such as
tendons, which may be longer than the muscles or almost

nonexistent. In pennate muscle, muscle fascicles are oriented
obliquely with respect to the line of pull of the whole mus-
cle and terminate on thin fibrous aponeurotic sheets on the
surface or within the muscle that then converge to tendons
(119). It has been shown that stresses and strains, hence stiff-
ness, are the same for aponeuroses and tendons across a wide
range of forces generated by a given muscle (216,279). Stiff-
ness is low near the slack length of the tendon/aponeurosis and
increases exponentially with strain until about 2% to 3% strain
and remains constant across higher strains that are within the
damaging limit of about 5% strain [Fig. 4 (1, 28, 265, 279)].
The length and stiffness of the aponeurosis plus tendon deter-
mine the dynamics of force transmission. The more compliant
the tendon, the more strain it would have to undergo to gen-
erate a given level of force and the more mechanical energy it
can store as a stretched spring (see later). Strain of the tendon/
aponeurosis also determines the relative length changes expe-
rienced by muscle fascicles and tendon for a given level of
activation. Upon activating a musculotendon isometrically,
for example, a relatively long and compliant tendon would
cause a large decrease in muscle fascicle length and a high
shortening velocity, both of which have strong influences on
muscle force generation (see Section “Muscle mechanics in
the nonfatigued state”).

The changes in fascicle length, velocity, and force also
lead to changes in muscle spindle and Golgi tendon organ
afferent signals that contribute to the sense of propriocep-
tion and to motoneuron activity generated via spinal and
supraspinal pathways. The muscle spindle afferent signals that
depend on length and velocity of muscle fascicles are thought
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Figure 4 Tendon stiffness. The stress strain curve of a tendon is shown
over a wide range of strains. As strain is increased past the slack length
of the tendon, tensile stress begins to build in the tendon. As strain
increases tendon stiffness increases so the effects of strain on stress
grow stronger up until a point where stiffness plateaus (2%-3%) and
the sensitivity of stress to strain becomes maximal. Further increases in
strain result in linear increases in stress up to a point (5%-6%) where
the tendon starts to experience irreversible damage and stress abruptly
stops increasing in response to further strain and even starts decreas-
ing for strains greater than about 7%. The experiment was performed
on fresh cadaveric Achilles tendon from a 54 year woman at 37◦C.
Reprinted with permission (1).

to be integrated by the nervous system to sense body posture
and motion (278). The elasticity of the tendon/aponeurosis
makes such process more challenging because it complicates
the relationship between muscle fascicle motion and whole
musculotendon motion (153). For example, if a muscle is acti-
vated while the musculotendon is stretched due to an external
load, the muscle fascicles may shorten and therefore expe-
rience temporarily an opposite displacement than the whole
musculotendon (344).

The elastic connective tissue also enables storing and
releasing of mechanical energy for economical use of
metabolic energy (6, 7, 65, 169). For example, a muscle with
elastic connective tissue that is first lengthened and then short-
ened (as in jumping, running, etc.) would be able store elas-
tic energy during the lengthening phase and apply some of
that energy during the shortening phase as positive work
(244,344). Furthermore, because lengthening contractions are
much more economical than shortening contractions (gener-
ating higher force with little ATP consumption), the muscle
can be activated during the lengthening phase to increase the
strain and energy stored in the series elastic element, thus
reducing the amount of positive work that would have to be
supplied through the relatively uneconomical shortening con-
tractions (342, 344). Proper understanding of in-series elas-
ticity is important when interpreting whole musculotendon
mechanics, but it is often done in error. If the tendon is short,
the model may omit in-series elasticity, overlooking the simi-
larly elastic aponeurosis, which may be longer than the muscle
fascicles in a pennate muscle. To simplify dynamical mod-
els of musculoskeletal systems, the series elasticity is often

modeled as a linear spring. Because most of the compliance
of the tendon+aponeurosis occurs at the relatively low forces
associated with phasic muscle activities such as walking, the
errors can be substantial. For example, consider a pennate
muscle with a nominal 10 cm fascicle length in series with
10 cm of tendon plus 20 cm of aponeurosis. If the nervous
system suddenly activates the muscle to produce about 20%
force under isometric conditions, the tendon+aponeurosis
will experience about 3% or 0.9 cm of strain during the 100 ms
rise time of force, resulting in a velocity of shortening of the
fascicle of about 0.9 L0/s. When the muscle is deactivated, the
stored energy in the tendon+aponeurosis spring will stretch
the relaxing muscle, delaying the decrease in force in the sys-
tem. A forward dynamics model that neglected these effects
would generate a substantially different trajectory of motion
than one that modeled them correctly.

Musculotendon path

The musculotendon path determines both the musculoten-
don length, which modulates force as well as the location
and pulling direction of the musculotendon force that influ-
ences movement. The musculotendon path is defined by the
attachment locations of the musculotendon on the skeleton,
the posture of the body, and the interactions with neighboring
bone and soft tissue.

Contact between musculotendons and bone has a large
influence on muscle path. For example, when the elbow
is fully extended, the musculotendon of the medial triceps
brachii forms a nearly straight line from its origin on the
humerus to its insertion on the ulna (234). At more flexed
postures, however, the triceps musculotendon path must wrap
around the elbow, which causes the musculotendon path and
the moment arm at the elbow to be substantially longer than
if it followed a straight line from origin to insertion.

Contact between musculotendons and fascial tissue also
has a large influence on musculotendon path. For example,
the tibialis anterior musculotendon is constrained by a dense
band of fascial tissue known as a retinaculum that wraps
tightly around the tendon near the distal end of the shank
(27). At highly plantarflexed postures of the ankle, the tibialis
anterior muscle follows nearly a straight line from its origin
on the tibia to its insertion on the medial cuneiform bone. At
highly dorsiflexed postures, however, the musculotendon path
wraps around the inside surface of the retinaculum. The pres-
ence of the retinaculum, therefore, leads to relatively longer
musculotendon lengths but a smaller moment arm than if it
were not there and the musculotendon path were allowed to
follow a straight line.

Contact among musculotendons themselves can also
influence the musculotendon path and their effects are much
more complex (32). Musculotendons are tightly packed
around bones and are often in contact with each other. Limb
posture and muscle activation have a large influence on mus-
cle shape, for example, a large amount of bulging can occur if
muscle becomes shorter due to strong contractions and limb
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postures that shorten the musculotendon. Such change in mus-
cle shape can displace adjacent muscles that are in contact,
thus leading to changes in their overall musculotendon path
and, hence, their moment arms at the joints that they cross.
This effect is especially pronounced in gluteal muscles where
the gluteus maximus wraps around the gluteus medius and
minimus. Shortening of muscle gluteus medius and minimus
due to strong contractions can lead to large displacements of
the gluteus maximus leading to a more curved and longer
musculotendon path than if no bulging occurred (32). Fur-
thermore, individual muscles or separately innervated neuro-
muscular compartments may not be free to slide past each
other and may instead be partially coupled mechanically as
a result of shared or bridging connective tissue structures
(35, 274, 284, 337). Such changes in musculotendon length
can happen rather quickly due to rapid changes in muscle
activation and limb postures that occur during rapid move-
ments. Therefore, muscle-muscle interactions may also have
a particularly large and complex influence on musculotendon
length and velocity and therefore also have strong effects on
muscle mechanics.

Changes in musculotendon path due to changes in pos-
ture not only lead to changes in musculotendon length, but
also to changes in pulling direction (2-4, 54, 101, 276). If a
muscle’s pulling direction is aligned with the direction of a
desired movement initially, it may become misaligned during
the movement due to the effects of postural changes on its
musculotendon path. For example, the anterior deltoid, which
wraps around the anterior part of the shoulder in the neutral
anatomical posture (i.e., with the upper arm lying against the
side of the body with the palms facing anteriorly), experiences
large changes in pulling direction with changes in posture. At
neutral posture, the anterior deltoid is a strong shoulder flexor
(2, 276), but a weak shoulder adductor/abductor (2, 276) and
weak internal rotator (4, 276). External rotation of the shoul-
der, however, shifts the position of the anterior deltoid poste-
riorly toward the top of the shoulder, thus making it a stronger
abductor (276).

Musculotendons can cross one or more joints so their
path from origin to insertion and their force generating capac-
ity depends on the posture of all these joints. The rectus
femoris, for example, crosses both the knee and hip so the
more extended the knee and the more flexed the hip, the
shorter the musculotendon length. Thus, the capacity of such
muscles to cause motion at one joint depends on the posture
of all of the joints that they cross. The hamstring muscles
extend the hip and flex the knee, so become highly stretched
and generate passive tension that limits the range of motion
in postures that combine hip flexion and knee extension.

Force transmission from muscles to limbs

In the simplest case, muscles are parallel fibered and connect
from origin to insertion in a roughly straight line. The forces
exerted by these muscles and transmitted to the limbs can
be represented with two vectors with points of application at

the centroid of the origin and insertion, respectively, and a
pulling direction along the line connecting the centroids of
the origin and insertion. Although this is a good representa-
tion for several muscles in the human body (e.g., brachialis
and sartorius), there are many musculotendons with differ-
ent architectural properties that must be modeled differently,
including muscles that are eponymous but not homologous
among species.

1. Muscle fibers are aligned obliquely with respect to the
pulling direction of the musculotendon. The larger the
angle between the muscle pulling direction and the longitu-
dinal axis of the muscle fibers, that is, the pennation angle,
the smaller the fraction of tensile force in the muscle fibers
that is transmitted through the tendon to the attachment
sites. Similarly, the larger the pennation angle, the smaller
the change in muscle fiber length for a given change in
musculotendon length. These effects are considered to be
small for most pennate muscles (281). However, rotation
of the muscle fascicles is inevitable geometrically and has
been observed directly for some muscles during muscle
contractions in vivo (13), indicating that large changes in
pennation angles may have a strong influence on fascicle
velocity, hence the overall mechanics of the musculoten-
don. It should be noted that the component of fascicular
tension that is not directed to the tendon results in increases
in hydrostatic pressure within the muscle, which actually
results in complex curvatures of both fascicles and aponeu-
roses that are implicit in the bulging shape of active pennate
muscles (242).

2. Constituent muscle fibers are not parallel to each other.
Multipennate muscles like the deltoid and fan-shaped mus-
cles like the pectoralis major have muscle fibers with sub-
stantially different pulling directions and terminations on
aponeuroses. The distribution of fiber pulling directions
and locations of these fibers determines the net effect of
muscle activation on limb movement as well as the effect
of postural changes on the forces generated by the con-
stituent muscle fascicles.

3. Broad origins and insertions. Given the complexity of
musculotendon architecture and broad attachments of
many muscles, the centroid of a musculotendon attach-
ment region may differ substantially from the center of
tensile force exerted by the musculotendon and the cen-
ter of force may vary significantly depending on which
regions of the muscle are activated.

4. Multiple neuromuscular compartments. Different regions
of some muscles such as the trapezius (156) and several
shoulder muscles (189) in humans and hindlimb muscles
in the cat (63,68,253,254) can be controlled independently
by the nervous system. The forces generated by each of
these neuromuscular compartments can affect limb motion
differently (63) due to differences in their muscle fascicle
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configuration that affects both the point of application and
pulling direction of the force.

5. Multiple muscles share a tendon. Some groups of mus-
cles such as the biceps brachii (short and long head), tri-
ceps brachii (medial, lateral, and long heads), triceps surae
(soleus, medial gastrocnemius, and lateral gastrocnemius)
and femoral quadriceps (vastus medius, intermedius and
lateralis plus rectus femoris) have a common tendon of
insertion. When one muscle is activated and pulls on the
tendon, the tendon becomes stiffer (see Section “Tendon
and aponeurosis”). Changing the stiffness of the common
tendon affects the length and velocity of the rest of the
muscles in the group (271), which affects the dynamics of
force generation and transmission and energy storage.

6. Tendon complex crosses multiple parallel joints. Some
muscles, for example, the extensor digitorum commu-
nis that extends the fingers (138), attach to tendon com-
plexes that partially couple the motion of one set of distal
joints to another set (275,284). Tendon strain and stiffness
and relative motion of the neuromuscular compartments
depends on the posture of all of the joints; activation of
these muscles exerts a complex influence on all of these
joints depending on their posture. These tendon complexes
may be connected to multiple muscles or separately con-
trollable neuromuscular compartments (138, 275) so that
activation of the other muscles may also affect the stiffness
of the tendon complex.

Muscle Mechanics in the
Nonfatigued State
The remainder of this article deals with the properties of
individual muscles and their underlying physiological mech-
anisms. We start with the most general properties and mecha-
nisms representing an archetypal mammalian skeletal muscle
and then consider various specializations and modulations of
that base condition. Much muscle physiology has been per-
formed on slow-twitch muscle fibers, which are first recruited
in mixed muscle and can generate many contractions without
changing their performance as a result of fatigue or potenti-
ation. Potentiation involves mainly an increase in fast-twitch
muscle force at submaximal activation levels (41, 46, 47, 78).
The process occurs rapidly in response to moderate to high
levels of activation and reverses slowly so that muscles
mostly operate in a potentiated state during everyday activi-
ties (46). Potentiated fast-twitch muscle is qualitatively more
similar to slow-twitch muscle than dispotentiated fast-twitch
muscle (e.g., in terms of the active force-length relation-
ship at submaximal activation), providing a useful common
starting point for quantitative modeling (308), to which the
effects of fatigue, injury, disease, and adaptation due to exer-
cise can then be added. Determining how muscle mechan-
ics are influenced by these different phenomena requires an

understanding of crossbridge dynamics, metabolism, and the
structures involved in active force transmission from muscle
fibers to the tendon.

Crossbridge: The origin of active muscle force
Whole muscle mechanics emerge largely from the average
behavior of the underlying crossbridges, which are the source
of active force generation. The following section explains
how crossbridges are formed and the major factors that affect
their formation and the force that they generate. Such knowl-
edge is essential for understanding the mechanism of muscle
contraction and for developing predictive models.

The crossbridge is the site of active muscle force produc-
tion. A crossbridge is formed when a bond is made between
the globular head of a myosin molecule projecting from a
thick filament and a specialized binding site on each of the
actin monomers in the thin filament. Formation of the bond
converts strain energy stored within the activated myosin head
into torque that pulls the thin filament toward the middle of
the sarcomere, that is, in the direction of muscle shortening.
If the pulling force is greater than the external load on the thin
filament, then the sarcomere will shorten. As the crossbridge
pulls on the actin, the strain and therefore force of the cross-
bridge progressively decreases, the probability of detachment
increases, and the crossbridge will detach if and when an ATP
molecule is available to restore the strained configuration of
the myosin head. If the pulling force is less than the exter-
nal load, then the sarcomere will stretch and the crossbridge
will be pulled apart without losing its stored strain energy
or bound ADP, after which the myosin head can rebind with
an actin site faster than if the crossbridge had completed the
cycle. Muscle mechanics and energetics arise largely from
the effects of muscle activation, kinematic state, and external
loads on the number of crossbridges formed and the distri-
bution of their configurations. The following are the primary
factors that influence the number of crossbridges formed:

1. Myofilament overlap. Myofilament overlap determines the
total number of myosin heads that are located adjacent to
actin sites. The more overlap between actin and myosin,
the higher the number of myosin heads that sit near an
actin-binding site.

2. Number of available actin binding sites. The thin filament
consists of a double helix of polymerized actin wrapped
with two helical molecules of tropomyosin that include
multiple binding sites for calcium on attached troponin
molecules. In the resting state of muscle with low calcium
in the sarcoplasm, the tropomyosin is positioned to block
the myosin heads from forming crossbridges. Muscle acti-
vation consists of release of calcium into the sarcoplasm,
which binds to troponin and changes the orientation of
tropomyosin, exposing the actin binding sites. The actual
availability of binding sites depends on the complex dif-
fusion and reuptake kinetics for sarcoplasmic calcium and
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various types of cooperativity among the troponin binding
sites and the effects of currently attached crossbridges.

3. The kinetics of crossbridge formation. The longer that a
cocked myosin head and an actin binding site are within
the critical distance for binding, the higher the probability
that a crossbridge will form. This apposition is affected
primarily by the velocity of the contraction as well as the
squirming motion of myofilaments due to myofilament
compliance, thermal vibrations, and asynchronous forma-
tion of neighboring crossbridges.

4. Transverse distance between myosin heads and actin-
binding sites. The smaller the transverse distance between
myosin heads and actin-binding sites, the higher the prob-
ability that they will bind to form a crossbridge. At
longer fiber lengths, the myofilament lattice is more tightly
packed, which decreases the transverse distance. Phospho-
rylation of the myosin regulatory light chain, for example,
occurring during potentiation, also decreases the trans-
verse distance by canting the lever arm on the myosin head
(the myosin light chain) further from the thick filament.

5. Steric effects. The thick filament of the sarcomere is shorter
than the sum of the thin filaments extending from each
delimiting Z-plate, so at short sarcomere lengths, the thin
filaments from opposite ends of the sarcomere overlap
and sterically hinder formation of crossbridges within this
region of overlap.

Active muscle force depends not only on the number of cross-
bridges formed, but also on their configuration or strain. It is
often assumed that the force generated by the crossbridge
is linearly related to its strain (23, 177), but recent observa-
tions show that the relationship between crossbridge force and
strain is highly nonlinear (182, 240). This nonlinear property
has important implications for interpreting observed mus-
cle mechanics from the sarcomere level up to the muscle
level. The release of the crossbridge as its strain goes to zero
has its own kinetics, which depend on the availability of an
ATP molecule to displace bound ADP. At high shortening
velocities or in fatigued muscles, the crossbridge may remain
attached past the point of zero strain, in which case it starts
to generate negative forces that oppose the contractile forces
being generated by other crossbridges. The velocity at which
the positive and negative forces in all of the crossbridges in
their time-varying states sum to zero is Vmax, the velocity at
which a muscle can contract under zero load.

Force-length relationship
The force delivered to the end of a muscle consists of two
length-dependent terms known as passive force and active
force. Passive force arises from various springlike materials
both within and between the muscle fibers that are required
for mechanical stability. It gives rise to a nonlinear stress-
strain relationship that starts to rise exponentially at fiber

lengths near the middle of the range of motion of most muscles
and then continues in a steep, linear relationship up to the
limits of range of motion. Active force depends on both the
level of activation of the muscle fiber and the length and
velocity at which it is operating. Under isometric conditions,
the active component of force reaches a maximum near the
middle of the range of motion of most muscles and declines on
either side. The structures that give rise to passive and active
force are separate and subject to independent trophic factors
in their development, so the shape of the total force-length
relationship is complex and varies from muscle to muscle
(45) and for different levels of activation.

Active

Active muscle force at tetanic stimulation frequencies is max-
imal at an intermediate length (known as “optimal length”
or L0) and declines at either shorter or longer lengths
(133,277,314). The classical relationship between maximally
active muscle force and muscle length (shown in Fig. 5) is
thought to arise from several independent mechanisms. Active
muscle force declines at lengths longer than optimal because
at longer muscle lengths, the underlying sarcomeres lengthen
and the overlap between thick and thin filaments decreases.
Reduced overlap reduces the number of actin binding sites
that sit across the myosin heads, hence the number of cross-
bridges that can form. At muscle lengths that are shorter than
optimal, the thin filaments from one end of the sarcomere start
to interdigitate with those from the other end (known as “dou-
ble overlap”), where they sterically hinder myosin heads from
binding to the appropriate actin filament. The further reduc-
tion in active force that occurs at sarcomere lengths shorter
than the thick filament is properly modeled as an opposing
passive force; see next section.

At submaximal (hence more physiological) activation in
mammalian muscle, the length at which active force is maxi-
mal shifts toward longer sarcomere lengths (Fig. 6), at which
filament overlap is actually suboptimal (40). At submaxi-
mal activation, the amount of calcium released into the sar-
coplasm is much less than needed to saturate troponin every-
where along the thin filaments. Many of the myosin heads lie
adjacent to actin-binding sites that are not available or only
partially exposed but they are more likely to reach and bind
to nearby available sites when the lattice spacing between
filaments is smaller at the longer sarcomere lengths (see Sec-
tion “Activation-frequency relationship”). These two different
effects may be further influenced by the dynamics of activa-
tion and deactivation and externally imposed length changes
(see Section “Activation/deactivation dynamics”) and by phe-
nomena such as potentiation, all of which have powerful
effects under physiological conditions of muscle use.

Passive

The other major mechanisms that underlie the force-length
relationship involve passive forces arising from extension and
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Figure 5 Tetanic force-length relationship. Muscle fiber tension as a function of sarcomere
length is shown. When the muscle is stretched beyond the point of no overlap between thick
and thin filaments (point A), tension is zero. As sarcomere length decreases, tension increases
in proportion to the amount of myofilament overlap until it becomes maximal (point B). As sar-
comere length decreases further (until point C), myofilament overlap increases but the number
of crossbridges stay the same so tension does not change. Decreasing sarcomere length from
this point leads to overlap of actin filaments from opposite sides of the sarcomere and tension
decreases in proportion of this overlap until point D, where the force starts to decrease more
steeply due to contact of the thick filament with the z discs and a passive restoring force in
the opposite direction of active tension. This experiment was performed on intact single fibers
from the semitendinosus muscle of the frog (Rana temporaria) at 4◦C (132). Reprinted with
permission (133).

compression of elastic structures located within the muscle.
At short muscle lengths, passive forces are generated that
oppose contraction and are largely attributed to compression
of the thick filament. When the sarcomere length becomes
shorter than the thick filament, the thick filaments will be

compressed against the z discs, which leads to a restoring force
in the direction of sarcomere lengthening, thus opposing the
contractile force generated by crossbridges. This effect was
originally bundled into the active force-length relationship,
giving rise to a secondary and steeper slope at the shortest
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Figure 6 Force-length relationship at physiological firing rates (15, 30 pps) compared to tetanic (120 pps) in feline fast-twitch
muscle. (A and B) Typical isometric contractions. (C) Optimal length at physiological frequencies is substantially longer than the
classical L0 defined at maximal tetanic activation when filament overlap is the only effect. (D) Effects of filament overlap were
removed by normalizing curves to maximal activation at 120 pps, revealing dependence of activation on filament length as a
result of unsaturated calcium diffusion kinetics. Reprinted with permission (40).
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sarcomere lengths, but modeling it in this way gives rise to
errors when trying to account for the force and stiffness of
muscles under dynamic conditions of use (40, 133, 277). At
the shortest lengths, thick filament compression and restoring
force will increase until the point where contractile force
generated by the crossbridges equals the restoring force and
net force then becomes zero. But the contractile force and
muscle stiffness generated by crossbridges depends on the
level of activation of the muscle and its velocity of motion as
well as length, so the sarcomere length at which total force
measured at the ends of the muscle goes to zero is not a simple
value.

At long muscle lengths, many elastic structures undergo
tensile strain and contribute to springlike forces that oppose
further elongation. Inside the sarcomere, a highly elastic pro-
tein known as titin runs along the length of the thick filaments
and extends across the sarcomere to connect to the z discs at
either end. It keeps the thick filaments centered in the sarcom-
ere so that slight imbalances in crossbridges at either end do
not cause it to walk toward one end of the sarcomere. It also
maintains the alignment of the lattice of thick and thin fila-
ments at long sarcomere lengths where they no longer overlap
(157, 316).

Muscle includes also an elaborate network of elastic struc-
tures that help stabilize and transmit active forces from the
sarcomere to the tendon (see Fig. 7). Force is transmitted
from the muscle fibers to the tendon through the complex
extracellular matrix that links them. The extracellular matrix
is comprised primarily of a network of collagen fibers that is
continuous with the collagenous network of the tendon (127).
The collagenous network has particularly dense regions sur-
rounding the entire muscle [i.e., the epimysium, (121)], sin-
gle fibers [i.e., endomysium, (305)], and, most pronouncedly,
bundles of muscle fibers known as fascicles [i.e., perimysium,

Figure 7 Scanning electron micrograph of the collagenous stroma
that surrounds individual muscle fibers (long arrow), here removed by
NaOH digestion; arrowhead points to perimysial bundles of thick col-
lagen fibers that separate muscle fascicles. Reprinted with permission
(305).

(36, 255)]. This collagenous network that surrounds muscle
fibers is linked with other elastic structures within the muscle
fibers that help transmit muscle fiber force to the extracel-
lular matrix. The extracellular matrix is linked to myofibrils
through protein assemblies known as costameres that con-
nect sarcomere z discs to the extracellular matrix through
the sarcolemma (248). One of these transmembrane proteins
is dystrophin, which can be weakened by various mutations
that result in muscular dystrophy (31). Myofibrils are linked to
each other mainly through proteins called desmin that connect
their z discs transversely and longitudinally (199, 286, 317).
Z discs of the same myofibril are also connected to each
other through longitudinal connections (317). At short mus-
cle lengths, the collagen fibers are in a crimped configuration
and oriented obliquely relative to the longitudinal axis (256),
and therefore not in tension, but at larger lengths the sur-
rounding collagen stretches along with the muscle and gen-
erates tension (268). The tension increases nonlinearly with
stretch (45), which is consistent with the material properties
of collagen (201,279). When muscle and the connective tissue
surrounding the muscle fibers stretch, the underlying elastic
structures that link the extracellular matrix to the sarcomeres
also stretch, each of which can contribute to the passive restor-
ing force depending on their stiffness (287). Stretching of the
sarcomeres by tension transmitted through the extrasarcom-
eric elastic structures pulls apart the myosin filaments from
the z discs and therefore stretches the titin proteins that also
can contribute to passive force depending on their stiffness.

Magid and Law (215) reported that mechanically skinned
frog muscle fibers generate similar passive tension as the
whole muscle from which they were dissected, which has
prompted many to conclude that the primary mechanism of
passive force generation is stretching of the titin molecules.
More recently, the existence and possible contributions of
desmin (123,287) and costameres (122,287) have been recog-
nized. All of these components, however, might be expected
to scale with sarcomere length and cross-sectional area. In
cat (and probably other mammals), passive tension of intact
whole muscles is considerably higher and does not scale sim-
ply with sarcomere dimensions (45). The much denser extra-
cellular collagen matrix of mammalian fibers (304) probably
plays a dominant role that can be modified independently
of sarcomere dimensions. Passive stiffness depends on the
patterns of muscle use in humans [(118); see Section “Adap-
tation to conditions of use”]. In particular, passive stiffness
increases with immobilization at short lengths and decreases
with immobilization at long lengths. This would explain the
variability observed in passive stiffness across muscles with
different anatomical ranges of motion as well as the (relatively
smaller) variability across subjects due to different operating
ranges of motion (45). In fact, the passive force-length rela-
tionship of muscles is best predicted by scaling a generic
relationship by the maximum anatomical fascicle length (45).
This could occur from adaptation of any one or all of the
elastic structures involved (134, 330).
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Figure 8 The total force (active plus passive) produced by a mus-
cle depends on both its length (green line shows isometric force-length
relationship at velocity = 0) and velocity (red line shows force-velocity
relationship at optimal length = L0). For a supramaximally activated
slow-twitch muscle like feline soleus, this results in a complex surface
that includes a negative slope region for a small range of muscle lengths
above L0 (dashed circle).

Stability

There is a long-standing controversy regarding the homogene-
ity of sarcomere lengths in an active muscle. Under some cir-
cumstances, the total force-length relationship may become
nonmonotonic (with a negative slope region as illustrated in
Fig. 8), which suggests that the muscle fiber could become
unstable. The tension everywhere in a ropelike structure must
be equal but a given submaximal tension in a nonmonotonic
system could be achieved with different sarcomere lengths in
different regions of the muscle fiber. During activation of an
isometric muscle at homogeneous optimal sarcomere length
L0, some sarcomeres could start to lengthen past L0 and others
in-series with them would then shorten below L0. Because of
the shape of the force-length relationship, both populations of
sarcomeres could be generating the same force, satisfying the
basic physical constraint of a rope under tension. The situa-
tion is unstable, however, because the lengthening sarcomeres
will continue to lengthen until their increasing passive tension
results in a positive slope of the total force-length relation-
ship (229). Effects consistent with such “sarcomere popping”
have been observed in reduced preparations and may account
for some forms of muscle injury (see later), but the notion
that muscles behave this way normally remains controver-
sial. There are several reasons to suggest that such sarcomere
heterogeneity does not normally occur:

� Contrary to previous conceptions, it is now appreciated that
muscle fibers and the sarcomeres within them are not free to
slide in a frictionless environment. They are tightly coupled
laterally by means of intracellular scaffolds, an extracellular
collagen matrix, and transmembrane proteins. All of these

structures and the sarcomeres themselves appear to develop
in response to mechanical trophisms that tend to result in
homogeneous stresses and strains throughout the muscle,
as might be expected for a system attempting to operate
optimally.

� The peak of the active force-length relationship appears to
be located at sarcomere lengths that are near the middle of
the operating range of most muscles but only for tetanic
stimulation frequencies (59). As shown in Figure 6, the
peak of the active force-length relationship at physiolog-
ical frequencies of motoneuron firing is shifted to much
longer lengths (40, 259) at which the passive force-length
relationship is much steeper. A negative slope region in the
total force-length relationship is much less likely to occur.

� The negative slope region of the total force-length curve
depends on the relative contribution of the active versus pas-
sive force-length relationships that sum to create it. Under
all but the maximal activation conditions illustrated in Fig-
ure 8, the active force-length curve is scaled to much smaller
values compared to the passive force-length curve, which is
unaffected by activation and which always has a monotonic
positive slope. Because of the lateral coupling mechanisms
listed earlier, passive forces in inactive muscle fibers will
tend to stabilize a subpopulation of active muscle fibers.

� Even if there is a net negative slope region in the highly
activated muscle, the sarcomeres have to change length in
different directions to become heterogeneous. As described
in the next section, the force generated by a lengthening
(i.e., “popping”) sarcomere will actually be much higher
than the isometric force predicted by its current length;
conversely, the destabilizing force generated by the short-
ening sarcomeres will be much lower. Because maximal
activation of muscles is rare and usually transient, the sys-
tem may not have time to get into the theoretically unstable
steady state.

Rather than a population of independently functioning muscle
fibers and motor units, it may be more useful to think of mus-
cle as a composite material—muscle fibers embedded in and
adherent to a continuous matrix of collagen (Fig. 7). The bulk
properties of the composite are modulated by neuromuscular
activation (306). Tension in any single muscle fiber is more
likely to be transferred as shear forces into the surrounding
endomysial collagen matrix and adjacent muscle fibers (which
may be active or passive) than to be conveyed to the distant
ends. This is particularly important in muscles with long fas-
cicles, which are generally composed of muscle fibers that are
shorter than the fascicles and terminate at one or both ends
in elongated tapers rather than as the specialized myotendi-
nous structures required to transfer tensile force abruptly into
tendons. If long fascicles were composed entirely of equally
long muscle fibers that were all innervated near the middle
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of each fiber, the distribution of activation, stress, and strain
in the muscle at the onset of activation would be uneven and
unstable because the electrical conduction delays along the
sarcolemma would be comparable to the rise time of contrac-
tile force (208). For example, a 20 cm muscle fiber innervated
at its midpoint and conducting at a typical 3 m/s results in a
33 ms delay, which is a substantial fraction of the rise time
of activation. The midregion of the muscle would be gener-
ating active force while the ends were not yet activated. This
might lead to an extreme form of sarcomere popping in which
the sarcomeres at the ends of the fibers were lengthened past
optimal overlap of the myofilaments and the sarcomeres at the
middle shortened until their active force dropped to the same
submaximal value. This condition appears to be avoided in
most large animals by the in-series fiber architecture in which
relatively short and presumably stable muscle fibers are dis-
tributed throughout the length of the fascicle, with multiple
bands of neuromuscular synapses corresponding to the mid-
points of the various fibers. Humans, however, appear to uti-
lize a different solution to this problem in which individual
muscle fibers may be >20 cm but they and their individual
neuromuscular synapses are staggered along even longer fas-
cicles (147). Because the motor axons conduct much faster
(∼80 m/s in humans), all of the muscle fibers of a given
motor unit will start to be activated at the same time. As long
as the cross-sectional area of activated sarcomeres is more
or less equal throughout the muscle as the effects of activa-
tion spread among the interdigitated muscle fibers, the system
should be grossly stable. This places a particular burden on the
endomysial connective matrix, which must distribute dynam-
ically changing shear forces equally to avoid transient local
stresses that might damage the matrix. This may be related
to the apparently unique susceptibility of humans to ham-
string pull injuries, which tend to occur under conditions of
submaximal but rapidly modulated activation (143).

Force-velocity relationship
At tetanic frequencies of muscle stimulation at a particular
length, muscle force decreases relative to isometric if the
muscle is shortening and increases relative to isometric if the
muscle is lengthening [(40,277); Figs. 8 and 9]. The slope of
these force changes is most steep around isometric and the
force changes occur virtually instantaneously when veloc-
ity changes, resulting in large, rapid and generally stabilizing
effects on limb posture that have been called “preflexes” (206).
The mechanism of this effect remains controversial because
the experimental techniques used to date to observe cross-
bridge behavior are largely indirect. Active force must be the
sum of forces being produced by all attached crossbridges,
but the numbers of crossbridges and their various states of
strain reflect a probability density distribution that depends
on the kinematics and kinetics of crossbridge cycling.

Experiments where muscle fiber length is decreased over a
brief time period (that is, faster than the time it takes for cross-
bridges to form) have been used to measure the crossbridge

Figure 9 Force-velocity relationship/yield. At stimulation frequen-
cies that generate near maximal isometric force (35 Hz), slow-twitch
muscle generates higher forces while lengthening and lower forces
while shortening. For moderate stimulation frequencies (7 Hz), force
decreases relative to isometric for both the lengthening and shorten-
ing conditions. For low frequencies (3 Hz), the lengthening muscle pro-
duces slightly higher forces than the isometric condition and shortening
muscle produces slightly lower forces. The experiment was performed
on feline soleus muscle at 37◦C with intact nerve and blood supply.
Groups of motoneurons were stimulated asynchronously to reproduce
the smooth contractions observed in vivo for low frequencies of stimu-
lation. Reprinted with permission (176).

strain by measuring the smallest muscle fiber length decrease
that reduces force to zero (165), which is the point at which all
crossbridges reach the critical strain for detachment, or the end
of their powerstroke (79). Smaller length changes are required
to reduce muscle force to zero during shortening (114) and
larger length changes are required to reduce force to zero dur-
ing lengthening (251) relative to isometric. This indicates that
mean crossbridge strain is smaller in shortening muscle and
larger in lengthening muscle relative to the isometric condi-
tion. Quantifying the amount of strain, however, is difficult
because muscle fiber strain is not only taken up by cross-
bridges but also by other elastic structures that are arranged
in series such as thin filaments (149, 166, 168, 187, 204, 315)
and thick filaments (167). Quantification would be possible
if the compliance of crossbridges relative to all structures
in series was known, but it has not yet been characterized
accurately (241).

The contribution of the crossbridge number to the force-
velocity relationship has been assessed by measuring muscle
stiffness, which is thought to be proportional to the number
of crossbridges formed at any given time (23). If the cross-
bridges were the only elastic structures in muscle and their
stiffness did not depend on strain, then muscle fiber stiffness
would be linearly related to crossbridge number. However, as
mentioned earlier, there are other elastic structures in series
with crossbridges that make the relationship between fiber
stiffness and crossbridge stiffness nonlinear even if their stiff-
nesses were linear. In fact, both myofilament (105, 167) and
crossbridge stiffness (182, 240) are highly nonlinear and not
well characterized. For example, if crossbridge stiffness is
substantially lower at smaller strains, then small changes in
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crossbridge strain may explain both the lower force and lower
muscle fiber stiffness observed during rapidly shortening con-
tractions, when many of the crossbridges will be near the end
of their cycle. These uncertainties give rise to a variety of plau-
sible explanations for the complex shape of the force-velocity
relationship:

� The reduction in contractile force during shortening could
occur without a reduction in crossbridge number if the
release of the crossbridge (which requires ATP binding)
requires sufficient time that the still-attached crossbridge
is carried to a position where it exerts negative (pushing)
force on the thin filament.

� A reduction of crossbridge number can result during
shortening if the time required for a myosin head to bind
to an actin site is greater than the time available as the
filaments slide rapidly past each other.

� The increase in the contractile force during lengthening
could occur without an increase in crossbridge number if
the existing crossbridges were pulled into an excessively
strained condition before detaching (and they could reattach
almost immediately to the next available actin site).

� An increase in the number of crossbridges during a
lengthening contraction can result, in theory, from bind-
ing of myosin heads whose neighboring myosin head in
the dimer is already attached in the isometric condition
(52,117). Tensile strain of the attached myosin head dur-
ing lengthening may bring the adjacent myosin head to
a more favorable conformation for binding. This would
provide a role for the double-headed myosin architec-
ture, which otherwise seems like unnecessary clutter in
the densely packed myofilament lattice.

The aforementioned various mechanisms have different
implications for the rate of metabolic energy consumption.
If completion of each crossbridge cycle is tightly coupled
with dephosphorylation of one ATP molecule, and crossbridge
number is not altered by shortening, then the rate of metabolic
energy consumption should increase linearly with shortening
velocity. What has been observed instead is that the slope of
the energy rate versus velocity relation gradually decreases
with velocity and has been shown even to become negative
at high velocities (18, 24, 152). This may indicate either that
crossbridge number decreases at high velocities (23) or that
multiple crossbridge cycles can be fueled by a single ATP
molecule (139, 148, 184, 335).

Crossbridges in slow-twitch muscle attach and detach
slower than in fast-twitch muscle, presumably because they
employ a different isoform in the myosin head (137, 322).
The slower crossbridge attachment rate of slow-twitch mus-
cle limits force generation when the muscle is either short-
ening or lengthening at subtetanic frequencies (see Section
“Yield” section) so it is possible that it also limits force gener-
ation when the muscle is shortening/stretching during tetanic

2.0

1.0

0.0
6 5 4

pCa

B

A

T
e

n
s
io

n
 (

k
g

/c
m

2
)

Figure 10 Ca2+ activation of muscle. The effects of calcium concen-
tration ([Ca2+]; pCa = −log([Ca2+]) on muscle fiber tension is shown.
Force is generated once Ca exceeds some threshold. As Ca increases,
its effects on tension become stronger up until a level of calcium that
generates a moderate level of tension. Increasing Ca further leads to
smaller effects of Ca on tension up until the point where tension satu-
rates at high levels of Ca. Curve A and B were obtained using data from
fibers in a different chemical environment [see (104) for more details].
The experiments were performed on single skinned muscle fibers from
the frog at 0◦C. Reprinted with permission (104).

activation as well. Thus, a decrease in the number of cross-
bridges may explain a significant part of the reduction of slow
muscle force while shortening at high speeds. In fact, slow-
twitch muscle force decreases to a substantially larger extent
than fast muscle for the same, relatively modest shortening
speeds [see Fig. 10 in (47)]. If crossbridge attachment were
slower for slow-twitch muscle, then it would seem likely that
force for slow muscle would increase less than fast muscle,
particularly at high lengthening velocity, because the number
of crossbridges present during lengthening would be relatively
smaller for slow muscle due to the slower rate of crossbridge
reattachment after detachment during a stretch. However, it
has been observed that slow muscle force increases substan-
tially more than fast muscle for the same velocity of stretch
(47). This can be explained if the mean force generated by
slow crossbridges is greater than that generated by fast cross-
bridges. If the slow crossbridges detach during lengthening
at a slower rate relative to fast crossbridges, they will reach
larger strains and hence larger forces before they detach. Sim-
ilarly for shortening contractions, slow-twitch crossbridges
will reach smaller (even negative) strains and forces before
they detach. All of this could be further complicated by the
unknown (if any) role of the second head of the myosin dimer,
which may be different in slow- versus fast-twitch muscle.

Activation-frequency relationship
As described earlier, the availability of crossbridge binding
sites on the thin filaments depends on their binding of calcium
from the sarcoplasm (Fig. 10). In a relaxed muscle, the sar-
coplasmic calcium concentration is maintained close to zero
by metabolically active pumps that collect and concentrate
the calcium into the vesicular endoplasmic reticulum. Muscle
activation requires release of that calcium; relaxation requires
its reuptake. The design goals of control, speed, and stability
all lead to complex mechanisms and trade-offs to propagate,
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amplify, and synchronize these electrical and chemical pro-
cesses over muscle fibers that may be many centimeters long.

Each mammalian skeletal muscle is typically innervated
by a hundred or so motoneurons whose cell bodies are located
in the ventral horn of the spinal cord or in motor nuclei of the
brainstem. When an action potential in the motoneuron travels
along its motor axon to the muscle, it triggers the release of
large amounts of acetylcholine at specialized synapses onto
each of the typically hundreds of muscle fibers that the axon
branches to innervate (the motor unit). In a healthy muscle,
each such action potential in the motoneuron gives rise to an
action potential that propagates along the sarcolemma of each
muscle fiber and into the depths of the muscle fiber via invagi-
nations of the sarcolemma called transverse tubules. Individ-
ual t-tubules run between a pair of terminal cisternae regions
of the sarcoplasmic reticulum (the t-tubule and two adjacent
terminal cisternae are known collectively as the triad). The
action potentials that travel through the transverse tubules
activate voltage-sensitive proteins along the t-tubule mem-
brane, known as dihydropyridine receptors [DHPR; (195)]
that are mechanically coupled to Ca2+ release channels on
the terminal cisternae membranes of the sarcoplasmic reticu-
lum (102,196,224), known as the ryanodine receptors [RYR;
(111)]. The brief opening of the Ca2+ release channels in
response to an action potential causes Ca2+ to diffuse pas-
sively into the sarcoplasm. Most of the released Ca2+ binds
to troponin molecules on the thin filaments to activate cross-
bridge binding sites (26), ATP (26,180), or parvalbumin pro-
tein [present in significant amounts in fast-twitch muscle of
small mammals and amphibians (29, 145)], and eventually to
Ca2+ pumps located on the sarcoplasmic reticulum membrane
[SERCA pumps; (26, 212)] that reuptake Ca2+ to restore the
concentration gradient between sarcoplasmic reticulum and
the sarcoplasm.

The availability of calcium to bind to the troponin con-
trol sites on the thin filaments depends on the details of the
kinetics of its release, diffusion, binding, and reuptake. The
small amount of calcium released by a single action potential
will tend to be taken up rapidly by the SERCA pumps, so will
not have time to diffuse to most troponin binding sites. The
result is a brief, weak contraction called a twitch. If another
action potential arrives before the calcium released by the
first has been pumped back, the calcium that it releases will
add and diffuse further, activating more crossbridge binding
sites. As successive action potentials arrive at an increasing
rate, the mean force produced by the muscle fiber increases
nonlinearly and the fluctuations from each individual action
potential become smaller. This nonlinear summation may be
enhanced by the finite number of SERCA pumps and their
finite cycling time; it may be counteracted by depletion of the
calcium that is available to be released from the cisterns. At
some frequency known as tetanic contraction, the sarcoplas-
mic calcium levels and the extent of calcium diffusion result in
binding to all troponin molecules and complete availability of
the crossbridge binding sites, so force no longer increases or
fluctuates. When action potentials and calcium release cease,
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Figure 11 Force-frequency relationship at fascicle lengths from 0.8
to 1.2 L0 in feline fast-twitch muscle. Naturally occurring firing rates
are in the range 20 to 40 pps where the slope is steep. Reprinted with
permission (40).

the timing of relaxation will depend on the kinetics of cal-
cium release from troponin and other buffering proteins such
as parvalbumin, crossbridge detachment kinetics, and binding
and uptake by the SERCA pumps.

Under physiological conditions of synaptic recruitment,
motoneurons are modulated over a limited range of firing
rates where the slope of the activation curve is steepest
(40, 100, 104, 176, 323), as shown by the sigmoidal curves in
Figure 11. Thus both motoneuron recruitment and motoneu-
ron frequency modulation contribute substantially to the
fine control of force. This strategy also minimizes wasted
metabolic energy that would be associated with low firing
rates, in which most of the released calcium is pumped back
up before it gets to troponin binding sites, and high firing rates,
in which all troponin binding sites are occupied and the excess
calcium has to be pumped up before relaxation can occur.

The troponin-tropomyosin mechanism has some complex
features that cause the effective level of muscle activation to
depend on motion as well as neural excitation. Because the
tropomyosin strands extend continuously along the creases in
the actin double helix, the relatively small positional changes
caused by Ca2+ binding at one troponin site and/or the pres-
ence of myosin heads already bound as crossbridges change
the effectiveness of Ca2+binding to adjacent sites (262);
see (131) for review. This effect is known as cooperativity.
One manifestation is the tendency for relaxation to occur
more slowly when the sarcomeres are isometric than when
they are moving in either direction and the crossbridges are
cycling rapidly (49). This may contribute to the economical
use of isometric muscles to maintain steady posture.

The activation-frequency relationship is often assumed
to be independent of the length and velocity of the mus-
cle fiber, allowing active force to be computed as the prod-
uct of three independent functions (activation frequency,
force length, and force velocity. At physiological subte-
tanic frequencies of stimulation (40, 259) and calcium lev-
els (108, 109, 218, 228, 231, 293, 294), the effective activa-
tion depends also on crossbridge kinetics (Fig. 12). This
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Figure 12 Effects of length on Ca2+ induced muscle activation.
The active tension-Ca2+ relationship is shown for different sarcomere
lengths. If the only effect of length on tension is due to its effects on
myofilament overlap then the tension-Ca2+ relationship should scale
similarly across all Ca2+ levels. This classical study shows, however,
that as Ca2+ decreases from levels near maximal tension, tension at
longer lengths decreases less than tension at shorter lengths, having
near optimal overlap, and for low enough Ca2+ tension at subopti-
mal myofilament overlap even exceeds tension generated at optimal
overlap. This indicates that stretching the muscle fiber facilitates mus-
cle activation independent of the effects of myofilament overlap. The
experiment was performed on single skinned muscle fibers from the
toad (Xenopus laevis) at 0◦C. Reprinted with permission (108).

is thought to occur because muscle fibers and underlying
myofilament lattice have a constant volume (219) so myofil-
ament lattice spacing decreases as muscle length increases
(107,161,219,266). This reduces the spacing between myosin
heads and actin binding sites, which is thought to speed

up crossbridge attachment rate and increase the number of
crossbridges formed (128).

Activation/deactivation dynamics

The time it takes from the onset of Ca2+ release to reach a
steady state of crossbridge formation (see Fig. 13) depends
on factors that change with contractile conditions. This delay
depends mainly on diffusion distances between Ca2+ release
sites and troponin, the attachment rate of crossbridges as well
as the degree of cooperativity of actin binding sites. At low
firing rates, rise time increases with fascicle length (49). For
mammalian muscle, the location of the triads, hence Ca2+

release sites, has been shown to be fixed with respect to the
actin filaments near their midpoint (44) so increasing muscle
length increases the average diffusion distance between Ca2+

release sites and actin binding sites in the overlap region. Dif-
fusion has been shown to be a significant contributor to rise
time (26, 62). The reverse has been observed for high firing
rates, where rise time decreases with length [Fig. 13; (49)].
Increasing length also increases the rate of crossbridge attach-
ment (128), thus decreasing rise time (222). For higher firing
rates, this effect appears to outweigh the effect of increased
diffusion distances. This is likely because more calcium is
released at higher firing rates, which increases its diffusion
extent and would thus weaken the effect of length on diffusion
distances. Furthermore, at higher firing rates and widespread
actin activation, myosin heads are more likely to be opti-
mally oriented with respect to actin binding sites and therefore
would benefit more from a reduced myofilament lattice spac-
ing and distance between myosin heads and active actin sites
that increases the crossbridge rate of attachment. Rise times
are slowest at intermediate firing rates, where cooperativity
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Figure 13 Activation rise and fall times. (A) Rise times to half of the maximal force are shown for a wide range of muscle fascicle lengths and
frequencies of stimulation. At low stimulus frequencies, rise time decreases with fascicle length and at high stimulus frequencies, the relationship is
reversed. (B) Fall times from the end of stimulation after reaching a steady state force to the time at which force drops to half of the steady state
value. Fall time increases with both fascicle length and stimulus frequency. The experiments were performed on feline caudofemoralis at 37◦C with
intact nerve and blood supply. Groups of motoneurons were stimulated asynchronously to reproduce the smooth contractions observed in vivo for
low frequencies of stimulation. Reprinted with permission (49).
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is maximal (see Section “Activation-frequency relationship”).
Cooperativity increases rise time because force will continue
to increase after initial crossbridges form until all additional
crossbridges are enabled by the cooperativity. Because there
are various competing processes, the shape of the force wave-
form is not well described by a single time constant for either
rising or falling conditions, which complicates the compari-
son of experimental reports and computational models.

The time from the last pulse of Ca2+ release, when force
is maximal, to returning to resting Ca2+ levels and resting
tension depends mainly on diffusion of Ca2+ to sarcoplas-
mic reticulum SERCA pumps, Ca2+ pumping rate, and the
rate of crossbridge detachment. The fall time of contractile
force from a steady-state level has been shown to increase
both with firing rate (or activation level) (49, 324) and with
length [(47, 49, 77, 140, 172, 333); Fig. 13]. Increased length
leads to a decrease in lattice spacing of myofilaments in the
sarcomere and brings myosin heads and actin binding sites
closer, leading to stronger bonds between them and a lower
rate of detachment (see Section “Activation-frequency rela-
tionship”). The rate of crossbridge detachment limits the final
phase of the force fall time (61, 76, 164). Such mechanism
would therefore be consistent with a prolonged final phase of
force fall time. Indeed, it has been shown that for twitch con-
tractions, increasing muscle length prolongs the final phase
of twitch fall time while not significantly affecting the ini-
tial phase of the fall time (47). Fall time could increase with
activation level because as Ca2+ is being pumped out of the
sarcoplasm, and as more Ca2+ions are detaching from tro-
ponin, the corresponding actin binding sites would remain
active for a relatively longer period of time due to coopera-
tivity mechanisms. This is also consistent with the relatively
prolonged final phase of fall time observed for high levels
of activation (324). Fall times are also longest for isometric
conditions and decrease for both positive and negative veloc-
ities when more rapid crossbridge cycling is likely to reduce
cooperativity effects (49).

Yield

Yield refers to a phenomenon that occurs in slow-twitch mus-
cle fibers at submaximal frequencies of stimulation (84, 176,
239, 296). In slow-twitch muscle, the effects of shortening/
lengthening velocity on force depend on firing rate. At sub-
maximal activation, the percent decrease in force due to a par-
ticular shortening velocity relative to isometric is larger than
at maximal activation (Fig. 9). Furthermore, the percentage
increase in force due to lengthening is smaller at submaximal
activations and force even decreases substantially relative to
isometric for a range of moderate levels of activation. These
features have been incorporated into computational models
of muscle force (70) but the underlying mechanisms remain
unclear.

Investigations of muscle fiber mechanics have identified
that the amount of yield exhibited by muscle fibers corre-
lates with stiffness (217). Changes in stiffness can result

from changes in crossbridge number, but can also result from
changes in crossbridge strain due to the nonlinear stiffness
of crossbridges, i.e., the increase in crossbridge stiffness with
strain (see Section “Force-velocity relationship”). Changes
in crossbridge strain, or force per crossbridge, is unlikely the
cause of yield because crossbridges of lengthening muscle are
more strained and therefore more stiff relative to isometric,
but an overall decrease in stiffness for lengthening contrac-
tions relative to isometric has been observed instead (217).
The more likely cause is therefore a reduction in crossbridge
number that can result from the following mechanism. At low
activations, fewer of the available actin sites are optimally
oriented, thus it could take longer for the myosin heads to
bind to actin after being detached during relative myofila-
ment motion. The attachment rate and/or mobility of the slow
myosin head is low (lower than fast-twitch myosin) and it
could limit its ability to bind to suboptimally oriented actin
sites during relative motion between actin and myosin fila-
ments that reduces the time that myosin heads spend near
active actin sites (112). This is consistent with the observa-
tion that the yielding effect increases with contractile velocity
(176). The low crossbridge attachment rate of slow relative
to fast myosin (226) is consistent with the fact that under
physiological muscle shortening/stretching yield is observed
in slow but not fast-twitch muscle.

Sag

Sag is a phenomenon observed in fast-twitch muscle (49, 57,
83, 312), particularly at subtetanic, physiological firing rates
(Fig. 14). In response to constant frequency of stimulation,
muscle force declines slowly after reaching a maximal value
[with a time constant of about 40 ms for feline caudofemoralis
muscle; (49)] and recovers after stimulation ceases with a
longer time constant (about 80 ms for feline caudofemoralis).
These features have been incorporated into computational
models of muscle force (49, 70) but the underlying mecha-
nisms remain unclear.
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Figure 14 Sag. During constant frequency electrical stimulation of
the fast-twitch feline caudofemoralis muscle under isometric conditions
at optimal length L0 in situ, force decreases substantially at 20 pps, less
at 40 pps and not at all at the 60 pps tetanic frequency (timebase in ms;
forces normalized to values at 133 ms for comparison of time course).
Reprinted with permission (49).
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Sag can occur theoretically due to a decrease in the num-
ber of crossbridges or a decrease in force per crossbridge. The
mechanism of sag has been investigated by comparing muscle
twitches elicited before sag commenced and during the pres-
ence of sag (49). If a decrease in force per crossbridge under-
lies sag, then twitch force during sag should be less than twitch
force before sag over the entire duration of the twitches. It has
been shown, however, that twitch force is the same before and
during sag for the majority of the rise phase of the twitch. Sag,
therefore, likely results from a decrease in crossbridge num-
ber, which can occur due to a decrease in crossbridge attach-
ment rate, an increase in detachment rate of crossbridges, or a
decrease in Ca2+ in the sarcoplasm via reduced Ca2+ released
by the sarcoplasmic reticulum in response to an action poten-
tial or via an increase in Ca2+ removal by SERCA Ca2+

pumps. The fact that the beginning of the rise phase of twitch
force does not change during sag also suggests that a change
in attachment rate of crossbridges and calcium release are not
causes of sag. The rate of force decline during the end of the
fall phase of the twitch is thought to be limited by the detach-
ment rate of crossbridges. During sag, this quantity does not
change, which implies that changes in crossbridge detach-
ment rate are also not a cause of Sag. An increase in the rate
of Ca2+ removal from the sarcoplasm is therefore the most
likely cause of sag; Ca2+ potentiation of the SERCA pumps
would be a plausible mechanism. This would cause a more
rapid decline of sarcoplasmic Ca2+, which would reduce the
time it would take for the twitch response to reach maximal
force (i.e. overall rise time would decrease) as well as the
maximal twitch force itself; it would also cause a decrease
in overall fall time, particularly the initial phase that is lim-
ited by the rate of Ca2+ removal. All of these effects of an
increase of Ca2+reuptake on twitch force are consistent with
the observed effects of sag on twitch force (49).

Effects on muscle mechanics due to fatigue,
conditions of use, and injury
Fatigue

Muscle fatigue is the reversible change in resting muscle
mechanics that occurs after repeated muscle activation. As
explained in Section “Muscle mechanics in the nonfatigued
state,” muscle is typically in a potentiated state so changes
in muscle mechanics will be discussed relative to the non-
fatigued, potentiated state. After repeated muscle activation,
force generating capacity declines, activation and deactivation
slow down, and maximal velocity of contraction decreases.
Force decline can occur theoretically due to a shortage of ATP
supply that fuels contraction or changes in the chain of events
whereby muscle is activated and crossbridges form and gener-
ate force. ATP supply does not appear to be the primary factor,
as ATP concentration in the muscle fiber has been shown to
remain high despite large declines in force generating capac-
ity (90,198,292). Furthermore, the concentrations of nutrients
from which ATP is derived, for example, glycogen, have been

shown to be dissociated from fatigue (60, 72, 146). Changes
in biochemical state must therefore be the primary cause of
fatigue. Impairment of one of many different biochemical
reactions and associated physiological processes may lead to
fatigue because force results after a sequence of several major
events.

1. Action potentials from the motoneuron are transmit-
ted throughout the muscle fibers via the neuromuscular
synapses and sarcolemma.

2. The action potentials that reach the terminal cisternae of
the SR trigger the release of Ca2+ to the sarcoplasm.

3. Ca2+ diffuses to troponin on the thin filaments to expose
crossbridge binding sites on the actin.

4. Myosin heads from the thick filaments bind to exposed
sites on actin to generate force.

In theory, a decline in force-generating capacity can result
from impairment of any one of these steps. It has been shown,
however, that under physiological conditions in otherwise
healthy muscles, fatigue is not caused by impairment of the
transmission of action potentials to or throughout the mus-
cle fibers [(15, 30, 272, 290, 320); see (9) for review]. Fatigue
conditions also do not seem to impair calcium activation of
troponin-tropomyosin (9, 131), which leaves impairment of
steps 2 and 4 as the strongest contributors to muscle fatigue.

Possible reasons for impaired Ca2+ release (step 2)
include increases in Mg2+ and decreases in ATP (for severe
fatigue) that interfere with the normal interaction between
the DHPR receptor that detects the action potential traveling
through the t-tubule and the RYR Ca2+ channel that is trig-
gered by the DHPR receptor (8). Reduced Ca2+ release may
also occur due to an increase in inorganic phosphate (Pi) that
is thought to enter the SR and precipitate with Ca2+, thus
reducing the amount of free Ca2+ in the SR and the amount of
Ca2+ that diffuses into the sarcoplasm during the brief period
when the RYR Ca2+ channels open in response to an action
potential.

There are also a few different mechanisms that contribute
to crossbridge formation during fatigue (step 4). The normal
crossbridge cycle (125), starting from the rigor state where
the myosin head is strongly bound to an actin binding site
(A-M), begins by binding of ATP to the myosin head and
subsequent release of the myosin head from actin (M-ATP).
ATP is then hydrolyzed to ADP and Pi that remain attached on
the myosin head (M-ADP-Pi). This causes a conformational
change of the myosin head that stores mechanical energy and
enables it to bind to actin. M-ADP-Pi attaches to actin weakly
and then more strongly (A-M-ADP-Pi). Strong binding and
the subsequent release of the mechanical energy to power the
crossbridge rotation is thought to be facilitated by the release
of Pi (A-M-ADP). ADP is subsequently released to return the
crossbridge to the original rigor state (A-M).
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Increases in muscle fiber Pi have been shown to depress
force generating capacity (81,82), which could be due to hin-
dering the release of Pi from the crossbridge. Increases in Pi
have also been shown to slow muscle deactivation (88, 232),
which could also result from slowed release of Pi from the
crossbridges (325). Pi release facilitates the normal progres-
sion of the crossbridge cycle, thus slowed release would pro-
long the duration of the cycle and lead to slower crossbridge
detachment and force decline upon cessation of muscle exci-
tation. Pushing force from crossbridges that complete their
cycle but fail to detach promptly would reduce Vmax, the max-
imal shortening velocity that the muscle can generate as load
goes to zero. Slow crossbridge detachment would also lead
to higher crossbridge strain and force per crossbridge dur-
ing lengthening contractions. This is consistent with fatigued
human muscle showing a steeper force decline relative to iso-
metric for concentric (shortening) activation and a steep force
rise for eccentric (lengthening) activation (92). Such differ-
ence in force-velocity relationship between fresh and fatigued
muscle has also been observed between fast and slow-twitch
muscle [(47); see Section “Force-Velocity relationship”].

Low pH from the accumulation of acidic metabolic prod-
ucts such as lactic acid has also been thought to contribute
to muscle fatigue because it has been shown to depress both
force and maximal contractile velocity (81, 225) as well as
to slow down deactivation. pH can affect every step in the
crossbridge cycle, but the extent and mechanisms are poorly
understood (80, 95).

Classical experiments on the effects of metabolites on
muscle fatigue have shown large effects of pH and Pi on
fatigue (81, 82, 225). These experiments, however, were per-
formed at unphysiologically low temperatures; recent exper-
iments at higher temperatures showed that fatigue effects of
these metabolites are insignificant (96, 186, 321). Even more
recently, however, it was shown that these metabolites have
interactive effects on fatigue that are much larger than their
independent effects, leading up to about a 50% reduction in
peak isometric force (179, 237, 238).

The link between metabolite buildup and fatigue implies
an important role of the contractile and metabolic processes
that generate these metabolites. Pi accumulates faster, for
example, when the rate of ATP hydrolyzed for contraction
is high, which is the case for strong and rapid contractions
in fast-twitch fibers, which are known to be associated with
higher fatigue rates. Fatigue rates are especially high when
the rate at which ATP is replenished (and Pi accumulation is
reversed) is low, which is the case when nutrient catabolism
is slow. This is consistent with the fact that muscle fibers
classified as fast fatigable have low oxidative capacity and
fatigue quickly while fast fatigue-resistant fibers have high
oxidative capacity and fatigue more slowly (55). Slow-twitch
fibers fatigue even more slowly because they hydrolyze ATP
at a slower rate and also have a high oxidative capacity that
together contribute to less metabolite buildup.

Catabolic pathways can effectively reverse ATP break-
down and Pi accumulation over long durations of muscle

activity as long as blood flow to the muscle fibers is sufficient
for maintaining an adequate supply of the necessary substrates
such as glucose for glycolysis, and glucose/fatty acids, and
oxygen for oxidative phosphorylation. High blood flow is also
important for removing metabolites from muscle that cause
fatigue such as H+, which is a byproduct of ATP hydrolysis,
glycolysis and, to a lesser extent, oxidative phosphorylation
(183). Blood flow capacity for a given muscle fiber depends
primarily on its density of capillaries, that is, capillarization
as well the surrounding hydrostatic pressure that can occlude
blood flow. Blood flow can become completely occluded even
when contractile force is as low as about 30% maximum vol-
untary contraction (MVC) (93), particularly in pennate mus-
cles in which a substantial fraction of the contractile force
vector of the muscle fascicles results in compression of the
muscle rather than contractile force at the tendon (171).

Adaptation to conditions of use

Muscle structure adapts so as to optimize function for its con-
ditions of use. Conditions of use change mainly in terms of
load magnitude and duration, as well as the operating length
of the muscle. If muscles experience relatively larger loads
than usual, they adapt so as to be able to generate higher
forces by undergoing an increase in their number of sar-
comeres arranged in parallel. This usually occurs via an
increase in muscle fiber size (i.e., an increase in myofib-
ril size and number; known as hypertrophy) rather than an
increase in the number of muscle fibers (known as hyper-
plasia) (129, 130, 214, 221). Substantial adaptation can occur
after 3 weeks of high resistance training in humans (97,285).
Tendon also adapts to overload conditions, as it undergoes
an increase in stiffness, which reduces the larger and poten-
tially damaging strains that the tendon would experience at
the larger muscle forces. Theoretically, tendon stiffness can
increase via an increase in collagen fibers in parallel, an
increase in the crosslinks between collagen fibers, changes
in collagen isoforms as well as a decrease in overall colla-
gen fiber length. Tendon stiffness has been shown to increase
in humans in vivo in response to overload primarily due to
changes in its internal structure and composition rather than
changes in size [see (34) for review]. Such adaptation occurs
roughly after 8 weeks of high resistance training (190, 191),
which suggests some vulnerability to injury if recent train-
ing has increased muscle strength more rapidly. If muscle
experiences only reduced loads, the reverse occurs: myofib-
rils decrease in size and number (129, 158, 303), and tendon
stiffness decreases (220). These changes have been shown to
occur at a similar (37, 89, 235) or faster time scale (110, 136)
than during overload conditions.

If muscle is active for sustained periods as in marathon
running, then muscle structure adapts so as to reduce fati-
gability. As discussed in Section “Fatigue,” fatigability can
improve via more economical use of ATP (i.e., a decrease
in ATP needed per unit momentum generated), increased
rate of ATP replenishment, and increased rate of removal of
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metabolites that interfere with muscle contraction. The econ-
omy of force production increases via transformation of
myosin isoforms from fast (type II) to slow (type I) (155,170)
that cycle slower and therefore consume ATP at a slower rate
for the same level of whole muscle force generated (18). Econ-
omy also increases via a decrease in the density of SERCA
pumps that actively pump Ca2+ back into the sarcoplasmic
reticulum (144,185). The adapted myofibrils pump Ca2+ back
to the sarcoplasmic reticulum slower, so the relaxation rate is
slower and motoneurons can fire at a lower rate to produce a
given force, releasing less Ca2+ to be pumped back. Muscle
structure changes also increase the rate at which ATP is replen-
ished, primarily by increasing the volume fraction of mito-
chondria and oxidative enzymes (155), myoglobin concentra-
tion (99), and capillarization (10,98). Muscle fibers have also
been shown to reduce in size (98), which reduces the diffu-
sion distances between the capillaries and mitochondria, thus
increasing oxygen availability for long duration contractions.
Increased capillarization and smaller fiber size also increases
the clearance rate of metabolic byproducts that cause fatigue
such as H+ (see Section “Fatigue”). If a muscle becomes less
active than usual, then the reverse transformations have been
shown to occur. Interestingly, the transformations have also
been shown to occur in a different order. For example, myosin
isoform change is one of the last adaptations in response to
increased use (160,250) and one of the earliest adaptations in
response to decreased use (42). The trophic signal that main-
tains the PCSA of regularly activated muscles appears to be
a kinase activated by sarcoplasmic Ca2+ associated with the
activation process itself rather than the force generated by the
muscle fibers (25). Low-frequency electrical stimulation of
twitches in otherwise paralyzed muscles is just as effective at
preventing disuse atrophy as more physiological firing rates
that produce much higher forces (103). The trophic signals for
hypertrophy resulting from intensive training, however, may
include other factors such as mechanical stress, metabolic
products, and hormones.

If muscle operating length increases, the number of sar-
comeres in series increases (33,297,298), which helps main-
tain a high force-generating capacity and good stability over
the new operating range of the muscle lengths. The new
sarcomeres have been shown to be added near the muscu-
lotendon junction (328). By contrast, if muscle operating
length decreases, then the number of sarcomeres in series
decreases (86, 297). The maximum length experienced by
muscle has also been shown to influence its passive stiff-
ness. Muscles experiencing shorter lengths have a higher pas-
sive stiffness while muscles experiencing longer lengths have
a lower passive stiffness (45). Muscles that are chronically
shortened below their anatomical maximum length experi-
ence an increase in passive stiffness (297, 329, 332), which is
reversed if the muscle is relengthened to its original anatomi-
cal maximum and partly reversed if the muscle is lengthened
to an intermediate length (297). This is consistent with the
finding that feline muscles with larger maximum anatomi-
cal lengths are less stiff than muscles with shorter maximum

anatomical lengths (45). Changes in passive stiffness arise
largely from changes in collagen amount (330) and arrange-
ment in the extracellular matrix (330), serial sarcomere num-
ber (332), and titin isoform (134).

For human muscles in vivo, the conditions of use vary
not only across muscles, but also within muscles. This is
consistent with the fact that muscle fibers across and within
muscles have varying contractile, metabolic, and morphome-
tric characteristics (173, 302). It is also consistent with the
fact that individuals engaging in similar activity have similar
muscle fiber characteristics [e.g., weight lifters (115), long
distance runners (170), sprinters (85)]. A given human skele-
tal muscle in vivo experiences many different combinations of
the aforementioned conditions of use whose aggregate effect
on muscle structure and function is usually complex. The
effects of various conditions on muscle structure and function
are often interactive and nonlinear. For example, it has been
shown that a combination of strength and endurance training
lead to less muscle fiber hypertrophy than strength training
alone (188), and a smaller increase in oxidative capacity than
endurance training alone (236). Moreover, it has been shown
that a decrease in serial sarcomere number resulting from a
mouse soleus muscle being immobilized in a shortened posi-
tion for 2 weeks can be avoided if the muscle is passively
stretched for only about 30 min a day (327). Complete iden-
tification and quantification of these interactive mechanisms
remain to be determined.

Injury

Musculotendon injury can occur suddenly or gradually and
induces long-term changes in muscle mechanics. The nature
of the injury and effects on muscle mechanics depend on the
type of insult as well as the physiological state of the musculo-
tendon. Injury causes immediate changes to muscle mechan-
ics, which continue to evolve during the degeneration and
replacement/regeneration of damaged structures. Changes in
muscle mechanics are assumed to correlate with changes in
force generating capacity, which decreases abruptly after an
insult, then decreases gradually during the degeneration phase
and finally starts to recover even more gradually during the
regeneration phase (319). Injury due to strain of underlying
structures of the musculotendon is by far the most common
injury observed for humans in vivo, followed by contusion
resulting from impact with blunt objects. Contusion typically
affects muscles located near the skin surface (e.g., rectus
femoris of the quadriceps) and damages a region of mus-
cle fibers and blood vessels, depending on the intensity and
contact area of the collision. The effects of muscle contusions
on muscle mechanics have not been investigated systemati-
cally, but major consequences are a decrease in muscle force
generating capacity due to damaged muscle fibers as well as
an increase in fatigability due to the damage in blood vessels
that supply nutrients for contraction and clear metabolites that
interfere with contraction. The effects of contusion on muscle
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mechanics are typically reversed faster than musculotendon
strain injuries (301).

Musculotendon strain injuries can occur at different loca-
tions along the musculotendon, which are typically associated
with distinct effects on muscle mechanics and recovery times.
High tendon strains and stresses can lead to partial tears and
avulsion of tendons. Such injury is associated with the longest
healing time, ranging from 3 to 18 months (269,270,334). Par-
tial tendon tears reduce the effective cross-sectional area of
the remaining tendon, increasing its stress and strain. This
would effectively shorten the muscle for a given musculo-
tendon length or posture, which can alter muscle mechanics
substantially, as explained in Section “Muscle mechanics in
the nonfatigued state.” Such increase in tendon strain and
especially high and uneven stresses near the affected region
can lead to further damage of the tendon.

The myotendinous junction is even more susceptible to
injury than the osteotendon junction and results in detachment
of muscle fibers from the tendon/aponeurosis. This decreases
the number of fibers that transmit force to the tendon and
therefore reduces the force generating capacity of the mus-
culotendon. The weaker attachment of muscle fibers to the
tendon decreases the overall stiffness of the muscle and, there-
fore, increases the amount of strain taken up by the attached
muscle fibers for a given musculotendon force. Increases
in muscle fiber strain may lead to detachment of additional
muscle fibers and exacerbate damage in the myotendinous
junction. Recovery ranges roughly from 1 to 3 months (12).

Strain injury can also occur within muscle fibers at muscu-
lotendon stresses that are lower than the threshold for causing
myotendinous, tendon, and osteotendinous injury. The like-
lihood and extent of this type of injury has been shown to
increase with force, length, and lengthening velocity of con-
traction (39, 202, 230, 247, 318). It is thought to occur due to
overstretching of a large number of underlying sarcomeres
(203, 229). At any given muscle length, the length of all sar-
comeres is not the same. For long muscle lengths in particular
(i.e., greater than optimal length), the differences in sarcom-
ere length cause some sarcomeres to operate in the ascending
portion of the active force-length curve and others to operate
in the descending portion. As muscle stretches, contractile
force of the shorter sarcomeres will increase while contractile
force of the longer sarcomeres will decrease. This shortens
the shorter sarcomeres and lengthens the longer sarcomeres,
which under extreme conditions (see Section “Force-length
relationship/stability”) can lead to a number of “popped”
sarcomeres that irreversibly stretch beyond the point of no
myofilament overlap (43, 203). These sarcomeres can no
longer contribute to active force, but add to the in-series elas-
ticity of the muscle fiber. The likelihood and extent of injury
may increase at long lengths, because more sarcomeres oper-
ate in the descending portion of the force-length curve. Injury
susceptibility increases for higher levels of muscle activation,
because higher forces stretch the underlying sarcomeres at a
faster rate. Injury susceptibility is higher during active stretch-
ing (eccentric work) possibly because sarcomeres stretch at a

higher rate on average and forces are higher as a result of the
force-velocity relationship. Overstretched sarcomeres lead to
less sarcomeres contributing to active force, hence a reduc-
tion in force generating capacity. Overstretched sarcomeres
also lead to a decrease in length of the remaining functional
sarcomeres. Decreased sarcomere length can have substantial
effects on muscle mechanics, as explained in Section “Muscle
mechanics in the nonfatigued state.” Out of all types of mus-
culotendon strain injuries, changes in muscle mechanics due
to injury within the muscle takes the shortest time to recover
and occurs roughly within 1 month (38, 75, 319).

Strain injuries may also begin in the connective tissue
matrix between muscle fibers, particularly if the pattern of
activation of the muscle fibers results in the generation of
shear forces between them. Muscles with long fascicles often
have a substantial number of muscle fibers that end as free
tapers within this matrix rather than projecting to a myotendi-
nous attachment (306). All of their contractile force must
be distributed as shear into and through the matrix to adja-
cent muscle fibers, which are likely to be from other mus-
cle units and may not be activated. As individual muscle
fibers become longer, the time required for action potentials
to propagate from neuromuscular endplates near their middle
to activate the ends of the fiber may become a substantial
portion of the rise time of active force generation, produc-
ing longitudinal imbalances that result in shear of the matrix
(208). Human hamstring muscles appear to have unusually
long muscle fibers and many with tapered intramuscular ends
(147). This may contribute to their predisposition to “pulled
hamstring” strain injuries that appear to occur during brief,
active-lengthening contractions at the end of the swing phase
of sprinting (300).

Modeling Muscle Mechanics
and Energetics
Mechanics
Computational models of muscle and limb mechanics are
useful for testing whether theories of movement control are
compatible with the known properties of muscle and limb
mechanics. Conversely, models can be used to investigate
emergent properties of muscle and limb mechanics to gain
insight into the control problem faced by the central nervous
system. Mechanistic models in particular provide the oppor-
tunity to investigate the influence of individual properties of
muscles and limbs on movement by selectively manipulat-
ing model components. If the data that define the properties
that are highly influential are missing or inaccurate, then this
would warrant further experimentation to improve the model.
Limb mechanics have been modeled reasonably well by repre-
senting each limb as a set of rigid body segments constrained
by mechanical joints representing the anatomy.

Muscle mechanics have been less well characterized
and their underlying mechanisms remain contentious, as
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reviewed herein. One approach generally known as “Hill-type
modeling” creates arbitrary mathematical functions that fit
measured force to the effects of length and velocity on maxi-
mally activated muscle (151,299,339). These tend to be inac-
curate when extrapolated to more physiological, subtetanic
conditions that interact nonlinearly to modulate these effects.
Another approach generally known as “Huxley-type model-
ing” starts with a detailed model of cross-bridge kinetics and
dynamics and synthesizes population effects to account for
observable phenomena in whole muscles (141,162,213,338).
These tend to be complex and computationally expensive and
require ad hoc additions to account for other elements of force
generation such as activation dynamics and passive force. As
more data become available from more muscles studied under
a wider range of physiological conditions, it becomes feasi-
ble to design hybrid models whose individual functions reflect
known anatomical components and their presumed physiolog-
ical mechanisms (308); see (308, 309) for history and com-
parison of muscle models. These muscle models account well
for both slow and fast-twitch muscle mechanics in the poten-
tiated, nonfatigued state. Such mechanistic models are a good
starting point for accounting for the effects of fatigue, adap-
tation to exercise, and various types of diseases and injuries.

The predictive ability of any model depends on the data
driving it. Most of the early studies on muscle mechanics
were performed on isolated amphibian muscle under unphys-
iological conditions (e.g., low temperature, removed blood
circulation) to facilitate control and measurement of muscle
fiber mechanics while preserving the biochemical/mechanical
stability of the preparation (150, 197, 282, 295). Although
these types of preparations provided insight into the quali-
tative behavior and mechanisms of muscle contraction, they
are not a good quantitative representation of muscle mechan-
ics in vivo, because temperature (24, 91, 94, 260, 261, 263)
and the chemical environment of the contractile apparatus
(9) are known to have strong and complex interactive effects
(96, 179, 186, 237, 238) on muscle mechanics. Furthermore,
until recently, muscle mechanics were investigated mostly
under tetanic or twitch stimulation and isometric or isotonic
loads, conditions under which muscles seldom operate in vivo.
As noted earlier, motoneurons fire only at intermediate rates
that correspond to those for which the activation-rate relation-
ship is most steep. Lengthening contractions occur frequently,
particularly in antigravity muscles, but were rarely investi-
gated and only for relatively low velocities (175) due to sub-
stantial muscle fiber damage that would often result under the
unphysiological conditions of the experiments (106,181,211).
The interactive effects of motor unit firing rate, length, and
velocity of contraction on muscle force were not systemati-
cally investigated until recently, although known to be strong
and complex (16, 175, 259, 267, 289, 293).

A complete understanding of muscle mechanics should
account for the interactive effects of muscle length, velocity,
and activation on force across the full range of physiologi-
cal conditions. In one study, the interactive effects of muscle
length and velocity on muscle force generation have been

measured and characterized mathematically for the predom-
inately slow-twitch soleus muscle at a subtetanic stimulation
frequency of 12.5 Hz (288). Additional data have been col-
lected from another series of studies on feline muscle that also
included fast-twitch muscle and the full physiological range
of firing rates. In this series of experiments, length, velocity,
and firing rate of motor units were systematically varied while
measuring the force generated (40, 47-49, 51, 175, 259, 277).
The following experimental design principles were imple-
mented to ensure that the neuromuscular preparation was kept
as close as possible to its physiological state:

� These mammalian muscles were maintained at their
physiological temperature of 37◦C and blood circulation
was kept intact to preserve their physiological chemical
environment.

� Whole muscles with intact muscle fibers and extracellular
matrix were used to ensure physiological force transmission
from the muscle fibers to the tendon.

� Separate bundles of neurons from the ventral roots were
stimulated at the same desired frequency but asyn-
chronously to replicate the asynchronous firing of motor
units that occurs in physiological behavior (259). If the
twitch-eliciting action potentials arrive at the muscle fibers
of all motor units synchronously, then the whole muscle
behaves like a single muscle fiber and exhibits unfused
contractions. Large oscillations of force produce oscilla-
tions in the stretch of series-elastic elements and in the
length and velocity of the sarcomeres, which in turn results
in oscillations of force generation by crossbridges. With
physiological recruitment to achieve low forces, motoneu-
rons may fire at low firing rates but muscle contractions
are relatively smooth (174) because motor units fire asyn-
chronously (176, 259, 283).

The muscles investigated in these studies, feline soleus
(51, 175, 259, 277) and caudofemoralis (40, 47-49), were
specifically chosen because they have a relatively simple
uniform architecture, which allows for more direct control
and assessment of muscle fiber mechanics (50, 233). Caud-
ofemoralis in particular has parallel fibers with essentially
no aponeurosis; it can be connected to a muscle puller with
essentially no in-series elasticity (50). These muscles were
chosen also because they are almost entirely homogeneous
in histological fiber type (feline soleus is 100% slow-twitch,
type I (11) and caudofemoralis is 100% fast twitch, ∼95%
type IIb (50). It is important to understand the differences
in the mechanics of fiber types because they are substan-
tially different and because most muscles contain a mix of
fiber types that could vary to a large extent across different
muscles in the body as well as across individuals (173, 227).
The data obtained from these studies were used to create a
model of muscle mechanics for slow and fast-twitch muscle
that has been validated across a wide range of physiological
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conditions (49). The model was then extended to model mus-
cles of other mammalian species, including humans (70).

The mechanics of individual fiber types can be investi-
gated in other ways as well, but the associated experimental
preparations lead to artifacts that make the data invalid for
physiological conditions. One way is to dissect individual
muscle fibers from bundles of one fiber type but, as men-
tioned in this section earlier, these preparations commonly
exhibit unphysiological behavior as a result of damage to
blood supply and endomysial connective tissue. Another way
is to selectively stimulate one motor unit (all of whose fibers
will have the same histological and physiological type) in an
intact whole muscle and investigate its effects on whole mus-
cle mechanics (53, 291). Although this type of experiment
is typically performed on intact muscle and at physiological
temperatures, the relatively weak forces measured at the ten-
don in response to stimulation of only one motor unit may
be distorted by inertia and compliance of the large mass of
inactive muscle and connective tissue (142).

Energetics
More recently, the model of muscle mechanics mentioned
earlier was extended and validated using data from thermo-
dynamic experiments to predict the energetics of contractions
(310). When a muscle is activated from its resting state, the
primary contributors to muscle energy consumption during
the first few seconds are the cycling crossbridges that generate
force and the SERCA Ca2+ pumps that help regulate calcium
flux in the sarcoplasm (19, 20, 22). These processes consume
metabolic fuel in the form of ATP, which is completely replen-
ished within a few minutes after deactivation by the catabolic
pathways of glycolysis and oxidative phosphorylation [when
perfusion is not limiting; (198, 200)]. These catabolic path-
ways are not perfectly efficient; in fact, the amount of energy
required to replenish the ATP that drives contraction is gen-
erally at least as high as the energy that directly drives the
contraction (21, 200). To understand and quantitatively pre-
dict muscle energetics across a wide range of conditions, it
is important to account for each of these active processes,
because they depend strongly on the contractile conditions.
For shortening (i.e., concentric) contractions, crossbridges
complete their cycle and consume ATP at an even higher
rate; however, for lengthening contractions (i.e., eccentric),
crossbridges generally do not complete their cycle and energy
related to crossbridges is nearly zero, so Ca2+ pumping energy
accounts for most of the energy consumed in this condition
(87). For isometric contractions, crossbridges consume about
2/3 of the energy required and SERCA Ca2+ pumps consume
the remaining 1/3 (18, 20, 22). Although there is nominally
no myofilament sliding under isometric conditions, there is
sufficient thermodynamic motion that crossbridges cycle at
modest rates. The energy required to replenish the ATP con-
sumed depends on the metabolic pathways used and the con-
tractile conditions that determine the amount of ATP that must
be replenished (200). The model relates muscle mechanics to

metabolic energy consumed by each one of these processes,
which enables predictions of metabolic energy consumption
across a wide range of physiological conditions (310).

A plausible mechanism for the neural control of move-
ment must explain how neural commands to the muscles are
generated to produce movement. A major challenge with iden-
tifying such mechanism is that neural commands to muscles
are often nonintuitive and difficult to measure. Accurate pre-
dictions of muscle energy consumption are important for pre-
dicting muscle recruitment strategies that underlie movement
because subjects typically adopt muscle recruitment strate-
gies that minimize metabolic energy consumption (66, 159),
presumably to avoid fatigue and conserve energy for all other
active processes in the body. Researchers have traditionally
assumed that minimizing energy is equivalent to minimiz-
ing force or related quantities such as stress, work, activation
(or arbitrary mathematical functions of these quantities), but
it has been shown that such quantities relate poorly to actual
energy cost and are even inversely related for some conditions
(310). For example, when a muscle is activated isometrically
and then is allowed to shorten, the rate of energy consump-
tion will increase because crossbridges will complete their
cycle at a faster rate while force output will decrease due
to decreases in crossbridge strain and possibly crossbridge
number, as explained in Section “Muscle mechanics in the
nonfatigued state/Force-velocity relationship.” The validated
energetics model (309,310) enables prediction of recruitment
strategies by minimizing actual metabolic cost and has been
employed to investigate the role of muscle physiology and
spinal circuitry in generating metabolically efficient volun-
tary movement (307).

Accounting for contraction energetics is necessary for
modeling the changes in muscle mechanics that result from
fatigue, because energetics drive contractile fuel consumption
and metabolism (193) that alter the biochemical state of the
muscle and cause fatigue (9). Because the model accounts for
the complex muscle fiber mechanics/energetics and for the
recruitment of multiple motor units, computing its dynamics
requires integrating a large number of coupled state equa-
tions, which is computationally intensive and impractical for
simulating large-scale musculoskeletal systems. To overcome
this, a computationally efficient algorithm was developed that
mathematically lumped all motor units within a given fiber
type into one effective motor unit that represented the popu-
lation (310).

Muscle Recruitment and Its Measurement
Fiber types
Most of the muscle physiology presented earlier reflects either
the generic mechanisms common to virtually all skeletal mus-
cles or features that are specific to one particular fiber type
(e.g., sag and yield). Most mammalian skeletal muscles are
mixtures or two or more fiber types that differ in the parame-
ters of their various mechanisms. These give rise to observable
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physiological and histochemical properties that have been
used in various combinations to identify and classify fiber
types (55):

� Fiber diameter. Fast-twitch fibers tend to have substantially
larger diameter (∼1.5-2×) and cross-sectional area (2-4×)
than slow-twitch fibers in the same muscle, but the specific
active tension tends to be similar [∼31 N/cm2; (210)].

� Myoglobin concentration. High levels give slow-twitch
fibers their darker red color and facilitate their oxidative
metabolism by enhancing the diffusion of oxygen from the
capillary circulation.

� Myosin isoforms. These were traditionally identified by
differences in ATPase activity as revealed by histological
staining under different pH condition; now usually identi-
fied by monoclonal antibodies to a specific isoform.

� Speed of shortening (Vmax). The myosin isoforms have
different crossbridge attachment and detachment kinetics;
fast-twitch myosin kinetics result in higher maximal veloc-
ity of unloaded shortening.

� Speed of activation (Trise) and deactivation (Tfall). The
sarcoplasmic reticulum of fast-twitch muscle fibers both
releases and reuptakes calcium more rapidly, resulting in
faster rise and fall of twitch tension; this manifests also
as requiring a higher firing rate to reach maximal tetanic
activation.

� Glycogen concentration in the cytoplasm. High levels are
generally a feature of fast-twitch fibers that can break down
glycogen into a plentiful supply of glucose to supply rapid
but inefficient glycolytic metabolism.

� Oxidative enzyme concentration. High levels are associ-
ated with higher density of the mitochondria supporting
oxidative metabolism in slow-twitch fibers.

� Fatigability. Slow-twitch muscles with high oxidative
capacity can be activated repeatedly and almost indefinitely
as long as they are supplied with glucose and oxygen and
cleared of carbon dioxide via capillary circulation; fast-
twitch muscles tend to fatigue after repeated activation, but
with a very wide range from less than a minute to an hour.

Muscle fibers vary in terms of each of the aforementioned sub-
cellular features that tend to covary in normal muscle. Gener-
ally, muscle that activates and deactivates slowly in response
to neural excitation (i.e., slow-twitch muscle that has long rise
and fall times) also has a relatively low Vmax and generates
force more economically, has higher oxidative capacity, and
has lower fatigue susceptibility. Conversely, muscle that acti-
vates and deactivates quickly (i.e., fast-twitch muscle) also has
a relatively high Vmax and generates force less economically,

has a higher glycolytic capacity, and higher fatigue suscep-
tibility. The feline soleus muscle fibers represent the slow
extreme of muscle fibers across muscles in the cat (55,56) as
well as across many other species such as humans (17, 70),
while the feline caudofemoralis muscle fibers represent the
fast extreme for the cat (50) as well as across species (70).
Most whole muscles are composed of a mix of fiber types.
The mean attributes that are observed depend on the relative
recruitment of the various motor units and their state of fatigue
and potentiation.

It is important to note that each of these functional
attributes of muscle is the product of a different anatomi-
cal structure with its own genetic specification and trophic
modification mechanisms, so their actual quantitative values
may vary among species and muscles and may not covary
in the usual pattern, particularly in muscles that have been
subjected to unusual patterns of use, disuse, or disease. For
example, the susceptibility and effects of fatigue may mani-
fest differently in the same histochemical fiber type depending
on the muscle in which it is located and its exercise history.
The caudofemoralis muscle, in particular, exhibits one of the
fastest twitch contraction times, but it fatigues slower than
other muscles such as the medial gastrocnemius of the cat
(50) that have a substantially lower percentage of fast-twitch
fibers [∼60% Type IIb (58) vs. 95% Type IIb (50)]. The caud-
ofemoralis mechanics during the fatigued state may not reflect
the fatigued mechanics of other muscle fibers or whole mus-
cles that fatigue faster. To model whole muscle mechanics
during fatigue, it is also important to account for the metabolic
profile of the constituent fibers (see Section “Fatigue”).

The mixture of types that are present in a given mus-
cle appears to be determined genetically but the prevalence of
fibers of a given type can be substantially modified by patterns
of use. In fact, the exact number of distinct fiber types is often
uncertain, particularly in animals living under uncontrolled
natural conditions, because many of the structures that give
rise to the distinguishing parameters for a given fiber type are
subject to trophic effects that are driven by different aspects
of patterns of muscle use, as described under Section “Adap-
tation to conditions of use.” This may result in intermediate
fiber types that are mixes of characteristics of the predominant
fiber types and may be in transition between them as a result
of changes in behavior.

Muscle unit architecture
The number of muscle fibers innervated by a single motoneu-
ron varies hugely from muscle to muscle but the fibers inner-
vated by a given motoneuron (the muscle unit) are usually
homogeneous in their parameters, at least in part because all
muscle fibers of a given muscle unit will have had identical
patterns of usage. In a healthy muscle, the fibers of a given
muscle unit tend to be scattered through a substantial per-
centage of the cross-sectional area of the muscle (see later)
and, hence, to be surrounded primarily by fibers of other mus-
cle units. The slow-twitch muscle units are innervated by the
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smaller alpha motoneurons and are generally comprised of
smaller numbers of fibers than the fast-twitch muscle units.
The distribution of slow and fast-twitch fiber types is often
skewed, with the deeper layers populated predominantly by
slow-twitch fibers and the superficial layers by fast-twitch
fibers. This may provide thermal benefits, with the usually
inactive fast muscle layers providing insulation from the cold
for the deeper slow muscle and then dissipating their higher
heat production more efficiently to the overlying skin when
the fast muscle is recruited during intensive physical activities
(55).

The intramuscular branching patterns of muscle nerves
and their motor axons are complex and variable, depending
on the architecture and function of the muscle as a whole. In a
relatively simple parallel-fibered muscle with a single, local-
ized origin and insertion, all of the neuromuscular synapses
will generally be in a single band of endplates extending
across the width of the muscle near its midpoint. Individ-
ual motor axons branch to innervate their muscle fibers in
a widely distributed pattern. Parallel-fibered muscles with
broad origins or insertions tend to be divided into more than
one neuromuscular compartment, each of which functions like
a separate and more mechanically homogeneous muscle with
its unique population of muscle units that may be recruited
independently of the other compartments (253). In at least
one case (feline anterior sartorius), a single neuromuscular
compartment was found to be innervated by two, separately
recruited populations of motoneurons that were related to dif-
ferent phases of muscle work (205, 254). Some long muscles
are divided into anatomically separate neuromuscular com-
partments in series, separated by myotendinous inscriptions;
examples include semitendinosus in the leg, digastric in the
jaw and many axial muscles of the neck and back. Many long
muscles with long, parallel fascicles have no discrete inscrip-
tions but are instead composed of shorter, interdigitated mus-
cle fibers; their neuromuscular architecture has been studied
in only a few cases (5, 208). In some cases, individual motor
units are distributed equally over the length of the fascicles; in
others, the cross-sectional area of individual motor units may
be highly asymmetrically distributed, which could result in
instability if their contractile forces were not offset by other
muscle units with inverse distributions (280).

Electromyography, force, and energetics
The electrical signals produced by active muscles are rela-
tively easy to record by electromyography [EMG; (207)]. A
single action potential in a single motoneuron gives rise to
simultaneous action potentials in perhaps hundreds of muscle
fibers comprising a muscle unit. The action potentials in each
muscle fiber must be sustained by large action currents flow-
ing across the large, bare sarcolemma, which is electrically
similar to a large, unmyelinated axon but with even more cur-
rent associated with the large network of electrically active
transverse tubules. To a first approximation, the total action
current produced by a given muscle unit is probably fairly

linearly related to its physiological cross-sectional area, hence
its force generating capacity. In simple parallel-fibered mus-
cles, the action currents from all of the fibers of a given muscle
unit tend to add in phase. When recorded by relatively large
electrodes on the skin surface or in the muscle (gross EMG),
this results in large, extracellularly recordable field potentials
with a fairly simple, approximately biphasic waveform. At
low levels of recruitment with little overlapping activity from
multiple units, it is even possible to record discriminable uni-
tary potentials from skin surface electrodes, but such records
are usually obtained from intramuscular microelectrodes that
record large unitary potentials from a small number of imme-
diately adjacent, individual muscle fibers. In pennate muscles,
the shorter muscle fibers and their endplates tend to be stag-
gered across the length of the muscle belly, resulting in more
complex, polyphasic potentials as the action currents pass
gross EMG electrodes at a given recording site with differ-
ent time lags from conduction along the muscle fibers. Those
time lags will increase when the muscle is stretched, changing
the shape and amplitude of the local EMG signatures. Mus-
cles with multiple endplate zones innervating short fibers that
are scattered over the length of long fascicles result in highly
complex and labile waveforms as action potentials conducting
in different directions along muscle fibers pass each other. By
recording the waveforms at a large number of points along
the muscle, it is possible to identify systematic changes in
the latency and shape of these waveforms to make inferences
about the distribution of muscle fibers and endplates consti-
tuting single muscle units (67).

When multiple muscle units are recruited normally, they
tend to fire asynchronously at different frequencies, which
contributes to the smoothness of the overall force produc-
tion at physiological firing rates for which contractions are
metabolically efficient but unfused in the force output of indi-
vidual muscle units. The resulting stochastic summation of
biphasic action currents results, however, in a waveform that
is inherently noisy. Perhaps the most common use of gross
EMG signals is to infer relative magnitude of muscle activity,
force and energy consumption, which then requires signal-
processing techniques to average out the stochastic fluctua-
tions over time. The native rise and fall times of the activation
process itself (typically 50-200 ms) provides a useful window
over which to smooth EMG signals (14, 135).

Many different parameters of the gross EMG signal can
be measured (peak amplitude, mean rectified amplitude, mean
power, number of peaks, number of zero crossings, power in
a given frequency band, etc.). There are long-standing contro-
versies regarding whether each of these measures is related
linearly, logarithmically, or exponentially to muscle activa-
tion, force or energy consumption (207). Given the variety of
muscle fiber architectures, tasks and EMG electrode designs,
it is not surprising that almost any result might be obtained.
One of the largest confounding factors arises from the asym-
metrical distribution of muscle fiber types in many muscles.
The amplitude of the EMG signal generated by action currents
of a given muscle unit tends to decay rapidly with distance
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Figure 15 Typical bipolar EMG recording configurations from a mixed muscle with regional strat-
ification of early recruited, slow-twitch muscle fibers versus late recruited, fast-twitch muscle fibers.
Reprinted with permission (207).

from the source muscle fibers of the unit (theoretically as dis-
tance squared for distances greater than the ∼10 mm wave-
length of action potentials along muscle fibers). Because of the
orderly recruitment of muscle units starting with slow-twitch
units at low forces and then fast-twitch units at high forces,
the rate of growth of a local EMG signal recorded with macro-
electrodes on or within a muscle during progressive muscle
recruitment depends on the density of active muscle fibers
locally. In a region of the muscle that has predominantly slow
fibers, the rate of growth of amplitude of the gross EMG sig-
nal will be high at low recruitment and force levels and then
tend to saturate after all of the local slow fibers have already
been recruited. In a region with predominantly fast fibers,
very little EMG may be recorded at low recruitment and force
levels, followed by rapid increases at higher levels when the
local fast-twitch units start to become active (Fig. 15). In one
example, the two series-inscripted and separately innervated
heads of the feline semitendinosus muscle are necessarily
recruited simultaneously but may appear to work asymmet-
rically if the EMG recorded from the deep (slow) surface of
one head is compared with the superficial (fast) surface of the
other head (69).

Obviously, EMG is most directly related to the activa-
tion process, although the absolute amplitude of the EMG
signal will depend strongly on the design and placement of
the EMG electrode. Any quantitative relationship to force
or energy consumption will depend highly on kinematic

conditions of muscle work. As described earlier, the active
force-generating capability of a muscle fiber depends mod-
erately on its length for physiological conditions around its
optimal length but changes greatly and rapidly for small fluc-
tuations in velocity around isometric. Energy consumption
is even more complexly related to kinematics and also to
level of recruitment in mixed muscles because of the different
metabolic pathways that tend to be utilized by slow- ver-
sus fast-twitch fibers. Both problems are compounded under
dynamic conditions of recruitment because the stretching and
release of series-elastic tendon+aponeurosis makes it difficult
to infer the kinematics of the muscle fascicles from the more
observable kinematics of the limb. Given sufficient kinematic
as well as EMG data, it is theoretically possible to construct
quantitative models to correct for these effects, but this has
been attempted only rarely (71).

Conclusion
Most of the observable phenomena of normal skeletal mus-
cles are now well accounted by structure-function relation-
ships that have been identified, measured, and modeled, at
least individually. The biochemical details and self-organizing
mechanisms of those structures are yielding rapidly to ultra-
structural, genomic and proteomic analysis. This can be
expected to provide insights into the trophic and pathological
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mechanisms whereby the properties of muscles change in
ways that are clinically important but still largely unac-
counted. For example, we are just beginning to understand
how the transmembrane protein dystrophin interacts with the
many other structural elements that protect muscle fibers from
the types of progressive damage that are associated with var-
ious forms of muscular dystrophy (249).

Integrating the structure-function relationships of individ-
ual muscle fibers into models of complete musculoskeletal
systems is now feasible but remains daunting because of the
large number of morphometric and physiological parameters
that are required to properly define such systems. The mix
of muscle fiber types and physiological properties and their
mechanical integration with connective tissue results in a wide
range of composite materials to which we give individual
anatomical names as muscles. Each muscle has properties that
tend to suit it uniquely to the functional requirements imposed
by patterns of behavior and musculoskeletal mechanics. Dis-
orders of the nervous system such as cerebral palsy lead to
a variety of chronic maladaptations of the musculoskeletal
system (326). As the genetic instructions and trophic mech-
anisms that govern these adaptive changes are unraveled, it
will lead inevitably to an understanding of and new treatments
for many clinical disorders.
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