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How Tendons Buffer Energy Dissipation by Muscle
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ROBERTS, T.J. and N. KONOW. How tendons buffer energy dissipation by muscle. Exerc. Sport Sci. Rev., Vol. 41, No. 4,
pp. 00Y00, 2013. To decelerate the body and limbs, muscles lengthen actively to dissipate energy. During rapid energy-dissipating events,
tendons buffer the work done on muscle by storing elastic energy temporarily, then releasing this energy to do work on the muscle.
This elastic mechanism may reduce the risk of muscle damage by reducing peak forces and lengthening rates of active muscle
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INTRODUCTION

Tendons play a critical role in enhancing muscle perfor-
mance for many activities. In running, their springlike func-
tion can reduce the work muscles must do to maintain the
cyclic motion of the body and limbs (21). For high-power
activities like jumping or acceleration, the rapid release of
energy stored in tendon can provide power outputs that ex-
ceed the power-producing capacity of muscles (21). The goal
of this review is to address the role of tendons in an activity
that is critical for locomotion but relatively poorly under-
stood: energy dissipation. Muscles dissipate energy when they
lengthen actively, and energy dissipation is required for any
activity involving the deceleration of the body or limbs, in-
cluding quick maneuvers, reducing speed in walking or run-
ning, or in landing from a jump. The ability of muscles to
dissipate energy undoubtedly affects a wide range of locomo-
tor activities, and it is during these dissipative activities that
injuries tend to occur. Fractured bones, torn ligaments, and
pulled muscles are often associated with rapid maneuvers that
involve deceleration and dissipation of mechanical energy.
The risk of injury likely depends on the mechanical perfor-
mance of muscles during rapid decelerations, thus, it is worth
understanding how muscles perform these tasks and how the
springlike action of tendons may influence muscle mechanical
behavior.

Among the studies that have addressed the role of tendons
in energy-dissipating activities, there generally is a consensus
that tendons act as a mechanical buffer to protect muscles
from possible damage associated with rapid active stretching
(8,10,19,20). Here, we present the central hypothesis that
tendons protect muscle from the damage associated with ec-
centric contractions by delaying and reducing energy absorp-
tion by active muscle fibers. We propose that, although the
temporary storage of energy in tendons does not reduce mus-
cle lengthening significantly, it reduces the chance of damage
by allowing for muscle contractions that are slower, less
powerful, and involve lower forces.

TENDONS AS BUFFERS: ESTABLISHED IDEAS AND
LINGERING QUESTIONS

The idea of tendons as a mechanical buffer was proposed
by Griffiths (8), based on observations of the mechanical
behavior of isolated cat muscles. In an elegant series of ex-
periments, Griffiths (8) took advantage of a then-new tech-
nology, sonomicrometry, to make measurements of the length
changes in muscle fascicles independently of the length
change applied to the whole muscle-tendon unit (MTU) by
an external servomotor (8). The key observation was a rela-
tively simple but striking one: when a ramp lengthening was
applied to the MTU simultaneous with the onset of muscle
activation, there was little, if any, lengthening of the muscle
fascicles ( F1Fig. 1). In fact, during all but the fastest lengthen-
ing trials the muscle fascicles shortened exclusively while
the MTU lengthened. The observation that an MTU length-
ening could be accommodated by tendon elasticity was con-
sistent with observations of the behavior of ankle extensors
during the stance phase of walking and hopping (7,9), but
measurements by Griffith (8) on isolated muscles showed just
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how substantial this effect could be. The study suggested that
the reduction in muscle lengthening caused by tendon elas-
ticity might serve a protective effect, given muscle’s propensity
to damage during lengthening, and concluded that the ten-
don ‘‘acts as a mechanical buffer’’ (8).

Relatively recent advances in ultrasound techniques for mea-
suring muscle fascicle and tendon displacements also have pro-
vided evidence of a tendon-buffering mechanism. Reeves and
Narici (19) measured muscle fascicle length changes as subjects
performed voluntary contractions during isokinetic joint excur-
sions controlled by a dynamometer. Across a range of length-
ening velocities, there was negligible change in the length of
the fascicles measured from rest to a given point in joint angu-
lar excursion. This observation led the authors to conclude
that stretch of the tendon during the period of MTU length-
ening allowed the muscle fascicles to behave nearly isometri-
cally. The study concluded that tendon acts as a mechanical
buffer during eccentric (lengthening) contractions, possibly as
a protective mechanism against muscle damage.

The idea that tendons act like springy buffers to reduce
impact is appealing and intuitive, and it evokes easy analogies
to the cushioning effect of a car’s springy suspension or a
gymnast’s landing mat. But the details of both the structural
arrangement of muscles and tendons and their mechanical
behavior raise several questions about how a tendon buffering
mechanism might work. For example, how does a structure
that cannot dissipate energy act to cushion an energy-
dissipating event? Tendons are quite resilient springs V they
return 90% to 97% of any energy they absorb V so, although
they can store energy temporarily, this stored energy must be
returned. During a movement like walking or running, energy
stored in tendon can be used subsequently to drive joint
motion and work, but in an activity requiring energy dissi-
pation, the recoil must drive active muscle lengthening. In
the examples given above, muscle fascicle lengthening was
not observed during the stretch of an MTU but, undoubtedly,
it occurred during the period of the contraction when force
declined and energy was released from stretched tendon.
Thus, several important questions remain if we are to under-
stand how tendons might provide a protective effect for
muscle. Our own studies of muscle-tendon function during
energy-dissipating activities have been motivated to answer
some of these questions. If tendon only delays the eccentric
activity of muscle fascicles, how can this reduce the chance of
injury? Does the near-isometric or shortening behavior of
muscle fascicles observed for lengthening contractions during
controlled driven contractions occur during ordinary move-
ments? What are the implications of this mechanism for
neural control?

TENDONS DELAY ENERGY ABSORPTION
BY MUSCLES

In Situ Measurements of Muscle Lengthening
We have examined the role of tendons in energy-

dissipating events using wild turkeys as a model. Although
arguably not the most obvious study animal for locomotor
research, turkeys offer a unique advantage: segments of their
limb tendons ossify, and these stiff tendon regions allow the

Figure 1. MuscleAQ3 force (A), fiber (fascicle) length (B), and whole muscle-
tendon unit (MTU) length (C) for cat medial gastrocnemius stimulated
to contract in situ. During MTU lengthening, muscle fascicles shortened
(solid and dashed lines) or were lengthened at a much slower rate com-
pared with the whole muscle (dotted line, fastest MTU lengthening).
(Reprinted from (8). Copyright * 1991 Wiley. Used with permission.)
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application of foil element strain gauges that can be used to
measure the force produced by individual muscles during lo-
comotor activities (strain measurements are converted easily
to force after an in situ calibration of the tendon-mounted
strain gauges (6)). The lateral gastrocnemius muscle in tur-
keys has the same action as the gastrocnemius in humans,
ankle extension (i.e., plantarfexion), and it is loaded eccen-
trically when the ankle is flexed by an external load. In tur-
keys, the muscle can be studied conveniently both in vivo,
during locomotor activities, and in situ, where muscle stimu-
lation and length can be controlled.

We studied the mechanical behavior of the turkey gastroc-
nemius during active lengthening in situ using a servomotor to
measure MTU length and force and sonomicrometry to mea-
sure muscle fascicle length (20). In a series of contractions, a
constant velocity stretch was applied to the muscle, with the
onset of stretch occurring simultaneously with the onset of
muscle stimulation (F2 Fig. 2). Results from these contractions
showed that both the MTU and muscle fascicles underwent
net lengthening, but the timing of the two was completely out
of phase. During the period of MTU lengthening, muscle

fascicles underwent minimal lengthening or, in most cases,
shortened. Most or all of the fascicle lengthening occurred
later, after the MTU lengthening ramp, during a period when
the MTU was isometric. This pattern reflects the predominant
effect of tendon stretch and recoil. Lengthening of the MTU is
accommodated initially by tendon stretch (and, for slow
lengthening contractions, tendon stretch also requires fascicle
shortening), which occurs during the rapid rise in force associ-
ated withmuscle activation. Later, when theMTU is isometric,
relaxation of the muscle allows for a decay in muscle force and
recoil of the elastic tendon. This tendon shortening drives
muscle fascicle lengthening, although the entireMTU does not
change length during this period. Thus, there is an internal
shuttling of energy where strain energy first loaded into
stretching tendon is later released to lengthen active muscle
fibers, where it is dissipated (20).

In Vivo Measurements of Muscle Lengthening
In situ experiments provide insight because they describe

the mechanical behavior of maximally active muscles driven

Figure 2. LengthAQ3 and force in turkey gastrocnemius muscle fascicles and whole muscle-tendon unit (MTU) during moderate (A), rapid (B), and passive (C)
lengthening. Muscle fascicles shorten during moderate lengthening. In active contractions, most of the muscle lengthening occurs when the MTU is
isometric, indicating that it is driven by tendon recoil. During passive lengthening, forces are low and muscle fascicle length changes correspond to length
changes of the whole MTU. (Reprinted from (19). Copyright * 2003 American Physiological Society. Used with permission.)
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by an external load, but this behavior is not necessarily rep-
resentative of the events that occur in ordinary movements.
We used the same muscle studied in situ, the turkey lateral
gastrocnemius, to study how MTU absorb energy during an
activity that requires substantial energy dissipation: landing
from a jump (10). To get repeatable behavior, we used a rope
and pulley system to suspend animals over a landing area,
then released them at a height that allowed for controlled
coordinated landings. Results from this study confirmed that
tendons play a role in buffering the initial rapid absorption
of energy. During the first period after foot contact, when
muscle force rose rapidly, energy was stored almost exclu-
sively in the lateral gastrocnemius tendon. It was only later,
after most of the ankle flexion had occurred, that the muscle
fascicles lengthened. Because tendon energy was stored rap-
idly but released slowly, the peak rate of energy absorption
into the tendon was much greater than the peak rate of en-
ergy absorption by the muscle (10).
Studies of muscle function in humans also have provided

evidence of the importance of tendon elasticity during activi-
ties involving eccentric muscle contraction. Spanjaard and
colleagues (23) used ultrasound to track muscle fascicle length
in the medial gastrocnemius (MG) of human subjects walking
up and down stairs. During stair descent, the pattern of muscle
fascicle length change was consistent with observations from
isolated animal muscles. Muscle fascicle and MTU length
changes were out of phase, with most of the fascicle length-
ening occurring late in the step when the MTU underwent
little change in length, providing evidence for the significant
influence of tendon. In a study of a more complex motion,
a drop-jump on a sled, Sousa and coworkers (22) also found
that the MG initially shortened while the MTU lengthened
at impact. They found that the soleus, however, lengthened
early in the event during MTU lengthening. It should be noted
that this was a somewhat more complex motor behavior and
not purely energy dissipative, as subjects performed a stretch-
shorten cycle to propel themselves upward along the sled after
the initial impact (22).

PROTECTIVE ROLE OF TENDON FUNCTION

To dissipate energy, muscle fascicles must lengthen actively.
Both in situ and in vivo studies indicate that tendons can delay
this lengthening during energy-dissipating events by absorbing
impact energy transiently and then releasing energy to do work
on muscle fascicles. Because tendons are so resilient, this me-
chanism does not alter the amount of muscle fascicle length-
ening required to dissipate energy significantly, only its timing.
Can altering the timing of muscle energy dissipation provide a
protective effect? Our studies of turkey gastrocnemius function
in situ and during ordinary movements point to several possible
mechanisms whereby tendon elasticity may protect muscle and
other structures from damage.
Perhaps the most important effect of tendon elasticity is

that it reduces the force developed in an eccentric contraction.
If a muscle is stimulated maximally, as in an in situ preparation,
the rate of increase in force after the onset of stimulation is
determined largely by force-velocity effects and the speed of

shortening of active fibers (5). Muscle shortening will reduce
the rate of rise in force, whereas muscle lengthening will in-
crease it. This effect is apparent in the contractions shown in
Figure 2, where force rises rapidly in the fast stretch (Fig. 2B)
compared with the slower stretch (Fig. 2A). For a fixed dura-
tion of stimulation, these differences in force rise rate result in
differences in the peak force developed. In turkey gastrocne-
mius in situ, we found that the peak force of contraction was
only about half of what it would have been had the stretch
been applied directly to the muscle fascicles rather than to the
tendon (19). In vivo, the lack of fascicle lengthening during the
prominent early burst of electromyographic AQ4activity ( F3Fig. 3)
presumably had a similar effect of limiting the peak muscle
force developed, relative to the force that would have been
developed had the muscle fascicles lengthened during this pe-
riod. This mechanism would seem to be particularly important
for landings, where maximal muscle recruitment, for example,
to deal with an impact of uncertain intensity, might lead to
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Figure 3. Mechanical behavior of the turkey lateral gastrocnemius
during a drop landing. During the early part of the contraction, muscle
fascicles shorten (B) at the same time the muscle-tendon unit (MTU)
lengthens because of ankle flexion. Power (C) flows initially into the MTU
and later into the muscle fascicles after most of the joint movement
is complete. The delay in energy transfer to the muscle fascicles, caused
by transient tendon energy storage, results in attenuation of the power
absorption by muscle fascicles. (Reproduced from (10). Copyright * 2011
American Physiological Society. Used with permission.)
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very high forces if muscle fascicles also were lengthened rapidly
during activation.

Two other possible protective roles of tendons resulted
from the delay in energy absorption by muscle fascicles during
MTU lengthening. We found that both in vivo and in situ,
the tendon stretched more rapidly than it recoiled. As a result,
the rate of lengthening of the muscle fascicles was reduced
relative to what it would have been had the initial stretch of
the MTU been accommodated by muscle fascicles rather than
tendon. The lower rate of fascicle lengthening relative to that
of the tendon also tended to reduce the rate of energy absorp-
tion, measured as muscle power, in active muscle fascicles. The
peak rate of energy absorption by the whole MTU was much
greater than that of the muscle because of the very rapid ab-
sorption of energy by the tendon in the early part of the con-
traction. Because this energy was then released relatively slowly
to lengthen active muscle fascicles, the rate of energy dissipa-
tion by muscle fascicles was lower than the initial rate of energy
storage by tendon. This result suggests that, without an elastic
tendon, power inputs to active muscle fibers would be much
higher (apparent when comparing MTU power during force
rise with fascicle power during force decay in Fig. 3C).

Does a reduction in peak force, rate of lengthening, or peak
power input to active muscle fibers reduce the chance of
muscle damage? A challenge in answering this question is a
lack of clear consensus on the factors that determine the risk
of muscle damage in an eccentric contraction (18). It seems
reasonable to assume that reductions in peak force would re-
duce the chance of damage not only to muscle but also to all
musculoskeletal structures, including bone, ligaments, and
other joint connective tissues. Some isolated muscle studies
support a link between peak muscle force and the degree of
damage from eccentric contractions (12,25), but others sug-
gest that it is maximum fascicle strain, not force, that de-
termines muscle damage during lengthening (11). Some
studies have found that increasing the rate of lengthening for
an eccentric contraction of fixed strain magnitude increases
damage to isolated muscles (25). If so, a tendon mechanism
that leads to a reduction in muscle lengthening rate may re-
duce the chance of muscle damage.

TENDON BUFFERING OF ECCENTRIC CONTRACTIONS:
A SUMMARY OF THE MECHANISM

Evidence from both in situ and in vivo studies suggests that
the storage and release of elastic strain energy in tendon can
delay and slow the dissipation of mechanical energy by active
muscle fascicles.F4 Figure 4 summarizes how this mechanism
works at the level of the MTU, and here we describe how it is
facilitated by the contractile behavior of skeletal muscle.

Energy absorption is initiated when an external load is applied
to the MTU. In landing from a jump, the load would result from
the impact force and the joint flexion that accompanies it. The
muscle is activated and, as force rises, tendon is stretched and
stores energy. In the idealized model in Figure 4, MTU length-
ening is accommodated entirely by the tendon stretch, whereas
the muscle remains isometric. This event occurs rapidly, and
the effective shuttling of energy to the tendon, rather than to

stretching muscle fibers, relies on two physiological properties
of the muscle: 1) rapid activation and 2) force-velocity behavior.
It is the rapid rise of force that results in a rapid stretch of the
tendon, and this occurs because the onset of activation of the
muscle is close to simultaneous with the onset of MTU length-
ening. A stretch applied to an MTU that is already fully active,
in tetanus, results in less tendon lengthening and more muscle
fascicle lengthening (8). The force-velocity property of muscle
influences the relative contribution of muscle fascicle versus
tendon to the MTU lengthening event. Any tendency to
lengthen muscle fascicles will lead to an increase in force de-
veloped by those fascicles, and increases in force increase the
stretch of tendon. This behavior can explain how tendon stretch
accommodates MTU stretch across a wide range of velocities:
faster stretches tend to lead to higher forces (because of
force-velocity effects), and higher forces result in more ten-
don stretch. Increases in the rate of MTU lengthening tend
to reduce the rate of muscle fascicle shortening, but the in-
fluence is relatively weak; the slope of the regression of fas-
cicle lengthening/shortening rate versus MTU lengthening
rate was less than 0.5 across a wide range of lengthening
speeds in situ (20). This behavior may make the system very
robust in its ability to protect muscle fascicles from length-
ening for a wide range of unpredictable impact conditions.

Once energy is stored in the tendon, it can be released to do
useful work, such as in reaccelerating the body in a step of
walking or running, or if it is to be dissipated, it can lengthen
active muscle fibers. The exact time course of this event will
depend on the time course of muscle stimulation, but intrinsic
muscle properties, particularly the relatively slow rate of re-
laxation relative to activation, likely facilitate the slow release
of energy from tendon to muscle. The slower rate of muscle
relaxation compared with activation is apparent in the dif-
ferences between the slopes of force rise and decay in Figure 2.
Because the release of tendon energy to muscle is slower than
the rate at which it is stored, the power input to muscle fibers
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Figure 4. Schematic summary of the tendon buffering mechanism.
Energy is absorbed initially by the tendon during a brief and rapid event,
followed by a relatively slow flow of energy from the tendon to the muscle
as fascicle lengthens and dissipates energy.

AQ3
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is reduced relative to the power input to the tendon that oc-
curs during initial energy storage. Thus, this mechanism works
like the familiar power amplifier action of tendon during
ballistic activities like jumping, but in reverse.
Muscles with large tendons usually are pennate, meaning

the fascicles run at an angle to the line of action of the muscle.
During contraction, length changes in pennate muscles result
not only from fascicle shortening or lengthening but also from
the rotation of fascicles that occurs with changes in pennation
angle (3,13,15). During shortening, changes in pennation an-
gle can increase muscle shortening relative to fascicle short-
ening (3). Changes in pennation angle likely also act during
lengthening to increase MTU lengthening relative to fascicle
lengthening. It is likely that changes in pennation angle also
play a role in protecting muscle fibers from potentially dam-
aging lengthening and may contribute to the length change
patterns that have been observed in the early part of contrac-
tions for energy-dissipating activities.

BUFFERS, ATTENUATORS, AND SHOCK
ABSORBERSVWHAT CAN TERMINOLOGY TEACH US?

Several different terms have been applied to describe the
mechanical role of tendons during muscle energy absorption,
including a ‘‘mechanical buffer,’’ ‘‘shock absorber,’’ and
‘‘power attenuator’’ (8,10,19,20). Exploring the extent to
which physical analogs are or are not accurate can be in-
structive and can serve our understanding of how the mech-
anism works.
Both the terms ‘‘buffer’’ and ‘‘shock absorber’’ accurately de-

scribe the observation that tendon stretch initially absorbs the
energy of impact, thereby reducing, at least for this initial pe-
riod, the energy that must be absorbed by muscle. Engineered
mechanical buffers and shock absorbers, such as the shock ab-
sorbers on automobiles, also tend to blunt the force of impact
because they slow decelerations. Likewise, our results for tur-
key gastrocnemius indicate that force of contraction is reduced
because of the influence of tendon elasticity on muscle speed
of shortening or lengthening. However, the analogy of a buffer
or shock absorber is somewhat problematic because engineered
devices not only absorb impact energy, they also dissipate it via
viscous damping mechanisms. Tendons dissipate only a small
fraction (G10%) of the energy they absorb, and the ‘‘shock’’ that
they absorb at impact must be released to the muscle eventu-
ally, which dissipates the energy.
In the turkey gastrocnemius, the temporary storage and re-

lease of energy from tendon to muscle can result in a reduction
in the rate at which energy is dissipated by the muscle fascicles.
We have referred to this role of tendon as that of a power at-
tenuator because the peak rate of power input to the muscle is
reduced. This terminology is appealing because it serves as an
intuitive counterpart to the more familiar analogy of tendon as
a ‘‘power amplifier,’’ where the storage and release of muscle
work by tendon allow for power outputs that exceed the max-
imum power output of the muscle (e.g., Aerts (1) and Vogel
(24)). Both terms have been criticized reasonably because fa-
miliar electronic amplifiers work by adding energy to a signal.
Tendons neither add nor subtract significant energy; they can

act to increase power output or decrease the rate of power
input to muscle only by redistributing work in time. It has been
suggested that a more appropriate physical analog for the
action of tendons during an energy-dissipating event is a ca-
pacitor. Capacitors temporarily store electrical energy and can
operate with different time constants for storage and release of
this energy. They are used, for example, in electrical signal
conditioning to smooth out rapid fluctuations in power. The
analogy of a capacitor for the mechanical function of ten-
dons during muscle energy dissipation is appealing because,
like a tendon, a capacitor alters power by changing the timing
of energy flow, not by adding or subtracting energy. Thus, the
idea that tendons act as biological capacitors may provide a
more accurate analogy than the notion of amplifiers and at-
tenuators. In our experience, challenges AQ5of this analogy are
that, in the digital age, a capacitor’s action is too distant from
many biologists’ intuition and the necessity of explaining how
a capacitor works hinders its utility as a descriptive analogy.

IMPLICATIONS FOR NEURAL CONTROL

It has been demonstrated in three different systems that a
rapid stretch applied to a fully active muscle initially can be
taken up almost entirely by stretching tendon (8,19,20). In-
creasing the rate of MTU lengthening only increases the
force and, therefore, the stretch of the tendon, thus, in prac-
tice, it is almost not possible to get a fully active muscle to
lengthen in the early part of a contraction. Data from drop
landing experiments tend to support this observation because
fascicles in turkey lateral gastrocnemius undergo little or no
lengthening early in the contraction. This does not mean,
however, that muscle fascicles always undergo this kind of
contraction pattern. During downhill running, the turkey gas-
trocnemius undergoes nearly constant velocity lengthening,
beginning at toe down and the onset of active force (e.g., Fig. 6
in Gabaldón et al. (6) AQ6). The different lengthening patterns
during running versus drop landings suggest that control of
the level of muscle activation can allow modulation of the
extent to which the tendon acts as a mechanical buffer. The
recruitment of fewer motor units means lower forces and less
tendency to stretch the tendon. Griffiths (8) demonstrated
the role of muscle recruitment on tendon action in cat gas-
trocnemius by comparing the fascicle length pattern when
an animal scratched its ear to the pattern during a paw shake,
elicited by placing tape on the animal’s foot. In paw shake,
a relatively high-force activity, length changes in the MTU
were out of phase with fascicle length changes, whereas in
the low-force ear scratch, there was good agreement at all
times between length change in the fascicles and the whole
MTU (8).

The behavior of the turkey lateral gastrocnemius during a
drop landing and in situ suggests that the interaction between
muscle and tendon mechanical behavior may allow for mod-
ulation of the energy-absorbing event by mechanical, rather
than neural, feedback. As demonstrated in situ, as an increasing
rate of stretch of the MTU tends to stretch muscle fascicles,
muscle force increases because of force-velocity effects and
tendon is stretched more. For activities where the magnitude of
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impact force is uncertain or when maximal energy dissipation
is desired (such as in a maximal braking step to decelerate in a
run), muscles may be recruited maximally. Muscle contractile
behavior would then depend on the mechanical events after
impact. If the impact energy is low, the muscle likely would
shorten against tendon stretch, limiting muscle forces caused
by force-velocity effects. Higher impact energies would reduce
muscle shortening, resulting in significant tendon stretch, high
forces, and greater energy dissipation.

The integrated mechanical behavior of muscle and tendon
during high-power eccentric activities also may provide an
explanation for puzzling results from studies of eccentric
contraction in human subjects. In dynamometer studies, the
maximal force developed when active MTU are loaded ec-
centrically by joint flexion is similar to or only slightly greater
than that of an isometric contraction (reviewed in Duchateau
and Enoka (4)). Isolated supramaximally active muscle fibers
develop forces during lengthening that are 70% to 100%
greater than the force developed isometrically, so why don’t
eccentric contractions in dynamometer studies elicit higher
forces? It has been proposed that these low forces result from
a neural mechanism that acts to limit force via inhibitory
feedback that reduces muscle recruitment during maximal
lengthening events. A slight reduction, by about 10%, in elec-
tromyographicAQ7 signal during eccentric loading lends some sup-
port to this hypothesis (2). Data from our in situ studies suggest
an alternative explanation: eccentric loading during motor ve-
hicle crashesAQ8 stretches the tendon and not the muscle fascicles,
and because the fibers are close to isometric, the muscle produces
no more force than it would in a contraction in which the joint
does not move. The isometric behavior of human tibialis ante-
rior fascicles during lengthening is consistent with this expla-
nation (19). This mechanical force-limiting mechanism also
is apparent during in situ lengthening of maximally activated
turkey gastrocnemius. Given typical force-velocity curves for
lengthening muscle (17) and the maximal shortening velocity
for turkey lateral gastrocnemius (16), this muscle would be
expected to produce a force of about 1.8! the peak isometric
tetanic force (Po) when lengthened at a rate of 1 L sj1 or fas-
ter. When the lateral gastrocnemius MTU was lengthened at
1.6 L sj1, peak force was approximately equal to Po, the maxi-
mal force in an isometric contraction. The very fastest length-
ening rate, 4.5 L sj1, produced a force that exceeded Po, but
only by about 30%, not the 80% difference expected for an
isotonic lengthening contraction. These results suggest that the
mechanical influence of tendon serves to limit muscle forces
significantly, and this mechanism may provide a mechanical,
rather than a neural, basis for the force-limiting mechanism in
maximal eccentric contractions in human subjects.

An intriguing aspect of the central role of tendons in
energy-dissipating activities is that it provides a potential
mechanism for the very rapid adaptation to eccentric activi-
ties that has been observed in human subjects. A single bout
of eccentric exercise can protect against damage in subse-
quent eccentric bouts (13). The mechanism for this ‘‘repeated
bout’’ effect is unclear, and the rapidity of the response chal-
lenges explanations that require significant remodeling of
cells and tissues. We hypothesize that a learned ability to fine-
tune muscle activation patterns so as to enhance the protec-
tive effect of tendon elasticity may occur rapidly and may

explain the significant reduction in eccentric muscle damage
after an initial bout of experience with a given eccentric ac-
tivity. This possible mechanism of neural adaptation to ec-
centric exercise has not yet been tested.

CONCLUSIONS

Under circumstances that require the dissipation of me-
chanical energy, the elastic behavior of tendon can protect
muscle by storing energy rapidly temporarily, then releasing it
more slowly to do work on the muscle. This mechanism may
protect muscle from damage by reducing the rate of muscle
fascicle lengthening and peak power inputs to muscle fascicles.
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