
Limitations of Relaxation Kinetics on Muscular Work

John McDaniel1,2, Steven J. Elmer1, and James C. Martin1

1Department of Exercise and Sport Science, The University of Utah, Salt Lake City, Utah
2Geriatric Research Education and Clinical Center, George E. Whalen VA Medical Center, Salt
Lake City, Utah

Abstract
AIM—Positive net work produced during cyclic contractions is partially limited by relaxation
kinetics, which to date, have not been directly investigated. Therefore the purpose of this
investigation was to determine the influence of relaxation kinetics on cyclic work.

METHODS—Soleus muscles of four cats were isolated and subjected to a series of work loops
(0.5, 1, 1.5 and 2 Hz cycle frequencies) during which stimulation terminated prior to the end of the
shortening phase to allow for complete muscle relaxation and matched discrete sinusoidal
shortening contractions during which stimulation remained on until the completion of the
shortening phase. Muscle length changes during these protocols were centered on optimum length
and were performed across muscle lengths that represented walking gait.

RESULTS—When muscle excursions were centered on Lo relaxation kinetics decreased
muscular work by 2.8 ± 0.8%, 12.1 ± 4.1%, 27.9 ± 4.5% and 40.1 ± 5.9% for 0.5, 1, 1.5, and 2 Hz
respectively. However, relaxation kinetics did not influence muscular work when muscle
excursions represented walking gait. In addition, muscular work produced at muscle lengths
associated with walking gait was less than the work produced across Lo (55.7 ± 20.0%, 53.5 ±
21.0%, and 50.1 ± 22.0% for 0.5 Hz, 1 Hz and 1.5 Hz respectively).

CONCLUSION—These results imply that relaxation kinetics are an important factor that limit
the ability of muscle to produce work; however, relaxation kinetics influence on physiological
function may depend on the relation between the optimum length and natural excursion of a
muscle.

Keywords
Relaxation kinetics; skeletal muscle; work

Introduction
Utilizing a variety of muscle preparations, previous investigators have described the
limitations imposed on muscular work by activation and relaxation kinetics (Caiozzo and
Baldwin, 1997, Marsh, 1990, Askew and Marsh, 1998, Askew et al., 1997, Stevens, 1996,
Syme and Tonks, 2004, James et al., 1996). Caiozzo and Baldwin (1997) compared actual
work performed during work loops to a theoretical work loop determined by Hill’s force-
velocity equation and instantaneous activation and relaxation kinetics at the beginning and
end of the shortening phase. They reported activation and relaxation kinetics were important
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factors that limit mechanical work produced by skeletal muscle particularly at higher cycle
frequencies. Using a similar model, James, Young, Cox, et al. (1996) demonstrated that
activation and relaxation rates limit muscular power produced during cyclic contractions.
Furthermore, these limitations exert a greater influence when the muscle is fatigued (Syme
and Tonks, 2004, Askew et al., 1997). Syme and Tonks (2004) investigated the effects of
fatigue on muscle twitch characteristics, tetanic force and work production using the work-
loop technique. They attributed a severe reduction in the muscle’s ability to perform work
during cyclic contractions, compared to isometric force, to an increase in relaxation time by
more than 400%.

Despite the documented importance of relaxation kinetics during cyclic contractions, to date,
the limitations they impose on work have not been directly investigated. As mentioned
previously, Caiozzo and Baldwin quantified the differences between actual work and
theoretical work; however, the muscle lengths they utilized remained on or near the plateau
of the force-length curve. There is evidence to suggest that force-length effects, and history-
dependent effects (i.e., shortening induced deactivation), not included in their model, may
influence relaxation kinetics and the limitations they impose on work. For example, the rate
of relaxation increases as muscle length decreases (Caiozzo and Baldwin, 1997, Rassier and
MacIntosh, 2002, Brown and Loeb, 2000). As a result, the limits imposed by relaxation on
muscular work may vary with the muscle lengths over which the contractions are performed.
Furthermore, if shortening induced deactivation (Abbott and Aubert, 1952, Herzog et al.,
2000, Josephson and Stokes, 1999, Meijer, 2002, Herzog et al., 1998) is not accounted for,
theoretical work would be overestimated. Therefore, a more direct approach to determining
the limitations imposed by relaxation kinetics could improve our understanding of muscle’s
ability to produce work.

Investigating the limitations of relaxation kinetics across a range of muscle lengths is also
warranted. Although many investigators have centered work producing contractions on Lo,
these muscle lengths may or may not relate to normal physiological movements. Herzog and
colleagues (1992) reported the physiological range of motion for cat soleus to be on the
ascending limb of the force-length curve. Likewise, Josephson and Stokes (1987) reported
maximum isometric force for scaphognathite muscle L2B was achieved at muscle lengths
10–20% greater than the longest length reached in vivo. There is evidence that this
difference between physiological muscle lengths and optimal muscle length is dependent on
chronic use. Herzog and colleagues found that the force-length properties of the rectus
femoris muscle differed systematically between runners and cyclists and suggested that this
difference most likely resulted from the requirements imposed on that muscle by the
different sports (Herzog et al., 1991).

The primary purpose of this investigation was to determine directly the limitations of
relaxation kinetics on work. A secondary purpose was to compare the ability of muscle to
perform work, and limitations of relaxation kinetics across two different muscle lengths
(muscle length excursions centered on Lo and muscle length excursions representative of
walking gait). We hypothesized that relaxation kinetics would significantly influence the
ability of muscle to perform work during cyclic contractions at both muscle lengths. Further,
we hypothesized that these limitations would be reduced when muscle length excursion
represented walking gait due to increased relaxation rate and decreased force production.
Finally, during walking gait cat soleus operates on the ascending limb of the force-length
curve, therefore we expected the muscle’s ability to perform work would be reduced when
the muscle length excursion represented walking gait compared to those centered on Lo.
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Methods
All surgical and experimental protocols used in this investigation have been approved by
University of Utah Institutional Animal Care and Use Committee. Four fasted cats (5.48 ±
0.78 kg) were initially anesthetized with Telezol (10 mg·kg−1). The animals were intubated
and general anesthesia was maintained by isoflurane (1.5%–2.5%). ECG, HR, expired CO2,
O2 saturation, body temperature, and blood pressure were monitored and recorded every 15
minutes to ensure a stable anesthetic plane and health of the animal. Lactated Ringer’s
solution (600 mg sodium chloride, 310 mg sodium lactate, 30 mg potassium chloride and 20
mg calcium chloride per 100 ml) was administered intravenously at a rate of 25 ml·h−1.

Surgery involved an incision along the posterior aspect of the lower limb. The distal tendon
of the soleus muscle was identified and separated from the tendons of the plantaris and
gastrocnemius muscles. The calcaneous was severed leaving a bone fragment attached to the
distal portion of the soleus tendon, which was connected to a load cell (Honeywell model
31, Morristown, NJ), servo-tube (Copley Controls STA25, Canton, MA) and linear encoder
(Celesco, PT1E Chatwsorth, CA). During the experiments, position was controlled by the
servo-tube, and force and position were simultaneously recorded by the force transducer and
linear encoder (4000 Hz). The experimental animal was rigidly fixed to the table using bone
pins placed in the femur and tibia. The muscle was kept moist and warm (32 °C) during the
experiment through the application of mineral oil and a heat lamp.

The muscle was maximally stimulated (70Hz, 500µsec pulse width) using a Grass SD9
stimulator via 10×10 Utah Slanted Electrode Array (USEA)(Branner et al., 2001). The
USEA was positioned on the sciatic nerve from the lateral side of the animal 2–4 cm
proximal to the nerve’s branching into tibial and fibular nerves. A pneumatic impulse
insertion technique was used to insert the array (Rousche and Normann, 1992). The
electrodes on the array were then mapped (as described elsewhere (Branner et al., 2001)) to
determine which electrodes stimulated motor neurons that innervated the soleus. The single
electrode in which the least amount of voltage required to elicit a maximal contraction of
soleus was used for the experimental protocols.

All muscle length excursions (oscillating change in muscle length) used in this experiment
were based on muscle length changes produced during walking gait (Goslow et al., 1973,
Gregor et al., 2006, Carlson-Kuhta et al., 1998). As a result, the absolute muscle length
change used in this investigation varied between cats. More specifically, larger cats were
subjected to larger muscle length excursions, but equal muscle strain (approximately 12%
based on previous literature (Goslow et al., 1973)). Prior to cutting the calcaneous, a pin was
inserted into the posterior side of the tibia and 9-0 suture was tied to the tendon. Distances
between the bone pin and tendon suture were measured through a range of ankle joint angles
defined as the included angle between the shank and dorsal surface of the foot. Relating the
distance between the bone pin and tendon suture to ankle angle allowed for the identification
of the muscle lengths associated with cat walking gait (85–130°) (Goslow et al., 1973,
Gregor et al., 2006, Carlson-Kuhta et al., 1998) after the distal tendon was detached from the
limb. Following these initial measures, the calcaneous was severed and the tendon was
connected to the force transducer. Lo was determined utilizing a series of isometric
contractions (400 ms pulse train) in which the initial muscle length was associated with 130°
ankle angle and muscle length increased in 2 mm increments with each successive isometric
contraction.

For each experimental animal, the soleus muscle was subjected to a series of four work
loops and four discrete sinusoidal shortening contractions (an example of a single work loop
and sinusoidal shortening contractions is illustrated in Figure 1). The work loops were
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performed at each of four cycle frequencies (0.5, 1, 1.5, and 2 Hz). Each work loop protocol
was composed of two passive cycles, one active cycle, and a final passive cycle. This
protocol allowed for the analysis of the second (passive) and third (active) cycle, which were
not influenced by discontinuities associated with starting and stopping the servo-tube.
Stimulation onset occurred at maximum length, and offset occurred prior to the end of
shortening to allow for complete relaxation of the muscle immediately prior to subsequent
lengthening. This stimulation scheme was developed to minimize negative work (i.e.,
eccentric contractions) while maximizing positive work (Caiozzo and Baldwin, 1997). The
discrete shortening protocols consisted of a passive lengthening phase, two-second pause,
active shortening phase, two-second pause, followed by a second passive lengthening phase
that returned the muscle to the initial position. Within these protocols, the muscle length
changes during the shortening phase followed a half-sinusoidal trajectory identical to the
active shortening phase during the work loops. Stimulation during the discrete shortening
contractions was similar to the work loops in that it started with the onset of the shortening
phase; however, unlike the work loop condition, stimulation during the sinusoidal shortening
contractions continued through the end of the shortening. Hence, the two protocols differ
only in terms of stimulation offset, the difference of which represents the time required for
complete muscle relaxation. This set of work loops (0.5, 1, 1.5, and 2 Hz) and matched
sinusoidal shortening contractions were performed twice, once across muscle lengths that
represented walking gait and once centered about Lo. To minimize fatigue effects, all
protocols were separated by two minutes and performed in a randomized order. A 400 ms
isometric contraction was performed after every fourth protocol to monitor fatigue. Extra
recovery was given if fatigue was evident and the investigation was terminated if isometric
forces did not recover.

For both protocols, active force during the shortening phase was determined by subtracting
force during the passive cycle (passive forces) from force during the active cycle (net forces)
at equivalent muscle lengths. Work performed during work loops was calculated by finite
differentiation (first central difference method) of active force and shortening distance
during the work loops. Likewise work performed during discrete shortening contractions
was calculated by finite differentiation of active force and shortening distance. For each
cycle frequency, work difference (ΔW) was calculated as the difference between work
performed during work loops and work performed during discrete shortening contractions.

A two by two by four repeated measures ANOVA was used to determine the effects of
stimulation offset (i.e., work loop or discrete contraction), muscle length (representing
walking gait or centered on Lo) and cycle frequency (0.5, 1, 1.5 and 2 Hz) on the muscles’
abilities to perform work. In addition, a two by four repeated measures ANOVA was used to
determine the influence of muscle length and cycle frequency on the difference in work
production between work loop and discrete shortening protocols. The Huynh-Feldt
correction was used when data violated the assumption of sphericity. Pairwise comparisons
were used to further elucidate where significant simple effects existed if the main effects
were found to be significant (alpha adjusted with LSD). All comparisons were performed at
the α level of 0.05.

Results
The methods utilized to determine muscle length excursions resulted in a pair of dynamic
protocols with non-overlapping muscle length ranges (Figure 2). The muscle length
excursions that represented walking gait (ankle angle range of 85–110°) remained
exclusively on the ascending limb of the force-length relationship, whereas the muscle
length excursions that centered on Lo remained near the plateau of the force-length
relationship. The mean (± SD) muscle length change for the shortening phase of both
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protocols was 12.25 ± 2.0 mm. Representative force-length trajectories for both protocols
and at both muscle lengths are illustrated in Figure 3.

The main effects under investigation were stimulation offset (represented by work loop or
discrete shortening contractions), muscle length (representing walking gait or centered on
Lo) and cycle frequency (0.5, 1, 1.5, and 2 Hz). Repeated measures ANOVA indicated the
main effects of stimulation offset, muscle length and cycle frequency were significant. The
ANOVA also indicated that the following interactions were also significant: contraction type
by muscle length and contraction type by cycle frequency. The muscle length by cycle
frequency interaction (p = 0.051, power = 0.572) displayed a strong trend toward
significance.

For muscle length excursions centered on Lo, pairwise comparison indicated a significant
difference between the work performed during work loops and discrete shortening
contractions for all cycle frequencies (Figure 4A). This difference (mean ± SD) increased
with cycle frequency (2.8 ± 0.8%, 12.1 ± 4.1%, 27.9 ± 4.5% and 40.1 ± 5.9% for 0.5, 1, 1.5,
and 2 Hz, respectively). For muscle length excursions representing walking gait, pairwise
comparison did not indicate significant differences between work performed during work
loops and discrete shortening contractions at any cycle frequency (Figure 4A). This
interaction is also depicted when work performed during work loops is expressed as a
percentage of work performed during discrete shortening contractions (Figure 4B). When
muscle length excursions were centered on Lo, the work performed during work loops
decreased by up to 41% compared with the discrete shortening contractions. A decrease in
work not more than 10% was observed when the muscles operated over lengths that
represented walking gait. Hence, the limitations of relaxation kinetics were four times
greater when muscle length excursion centered on Lo compared to those representing
walking gait.

Repeated measures ANOVA indicated a significant effect for muscle length, cycle
frequency and the muscle length by cycle frequency interaction on the difference in work
between work loops and discrete shortening contractions. When muscle length excursions
were centered on Lo, work difference increased to a max of 36.6 ± 9.3 mJ as cycle frequency
increased to 1.5 Hz compared to only a 4.42 ± 4.0 mJ difference, also at 1.5 Hz, when
excursions represented walking gait (Figure 4C). Pairwise comparison indicated work
difference to be greater for muscle length excursions centered on Lo compared to those that
represented walking gait for 1 Hz, 1.5 Hz and 2 Hz but not for 0.5 Hz (p = 0.084) cycle
frequencies.

The ability for the muscle to perform work was dependent on the muscle lengths through
which it shortened. Pairwise comparisons indicated that work performed during work loops
was greater for muscle length excursions centered on Lo compared to excursions represented
walking gait for 0.5 Hz, 1 Hz and 1.5 Hz but not for 2 Hz (p = 0.109) cycle frequencies
(Figure 4A- empty symbols). The mean (± SD) absolute and relative differences in work
between the two muscle lengths were 138.2 ± 65.6mJ (55.7 ± 20.0%), 83.1 ± 36.7mJ (53.5 ±
21.0%) and 46.7 ± 20.5mJ (50.1 ± 22.0%) for 0.5 Hz, 1 Hz and 1.5 Hz, respectively.

Discussion
In this investigation we hypothesized that relaxation kinetics would limit muscular work
when muscle length excursions occurred across Lo and when they represented walking gait.
The primary findings of this investigation demonstrated that limitations imposed by
relaxation kinetics on work were dependent on both cycle frequency and muscle length.
More specifically, the influence of relaxation kinetics increased as cycle frequency
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increased, and was much greater for excursions centered on Lo compared to those that
represented walking gait. A secondary finding of this investigation demonstrated that the
capacity of cat soleus muscle to perform work across walking gait excursions was
significantly less than the capacity to perform work across Lo. These results imply that
relaxation kinetics are important factors that limit cyclic muscular work; however, its
influence on physiological function depends on the relation between the natural length
excursion of the muscle and Lo.

Limitations of Relaxation Kinetics are Length Dependent
The limitations imposed by relaxation kinetics were dependent on muscle length. Large
differences between work performed during work loops and discrete shortening contractions
occurred for muscle length excursions centered on Lo, and no significant differences
occurred for excursions representing walking gait (Figure 4), which occurred exclusively on
the ascending limb of the force-length curve (Figure 2). Furthermore, while collecting pilot
data (not reported), similar comparisons were made using muscle length excursions that
centered on Lo, and excursions that were midway between Lo and lengths that represented
walking gait. Those data suggested that relaxation kinetics limited work, but not to the
extent they did when excursions were centered on Lo. Hence, it seems that a relationship
exists between muscle length, with respect to the force-length curve, and the extent to which
relaxation kinetics limits work.

The force-length trajectories (Figure 3) illustrate why relaxation kinetics impose such a
minor role on the ascending limb of the force-length relationship. The figures in the right
column represent a typical force-length trajectory during work loops (solid line) and discrete
shortening contractions (dashed line) for muscle excursions centered on Lo. As the muscle
shortens during a discrete shortening contraction, the force trajectory is largely dictated by
force-velocity properties. The muscle is at its highest velocity half way through the
shortening phase and slowest at the beginning and end of the shortening phase because of
the sinusoidal profile. Hence, force is lowest midway through the shortening phase and
highest at the end (activation kinetics limit force at the beginning of the shortening phase
especially at faster cycle frequencies). During work loop conditions, stimulation must be
discontinued prior to the end of the shortening phase to allow for complete relaxation of the
muscle during subsequent lengthening. As a result, work is lost due to relaxation kinetics
(area between the solid and dashed lines). In contrast, the excursions that represent walking
gait (left column of Figure 3) occur on the ascending limb of the force-length relationship
(Figure 2). At the end of these excursions the muscle is unable to produce much force due to
force-length effects. Hence, when stimulation is stopped early during work loops, the
amount of work that could potentially be lost is minimal.

In light of these findings it should be noted that stimulation pulse trains were longer during
work loops representing walking gait compared to those centered on Lo. As mentioned
previously, the pulse train durations were set independently for all eight combinations of
cycle frequency and muscle length to minimize eccentric contractions yet maximize work.
As a result stimulation duration was 1.4%, 15.1%, 40.8%, and 105.3% longer for 0.5 Hz, 1
Hz, 1.5 Hz, and 2 Hz work loops that represented walking gait compared to those that
centered on Lo. The smaller forces and increased relaxation rate (Caiozzo and Baldwin,
1997, Rassier and MacIntosh, 2002, Brown and Loeb, 2000) at shorter muscle lengths, those
representing walking gait, allowed for the longer stimulation pulse train.

For muscle length excursions centered on Lo, the absolute difference between work
performed during work loops and discrete shortening contractions increased and their ratio
decreased as cycle frequency increased from 0.5 to 2 Hz (Figure 4). These results support
previous findings by Caiozzo and Baldwin (1997) who reported that the ratio of actual
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muscular work to theoretical work also decreased with increased cycle frequency. Factors
not included in their model, such as force-length properties and shortening induced
deactivation (Abbott and Aubert, 1952,Herzog et al., 2000,Josephson and Stokes,
1999,Meijer, 2002,Herzog et al., 1998), might further influence limitations imposed by
relaxation kinetics. In place of their theoretical model we used discrete sinusoidal shortening
contractions. The stimulation onsets and position trajectories of the active shortening phase
during the sinusoidal contractions were matched to the stimulation onsets and position
trajectories active shortening phase in the work loops (Figure 1). As a result, both conditions
included history-dependent effects as well as force-length effects, and the differences in
work between the two conditions can only be accounted for by relaxation kinetics.

Walking Gait Length Excursion is Located on Ascending Limb of Force-Length
Relationship

In the current investigation we related ankle angles to displacement of soelus tendon
markers relative to tibia markers to determine muscle lengths associated with walking gait.
Results from these measurements placed the entire walking gait range on the ascending limb
of the force-length relationship and Lo at approximately 40° (Figure 2). This is in agreement
with data reported by Herzog, Leonard, Renuad et al. (1992) who reported max isometric
force for cat soleus to be at 30–50° ankle angle. Based on kinematic data, they also reported
that the muscle remains on the ascending limb of the force-length curve throughout the
functional range of motion of 60–140°. This discrepancy between muscle lengths associated
with Lo and physiological range of motion explains the large decrement in work production
when muscle length excursions represent walking gait compared to being centered about Lo.
However, the moment arm of the soleus about the ankle is maximal near 100° ankle angle
(Young et al., 1992), which is located near the middle of the walking gait ankle range.
Therefore when considering ankle torque and the ability to transmit force to the external
environment, location of maximum moment arm at this ankle angle may partially offset
decreasing muscular force due to the force-length effects.

It could be hypothesized that relaxation kinetics would impose even larger limitations to
work when muscle length excursions are centered on the descending limb of the force-length
curve. For example, the physiological range for frog semitendinosus muscle occupies
primarily the descending limb of the isometric force-length relationship, and is thought to
approach peak forces while shortening during jumping (Mai and Lieber, 1990). If cyclic
contractions were imposed on this muscle across physiological muscle lengths, one could
expect stimulation to be turned off very early to allow for complete relaxation prior to
lengthening. In this situation, relaxation kinetics would severely limit the muscle’s ability to
produce work, even more so than observed in the current investigation. However, relaxation
kinetics may not necessarily limit work during frog’s functional locomotory activity
considering frogs main form of locomotion does not require cyclic contractions, rather it
includes a long flight phase between contractions. Thus two follow up questions stem from
these results: 1) Does the alterations in force-length properties as a result of the chronic
muscular requirements (27) minimize the limitations of relaxation kinetics, and 2) Does
fatigue enhance the limitations of relaxation kinetics when muscle length excursions are on
the ascending limb of the force-length relationship, or represent a physiological range of
motion, as it does when muscle length excursions are centered on Lo (Syme and Tonks,
2004, Askew et al., 1997)?

Current Model and Voluntary Walking Gait
The muscle length excursions and stimulations patterns had similarities to those observed
during voluntary walking. The ankle angle range (85–130°) and average muscle length
excursion it produced (12.25 mm) are in agreement with previous reports that have
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described the ankle angles and muscle length excursions used during normal cat gait
((Goslow et al., 1973, Gregor et al., 2006, Carlson-Kuhta et al., 1998, Gregor et al., 1988)).
However, in our model, stimulation was initiated at the beginning of the shortening phase (a
strategy that minimizes negative work (Caiozzo and Baldwin, 1997), whereas in normal
walking stimulation may be initiated while the muscle is still lengthening (Gregor et al.,
1988, Gregor et al., 2006, Trank et al., 1996, Carlson-Kuhta et al., 1998). Furthermore, in
the current protocol the shortening phase consisted of an uninterrupted sinusoidal length
trajectory and did not include the eccentric phase associated with normal walking when the
ankle extensors accept the weight of the cat during ground contact (Goslow et al., 1973,
Trank et al., 1996, Carlson-Kuhta et al., 1998). Consequently, the muscles in the current
study were not able to take advantage of neither augmented force during shortening due to
preactivation nor the stored strain energy that is recovered during normal walking gait. It has
been reported that during locomotion the activation of the soleus muscle is turned off far in
advance of the lengthening phase, resulting in the complete relaxation of the soleus muscle
immediately prior to the impending lengthening phase (Whiting et al., 1984, Gregor et al.,
1988). This characteristic was similar to stimulation offset in the current investigation. In
fact, our stimulation and position trajectory may be more representative of cat incline
walking gait in which there is a decreased preactivation (Gregor et al., 2006) and decreased
ankle flexion upon paw ground contact (Gregor et al., 2006, Carlson-Kuhta et al., 1998).

Conclusion
In this investigation, work lost due to relaxation kinetics was measured by comparing the
muscles’ ability to perform work during discrete shortening contractions to cyclic
contractions, in which stimulation was turned off prior to the end of shortening. These
results indicated relaxation kinetics imposed major limitations to work performance during
cyclic contractions. Furthermore, the extent to which relaxation kinetics limited work was
dependent on cycle frequency and muscle length. A secondary finding of this investigation
supported cat soleus muscle had a significantly reduced ability to perform work at lengths
which represent walking gait compared to muscle length excursions centered on Lo. These
results imply that relaxation kinetics are important factors that limit cyclic muscular work;
however, its influence on physiological function may depend on the relation between natural
excursion of the muscle and Lo.
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Figure 1.
Position trajectory for work loop (1 Hz, 10 mm excursion) and matched discrete shortening
protocols. Stimulation onset for both protocols is indicated by solid lightening bolt, while
offsets are indicated with empty black and grey lightening bolts for work loops and discrete
shortening protocols respectively.
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Figure 2.
Average (±SD) force-length relationship for all four cats. Lo is represented by 0 on the x-
axis. Solid vertical lines represent the average range of motion used during excursions that
represented walking gait. Dashed vertical lines represent the average range of motion used
during excursions centered on Lo.
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Figure 3.
Representative force-length trajectories from a single cat. Force-length trajectories in the left
column represent walking gait excursion and those in the right column center about Lo
(indicated by 0). The dashed line depicts force traces during discrete shortening contractions
whereas the solid line depicts force traces during work loops.
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Figure 4.
The effects of relaxation kinetics, cycle frequency and muscle length on muscular work. A:
Average work performed during work loops and discrete shortening contractions centered
across Lo and at lengths that represent walking gait. (* indicates significant differences
between work produced during work loops and discrete shortening contractions across Lo. #
indicates significant differences between work produced during work loops centered about
Lo and those that represent gait excursions.) B: Work produced during work loops expressed
as a percentage of work produced during discrete shortening contractions. C: The difference
in work between work loops and discrete shortening contractions. For B and C, * indicates
significant difference within each cycle frequency.
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