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Ground contact duration and stride frequency each affect muscle metab-
olism and help scientists link walking and running biomechanics to
metabolic energy expenditure. While these parameters are often used inde-
pendently, the product of ground contact duration and stride frequency
(i.e. duty factor) may affect muscle contractile mechanics. Here, we sought
to separate the metabolic influence of the duration of active force production,
cycle frequency and duty factor. Human participants produced cyclic con-
tractions using their soleus (which has a relatively homogeneous fibre
type composition) at prescribed cycle-average ankle moments on a fixed
dynamometer. Participants produced these ankle moments over short,
medium and long durations while maintaining a constant cycle frequency.
Overall, decreased duty factor did not affect cycle-average fascicle force
( p≥ 0.252) but did increase net metabolic power ( p≤ 0.022). Mechanistically,
smaller duty factors increased maximum muscle-tendon force (p < 0.001),
further stretching in-series tendons and shifting soleus fascicles to shorter
lengths and faster velocities, thereby increasing soleus total active muscle
volume ( p < 0.001). Participant soleus total active muscle volume well-
explained net metabolic power (r = 0.845; p < 0.001). Therefore, cyclically
producing the same cycle-average muscle-tendon force using a decreased
duty factor increases metabolic energy expenditure by eliciting less
economical muscle contractile mechanics.
1. Background
Linking biomechanics to metabolic energy expenditure is important for devel-
oping evolutionary hypotheses, understanding animal behaviour and
informing interventions that reduce metabolic energy expenditure during loco-
motion. In search of this link, scientists have well-characterised the salient
biomechanical and metabolic features of walking and running. Unfortunately,
it is difficult to determine how individual biomechanical parameters affect
metabolic energy expenditure because many parameters change in unison as
animals alter their locomotion task (e.g. speed or slope). To navigate these con-
current changes, many scientists use the physical constraints of steady-state
locomotion: the body’s average net external mechanical work is a single
number [1,2] and stride-average vertical ground reaction force equals body
weight [3]. Even with guiding constraints, there are many viable theories
regarding the biomechanical determinants of metabolic energy expenditure
during steady-state locomotion [4–10].

One prevailing theory is that the volume of muscle activated to support
body weight is a key factor driving metabolic energy expenditure during walk-
ing and running [11]. This theory is supported by muscle physiology studies,
which suggest that active muscle volume is directly proportional to the
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Figure 1. Duty factor influences muscle-tendon mechanics during cyclic con-
tractions. Schematic showing (a) stance leg with a peak ground reaction force
(Fc,peak) and plantar flexor joint moment (mj) during hypothetical conditions
with a larger (lighter purple) and smaller (darker purple) duty factor. Graphi-
cal depictions of how we expect duty factor to affect the corresponding
muscle-tendon force (Fmt), whole muscle length (lm), tendon length (lt),
muscle fibre force (Ffib) and muscle fibre length (lfib). Time-series graphs
of (b) muscle-tendon (MT) force, (c) MT length change, (d ) tendon length
change, (e) muscle fibre length change, and ( f ) muscle fibre velocity for
the respective larger and smaller duty factor conditions. Expected normalized
muscle fibre operating range depicted on Hill-type (g) force-length (FL) and
(h) force-velocity (FV) curve for the respective larger and smaller duty factor
conditions. L0 is optimal muscle fibre length. (Online version in colour.)
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number of active actin-myosin cross bridges [12,13]—the main
source of muscle adenosine triphosphate (ATP) utilization
[14,15]. Further, the requirement to support body weight
over each stride dominates leg muscle force production
and active muscle volume during locomotion [13,16–20].
Traditionally, scientists assume isometric contractions and
calculate the active volume of each force-producing muscle
(Vact,iso) using the corresponding muscle-tendon force (Fmt),
optimalmuscle fibre length (L0) andmuscle stress (σ) (equation
(1.1)) (see [12]):

Vact,iso ¼ Fmt � L0
s

: ð1:1Þ

After totalling the volume of each active muscle, scientists use
this value to help relate walking and running biomechanics to
metabolic energy expenditure [4,9,12,13,16,18,21].

Notably, isometric active muscle volume per se cannot link
biomechanics and metabolic energy expenditure across many
locomotor tasks. For instance, metabolic energy expenditure
more than doubles across human walking [16,22] and running
speeds [18,23] despite minimal changes in isometric active
muscle volume [9,24,25]. Recognizing this disconnect, scien-
tists typically incorporate additional parameters to their
biomechanical explanations of metabolic energy expenditure
[4,9,12,13,16,18,21]. Two such parameters that are easily
measureable and probably serve as proxies for muscle ATP
utilization are ground contact duration [18] and stride fre-
quency [4,10]. Ground contact duration serves as the
duration of active muscle force production, and decreasing it
probably involves the activation of muscle fibres that use
more ATP per unit active muscle volume (less economical
muscle fibres) [12,18,26–29]. Stride frequency serves as a
muscle’s active force production cycle frequency, and increas-
ing it probably increases ATP utilisation primarily owing to
transporting ions (Ca2+ and Na+-K+) across cell membranes
at faster rates [14,30,31]. Based on the compelling rationale
andmany supporting studies, scientists often use ground con-
tact duration [18,19] or stride frequency [4,10] to help link
biomechanics to metabolic energy expenditure.

In addition to their respective influences, decreasing the
product of single-leg ground contact duration (tc) and stride
frequency (Freqstride)—namely, duty factor (DF; equation
(1.2))—may cause muscles to actively produce force in a
manner that increases metabolic energy expenditure (electronic
supplementary material):

DF ¼ tc � Freqstride: ð1:2Þ
To briefly explain, while producing the same cycle-average
force, decreasing duty factor requires animals to produce
greater peak muscle forces (figure 1). Greater peak muscle
forces further stretch in-series tendons, yielding greater
muscle fibre shortening. In turn, greater muscle fibre shorten-
ing decreases the muscle’s potential to produce force owing
to shorter operating lengths and faster shortening velocities
(figure 1). Based on this framework, muscle force-length (FL)
and force-velocity (FV) potential may be a function of duty
factor (equation (1.3)):

FL, FV = f ðDFÞ: ð1:3Þ

If so, smaller duty factors would require animals to acti-
vate a greater volume of muscle to continue producing the
same cycle-average force. This notion can be formalized by
incorporating equation (1.3) into the calculation of total
active muscle volume (equation (1.4)), which updates the tra-
ditional isometric active muscle volume equation (equation
(1.1)) by using active muscle fibre force (Fact) and muscle
fibre force-length-velocity potential instead of muscle-tendon
force and isometric force production, respectively [11]:

Vact,tot ¼ Fact � L0
s � FL � FV ¼ Fact � L0

s � f(DF)
: ð1:4Þ
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Figure 2. (a) Experimental setup of a participant cyclically generating soleus muscle-tendon force to produce a plantar flexor moment that exerts an external torque
on a fixed dynamometer pedal following the cues of an audible metronome and visual feedback. EMG, electromyography; SOL, soleus; LG, lateral gastrocnemius;
TA, tibialis anterior. (b) Ankle torque versus time for three conceptual trials that yield the same average ankle torque. (Online version in colour.)
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Subsequently, by accounting for the rate of metabolic energy
expenditure per unit active muscle volume ð _rpÞ, changes in
total active muscle volume theoretically mimic changes in
metabolic energy expenditure ð _EmetÞ:
_Emet ¼ _rp � Vact,tot: ð1:5Þ

Altogether, walking and running with a smaller duty
factor may increase total active muscle volume (equation
(1.4)) and metabolic energy expenditure (equation (1.5)) by
decreasing muscle fibre force-length and force-velocity
potential (equation (1.3)).

The goal of this study was to deduce whether duty factor
affects metabolic energy expenditure during walking and
running. To accomplish this goal, we devised a protocol
where human participants cyclically produced the same
cycle-average plantar flexion moment while performing
zero gross ankle mechanical work on a fixed dynamometer
pedal. Within each trial, participants maintained the same
cycle frequency and produced plantar flexion moments
using only their soleus over short, medium or long durations
(small, medium or large duty factors, respectively). By study-
ing the soleus, which has a relatively homogeneous fibre-type
composition [32], the greater metabolic energy expenditure
that is associated with activating less economical muscle
fibres over shorter durations of active force production
should be trivial. This enabled us to investigate how duty
factor affects metabolic energy expenditure, independent
from the metabolic influence of active force production dur-
ation (e.g. fibre-type recruitment) and cycle frequency (e.g.
ion pumping). Because we expected duty factor to affect
muscle contractile mechanics and total active muscle
volume (equations (1.3), (1.4) and electronic supplementary
material), we hypothesized that decreasing duty factor
would increase metabolic energy expenditure.
2. Methods
Eleven of the 14 volunteers who enrolled in our study completed
the protocol (resulting sample size: 11 participants; average ±
s.d.; age: 24.5 ± 3.5 years; height: 1.78 ± 0.06 m; mass: 74.8 ±
10.7 kg; Achilles tendon moment arm: 5.0 ± 0.8 cm; optimal
soleus fascicle length: 3.86 ± 0.7 cm; maximum soleus fascicle
shortening velocity: 26.1 ± 4.6 cm s−1; and resting metabolic
power 80 ± 11 W). The three volunteers who enrolled but did
not complete the protocol were removed from the analyses
because they were unable to achieve the targeted muscle-
tendon mechanical output and yield serviceable metabolic data
for at least half of their trials. All participants were apparently
free of cardiovascular, orthopedic and metabolic disorders.
Prior to the study, each participant gave informed written con-
sent in accordance with the Georgia Institute of Technology
Central Institutional Review Board.

We instructed participants to arrive at the laboratory in the
morning following an overnight fast. After arriving at the labora-
tory, participants laid supine on a dynamometer with custom
attachments that supported their legs in the testing position:
right knee and ankle supported at 50° and 90°, respectively,
and left leg supported as desired (figure 2). Ninety degrees indi-
cates perpendicular segments and more acute angles indicates
joint flexion. In this position, participants performed a 10 min
resting trial while breathing in and out of a mouth piece that fun-
nelled expired air to a metabolic cart (TrueOne 2400,
ParvoMedic, Sandy, UT, USA).

Following the resting trial, we shaved and used electrode
preparation gel (NuPrep, Weaver and Co., Aurora, CO) to lightly
abrade the skin superficial to each participant’s right tibialis
anterior, lateral gastrocnemius and soleus. Next, we placed a
bipolar surface electrode (Delsys Inc., Natick, MA) over the
skin superficial to each respective muscle belly and in the same
orientation as the muscle fascicles. We verified each electrode
position and signal quality by visually inspecting the
electromyographic (EMG) signals while participants activated
and de-activated each muscle. We secured a linear-array
B-mode ultrasound probe (Telemed, Vilnius, Lituania) to the
skin superficial of each participant’s right anterio-medial
soleus. Additionally, we placed reflective markers on the dynam-
ometer at its axis of rotation, 10 cm above the axis of rotation, as
well as on the participant’s skin/clothes superficial to their
right leg’s medial knee-joint centre, medial mid-shank, medial
malleolus and at the head of the first metatarsal (figure 2).

Subsequently, participants laid back down on the dynam-
ometer and performed three plantar flexor maximum voluntary
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contractions (MVCs) with their ankle joint centre in-line with
the dynamometer’s axis of rotation (Biodex Medical Systems
Inc., USA). In a random order, participants conducted an MVC
with their right knee at approximately 70°, 60° and 50° and their
ankle at 90° [33]. At least 2 min of rest preceded each MVC
to mitigate fatigue [34]. Because MVC ankle moment did
not change across knee-angles (repeated measures ANOVA:
p = 0.173), we deemed the contribution of the bi-articular gastro-
cnemius on ankle moment to be negligible [33,35]. Participants
performed all subsequent testing with their knee at 50°.

Next, participants performed six, 5 min trials with least 5 min
of rest preceding each trial. These trials consisted of each partici-
pant repeatedly producing plantar flexor moments on a
fixed-position dynamometer foot-pedal at the downbeat of an
audible metronome and then relaxing at the subsequent upbeat
(figure 2): repeating downbeat-active force production and
upbeat-no force production. We systematically varied the dur-
ation between the downbeats and upbeats to alter the duration
of active force production (three targeted active force production
durations: 0:�8, 0:�6, 0:�4 s) while always targeting a total force pro-
duction cycle that equalled 1:�3 s (three targeted duty factors: 0:�6,
0.5, 0:�3, respectively) (figure 2).

To guide ankle plantar flexor moment throughout each trial,
participants watched a computer screen that displayed the trial’s
target peak dynamometer torque (10, 15, 20 or 30 Nm) and the
recorded dynamometer torque profile over the previous 5-10 s
(figure 2). We wanted each participant to achieve three lower
(6.7–7.5 Nm) and three higher (10 Nm) average moment trials,
while using a short, medium and long duration of active
muscle-tendon force production within each moment level. We
randomized the trial order. Throughout these trials, we collected
oxygen uptake and carbon dioxide production, recorded dynam-
ometer torque (100 Hz), motion capture data (200 Hz) (Vicon
Motion Systems, UK), tracked soleus fascicle length and orien-
tation (100 Hz) and quantified the muscle activity of the soleus,
tibialis anterior and lateral gastrocnemius (1000 Hz) (figure 2).

(a) Metabolic energy expenditure
During the resting trial and each 5 min trial, we employed open-
circuit expired gas analysis to record the participant’s rates of
oxygen uptake (V̇o2) and carbon dioxide production (V̇co2).
We averaged V̇o2 and V̇co2 over the last minute of each trial
and used a standard equation to calculate metabolic power (W)
[36]. Next, we subtracted each participant’s resting metabolic
power from their experimental values to yield net metabolic
power. We removed two (of 77) metabolic data values from
our analyses because the corresponding respiratory exchange
ratio did not reflect a respiratory quotient value that was
indicative of fat and/or carbohydrate oxidation (0.7–1.0) [36].

(b) Soleus kinematics
We recorded B-mode ultrasound images containing anterio-
medial soleus fascicles through a longitudinal cross section at a
depth of 8 cm. We recorded soleus fascicle images during 20 s
in the last 2 min of the metabolic trials. Within these 20 s, we
post-processed soleus fascicle pennation angles and lengths
throughout six consecutive moment generation cycles using a
semi-automated tracking software [37]. For semi-automated
images that did not accurately track the respective soleus fasci-
cle’s orientation and/or length, we manually redefined the
software’s identification of the desired fascicle. We filtered
soleus fascicle angle and length using a fourth-order low-pass
Butterworth filter (6 Hz) and took the derivative of fascicle
length with respect to time to determine fascicle velocity (Math-
works Inc., Natick, MA, USA). Owing to technical difficulties, we
excluded soleus fascicle data from two (of 66) experimental trials.
We used the mechanics of the tracked fascicle per trial and
generalized them to the entire soleus muscle. Non-soleus leg
muscle fascicles have been shown to positively correlate with
fascicle length changes along the muscle [38] and sarcomere [39].

(c) Soleus kinetics
Using a custom Matlab script (Mathworks Inc., Natick, MA,
USA), we filtered motion capture data using a fourth-order
low-pass Butterworth filter (6 Hz) and subtracted the resting
dynamometer torque from that of the corresponding trial. We
computed net dynamometer torque and the duration of active
force production from 12 consecutive moment generation
cycles that encompassed the analysed fascicle kinematic data.
Owing to small fluctuations in dynamometer torque, we
implemented a 1 Nm dynamometer torque threshold to decipher
the duration of active force production. Using the filtered data
and anthropometric measures, we calculated the instantaneous
ankle joint angle and estimated the change in soleus muscle-
tendon moment arm lengths [40]. Because the metabolic trials
that have the greatest target peak torque exhibited a peak
ankle angle that deviated a mere 1.8° from the resting angle,
we considered Achilles tendon moment arm length to be con-
stant during all trials. A 1.8° change in ankle angle alters
moment arm length by less than 5% [40]. Then, we calculated
the net ankle moment using dynamometer torque and the
position of the ankle’s axis of rotation relative to the dynam-
ometer’s axis of rotation. We calculated soleus muscle-tendon
force by dividing net ankle moment (Mank) by the Achilles
tendon moment arm length (rAT), and then we divided soleus
muscle-tendon force by fascicle pennation angle to estimate
soleus fascicle force (Fsol):

Fsol ¼ Mank=rAT
cosup

: ð2:1Þ

Next, we calculated soleus isometric active muscle volume using
soleus muscle-tendon force and equation (1.1), where optimal
fascicle length equals participant resting soleus fascicle length
and stress equals 20N cm−2 [41]. We calculated soleus total
active muscle volume using equation (1.4), soleus fascicle force,
and the same optimal fascicle length and stress values used in
the isometric active muscle volume calculation [11]. Additionally,
we reasoned that maximal soleus shortening velocity equals 6.77
L0 s

−1 [42], that initial participant resting pennation angle was
consistent across trials and that passive soleus fascicle force
was negligible.

(d) Muscle activation
We band-pass filtered the raw tibialis anterior, soleus and lateral
gastrocnemius EMG signals between 20 and 450 Hz from the
same 12 consecutive torque generation cycles that we used to
assess ankle moment. We full-wave rectified the filtered EMG
signals and calculated the root mean square of the rectified sig-
nals using a 40 ms moving window [43].

(e) Statistical analyses
Unless otherwise specified, we independently performed all stat-
istical tests within the targeted lower and higher cycle-average
torque trials. We performed t-tests to determine whether the tar-
geted lower and higher cycle-average torque trials elicited
different cycle-average plantar flexion moments and force
production cycle frequencies. Next, we performed one-way
repeated measures ANOVAs to determine the influence of the
duration of active force production and/or duty factor on
cycle-average ankle moment, force production cycle frequency,
average and maximum soleus fascicle pennation angle, isometric
and total soleus active muscle volume, minimum and average
fascicle length, average and maximum fascicle velocity, as well
as net metabolic power. We performed a multiple linear
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Table 1. The lower and higher ankle moment level’s average ± s.d. duration of active force production (tact), duration of the force generation cycle (tcycle), duty
factor, and cycle-average ankle moment.

moment level tact (s) tcycle (s) duty factor avg moment (Nm)

lower 1.08 ± 0.11 1.33 ± 0.02 0.83 ± 0.05 4.75 ± 0.56

lower 0.97 ± 0.06 1.34 ± 0.02 0.72 ± 0.04 5.83 ± 0.72

lower 0.76 ± 0.12 1.33 ± 0.01 0.57 ± 0.08 5.17 ± 0.87

higher 1.11 ± 0.09 1.34 ± 0.02 0.85 ± 0.04 7.01 ± 0.66

higher 1.07 ± 0.07 1.32 ± 0.04 0.80 ± 0.07 8.21 ± 0.93

higher 0.86 ± 0.13 1.33 ± 0.01 0.63 ± 0.07 8.08 ± 1.36
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regression with the factors of the participant and total
soleus active muscle volume versus net metabolic power. We
performed repeated measures ANOVAs to test for the indepen-
dent effects of duty factor and total soleus active muscle
volume on cycle-average soleus, lateral gastrocnemius, and
tibialis anterior activation. We set significance as α = 0.05 and
performed statistical analyses using RSTUDIO software (RSTUDIO,
Inc., Boston, MA, USA).
3. Results
The participants well-performed the protocol. As desired,
participants performed two distinct cycle-average ankle
moment levels (lower and higher moment levels) (figure 3).
Compared to the lower moment level, the higher moment
level elicited a 48% greater cycle-average ankle moment
( p < 0.001) and non-different cycle frequency ( p = 0.141)
(table 1). Importantly, within each moment level, both the
duration of active force production and duty factor did not
affect cycle-average ankle moment ( p≥ 0.699) (figure 3) or
cycle frequency ( p≥ 0.175) (table 1). Unless otherwise speci-
fied, each p-value covers both moment levels for the
respective comparison. Even though participants did not per-
fectly achieve the targeted dynamometer torque magnitudes
and durations, they did successfully vary their duration of
active force production while maintaining a constant total
cycle-average ankle moment and cycle frequency. Also, the
ankle’s effective mechanical advantage was constant and
duty factor did not affect soleus fascicle pennation angle
(average and maximum pennation angle: p≥ 0.240 and
p≥ 0.091, respectively). Altogether, the duty factor did not
influence cycle-average fascicle force (figure 3) or isometric
active muscle volume ( p≥ 0.252).

Despite not affecting isometric active muscle volume
(equation (1.1)), duty factor influenced total active muscle
volume ( p < 0.001) (equation (1.4)) by modulating soleus fas-
cicle force-length and force-velocity potential. Within each
cycle-average moment level, decreasing duty factor elicited
shorter minimum ( p≤ 0.047) but not average ( p≥ 0.644)
soleus fascicle lengths (figure 4). Duty factor affected average
soleus fascicle velocity within the lower (p = 0.027), but not
the higher ( p = 0.122) moment level. Despite visible trends,
duty factor did not statistically affect maximum soleus fasci-
cle velocity ( p≥ 0.122) (figure 4). Nonetheless, combining the
trends of decreasing duty factors, shorter fascicle lengths and
faster velocities; decreasing duty factor increased total soleus
active muscle volume within both moment levels ( p < 0.001)
(figure 4). Further, because decreasing duty factor reduced
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soleus force-length and force-velocity potential but did not
affect pennation angle, it increased the difference between
total and isometric active muscle volume within each
moment level ( p < 0.001) (electronic supplementary material,
figure S2).

As hypothesized, decreased duty factor increased net
metabolic power ( p≤ 0.022) (figure 5). Averaged across
both moment levels, decreasing duty factor 29% increased
net metabolic power 52%. The inverse relationship between
duty factor and net metabolic power was probably related
to changes in total soleus active muscle volume. Across
both moment levels, participant total active muscle volume
explained 72% of the change in net metabolic power
(r = 0.845; p < 0.001) (figure 6).

Based on muscle activation patterns, we presume that
antagonist co-activation did not affect the relationships
between duty factor, total soleus active muscle volume and
net metabolic power. Cycle-average tibialis anterior acti-
vation was independent of both duty factor and total soleus
active muscle volume within each moment level (p≥ 0.363)
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(figure 7). Additionally, decreasing duty factor and increasing
total soleus active muscle volume both yielded greater soleus
( p≤ 0.010) and lateral gastrocnemius ( p≤ 0.033) activation
(figure 7).
4. Discussion
To help link walking and running biomechanics to metabolic
energy expenditure, we applied two physical constraints of
steady-state locomotion (i.e. constant cycle-average force
and mechanical work) to each participant’s ankle and quan-
tified their soleus fascicle mechanics and net metabolic
power. We strategically fixed effective mechanical advantage,
in addition to the metabolic influence of the duration of active
force production and cycle frequency, enabling us to focus on
the metabolic influence of duty factor. The results of our
study support the hypothesis that decreasing duty factor
increases metabolic energy expenditure. As such, accounting
for duty factor may help scientists link walking and running
biomechanics to metabolic energy expenditure.

Our results suggest that decreasing duty factor increases
metabolic energy expenditure by altering muscle-tendon
contractile mechanics. Specifically, a smaller duty factor
incurs greater peak muscle-tendon forces, thereby causing
greater tendon stretch and muscle fascicle shortening. This
accentuated fascicle shortening reduces muscle force-length
and force-velocity potential, requiring a greater total active
muscle volume to continue producing the same cycle-average
force [11] (figure 4). Many studies have used isometric active
muscle volume to help explain the metabolic energy expendi-
ture of tasks that require approximately zero net mechanical
work (e.g. steady-state level-ground walking and running)
[9,12,13,16,18,19] (equation (1.1)), but isometric active
muscle volume failed to fully explain the present study’s
results. Further, total active muscle volume (equation (1.4)),
which accounts for soleus fascicle force-length and force-vel-
ocity potential, well-explained duty factor’s effect on net
metabolic power (figure 6). Aside from the present study,
the influence of total active muscle volume on metabolic
energy expenditure is relatively untested [11]. Previously,
Kipp et al. [9] reported that calculating the active muscle
volume of human runners using stance-average force better
explained metabolic energy expenditure across speeds
versus using stride-average force. Notably, stance-average ver-
tical ground reaction force (Fc,avg) equals stride-average
vertical ground reaction force (Fs,avg) divided by two times
the duty factor (DF; equation (4.1)):

Fc,avg ¼ Fs,avg
2 �DF

: ð4:1Þ

Hence, Kipp et al. [9] effectively calculated one-half total
active muscle volume (assuming that force-length-velocity
potential is a function of duty factor (equation (1.3)) and con-
cluded that it better explained metabolic energy expenditure
during running than isometric active muscle volume. Com-
bining Kipp et al.’s [9] data with the present study’s
moderate correlation between duty factor and total minus
isometric active muscle volume (r =−0.602; p = 0.010) (elec-
tronic supplementary material, figure S2), duty factor may
be a viable surrogate for estimating the muscle fascicle
force-length-velocity potential during walking and running.

In the present study, we sought to decouple the metabolic
influence of the duration of active force production and duty
factor while muscle-tendons cyclically produced the same
cycle-average force using a constant cycle frequency. To do
so, we set each participant’s knee angle to 50°, which
probably placed slack in bi-articular gastrocnemius muscle-
tendons and yielded the soleus as the primary contributor
to the plantar flexion moment [33,35]. Because the soleus,
but not the gastrocnemius muscles, cyclically produced
force that generated the plantar flexion moment, we
deemed the gastrocnemius muscles to elicit a fairly constant
and small metabolic energy expenditure across conditions.
As such, we attributed the change in metabolic energy expen-
diture across conditions to the soleus. Producing the same
cycle-average force over shorter durations typically increases
metabolic energy expenditure owing to the activation of
faster, less economical muscle fibres [12,17,18]. However,
given soleus’ relatively homogeneous muscle fibre compo-
sition [32], it probably yields similar rates of metabolic
energy per unit active muscle volume ( _rp in equation (1.5)).
Therefore, we reasoned that the metabolic influence of the
duration of active force production was probably minimal
in our study. To ensure that the activation of different
muscle fibre types (from the soleus and gastrocnemius
muscles) did not affect our conclusions, we performed post-
hoc analyses which revealed that scaling total active muscle
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volume by the rate of active force production (1/ground con-
tact duration in [17,18]) did not improve the correlation
between participant total active muscle volume and net meta-
bolic power (r = 0.840 versus 0.845). In other words, assuming
that shorter durations of active force production recruited less
economical muscle fibres did not improve the correlation
between total active muscle volume and net metabolic
power. Therefore, the increased metabolic energy expenditure
typically associated with a shorter duration of active force
production [17,18] was probably not present in our study.

Aside from total active muscle volume, there are other
theories linking biomechanics to metabolic energy expendi-
ture. One such theory is that positive muscle mechanical
work drives metabolic energy expenditure [44,45]. In the pre-
sent study, there was an inverse relationship between duty
factor and positive muscle fascicle mechanical work (repeated
measures ANOVA; both p≤ 0.002). Further across our entire
dataset, greater positive fascicle mechanical work was
accompanied by increased net metabolic power (repeated
measures ANOVA; p < 0.001) (electronic supplementary
material, figure S3). Moreover, if muscle force-length-velocity
potential and mechanical work are inversely related across
many tasks, perhaps changes to both parameters are well-
encapsulated by total active muscle volume. Future studies
may be able to test this notion by evaluating the bio-
mechanics and metabolic energy expenditure of muscles
performing net positive or negative mechanical work.

In conclusion, under the mechanical work and force con-
straints of steady-state walking and running, decreasing duty
factor may require animals to increase their metabolic energy
expenditure. Mechanistically, a smaller duty factor probably
causes muscles with compliant in-series tendons to generate
force at decreased force-length-velocity potentials and per-
form greater gross mechanical work. Our results highlight
that the metabolic energy expenditure of producing a fixed
cycle-average muscle-tendon force depends not only on bio-
mechanical factors, but also limb morphology. Accounting
for both structural (e.g. tendon stiffness) and functional
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(e.g. duty factor) parameters may help scientists further
explain the metabolic energy expenditure across locomotor
modes, speeds and slopes, animals species, as well as
across subjects that vary in age and pathology.
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