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mechanical work

Stephanie A. Ross"*, Barbora Rimkus?, Nicolai Konow?3, Andrew A. Biewener® and James M. Wakeling'

ABSTRACT

Most of what we know about whole muscle behaviour comes from
experiments on single fibres or small muscles that are scaled up in
size without considering the effects of the additional muscle mass.
Previous modelling studies have shown that tissue inertia acts to slow
the rate of force development and maximum velocity of muscle during
shortening contractions and decreases the work and power per cycle
during cyclic contractions; however, these results have not yet been
confirmed by experiments on living tissue. Therefore, in this study we
conducted in situ work-loop experiments on rat plantaris muscle to
determine the effects of increasing the mass of muscle on mechanical
work during cyclic contractions. We additionally simulated these
experimental contractions using a mass-enhanced Hill-type model to
validate our previous modelling work. We found that greater added
mass resulted in lower mechanical work per cycle relative to the
unloaded trials in which no mass was added to the muscle (P=0.041
for both 85 and 123% increases in muscle mass). We additionally
found that greater strain resulted in lower work per cycle relative to
unloaded trials at the same strain to control for length change and
velocity effects on the work output, possibly due to greater
accelerations of the muscle mass at higher strains. These results
confirm that tissue mass reduces muscle mechanical work at
larger muscle sizes, and that this effect is likely amplified for lower
activations.

KEY WORDS: Cyclic contractions, Inertia, Muscle mass, Muscle
mechanics, Mechanical work, Skeletal muscle

INTRODUCTION

The behaviour of whole muscle is fundamental to human and
animal movement. However, due to the difficulty in measuring
whole muscle function in larger animals, most of what we know
about the intrinsic properties that dictate this behaviour comes from
studies on isolated preparations of single fibres or small muscles
during controlled, maximal contractions. To predict the behaviour
of larger whole muscles, we scale up these intrinsic properties of
single fibres or small muscles as if we were scaling the force—length
properties of a massless ideal spring to larger sizes (Zajac, 1989). As
a result, the forces increase in proportion to the muscle’s maximum
isometric force (or cross-sectional area assuming constant
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maximum isometric stress) and the lengths and velocities increase
in proportion to the muscle’s length. This method of scaling, which
is used in nearly all Hill-type muscle models (e.g. Zajac, 1989;
Thelen, 2003; Millard et al., 2013), assumes that the same
mechanisms that dictate the behaviour of a single fibre also
dictate the behaviour of whole muscle of any size. In other words,
we assume that the non-dimensional behaviour of a 15 kg elephant
muscle is the same as that of a 1 mg single fibre. Yet when we
compare the output of these models with experimental measures of
whole muscle, Hill-type models tend to perform quite poorly,
particularly under conditions that differ from that of the maximal,
controlled contractions used to measure the muscle’s intrinsic
properties (Perreault et al., 2003; Dick et al., 2017). Therefore, this
method of scaling that assumes whole muscles behave the same as
giant single fibres is not likely to account for all the mechanisms that
underlie whole muscle behaviour.

Unlike an ideal spring, fibres and whole muscles have mass, and
while the effects of this mass may be negligible for single fibres or
small muscles, this may not be true for larger muscles. As muscles
increase in size, their potential to generate force increases in
proportion to their cross-sectional area, and their mass increases in
proportion to their volume. This results in greater internal loads for
larger muscles relative to the force that they can produce at any
activation; however, this difference becomes greater when muscle
force potential decreases during submaximal contractions, which
are most relevant to in vivo motor behaviours (Shiavi and Griffin,
1983; Gillis and Biewener, 2001; McGuigan et al., 2009; Tikkanen
et al., 2013). The effect of these internal inertial loads depends not
only on the magnitude of the tissue mass but also the acceleration of
that mass. Therefore, tissue inertia likely has the largest effect
during submaximal contractions when muscle forces are low, and
during unsteady or higher frequency or strain cyclic contractions
when accelerations of the tissue are greatest. However, because the
intrinsic force—velocity properties of muscle are taken primarily
from measures on fully active single fibres or small muscles that
have little mass, and under conditions in which the fibre or whole
muscle acceleration is zero, the effects of these internal loads are not
likely to be accounted for in the Hill-type model formulation.
Ignoring the effects of muscle mass may therefore contribute to the
discrepancies observed between Hill-type model predictions and
experimental measures.

The effect of muscle tissue mass has rarely been studied and has
primarily been provided only as a tentative explanation for
experimental observations that could not be explained otherwise.
In the late 1980s, Josephson and Edman (1988) compared the
maximum shortening speed of fibre bundles to that of single fibres
isolated from those same bundles and found that faster fibres
contracted more slowly when they were within a fibre bundle than
when they were in isolation. This result led the authors to suggest
that faster fibres within whole muscle may contract more slowly
because of the load provided by neighbouring fibres (Josephson and
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Edman, 1988). Prior to this, whole muscle was assumed to be able to
contract as fast as the fastest fibre within the muscle (Hill, 1970).
More recently, Holt and colleagues showed that whole rat plantaris
muscle contracts more slowly when only a portion of the fibres in
the muscle are active compared with when the muscle is fully active,
even if the active portion is composed entirely of fast fibres (Holt
et al., 2014). The authors suggested that this effect is due to the
inactive muscle tissue providing resistance to slow the contraction
speed of the active fibres. Studies using a Hill-type model that
accounts for tissue mass (Giinther et al., 2012) have supported this
conclusion and have shown that lower activation results in slower
maximum contraction speeds (Ross and Wakeling, 2016), as does
larger muscle mass (Meier and Blickhan, 2000; Bol and Reese,
2008; Ross and Wakeling, 2016). Furthermore, larger muscle mass
has also been shown to decrease the mechanical work done and
power generated during cyclic contractions (Ross et al., 2018a).

Despite these results from modelling studies, the effects of
muscle mass have not yet been confirmed by experiments on living
tissue. Therefore, in this study we conducted in situ work-loop
experiments on rat plantaris muscle to determine the effects of
increasing the internal mass of muscle on contractile performance,
specifically mechanical work output per cycle. We also simulated
the in situ experimental conditions using the mass-enhanced Hill-
type muscle model (Giinther et al., 2012; Ross and Wakeling,
2016; Ross et al., 2018a) to validate the results of the previous
modelling studies.

MATERIALS AND METHODS

In situ experimental set-up

We collected data on the right plantaris muscle of seven male
Sprague—Dawley rats [Rattus norvegicus (Berkenhout 1769); body
mass: 416.3+31.9 g (mean+s.d.); approximate age: 3—4 months;
Charles River, Wilmington, MA, USA]. All experiments were
conducted at Harvard University’s Concord Field Station in
Bedford, MA, USA in accordance with the guidelines of the
Faculty of Arts and Sciences Institutional Animal Care and Use
Committee of Harvard University and the University Animal Care
Committee of Simon Fraser University. Rats were kept under
isoflurane anaesthesia, administered via a mask, for the duration of
the experiment (3% induction, 1.5% maintenance). To allow us to
externally stimulate the plantaris muscle, we placed a bipolar nerve
cuff electrode around the sciatic nerve, which we accessed through
the right lateral aspect of the thigh, and then cut the nerve proximal
to the cuff to remove descending control of the muscle by the central
nervous system.

To completely expose and isolate the plantaris muscle, we first
opened and separated the skin and fascia of the medial aspect of the
hindlimb from the underlying tissue using blunt dissection. We then
cut the distal tendons of the medial and lateral gastrocnemii, soleus,
tibialis anterior, and digit flexors and reflected those muscles to
completely expose the plantaris and prevent effects from co-
contraction of the surrounding musculature. To attach the muscle of
interest to the servomotor (series 305B-LR, Aurora Scientific Inc.,
Aurora, ON, Canada), we tied Kevlar thread at the myotendinous
junction and secured the knot with cyanoacrylate gel to minimise
the potential effects of series elasticity and knot slippage. We then
cut the distal end of the plantaris tendon near the calcaneus and
tied the thread to the lever arm of the servomotor to connect the
muscle to the motor. To fix the proximal end of the muscle, we
secured the right hindlimb of the rat to a stereotaxic frame with a
femur clamp and anchored the right foot to a metal plate attached
to the frame. We maintained the temperature of the muscle at

approximately 30°C using a heat mat and lamp and kept the
exposed tissue moist by regularly applying saline solution
with a syringe. Following the experiments, we euthanised the
deeply anaesthetised rats with an overdose (150 mgkg~') of
intracardially injected pentobarbital sodium.

Experimental conditions

To determine the effects of tissue mass on muscle mechanical work,
we conducted work-loop experiments where the muscle underwent
cyclic length changes coupled with bursts of excitation timed to the
phase of the contraction cycle. The area inside the work-loop created
when the time-varying muscle force is plotted against muscle length
gives the net mechanical work of the muscle per cycle [see
Josephson (1985) for further details]. Muscles can produce a variety
of different work-loop shapes depending on the requirements of the
task and conditions of the external environment (Dickinson et al.,
2000). In this study, we aimed to examine the effects of mass on
muscle work during cyclic contractions in which the muscle
behaves as a motor, with large positive work and a boxy counter-
clockwise work-loop shape, to provide a comparison to our
previous simulation work (Ross et al., 2018a). The mechanical
work of a muscle depends on a number of factors, including
the muscle’s strain trajectory relative to its force—length properties,
the muscle’s velocity relative to its force—velocity properties, the
pattern and phase of stimulation relative to the muscle’s strain
trajectory, and the cycle frequency (Josephson, 1993). To maximise
mechanical work per cycle, we centred the muscle strain trajectory
about optimal length, which we determined from the tetanic force—
length relationship for each preparation, so that the muscle would
produce high force by operating primarily on the plateau of its force—
length curve. Additionally, we started stimulating the muscle slightly
before the start of shortening (—5%), so that the muscle force would
be high for the duration of the shortening phase (Johnson and
Johnston, 1991; James et al., 1996). We also stimulated the muscle
with a duty cycle of 0.4 so that the muscle would not be actively
producing force during the lengthening phase of the cycle (Swoap
etal., 1997). This resulted in a stimulation train duration of200 ms for
the 2 Hz frequency cycles (3 V supramaximal stimulus; 0.3 ms pulse
width; 150 Hz pulse frequency; S48, Grass Technologies, West
Warwick, RI, USA).

The effect of muscle mass on the mechanical work output of
the muscle is due to a balance between the force the muscle can
produce and the internal inertial loads it must accelerate. To
manipulate this balance and alter the mass effects, we altered
the muscle force, the magnitude of the internal muscle mass, and the
muscle accelerations. To alter the muscle force, we conducted both
active and passive work-loops, in which both the active and passive
forces and only the passive forces contributed to the total muscle
force, respectively. We used supramaximal stimulation for the active
work-loops to activate all (or nearly all) of the muscle volume.
Reducing the total muscle force by not activating the muscle should
have a similar effect to reducing the active muscle force with
submaximal contractions, where the work per cycle is lower due to
relatively greater inertial loads (Ross et al., 2018a). To alter the
accelerations of the muscle, we modified the strain amplitude of the
sinusoidal trajectory that dictated the servomotor and muscle length
changes during each trial. Increasing the magnitude of the muscle
strain would increase the accelerations that the tissue mass
experiences, and this in turn would alter the balance of internal
forces and decrease the cyclic work output of the muscle. Although
increasing the frequency of the contraction cycles would produce a
similar effect to increasing the muscle strain, we chose to keep
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frequency constant throughout the trials to control for reductions in
muscle work that occur at higher frequencies due to longer
activation and deactivation times relative to the duration of the
cycle shortening phase (Caiozzo and Baldwin, 1997). To alter the
mass properties of the muscle, we added effective mass by inserting
an insect pin (no. 3; 0.5 mm diameter; stainless steel) through the
cross-section of the muscle belly, midway along its length. This pin
was fixed to one end of a movement arm that passively rotated
depending on the force applied by the muscle to the pin (Fig. 1). A
weight could be attached to the other end of the movement arm
opposite to the pin to increase the effective mass of the muscle
beyond what the movement arm alone would exert. The hollow
carbon fibre movement arm rested on a cone-shaped component to
reduce the area of contact with the movement arm and minimise the
effects of friction (Fig. S1). We attached this set-up to add effective
mass to the muscle to a micromanipulator on a magnetic stand (Kite
Manual Micromanipulator and M10 Magnetic Stand, World
Precision Instruments, Sarasota, FL, USA) to allow for fine
adjustment of the position of the pin.

Each muscle underwent all combinations of two force conditions
(active and passive), three strain conditions (£5, £7.5 and £10%
relative to optimal length, resulting in total shortening strain of 10%,
15% and 20%), and three mass conditions (unloaded, movement
arm with no weight, and movement arm +1.1 g weight, resulting in
an effective added mass of 0%, 84.9+7.5% and 122.9+10.8%
muscle mass) twice for a total of 36 work-loops. We did not select
the mean effective mass relative to the muscle mass but rather
measured this value after the experiments were completed and the
muscles were excised and weighed. We additionally conducted
work-loop trials using a larger weight; however, this weight was

Weight
—

Axis of rotation

—

Pin inserted

into muscle TT—g

Attached to
servomotor

Fig. 1. Set-up to add effective mass to the in situ plantaris muscles. To add
mass to the muscle, we developed a system in which a 1.9 g, 14 cm long
hollow carbon fibre rod rotated about a pivot. On one end of the rod we attached
an insect pin which we inserted into the muscle midway along its length,

and on the other end we could attach weights of different sizes to add effective
mass to the muscle acting through the pin. The proximal end of the muscle was
fixed by securing the hindlimb of the rat to a stereotaxic frame with a femur
clamp, and the distal end was tied to the lever arm of a servomotor. Vascular
supply to the muscle remained intact and we externally stimulated the sciatic
nerve innervating the plantaris using a bipolar nerve cuff electrode.

unstable on the movement arm and so these results are not reported
in this paper. We blocked the work-loop trials by mass condition to
reduce damage to the muscle from adjusting the pin attached to the
movement arm. We then randomised these mass condition blocks to
control for order effects, except for the unloaded condition which
always occurred first to avoid disturbing the pin once it was placed
in the muscle. Within each mass condition block, we conducted six
work-loop trials (two force conditionsxthree strain conditions) in
random order. Between each work-loop ftrial containing five
consecutive contraction cycles, we allowed the muscle to rest for
5 min, and between each block of work-loop trials, we conducted
maximal tetanic contractions at optimal length to monitor the extent of
muscle fatigue over the duration of the experiments. After we
completed all blocks of work-loop trials, we repeated the trials a
second time in reverse order to further control for fatigue and order
effects. We terminated the trials when we saw visual changes in work-
loop shape due to fatigue, such as prolonged relaxation times (Stevens
and Syme, 1989, 1993; Askew et al., 1997) and decreased ability of the
muscle to maintain force during shortening (Askew et al., 1997,
Wilson and James, 2004). Likely due to our relatively low cycle
frequency (Stevens and Syme, 1993) and 5 min recovery periods
between trials, we did not see indicators of these changes in our muscle
preparations. Additionally, we inspected the muscles post-mortem and
found no evidence of discernible damage to the muscle tissue from the
pin. For a visual of the experimental design, see Fig. S2.

Data collection and analysis

‘We measured output torque and position of the servomotor and the
stimulus pulse delivered to the sciatic nerve in volts, and
simultaneously generated the stimulus pulse at a sampling
frequency of 4000 Hz using a custom-built virtual instrument and
data acquisition board (Igor Pro version 7.0.8.1, Wavemetrics, Lake
Oswego, OR, USA; USB-6259, National Instruments, Austin, TX,
USA). We filtered the output data using a fourth-order Butterworth
low-pass filter with a 55 Hz cut-off frequency and converted the
output voltages to force (N) and length (m) using linear calibration
curves. To determine the mechanical work per cycle of the muscle
for each trial, we integrated the instantaneous mechanical power
(product of muscle force and velocity) over the time duration of
each cycle and then took the mean of the last three cycles. Then, to
further control for the decrease in maximum muscle force over the
duration of the experiments due to fatigue in addition to
randomising and repeating trials, we normalised the mean
mechanical work for each active work-loop trial by the
approximate maximum tetanic muscle force at the time of the trial
using a linear interpolation of the maximum tetanic force from the
control contractions that occurred between each block of work-
loops (Fig. S2) as a function of the trial number. Although we did
not observe any obvious changes in work-loop shape during the
experiments, we did see a mean reduction in maximum isometric
force of 22% across all rats. A typical plot of the maximum
isometric force from the control tetanic contractions over the
duration of the trials can be seen in Fig. S3. We used a similar
scheme to normalise the mechanical work from the passive work-
loop trials but used the approximate passive force at optimal length
at the time of the trial rather than the maximum tetanic force.
Normalising the mechanical work per trial by muscle force resulted
in normalised work with dimensions of length, so we also
normalised the work by the given muscle’s optimal length to
result in dimensionless work. Finally, we took the mean work from
the two repeated trials so that there was only one independent
sample for each rat for each condition in the analysis. We conducted
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all post-processing in Mathematica (version 12, Wolfram Research,
Champaign, IL, USA).

Statistical analysis

To examine the effects of added mass and strain amplitude on the
mean mechanical work per cycle, we conducted repeated measures
analysis separately for active and passive trials using a linear mixed
model fit using maximum likelihoods with the function /mer in the
package Ime4 (Bates et al., 2014) in R (version 3.6.1; http:/www.R-
project.org/). In the model, we included dimensionless mechanical
work as a continuous response variable, strain and mass as
categorical fixed effects, and subject as a categorical random
effect. We did not include an interaction effect between strain and
mass as it did not improve the model fit on initial tests. To examine
the pairwise differences in mean mechanical work across all strain
and mass conditions, we used the Holm—Bonferroni method (Holm,
1979) within the package multcomp (Hothorn et al., 2008) to control
for the increase in family-wise error rate with multiple comparisons.
We repeated this same analysis but with the dimensionless work
normalised to the unloaded condition at the same strain as the
continuous response variable to examine how strain alters the effects
of'added mass. In this analysis, we excluded the unloaded 0% added
mass condition as there was no variance in the normalised work for
these trials. All experimental results are reported as means+s.e.m.

Muscle model and simulations

To validate the Hill-type model accounting for tissue mass used in
Ross and Wakeling (2016) and Ross et al. (2018a), and to confirm
that our method of adding mass to the muscle is theoretically
analogous to adding mass to the muscle model, we ran simulations
with the mass-enhanced model to replicate the conditions of the
in situ experiments in this study.

The mass-enhanced model used to predict the in situ muscle
behaviour in this study has been described in detail elsewhere
(Gunther et al., 2012; Ross and Wakeling, 2016; Ross et al., 2018a).
In brief, the model contains 16 point masses distributed evenly
along the length of the muscle at rest to represent the mass of the
muscle (Fig. 2). The mass of each point mass is equal to the total
mass of the muscle divided by the number of point masses. Between
the point masses are Hill-type muscle segments that produce force
as a function of their activation, length and velocity. To model the

intrinsic force—velocity and force—length properties of muscle
segments, we used Bézier curves (Ross et al., 2018b) fitted to
experimental data from Roots et al. (2007) and Winters et al. (2011),
respectively. Because the forces, lengths and velocities in these
curves are dimensionless, and we used maximum isometric force
Fy, maximum intrinsic shortening velocity v, and optimal length L,
values that were specific to rat plantaris muscle, we effectively only
fitted the dimensionless shape of the force—velocity and force—
length curves. The model assumes that the muscle’s fibres are
arranged in parallel, and as we controlled for the effects of the
tendon during the in situ experiments by tying off the Kevlar string
connecting the muscle to the servomotor directly at the
myotendinous junction, we did not include a series elastic
element in the model formulation. The properties of the model,
such as the maximum isometric force, optimal length, and rate of
activation, were taken as the mean values obtained from the in situ
experiments (Table S1).

To increase the mass of the muscle model, we added mass to the
point mass that was located at the average position of the pin along
the length of the in sifu muscle. To mimic the work-loop conditions
of the in situ experiments, we constrained the end of the muscle
model to follow a sinusoidal trajectory, and for conditions where the
muscle was producing active force, we introduced a square wave
excitation—time trace that reproduced the sciatic nerve stimulation in
the experimental protocol. We then ran this excitation function
through an excitation—activation transfer function (Zajac, 1989) to
add delays between onset and peak activation and peak activation
and complete deactivation. As in the in situ muscle experiments, we
shifted the start of excitation 5% (25 ms) earlier in time relative to
the start of shortening to maximise work per cycle. To examine the
effects of muscle mass on the mechanical work of the muscle
model, we replicated the in situ experimental conditions and varied
the muscle force (active and passive), the effective mass added to
the muscle model, and the strain amplitude of the contraction cycles.
Due to our aim to minimise fatigue of the muscle preparations, in the
experiments we were limited in the range of added mass and strain
conditions we could examine. However, in the simulations we were
able to extend the range of added masses to 400% muscle mass and
strains to +£20% for a total shortening strain of 40%. We additionally
ran simulations where the added mass was distributed evenly across
all 16 point masses in the mass-enhanced model to confirm that the

Fig. 2. Muscle model used to simulate experimental
contraction cycles. (A) The mass of the muscle was
distributed along the length of the model in a series of 16 point
masses (p1—P1s)- The point masses were separated by Hill-
type actuators that each contained a contractile element (CE)
and parallel elastic element (PEE). The force of the CE was
due to its normalized force—velocity (B) and normalized
force—length (C; purple) properties and the force of the PEE

| depended on only its normalized force—length properties (C;
blue). The normalized force—velocity and normalized force—
length properties were represented by Bézier curves
developed in Ross et al. (2018a) and fitted to experimental
data from Roots et al. (2007) and Winters et al. (2011),
respectively. To replicate the in situ experimental work-loops,
one end of the model was fixed and the other was constrained
to follow a sinusoidal trajectory.
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effects of adding mass to one point within the muscle are similar to
distributing that added mass along the muscle’s length. We
conducted all simulations in Mathematica (version 12).

RESULTS

The mean mass, optimal length Ly, maximum isometric force Fy,
and activation rate constant 1, of the muscles examined in this
study can be found in Table S1 and raw data for the in situ work-
loop trials can be found in Table S2. For the active work-loop
experiments, we started stimulating the sciatic nerve 25 ms before
the start of the shortening period (—5% relative phase) where the
muscle reached its longest length. This resulted in the muscle
reaching peak force close to the start of shortening and then
maintaining high forces for the duration of the shortening phase of
the cycle (Fig. 3A). As a consequence of this behaviour, the
mechanical work output per cycle of the muscle was positive and
fairly large, resulting in counterclockwise work-loops that
resembled that of a motor (Fig. 3A). To replicate this work-loop
behaviour in the model simulations, we activated the muscle model
using a time-varying excitation signal that was shifted in time so
that, as with the in sifu muscle experiments, the muscle excitation
started 5% of the cycle duration before the start of the shortening
phase. This resulted in simulated work-loops that were similar in
shape to the experimental work-loop traces, except that the
relaxation times were longer for the model simulations compared

with the rat plantaris contractions (Fig. 3B). We also conducted
passive work-loop trials for the in situ experiments, in which the
muscle length changes were identical to those for the active trials,
except that the sciatic nerve was not stimulated and so active muscle
force did not develop (Fig. 3C). These passive trials resulted in
negative absolute work per cycle.

We found that greater added mass resulted in lower mechanical
work per cycle for the active in situ work-loop trials (main effect:
P=0.021; Fig. 4A). There was a 4.5+1.9% decrease in mean work
per cycle between the unloaded (0% added mass) condition and the
85% added mass condition (P=0.041). When we increased the
added mass to 123% of the muscle mass, the work decreased by 4.7+
1.9% relative to the unloaded condition (P=0.041). We were unable to
detect a difference in mechanical work per cycle between the 85%
and 123% added mass conditions (P=0.889). For work-loops
simulated with the muscle model, we found that increasing the
mass of the muscle decreased its mechanical work output per cycle,
similar to the in situ experiments. However, the magnitudes of the
differences between the mass conditions were much smaller (less than
1%) in the simulated contraction cycles compared with what we
found for the in situ experiments, so we chose to geometrically scale
the muscle by a factor of 25 as per Ross et al. (2018b) to amplify these
effects to within a comparable range of the experimental results.
Because the geometric proportions of the model remained constant,
muscle length scaled with the scaling factor, the cross-sectional area
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Fig. 3. Sample raw traces for unloaded trials at different strains. Raw traces for active contractions from in situ experiments (A) and simulations (B), and
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unloaded (0% added mass) trials in a single rat at the three different strains.
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Fig. 4. Mass effects in active contractions. (A) The effect of added mass on normalised mean mechanical work per cycle (P=0.021) expressed as a
percentage of the unloaded condition (N=7). Using post hoc analysis we were able to detect a difference between the 0% and 85% conditions (P=0.041)
and the 0% and 123% conditions (P=0.041) but not between the 85% and 123% added mass conditions (P=0.889). Error bars are s.e.m. from the post hoc
analysis. (B,C) Normalised mean work per cycle for lumped (B) and distributed (C) added mass simulations, where each point represents the work per
cycle from a single simulation, for which we used the mean properties of the experimental muscles (N=7) as input parameters for the model. Added

mass is expressed as a percentage of the mean muscle mass across all rats.

scaled with the square of'the scaling factor, and the volume and tissue
mass scaled with the cube of the scaling factor. As muscle maximum
isometric force is proportional to the cross-sectional area, this scaling
resulted in relatively larger muscle tissue mass relative to the
maximum muscle forces. Conceptually, this scaling is akin to adding
mass experimentally to the same size muscle. Further simulation
results refer to this scaled model.

For simulations that mimicked the experimental set-up, where we
added mass to the point mass closest to the average position of the pin
inserted into the in sifu muscle, we found that the mean mechanical
work per cycle decreased by 1.7 and 2.4% for 85 and 123% added
mass, respectively, across all three strain conditions (Fig. 4B). For
simulations where we evenly distributed the added mass across all 16
point masses in the model, we found that the mean work per cycle
decreased by 0.9 and 1.2% for 85 and 123% added mass relative to
the unloaded condition, respectively, across all three strain conditions
(Fig. 4C). For both these lumped and distributed added mass
simulations, there was a greater reduction in mechanical work per

Simulations: lumped mass C

cycle with greater cycle strain, and the magnitude of this work
reduction was greater for the lumped added mass simulations that
mimicked the set-up of the in sifu experiments. For the passive in situ
work-loops where the nerve innervating the muscle was not
stimulated, we were unable to detect an effect of added mass on
mean mechanical work per cycle (P=0.078).

For the active in situ work-loop trials, we found that greater cycle
strain led to greater work; however, when the work for each
condition was normalised to the unloaded (0% added mass)
condition at the same strain, we found that greater cycle strain
resulted in lower mean mechanical work per cycle for the added
mass conditions (main effect: P=0.003; Fig. 5A). Comparing
between conditions, we found that mean work per cycle relative to
the unloaded trials decreased by 4.8+1.4% between the 5 and 10%
strain conditions (P=0.002) and 1.8+1.4% between the 5 and 7.5%
strain conditions; however, this difference was not significant
(P=0.204). Additionally, we were unable to detect a significant
difference between the 7.5 and 10% strain conditions (P=0.071).

Simulations: distributed mass
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Fig. 5. Strain effects in active contractions. (A) The effect of muscle strain on normalised mean mechanical work per cycle relative to the unloaded condition at
the same strain (P=0.003; N=7). Using post hoc analysis we were able to detect a difference between the 5 and 10% strain conditions (P=0.002), but not between
the 5 and 7.5% conditions (P=0.204) or between the 7.5 and 10% conditions (P=0.071). The error bars are s.e.m. from the post hoc analysis. (B,C) Normalised
mean work per cycle for lumped (B) and distributed (C) added mass simulations, where each point represents the normalised work per cycle from a single
simulation where we used the mean properties of the experimental muscles (N=7) as input parameters for the model. Muscle strain is defined as the change in
muscle length from optimal length (Lo) expressed as a percentage of optimal length.
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For the model simulations where the added mass was lumped near
the centre of the muscle, we found that mean work per cycle relative
to unloaded decreased by 1.1 and 3.6% for 7.5 and 10% strain,
respectively, across the 85 and 123% added mass conditions
(Fig. 5B). For both the simulations where the added mass was
lumped and where it was distributed along the muscle’s length, we
found a greater reduction in work per cycle with greater strain
relative to the unloaded condition (Fig. 5B,C). This reduction in
work was greater in the lumped added mass simulations, except for
the highest (20%) strain where we found the work reduction to be
greater for the distributed mass simulations (Fig. 5C). As with the
mass effects, we were unable to detect an effect of strain on the
muscle mechanical work per cycle relative to the unloaded trials for
the passive in situ work-loops where the muscle was not activated
(P=0.834; Fig. 6B).

DISCUSSION

Most studies that examine the contractile properties of skeletal
muscle focus on single fibres, fibre bundles, or small muscles for
which the effects of muscle tissue inertia are largely negligible. As a
consequence, we often assume that whole muscles behave as a
scaled version of these single fibres or fibre bundles without
considering the effects of the additional muscle tissue mass.
However, modelling studies have shown that accounting for muscle
mass can act to decrease maximum shortening velocities (Meier and
Blickhan, 2000; Bol and Reese, 2008; Ross and Wakeling, 2016)
and mechanical work per cycle (Ross et al., 2018a). While muscle
mass can alter the behaviour of smaller or maximally active
muscles, these effects are amplified by submaximal activation levels
(Ross and Wakeling, 2016) and scaling muscle to larger sizes
(Gunther et al., 2012; Ross and Wakeling, 2016; Ross et al., 2018a).
Despite these findings, as with any mathematical model, the models
used in these studies are only a representation of the actual system of
interest. Consequently, it is important to confirm that these mass
effects occur in real muscle. Therefore, in this study we examined
the effects of muscle tissue mass on the mechanical work per cycle of
in situ rat plantaris muscle during both active and passive cycles of
muscle length change (Fig. 3). To alter the effects of tissue inertia, we
added effective mass to the muscle (Fig. 1) and we also varied the
amplitude (strain) of the contraction cycles. The effects of tissue
inertia depend on the magnitude of mass as well as the acceleration of
that mass. Increasing the effective mass of the muscle acting through
the pin and increasing the amplitude of the sinusoidal length changes
increase the inertial loads within the muscle by increasing the
magnitude of the mass and its acceleration, respectively. We
hypothesised that an increase in internal inertial loads would

Fig. 6. Mass and strain effects on passive in situ muscle. Mean
normalised work per cycle relative to unloaded across added mass (A)
and strain (B) conditions. We were not able to detect a significant effect
of either mass (P=0.078) or strain (P=0.834) on the mean work per cycle
normalised to the unloaded condition at the same strain for the passive
work-loop trials (N=7). The absolute work per cycle was negative for all
passive trials, so mean work relative to unloaded greater than 100%
indicates that the absolute work was negative and larger in magnitude
than that for the unloaded condition. Error bars are s.e.m. from the post
hoc analysis.

decrease net muscle force and, therefore, the work that the muscle
would generate over a contraction cycle.

Mass effects in active contractions

We found that for active work-loop trials of the in situ muscle, the
mean mechanical work per cycle decreased by 4.5 and 4.7% for an
increase in effective mass of 85 and 123%, respectively (Fig. 4A).
Although increasing the effective mass of muscle by 85 and 123%
may seem quite large, these magnitudes are fairly small relative to
the effective mass of inactive tissue that acts as an inertial load on
actively contracting tissue during submaximal contractions. At the
around 20% activation levels that muscles typically operate at
during daily locomotion, such as level walking (Shiavi and Griffin,
1983; Gillis and Biewener, 2001; McGuigan et al., 2009; Tikkanen
et al., 2013), the remaining inactive 80% of the muscle tissue would
exert an inertial load with 400% effective mass against which active
muscle fibres must contract. Increasing the effective mass by 85 and
123% during maximal contractions, as we did in this study, in
theory represents inertial loads applied to the actively contracting
muscle as if approximately 54 and 45%, respectively, of the muscle
tissue were active [% active mass/(% active mass+% inactive or
added mass), e.g. 100/(100+85)~54]. Therefore, the reductions in
muscle work with greater added mass that we found in this study
likely underestimate the reductions in work due to the inertia of
inactive tissue that occur during daily activities.

In this study, we initially simulated the experimental contraction
regimes using a Hill-type muscle model that accounts for tissue
mass (Fig. 2C), where the dimensions of the muscle model were
identical to those taken from the mean dimensions of the
experimental muscle (a scale of 1). However, while these
simulations resulted in lower work per cycle for greater mass, the
magnitude of these effects were much smaller than what we saw for
the in situ experiments. Therefore, we chose to scale the muscle
model to a larger size (geometrically by a factor of 25) to amplify
the mass effects to within the same order of magnitude as the
experimental results. By doing so, we were able to determine if
added mass resulted in the same pattern of effects on work for the
in situ experiments as for the simulations. Additionally, the
experimental conditions did not span the full range of mass
effects that could be expected physiologically, and so the model
provided a means to explore the more complete physiological range.
For these scaled simulations with the added mass lumped as a point
mass closest to the mean position of the pin inserted into the in situ
muscle, we found that work decreased by 1.7 and 2.4% for 85 and
123% added mass, respectively, compared with the unloaded
condition (Fig. 4B).
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Potential differences between the intrinsic properties of the
muscle model and the in situ rat plantaris muscle may have led to
smaller reductions in work with greater added mass for the rat
plantaris scale simulations compared with the in situ work-loop
trials. First, because we did not measure the intrinsic force—velocity
or full force—length properties of the in situ muscles in this study to
minimise fatigue, and because no complete data sets are available
describing these properties of the rat plantaris over the entire
physiological range of muscle lengths (short to long) and velocities
(shortening and lengthening), we fitted the force—length and force—
velocity curves (Ross et al., 2018b) to data from rabbit tibialis
anterior muscle (Winters et al., 2011) and intact rat flexor hallucis
brevis fibre bundles (Roots et al., 2007), respectively. Therefore,
these fitted curves may not entirely reflect the intrinsic properties of
the rat plantaris. However, because we normalised the muscle and
fibre bundle forces, lengths and velocities before we fitted the
intrinsic curves to the data (Fig. 2B,C), and used Fy, Ly, and vy
values that were specific to rat plantaris muscle in the model
(Table S1), the fitted force—velocity and force—length curves likely
did not vary substantially from that of the experimental muscles.
Second, we did not incorporate history-dependent effects, such as
force enhancement due to active lengthening (Abbott and Aubert,
1952; Cavagna and Citterio, 1974; Edman et al., 1982; Morgan
etal., 2000; Herzog and Leonard, 2002) and force depression due to
active shortening (Abbott and Aubert, 1952; Maréchal and Plaghki,
1979; Meijer et al., 1998; Herzog et al., 2000; Morgan et al., 2000)
in our model formulation. Because these history-dependent effects
are thought to be due to mechanisms at the crossbridge level
(Herzog et al., 2012) and are not directly affected by the dynamics of
muscle mass, their exclusion from the model formulation likely did
not alter the main conclusions of the modelling results. Third, we
determined only the activation rate constant in the Zajac (1989)
excitation—activation transfer function from the experimental data.
To determine the deactivation rate constant, we used a ratio B
between the activation and deactivation rate constants of 0.6 (Dick
et al., 2017), which resulted in prolonged relaxation times for the
muscle model (Fig. 3B) relative to the rat plantaris muscles
(Fig. 3A). However, while increasing B decreased the model
relaxation times and resulted in work-loops that were closer in shape
to the in situ muscle work-loops, changing B did not alter the added
mass effects. Therefore, these features of the mass-enhanced muscle
model likely did not contribute to the smaller reductions in work
with greater added mass for the rat plantaris scale simulations
compared with the in situ work-loop trials.

One-dimensional (1D) Hill-type muscle models fail to account
for the three-dimensional (3D) shape and architecture of muscle,
and this may have contributed to the discrepancy between the
simulated and measured mass effects. When a muscle contracts and
shortens it must bulge in width and thickness in order to maintain
nearly constant volume (Baskin and Paolini, 1967). In pennate
muscle, where the muscle fibres are oriented at an angle relative to
the muscle line-of-action, the fibres can also rotate to greater angles
as the muscle contracts (Gans and Bock, 1965; Fukunaga et al.,
1997; Maganaris et al., 1998; Azizi et al., 2008; Randhawa et al.,
2013). Because muscle fibres can rotate, they can shorten at
different speeds relative to the muscle belly in a process known as
architectural gearing (Azizi et al., 2008). The rat plantaris, examined
here, is considered unipennate with a fibre pennation angle of
15-16 deg (Roy et al., 1982; Eng et al., 2008) relative to the muscle
line-of-action at rest. Therefore, muscle shape change (e.g. bulging
in thickness and width) and architectural gearing likely influenced
the cyclic work-loop contractions studied in our experiments.

However, the mass-enhanced Hill-type model we used to simulate
these contraction regimes is 1D and so only accounts for the muscle
dynamics and kinematics along the muscle’s length and does not
account for the effects of tissue mass in other directions. Studies
using 3D finite element models of muscle have shown that
accounting for the effects of tissue mass in 3D can reduce
maximum shortening velocity (Meier and Blickhan, 2000; Bdl
and Reese, 2008) and mechanical work per cycle (Ross et al.,
2018a), similar to our previous 1D simulation results (Ross and
Wakeling, 2016; Ross et al., 2018a). While no direct comparisons
have yet been made between the magnitudes of the mass effects in
1D versus 3D, accounting for the effects of tissue mass in all
directions, even in parallel-fibred muscles, would be likely to
further reduce muscle work output per cycle, as greater internal
work would be done to accelerate the tissue mass in transverse
directions as the muscle shortens. The effects of tissue mass
could be altered further in pennate muscle where the fibres can
rotate relative to the line-of-action as well as change length. In
our experiments, inserting the pin through the muscle along the
plane perpendicular to the aponeuroses could have, to some
extent, restricted changes in muscle shape and fibre rotations and
altered the mechanical work output that we measured during the
in situ experiments. Given these considerations, further work is
needed to understand the 3D effects of tissue mass on whole
muscle behaviour.

To confirm that adding mass to one point within the muscle
results in similar effects to having that same added mass distributed
along the muscle’s length, we conducted additional simulations
with the mass-enhanced Hill-type model but distributed the added
mass evenly across all 16 point masses in the model. These
simulations resulted in smaller mass effects compared with when
the added mass was lumped into a single point mass midway along
the muscle’s length (Fig. 4B,C). While the mass of real muscle is
continuous throughout its volume, we had to discretise the mass in
our model using a series of point masses to approximate the
dynamics of the system. While increasing the number of point
masses gives a closer approximation to the behaviour of the
continuous mass, the computational time substantially increases
and, beyond 16 point masses, the increased accuracy from more
point masses becomes insignificant (Giinther et al., 2012). For our
in situ rat plantaris experiments, we added effective mass to only a
single location midway along the muscle’s length to avoid altering
the integrity of the muscle tissue. Therefore, the lumped added mass
simulations and in situ experiments provide a coarse approximation
of the change in inertial effects due to increasing muscle mass or
decreasing activation during submaximal contractions. While the
distributed added mass simulations better approximate the effects of
continuous mass distributed throughout the volume of a muscle, few
if any real muscles have their volume or mass distributed evenly
along their length. Studies quantifying muscle architecture of
human leg muscles using magnetic resonance imaging have shown
that muscle cross-sectional area is largest towards the midpoint
along the muscle’s length and then tapers off towards the proximal
and distal ends, but the location of this largest cross-sectional area
differs between muscles (Fukunaga et al., 1992; Morse et al., 2007,
Erskine et al., 2009; Cotofana et al., 2010; Maden-Wilkinson et al.,
2013) and can change with active contraction (Hodgson et al.,
2006). The inertia of inactive tissue during submaximal contractions
are also not likely to be distributed evenly along the muscle’s length
due to regional variations in muscle activation (English, 1984; Pratt
and Loeb, 1991; Boggs and Dial, 1993; Schieber, 1993; Soman
et al., 2005; Wakeling, 2008; Kinugasa et al., 2011; Hodson-Tole
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etal., 2013). Thus, the complexity of the inertial properties of in vivo
muscle are likely not entirely captured by either the lumped or
distributed added mass simulations.

Strain effects in active contractions

The mechanical work performed by a muscle over a contraction
cycle depends on the pattern of muscle force in relation to the
length change. If force is produced during shortening, increasing
the cycle strain amplitude may be expected to increase work per
cycle. However, because greater strain amplitude at constant cycle
frequency increases the average shortening velocity of the muscle,
greater strain could alternatively decrease work by decreasing
muscle force due to force—velocity effects (Hill, 1938). Therefore,
maximal work per cycle typically occurs at intermediate cycle
strains (Josephson, 1985; Josephson and Darrell, 1989; Askew and
Marsh, 1997). We found here that greater cycle strain led to greater
mean absolute work per cycle, indicating that the rat plantaris was
operating at small enough strains where reductions in force due to
faster shortening speeds did not outweigh increases in work due to
greater length change. In this study we were interested in using strain
to manipulate the effects of inertia on muscle work by altering the
accelerations of the muscle tissue and added effective mass. We
expected that increasing the strain amplitude imposed by the
servomotor would increase the accelerations of the muscle tissue
mass and decrease mechanical work output per cycle. Indeed, we
found that this was the case for the active contraction cycles when
work was normalised to the unloaded (0% added mass) condition at
the same strain to control for length change and velocity effects on
the work output (Fig. 5).

Studies comparing Hill-type model predictions to in situ and
in vivo muscle force measures show that these massless 1D models
perform best during slow, maximal contractions and are least
accurate when predicting faster, submaximal contractile conditions.
Perreault and colleagues (2003) compared Hill-type forces with
in situ cat soleus forces during contractions that mimicked in vivo
length trajectories and found that errors exceeded 50% when the
muscle strains were large and motor unit firing rates were low.
Millard and coworkers (2013) showed that Hill-type model errors
increased when predicting in sifu cat soleus muscle forces during
submaximal contractions (Perreault et al., 2003) compared with
maximal contractions (Krylow and Sandercock, 1997). Similar
results have been reported for larger animals: Wakeling and others
(2012) found that the correlations between predicted and measured
forces of in situ goat medial gastrocnemius were lower for lower
stimulus frequency, and Dick and colleagues (2017) showed that
Hill-type prediction errors of human medial and lateral
gastrocnemius forces during cycling were lowest for low speed,
high force contractions and increased with higher cadences. The
results of the present study, along with our previous simulation work
(Ross and Wakeling, 2016; Ross et al., 2018a), indicate that the
effects of muscle mass are greatest during the higher strain and
submaximal contractions where traditional massless Hill-type
models perform the worst. Therefore, accounting for tissue mass
may be a promising avenue to improve the predictive power of these
widely used muscle models.

In this study we only examined sinusoidal length changes with
supramaximal nerve stimulus to activate all or nearly all of the
muscle fibres. We also used a stimulus duty cycle of 0.4 so that
the muscle would generate active force for the majority of the cycle
shortening phase to maximise work output. However, muscle
behaviour during in vivo contraction cycles can vary widely
depending on the muscle and the task. Therefore, further work is

needed to investigate how tissue inertia alters the behaviour of
muscle across a wider range of activation and muscle length change
patterns.

Passive muscle length changes

We were unable to detect an effect of either mass or strain during the
passive work-loop trials (Fig. 6). Given that the magnitudes of work
we measured during the cycles of passive length change were small
relative to the magnitudes of work during the active contractions, it
is likely that the effects of mass and strain under passive conditions
were too small to detect given the variability among subjects and
experimental noise in the data. When we simulated the passive
work-loop conditions with the mass-enhanced muscle model, the
point masses within the model oscillated at much higher frequencies
than the cycle frequency, indicating that the system was unstable.
This was not an issue for simulations involving active contractions
because the concentric portion of the force—velocity relationship
provides damping to stabilise the system and prevent the high-
frequency oscillations of the point masses. In contrast, because the
passive force of the muscle segments between the point masses
depended only on length, there were no velocity-dependent
damping effects to stabilise the model point masses during the
passive work-loop simulations.

Viscous (velocity-dependent) damping has been described or
discussed in studies of skeletal muscle (Gasser and Hill, 1924,
Levin and Wyman, 1927; Heerkens et al., 1987; Syme, 1990; Best
etal., 1994), as well as a range of other biological tissues, including
cardiac muscle (Templeton and Nardizzi, 1974; Templeton et al.,
1974), aponeuroses and tendons (Lieber et al., 2000; Maganaris and
Narici, 2005), and fat (Chan and Titze, 1998; Schoemaker et al.,
2006). Without the effects of viscosity, muscle would behave as a
non-linear spring during passive length changes and return as much
energy during shortening as it stores during lengthening. However,
all the passive work-loops in this study resulted in negative work per
cycle (Fig. 3C), indicating that energy was likely dissipated due to
viscous damping. Except for a few studies that have incorporated
viscous damping in parallel to the contractile element of muscle
models to mimic the effects of viscosity within muscle tissue
(Hatze, 1977; Giinther et al., 2007), or to improve the numerical
stability of the modelling computations and satisfy the balance of in-
series forces between muscle and tendon (Millard et al., 2013), the
effects of viscosity are typically neglected in the formulation of Hill-
type muscle models. While viscous damping alone may have a
negligible effect on muscle output forces, lengths and velocities, it
could play an important role in dissipating energy and stabilising the
mass of in vivo muscle tissue.

Conclusions

The purpose of this study was to determine the effects of altering the
mass of in situ muscle on mechanical work during cyclic
contractions. We found a statistically significant main effect of
added mass on mechanical work per cycle. The condition with the
greatest added mass resulted in the lowest work relative to the
unloaded condition. We additionally detected a significant main
effect of cycle strain, with the greatest strain condition resulting in
the lowest work relative to the unloaded condition. We were able to
replicate similar results to those of the in situ experiments in
simulations of the mass-enhanced Hill-type model, but the
magnitude of these effects was smaller. Because of the difficulty
of measuring whole muscle function in living animals, we often rely
on Hill-type muscle models to predict and understand whole muscle
behaviour. However, these models, which rarely account for the
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effects of muscle mass, have limited accuracy when predicting
faster, higher strain, and submaximal contractions where the effects
of muscle mass are likely to be greatest. Therefore, accounting for
muscle mass may be a promising avenue to improve the predictive
power of Hill-type muscle models and improve our understanding
of whole muscle function in living animals.
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