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The force response of muscles to activation and length
perturbations depends on length history

Siwoo Jeong and Kiisa Nishikawa*

ABSTRACT

Recent studies have demonstrated that muscle force is not
determined solely by activation under dynamic conditions, and that
length history has an important role in determining dynamic muscle
force. Yet, the mechanisms for how muscle force is produced under
dynamic conditions remain unclear. To explore this, we investigated
the effects of muscle stiffness, activation and length perturbations on
muscle force. First, submaximal isometric contraction was
established for whole soleus muscles. Next, the muscles were
actively shortened at three velocities. During active shortening, we
measured muscle stiffness at optimal muscle length (Lo) and the force
response to time-varying activation and length perturbations. We
found that muscle stiffness increased with activation but decreased
as shortening velocity increased. The slope of the relationship
between maximum force and activation amplitude differed
significantly among shortening velocities. Also, the intercept and
slope of the relationship between length perturbation amplitude and
maximum force decreased with shortening velocity. As shortening
velocities were related to muscle stiffness, the results suggest that
length history determines muscle stiffness and the history-dependent
muscle stiffness influences the contribution of activation and length
perturbations to muscle force. A two-parameter viscoelastic model
including a linear spring and a linear damper in parallel with measured
stiffness predicted history-dependent muscle force with high
accuracy. The results and simulations support the hypothesis that
muscle force under dynamic conditions can be accurately predicted
as the force response of a history-dependent viscoelastic material to
length perturbations.

KEY WORDS: Soleus, Shortening velocity, Activation dynamics,
Length deformation, Tunable material

INTRODUCTION

Muscles produce variable forces to adjust to unexpected
perturbations during locomotion on uneven terrain (Daley and
Biewener, 2011). Compared with steady-state isometric
contractions (Baratta et al., 1998; Kim et al., 2020; Vredenbregt
and Rau, 1973) or steady-state locomotion on uniform terrain (Eng
et al., 2019; Roberts et al., 1997), our ability to predict in vivo
muscle force under dynamic conditions remains relatively poor
(Dick et al., 2017; Lee et al., 2013). As most daily activities are
performed under unsteady or perturbed conditions, understanding

Department of Biological Sciences, Northern Arizona University, Flagstaff, AZ
86011-5640, USA.

*Author for correspondence (kiisa.nishikawa@nau.edu)

K.N., 0000-0001-8252-0285

Received 30 May 2022; Accepted 13 January 2023

how muscles produce force under dynamic conditions is essential to
understand the control of movement.

In the traditional view of ‘muscle as motor’ (Nishikawa, 2020;
Sethetal., 2011, 2018), activation dynamics, typically derived from
activation and deactivation kinetics during isometric twitch (Thelen,
2003), represents the contractile element force over time, and this
force is scaled based on isometric force—length and isotonic force—
velocity relationships. The phase of activation determines the onset
and duration of muscle force, and the magnitude of activation is
proportional to the force amplitude (Lloyd and Besier, 2003; Zajac,
1989). That is, force is mainly controlled by activation (Brenner and
Eisenberg, 1986; Davies et al., 1967). However, Hill-type models
based on the ‘muscle as motor’ viewpoint have failed to accurately
predict muscle force in dynamic conditions (Dick et al., 2017; Lee
et al., 2013). Some limitations of Hill-type models include the fact
that dynamic in vivo conditions are neither isometric nor isotonic,
and the models fail to include history-dependent effects (McGowan
et al., 2013).

Activation dynamics also depend on muscle length history
(Sandercock and Heckman, 1997; Shue and Crago, 1998). Muscles
require more time to develop force when they shorten during
activation and less time when they lengthen. Accordingly, Roberts
and Gabaldon, (2008) noted that the relationship between muscle
activation and force is not constant. The electromechanical delay
varies depending on the task, and the relationship between mean
electromyogram (EMG) amplitude and force amplitude depends on
the phase of the gait cycle. The force response to EMG amplitude in
the swing phase is lower than that in the stance phase. The ‘muscle
as motor’ paradigm clearly applies to near-isometric and isotonic
conditions, but its usefulness for predicting muscle force during
natural movements is less clear because natural movements are
characterized by time-varying applied loads that produce length
perturbations in active muscles (Daley and Biewener, 2011).

An alternative to the view of ‘muscles as motors’ is the view
that muscles are tunable materials (Higueras-Ruiz et al., 2021;
Nishikawa and Huck, 2021). In this view, activation modulates
muscle viscoelastic properties, and force develops in response to
deformation by applied loads. Thus, muscle force is determined not
only by activation but also by deformations in length. This view
allows muscle force to be decoupled from activation, given the same
length and velocity.

Several recent studies suggest that muscle force may be
decoupled from activation via effects of length changes (Daley,
2018; Daley and Biewener, 2011; Daley et al., 2009; Lappin et al.,
2006; Libby et al., 2020; Robertson and Sawicki, 2015; Sponberg
et al., 2011b). In cockroaches, the mechanical response of a leg
muscle differed depending on the motor task, such as standing or
running, despite similar activation (Sponberg et al., 2011a). In
addition, the shape of muscle work-loops is sensitive to small
changes in velocity (Robertson and Sawicki, 2015). Furthermore, it
is well known that isometric force following active lengthening is
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higher (Abbott and Aubert, 1952; Edman et al., 1982; Herzog et al.,
2016; Nishikawa, 2016) and isometric force following shortening is
lower (Abbott and Aubert, 1952; De Ruiter et al., 1998; Herzog and
Leonard, 1997; Lee and Herzog, 2003; Tahir et al., 2020) than the
purely isometric force at the same final length and activation. These
observations demonstrate that muscle force in dynamic contractions
is not well explained by activation alone.

Previous studies of in vivo muscle force—length dynamics in
guinea fowl during running over potholes and obstacles have shown
that length perturbations are associated with changes in muscle
force (Daley and Biewener, 2011; Daley et al., 2009). Length
perturbations are defined as abrupt changes in muscle length and
velocity produced by applied external forces, which lead to history-
dependent effects including force enhancement and depression
(Libby et al., 2020). For example, the lateral gastrocnemius muscle
undergoes length perturbations during foot contact following active
shortening. Uneven terrain, such as obstacles and potholes, alters
the phase of length perturbations compared with level running,
which results in variable timing and magnitude of peak force
(Fig. 1). When stepping up onto an obstacle, length perturbations
occurred earlier and peak muscle force increased (Fig. 1, line ‘a’),
whereas stepping down from obstacle to the treadmill delayed the
phase of the length perturbation and resulted in lower peak force.
When stepping down, average EMG intensity was similar to the ‘no
obstacle’ condition, although EMG intensity increased on average
during stepping up (Daley and Biewener, 2011). These results
suggest a decoupling between muscle force and activation under
dynamic conditions, and that the phase of length perturbations
appears to play an important role in determining muscle force.

The muscle force produced in response to length perturbations
can be increased or decreased by length history, given constant
activation (Libby et al., 2020). Libby et al. (2020) demonstrated that
length history influences preload, or the force at the onset of a length
perturbation. Length history was varied by controlling the

Force (N) Length (L/Ly)

EMG (mV)

Time (s)

Fig. 1. Representative changes in lateral gastrocnemius length, force
and electromyogram (EMG) versus time during treadmill running in
guinea fowl. Length changes (L, muscle length; Lo, optimal muscle length)
during level running (gray lines; meants.e.m.) versus running over 5 cm
obstacles (blue lines). Line ‘a’ indicates foot contact for running over
obstacles and line ‘b’ indicates foot contact for level running. Foot contact for
running over 5 cm obstacles (blue lines) occurs earlier than for level running
(gray lines). Obstacle steps show greater force at the onset of length
perturbation than level steps. Adapted from Daley and Biewener (2011).

frequency of sinusoidal length changes. The phase determined
whether length history was composed of shortening or lengthening
and the frequency determined the velocity of the length change.
When the preload was smaller, the force response to a length
perturbation was smaller (Libby et al., 2020). In the context of the
‘muscle as tunable material’ paradigm, the length history-dependent
preload is equivalent to muscle stiffness. These results suggest that
the relative contribution of length perturbations to muscle force is
modulated by length history.

The contribution of activation to muscle force may also be
affected by length history. As noted previously, the relationship
between force and activation depends on the task (Roberts and
Gabaldon, 2008). If tasks differ with respect to muscle length
history, then the response of muscle force to activation could be
influenced by length history. Yet, how length history affects the
activation—force relationship has rarely been studied.

The ‘muscle as tunable material” paradigm predicts that the force
response to deformation will be related to muscle stiffness. Because
muscle force is directly proportional to stiffness (Kirsch et al., 1994)
and shortening decreases muscle force as velocity increases (Julian
and Sollins, 1975), we varied shortening velocity to modulate
muscle stiffness. We used two protocols to test the hypotheses that
length history affects the force response to changes in activation
amplitude (protocol 1) or length perturbations (protocol 2) via
changes in muscle stiffness. In both protocols, we designed
experiments in which muscles first develop force isometrically and
then are shortened at different velocities to modulate muscle stiffness.

In protocol 1, we used time-varying activation during active
shortening to quantify how differences in muscle stiffness affect the
relationship between activation amplitude and muscle force. In
protocol 2, length perturbations with varying amplitudes were
applied to muscles during active shortening to investigate the effect
of muscle stiffness on the force response to length perturbations.
These protocols were designed to provide insight into the inter-
relationships among muscle force, length perturbations and
activation.

MATERIALS AND METHODS

Animals

Mice of the strain B6C3Fe a/a-Ttn™™/J were obtained from the
Jackson Laboratory (Bar Harbor, ME, USA) and a breeding colony
was established in the animal care facility at Northern Arizona
University (NAU). Soleus muscles from homozygous wild-type
mice (n=6 female, n=6 male; mean+s.d. mass 34.3+6.7 g; age
128— 199 days) were used in this study. The institutional Animal
Care and Use Committee at NAU approved the experimental
protocol and use of animals.

Muscle preparation
Mice were euthanized by isoflurane overdose (1-2% isoflurane
mixed with oxygen) confirmed by cervical dislocation. Soleus
muscles were isolated from the hindlimb and immersed in a
mammalian Krebs—Ringer bath (in mmol 17!: 137 NaCl, 5 KCI, 1
MgSO,, 24 NaHCO3, 1 NaH,POy,, 11 dextrose and 2 CaCl,, pH 7.2
at room temperature) with 95% O, and 5% CO,. Soleus muscles
were attached to a dual servomotor force lever (Aurora Scientific,
Inc., Series 300B, Aurora, ON, Canada) at one end and an inflexible
hook at the other end. The servomotor controlled muscle length and
measured position and force.

All soleus muscles were stimulated using an electrical field
generated between two platinum electrodes connected to a Grass
S88 stimulator. In order to determine optimal muscle length (L),
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muscles were fully activated using square-wave pulses at 60 V and
75 Hz, and length was adjusted until maximum isometric force (P)
was established. At the end of the experiments, P, was measured to
ensure that it was maintained throughout the experiments. Muscles
used in the analysis experienced <15% drop in force during an
experiment.

Experimental protocols

Two protocols were developed to evaluate the effects of active
shortening on muscle stiffness, as well as the effects of muscle
stiffness on the response to activation (protocol 1, n=7) or length
perturbations (protocol 2, n=5). Protocol 1 measured how muscles
respond to time-varying activation depending on muscle stiffness.
Muscles were stimulated isometrically at submaximal voltage
(mean+s.d. 3.8740.88 V) and frequency (5 Hz) until they reached
a mean (+£s.d.) steady-state force of 7.0£3.0% Py in ~0.7 s. This
submaximal stimulation was chosen to represent a low-effort
contraction in vivo. Once isometric force reached steady state, active
shortening was performed at two velocities (1.0 Lo s™', 0.5 Ly s™")
to cover the maximal power range of soleus muscle (Askew and
Marsh, 1997). At the midpoint of active shortening, muscle length
was held constant at L, (Fig. 2).

Isometric period Active shortening period
+ constant activation  + time-varying activation

|
|
Length
9 | ’io
1.1 L, Lo
1.05 L, L\ |
1.0 Ly -
|
I |
I |
|
Activation I
: 28% of P,
200 ms I
—— 4% of PO
;!
I |
Force P!
I |
1002N Isometricl

I
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— A

1.0 Lys 1

Fig. 2. Methods for protocol 1 to evaluate the effect of active shortening
on muscle force response to amplitude of activation. Muscles reached
submaximal steady-state force at three different lengths (1.10 Lo, 1.05 Lg
and 1.0 Lo), and then were actively shortened at 1.0 Ly s™" and 0.5 Ly s~

or held isometrically (force, black; length, blue). When muscles started
shortening actively, the amplitude of activation increased until muscle length
reached L, (activation, red). Six different peak amplitudes of activation were
performed: 100%, 110%, 120%, 130%, 140% and 150% of the activation
amplitude during the first submaximal isometric contraction (meanzs.d.
percentage maximum isometric force: 7.0£3.0% Pg).

To evaluate how muscle force depends on the amplitude of
activation, the amplitude of activation during active shortening was
varied using an A-M Systems Model 4100 stimulator (A-M
Systems, Sequim, WA, USA). Activation started increasing at the
onset of active shortening. The amplitude of activation increased
linearly for 100 ms, and then decreased linearly for 100 ms (Fig. 2).
Peak activation occurred at the midpoint of active shortening at
optimal muscle length (L). Six different activation amplitudes were
used: 100%, 110%, 120%, 130%, 140% and 150% of the amplitude
for the first submaximal isometric contraction (see above). This
range of activation produced forces ranging from ~3% to 30% Py,
similar to low-effort in vivo movements.

In protocol 2, the response of muscle force to length perturbations
was measured for different values of muscle stiffness, established by
varying the shortening velocity. As in protocol 1, isometric
contraction and active shortening at 1.0 and 0.5 Lys~! were
performed (Fig. 3). Length perturbations were performed at the
midpoint of active shortening where muscle length was L, in all
trials. The shape of the length perturbation was varied based on a

A Active shortening period
Isometric period Length perturbation
Length h "
11 Ly |
1.05 Ly | ‘ 11% of Ly
Activation ~ 200 ms | |
I
I S
1
10Lgst 11
Force 1
N |
|
foosN o51,s
|
I 1
I 1
B 1
I 1
Length 1
9 1 1 3% of LO
I 1
1.0 Ly —
I 1
Activation  seocemio I
e — —
I 1
| oosN
Force |

Fig. 3. Methods for protocol 2 to evaluate the effect of active shortening
on the response of muscle force to length perturbations at the same
length and activation. (A) Active shortening was performed from 1.1 Lo

to 1.0 L, (above) and from 1.05 Ly to 1.0 Ly (below) at 1.0 Ly s~" and

0.5 Ly s™". After active shortening, length perturbations were performed at
Lo. The amplitudes of the length perturbations were 1%, 3%, 5%, 7%, 9%
and 11% Lo. (B) The muscles developed force isometrically at Ly and then
length perturbations were performed at six different amplitudes: 0.2%, 0.4%,
0.6%, 0.8%, 1% and 3% of Ly. The level of activation was constant at ~35%
P, throughout the trials. Muscle force, black; length, blue; and activation,
red.
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half sinusoidal curve at a frequency of 2.5 Hz. For the trials with no
active shortening, the amplitudes of the sinusoidal curves were
0.2%, 0.4%, 0.6%, 0.8%, 1% and 3% of L, (Fig. 3B), and for the
trials with active shortening, the amplitudes were 1%, 3%, 5%, 7%,
9% and 11% of L, (Fig. 3A). The amplitude of length perturbations
was chosen to produce approximately the same force for all
perturbations, as well as to fall within the operating range of most
muscles (£20% Ly; Burkholder and Lieber, 2001). Activation was
constant at ~35% P, (Fig. 3A,B).

To measure instantaneous muscle stiffness in protocols 1 and 2,
quick length transients were performed at L, during active
shortening (Fig. 4). In a preliminary study, we found that the
smallest transient that produced a reproduceable change in force was
0.9% L. The speed of the transient (3 Lys~!) was based on a
previous study (Pinnell et al., 2019). Instantaneous muscle stiffness
was obtained from the linear portion of the force—time trajectory
during a quick transient. Muscle stiffness was calculated by the
force difference between the linear portion divided by the amplitude
of the transient in the linear portion.

Data analysis

Data were sampled at 4000 Hz and collected using a DAQ box
(National Instruments, Austin, TX, USA). Muscle stiffness,
peak muscle force and peak muscle length during active
shortening following submaximal isometric contraction were
normalized to values measured at P,. The relative values were

used for statistical analysis. The sample sizes were sufficient to
yield power estimates of 0.8 given the observed variance and effect
sizes. Differences were considered significant if P<0.05 and
Tukey’s honestly significant difference (HSD) test was used to
evaluate post hoc differences among means. All data are reported as
meanss.d.

In protocol 1, two-way ANOVA was used to test whether active
shortening and activation amplitude induce changes in muscle
stiffness. To evaluate the relationship between variable muscle
stiffness and force resulting from active shortening at different
activation amplitudes, the correlation coefficient between muscle
stiffness and force was calculated using standard linear regression.
In order remove the effect of shortening velocity, muscle force with
time-varying activation was subtracted from muscle force with
constant activation (Fig. 5A). The peak force after subtraction
(Fig. 5B) was used to analyze the effect of activation on muscle
force during active shortening. Analysis of covariance (ANCOVA)
was performed to identify changes in mean peak force, with
shortening velocity as the covariable and amplitude of activation as
the main effect. In protocol 2, one-way ANOVA was performed to
investigate the effect of shortening velocity on muscle stiffness.
ANCOVA was used to test the effects of length perturbations and
shortening velocity on muscle force, with shortening velocity as the
covariable and length perturbations as the main effect. The data are
available from the Dryad digital repository (https:/doi.org/10.5061/
dryad.5hgbzkh88).

A Protocol 1 B Protocol 2
Length Length
1.1L, 1.1L,
1.05 L, 1.05 L,
1.0 Ly 1.0 L,
Quick transient Quick transient
Activation Activation c
12.0
150% . —/\ -
200 ms 200 ms Z 1.9 E
- 100% 8 =
S 2
L 0.15¢ @
Force Force 4
0.12}
| 0.02n oo _ — .,
Isometric Isometric 598 600 602 604 606 608

Time (ms)

0.5 LO s1
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1.0 LO s g §

S
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Fig. 4. Measurement of muscle stiffness using a quick transient at L, for protocols 1 and 2, and muscle length and muscle force traces at the
quick transient. (A) In protocol 1, muscles were actively shortened at 0.5 Ly s~ and 1 Ly s~ or held isometrically with six different time-varying activation
amplitudes after reaching submaximal steady-state force at three different lengths (1.10 Lo, 1.05 Ly and 1.0 Lo). For all shortening velocity and activation
amplitude cases, muscle stiffness was measured at L, using quick transients (green circle; amplitude 0.9% Lo and velocity 3 Ly s~"). (B) In protocol 2,
muscles performed active shortening at 0.55 Ly s~" and 1.0 Ly s~ or were held isometrically with constant activation after reaching submaximal steady-state
force at three different lengths (1.10 Lo, 1.05 Lo and 1.0 Lo). Muscle stiffness was measured using quick transients (amplitude 0.9% Lo and velocity 3 Ly s~").
(C) Muscle force (black) responded to a quick transient (blue) at 3 Lo s~". The linear parts of the force—time (thick black line) and the length—time trace (thick
blue line) were used to measure muscle stiffness. The linear slope of the force—time trace was divided by the linear slope of the length—time trace, which

results in the muscle stiffness (N mm~") at steady state.
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Fig. 5. Muscle force with time-varying versus constant activation. (A) Representative raw force traces from protocol 1 at a shortening velocity of
0.5 Lo s~ for constant and time-varying activation. After muscles reached steady-state force, they shortened actively, which caused muscle force to
decrease. At the onset of shortening, the amplitude of activation was increased. (B) In order to evaluate the effect of activation on muscle force, muscle
force with constant activation was subtracted from muscle force with time-varying activation.

RESULTS

In protocol 1, relative muscle stiffness increased significantly
with increasing activation amplitude (ANOVA, F=13.28,
P<0.001) and decreasing shortening velocity (F=102.57,
P<0.001) as expected. The interaction between activation
amplitude and shortening velocity on muscle stiffness was not
significant (F=1.18, P=0.32). Relative muscle stiffness at the
highest activation amplitude (150% of activation amplitude
during the first submaximal isometric contraction) was
significantly higher than that at 130% (HSD, P<0.05), 120%
(HSD, P<0.01) and 110% (HDS, P<0.001) (Fig. 6A). Stiffness at
140% and 130% was significantly higher than that at 110% (HSD,
P<0.001) (Fig. 6A). All shortening group means were
significantly different from each other (HSD, P<0.001)
(Fig. 6B). Linear regression analysis showed a significant
correlation between muscle stiffness and force (r2=0.82,
P<0.001; Fig. 7). The slope of the relationship between
maximum force and activation amplitude differed significantly
among shortening velocities (ANCOVA, F=16.96, P<0.001). The
slope for isometric contractions was greater than the slope at
0.5Lgs™! (HSD, P<0.001) and 1.0 Lys~' (HSD, P<0.001)
(Fig. 8A). The intercept did not differ significantly among
shortening velocities.

In protocol 2, ANOVA demonstrated a significant effect of
shortening velocity on muscle stiffness (F=199.17, P<0.001). All
shortening velocity group means were significantly different from
each other (HSD, P<0.001; Fig. 6C). As in protocol 1, muscle
stiffness decreased significantly with increasing shortening
velocity. The intercept (ANCOVA, F=33.29, P<0.001) and
slope (ANCOVA, F=4.13, P<0.05) of the relationship between
length perturbation amplitude and maximum force differed
significantly among shortening velocities. For the isometric
condition, the maximum force increased faster with length
perturbation amplitude than for 0.5 Ly s~! (HSD, P<0.05) and
1.0 Ly s~! (HSD, P<0.05) (Fig. 8B). Additionally, the isometric
condition had a greater y-intercept than for 0.5 Lys~' (HSD,
P<0.05) and 1.0 Lo s™' (HSD, P<0.001) (Fig. 8B). There was no
significant difference in slope or y-intercept between 0.5 Ly s™!
and 1.0 Ly s,

DISCUSSION

Under isometric conditions, activation is primarily responsible for
the production of muscle force (Inman et al., 1952; Seyfert and
Kiinkel, 1974; Smith and Stokes, 1993), whereas under dynamic
conditions, the contribution of activation to force depends on length
history (Daley and Biewener, 2011; Daley et al., 2009; Sponberg
etal., 2011a,b). Additionally, muscles respond differently to length
perturbations depending on length history (Libby et al., 2020). In
the force—velocity relationship, as active shortening velocity
increases, force decreases. In the present study, we demonstrated
that active shortening reduces muscle stiffness, and further showed
that the force response of muscles to activation and length
perturbations depends on muscle stiffness.

In order to evaluate whether the contribution of activation to
muscle force depends on muscle stiffness, we varied muscle
stiffness by shortening muscles actively at different velocities
following submaximal isometric contraction. Under isometric
conditions, activation was strongly correlated with muscle force
and stiffness. However, the contribution of activation to muscle
force was less clear under dynamic conditions. If variation in
activation could explain variable forces during locomotion, then
muscle stiffness should be modulated by varied activation history,
rather than length history. However, during locomotion, the
activation pattern is periodical with relatively little variation.
Previous studies showed that the variation in activation does not
explain the variation in force (Daley and Biewener, 2011; Daley
et al.,, 2009). Therefore, to understand how muscle produces
variable forces against unexpected perturbations during locomotion
in this study, muscle stiffness was modulated by varying length
history rather than through variation in activation history.

As expected, protocol 1 showed that muscle stiffness decreased
significantly with increasing shortening velocity (Fig. 6B) and
decreasing activation amplitude (Fig. 6A). Reduced muscle
stiffness was associated with a decrease in muscle force (+2=0.90,
P<0.001; Fig. 7) in agreement with previous studies (Kirsch et al.,
1994; Sugi and Tsuchiya, 1988). The results suggest that muscle
stiffness is regulated by both activation and shortening velocity.
Given different length and activation history, muscles can have
different stiffness even at the same length.

>
(@)}
i
je
(2]
©
o+
c
(]
S
=
()
(o}
x
[N
Y—
(©)
‘©
c
S
>
(®)
—_



RESEARCH ARTICLE

Journal of Experimental Biology (2023) 226, jeb243991. doi:10.1242/jeb.243991

A

Relative stiffness (% Pg)

b C
30 ¢
a b
b
20
10
0

a
110

120 130 140 150
Relative activation (%)
B
*k%k
|
*k%k
e 40 I —
=2
2 30
2
% *%*
o 20 r—
=
k&
9]
x 10
0
Isometric  0.5Lys " 1.0Lps™
Shortening velocity

C *k*

60
&5, L
=2
(]
8 40
f=
E
k7
)
2 (——
& 20
9]
1

0 I
Isometric  0.5Lgs" 1.0Lys™

Shortening velocity

Based on the relationship between activation amplitude and
muscle stiffness, we evaluated how active shortening at different
velocities affects the force response of muscles to activation. We
observed that muscles were more sensitive to activation amplitude
in isometric conditions than during active shortening (Fig. 8A). As
muscle stiffness decreases as shortening velocity increases, the results
support the hypothesis that the relative contribution of activation to
muscle force decreases with decreasing muscle stiffness.

Fig. 6. Relative stiffness after different activations and different
velocities of active shortening from protocols 1 and 2. Muscle stiffness
was measured at L, during active shortening following submaximal isometric
contraction and is plotted as relative values (% Pp, meanst1 s.d.).

(A) Relative stiffness against relative activation, the peak amplitude of time-
varying activation normalized to the activation amplitude measured for the
submaximal isometric contraction (protocol 1, change in activation, n=7).
(B) Relative stiffness against active shortening velocity for protocol 1
(change in activation, n=7). (C) Relative stiffness against active shortening
velocity for protocol 2 (change in length, n=5). Mean relative stiffness
increased with increasing amplitude of activation and decreasing shortening
velocity. Bars with different letters are significantly different (HSD, P<0.05).
**P<0.01 and ***P<0.001.

In protocol 2, we investigated how muscle stiffness modulates
the effect of length perturbations on muscle force. Length
perturbations were performed following active shortening at
different velocities to modulate muscle stiffness. The effect of
length perturbations on muscle force also varied with shortening
velocity (Fig. 8B). Muscle force increased faster with increasing
amplitude of length perturbations during isometric contractions
than during active shortening (Fig. 8B). When muscles shortened
actively, a greater length perturbation was needed to produce the
same force than for isometric contraction. Similar to Libby et al.
(2020), these results demonstrate that the effect of length
perturbations on muscle force depends on muscle stiffness at the
onset of the perturbation. Greater muscle stiffness produces
greater peak force during length perturbations for the same length
and activation.

Application to locomotion

Although it has been demonstrated that muscles can perform a
variety of roles depending on the phase of activation (Ahn et al.,
2006; Daley and Biewener, 2003; Dickinson et al., 2000; Roberts
et al., 1997), how muscle force adjusts to unsteady conditions that
pertain to natural movements remains less well understood. Our
findings in this study provide insight into muscle force during
unsteady movement by investigating how the response to length
perturbations depends on stiffness and activation.
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Fig. 7. Muscle stiffness correlates with muscle force. Muscle stiffness
was measured at Lo during active shortening at different velocities following
submaximal isometric contraction (n=7 mice, with 15 measurements per
mouse; r?=0.82, P<0.001). Time-varying activation at six different
amplitudes was performed during active shortening.
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Fig. 8. Relative force at different active shortening velocities versus
relative activation and amplitude of length perturbations. (A) Data points
(n=7 muscles per group) are means across muscles with error bars
representing s.d. The slope of the relationship between amplitude of
activation and relative force differed significantly among shortening velocities
(ANCOVA, slope P<0.001) but the y-intercept was not significantly different.
Lines show regression of mean values. (B) Data points (n=5 muscles per
group) are means across muscles with error bars representing s.d. The
slope and intercept of the relationship between amplitude of length
perturbation and relative force differed significantly among shortening
velocities (ANCOVA, slope P<0.05, y-intercept P<0.001). Lines show
regression of mean values.

Recent in vivo data from the lateral gastrocnemius (LG) of guinea
fowl running on a treadmill with obstacle perturbations (Daley and
Biewener, 2011) offer a unique opportunity to evaluate how muscle
force is controlled during unsteady movement. Daley and Biewener
(2011) measured in vivo LG force, strain and activation during
treadmill running over obstacles using tendon buckles,
sonomicrometry and EMG. Peak LG force during stance was
varied to negotiate obstacles. When stepping up onto obstacles, the
average peak LG force was greater, but when stepping down, the
force was less than during level locomotion. Interestingly, the peak
force was more highly correlated with LG length at foot contact
(*=0.63; Fig. 9A) than with peak EMG intensity (r>=0.34;
Fig. 9B).

A

60 |
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40

20

Peak muscle force (N)

14 16 18 20 22 24

40t

Peak muscle force (N)

0 0.2 0.4 0.6 0.8 1.0
Peak normalized EMG

Fig. 9. Peak muscle force versus muscle length at foot contact and peak
normalized EMG during treadmill running in guinea fowl. (A) Peak lateral
gastrocnemius muscle force and muscle length at foot contact, measured for all
steps from a single bird (n=320) during treadmill running with and without
obstacles (data from Daley and Biewener, 2011). Peak muscle force was
linearly related to muscle length at foot contact (r*=0.63). (B) Peak muscle
force and peak normalized EMG, measured for all steps. The r? value between
peak normalized EMG and peak muscle force (0.34) was lower than for muscle
length at foot contact (data from Daley and Biewener, 2011).

The effect of earlier foot contact for stepping up is to reduce the
LG shortening velocity earlier than in level steps. When stepping
up, foot contact occurs earlier (Fig. 1, line ‘a’) than in level steps
(Fig. 1, line ‘b’). The earlier reduction in shortening velocity allows
for a larger preload at the onset of length perturbations in level steps,
which results in greater peak force. These guinea fowl LG data are in
accordance with Libby et al.’s (2020) study which also showed that
work during length perturbations depends on preload (Libby et al.,
2020). The results are also consistent with the results of the present
study, which demonstrates that the force response to length
perturbation depends on length history-dependent muscle stiffness
(Fig. 8B) because muscle stiffness is highly correlated with preload,
i.e. muscle force at the onset of the perturbation (Libby et al., 2020).
In addition, the low r? value between peak LG muscle force and
peak EMG intensity (Fig. 9B) is also consistent with our results
demonstrating that activation has a relatively weak effect on muscle
force during active shortening (Fig. 8A, 1.0 L, s~'). Taken together,
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our results and the in vivo guinea fowl data (Daley and Biewener,
2011) suggest that peak force during active shortening is determined
largely by the length history-dependent force response to length
perturbations, rather than activation amplitude.

Muscle as a ‘tunable material’

In the traditional view, muscles function as a motor (Nishikawa,
2020). Force is mainly produced by activation, but can be modified
by length and velocity (Hof and Van den Berg, 1981; Olney and
Winter, 1985; Seth et al., 2011; van Ruijven and Weijs, 1990). For
example, ‘Hill-type’ muscle models predict muscle force on the
basis of activation dynamics, isometric force—length and isotonic
force—velocity relationships (Dick et al., 2017; Wakeling et al.,
2021). However, Hill models fail to predict the history dependence
of muscle force (Perreault et al., 2003; Sandercock and Heckman,
1997) because they must produce the same force given the same
length and activation (Libby et al., 2020). It is difficult to reconcile
these models with our findings that muscles produce different forces
depending on their length history and stiffness given the same
length and activation.

In contrast to the view of ‘muscle as motor’, the view that muscle
is a tunable material emphasizes the interaction between activation
and length changes in producing muscle force. The view that muscle
is a tunable material predicts the dependence of muscle force on
length history. Libby et al. (2020) demonstrated that the force
response of muscle to length perturbations is history dependent,
suggesting that muscles retain a viscoelastic memory of their length
history. They developed a simple viscoelastic model that used a
spring, damper and equilibrium length to predict the muscle force
response to perturbations. When the equilibrium length of the spring
was proportional to the preload, the model predicted the muscle
work during length perturbations with high accuracy (+2>0.99).

We developed a three-parameter viscoelastic model with constant
stiffness and a two-parameter viscoelastic model with history-
dependent stiffness equal to measured muscle stiffness. Both
models included a linear spring and a linear damper in parallel
(Fig. 10A). The three-parameter model included a linear spring
constant &, a linear damping coefficient ¢, and equilibrium
position x*. The two-parameter model included a linear damping
coefficient ¢ and equilibrium position x* but the linear spring

A Fig. 10. Schematic diagram of the
_W_ Spring viscoelastic model, predicted work
+ and predicted peak force for one
— K x* — Damper representative muscle. (A) Viscoelastic
model used to predict muscle force
during length perturbations. The three-
parameter viscoelastic model included a
spring constant k, a damping coefficient
¢, and equilibrium position x*. The two-
parameter model included a damping
coefficient ¢ and equilibrium position x*,
and the spring constant was replaced
with the measured history-dependent
muscle stiffness. (B—E) Actual versus
c predicted work (B,C) and actual versus
% . predicted peak force (D,E). In B and D, k
=—k(x-x")-cx was equal to measured stiffness. In C
and E, k was constant (i.e. no tunable
B C stiffness). Both models predicted the
observed work with high accuracy (B,C),
but the model with tunable stiffness
S r2=0.98 S | predicted peak muscle force during
] L p] 2=
g 0.04 o o° 0.04 re=0.98 2 length perturbations with higher accuracy
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constant was replaced with the measured history-dependent muscle
stiffness. The parameters were optimized for the best 2 value for
length perturbations using data from all subjects in protocol 2, and
then the model was used to predict each subject’s data using the
optimized parameter set. Work during length perturbations
(Fig. 10B,C) was predicted accurately by both the model with
constant spring stiffness (mean 7?=0.91+0.08) and the model with
history-dependent stiffness (mean 72=0.92+0.08) as in the previous
study (Libby et al., 2020). However, the model that included
history-dependent stiffness predicted peak force with higher
accuracy (mean 7°=0.77+0.05) than the model with constant
stiffness (mean 72=0.46+0.25) (Fig. 10D,E). The simulation
results support the hypothesis that muscle force under dynamic
conditions can be accurately predicted as the force response of a
history-dependent viscoelastic material with tunable stiffness to
length perturbations.

Most muscle models have not considered muscle as a ‘tunable
material’. Hill models predict muscle force well under near-
isometric conditions. However, they would perform poorly at
predicting the force response to perturbations in both protocols in
our study, largely because the activation dynamics in Hill models
lack the length and length history dependence of activation
dynamics (Sandercock and Heckman, 1997; Shue and Crago,
1998). In principle, a titin-inspired model with a pulley representing
titin—actin interactions (Dutta et al., 2018) could predict length-
dependent activation dynamics because the pulley can rotate and
translate simultaneously (Nishikawa and Huck, 2021).

Limitations
In addition to tunable stiffness, tunable damping also likely
contributes to the muscle force response to length perturbations
and activation, and hence to in vivo locomotion. In the present study,
muscle stiffness was emphasized and measured using quick
transients. The method reduces or eliminates viscous effects.
Therefore, no conclusions about damping can be drawn from this
study. Future studies should explore the effect of tunable damping
on muscle force response to length perturbations and activation.
Intrinsic muscle properties contribute importantly to control of
movement, along with central nervous system feedforward and
feedback mechanisms (Nishikawa et al., 2013). Reflexes act over
longer time scales by modulating muscle activation in response to
muscle stretch or unloading, although intrinsic muscle properties act
on shorter time scales and appear to be important for maintaining
stability in the face of perturbations (Nichols and Houk, 1976). The
observation of decoupling between muscle activation and force
during in vivo locomotion suggests the existence of sensitive periods
for control, likely when conditions are closer to isometric. However,
our findings do not directly address the roles of feedforward and
feedback control in locomotion. Future ex vivo work loop
experiments could explore this question by systematically varying
stimulation at different phases of a strain cycle.

Acknowledgements
We thank Philip Service and the anonymous reviewers for comments that improved
the manuscript.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: S.J., K.N.; Methodology: S.J., K.N.; Software: S.J.; Validation:
S.J.; Formal analysis: S.J.; Investigation: S.J.; Resources: S.J., K.N.; Data curation:
S.J.; Writing - original draft: S.J., K.N.; Writing - review & editing: S.J., K.N,;

Visualization: S.J.; Supervision: K.N.; Project administration: S.J., K.N.; Funding
acquisition: K.N.

Funding
This work was supported by the National Science Foundation (I0S 2016049).

Data availability
Data are available from the Dryad digital repository (Nishikawa and Jeong, 2022):
https:/doi.org/10.5061/dryad.5hqbzkh88

References

Abbott, B. C. and Aubert, X. M. (1952). The force exerted by active striated muscle
during and after change of length. J. Physiol. 117, 77-86.

Ahn, A. N., Meijer, K. and Full, R. J. (2006). In situ muscle power differs without
varying in vitro mechanical properties in two insect leg muscles innervated by the
same motor neuron. J. Exp. Biol. 209, 3370-3382. doi:10.1242/jeb.02392

Askew, G. N. and Marsh, R. L. (1997). The effects of length trajectory on the
mechanical power output of mouse skeletal muscles. J. Exp. Biol. 200,
3119-3131. doi:10.1242/jeb.200.24.3119

Baratta, R. V., Zhou, B.-H., Solomonow, M. and D’Ambrosia, R. D. (1998). Force
feedback control of motor unit recruitment in isometric muscle. J. Biomech. 31,
469-478. doi:10.1016/S0021-9290(98)00042-6

Brenner, B. and Eisenberg, E. (1986). Rate of force generation in muscle:
Correlation with actomyosin ATPase activity in solution. Proc. Natl. Acad. Sci.
USA 83, 3542-3546. doi:10.1073/pnas.83.10.3542

Burkholder, T. J. and Lieber, R. L. (2001). Sarcomere length operating range of
vertebrate muscles during movement. J. Exp. Biol. 204, 1529-1536. doi:10.1242/
jeb.204.9.1529

Daley, M. A. (2018). Understanding the agility of running birds: sensorimotor and
mechanical factors in avian bipedal locomotion. Integr. Comp. Biol. 58, 884-893.
doi:10.1093/icb/icy058

Daley, M. A. and Biewener, A. A. (2003). Muscle force-length dynamics during level
versus incline locomotion: a comparison of in vivo performance of two guinea fowl
ankle extensors. J. Exp. Biol. 206, 2941-2958. doi:10.1242/jeb.00503

Daley, M. A. and Biewener, A. A. (2011). Leg muscles that mediate stability:
mechanics and control of two distal extensor muscles during obstacle negotiation
in the guinea fowl. Philos. Trans. R. Soc. B Biol. Sci. 366, 1580-1591. doi:10.1098/
rstb.2010.0338

Daley, M. A., Voloshina, A. and Biewener, A. A. (2009). The role of intrinsic muscle
mechanics in the neuromuscular control of stable running in the guinea fowl.
J. Physiol. 587, 2693-2707. doi:10.1113/jphysiol.2009.171017

Davies, R. E., Kushmerick, M. J. and Larson, R. E. (1967). ATP, activation, and
the heat of shortening of muscle. Nature 214, 148-151. doi:10.1038/214148a0

De Ruiter, C. J.,De Haan, A., Jones, D. A. and Sargeant, A. J. (1998). Shortening-
induced force depression in human adductor pollicis muscle. J. Physiol. 507,
583-591. doi:10.1111/j.1469-7793.1998.583bt.x

Dick, T. J. M., Biewener, A. A. and Wakeling, J. M. (2017). Comparison of human
gastrocnemius forces predicted by Hill-type muscle models and estimated from
ultrasound images. J. Exp. Biol. 220, 1643-1653. doi:10.1242/jeb.154807

Dickinson, M. H., Farley, C. T., Full, R. J., Koehl, M. A., Kram, R. and Lehman, S.
(2000). How animals move: an integrative view. Science 288, 100-106. doi:10.
1126/science.288.5463.100

Dutta, S., Tsiros, C., Sundar, S. L., Athar, H., Moore, J., Nelson, B., Gage, M. J.
and Nishikawa, K. (2018). Calcium increases titin N2A binding to F-actin and
regulated thin filaments. Sci. Rep. 8, 14575. doi:10.1038/s41598-018-32952-8

Edman, K. A., Elzinga, G. and Noble, M. I. (1982). Residual force enhancement
after stretch of contracting frog single muscle fibers. J. Gen. Physiol. 80, 769-784.
doi:10.1085/jgp.80.5.769

Eng, C. M., Konow, N., Tijs, C., Holt, N. C. and Biewener, A. A. (2019). In vivo
force-length and activation dynamics of two distal rat hindlimb muscles in relation
to gait and grade. J. Exp. Biol. 222, jeb205559. doi:10.1242/jeb.205559

Herzog, W. and Leonard, T. R. (1997). Depression of cat soleus forces following
isokinetic shortening. J. Biomech. 30, 865-872. doi:10.1016/S0021-
9290(97)00046-8

Herzog, W., Schappacher, G., DuVall, M., Leonard, T. R. and Herzog, J. A.
(2016). Residual force enhancement following eccentric contractions: A new
mechanism involving titin. Physiology 31, 300-312. doi:10.1152/physiol.00049.
2014

Higueras-Ruiz, D. R., Nishikawa, K., Feigenbaum, H. and Shafer, M. (2021).
What is an artificial muscle? A comparison of soft actuators to biological muscles.
Bioinspir. Biomim. 17, 011001. doi:10.1088/1748-3190/ac3adf

Hof, A. L. and Van den Berg, J. (1981). EMG to force processing I: An electrical
analogue of the Hill muscle model. J. Biomech. 14, 747-758. doi:10.1016/0021-
9290(81)90031-2

Inman, V. T., Ralston, H. J., Saunders, J. B. D. C. M., Feinstein, M. B. B. and
Wright, E. W., Jr. (1952). Relation of human electromyogram to muscular tension.
Electroencephalogr. Clin. Neurophysiol. 4, 187-194. doi:10.1016/0013-
4694(52)90008-4

>
(@)}
i
je
(2]
©
o+
c
(]
S
=
()
(o}
x
[N
Y—
(©)
‘©
c
S
>
(®)
—_


https://doi.org/10.5061/dryad.5hqbzkh88
https://doi.org/10.5061/dryad.5hqbzkh88
https://doi.org/10.1242/jeb.02392
https://doi.org/10.1242/jeb.02392
https://doi.org/10.1242/jeb.02392
https://doi.org/10.1242/jeb.200.24.3119
https://doi.org/10.1242/jeb.200.24.3119
https://doi.org/10.1242/jeb.200.24.3119
https://doi.org/10.1016/S0021-9290(98)00042-6
https://doi.org/10.1016/S0021-9290(98)00042-6
https://doi.org/10.1016/S0021-9290(98)00042-6
https://doi.org/10.1073/pnas.83.10.3542
https://doi.org/10.1073/pnas.83.10.3542
https://doi.org/10.1073/pnas.83.10.3542
https://doi.org/10.1242/jeb.204.9.1529
https://doi.org/10.1242/jeb.204.9.1529
https://doi.org/10.1242/jeb.204.9.1529
https://doi.org/10.1093/icb/icy058
https://doi.org/10.1093/icb/icy058
https://doi.org/10.1093/icb/icy058
https://doi.org/10.1242/jeb.00503
https://doi.org/10.1242/jeb.00503
https://doi.org/10.1242/jeb.00503
https://doi.org/10.1098/rstb.2010.0338
https://doi.org/10.1098/rstb.2010.0338
https://doi.org/10.1098/rstb.2010.0338
https://doi.org/10.1098/rstb.2010.0338
https://doi.org/10.1113/jphysiol.2009.171017
https://doi.org/10.1113/jphysiol.2009.171017
https://doi.org/10.1113/jphysiol.2009.171017
https://doi.org/10.1038/214148a0
https://doi.org/10.1038/214148a0
https://doi.org/10.1111/j.1469-7793.1998.583bt.x
https://doi.org/10.1111/j.1469-7793.1998.583bt.x
https://doi.org/10.1111/j.1469-7793.1998.583bt.x
https://doi.org/10.1242/jeb.154807
https://doi.org/10.1242/jeb.154807
https://doi.org/10.1242/jeb.154807
https://doi.org/10.1126/science.288.5463.100
https://doi.org/10.1126/science.288.5463.100
https://doi.org/10.1126/science.288.5463.100
https://doi.org/10.1038/s41598-018-32952-8
https://doi.org/10.1038/s41598-018-32952-8
https://doi.org/10.1038/s41598-018-32952-8
https://doi.org/10.1085/jgp.80.5.769
https://doi.org/10.1085/jgp.80.5.769
https://doi.org/10.1085/jgp.80.5.769
https://doi.org/10.1242/jeb.205559
https://doi.org/10.1242/jeb.205559
https://doi.org/10.1242/jeb.205559
https://doi.org/10.1016/S0021-9290(97)00046-8
https://doi.org/10.1016/S0021-9290(97)00046-8
https://doi.org/10.1016/S0021-9290(97)00046-8
https://doi.org/10.1152/physiol.00049.2014
https://doi.org/10.1152/physiol.00049.2014
https://doi.org/10.1152/physiol.00049.2014
https://doi.org/10.1152/physiol.00049.2014
https://doi.org/10.1088/1748-3190/ac3adf
https://doi.org/10.1088/1748-3190/ac3adf
https://doi.org/10.1088/1748-3190/ac3adf
https://doi.org/10.1016/0021-9290(81)90031-2
https://doi.org/10.1016/0021-9290(81)90031-2
https://doi.org/10.1016/0021-9290(81)90031-2
https://doi.org/10.1016/0013-4694(52)90008-4
https://doi.org/10.1016/0013-4694(52)90008-4
https://doi.org/10.1016/0013-4694(52)90008-4
https://doi.org/10.1016/0013-4694(52)90008-4

RESEARCH ARTICLE

Journal of Experimental Biology (2023) 226, jeb243991. doi:10.1242/jeb.243991

Julian, F. J. and Sollins, M. R. (1975). Variation of muscle stiffness with force at
increasing speeds of shortening. J. Gen. Physiol. 66, 287-302. doi:10.1085/jgp.
66.3.287

Kim, H. J., Kang, N. and Cauraugh, J. H. (2020). Transient changes in paretic and
non-paretic isometric force control during bimanual submaximal and maximal
contractions. J. Neuroeng. Rehabil. 17, 64. doi:10.1186/s12984-020-00693-3

Kirsch, R. F., Boskov, D. and Rymer, W. Z. (1994). Muscle stiffness during
transient and continuous movements of cat muscle: perturbation characteristics
and physiological relevance. IEEE Trans. Biomed. Eng. 41, 758-770. doi:10.1109/
10.310091

Lappin, A. K., Monroy, J. A, Pilarski, J. Q., Zepnewski, E. D., Pierotti, D. J. and
Nishikawa, K. C. (2006). Storage and recovery of elastic potential energy powers
ballistic prey capture in toads. J. Exp. Biol. 209, 2535-2553. doi:10.1242/jeb.
02276

Lee, H.-D. and Herzog, W. (2003). Force depression following muscle shortening of
voluntarily activated and electrically stimulated human adductor pollicis.
J. Physiol. 551, 993-1003. doi:10.1113/jphysiol.2002.037333

Lee, S. S. M., Arnold, A. S., Miara, M. d. B., Biewener, A. A. and Wakeling, J. M.
(2013). Accuracy of gastrocnemius muscles forces in walking and running goats
predicted by one-element and two-element Hill-type models. J. Biomech. 46,
2288-2295. doi:10.1016/j.jpiomech.2013.06.001

Libby, T., Chukwueke, C. and Sponberg, S. (2020). History-dependent
perturbation response in limb muscle. J. Exp. Biol. 223, 509646. doi:10.1101/
509646

Lloyd, D. G. and Besier, T. F. (2003). An EMG-driven musculoskeletal model to
estimate muscle forces and knee joint moments in vivo. J. Biomech. 36, 765-776.
doi:10.1016/S0021-9290(03)00010-1

McGowan, C. P., Neptune, R. R. and Herzog, W. (2013). A phenomenological
muscle model to assess history dependent effects in human movement.
J. Biomech. 46, 151-157. doi:10.1016/j.jpiomech.2012.10.034

Nichols, T. R. and Houk, J. C. (1976). Improvement in linearity and regulation of
stiffness that results from actions of stretch reflex. J. Neurophysiol. 39, 119-142.
doi:10.1152/jn.1976.39.1.119

Nishikawa, K. (2016). Eccentric contraction: Unraveling mechanisms of force
enhancement and energy conservation. J. Exp. Biol. 219, 189-196. doi:10.1242/
jeb.124057

Nishikawa, K. (2020). Titin: A tunable spring in active muscle. Physiology 35,
209-217. doi:10.1152/physiol.00036.2019

Nishikawa, K. and Huck, T. G. (2021). Muscle as a tunable material: implications for
achieving muscle-like function in robotic prosthetic devices. J. Exp. Biol. 224,
jeb225086. doi:10.1242/jeb.225086

Nishikawa, K. and Jeong, S. (2022). The force response of muscles to activation
and length perturbations depends on length history. Dryad, Dataset. doi:10.5061/
dryad.5hgbzkh88

Nishikawa, K. C., Monroy, J. A., Powers, K. L., Gilmore, L. A., Uyeno, T. A. and
Lindstedt, S. L. (2013). A molecular basis for intrinsic muscle properties:
implications for motor control. Adv. Exp. Med. Biol. 782, 111-125. doi:10.1007/
978-1-4614-5465-6_6

Olney, S. J. and Winter, D. A. (1985). Predictions of knee and ankle moments of
force in walking from EMG and kinematic data. J. Biomech. 18, 9-20. doi:10.1016/
0021-9290(85)90041-7

Perreault, E. J., Heckman, C. J. and Sandercock, T. G. (2003). Hill muscle model
errors during movement are greatest within the physiologically relevant range
of motor unit firing rates. J. Biomech. 36, 211-218. doi:10.1016/S0021-
9290(02)00332-9

Pinnell, R. A. M., Mashouri, P., Mazara, N., Weersink, E., Brown, S. H. M. and
Power, G. A. (2019). Residual force enhancement and force depression in human
single muscle fibres. J. Biomech. 91, 164-169. doi:10.1016/j.jpiomech.2019.05.
025

Roberts, T. J. and Gabaldon, A. M. (2008). Interpreting muscle function from EMG:
lessons learned from direct measurements of muscle force. Integr. Comp. Biol. 48,
312-320. doi:10.1093/icb/icn056

Roberts, T. J., Marsh, R. L., Weyand, P. G. and Taylor, C. R. (1997). Muscular
force in running turkeys: the economy of minimizing work. Science 275,
1113-1115. doi:10.1126/science.275.5303.1113

Robertson, B. D. and Sawicki, G. S. (2015). Unconstrained muscle-tendon
workloops indicate resonance tuning as a mechanism for elastic limb behavior
during terrestrial locomotion. Proc. Natl. Acad. Sci. USA 112, E5891-E5898.
doi:10.1073/pnas.1500702112

Sandercock, T. G. and Heckman, C. J. (1997). Force from cat soleus muscle
during imposed locomotor-like movements: experimental data versus Hill-type
model predictions. J. Neurophysiol. 77, 1538-1552. doi:10.1152/jn.1997.77.3.
1538

Seth, A., Sherman, M., Reinbolt, J. A. and Delp, S. L. (2011). OpenSim:
A musculoskeletal modeling and simulation framework for in silico investigations
and exchange. Procedia IUTAM 2, 212-232. doi:10.1016/j.piutam.2011.04.021

Seth, A., Hicks, J. L., Uchida, T. K., Habib, A., Dembia, C. L., Dunne, J. J.,
Ong, C. F., DeMers, M. S., Rajagopal, A., Millard, M. et al. (2018). OpenSim:
Simulating musculoskeletal dynamics and neuromuscular control to study human
and animal movement. PLoS Comput. Biol. 14, e1006223. doi:10.1371/journal.
pcbi. 1006223

Seyfert, S. and Kiinkel, H. (1974). Analysis of muscular activity during voluntary
contraction of different strengths. Electromyogr. Clin. Neurophysiol. 14, 323-330.

Shue, G.-H. and Crago, P. E. (1998). Muscle-tendon model with length history-
dependent activation-velocity coupling. Ann. Biomed. Eng. 26, 369-380. doi:10.
1114/1.93

Smith, T. G. and Stokes, M. J. (1993). Technical aspects of acoustic myography
(AMG) of human skeletal muscle: contact pressure and force/AMG relationships.
J. Neurosci. Methods 47, 85-92. doi:10.1016/0165-0270(93)90024-L

Sponberg, S., Spence, A. J., Mullens, C. H. and Full, R. J. (2011a). A single
muscle’s multifunctional control potential of body dynamics for postural control
and running. Philos. Trans. R. Soc. B Biol. Sci. 366, 1592-1605. doi:10.1098/rstb.
2010.0367

Sponberg, S., Libby, T., Mullens, C. H. and Full, R. J. (2011b). Shifts in a single
muscle’s control potential of body dynamics are determined by mechanical
feedback. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 366, 1606-1620. doi:10.1098/
rstb.2010.0368

Sugi, H. and Tsuchiya, T. (1988). Stiffness changes during enhancement and
deficit of isometric force by slow length changes in frog skeletal muscle fibres.
J. Physiol. 407, 215-229. doi:10.1113/jphysiol.1988.sPy17411

Tahir, U., Monroy, J. A., Rice, N. A. and Nishikawa, K. C. (2020). Effects of a titin
mutation on force enhancement and force depression in mouse soleus muscles.
J. Exp. Biol. 223, jeb197038. doi:10.1242/jeb.197038

Thelen, D. G. (2003). Adjustment of muscle mechanics model parameters to
simulate dynamic contractions in older adults. J. Biomech. Eng. 125, 70-77.
doi:10.1115/1.1531112

van Ruijven, L. J. and Weijs, W. A. (1990). A new model for calculating muscle
forces from electromyograms. Eur. J. Appl. Physiol. Occup. Physiol. 61, 479-485.
doi:10.1007/BF00236071

Vredenbregt, J. and Rau, G. (1973). Surface electromyography in relation to force,
muscle length and endurance. In New Concepts of the Motor Unit, Neuromuscular
Disorders, Electromyographic Kinesiology, Vol. 1 (ed. J. E. Desmedt), pp.
607-622. Basel: S. Karger.

Wakeling, J. M., Tijs, C., Konow, N. and Biewener, A. A. (2021). Modeling muscle
function using experimentally determined subject-specific muscle properties.
J. Biomech. 117, 110242. doi:10.1016/j.jpiomech.2021.110242

Zajac, F. E. (1989). Muscle and tendon: properties, models, scaling, and application
to biomechanics and motor control. Crit. Rev. Biomed. Eng. 17, 359-411.

10

>
(@)}
i
je
(2]
©
o+
c
(]
S
=
()
(o}
x
[N
Y—
(©)
‘©
c
S
>
(®)
—_


https://doi.org/10.1085/jgp.66.3.287
https://doi.org/10.1085/jgp.66.3.287
https://doi.org/10.1085/jgp.66.3.287
https://doi.org/10.1186/s12984-020-00693-3
https://doi.org/10.1186/s12984-020-00693-3
https://doi.org/10.1186/s12984-020-00693-3
https://doi.org/10.1109/10.310091
https://doi.org/10.1109/10.310091
https://doi.org/10.1109/10.310091
https://doi.org/10.1109/10.310091
https://doi.org/10.1242/jeb.02276
https://doi.org/10.1242/jeb.02276
https://doi.org/10.1242/jeb.02276
https://doi.org/10.1242/jeb.02276
https://doi.org/10.1113/jphysiol.2002.037333
https://doi.org/10.1113/jphysiol.2002.037333
https://doi.org/10.1113/jphysiol.2002.037333
https://doi.org/10.1016/j.jbiomech.2013.06.001
https://doi.org/10.1016/j.jbiomech.2013.06.001
https://doi.org/10.1016/j.jbiomech.2013.06.001
https://doi.org/10.1016/j.jbiomech.2013.06.001
https://doi.org/10.1101/509646
https://doi.org/10.1101/509646
https://doi.org/10.1101/509646
https://doi.org/10.1016/S0021-9290(03)00010-1
https://doi.org/10.1016/S0021-9290(03)00010-1
https://doi.org/10.1016/S0021-9290(03)00010-1
https://doi.org/10.1016/j.jbiomech.2012.10.034
https://doi.org/10.1016/j.jbiomech.2012.10.034
https://doi.org/10.1016/j.jbiomech.2012.10.034
https://doi.org/10.1152/jn.1976.39.1.119
https://doi.org/10.1152/jn.1976.39.1.119
https://doi.org/10.1152/jn.1976.39.1.119
https://doi.org/10.1242/jeb.124057
https://doi.org/10.1242/jeb.124057
https://doi.org/10.1242/jeb.124057
https://doi.org/10.1152/physiol.00036.2019
https://doi.org/10.1152/physiol.00036.2019
https://doi.org/10.1242/jeb.225086
https://doi.org/10.1242/jeb.225086
https://doi.org/10.1242/jeb.225086
https://doi.org/10.5061/dryad.5hqbzkh88
https://doi.org/10.5061/dryad.5hqbzkh88
https://doi.org/10.5061/dryad.5hqbzkh88
https://doi.org/10.1007/978-1-4614-5465-6_6
https://doi.org/10.1007/978-1-4614-5465-6_6
https://doi.org/10.1007/978-1-4614-5465-6_6
https://doi.org/10.1007/978-1-4614-5465-6_6
https://doi.org/10.1016/0021-9290(85)90041-7
https://doi.org/10.1016/0021-9290(85)90041-7
https://doi.org/10.1016/0021-9290(85)90041-7
https://doi.org/10.1016/S0021-9290(02)00332-9
https://doi.org/10.1016/S0021-9290(02)00332-9
https://doi.org/10.1016/S0021-9290(02)00332-9
https://doi.org/10.1016/S0021-9290(02)00332-9
https://doi.org/10.1016/j.jbiomech.2019.05.025
https://doi.org/10.1016/j.jbiomech.2019.05.025
https://doi.org/10.1016/j.jbiomech.2019.05.025
https://doi.org/10.1016/j.jbiomech.2019.05.025
https://doi.org/10.1093/icb/icn056
https://doi.org/10.1093/icb/icn056
https://doi.org/10.1093/icb/icn056
https://doi.org/10.1126/science.275.5303.1113
https://doi.org/10.1126/science.275.5303.1113
https://doi.org/10.1126/science.275.5303.1113
https://doi.org/10.1073/pnas.1500702112
https://doi.org/10.1073/pnas.1500702112
https://doi.org/10.1073/pnas.1500702112
https://doi.org/10.1073/pnas.1500702112
https://doi.org/10.1152/jn.1997.77.3.1538
https://doi.org/10.1152/jn.1997.77.3.1538
https://doi.org/10.1152/jn.1997.77.3.1538
https://doi.org/10.1152/jn.1997.77.3.1538
https://doi.org/10.1016/j.piutam.2011.04.021
https://doi.org/10.1016/j.piutam.2011.04.021
https://doi.org/10.1016/j.piutam.2011.04.021
https://doi.org/10.1371/journal.pcbi.1006223
https://doi.org/10.1371/journal.pcbi.1006223
https://doi.org/10.1371/journal.pcbi.1006223
https://doi.org/10.1371/journal.pcbi.1006223
https://doi.org/10.1371/journal.pcbi.1006223
https://doi.org/10.1114/1.93
https://doi.org/10.1114/1.93
https://doi.org/10.1114/1.93
https://doi.org/10.1016/0165-0270(93)90024-L
https://doi.org/10.1016/0165-0270(93)90024-L
https://doi.org/10.1016/0165-0270(93)90024-L
https://doi.org/10.1098/rstb.2010.0367
https://doi.org/10.1098/rstb.2010.0367
https://doi.org/10.1098/rstb.2010.0367
https://doi.org/10.1098/rstb.2010.0367
https://doi.org/10.1098/rstb.2010.0368
https://doi.org/10.1098/rstb.2010.0368
https://doi.org/10.1098/rstb.2010.0368
https://doi.org/10.1098/rstb.2010.0368
https://doi.org/10.1113/jphysiol.1988.s
https://doi.org/10.1113/jphysiol.1988.s
https://doi.org/10.1113/jphysiol.1988.s
https://doi.org/10.1113/jphysiol.1988.s
https://doi.org/10.1242/jeb.197038
https://doi.org/10.1242/jeb.197038
https://doi.org/10.1242/jeb.197038
https://doi.org/10.1115/1.1531112
https://doi.org/10.1115/1.1531112
https://doi.org/10.1115/1.1531112
https://doi.org/10.1007/BF00236071
https://doi.org/10.1007/BF00236071
https://doi.org/10.1007/BF00236071
https://doi.org/10.1016/j.jbiomech.2021.110242
https://doi.org/10.1016/j.jbiomech.2021.110242
https://doi.org/10.1016/j.jbiomech.2021.110242

