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Abstract We have investigated the appropriate joint
angle for detecting frequent alternating activity in syner-
gistic muscles and the relationship between muscle acti-
vation patterns and endurance during static low-level
contractions. Eleven healthy men performed prolonged
static plantar flexion of the ankle at 10% of the maximal
voluntary contraction, with the ankle flexed at 100°, 110°,
or 120°, while seated with the right leg in full extension.
The onset of muscle activation and/or inactivation was
detected using quantitative analysis, and alternate activity
among muscles was detected using a threshold criterion of
xe or x1/e multiplied by the levels of mean electromyo-
grams (EMGQG) calculated at 1-min intervals. Surface EMG
revealed frequent alternations of activity among the lateral
and medial gastrocnemius and soleus muscles at an ankle
flexion of 110°. The first alternation occurred after
approximately 15 min of exercise. The number of alter-
nations per hour was four- to sevenfold higher at 110° than
at 100° or 120°. Endurance was longest and shortest at
110° and 120°, respectively. These findings suggest that
synergistic motor pools activated at a specific joint angle
(110°) affect muscle endurance during static low-level
fatiguing tasks.
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Introduction

The nervous system uses various muscle recruitment
strategies to prolong muscle contractions with constant
submaximal force production. During prolonged low-
level static contraction, increases in the recruitment and/
or rate coding of motor units generally compensate for
decreases in the contraction force of the acting motor
units, resulting in a gradual increase of electromyo-
graphic activity. Alternate activity in one muscle or in
synergistic muscles during prolonged muscle contraction
is another strategy [1-8]. The system of rotational
activity among muscles provides muscles with time to
recover from the fatigue that develops during prolonged
static muscle work and may contribute to improved
muscle endurance. The relevant studies suggest that
maximal endurance might actually be related to this
alternation. Individuals with an endurance of >2 h fre-
quently show episodes of alternate activity of motor
units during prolonged isometric contractions at 10%
maximal voluntary contraction (MVC) [1]. Moreover,
alternate activity in synergistic muscles occurs during
static contractions under a constant load at 10% MVC for
>3 h [3]. Kouzaki and Shinohara [8] reported that
alternate muscle activity between synergists attenuates
muscle fatigue during low-level sustained knee exten-
sion. However, alternate muscle activity seems to emerge
under specific conditions of force and joint angle, since
the recruitment threshold [9] and activation pattern of
motor units [10] for synergistic muscles that involves
complex neural interactions in humans are likely to
change with joint angle and force levels. Alternation is
frequent when very low workloads are applied at 5-10%
MVC. However, the appropriate joint angle for detecting
frequent alternation remains unclear.
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We postulated that different patterns of muscle activity,
as a function of joint angle, are associated with muscle
endurance. Emphasis has been placed on the fact that the
emergence of alternate activity would be related to joint
angle; in particular, alternate activity among synergists
would serve as a means of minimizing fatigue in a given set
of motor units when the activity occurs at a specific joint
angle. Muscle fatigue and endurance have been thoroughly
investigated in terms of muscle metabolism and type
characteristics. Knowledge of the appropriate angle for
detecting alternation in muscle activity would enable
muscle endurance to be investigated in terms of the neural
control system, thus contributing to improved endurance
performance.

In the study reported here, we focused on recording
surface electromyograms (EMG) from the triceps surae
muscle at different joint angles with the aim to detect
frequent alternating activity in synergists. The relationship
between muscle activation patterns as a function of joint
angle and endurance time during low-level static contrac-
tions was also examined.

Methods
Subjects

Eleven healthy men with no history of neurological dis-
orders or orthopedic problems provided written, informed
consent to participate in the study after receiving a detailed
explanation of the experimental procedures and possible
risks involved. The participants were given the opportunity
to familiarize themselves with the experimental equipment
at our laboratory before the study started. Practice MVC
tasks were repeated several times using the plantar-flexion
device, and all participants precisely followed the experi-
mental protocol and procedures. The Ethics Committee of
the National Institute of Fitness and Sports in Kanoya
approved the study protocols, which conformed to the
Declaration of Helsinki. The mean + standard deviation
(SD) of the physical characteristics of the participants were
as follows: age, 23 £ 3 years; height, 172.6 + 4.8 cm;
body mass, 65.3 + 5.8 kg.

Procedures

The participants performed prolonged isometric contrac-
tion of the triceps surae muscle against a constant workload
that corresponded to 10% MVC at ankle joint angles of
100°, 110°, or 120° of plantar flexion (at 90°, the foot is
considered to be perpendicular to the leg). Workloads of
10% MVC at each angle were equivalent to 123, 94, and
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66 N (mean values), respectively. The order of joint angles
was randomized, and the participants rested for at least
2 weeks between tests. The trials were conducted with each
participant seated in a custom-designed chair with the right
leg fully extended, as previously described [11, 12]. Sirin
and Patla [12] demonstrated that the trade-off of EMG
activities between individual muscles of the plantar flexors
is more evident when the knee is extended rather than
flexed. In our study, both the knee and thigh were fixed
using a clamp to avoid limb movement and changes in
muscle length. The right foot was placed on a footplate
attached to a resistance arm, which was counterbalanced at
100°, 110°, or 120°. A custom-designed weight-loading
device comprised a wheel connected to a weight by means
of a stainless-steel wire [13]. The participants could pro-
duce a constant load throughout the experiment by rotating
the wheel with the foot attached to the footplate, as pre-
viously described [3, 13].

Before and after each experiment, the maximal iso-
metric force of the ankle plantar flexors was measured at
100°, 110°, or 120° using an isometric dynamometer
(model 1269F; Takei, Niigata, Japan). The MVC task
involved a gradual increase in ankle plantar-flexor force
from baseline to maximum over a time interval of
approximately 3 s, with maximal force held for 2-3 s.
The largest of three maximal efforts at each joint angle
was considered to be the MVC force and was used as the
reference to determine the target force for fatiguing
contractions. Each trial was separated by a rest period of
>3 min to minimize the effects of muscle fatigue. To
confirm EMG recruitment of the lateral gastrocnemius
(LG), medial gastrocnemius (MG), and soleus according
to ankle joint angle, three brief (5 s) isometric contrac-
tions were performed at a constant load that corre-
sponded to 10% MVC, at ankle plantar-flexion angles
that increased at 10° increments between 90° and 130°.
Maximal force and EMG at MVC were also measured at
each angle to calculate the normalized %EMG. The
angle of ankle plantar flexion was determined using an
electrogoniometer mounted on the wheel, and joint angle
signals were displayed on an oscilloscope screen to
provide visual feedback to the participant and to ensure
the quality of the contraction. The participant was
required to match the target angle (within £5% of the
plantar-flexion angle) on the oscilloscope screen, and an
indication was given to match the target angle when the
ankle angle fell outside this range. The endurance test
was terminated when the participant was unable to
maintain the target angle for 5 s despite encouragement
from the investigator or when the endurance period
exceeded 180 min, which was observed only for the 110°
ankle angle.
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EMG recordings

Surface EMG recordings were obtained from the LG, MG,
soleus, and tibialis anterior (TA) muscles. We also con-
firmed EMG activity in the TA to check the co-activation
of each muscle in the triceps surae and the influence of
crosstalk from the TA during prolonged static contractions.
Bipolar Ag/AgCl surface electrodes (diameter 8§ mm) were
placed 25 mm apart (center-to-center) between the medial
or lateral side of the Achilles tendon insertion (morpho-
logically confirmed by ultrasonography) and the innerva-
tion zone (electrically confirmed with a linear array
electrode) of the LG and MG, and on the medial promi-
nence of the soleus along the longitudinal axis of each
muscle, running parallel to the fibers.

The reference electrode was placed over the lateral
condyle of the femur for all EMG measurements. Skin
electrode impedance was reduced by first shaving the skin
above the muscle and then abrading it with sandpaper,
followed by cleaning with an alcohol wipe. Raw EMG
signals were amplified, full-wave rectified, and smoothed
(time constant 300 ms) (rsEMG) using a bioelectric
amplifier and integrator unit (models AB-261G, EI-601G,
respectively; Nihon Kohden, Tokyo, Japan). Amplifier
gains were adjusted so that peak rSEMG values fell within
the range of 50-200 pV during the test to confirm EMG
recruitment in each muscle according to ankle joint angle.
All EMG, force, and joint angle signals were monitored on
an oscilloscope and continuously displayed on a thermal
array recorder (model RTA-1200; Nihon Kohden). Signals
from each measurement were stored on a tape recorder
(model RD-135T; TEAC, Tokyo, Japan) and subsequently
digitized at a sampling frequency of 2 kHz using a 16-bit
A/D converter (PowerLab; AD Instruments, Tokyo, Japan)
for later analysis. Each instrument was calibrated imme-
diately before data collection.

Whether or not alternating EMG activity in the triceps
surae is due to small changes in force direction and the
position of the ankle or toe (that is, inversion or eversion
force, toe flexion, or extension force) and changes in
plantar-flexed or dorsiflexed positions have been investi-
gated [3]. We therefore confirmed that alternating EMG
activity cannot be voluntarily achieved by altering joint
angles and force directions of the foot. Muscle movement
below the electrode can alter amplitude values. However,
whether the geometric artefacts and/or crosstalk are suffi-
cient to continue to cause alternations to EMG activity at a
level of x2.7(e) or x%.7(1/e) is unclear. We therefore
adopted the more stringent level (xe, x1/e) in our study
(Statistical analysis) to show clear increases and decreases
in the magnitude of electromyographic activity.

Electrodes were placed between innervation zones and
tendons to avoid contributing to geometric artefacts [14].

The innervation zone of each muscle was electrically
confirmed with EMG signals recorded during an isometric
contraction for 5 s using a linear array of 10 electrodes
(silver bars; 1 mm diameter, 10 mm apart; Unique Medi-
cal, Fukuoka, Japan) located along the direction of the
muscle fibers. The direction of muscle fascicles was
checked using a B-mode ultrasound apparatus (SSH-140A;
Toshiba, Otawara, Japan) operating the transducer.
According to the methods described by Rainoldi et al. [15],
the location of the innervation zone was detected as the
channel with minimal amplitude. The estimated innerva-
tion zone was 48.9 + 4.5% of the distance between the
MG-Achilles tendon insertion point and the medial side of
the popliteus cavity for MG, 59.1 £ 6.6% of that from the
LG-Achilles tendon insertion point to the lateral side of
the popliteal cavity for LG, and 68.3 + 3.9% of that from
the medial side of the Achilles tendon insertion to the
soleus line level with the tibia for the soleus.

Statistical analysis

Data are expressed as the mean + SD. The effects of
joint angle on each parameter were analyzed by repeated-
measures analysis of variance (ANOVA) non-parametric
(Friedman) tests. Differences between groups were
assessed by Dunn’s test. Differences were considered to
be statistically significant at P < 0.05. The amplitude of
rsSEMG obtained at each angle was normalized according
to the value of the EMG amplitude at MVC (%EMG,,,x)-
Normalized rsEMG data were quantitatively and qualita-
tively analyzed to detect the onset of muscle activation
(ON) and/or inactivation (OFF) as well as alternating
activity among muscles, using the scheme of multiple
fixed-size test windows and the threshold criteria reported
by Staude and Wolf [16] (Fig. 1). The rsEMG data
sequence was initially divided into constant 60-s frag-
ments (test window). Mean rsEMG level (m) was then
calculated for each window. Different threshold levels
were set to detect the onset of ON and OFF in the test
window (Windowy), that is, (1) the threshold of
1/e (where e is the base to natural logarithm used to
measure the time constant) multiplied the magnitude of
m in the previous fragment (Window,_;) when the acting
muscle turns off and (2) the threshold of e multiplied by
the magnitude of m in the previous fragment (Win-
dow;_;) when the resting muscle turns on. “Binary
events” were defined as rsSEMG in test windows, that
exceeded these thresholds [17]. Alternation of EMG
activity among triceps surae muscles was defined when
the onset of ON and OFF events within the test window
overlapped for more than O s (Fig. 1) [18]. At least two
consecutive windows were required to visually verify
event detection.
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Fig. 1 Test windows for event
detection of alternate activity
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Results

Force, ankle joint angles, and EMG activity
in individual triceps surae muscles

The MVC forces significantly decreased (P < 0.05) with
increasing joint angle (Table 1). To confirm recruitment
of LG, MG, and the soleus for static low-level tasks,
EMG signals from these muscles were recorded during
sustained constant loading, corresponding to 10% MVC,
with plantar flexion of the ankle at 10° increments
between 90° and 130°. No EMG activity was evident in
LG at angles <120°. The LG started to become active at
130° in 9 of the 11 participants, and EMG evidence of
MG and soleus recruitment was identified at joint angles
between 90° and 130°. As joint angles increased, rsSEMG
amplitude and %EMG,,,,x values between 100° and 130°
increased in the MG, but decreased in the soleus
(Table 1).
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Alternation frequency in triceps surae muscles
and endurance

EMG activity was identified at all angles in the MG and soleus,
but not in the LG at the start of prolonged static exercise at
100°, 110° or 120°. However, differences in joint angle
affected endurance time, ratio (%) of maximal force to initial
value, and the number of alternate activity events in the triceps
surae muscle per hour. At 110°, increased and relatively silent
EMG activity alternated in synergists of the triceps surae
muscles (Figs. 1, 2b), whereas EMG activity was silent in the
TA, and a co-activation pattern with the triceps surae muscles
was absent. Frequent alternation of muscle activity was
observed in the three muscles throughout the entire duration of
exercise (Fig. 3a). This included the first alternation, which
occurred after approximately 15 min of exercise (mean
16.5 + 4.5 min; Fig. 4a). The number of alternations per
hour was four- to sevenfold higher at 110° (P < 0.05) than at
either 100° or 120° (Fig. 3a). The tendency for percentage
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Table 1 Force and electromyographic parameters at 10 and 100% of maximal voluntary contraction
Force and electromyographic parameters ~ Ankle joint angle
90° 100° 110° 120° 130°
At MVC
Force (N) 12204 + 162.6 ab  1226.1 £ 1604 ab 936.8 £ 142.0a 664.3 & 173.1 486.1 £ 101.8
Average rsEMG (1V)
Lateral gastrocnemius (LG) 893 £37.7cd 1094 + 434 112.6 + 439 108.9 £+ 41.6 1104 + 44.6
Medial gastrocnemius (MG) 151.3 4+ 48.8 a,b,c 171.1 £ 422 170.8 £ 39.3 169.0 £ 47.9 175.8 £ 51.3
Soleus muscle (Sol) 109.9 £+ 32.9 ab 954 £274a 86.9 + 32.3 84.2 + 37.8 755 £ 329
At 10% MVC
Target force (N) 122.0 & 16.3 a,b 122.6 &+ 16.0 a,b 937+ 142 a 664 + 173 48.6 £+ 10.2
9oEMGax (%)
LG 00+00a 00+01a 00+01a 02+02a 43 +49
MG 6.1 £65ab 6.0+ 53 ab 98+ 54a 15.1 £ 8.7 19.1 + 12.6
Sol 8.6 £42 149+ 44a 119 +£52 8.7 £ 6.0 7.6 44

MVC Maximal voluntary contraction, rsEMG raw electromyogram (EMG) signals that had been amplified, full-wave rectified, and smoothed
(time constant 300 ms), %EMG,,,,, amplitude of rsEMG obtained at each angle normalized according to the value of the EMG amplitude at MVC

Values are presented as the mean + standard deviation (SD)

Values followed by a, b, ¢, and d are significant different from values at 130°, 120°, 110°, and 100°, respectively

maximal force and endurance time in relation to joint angle
was also the same. That is, the values were highest at 110°
(Fig. 3b, c). Duration from the start of exercise to the first
recruitment of LG was 80.5 +43.2, 165+ 4.5, and
9.5 £ 6.5 min at 100°, 110° and 120°, respectively (Fig. 4b).
Prolonged static contractions at 100° resulted in a significantly
longer time to the first recruitment of LG (P < 0.05) com-
pared with static contractions at 110° and 120°.

Continuous EMG showed that various combinations of
muscles became active with increasing duration of exer-
cise. Complementary activity between muscles character-
ized EMG during static contractions at 100° and 120°; for
example, the LG was recruited or increased in activity
whenever the activity of the MG and/or soleus decreased
(Fig. 2a, c). Alternate activity events were rare in the tri-
ceps surae muscle at 100° and 120°.

The ratio of total activation time (%Ta) during the entire
endurance exercise increased in the LG with increasing
joint angle (P < 0.05), but decreased in the soleus
(P < 0.05; Fig. 5). The %Ta was significantly lower at
110° (P < 0.05) than at 100° or 120° for MG activity The
total sum of %Ta in the three muscles at 110°, 100° and
120° was 189 £ 13, 143 + 35 and 217 £ 47%, respec-
tively. The rate of total activation time in the triceps surae
muscle was shorter at 110° (P < 0.05) than at 100° or 120°.

Discussion

The major findings of this study were as follows. Firstly,
the appropriate ankle position for detecting frequent

alternations of activity in triceps surae muscles was 110°
during static contractions at 10% MVC. Secondly, maxi-
mal voluntary force decreased when the ankle joint angle
was increased from 100° to 120°, and the recruitment of
synergistic muscles differed as a function of ankle angle.
Thirdly, endurance was the longest at 110°, which was also
the angle at which alternate activity in synergistic muscles
was the most frequent and the rate of the total sum of %Ta
was the lowest.

Joint angle and recruitment patterns of synergistic
muscles

Our results show that isometric plantar flexion at joint
angles of 100°, 110°, and 120° continued without LG
activity at the start of contractions. Thus, the activation and
time to the first recruitment of LG differed in an angle-
dependent manner with increasing contraction time. If
muscles with a larger mechanical advantage receive larger
activation [10], then the LG would seem to be less active in
terms of electrophysiological function [19]. Thus, the LG
could conceivably play a complementary role with triceps
surae muscles since the function of other synergistic
muscles was impaired under the conditions used in our
study.

At least one inactive muscle is required at the start of
exercise to generate alternate activity in the triceps surae
muscles. Moreover, the oscillation range of the recruitment
angle threshold [1] is notable since this range is related to
the repetitive appearance and disappearance of motor unit
activity and to the occurrence of alternate activity during
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Fig. 2 Simultaneous EMG A
recordings from the lateral LG

gastrocnemius (LG), medial
gastrocnemius (MG), and soleus
(Sol) muscle during static
contractions at 10% maximal
voluntary contraction (MVC).
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prolonged static contractions. Our findings show a longer
time to first recruitment of the LG at 100° and a longer total
period of LG activity and reduced repetition of high and
lower activity at an ankle angle of 120° than at 110°. We
speculate that the recruitment threshold in the LG for the
joint angle might vary between approximately 20° and 30°
during prolonged low-level static plantar flexion. Pro-
longed static muscle contractions at 110° might cause
repetitive alternating high and low activity in the LG
associated with frequent alternating muscle activity.

Appropriate joint angle for frequent alternations
of activity in synergistic muscles and force—angle
relationships

Our results show that alternate activity was more frequent

at 110° than at 100° or 120°. The recruitment threshold for
human motor units reportedly varies with joint angle
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[9, 10] and with prolonged low-level muscle contraction.
Moreover, the disappearance (derecruitment) and reap-
pearance (re-recruitment) of motor unit activity during
prolonged low-level static contraction [1] indicates oscil-
lation of the recruitment threshold with increasing con-
traction time. The threshold for muscle spindle activation
also varies during isometric voluntary contractions [20].
The appropriate joint angle for the oscillation range of the
recruitment angle threshold in each muscle could thus
conceivably result in repetitive high and low activity,
reflecting complex neural interactions [3]. Although the
physiological mechanisms underlying alternate activity
among synergists remain unknown, I, afferents would be
one possible route for neural interactions, as selective
impairment of [, afferents originating from a muscle that is
inactive at the beginning of exercise results in frequent
alternations of activity in quadriceps femoris muscles [5].
Force fluctuation is also modulated by the alternate muscle
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Fig. 3 a The influence of ankle joint angle on number of events of
alternate activity among synergistic muscles per hour. b The influence
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level for maximal plantar flexion is maintained at an angle of 110°
compared to 100° or 120°. Values are given as the mean =+ standard
deviation (SD). P < 0.05, *P < 0.05, Significantly different from the
value at 110°

activity of knee extensor synergists, suggesting that I,
inhibitory connections between the gastrocnemius and
soleus muscles [21] represent the mechanism for adjusting
activity between synergists. Muscle spindle afferents also
reportedly vary with muscle length and joint angle [22].
These results suggest differences in appropriate joint angle
for mechanical properties and frequent alternations of
muscle activity. Different neural control strategies might
exist between the exertion of greater muscle force and
maintenance of a required force.

On the other hand, activity in groups III and IV sensory
afferents might have excitatory effects, particularly on
static and dynamic gamma-motoneurons [23]. These
effects are powerful enough to increase firing in muscle
spindle afferents, which in turn will raise the activation
level in the pool of alpha-motoneurons projecting to the
extrafusal muscle fibers [24]. This reflex is mediated by
chemical factors associated with muscle pain [25] that
increase during fatigue, such as bradykinin, potassium,
lactate, and phosphate [26]. Possible neural circuits could
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Fig. 4 a A comparison of time to first alternation of activity among
muscles during static contractions at each joint angle. The first
alternation of muscle activity is observed early in all exercise times
during static contractions at an angle of 110°. *P < 0.05, Signifi-
cantly different from the value at 110°,%P < 0.05, significantly
different from the value at 100°. b A comparison of time to first
recruitment of the lateral gastrocnemius (LG) during static contraction
at each joint angle. Note that LG is hardly recruited at an angle of
100°, i.e., far from the recruitment threshold of LG (approximately
130°). There is no significant difference between values at the ankle
angles of 110° and 120°. *P < 0.05, Significantly different from the
value at 100°

also be investigated through a study of the metabolite
substance.

Angle-dependence of muscle activity and endurance

The relationship between muscle endurance and muscle
length reportedly depends on joint angle, with endurance
time being inversely related to muscle length as a function
of the ankle or knee joint angle [27, 28]. Many investiga-
tors have suggested that several factors related to muscle
length and/or joint angle can affect endurance. The meta-
bolic cost of contractions at relatively shorter muscle
lengths assessed by *'P-nuclear magnetic resonance spec-
troscopy resembles that at longer muscles [29]. Weir et al.
[11] therefore postulated that differences in fatigue resis-
tance relative to muscle length do not appear to result from
differences in metabolic demand. Differences in total blood
flow might lead to angle-dependent fatigue [9], since
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tension varies with muscle length and joint angle even
when relatively equal workloads are applied at each joint
angle. Another important factor is the neural control system
underlying the electromyographic behavior. Continuous
muscle contraction at a constant force generally requires a
compensatory increase in de novo recruitment and/or rate
coding of motor units to maintain the given load—and
ultimately leads to exhaustion [30]. The length of muscle
endurance generally depends on the type of motor unit
recruited. In our study, the %Ta was related to ankle joint
angle in the LG, but it was inversely related in the soleus.
Longer utilization of the fatigue-resistant soleus at an ankle
angle of 100° might prolong the endurance limit, although
a low frequency of alternate activity did emerge.
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Moreover, despite maximal effort during a low-force
contraction, net motor unit activity at the endurance limit,
as indicated by interference EMG, often does not achieve
the maximal values recorded before the onset of fatiguing
contraction [31]. The degree of this deficit was found to be
inversely related to the level of sustained submaximal
force. The presence of a deficit in activation at exhaustion
suggests that endurance time could be prolonged if the size
of the deficit could be altered.

In our study, endurance was longest at a joint angle of
110°, at which alternate activity was the most frequent and
the rate of the total sum of %Ta was the lowest in syner-
gistic muscles. These findings suggest that the specific
muscle activation at 110° was linked to endurance time
during static contraction. Static muscle contractions might
be more effectively prolonged if periods of muscle inac-
tivity are provided to enable recovery, in comparison with
stereotypical performance of the same task where muscle
activity increases in a simple progressive manner. Manip-
ulation of the joint angle and weight loading, namely a
joint angle of 110° and an ankle angle of 10% MVC,
facilitates frequent alternate activity among synergistic
muscles, resulting in a shorter rate of total muscle activa-
tion period and possibly contributing to minimizing and/or
delaying muscle fatigue in the synergist.

Electrical contamination of EMG recordings (crosstalk)

Crosstalk has often been discussed in terms of results
potentially indicating muscle “co-activation” in synergists.
However, our results demonstrate “reciprocal” muscle
activity among synergists of the triceps surae muscles, such
as when one muscle began to increase activity, while others
became inactive or decreased in activity and vice versa.
Solomonow et al. [32] showed that crosstalk does not
constitute a technical problem regarding neighboring syn-
ergists unless the amount of adipose tissue over the muscle
is substantial. None of the participants in our study were
obese, and their mean body mass index was 21.9 + 1.3
[33].

In conclusion, we found that the appropriate joint angle
for detecting frequent alternations of activity in triceps
surae muscles is around 110° during static contractions at
10% MVC. This result suggests that alternate muscular
activity in the synergist would be related not only to force,
but also to the characteristics of muscle architecture and/or
afferent activity as a function of joint angle. In addition,
rotational activity in a muscle and/or synergistic muscles is
an important strategy under neural control that prolongs
low-level muscle contractions accompanied by longer total
inactive periods in individual muscles. In our study, the
type of muscle predominantly used and the emergence of
alternate activity in synergistic muscles would have
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influenced muscle endurance as a function of joint angle.
Further study of the complex neural processes that control
the activity of motoneurons would improve understanding
of the motor control mechanisms that enable new recruit-
ment strategies to sustain prolonged low-level tasks, such
as alternate activity in synergistic muscles.
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