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Coordination of Activity of the Shoulder Belt and
Shoulder Muscles in Humans during Bimanual
Synchronous Two-Joint Movements
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We examined coordination of EMG activity of flexors and extensors of the shoulder and elbow joints
during realization of synchronous bimanual ramp-and-hold movements within a horizontal plane similar
to those in the course of rowing. A tested subject moved handles of two levers rotating on the vertical
axes and traced a trajectory of the command signal presented on a monitor. Test movements included
displacements of the lever handles “to the chest” (TCh) and “from the chest” (FCh) (durations 0.4, 1.0,
or 2.0 sec), separated by a phase of fixation of the extremum position after the first phase (duration
6.0 sec); the amplitude of turns of the levers was equal to 30 deg. The movements were realized under
conditions of application of external loadings (33-28 and 19-15 N) having FCh or TCh directions.
During realization of the movements, EMG activity of the shoulder belt and shoulder muscles was
recorded bilaterally; patterns of rectified and integrated EMGs were considered correlates of the central
motor commands (CMCs) coming to the corresponding muscles. Analysis of EMGs recorded from
12 muscles (six for each limb) demonstrated that the activity of the latter is coordinated in a rather
complex mode. The peculiarities of functional interactions (synergies) of muscles during coordinated
displacements of the shoulder links and forearms under conditions of realization of the above-mentioned
test movements are described. Significant effects of the velocity factor on the dynamic components
of CMCs addressed to the examined muscles were observed. In each muscle, statistically significant
differences between the EMG amplitudes during realization of the TCh and FCh movements were found.
Differences between the dynamic and static EMG components under the action of external loadings of
opposite directions were also significant. It was found that, in the course of realization of the movements,
CMCs coming to the elbow flexors were more variable (flexible) compared with CMCs directed toward
shoulder extensors. With increase in the duration of active phases of the test movement, the amplitude
of these phases (D1 and D2) in EMGs of all examined muscles decreased at both directions of the
external loading. The dependence of stationary EMG levels on the direction of action of this loading has
been also demonstrated. Static components of EMG activity of all muscles were considerably greater at
extending loadings compared to those at flexing ones.

Keywords: bimanual two-joint movements, shoulder belt and shoulder muscles, electromyography,
central motor commands (CMCs), dynamic and static components of the movements, muscle
synergies.
which are recorded from the muscles involved
in realization of these movements, can serve as

Patterns of central motor commands (CMCs)
coming to muscles of the limb during spatial
voluntary (or close to those) motor effects
(movements or efforts) in humans have been
studied predominantly using experimental models
of simple stereotyped movements [1-4]. The EMGs
rectified and subjected to low-frequency filtration,
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correlates of CMCs responsible for the control of
such movements.

Single-joint ramp-and-hold movements are
usually interpreted as a transition from one
equilibrium position of the limb link to the
subsequent position. Our recent studies allowed
us to hypothesize that the control of voluntary
single-joint movements (in particular those in
the elbow joint) is realized predominantly at the
expense of coordinated interaction of dynamic
CMC components. As some researchers believe,
a transition of the limb link from one equilibrium
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position to another (during both flexion and
extension) is controlled by dynamic changes in
the activity of motoneurons of the corresponding
muscles, which are organized according to the
principle of the three-burst pattern, independently
of the motion velocity [5]. Concurrently, there is a
hypothesis according to which a transition of the
limb link from one equilibrium position to another
is realized at the expense of static CMC components
resulting from a change in certain parameters in
the stretch reflex system [6—8]. In the context of
some theories of motor control (e.g., hypothesis
of the equilibrium point), it is believed that there
is a single-valued interrelation between efferent
motoneuronal activity received by the muscles
responsible for the control of the corresponding joint
and the mechanical parameters of the movement
[9-11]. The analysis of EMG activity generated in
the course of performance of stereotyped single-
joint movements realized in a mode close to isotony
was indicative, however, of an obvious ambiguity
of the ratio between the level of EMG activity vs.
parameters of positioning of the above-mentioned
link. As was demonstrated in studies on the hip
muscles of humans during movements realized with
a permanent influence of external loading, one and
the same equilibrium position of the foot can be
achieved at significantly different levels of efferent
activity coming to the muscles; the corresponding
patterns depended, to a considerable extent, on the
prehistory of the preliminary movement [12].

Changes in a joint angle during realization of
elementary movements are due to coordinated
contraction and relaxation of agonist and antagonist
muscles. The patterns of activity of agonists are
altered not only in the performance of different motor
tasks; the intensity of activation of these muscles
can vary significantly even in identical movements.
Within certain phases of the movements, co-activation
of antagonists, which increases the joint mechanical
stiffness, is quite possible; this phenomenon is
most important in the course of complex multijoint
movements [13]. Such an increase in the stiffness of
joints also neutralizes the instability in the position of
a limb link under the action of one external force or
another. This is why co-activation of the antagonistic
muscles is an important factor increasing the accuracy
of the movement [2, 14].

Despite the fact that the problem of control of
simple single-joint movements has been subjected to
intense investigations, a great number of questions in
this sphere remain unresolved. Additional questions
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arise with respect to the mechanisms underlying the
control of more complicated multijoint coordinated
movements. As was found, the muscles controlling
certain movements in various joints can form
transient functional groupings well coordinated with
each other (muscular synergies). Combination of
the muscles in synergies is a relative phenomenon;
muscles that form a certain synergy may
demonstrate, during realization of one movement
of another, not only identical but also appreciably
different levels of activation [15-18]. A lesser effort
developed by a certain muscle can be compensated
by the intensified efforts of other muscles; in this
case, final integral motor phenomena (movements
of the limb or forces developed by the limb) will
remain identical close to each other.

The patterns of CMCs in the course of real
complex multijoint movements consist of strictly
determined and random components. The latter are
related to randomized re-distribution of the activity
inside synergic muscle groups and between agonist
and antagonist groups.

It is logical that the first stage in the analysis of
such motor phenomena should be carried out on
stereotyped two-joint movements. In particular,
such approach can allow one to adequately compare
dynamic and static components of activity of the
involved muscles and to examine the variability of
the characteristics of activity of these muscles during
realization of identical movements. The intriguing
aspect in examination of the corresponding motor
phenomena is investigation of the similarity and
dissimilarity of reactions of one muscle or another
during identical synchronous movements performed
by the two upper limbs. In this situation, the
characteristics of movements can depend on the
prevalence of similarity of or difference between
the activities of one and the same muscle in two
different limbs.

The main part of the studies dealing with
examination of bimanual movements [19-22] was
focused exclusively on biomechanical parameters
of the above-mentioned motor phenomena. In our
research, we tried to quantitatively analyze the
characteristics of EMG activity of a number of
shoulder belt and shoulder muscles generated during
identical synchronous movements of the upper
limbs of humans under conditions of alteration
of the direction of an external loading. The test
movements were initiated, and their trajectories
were tracked according to a visual signal; the
movements included phases of active displacements
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in two opposite directions separated by a phase of
holding of the achieved position.

METHODS

Organization of the Tests. Seven volunteers
(right-handed men, 19-27 years old) were involved
in our tests. A mechanical part of the experimental
device is shown schematically in Fig. 1. The tested
subject sat in an armchair at a special table. The
position of the chair seat could be regulated; the
level of the armpits of the subject was 10-15 cm
above the surface of the table. The subject held, by
both of his hands, the handles of two movable levers
fixed on the table on vertical axes and capable of
rotating. The construction of the axis having ball-
bearings provided minimization of the resistance
during rotation. Distances from centers of rotation
of the levers to middles of the handles were 60 cm.
Rubber belts (length 4.0 m each) were fixed to the
levers; the tested subject should develop certain
efforts directed to the chest (TCh) or from the chest
(FCh).

Angular displacements of the levers during
realization of the test movements of both above
kinds were about 30 deg and varied within a +
5 deg range depending on the anthropometric
characteristics of the tested subject (first of all,
lengths of the limb links). The values of rotation
angles of the levers were measured using precision
potentiometer sensors fixed on the axes of rotation;
zero levels of the signals corresponded to medium
positions of the levers (Fig. 1A).

Synchronous test movements of both limbs were
initiated from the position shown in Fig. 1B, when
external angles between the axes of the shoulder and
forearm (in elbow joints) and between the frontal
plane of the chest and axes of the shoulder links
of the limbs (in shoulder joints) were 60 deg each.
According to a visual signal (appearance of a cursor
on the screen of the control monitor), the tested
subject began to move the handles to the chest (TCh)
toward the extreme position shown in Fig. 1C. In
the course of the performed movement, the tested
subject should strictly track with maximum accuracy
(by a motion of the signal from an angle sensor of
the left lever on one of the beams of the monitor)
the trajectory of the command trapezium-shape
signal presented on the screen by the second beam.
The duration of a TCh shift of the handles (D1) was
0.4, 1.0, or 2.0 sec; after this, the position of levers
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Fig. 1. Scheme of the experimental setup and organization of the
tests. O, and O,) Rotation axes of the levers. In A, 0, and 6, are
working ranges of the angular displacements of the levers. In
B and C, positions of the hands of the tested subject and of the
levers at initiation of the test movement (B) and at fixation of the
position after the first phase of the latter (to the chest, TCh, C)
are shown. Values of the angles in the shoulder and elbow joints
(o and B, respectively) are also indicated. For details, see the text.

should be maintained stably for 6.0 sec. Then, the
movement was realized in an opposite direction
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(FCh) toward the initial position. The duration of
the backward movement (D2) was also 0.4, 1.0, or
2.0 sec.

Test movements were performed under conditions
of application of an external loading in two opposite
directions. In the case of test movement 1, the
external loading developed by long extended rubber
belts (4 m) was FCh-directed, i.e., impeded the first
phase of the movement. At the beginning of test
movement 1, the external loadings re-calculated
with the respective points of application of efforts
developed by the subjects (i.e., with respect to the
handles) were 28 N, while with the achievement of
the final handle positions and their fixation, they
were 33 N. During realization of test movements
2, external loadings on the handles had the TCh
direction; at the initial handle positions they were
19 N, while at the final position (after the lever
movements in the TCh direction) they were 15 N.

As can be seen from Fig. 1, the bimanual test
movements in our experiments were analogous, to
a certain extent, to the movements of the limbs of
a rower at sculling in a dinghy or in an outrigger
racing boat. The movements of the levers in the
TCh direction corresponded approximately to the
phase of an active stroke, while the FCh movements
corresponded to sweeping of the oars before the
next stroke.

Recording of EMG Activity and Its Analysis.
EMG activities of the shoulder belt and shoulder
muscles were recorded bilaterally using a standard
technique of electromyography, with the help of
superficial electrodes (Biopac System EL 503, USA).
We recorded EMGs from the following muscles:
mm. pectoralis major (Pect), deltoideus scapularis
(Delt), biceps brachii, caput longum (Bic.l), biceps
brachii, caput breve (Bic.b), brachioradialis (Br),
and triceps brachii, caput longum (Tric). The
recorded EMG signals were amplified using a
16-channel amplifier (CWE Inc., USA) and filtered
with a bandpass of 10 to 5,000 Hz. The EMGs and
signals from sensors of the rotation angles of the
levers were digitized using an ADC (Power 1401
data acquisition system) and Spike 2 software
(Cambridge Electronic Design, Great Britain);
digitization frequencies were 10* and 2-10° sec™,
respectively. Signals from the above-mentioned
sensors of the lever angles, taking into account
the anthropometric characteristics of the tested
subjects, were converted (recalculated) into values
of the external joint angles for the shoulder and
elbow joints. For off-line analysis of the obtained
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data, we used Origin 8.0 (OriginLab Corp., USA)
and SPSS 17.0 softwares (IBM Business Analytics,
USA). Digitized EMG samples were subjected
to full-wave rectification and low-frequency
filtration (fourth-order Butterworth filter, bandpass
0-10 Hz); this procedure led to a phase shift
with respect to the initial EMG signal by about
130-150 msec [4]. After preliminary processing,
signals were averaged by ten realizations of one
and the same test. Prior to each group of tests, we
recorded EMGs from all examined muscles at the
maximum voluntary contraction (MVC) of the latter
in order to normalize the averaged EMG records
during test movements with respect to the MVC.

RESULTS

Figure 2 shows examples of realizations of
the test movements under conditions where
TCh displacements of the levers toward oneself,
maintenance of a stationary position, and backward
(FCh) movements were realized under conditions
of application of external loadings of different
directions (FCh and TCh). In such movements,
changes in the angles of the left (traced) and right
(untraced) levers were nearly of a similar trapezoid
form. Within the framework of this experimental
approach, two-joint movements of each upper
limb were formed from single-joint components
(i.e., from time-coordinated movements in the
shoulder and elbow joints). The respective limb links
moved synchronously and in an antiphase manner;
values of the angles in the elbow joints changed in the
flexion direction, while those in the shoulder joints
changed in the extension direction. The achieved
positions in both joints were maintained for 6 sec;
then, links of limbs moved synchronously in the
opposite directions; the elbow joints were extended,
while the shoulder joints were flexed. In the case of
a forward external loading, i.e., of the FCh direction
with respect to the frontal plane of the body of the
tested subject, this force extended the elbow joints
and flexed the shoulder joints. Such action was, in
fact, directed against the efforts developed by the
elbow flexors and shoulder extensors.

Under these testing conditions, the analysis
of EMG activity of the studied shoulder belt and
shoulder muscles was indicative of their rather
complex coordination. According to this direction of
the external loading, movements of the levers were
realized due to prevailing activation of the elbow
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Fig. 2. Averaged records of values of the angles in elbow (1) and shoulder (2) joints and EMG activities of the shoulder belt and
shoulder muscles (3—8) during realization of the test movements with 1.0-sec-long displacements of the levers. A and B) For the
left and right hand, respectively). Black and gray lines show records under the action of external loadings “to the chest” and “from
the chest,” respectively. Vertical scales in fragments 1 and 2) External angles in the above-mentioned joints, deg; vertical scales on
fragments 3-8) Intensity of EMGs normalized with respect to those during maximum voluntary contraction of the above muscles, %.

For designations of the muscles, see Methods.

flexors (Br, Bic.b, and Bic.l) and shoulder extensors
(Delt). It should be noted that the shoulder extensors
(Delt) generated forces counteracting the external
loading within the extension phase, stabilizing the
position at the stationary level, and developing
additional forces; this, in turn, allowed the external
loading to flex the shoulder joints toward the initial
position. Patterns of activities of the shoulder
extensors (Delt) of both limbs were rather similar
to each other.

The peculiarities of formation of EMG activity
of the elbow flexors (Br, Bic.b, and Bic.l) were
very similar to those in the case of activation of
the muscles controlling the shoulder joints. We
also observed their counteraction with the external
loading force at the phase of flexion of the elbow
joints, stabilization of their activity on the stationary
level, and the development of an additional force at
the phase of extension of the above joints. Under such
conditions, all studied elbow flexors demonstrated
rapid increases in their activity. It should be noted
that, after the achievement of the stationary phase,
holding of the attained position in the elbow joint of
the right hand was mainly provided by a relatively
stable level of activity of the Bic.bh and Bic.l] and

due to simultaneous co-activation of the two-joint
extensor (7ric), while the Br synchronously decreased
its activity. However, the stationary position in the
elbow joint of the left hand was maintained only due
to a significant tonic activation of the Bic.l.

During realization of the trapezium-shape
movements in the case where the external loading
acted in the direction of flexion of the elbow joints
and extension of the shoulder joints, i.e., it was
directed backward with respect to the frontal plane
of the body of the tested subject, the Bic.bh and Bic.l
of both limbs at the phase of flexion produced a
small activity compared with that under the action
of the extending external force (Fig. 2). At the same
time, the Br of the right hand demonstrated a more
pronounced high-amplitude dynamic component
of activity than that in the left hand. Extension of
the elbow joints was provided at the expense of
increase in the activity of their extensor (7ric).
These muscles helped to withdraw the joint out of
the equilibrium position and generated the force that
counteracted with the external loading. It should be
noted that, after flexion of the elbow joints, the Tric
demonstrated relaxation. At the phase of holding of
the stationary position of the joints, these muscles
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continued to hold a relatively low activity, and
EMGs returned to the initial level during extension
of the elbow joints.

Extension of the shoulder joints was realized
mostly at the expense of action of the external
loading, while the Delt developed only some
additional force to maintain the joints in the
stationary position. We also observed simultaneous
co-activation of the flexors of these joints (Pect).
The withdrawal of the shoulder joints out of the
equilibrium state and their flexion were controlled
by activation of the Pect against the action of the
external loading.

For quantitative estimation of changes in the
amplitudes of the dynamic components of EMG
activity of the examined muscles, we calculated
values of these components separately. For this
purpose, in each experiment and for each normalized
EMG, we estimated the intervals of realization of
the dynamic components, D/ (2—4 sec, the phase of
the TCh movement) and D2 (9-12 sec, the phase
of the FCh movement), within which we calculated
the respective mean values. The obtained values
of this index were averaged for each muscle and
in each series separately. The same procedure was
performed for calculation of mean values of the
static component (time interval 5-8 sec).
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To estimate possible dependences of the dynamic
and static components on the experimental
conditions, we used multifactor analysis of variance,
ANOVA. As the first factor, lateralization, left (L)
or right (R) hand, was considered. The second factor
was the external loading direction, i.e., forward or
backward with respect to the frontal plane of the
tested subject’s body, FCh or TCh. The third factor
was the duration of the active phases of the move-
ment (0.4, 1.0, or 2.0 sec), and the fourth factor was
the first (D7) or the second (D2) dynamic component.
Statistical calculations were performed using SPSS
Statistics 17.0 software (IBM, USA). Intergroup
differences were considered to be significant with
P <0.05and P <0.01.

Figures 3 and 4 illustrate results of comparison
of the changes in the D/ and D2 amplitudes
depending on the direction of action of the external
loading and the duration of active phases of the
movement. /n toto, taking into account the effect of
a velocity factor on the dynamic EMG components,
statistically significant differences between the D/
and D2 amplitudes were observed in all examined
muscles. With flexion of the elbow joints under
the action of the extending external loading and
at a minimum duration of the active phases of the
realized movement (0.4 sec), a rather powerful

% Pect
1.5

04 1.0

2.0 sec

0.4 1.0 2.0

Fig. 3. Correlation of the dynamic components of EMG activity of the shoulder belt and shoulder muscles of the left (L) and right (R)
hands during realization of the test movements with the external loading directed “from the chest” (FCh) and different durations of
the active phases of the movements (D/ and D2). Gray and dashed columns show averaged values of the amplitudes of the dynamic
components within the TCh (phase D7) and FCh (phase D2) movements; horizontal scale) duration of the above-mentioned active
phases of the movement (0.4, 1.0, and 2.0 sec). One and two asterisks show cases of significant differences between the D/ and D2
values with P < 0.05 and P< 0.01, respectively. Other designations are the same as in Fig. 2.
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Fig. 4. Correlation of the dynamic components (D] and D2) of EMG activity of the shoulder belt and shoulder muscles of the left
(L) and right (R) hands during realization of the test movements with the external loading directed “to the chest” (TCh) and different
durations of the above-mentioned active phases of the movement. Other designations are the same as in Figs. 2 and 3.

dynamic component of EMG activity was observed
within the D/ phase in the flexors, i.e., in Br
Bic.b, and Bic.l (Fig. 3). The withdrawal from the
equilibrium state of the examined joints and their
return to the initial state were controlled by the
same muscles, but the D2 component was expressed
to a lesser extent. The same pattern of correlation
of the D/ and D2 amplitudes was observed in the
shoulder extensors (Delt). The analogous dynamics
were preserved in the case of both extending and
flexing external loadings acting on these joints,
which is confirmed by the significant differences
between the values of DI and D2 amplitudes for
both limbs (Figs. 3 and 4). The amplitudes of the
D1 and D2 phases in EMG activity of the Tric and
Pect under conditions of action of the extending
external loading were practically identical
(Fig. 3). If the direction of the external loading
during realization of the movements was changed
by the opposite one, the D2 amplitude in the activity
of these muscles increased significantly. With rise
in the duration of active phases of the movements,
the amplitude of the DI and D2 phases in all
examined muscles decreased for both directions of
the external loading. In addition, with a maximum
duration of these phases of the test movement (2.0
sec), the amplitudes of D/ and D2 components in
EMGs of the Bic.b were nearly the same.

ANOVA analysis was used for estimation of the

dependence of static components of EMG activity
on the direction of the external loading and the
duration of active phases of the movement (Fig. 5,
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Fig.5. Correlation between the static components of EMG
activity of the shoulder belt and shoulder muscles of the left (L)
and right (R) hands during realization of the test movements with
different directions of external loading and 1.0-sec-long active
phases. Filled and gray columns correspond to the action of the
external loading in the TCh and FCh directions, respectively.
Other designations are the same as in Fig. 4.
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Table 1. Correlation between Levels of the Static EMG Components of the Studied Muscles Depending on the Direction of the
External Loading and Duration of Active Phases of the Test Movements (0.4 and 2.0 sec)
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Muscles Side Loading Duration of active phases of the M<m P
movement
1 04 148405 0.008%*
; 2.0 0.91:0.4 0.044*
, 0.4 -0,07+0.1 0.008%*
, 2.0 -0.140.1 0.044%
Bie. b 1 04 1.28+0.5 0.028*
X 2.0 0.98+0.3 0.008%*
0.4 -0.04+0.0 0.028*
2 20 -0.06£0.0 0.008%*
1 04 246103 0.001%*
; 2.0 2.78+0.6 0.004%*
0.4 0.48+0.1 0.001%*
b1 2 2.0 0.3840.1 0.004%*
1 04 3.83:13 0.016*
. 2.0 2.77£0.8 0.007%*
0.4 0.65+0.4 0.016*
2 2.0 0.27+0.2 0.007%*
1 04 20.02£04 0.17
. 2.0 0.30£0.4 0.367
5 0.4 -0.10£0.2 0.17
5 2.0 0.12£02 0367
1 04 1.2840.8 0.189
. 2.0 0.94+0.6 0.102
R 04 -0.73£0.3 0.189
2.0 -0.70£0.3 0.102
1 04 20.84£0.5 0.006%*
2.0 -0.56+0.5 0.023*
L 5 04 2.16£0.6 0.006%*
e 2.0 -1.67£0.3 0.023*
| 04 20.45£0.6 0.035*
. 2.0 0.05+0.4 0.002%*
R 04 -1.84+03 0.035%
2.0 -1.59£02 0.002%*
0.4 02201 0.41
. ! 2.0 20.32+02 0.984
5 04 -0.30£0.1 0.41
2.0 031202 0.984
Pect 04 20.24+0.1 0.705
! 2.0 -0.18+0.1 0.773
R 0.4 0.2940.1 0.705
2 2.0 -0.1320.1 0.773
0.4 7.07+0.7 0.005%*
! 2.0 6.63+0.8 0.006%*
L , 0.4 241205 0.005%*
. 2.0 2.04£0.5 0.006%*
04 7.00£0.7 0.004%*
. ! 2.0 7.0240.8 0.002%*
) 0.4 1.88+0.8 0.004%*
2.0 1.5420.7 0.002%*

Footnotes. LandR) Left and right hands, respectively; M = m) Means and s.e.m. of the level of normalized EMGs within the

stationary phase. Cases of significant differences (*P < 0.05 and **P< 0.01) between the levels of EMG activity of the studied muscles
at the phase of holding of the limb in the stationary position are shown boldfaced and by asterisks.
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Table 1). In reactions of the examined muscles, a
clearly pronounced dependence of the stationary
EMG levels on the movement velocity was a
general regularity. Increase in the velocity usually
led to intensification of the stationary EMG phase.
It was also found that the static components of
EMG activity of all the examined muscles were
significantly higher during the action of extending
loading, compared with that under the action of
the flexing force. This observation is confirmed
by the statistical significance of the differences
(P < 0.05). The levels of shoulder flexor (Pect) and
of Br activity were exceptions. It should be noted
that the static component of Br activity in the right
hand was appreciably greater as compared with that
in the left hand. This was observed at durations of
the active phases of the movement equal to 0.4 and
1.0 sec. In other examined muscles, the levels of
EMG at holding of the stationary phase of the test
movements were nearly equal for both left and right
hands.

DISCUSSION

We analyzed coordination of the CMCs addressed
to the shoulder belt and shoulder muscles during
realization of relatively simple bimanual two-joint
movements. These movements were performed
synchronously under conditions of the action of
external loadings and included symmetric phases of
TCh and FCh movements of the levers separated by
a phase of static fixation of the position of the limbs.
The main aim of our study was to estimate patterns
of averaged EMGs in different shoulder belt and
shoulder muscles and to compare the activity of the
corresponding muscles of the right and left hands.
In the case where the external loading acted in the
direction corresponding to flexion of the shoulder
joints and extension of the elbow joints (i.e., it had
the FCh direction), angles in the latter joints in the
flexed equilibrium position were maintained by a
force developed by the flexors. In this case, among
the examined muscles flexing the elbow joints, only
the Bic.b and Bic.l demonstrated a high activity at
the phase of holding of the limbs in a stationary
position. During the maintenance of the elbow joints
in the flexed position, the Br developed only a small
activity or was inactive. In this situation, precisely
the Bic.b and Bic./ synchronously decreased their
activity prior to the beginning of extension. This,
we believe, led to a withdrawal of the joints from
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the equilibrium position and allowed the external
loading to begin to extend these joints. Practically
synchronously with the beginning of extension,
these muscles increased their activity; concurrently,
the activity of the Br also increased. According to
this scheme, flexion of the shoulder joints was also
realized, but the process of flexion was controlled
by the shoulder extensors (Delt) counteracting
the external loading. In the case of change in the
direction of this loading (from extension to flexion),
extension of the forearms was realized at the expense
ofarise in the activity of their extensors (7ric), which
helped the joints to go out from the equilibrium state
and generated the force counteracting the external
loading. The flexors were eventually activated; this
probably increased the controllability of the joints.
It should be noted that the activity of the 7ric in
both left and right hands was significantly higher
during the action of the extending loading on the
elbow joints. In this situation, these muscles worked
as antagonists and were co-activated during flexion
due to the development of additional efforts in the
course of extension of the joints. By analogy, after a
change in the direction of the external loading (from
flexing, with respect to these joints, to extending),
the control of the process of flexion of the shoulder
joints was passed from the extensors to the flexors.

In our experimental approach, when the two-joint
movements of each upper limb were formed by the
single-joint components, the forearm and shoulder
links moved synchronously and in an antiphase
mode. This allowed us to observe certain functional
interaction of the muscles responsible for the control
of different joints that are, from the anatomic aspect,
antagonists. In this case, it is a matter of synergic
interaction of the examined muscles responsible for
flexion of the elbow joints (Br, Bic.b, and Bic./) and
extension of the shoulder joints (Delt) in the course
of the movement of the levers in the TCh direction
and of the muscles responsible for extension of the
elbow joints (7ric) and flexion of the shoulder joints
(Pect) within the phase having the FCh direction.
Muscle synergies are qualified as transitional
activation of certain muscle groups coordinated
in time and space [23]. Under conditions of the
performance of two-joint test movements in our
experiments, the muscles responsible for flexion of
the elbow joints and for extension of the shoulder
joints provide the movements of levers in the TCh
direction at the beginning of the test, maintain
stable joint angles within the stationary phase, and
work in an almost background mode during the
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phase of FCh movement of the levers. The other
muscle group (7ric and Pect) is in an antagonistic
interaction with flexors and extensors of the
elbow and shoulder joints, respectively. Within
the two phases of movements mentioned above,
the muscles increase their activity at the expense
of counteraction with forces generated by flexors
of the elbow joints and extensors of the shoulder
joints. The relatively significant variability of EMG
activities of these muscles at the stationary phase
of the test movement is obviously related to their
auxiliary role in realization of this movement. Such
functional interaction of the muscles, first of all,
provides coordinated changes in the angles in the
shoulder and elbow joints during realization of two-
joint movements of the limb and, in turn, stabilizes
certain characteristics of central motor control.

During realization of the movements, CMCs
coming to the elbow flexors were more flexible
and more variable compared with those addressed
to the shoulder extensors. This is confirmed by
the presence of constant statistically significant
differences between the DI and D2 levels in the Delt
activity, independently of the movement velocity
and direction of action of the external loading.
However, with increase in the duration of active
phases of the movements in the muscles responsible
for flexion of the elbow joints, we observed some
drop in their activity, while the amplitudes of the D/
and D2 remained nearly the same.

Recently, it has been found that the dynamic
and static components of CMCs coming to the
muscles during flexion ramp-and-hold movements
depend significantly on the phenomenon of muscle
hysteresis [7]. It has been hypothesized that the
effects of hysteresis provide a decrease in the
intensity of central efferent activity for fixation of
the muscle length after muscle contraction [8]. It
should be emphasized that, within our experimental
paradigm, we recorded appreciably differing
patterns of EMG activity within the phase of the
FCh movement, when the muscles were stretched in
a mode of additional work (Fig. 2).

In efferent activity controlling two-joint
movements, certain time intervals may exist within
which programs of co-activation of the agonists and
antagonists prevail. Phases of active movements
are, to a considerable extent, accompanied by
co-activation of antagonists, while holding of the
stationary phase is related to the predominant use
of “normal” (reciprocal) activation. In our recent
studies, we found that reciprocal activation can
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provide a considerably more linear pattern of
the movement after a change in its direction and
initiation of its rapid start. It was also found that
the co-activation patterns can significantly decrease
undesirable effects of ambiguity in the system
of motor control; in particular, these modes can
neutralize, to a certain extent, the effects of muscle
hysteresis [6, 24]. Examination of the control of
forward motions shows that tested subjects use
co-activation of the muscles as a strategy in order
to stabilize the position of the limb joints under
conditions of action of external forces [25, 26].
During realization of the movements, tested subjects
can create a certain balance of muscle co-activation
to provide greater stiffness of the limb in different
spatial directions [1] and in various joints [2]. There
is a viewpoint that the CNS can rather widely use
co-activation as a strategy to increase the accuracy
of targeted limb movements [3].

In some studies, it has been demonstrated that,
during the development of bimanual isometric
efforts, tested subjects can use only the sensory
feedback strategy for redistribution of generated
forces between the muscles of both limbs [21, 27].
However, in the case where the action of an external
factor is significant, the process of coordination
of motor commands becomes dissimilar from that
normally expected. In our tests, despite a rather high
quality of performance of the test movements by the
subjects, the patterns of EMG activity of analogous
muscles controlling the right and left hands may
differ somewhat from each other. It is most likely
that such differences between CMCs addressed to the
muscles during active phases of the test movements
is related to attempts of the tested subject to use
the strategy of redistribution of the activity between
analogous muscles, in order to balance the action
of external loadings and to neutralize differences
between the efforts developed by the left and right
hands; in such a way, simultaneous movements of
both limbs are better coordinated.

It is obvious that movements performed under
conditions of our tests should be considered only
a relative analog of the movements of a rower.
Under real conditions of sculling, handles of the
oars move along cyclic trajectories in 3D space but
not exclusively within a horizontal plane. Within
the framework of our own experimental protocol,
movements of the body and legs of the “rower”
were absent. Nevertheless, examination of the
temporal and spatial organization of activity of a
number of the involved muscles during realization
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of synchronous bimanual movements can provide
researchers with significant information on central
control of such (rather complex) movements. A
certain simplification of the conditions necessary
for realization of such activity at the beginning
of the respective studies is probably a necessary
limitation.

Therefore, the analysis of records of EMG
activity of the examined shoulder belt and shoulder
muscles during bimanual cyclic movements showed
that this activity manifests a rather complex pattern
of coordination. This is confirmed by the patterns
of CMCs controlling such rather complex motor
phenomena. It should be noted that the data obtained
in our study correspond to the modern concept
that the CNS can control movements performed in
modes close to isotony using a certain number of
functional muscle synergies related appropriately to
the motor task.

The stydy was carried out in accordance with the
statements of the Helsinki declaration (1975, version of
2000) and national norms on bioethics. All participants were
preliminarily informed in detail on the procedure of the
study; their written consent was received.
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