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Abstract—Muscle synergy is considered as a vector specifying a
pattern of relative muscle activation. The goal of this paper is
to explore whether there exists similarities between muscle
synergies in similar upper limb motion tasks. One
center-out-center reaching task and two path movement tasks
with regard to the elbow and shoulder joints were designed,
and seven healthy adults were recruited in this study. Surface
electromyographic (SEMG) signals were recorded from 10
upper arm and shoulder muscles, and muscle synergies were
extracted using nonnegative matrix factorization algorithm.
Although there existed individual differences among subjects,
experimental results showed that the structures of muscle
synergies extracted from these three similar tasks were similar
on the ground of the values of Pearson’s correlation coefficient
was greater than 0.85. Through this finding, the neuromuscular
control strategies of upper limb in similar tasks could be
explained clearly, which also provided significant evidence to
support the hypothesis of muscle synergies.

I. INTRODUCTION

Human activities are extremely complicated in terms of
both neural activation and biomechanical output [1, 2]. Most
studies in neuroscience focus on how the Central Nervous
System (CNS) overcomes the complexity of human dynamics
and coordinates the large number of muscles to achieve
different kinds of behavioral goals [3]. Describing the control
mechanism of CNS precisely is still an unsolved problem in
this field, and some researchers put forward the hypothesis
that diverse motor behaviors are generated by a relatively
low-dimensional organizational structure. According to this
hypothesis, the CNS controls co-activated muscles to reduce
the complexity of the motor control. In recent years, plenty of
evidences in support of the view that the CNS may generate
motor commands through a linear combination of a set
muscle synergies have been presented [4-7].

Muscle synergy is considered as a vector specifying a
pattern of relative muscle activation. Under this assumption,
the absolute activation of each synergy is presumed to be
modulated by a single neural command signal, and the
pattern of the activation across multiple muscles may be
unique to each individual [8]. A single muscle can
simultaneously belong to multiple synergies, and the degrees
of activation of muscles that belong to one muscle synergy
are fixed. To simplify the large number of Degrees of
Freedom (DOFs) in the musculoskeletal system during
movements, muscle synergies must be limited in quantity and
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robust across tasks [9]. Previous studies have indicated that
EMG data recorded form a series of motor tasks, for example
postural responses in animals, walking and upper limb
reaching in humans, can be decomposed into limited muscle
synergies [4, 5, 10-14]. D’Avella and Bizzi observed that five
functional muscle synergies extracted from walking,
jumping, and swimming of frogs were similar, and three
synergies of the five were shared across behaviors whereas
others are behavior-specific [12]. Ivanenko found that five
basic temporal activation components were likely to be
controlled and shared by cooperating with voluntary motor
tasks across walking, during which subjects kicked a ball,
stepped over an obstacle, or reached down and grasped an
object on the floor [14]. Although these achievements have
proved the hypothesis of muscle synergies in their respective
ways, related studies still have their limitations and more
evidences to support the hypothesis are needed.

In order to verify the hypothesis further and get more
understanding of the neuromuscular control strategies of
similar tasks, this study aims to conduct muscle synergy
analysis of upper limb motions. The related research, such as
D’Avella et al. found that the muscle activity of upper limb
during diverse movements can be characterized by a definite
set of muscle synergies [13]. Moreover, P. Tropeal et al.
compared the muscle synergies of upper limbs in stroke
patients and healthy subjects, and observed that the
difference can reflect the functional deficit induced by the
pathology [10]. Different from their works, an experimental
scheme with more complex and macroscopic tasks including
three similar tasks related to the movement of the upper limb
is put forward in this study. More specifically, we try to
explore whether similar upper limb motion tasks share fully
or partly the same muscle synergies. This study can also
provide the basis to explore the control strategies of upper
limb movements in patients with neuromuscular disease.

II. METHOD

A. Subjects

Seven healthy adults (4 males and 3 females, and with
average ages of 23+4.1) were involved in this study, who are
all right-hand dominant, with no known neurological diseases,
no muscular or skeletal impairments history of the upper
limbs and the trunks, and no functional abnormalities. Before
starting the experimentations, each subject had signed an
informed consent.

B. Three similar motion tasks

Subjects were seated upright in front of an adjustable
table and carried out all the tasks in the horizontal plane. In
order to restrain wrist and trunk movements, they were
fastened with the bandage. Subjects were instructed to carry
out a series of trails (15-20 times per task) including the
following tasks:
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1) One center-out-center reaching task (Expl): Subjects
were asked to perform this task clockwise from the center
point to eight equidistant points arranged along the
circumference of a horizontal panel by holding a cylinder
(Fig. 1A, high: 8cm; radius: 1.5cm, starting from the top
point).

2) Two path-movement tasks (Exp2 and Exp3): Subjects
performed path-movement task staring from the center and
moving cylinder along the direction of the arrow as shown in
Fig. 1B and Fig. 1C.
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Figure 1. A: Center-out-center reaching task (clockwise from the top
point); B and C: Path-movement tasks. Dashed circle radius is 20cm. All
the tasks were started from the center point. In the Exp2 and Exp3, subjects
were asked to move cylinder along the black line.

The route and direction of center-out-center reaching task
and path-movement tasks were partly the same. During the
experiment, subjects tried to keep the speed at 16 (cm/s) and
the wrist and forearm should always touch the table to
overcome the gravity of the forearm. Before starting the
experiment, subjects performed a simple learning under the
guidance of professionals in order to complete the tasks
smoothly.

C. Data Acquisition

Figure 2. A: Home-made 16-channel SEMG system; B: disposable self
adhesive electrodes; C: bipolar Ag-AgCl surface electrodes.

As the subjects performed the tasks, SEMG signals were
recorded from 10 upper arm and shoulder muscles including:
brachioradialis (BRAD), brachial (BRAC), biceps
brachii(BIC), triceps brachii (TRI), anterior deltoid (DELA),
medial deltoid (DELM), posterior deltoid(DELP), latissimus
dorsi (LAT), upper trapezius (TRAP), and pectoralis major
(PECM). In order to get higher quality of sEMG signals,
three bipolar Ag-AgCl surface electrodes were placed on
BRAD. BIC and TRI and seven disposable self adhesive
electrodes were placed on the other muscles. Electrodes
were placed in accordance with the guidelines of surface

EMG for noninvasive assessment of muscles (SENIAM)
[15]. The reference electrode was placed over the left
electrically neutral lateral epicondyle [10]. Each recorded
site was cleaned with alcohol before placing the electrodes.
All the data were collected by a home-made 16-channel
SEMG system (Fig.2) and the sampling rate was set to
1000Hz. All data were saved and then analyzed with Matlab
7.1.4 (The Mathworks, Natick, MA).

D. Extraction of muscle synergies

Before extracting muscle synergies, the collected SEMG
signals were pre-processed according to the following steps:
high-pass-filtering (window-based finite impulse response
filter, 50th order, cutoff at 40 Hz), rectification, and
low-pass-filtering (window-based finite impulse response
filter, 50th order, cutoff at 20 Hz). Each row of the
pre-processed SEMG matrix (V,»;, m is the number of
muscles and t is recorded time) [16] was normalized with
respect to its’ sub-maximal [17] and sampled into 1000
points. After decomposing V,»; data matrix with
nonnegative matrix factorization algorithm, two matrices
(Cpxt and W, » n is the number of synergies) would be
identified, where W, is muscle synergy matrix and C,,;
is synergy activation coefficient matrix. A vector of W,,«n
represents the relative weighting of muscles in each module
and the coefficient C,,; represents the neural command that
specifies how much each synergy will contribute to a
muscle’s total activity pattern [18]. Therefore, the muscle
activation pattern V,,,; can be reconstructed as the
equation V' = Wsn X Coxe-

The minimum number of muscle synergies were
calculated according to the variability accounted for (VAF)
shown in formula (1) [19], which was used as squared error
values.

QoY

To ensure the extracted muscle synergies can adequately
compose the SEMG signals, the VAF were estimated by
increasing gradually the number of the synergy (starting from
1). The minimum number of muscle synergy was not
determined until the minimum VAF was greater than 95%.
The averaged muscle synergy matrix of all the trials of a task
was used to represent the muscle synergy matrix for each
subject. After grouping, the average of muscle synergy
matrix of all the subjects was used to represent the muscle
synergy matrix of each task.

VAF =1 — (Vipxe- metl)z/vmxt

E. Similarity analysis between synergies

Similarities between muscle synergies extracted from three
tasks were analyzed. Firstly, muscle synergy from each
subject was extracted respectively. For each task, similar
muscle synergy patterns across subjects were grouped based
on the best-matching of vectors in W,,,,,, matrix. Similarity
between muscle synergies was determined by the Pearson’s
correlation coefficient (r). The greater » value means the
higher matching degree. Two muscle synergies were
considered to be “similar” when 7 is larger than 0.85 [17].
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III. RESULT AND ANALYSIS

The  extracted muscle synergy modules of
center-out-center reaching task and the two path-movement
tasks are shown in Fig. 3, Fig. 4 and Fig. 5 respectively.
Group means and standard deviations of seven subjects’
muscle synergies are represented by black bar profiles and
red bar in the figures. For all the seven subjects, four muscle
synergies were extracted from sEMG signals during the three
similar tasks. For each task, the similar structures of muscle
synergies were grouped. After grouping, the macroscopic
scale signified certain regularity.
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BRAD BRAC BIC R DELA  DELM DELP LAT TRAP PECM

Figure 3. Four muscle synergies extracted from Expl. Colourized bars
show the relative weighting of a muscle and black bar with red represent
group means and standard deviations. One subject corresponds to a fixed
colour. Labels on the horizontal axis are ten muscles and labels on the
vertical axis are four muscle synergy (Sal, Sa2, Sa3, Sa4).
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Figure 4. Four muscle synergies (Sbl, Sb2, Sb3, Sb4) extracted from
Exp2.

From the hypothesis of muscle synergy, each muscle
synergy represents a characteristic pattern of muscle
activation. From Fig. 3, we can observe that the first synergy
(Sal) reflects mainly the activity of BRAD, LAT and TRAP;
the second synergy (Sa2) consists of BRAD, BRAC, BIC and
TRI; the third synergy (Sa3) is mainly characterized by BIC,
DELA, LAT and PECM whereas the fourth synergy (Sa4) is
loaded by BRAC, TRI, DELA, DELM and DELP.

Fig. 4 and Fig. 5 are similar to Fig.3 in the number and
structure of the extracted muscle synergies. Specially, the
structures of the third synergy (Sb3 and Sc3) and the fourth
synergy (Sb4 and Sc4) are respectively similar to Sa3, Sa4.
However, the contribution of BRAD in Sb1 is lower than Sal

and the contribution of BRAD in Sb2 is higher than Sa2. For
the Exp3, the activity of LAT in Scl is lower than Sal and
the contribution of BRAC in Sc2 is lower than Sa2.

BRAD BRAC BIC TRI DELA  DELM DELP LAT TRAP  PECM

Figure 5. Four muscle synergies (Scl, Sc2, Sc3, Sc4) extracted from

Exp3.
TABLE L INDIVIDUAL DIFFERENCES ANALYSIS FOR MUSCLE

SYNERGY SAl
Subl Sub2 Sub3 Sub4 Sub5 Sub6 Sub7

BRAD + - + - + + -
BRAC - + + + + - +
BIC - + + + + - +
TRI - + + + + + +
DELA + + - + + + -
DELM + - + + + + +
DELP + + + + + + -
LAT - + + + + - +
TRAP - + - + + + -
PECM - + + + - + +

a. The significant difference level of each muscle between individual and the others in Sal. (Student's
t test: The symbol of *+’: P>0.05 and *-’: P<0.05)

To explore further the similarities of the muscle synergies
extracted from Expl, Exp2 and Exp3, r values between
synergies of the three similar tasks were calculated and given
in Fig. 6. The regions with the more deep red represent the
bigger similarities between two synergies. In Fig. 6, the red
regions almost appear in the direction of oblique 45 degree,
except the ones corresponding to Sbl-Scl. This result
demonstrates that the corresponding muscle synergies are
very similar in the three similar tasks. Further, the average of
muscle synergies between subjects was used as representative
for each task, and then the r values were computed between
tasks. Finally, r values of 0.86, 0.90 and 0.91 were obtained
between Expl and Exp2, Exp2 and Exp3, and Expl and
Exp3 respectively. Due to all the r values are larger than 0.85,
the muscle synergies extracted from these three tasks can be
considered as “similar”.

However, although macroscopic scale signifies certain
rules, there exist differences among subjects and muscles.
Based on the comparatively analysis of the three tasks shown
in Fig. 3 to Fig. 5, we find that subject 4 show big individual
differences in most of the extracted muscle synergies, and the
activation degrees of BRAD and TRI in Sal, Sbl and Scl of
subject 1 are much higher than those of the others. From the
further analysis (as an example, analysis result of Sal with
student’s t-test is given in Table 1.), subjects are found to
show different individual differences. As shown in Table I,
six muscles have significant differences between subject 1

3592



and the others, so subject 1 has the greatest individual
differences in Sal. We suppose that different habits of upper
limb movement between subjects lead to these individual
differences. Also, differences between muscles are found.
BRAD and TRAP have significant individual differences in
three subjects respectively, but TEL, DELM, and DELP show
significant differences in only one subject. The location
errors caused by the small size of BRAD and the noise
related to voluntary neck movements during experiments are
considered to be the major factors resulting in individual
differences between muscles.

Expl E p2 Exp3

Sal SaZ Sa3 Sad Sbl Sb2 Sb3 Sb4 Scl Se2 Sc3 Scd
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The relationship between muscle synergies in three similar tasks.

Figure 6.

IV. CONCLUSION

Focusing on the hypothesis that the CNS may generate motor
commands through a linear combination of fixed muscle
synergies, this paper explored preliminarily the similarities of
muscle synergies between three similar tasks with regard to
the movements of elbow and shoulder joints. Muscle
synergies were extracted based on SEMG signals from 10
upper limb and trunk muscles with NMF algorithm. As a
result, four similar muscle synergies were extracted in three
tasks respectively, which indicated that the CNS could
control the three movement tasks by recruiting four similar
muscle synergies. Thus we supposed that the four similar
modules were the basic muscle synergies related to the
flexing/extending movements of elbow and shoulder joints.
When people carried out upper limb motions, CNS might
recruit these four similar muscle synergies to complete the
corresponding movement. However, there existed individual
differences caused by subject’s habits of upper limb
movement, the location errors of electrode and noise related
to voluntary movements. The finding of this study is
beneficial to support the hypothesis of muscle synergies, and
also provides the basis for us to further explore the control
strategies of upper limb movements in patients with
neuromuscular disease.

Although this study has provided significant evidence to
support the hypothesis that diverse motor behaviors are
generated by recruiting the limited muscle synergies, the
limited tasks and subjects, however, may influence the
reliability of this research. In future work, we will design
more representative tasks, and recruit more subjects to further
verify the conclusion.
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