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The effects of different tracking tasks on muscle synergy
through visual feedback
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Abstract— By recruiting a modular organization of
muscle with relative activities, the arm motion can
be indicated by the neural system and generated for
performing a variety of motor tasks. In this study,
a Non-negative Matrix Factorization with initial es-
timation is applied to identify and extract prima-
ry muscle synergies and their activation patterns
from the processed EMG recordings during three
multidirectional tracking tasks with visual feedback
interaction. The effects of task variety and tracking
accuracy by visual feedback on muscle synergies and
their activation patterns are explored by statistic
analysis. The results showed that only the task variety
affected what synergies were indicated by the neural
system, but both task variety and visual feedback
affected the duration and magnitude of the primary
synergies. Thus, for active rehabilitation application,
it is advised that if the purpose is to enhance the
synergy indication from the neural system, the task
completion accuracy should be emphasized, but if the
purpose is to expand the motion area, the task variety
should be diversified.

I. INTRODUCTION

A typical hypothesis for movement generation is
the existence of muscle synergy which is recruiting
a set of muscles in performing activities at different
relative levels by the central nervous system (CNS)
[1]. The muscle synergies during a task are com-
bined by both shared and task-specific synergies
with the indication from the motor cortical areas
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and the afferent systems [2]. The synergy theory
facilitates in both motor control and motor learning
by contributing in exploration about how the motor
system constructing a large set of movements.

The muscle synergies as putative modules of
muscle system are typically identified and extracted
from electromyographic (EMG) signals by dimen-
sionality reduction algorithms such as Non-negative
Matrix Factorization (NNMF) [3]. The purpose
of any algorithms for the procedure is improving
the accuracy of the modular decompositions for
reconstructing the EMG data. Most of the previous
researches try to explore what kinds of task-specific
muscle synergies are indicated during vast tasks
and contribute to motion classification and motion
analysis [4], [5]. The task complexity in [4], [5]
is relatively singular (e.g. one direction rectilinear
motion) because of the muscle synergies need to
be extracted within a period of time. Whether
muscle synergies of a complex task can be extracted
with high accuracy needs to be explored. For ac-
tive rehabilitation, when participants complete tasks
through virtual interactions, whether their efforts on
improving task competition will affect the neural
system in controlling movements is unclear.

For these reasons, in this study, three complex
tracking tasks together with visual interaction are
designed. The NNMF with an extra initial estima-
tion is applied to extract primary muscle synergies
from grouping processed EMG recordings during
these tasks. The main purpose of this paper is to
identify the effects on muscle synergy for these
designed tasks. Both task variety (TV) and tracking
accuracy (TA) by visual feedback are considered
for evaluating their effects by statistic analysis.
The results of this study indicate that only the TV



affected the synergies adopted by the neural system,
but both TV and TA affected the durations and
magnitudes of the primary synergies.

II. METHOD
A. Experiment design

Three target movements with different shapes
(Triangle, Square and Circle) in different dimen-
sions are designed as shown in Fig. 1. The tar-
get movements are coding into a cursor’s moving
trajectories. The target cursor moves in a two-
dimensional surface as displayed in a screen for
providing a continuous visual stimulation. The ac-
tual position of the wrist is also displayed as a
cursor. Intuitively, when the participant is executing
a task, he receives two different visual effects. One
is the target cursor’s trajectory which is defined as
the Task Variety (TV), and the other one is the
gap between the target and actual cursors which
is defined as the tracking accuracy (TA) by visual
feedback. The TV has three values corresponding
to different tasks. The level of TA is processed later.

Fig. 1. The trajectories of three target tasks and actual tracking
movements. Tri: Triangle, Squ: Square, Cir: Circle.

The start position of every task is the same. The
length of the long side of the isosceles triangle is
0.2m, and the short sides are

√
0.2m. The length

of the square sides is
√
0.2m. The radius of the

circle is 0.1m. The duration time of every task is
20 seconds, and the cursor moves with constant ve-
locity during each task. All three tasks are required
to finish three times as three trails.

B. Data acquisition and processing
One healthy female is recruited and signed the

written informed consent form with approvement

from the Human Ethics Committee of Sun Yat-
sen University. The actual position of her wrist is
recorded by a motion tracking system (Optitrack,
USA) at 100Hz. The surface EMG signals of six
muscles (Biceps brachii-BIC, Triceps brachii-TRI,
anterior, medial and posterior part of Deltoid-DA,
DM, and DP, Brachioradialis-BR) are recorded at
1000Hz and amplified (gain at 5000) [6]. The raw
EMG signals are bandpass filtered (10 − 400Hz),
full-wave rectified, and Butterworth low-pass fil-
tered (20Hz cutoff) into EMG envelops. The EMG
envelops were down-sampled for synchronising.

For accurately extracting the muscle synergies,
the down-sampled EMG envelops during every
tracking task are separated into 40 samples. For
each sample, there is a total of 50 EMG envelop
data points of each muscle for 0.5 seconds. Simi-
larly, the average (AVG), standard deviation (STD)
and root mean square (RMS) values of TA in two
main dimensions (D1, D2) during each sample is
calculated. For the level of TA during the whole
task, the TA in D1, D2 and their square root (D12,
i.e. the linear gap between two cursors) are grouped
into 17 levels with evenly spaced. Similarly, the
level of TA of all envelop samples, the AVG, STD
and RMS of TA in D1, D2 are grouped.

C. Muscle synergy extraction

The muscle synergies during every EMG en-
velops sample are extracted by NNMF algorithm
from the EMG envelop samples as follows [7], [8]:

Mj(t) =

N∑
i=1

hijwi(t) + ε(t) (1)

where Mj is the normalized EMG envelopes during
every sample period of jth(j ∈ (1, 6)) muscle, hij
is the time-independent weight of jth muscle in ith

muscle synergy, wi(t) (STL×n matrix) is the time-
varying basic activation patterns vector for showing
the amplitude and duration time of the ith synergy,
N ∈ (1, 5) is the number of extracted synergy, and
ε(t) is noise in time series.

For choosing the minimum number of muscle
synergies and selecting the most precise synergies
and their patterns, the root-mean-square residual
(D) between the original EMG envelopes and the



reconstructed EMG envelopes (MRe = H × W )
is used for evaluation. The value of D is required
as smaller than 10−4 [7]. The Variance Accounted
For (VAF) is used to evaluate how accurate the
algorithm is [5], [9]. The V AF is calculated as
follows, and is required as larger than 99.95%:

V AF = 1−
n∑

i=1

(M −MRe)
2
/

n∑
i=1

M2 (2)

During the synergy extraction, the residual and
VAF values of the repeated multiplicative NNMF
algorithm with random initial estimation show high
variance. Therefore, an initial estimation of syner-
gies and their patterns are found by using the multi-
plicative algorithm (Iiterations = 10, replicate =
10). With the initial estimation, the alternating least
squares algorithm can rapidly estimate synergies
and their patterns with better parameters’ perfor-
mance without high variance [10].

The number of extracted synergies of a task is
constrained by the mean values of both D and
V AF during all samples. The synergies of different
samples are compared by using person correlation
coefficients (PCC) for similarity. Only those syner-
gies with PCC values higher than 85% are regarded
the same. The mean values of the same synergies
are defined as the primary synergies.

D. Statistic analysis

The effects of the TV values and the levels of
AVG, STD and RMS of TA in two main dimensions
on the primary muscle synergies (H) are analysed
by two-way ANOVA statistic test in sample orders.
Similarly, the effects of the TV values and the levels
of TA in D1, D2 and D12 on the activation patterns
of primary muscle synergies (W ) are analysed by
two-way ANOVA statistic test in time series.

III. RESULTS AND DISCUSSION

A. NNMF with the advanced procedure

The results of D and V AF (Fig. 2) showed that
the advanced procedure of NNMF for extracting
muscle synergy could improve the estimation ac-
curacy. Therefore, the extraction standard can only
be applied for selecting the synergy number after
using the NNMF with the initial estimation.
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Fig. 2. The root-mean-squared residual and VAF of NNMF
without or with initial estimation for extracting synergies.

B. Muscle synergies and patterns

1 2 3 4 5 6 7 8 9

Number of Extracted Synergies

0

0.5

1

S
yn

er
gy

 a
ct

iv
at

io
n

BR
BIC
TRI
DA
DM
DP

0 1 2 3 4 5

Time (s)

0

0.05

0.1

D
ur

at
io

n 
W

ei
gh

t W1 W2 W3 W4

Fig. 3. Muscle synergies and basic activation patterns (W1-4).

The primary muscle synergies and their activa-
tion patterns during the first 5 seconds of a trail
of triangle task is shown in Fig. 3 as an example.
The number of muscle synergies was nine of all
120 samples but only four synergies were extracted
in each example of this task. The first and second
synergies were found in over 90 samples, and the
third and fourth were found in over 50 samples.
The rest synergies were found in no more than 20
samples. For the basic activation patterns, the four
lines were for the primary synergies of each sample.
The results can be supported by Delis et al. in task
discrimination objectives by synergy difference [5].

C. Effects on muscle synergy

The effects of the TV and the TA by visual
feedback on the primary muscle synergies and their
basic activation patterns are summarised in Table I.
In the Table I, the D1, D2, D12 are the TA in the
two main dimensions and their square root, and the



AV G, STD and RMS are the average, standard
deviation and root mean square of TA.

The TV highly affected primary muscle syner-
gies. For the combined elbow synergies, the AV G
and RMS of TA levels in the D1 dimension also
affected what kind of synergies is indicated by
the CNS system.Both the TV and TA in D1, D2

and D12 affected the basic activation patterns of
those primary muscle synergies. It indicated that
no matter what primary synergies were indicated,
the onset, offset and duration of the most important
synergies changed with different tasks and the vary-
ing gap between actual and target positions [11].

TABLE I
EFFECTS OF TASK VARIETY (TV) AND TRACKING ACCURACY

(TA) ON MUSCLE SYNERGIES (H) AND PATTERNS (W)

H TV D1 D2

AVG STD RMS AVG STD RMS
M1-6 < 0.05
ME < 0.05 0.05 < 0.05
MS 0.05

W TV D1 D2 D12 Effects Order
W1 < 0.001 < 0.001 < 0.001 < 0.001 TV < D2 < D1 < D12

W2 < 0.001 < 0.001 < 0.001 < 0.001 TV < D1 ≈ D2 < D12

W3 < 0.001 < 0.001 < 0.001 < 0.001 TV < D1 < D2 < D12

W4 * < 0.001 < 0.001 < 0.001 < 0.001 TV < D1 < D12 < D2

W5 * < 0.001 0.003 < 0.001 < 0.001 TV < D1 < D12 < D2

Note: ’*’ means the duration W is not full rank because the number of
extracted synergies is from three to five. M1− 6 means the synergy of
all six muscles. ME and MS are synergy values of the elbow muscles

(BIC, TRI and BR) and the shoulder muscles (DA, DM and DP).

IV. CONCLUSIONS
This paper attempts to demonstrate the effects of

task variety (TV) and the tracking accuracy (TA)
by visual feedback on muscle synergy and their
activation patterns. The statistic analysis showed
that the muscle synergies are highly related TV
but their durations and activations are affected by
both TV and TA. For further study, the results may
suggest that during early rehabilitation for patients
with neural system injury, it is essential to provide
diversity tasks for evacuating different synergies
to be utilized, but during later rehabilitation, the
accuracy of visual tracking feedback should be
advised to reach high accuracy tracking motion for
acquiring synergies similar to healthy people.
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