
Vol.:(0123456789)1 3

Experimental Brain Research (2020) 238:121–138 
https://doi.org/10.1007/s00221-019-05679-9

RESEARCH ARTICLE

Muscle activities in similar arms performing identical tasks reveal 
the neural basis of muscle synergies

Laura Pellegrino1 · Martina Coscia2,3 · Maura Casadio1 

Received: 17 July 2019 / Accepted: 7 November 2019 / Published online: 5 December 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Are the muscle synergies extracted from multiple electromyographic signals an expression of neural information process-
ing, or rather a by-product of mechanical and task constraints? To address this question, we asked 41 right-handed adults to 
perform a variety of motor tasks with their left and right arms. The analysis of the muscle activities resulted in the identi-
fication of synergies whose activation was different for the two sides. In particular, tasks involving the control of isometric 
forces resulted in larger differences. As the two arms essentially have identical biomechanical structure, we concluded that 
the differences observed in the activation of the respective synergies must be attributed to neural control.

Keywords Upper limb · Robotic evaluation · Reaching · Electromyography

Introduction

Every time we perform a voluntary movement, the central 
nervous system (CNS) activates and coordinates a multi-
tude of muscles, including thousands of motor units. How 
the CNS successfully manages such complexity has been a 
matter of discussion for many years. Bernstein (Bernstein 
1967) proposed a theory addressing this question, which is 
currently considered the main point of reference: he hypoth-
esized that the CNS’s burden is reduced because the motor 

system uses low-level discrete elements, or motor modules, 
to construct a large repertoire of movements (Bernstein 
1967). Experiments on animal models (Mussa-Ivaldi and 
Bizzi 2000; Giszter et al. 2007; Hart and Giszter 2010) sup-
ported Bernstein’s theory, showing that the discrete elements 
that it posits are muscle synergies, neurophysiological enti-
ties whose combination is orchestrated by the motor cortical 
areas and the afferent sensory systems (Bizzi and Cheung 
2013). Muscle synergies engaged in the execution of motor 
tasks have been identified in human subjects through the 
analysis of electromyographic (EMG) activity (Lee and 
Seung 2001; Tresch et al. 2006). The result of the simulta-
neous activation of a few muscle synergies via descending or 
afferent pathways is supposed to produce the complex EMG 
patterns observed in the limb’s muscles (Bizzi and Cheung 
2013). Several studies on humans (Zardoshti-Kermani et al. 
1995; d’Avella et al. 2003; Ivanenko et al. 2004; Cappellini 
et al. 2006; d’Avella et al. 2006; Ting and McKay 2007; 
Cheung et al. 2009a; Tropea et al. 2013; Barroso et al. 2014) 
support the hypothesis that muscle synergies extracted from 
the factorization of EMG signals reveal underlying patterns 
in muscle activity reflecting different levels of neural func-
tions (Bizzi and Cheung 2013). However, Kutch et al. found 
biomechanical evidence of muscle synergies in a cadaveric 
human hand. Kutch et al. observed the muscle tensions in 
response to a sequence of pulls applied to the hand tendons 
and assumed that each muscle is independently instructed 
to resist length change (Kutch and Valero-Cuevas 2012). 
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Consistent observations were obtained by extracting muscle 
synergies from the estimated muscle activity of a muscu-
loskeletal model (Neptune et al. 2009; Kutch and Valero-
Cuevas 2011; Ranganathan and Krishnan 2012; Steele et al. 
2015). Constraints arising from the selected task and/or 
limb biomechanics could force couplings among muscles 
(Neptune et al. 2009; Kutch and Valero-Cuevas 2011, 2012; 
Ranganathan and Krishnan 2012; Steele et al. 2015). These 
studies stimulated a debate about the evidence that muscle 
synergies extracted from the factorization of EMG signals 
are basic motor modules representing a neural control strat-
egy or are a mere by-product of simultaneous muscle acti-
vations due to biomechanical and/or task constraints. Bizzi 
and Cheung addressed this point in a review of experimental 
evidence (Bizzi and Cheung 2013). Animal studies revealed 
that muscle synergies are encoded in cortical neurons (Over-
duin et al. 2012; Batzianoulis et al. 2017). However, so 
far no studies with human subjects have been specifically 
designed to address whether muscle synergies extracted 
from multiple EMG signals could reveal their neural origin, 
excluding the possibility that task and/or limb biomechanics 
influenced the results.

Conceptually this could be demonstrated via intracortical 
recording or micro stimulation of motor cortical areas, as 
it has been done in monkeys (Overduin et al. 2012). How-
ever, these invasive procedures cannot be applied on healthy 
humans, and other less invasive technologies, such as tran-
scranical magnetic stimulation and electroencephalography, 
might not have enough spatio/temporal resolution or would 
require extensive signal processing.

Alternatively, a simple experimental condition to reveal 
the influence of neural control on muscle synergies in 
humans would be to compare muscle synergies extracted 
from the factorization of EMG signals within each individ-
ual between two similar limbs controlled in a different way 
from the CNS, performing identical tasks. In this condition, 
muscle synergies features that differ between sides would 
reflect neural control, while muscle synergies features that 
are preserved between sides might depend also on other fac-
tors, such as biomechanics or task constraints. Therefore, we 
hypothesized that neural control features in upper limb mus-
cle synergies can be revealed comparing the two upper body 
sides executing the same tasks in individuals with defined 
handedness.

We all experience handedness in everyday life as the ten-
dency to prefer the use of one of the two limbs in performing 
motor tasks (Annett 1970, 2002; Bagesteiro and Sainburg 
2002; Diederichsen et al. 2007). Much evidence shows that 
handedness results from differences in the neural control of 
the limbs, and it is characterized by specific neuro-motor 
features (Corballis 1983; Tan 1989; Semmler and Nordstrom 
1998; Volkmann et al. 1998; Goble and Brown 2008). Dif-
ferences between sides have been observed at different levels 

of the CNS, including the motor units firing rate (Adam et al. 
1998), muscle activity and fatigue (Bagesteiro and Sainburg 
2002; Farina et al. 2003), sensory-motor pathways (Friedli 
et al. 1987; Sathiamoorthy and Sathiamoorthy 1990), spinal 
and corticospinal tract (Tan 1989; Semmler and Nordstrom 
1998), and cortical representations (Volkmann et al. 1998). 
The difference in neural control of upper limbs could be 
related to the cerebral hemisphere controlling each side, 
since there is evidence (Leib et al. 2018) that haptic process-
ing is affected by laterality in the brain. While the origin of 
the difference of neural control between sides is still under 
investigation, it is widely accepted that handedness, when 
present, underlies a difference of neural control.

It is also known that upper limb laterality occurs at bio-
mechanical level, such as in bone dimension (Auerbach 
and Ruff 2006) and muscle fiber composition (Fugl-Meyer 
et al. 1982). However, the small differences between upper 
limbs at the biomechanical level can be reasonably consid-
ered negligible in comparison to the differences in neural 
control when performing arm reaching movements. Also, 
they should not impact the estimation of muscle synergies 
as demonstrated by the possibility to identify similar muscle 
synergies across individuals (d’Avella et al. 2003; Ivanenko 
et al. 2004; Cappellini et al. 2006; d’Avella et al. 2006; Ting 
and McKay 2007; Cheung et al. 2009b; Tropea et al. 2013; 
Barroso et al. 2014) despite the inter-individual anatomical 
variability.

Therefore, if the CNS modulates a linear combination 
of basic motor modules identified as muscle synergies 
(coordinated muscle groups) to generate and control move-
ments (Santello 2002; d’Avella et al. 2003; Osu et al. 2003; 
Ivanenko et al. 2004; d’Avella et al. 2006; Freitas et al. 2006; 
Ting and McKay 2007; Cheung et al. 2009a; Alessandro 
et al. 2013; Bizzi and Cheung 2013; Barroso et al. 2014; 
Berger and d’Avella 2014), we expect these synergies to be 
sensitive to differences in neural control of the two upper 
limbs in a population with defined (equal) handedness per-
forming arm reaching movements.

We can assume that most of the differences between sides 
that can be observed in motor behavior are only related to 
neural control, as the limbs on the two sides have almost 
identical mechanical structure and it is possible to execute 
equal tasks with both arms. Therefore, it is possible to iso-
late the neural control contribution from the other compo-
nents known to impact muscle synergies extracted from the 
factorization of EMG signals, such as biomechanical and 
task constraints, and determine if and how neural control is 
reflected in muscle synergies obtained from the factorization 
of EMG signals.

Only one small study (including ten young healthy 
subjects) previously investigated the effect of handedness 
on muscle synergies during the execution of planar wide 
and tight circular movements (Duthilleul et al. 2015). It 
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suggested a task-related difference in the muscle synergies 
of the two arms: the muscle synergies were generally similar 
between sides during the execution of planar wide circular 
movements, while during the execution of fine movements 
(i.e., planar tight circular movement), the dominant arm 
presented an additional synergy with respect to the non-
dominant arm.

Here, we investigated upper limb performance and mus-
cle synergies in a large population of right-dominant healthy 
adults performing planar movements and exerting controlled 
isometric forces with their right dominant (R) and left (L) 
arm in different mechanical environments. We included dif-
ferent mechanical environments and movement directions 
to increase variability in motor activation patterns (Steele 
et al. 2015). We found significant differences between the 
activation profiles of muscle synergies of the two arms dur-
ing planar reaching movements. This difference increased 
when subjects performed an isometric force task. Muscle 
synergy analysis revealed that the CNS of right-dominant 
subjects adopts different control strategies for reaching with 
the right-dominant or the left limb, supporting our original 
hypothesis. Our results suggest that the activation of mus-
cle synergies extracted from the factorization of upper limb 
EMG signals could directly reflect neural control. They 
also demonstrate that although tasks and biomechanical 
constraints impact muscle synergies, these can also reveal 
neural control if these constraints are well controlled in the 
experimental design.

Materials and methods

Subjects and ethical approval

Forty-one healthy adults (20 males and 21 females; 
55 ± 12 years) were enrolled in the present study. They did 
not have any evidence or known history of postural, skeletal 
or neurological diseases, and exhibited normal joint range of 
motion and muscle strength. All subjects completed a short 
questionnaire based on the Edinburgh Medical Research 
Council handedness scale (Oldfield 1971). All subjects were 
right-handed (Edinburgh test: 91.5 ± 11.3 SD) and had no 
problems of visual integrity, i.e., they could clearly see the 
information about the target and the cursor positions dis-
played on the computer screen.

The study was approved by two local Ethical Committees 
(Comitato Etico ASL 3 Genovese 15/04/2013 Registro ASL 
13/13 and Comitato Etico Regionale Liguria, 06-10-2014, 
201REG2014) and conformed to the ethical standards of the 
1964 Declaration of Helsinki. Each subject provided written 
informed consent to participate in the study and to publish 
individual data.

Procedure

Subjects performed four reaching tasks by controlling a cur-
sor on a computer screen with upper limb movements or 
with the force applied by their limb. Specifically, the proto-
col consisted of the three movement tasks and one force task 
characterized by different mechanical environments:

• free space (FS): the subject’s hand moved unimpeded by 
external forces (impedance of the environment ~ 0);

• assistive force (AF): a constant force field attracted the 
hand of the subjects toward the peripheral target (force 
amplitude: 5 N with an additional velocity-dependent 
viscous field with damping coefficient: 7 Nm/s);

• resistive force (RF): an elastic force field attracted the 
hand of the subject toward the center of the workspace 
(linear spring with stiffness coefficient of 15 N/m and 
with an additional velocity-dependent viscous field with 
damping coefficient: 7 Nm/s), generating a force field 
opposed to the subject motion to the peripheral target;

• rigid constrain (IF): the planar manipulandum was 
blocked in its central position in this case, the subjects 
applied isometric forces in different directions.

In all tasks, subjects grasped the handle of a planar 
robotic manipulandum (Casadio et al. 2006). The handle of 
the manipulandum included a fixed-force sensor (Gamma 
SI 13010, ATI Industrial Automation Inc.). In all tasks, the 
subjects were assuming the same posture or positioning and 
were instructed to perform the task with the upper limb. 
Differences across tasks were due to the different forces that 
were provided by the planar manipulandum.

Subjects were seated on a chair and the position of the 
seat was adjusted in such a way that the arm remained 
approximately horizontal at the shoulder level; the move-
ments were restricted to the horizontal plane, with grav-
ity compensation. A 19” LCD computer screen, positioned 
vertically in front of the subjects, about 1 m away at eye 
level, was used to display the current position of the hand 
and the targets. The cursor (green circle, 0.5 cm radius) 
correspondent to the position or the force generated by the 
hand was continuously displayed during the execution of 
the task. The targets were positioned in 8 directions (0°, 
45°, 90°, 135°, 180°, 225°, 270°, 315°) equally spaced from 
a central target; see, Fig. 1. The targets (green circle, 1 cm 
radius) were positioned at 14 cm distance from the center, 
correspondent to 14 cm in the movement tasks and 10 N 
in the isometric force task. In particular, for the IF task, 
the displacement of the cursor was proportional to the input 
force (displacement = Kp force with Kp = 1.4 cm/N). Since 
the robot could have limitations into providing a rigid con-
straint with impedance control, the sensor connected to the 
handle was rigidly locked into the table. In all conditions, the 
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central target and the central position of the robot workspace 
were aligned to the sagittal midline of the body.

In each task, the targets were presented ten times (80 
center-out movements) in a random order. Each target 
was presented again only after all eight targets had been 
reached. Therefore, subjects performed a total of 80 × 4 (4 
tasks) = 320 center-out movements for each arm. In each 
trial, the target appeared only when the subjects were in the 
central target position. After the subjects reached the target, 
the target disappeared after that the cursor stayed inside the 
target for 5 s, and a new target appeared.

Muscle activity was recorded with surface electrodes 
for EMG using the CometaWavePlus system (Cometa Srl, 
Cisliano, Milan, Italy). Electrodes were placed according 
to the guidelines of the Surface Electromyography for the 
Non-Invasive Assessment of Muscles European Community 
project (SENIAM) (Hermens et al. 2000) and to Anatomical 
guidelines (Perotto and Delagi 2005).

Surface EMG signals were recorded using superficial 
Ag–AgCl electrodes (AMBU N00S, electrodes 30 × 22 mm) 
from the following 14 upper limb muscles: Triceps Brachii 
long head (TB-long),triceps Brachii lateral head (TB-lat), 
Biceps Brachii short head (BB-short), Biceps Brachii long 
head (BB-long), brachioradialis (BRAD), pronator teres 
(PRON), infraspinatus (INFR), latissimus dorsi (LAT), 
upper trapezius (TRAP), rhomboid major (RHOM), pec-
toralis major (PECT), anterior deltoid (DELT-ant), medial 
deltoid (DELT-mid) and posterior deltoid (DELT-post). 
EMG electrode placement was performed according to 
recommendations for minimizing cross talk from adjacent 
muscles (Hermens et al. 2000) Also, the absence of cross 
talk among muscles was tested through visual inspection of 
the EMG signals while performing suitable movements at 
the moment of the electrode placement (Washabaugh and 
Krishnan 2018).

The hand order was randomized across subjects and the 
different tasks were presented in random order within each 
arm. Subjects could rest as long as they needed between 

tasks, otherwise the protocol required a break of 2 min 
between each task. The experimental sessions lasted about 
2 h.

Data analysis

When comparing the two arms, we considered equivalent 
directions that corresponded in joint coordinates. In the end-
point space, the left-hand trajectories and the directions of 
action of muscle activities and synergies were mirrored at 
the midline to be compared with the corresponding right-
hand trajectories and muscle directions. Thus, the target 
directions indicated in the text and figures as 315°, 0°, 45° 
corresponded to rightward movements of the R-hand and 
leftward movements of the L-hand, viceversa the target 
directions 135°, 180°, 225° corresponded to leftward move-
ments of the R-hand and rightward movements of L-hand.

Kinematics analysis

Movement and force trajectories were sampled at 60 Hz and 
smoothed using a sixth order Savitzky–Golay filter (cutoff 
frequency: ~ 11 Hz for the movement signals and ~ 8 Hz for 
the force signals), which was also used to estimate the subse-
quent time derivatives of the trajectory (speed, acceleration 
and jerk). The onset of the cursor movement was defined as 
the first time instance when its speed exceeded the 10% of 
the maximum peak. The movement ended when the cursor 
was inside the target and the speed underwent and remained 
under the same threshold (Casadio et al. 2008). We focused 
our analysis on the center-out movements.

We computed the following performance indicators:

• Average speed (m/s): average speed of movement towards 
the peripheral targets.

• Jerk index (adimensional): the square root of the jerk 
(norm of the third time derivative of the trajectory), aver-
aged over the entire movement duration and normalized 

Fig. 1  Experimental protocol in the dynamic tasks; the black dot 
represents the starting target, the grey dot the target to reach, and the 
green dot the hand position. The red arrows indicate the force exerted 

by the robot. In the isometric task the blue arrow represents the force 
exerted by the subject while the red is the opposing force of the envi-
ronment (force sensor)
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with respect to duration and path length (Teulings et al. 
1997).

• 100-ms aiming error (°): the angular difference between 
the target direction and the actual movement direction, 
estimated in the first 100 ms of the movement (Casadio 
et al. 2007).

• End-point error (m): the distance between target position 
and cursor position when the speed fell below 10% of the 
maximum speed for the first time (Liu et al. 2011)

• Aspect ratio (adimensional): the maximum lateral dis-
tance from a straight line joining the start and end of 
the movement divided by the length of that line. It is 
a measure of the path curvature (Danziger and Mussa-
Ivaldi 2012).

EMG pre‑processing

Raw EMG signals were acquired at 2 kHz and processed 
off-line using a set of custom MATLAB routines; more spe-
cifically, we band-pass filtered (30–550 Hz), rectified and 
low-pass filtered at 10 Hz to obtain the EMG envelope time 
series(Cheung et al. 2009b, 2012). To correct the EMG-
amplitude from differences in electrode placement, data 
from each muscle was normalized to the median value of 
activation obtained considering the EMG of that muscle 
recorded in all tasks. This normalization is robust against 
high-amplitude spikes arising from noise (Cheung et al. 
2009b).

Analysis of muscle activation

The normalized EMG envelopes were segmented into tri-
als corresponding to single center-out movement. For each 
trial, we considered a time window starting 250 ms before 
the movement onset (Flanders 1991) and ending with the 
movement termination.

The average speed in the L arm resulted similar to the 
average speed of the R arm in each task, as shown in Fig. 3e. 
For this reason, the normalized EMG envelope of each trial 
was resampled on 100 time points, and then averaged across 
the repetitions in the same direction, to compare the modula-
tion of the EMG data collected in the four tasks and for the 
two arms (Coscia et al. 2014, 2015).

To compare the shape of the resampled normalized 
EMG envelopes between the R and L arms, we computed 
the Pearson correlation of the activity of each muscle 
between sides (rEMG-BETWEEEN-ARM) in each task, i.e., 
we compared the resampled normalized EMG envelopes 
related to the R(L) arm of each subject with those of the 
L(R) arm of the other subjects (Coscia et al. 2014; Pel-
legrino et al. 2018). As reference value to assess the degree 
of similarity between sides, we calculated the degree of 
similarity across subjects within each side, computing the 

‘‘r’’ values intra-arm. Specifically, we compared using 
the Pearson correlation coefficient the resampled normal-
ized EMG envelopes of the R arm muscles across subjects 
and we repeated the same procedure for the L side, as 
described in (Pellegrino et al. 2018). The value obtained 
for the two arms were similar and therefore we used and 
reported their averaged value.

Analysis of muscle synergies

Extraction

For each subject, arm, and task, we used the non-negative 
matrix factorization (NMF) algorithm (Lee and Seung 
2001) to extract muscle synergies from a matrix includ-
ing the resampled normalized EMG envelopes related to 
the eight directions averaged across repetitions.

The NMF algorithm linearly decomposes the EMG 
envelopes in a defined number of positive components or 
muscle synergies, each composed of an activation profile 
(H) and a weight coefficient (W). The activation profile H 
represents the activation of each muscle synergy, and the 
weight coefficient W represents the participation of each 
muscle in each synergy (Cheung et al. 2009b; Roh et al. 
2013; Tropea et al. 2013). Mathematically, the output of 
the algorithm (i.e., the normalized EMG envelopes, M) is 
the following:

where S is the number of the muscle synergies, Wi is each 
weight coefficient, and Hi is each activation coefficient.

The combination of activation profiles and weight coef-
ficients describe the muscle synergies (Ting and McKay 
2007) according to Eq. 1. Given M as matrix including the 
normalized EMG envelopes, the matrix W reports for each 
column the weight coefficient of each muscle synergies, 
and H, the matrix where each row reports the activation 
profile for each synergy.

The NMF algorithm was based on the minimization of 
the “Euclidian distance” between the M and the combina-
tion of W and H.

To minimize the possibility that the iterative algo-
rithm converged to a local and not a global minimum, 
we repeated the extraction 50 times and we selected the 
solution explaining the highest overall amount of variance 
(Cheung et al. 2009b; Roh et al. 2012). Synergy extraction 
was repeated with the number of synergies ranging from 
one to the number of recorded muscles: we obtained 14 
sets of muscle synergies for each subject in each task and 
arm.

(1)M =

s∑

i=1

W
i
∗ H

i
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Estimation of the dimensionality

To determine the number of synergies, we combined two 
different methods based on the inspection of the R2 curve.

R2 represents the percentage of total variation of the EMG 
envelopes accounted for by the selected synergies. More spe-
cifically, the variance R2 was computed as:

where SSE is the sum of the squared residuals, and SST is 
the sum of the squared residual from the mean activation 
vector (m̄) , i.e., the total variation multiplied by the total 
number of samples, tk is the time of the kth sample in each 
trial; and cs

i
 and ts

i
 are the amplitude and timing coefficients 

for the ith synergy in trial s (d’Avella et al. 2006). For the 
first method, we computed the minimum number of syner-
gies that achieved a R2 > 90% (d’Avella et al. 2006). The 
second method was based on the detection of a change in 
slope of the R2 curve. A series of linear regressions were 
performed on the portions of the curve included between the 
N-synergy (N = 1–14) and its last point (i.e., 14th synergy). 
N was then selected as the minimum value for which the 
mean squared error of the linear regression was less than 
 10−4 (Berger and d’Avella 2014). In case of a mismatch 
between the two criteria, the larger N was chosen (Roh et al. 
2013; Berger and d’Avella 2014). For each task and side, 
we established this number as the rounded average across 
subjects.

Synergy similarity

The muscle synergies as output of the NMF algorithm are 
usually obtained not in the same order across subjects, 
tasks and sides. To match muscle synergies, we looked at 
the similarity of the weight coefficients, in terms of maxi-
mum normalized scalar product (d’Avella et al. 2003). To 
order muscle synergies across subjects, tasks and arms with 
respect to the same reference, we defined a “global refer-
ence system” for each task, as following. For each task, we 
pulled together the weight coefficients of muscle synergies 
of all subjects and arms. Then, we used a hierarchical cluster 
analysis calculating the Minkowski distance between vectors 
in each dataset using the pdist function (p = 3) and then we 
grouped the vectors linking pairs of weight coefficients that 
were in close proximity (similarity) using the linkage func-
tion (Ward option). Finally, we determined groups of simi-
lar weight coefficients according to a proximity threshold 
using the cluster function (Cheung et al. 2009b). For each 
task, the number of clusters specified for this technique was 
the same as the number of muscle synergies: 5 synergies 

(2)

R
2 = 1 −

SSE

SST
= 1 −

∑
s
∑ks

k=1
��ms

�
t
k

�
−
∑

i
c
s

i
W

i

�
t
k
− t

s

i

�
��2

∑
s
∑ks

k=1
��ms

�
t
k

�
− m̄��2

for the FS, AF, and RF conditions and 4 synergies for the 
IF condition. The global reference system of weight coef-
ficients for each task was obtained by averaging the synergy 
vectors within each cluster (Coscia et al. 2014; Pellegrino 
et al. 2018). Then, muscle synergies of each subject and arm 
were ordered according to the similarity of their weight coef-
ficients to the global reference system for each task (Coscia 
et al. 2014; Pellegrino et al. 2018).

Specifically, the synergy vectors of each subject, task and 
arm were matched to the set of reference synergies, sequen-
tially considering their normalized scalar products from the 
highest to the lowest.

The scalar product between the weight coefficient vec-
tors normalized to their Euclidean norm (DOT) was also 
adopted to define a measure of the degree of similarity in 
the structure of two homologous muscle synergies (Cheung 
et al. 2005; d’Avella et al. 2006). With this metric, we evalu-
ated the similarity of W between R and L arm in each task 
 (DOTBETWEEN-ARM).

Finally, to compare the shape (i.e., waveform) of the acti-
vation profile coefficients, we used the Pearson correlation 
function (r) between the H  (rBETWEEN-ARM) (Frere and Hug 
2012; Tropea et al. 2013).

To obtain a reference value for evaluating these simi-
larity indexes between sides  (DOT−BETWEEN-ARM and 
rBETWEEN-ARM), for each task, the weight and the activation 
coefficients of each arm of each control subject were com-
pared with the corresponding coefficients of the same arm of 
all the other controls and then were averaged across subjects 
and arms  (DOTINTRA-ARM and rINTRA-ARM) (Pellegrino et al. 
2018). To evaluate the effect of task and directions on the 
coefficients’ activation profiles (i.e., H), we calculated their 
root mean square value (RMSsyn) for each direction and 
task (Coscia et al. 2014).

Finally, we extracted and analyzed as previously 
described also the muscle synergies considering only the 
time interval of the steady-state force production (IF steady-
state). In other words, we investigated muscle synergies 
when the R and L arm maintained the same level of force. 
We considered EMG activity when the cursor reached the 
target and stayed inside it for 5 s. Here, the final steady-state 
forces must be similar, for both limbs and for all healthy 
participants, to reach a target in isometric conditions.

Statistical analysis

To test if the indicators related to behavioral performance, 
the number of synergies, and the similarity measures of 
muscle synergies (i.e.,  DOTBETWEEN-ARM and rBETWEEN-ARM) 
revealed differences between right and left arms and 
depended on the proposed task, we ran a repeated-meas-
ures ANOVA with two within-subjects’ factors: “arm” and 
“task”. The factor arm had two levels: ‘R’ and ‘L’ arm for 
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the performance indicators and for the number of muscle 
synergies; ‘BETWEEN-ARM’ and ‘INTRA-ARM’ for the 
similarity measures DOT and r. The factor task had 4 levels: 
FS, AF, RF and IF.

For the root mean square of the muscle activation patterns 
(RMS), the shape of the resampled normalized EMG enve-
lopes (rEMG-BETWEEN-ARMS) and the root mean square of the 
activation synergies  (RMSsyn) we added “target direction” 
as another within-subjects’ factor.

Post-hoc analysis (Tukey’s HSD test) was performed to 
further investigate statistically significant main effects and 
interactions. As for the arm × task effect, we were interested 
in verifying how the different environments affected the 
differences between sides. We computed the difference of 
the indicators obtained for the left and right arms in each 
task and we compared this difference for each pair of tasks. 
Bonferroni correction for multiple comparisons was applied 
and Bonferroni corrected p values are reported in the text. 
Effects were considered significant at the p < 0.05 level.

The assumption of sphericity was tested on each variable 
using Mauchly’s test. When the assumption was rejected the 
Greenhouse–Geisser correction was applied. The statistical 
analysis was computed within Statsoft environment (Statis-
tica software 7.1, Statsoft TULSA, USA).

Results

Accuracy as kinematic marker of laterality

Movement speed, accuracy and smoothness were computed 
to identify which kinematic features reflected neural control 
of the two arms in our right-handed subjects (see “Materials 
and methods” section for more details). The two arms dif-
fered in terms of accuracy of the cursor trajectory in all tasks 
(selected subject in Fig. 2).

The L arm had larger errors (arm effect: aspect ratio: 
F(1,40) = 16.29, p < 0.001, Fig. 3a) with respect to the 
R arm. In particular, the higher aiming errors in L arm 
respect to the R arm also suggested differences in the feed-
forward control (100-ms aiming error: F(1,40) = 27.70, 
p < 0.001, Fig. 3c). The L arm did not completely com-
pensate for these initial errors since they remained 
higher in the final part of the trajectory (end-point error: 
F(1,40) = 9.40, p = 0.004, Fig.  3b). Post-hoc analysis 
confirmed that these significant differences between 
R and L arms were observable in all tasks (Fig. 3a, c: 
aspect ratio—FS: p = 0.03, AF: p = 0.03, RF: p < 0.001, 
IF: p < 0.001; 100-ms aiming error—FS: p < 0.001, AF: 
p = 0.01, RF: p < 0.001, IF: p < 0.001; end-point error—
FS: p = 0.02, AF: p = 0.02, RF: p = 0.001, IF: p < 0.001). 
While movements executed with the R arm were more 
accurate than those executed with the L arm in all tasks, 

the difference between the two arms in terms of accu-
racy depended on the task (interaction effect: arm × task: 
end-point error: F(3120) = 20.70, p = 0.001; 100-ms 
aiming-error: F(3,120) = 14.49, p = 0.005; aspect ratio: 
F(3,120) = 190.67, p < 0.001; see, Fig. 3a, c). Subjects had 
more difficulty in controlling a force trajectory (IF) than a 
movement trajectory in free space and in presence of resis-
tive or assistive force, i.e., they had worse performance 
during the isometric task than in the dynamic tasks; see 
Fig. 3. Specifically, the difference between sides increased 
in the IF task with respect to the FS, RF, and AF tasks 
for the 100-ms aiming error (post hoc: p = 0.02, p = 0.01 
and p = 0.02, respectively), the aspect ratio (post hoc: 
p < 0.001 for all conditions) and the end-point error (post 
hoc: p < 0.001 for all conditions), Fig. 3a–c. Instead, as 
expected, the difference in accuracy between arms in the 
second part of the trajectory was lower in the AF task, i.e., 
subjects had greater end-point error in IF, FS and RF tasks 

Fig. 2  Example of cursor trajectories (subject 1) for the left (first col-
umn) and the right (second column) arm in the different mechanical 
environments: free space (FS, first row), assistive force (AF, second 
row), resistive force (RF, third row) and isometric force (IF, fourth 
column). Equal colors correspond to equivalent movements in joint 
space
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with respect to the AF task (post hoc: FS vs AF: p = 0.003; 
IF vs AF: p = 0.001 and RF vs AF: p = 0.002; Fig. 3b). In 
the initial part of the trajectory the difference in accuracy 
between arms was evident in the RF with respect to FS 
(post hoc: 100-ms aiming error: p = 0.02; Fig. 3c).

We did not find significant differences between arms 
in terms of average speed (arm effect: F(1,40) = 2.45, 
p = 0.50, arm × task effect: F(3,120) = 1.75, p = 0.57; 
Fig.  3d) and smoothness (arm effect: F(1,10) = 1.45, 
p = 0.49, arm × task effect: F(3,120) = 2.43, p = 0.78; 
Fig. 3e). Finally, as expected, during the steady-state phase 
of the IF task the two hands had equal performance, i.e., 

they exerted the same force (L arm: 10.285 ± 0.157 N 
and R arm: 10.214 ± 0.166 N; arm effect: F(1,40) = 1.52, 
p = 0.847).

Muscle synergies

The dimensionality of muscle synergies is preserved 
between sides

The number of muscle synergies of the R and the L arm was 
the same for each task (arm effect: F(1,40) = 1.54, p = 0.541); 
see, Fig. 4. We extracted five muscle synergies in both arms 

Fig. 3  Behavioral parameters 
related to the cursor trajectories 
during the free space (FS), 
assistive force (AF), resistive 
force (RF) and isometric force 
(IF). The height of the black and 
grey bars represents the mean 
value of the indicators for right 
(R) and left (L) arm, respec-
tively; the error bars correspond 
to the standard error across 
subjects. *indicates significant 
(p < 0.05) differences between R 
and L arm
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for FS, AF, and RF tasks (Fig. 4). Instead, we found four 
muscle synergies in the IF task (Fig. 4). The difference in 
the number of muscle synergies between the isometric force 
task and the dynamic tasks was significant (arm × task effect: 
F(3,120) = 15.82, p = 0.001; post-doc: FS vs IF, AF vs IF and 
RF vs IF: p < 0.001 for both L and R; Fig. 4).

Overall muscle synergies have the same structure 
in the right and left arm

In the movement tasks (i.e., FS, AF and RF), the organiza-
tion of the five muscle synergies had the following charac-
teristics (Fig. 5a):

• Synergy 1 principally involved the TB-long and TB-lat.
• Synergy 2 principally involved the DELT-ant and 

DELT-mid, with minor contributions from other mus-
cles. Among these, the BRA and the INFR contribution 
became higher and relevant in the IF task.

• Synergy 3 principally involved the DELT-post, RHOM 
and INFR.

• Synergy 4 principally involved the TRAP, with minor 
contributions from other muscles. Among these, the 
PECT contribution became higher and relevant in the IF 
task.

• Synergy 5 principally involved the BB-long, BB-short 
and PECT.

In the IF task, synergy 5 was absent and the contribution 
of the BB-long and BB-short was distributed in the other 
synergies; while the activity of PECT muscle was presented 
in synergy 4.

In all tasks, there was not a significant difference on the 
structure of muscle synergies of the two arms, as described 
by the weight coefficients, i.e., we did not find a differ-
ence (F(1,40) = 2.12, p = 0.821) between the two sides 

 (DOTBETWEEN-ARM), that exceeded the variability observed 
within sides  (DOTINTRA-ARM, see “Materials and methods” 
section; Fig. 5b).

The similarity between the organization of the muscle 
synergies between-arm and intra-arm was task-dependent 
(task effect: F(3,120) = 43.71, p < 0.001, Fig. 5b).

Two muscle synergies show different direction‑dependent 
activations between sides

In both sides, the activation profile (H) of each synergy was 
modulated across directions so that each synergy’s engage-
ment was specific to one or two consecutive directions and 
the activations of the whole set of muscle synergies allowed 
for covering of all the workspace (Fig. 6a). The activations 
of synergy 2 and synergy 4 were different in the R and the L 
arm for all tasks, except for the AF task. These differences 
increased in the isometric force task.

The activation profiles of the five muscle synergies (H1-
H5) had the following characteristics (Fig. 6a, b):

• H1: Synergy 1, including the activity of muscles con-
trolling the upper arm during elbow extension for both 
arms, was mainly active during movements/force exer-
tion directed toward 90° and 135° (90° and 45° for the 
assistive force).

• H2: Synergy 2, including the activity of muscles control-
ling the upper arm during horizontal shoulder abduc-
tion and extension, was mainly active during movements 
directed toward 90° and 135° for the L arm, and toward 
45° and 90° for the R arm. In the isometric task the syn-
ergy 2 was mainly active for forces exerted toward 180° 
and 45°/225° for the L arm, with mirror symmetric acti-
vations for the R arm, i.e., towards 0° and 135°/315°.

• H3: Synergy 3, including the activity of muscles control-
ling the upper arm during horizontal shoulder adduction 

Fig. 4  Number of synergies for the different mechanical environ-
ments: free space (FS), assistive force (AF), resistive force (RF) and 
isometric force (IF). The red lines represent the median value com-
puted across subjects of the number of synergies for the right (R) and 

the left (L) arm, and the bottom and top edges of the boxes indicate 
the 25th and 75th percentiles, respectively. The whiskers extend to 
the most extreme data points
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and flexion, was mainly active during movements/force 
exertion directed toward 0°, 270° and 315°.

• H4: Synergy 4, including the activity of muscles con-
trolling the elevation of the shoulder, was active dur-
ing movements directed toward 270° and mainly toward 
225° for the R arm, 315° for the L arm. In the isometric 
task, the synergy 4 was mainly active for forces exerted 
towards 180° and 45°/225° for the R arm, with mirror 
symmetric activations for the L arm, i.e., towards 0° and 
135°/315°.

• H5: Synergy 5, including the activity of muscles con-
trolling the upper arm during elbow flexion and the 
shoulder adduction, was mainly active (H5) during 
movements directed toward 180° and 225°.

We found a significant difference between the two 
arms in the activation profiles, (i.e., rBETWEEN-ARM vs 
rINTRA-ARM: F(1,40) = 89.0, p < 0.001, Fig. 6c) and this 
difference was also synergy and task dependent (inter-
action effect—arm× task× synergies: F(9,360) = 12.97, 

Fig. 5  a Weight coefficients 
for all muscle synergies (W1–
W5) for the two arms (right, 
bars with uniform color and 
left, bars with diagonal lines). 
Tasks performed in different 
environments are shown with 
different colors as indicated in 
the legend: free space (FS, grey 
color), assistive force (AF, red 
color), resistive force (RF, green 
color) and isometric force (IF, 
blue color). Data are referred to 
the following muscles: Triceps 
Brachii long head (TB-long), 
Triceps Brachii lateral head 
(TB-lat), Biceps Brachii short 
head (BB-short), Biceps Brachii 
long head (BB-long), Brachio-
radialis (BRAD), Pronator Teres 
(PRON), Infraspinatus (INFR), 
Latissimus dorsi (LAT), Upper 
Trapezius (TRAP), Rhomboid 
Major (RHOM), Pectoralis 
Major (PECT), Anterior Deltoid 
(DELT-ant), Medial Deltoid 
(DELT-mid) and Posterior 
Deltoid (DELT-post). The error 
bars represent the standard 
error. b Comparison between 
arms of weight coefficients of 
the muscle synergies by the 
scalar product (DOT). Bars 
with uniform colors indicate the 
DOT values obtained by com-
paring the weight coefficients of 
R vs L arm  (DOTBETWEEN-ARM) 
across subjects, for each syn-
ergy, W1–W5, and each task 
(back to white colors). The bar 
streaked in black indicates the 
corresponding values obtained 
comparing across subjects the 
weight coefficients of a same 
arm. The two DOT values com-
puted separately for the R and L 
arm were averaged to obtain the 
 DOTINTRA-ARM reported in the 
figure. The error bars corre-
spond to the standard error
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p < 0.0001). Specifically, the activation profiles H2 and 
H4 were different between sides during the FS, RF and 
IF tasks (p < 0.001 in all conditions), but not during the 
AF task.

Similarly, the RMS activation profiles  (RMSsyn, 
Fig.  6b) were significantly different between the two 
sides (arm effect: F(1,40) = p < 0.001; interaction effects: 
arm× task× synergies: F(9,360) = 111.26, p < 0.001; 

Fig. 6  a Activation profile coefficients of the muscle synergies (H1–
H5) for the two arms [grey: right (R) and cyan: left (L)] in FS (free 
space, first column), AF (assistive force, second column), RF (resis-
tive force, third column) and IF (isometric force, fourth column) task. 
The shaded area corresponds to the standard error. b Polar plots of 
mean RMS for the activation profiles coefficients of the muscle syn-
ergies (H1–H5) in FS (free space, first column), AF (assistive force, 
second column), RF (resistive force, third column) and IF (isometric 
force, fourth column). Each radial line represents one of eight direc-
tions. For each direction, mean RMS of the activation profiles coef-
ficients for right (R, grey) and left (L, cyan) arm, respectively. For a 
and b, right and left activation profile coefficients of the muscle syn-
ergies are referred to equal movements in the joint space; i.e., for each 
column the left panel indicates the corresponding target directions 

(grey target) for the R arm, while the corresponding target directions 
of the L arm were mirror symmetric with respect to the vertical mid-
line (cyan target). c Comparison of the activation profile coefficients 
of the muscle synergies between R and L arm by Pearson correla-
tion (r). Bars with uniform colors indicate the r values obtained by 
comparing the activations coefficients of R vs L arm (rBETWEEN-ARM) 
across subjects, for each synergy, H1–H5, and each task (black to 
white colors). The bar streaked in black for indicate the correspond-
ing values obtained by comparing across subjects the activation pro-
files of a same arm. The two r-values computed for the R and L arm 
were averaged to obtain the rINTRA-ARM reported in the figure. The 
error bars correspond to the standard error. *indicates significant dif-
ferences (p < 0.05) between rBETWEEN-ARM and the rINTRA-ARM
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arm× task× synergies× direction: F(9,360) = 56.32, 
p < 0.001); Specifically, H2 and H4 were different in 
all tasks except for AF (post hoc—FS: p ≤ 0.002, RF: 
p = 0.001, IF ≤ 0.001; AF = p > 0.4 for both H2 and H4). 
Instead we did not find significant differences between 
arms for the RMS of H1, H3 and H5 (p > 0.10).

In summary,  RMSsyn and rBETWEEN-ARM revealed a dif-
ferent direction-dependent activation of synergies 2 and 4 
for the two arms. From the starting position on the body 
midline, the R arm reached the ipsilateral targets (i.e., 
targets on the right workspace) mainly activating syner-
gies 2 and 3, and the contralateral targets (i.e., the targets 
on left workspace) activating synergies 1, 4 and 5, while 
the L arm reached the ipsilateral targets (i.e., the targets 
on left workspace) mainly activating synergies 4 and 3, 
and the contralateral targets (i.e., the targets on the right 
workspace) mainly activating synergies 1, 2 and 5. For the 
task IF, the opposite behavior of H2 and H4 for the two 
arms was more marked: in the right arm, H2 was active 
for the ipsilateral targets and H4 for the contralateral tar-
gets, while in the left arm, H4 was active for the ipsilat-
eral targets and H2 for the contralateral targets.

During IF steady-state, the number of muscle synergies 
was the same for R and L arm and the same of the IF task. 
We extracted four muscle synergies in both arms and the 
number of synergies was not significantly different between 
arms (F(1,40) = 1.77, p = 0.34). The organization and the 
activation of the four muscle synergies was similar to the 
ones in IF task (Figs. S2 and S3 panel A). There was not a 
significant difference in the structure of muscle synergies 
of the two arms, as described by the weight coefficients, 
i.e., we did not find a difference between  DOTBETWEEN-ARM 
and  DOTINTRA-ARM, (F(1,40) = 3.22, p = 0.901); see, Fig. S2. 
We found a significant difference between the two arms in 
the activation profiles, (i.e.,  rBETWEEN-ARM vs rINTRA-ARM: 
F(1,40) = 91.05, p < 0.001, Figure S3) and this difference 
was synergy dependent (interaction effect − arm× syner-
gies: F(3,120) = 42.15p < 0.0001); see Fig. S3. Specifically, 
the activation profiles H2 and H4 were different between 
sides with respect to H1 and H3 (p < 0.001); Fig. S3 panel 
C. Finally, the RMS activation profiles  (RMSsyn, Fig. S3 
panel B) were significantly different between the two sides 
(arm effect: F(1,40) = 22.54, p < 0.001; interaction effects: 
arm× synergies: F(3,120) = 42.60, p < 0.001; arm× syner-
gies× direction: F(3,360) = 48.47, p < 0.001). Instead we did 
not find significant differences between arms for the RMS of 
H1, H3 and H5 (p > 0.21); see, Fig. S3 panel B.

In summary, even focusing in the steady-state in IF 
task, when task execution is more similar,  RMSsyn and 
rBETWEEN-ARM revealed a different direction-dependent 
activation of synergies 2 and 4 for the two arms, as in IF 
condition.

EMG analysis revealed which muscles had the most 
influence on the different activation profiles between sides

The activation profile of single-muscle activity differed 
between the R and L arm (Fig. 6a) for the FS, RF and the 
IF task, but not for the AF task, and this difference was 
direction-dependent (i.e., comparing  rEMG-BETWEEN-ARM vs 
rEMG-INTRA-ARM:,—arm effect F(1,40) = 90.47, p < 0.001; 
arm× task effect: F(3,240) = 68.43, p < 0.001, post hoc 
FS: p = 0.010, RF: p = 0.001, IF: p < 0.001 AF: p = 0.249; 
arm × task × direction effect: F(5,240) = 52.41, p < 0.001). 
However, the differences between sides in the modulation 

Fig. 7  Envelopes of the EMG activity and polar plots of mean RMS 
of the muscle activation for brachioradialis (a, BRAD), infraspinatus 
(b, INFR) and pectoralis major (c, PECT) during reaching move-
ments for the eight target directions (top panel) in free space (first 
row, FS), assistive force (second row, AF), resistive force (third row, 
RF) and isometric force (fourth row, IF) tasks. The grey and cyan 
profiles represent the muscle activation for right (R) and left (L) arm, 
respectively. Muscle signals of R and L arm are referred to equal 
movements in the joint space; i.e., for each column the top panel indi-
cates the corresponding target directions (grey target) for the R arm, 
while the corresponding target directions of the L arm were mirror 
symmetric with respect to the vertical midline (cyan target)
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of the activation across directions of each single muscle 
became evident in the IF task, while they were small and 
difficult to detect in the dynamic tasks. For example, in the R 
arm the BRAD had higher activations in the 135° than in 45° 
direction, while in the L arm had the opposite behavior (i.e., 
higher activations in the 45° than in the 135° direction). The 
INFR had the higher activations in the 0° and 315° direc-
tions in the R arm, and in the 0° and 135° directions for the 
L arm. The PEC had the higher activations in the 45°, 180°, 
315° directions in the R arm, and in the 0°, 45°, 225° direc-
tions in the L arm.

The different modulation in the IF task of BRAD and 
INFR activations agrees with the different activation 
between sides of synergy 2 (Figs. 6a and 7a, b), while the 
different modulation of PECT activation agrees with the dif-
ferent activation of synergy 4 (Figs. 6a and 7c). Conversely 
in the dynamic tasks where muscle activations had less 
marked differences between the two arms, the behavior of 
the activation of synergy 2 and 4 was less evident.

Discussion and conclusions

The main finding of the present study is that muscles syn-
ergies extracted from multiple EMG signals have different 
activations for the two arms of right-handed individuals. 
This result supports our hypothesis that, muscle synergies 
extracted from the factorization of EMG signals can reflect 
neural control, when the tasks and the biomechanical con-
straints are taken into proper account in the experimental 
design.

Specifically, in our experiment two muscle synergies (S2 
and S4) were activated in a different direction-dependent 
manner between the two body sides for the medio-lateral 
directions, in three out of the four tasks, and in particular in 
the IF task. These two synergies had complementary roles 
in the two sides: ipsilateral targets were reached with the 
activation of S2 in the R arm and S4 in the L arm; contralat-
eral targets were reached with the activation of S4 for the 
R arm, and S2 for the L arm. Synergies 1, 3, 5 had similar 
activations between sides.

These results support the conclusion that synergies are 
not only a mere by-product of biomechanical or task con-
straints, but they are also a consequence of neural infor-
mation processing (Hart and Giszter 2010; Yakovenko 
et al. 2011; Overduin et al. 2012; Bizzi and Cheung 2013). 
According to this theory, the cortex selects, combines and 
modulates the appropriate spinal inter-neuronal modules 
(described by the weight coefficients) with temporal pat-
terns of activation (described by the activation profile coef-
ficients) that are necessary to perform a specific motor task 
(Bizzi and Cheung 2013). The difference between sides in 
the activation of muscle synergies (H2 and H4) extracted 

from the factorization of EMG signals provides evidence 
that in right-dominant adults the CNS activates different 
motor commands to control muscle coordination for the left 
and right arms, with consequent differences in movement 
execution, and accuracy.

The direction-dependent control of the activation of 
muscle synergies is also in agreement with the findings of 
D’Avella (d’Avella et al. 2008) demonstrating that syner-
gies are activated in preferred directions and behave as dif-
ferent cosine functions with different onset times. Moreo-
ver, the robustness in the composition of muscle synergies 
across subjects and sides as well as the consistency with 
other studies, further reinforces the hypothesis that muscle 
synergies obtained from the factorization of EMG signals 
are actual coordination patterns common to individuals and 
tasks (d’Avella et al. 2006; Latash and Anson 2006; d’Avella 
et al. 2011) influenced by neural control. Unfortunately, our 
experimental data allowed for confirming the influence of 
neural control in muscle synergies, but does not explain how 
the observed differences between the muscle synergies acti-
vations were originated.

We could not observe the influence of neural control in 
the number and organization (weight coefficients) of the 
muscle synergies. Given the difference in motor performance 
between sides, we could have expected that the dimensional-
ity of muscle synergies could have been directly influenced, 
as it was found in a small group of subjects during the execu-
tion of fine movements (Duthilleul et al. 2015). However, 
previous findings on stroke survivors (Cheung et al. 2009b, 
2012) indicated that during reaching movements significant 
differences in the structure of the muscle synergies appeared 
only when the performance was highly degraded, but not 
in the presence of mild-to-moderate loss of motor abilities. 
Therefore, we can hypothesize that a structural difference 
in the muscle synergies might arise in precision tasks, but 
not in planar reaching movements. As for the weight coef-
ficients, they were similar to those already reported in other 
studies (d’Avella et al. 2006; Roh et al. 2013; Tropea et al. 
2013) for both the R and the L arm. The general preserva-
tion of the weight coefficients between sides in each task 
is supportive of the hypothesis that the weights of muscle 
synergies are the fixed components of the neural signals, 
the building blocks that are combined to achieve different 
tasks. The robustness of the muscle synergies across arms 
suggests that these synergies are structured most likely by 
neuronal networks downstream of the neocortex, such as 
the spinal interneuronal circuitries and/or neurons in the 
brainstem nuclei as suggested by Cheung et al. (2009b). 
According to this view, movement is generated through a 
combination of modules organized within the spinal cord 
(Cheung et al. 2009b; Bizzi and Cheung 2013). However, 
we cannot exclude the possibility of muscle-specific differ-
ences in the composition of the weight coefficients between 



134 Experimental Brain Research (2020) 238:121–138

1 3

sides since we did not investigate if there were differences 
between sides in the contribution of each muscle to the 
weight coefficients because of the high complexity of the 
analysis for excessive multiple comparisons (muscles, syn-
ergies, tasks, directions and sides). In summary, our results 
provide experimental evidences of the influence of neural 
control on muscle synergy activation patterns, but not on 
the weight coefficients during planar arm reaching tasks, 
and in a short time frame. In a short time frame, weight 
coefficients might be more dependent on factors, such as the 
task (Kutch and Valero-Cuevas 2011, 2012) and anatomical 
constraints (Neptune et al. 2009; Kutch and Valero-Cuevas 
2011; Levine et al. 2014; Steele et al. 2015). Indeed, the 
similarity of weight coefficients between sides was task-
dependent, and the difference in the activations H2 and H4 
between sides was particularly strong in the IF task, while 
it was not observable in the presence of assistive forces. As 
for the anatomical constraints, we compare the two arms 
that have quite similar anatomical structure. Our evidence 
does not exclude that observation in a longer time frame, 
the number of muscle synergies and the weight coefficients 
would reveal neural control, as experimental data suggests 
(Dominici et al. 2011).

The results of the muscle synergy analysis were supported 
by the single-muscle analysis. Indeed, the main muscles par-
ticipating in synergy 2 and 4 reflected as well the different 
motor control strategies between the two limbs in right-
handed adults. However, we found remarkable differences 
between sides in few muscles and mainly in isometric con-
ditions, while two out of four/five muscle synergy activa-
tions differed between sides in three out of four conditions. 
Therefore, muscle synergies highlighted the different control 
strategies between sides more than muscle activity.

Differences between the two sides of the body in the 
activity of specific muscles during planar reaching move-
ments in free space and without anti-gravity support (toward 
two targets corresponding to our 45° and 135°) was found 
also by Bagesteiro and Sainburg (2002). They observed 
that the activity of elbow (biceps) and shoulder (pectoralis) 
flexors had substantially less amplitude for the right domi-
nant arm, while the elbow and shoulder extensor did not 
show reliable differences in amplitude. In the present study, 
we compared the resampled normalized EMG envelopes 
between sides in term of their shape, but not as amplitude 
because the normalization for the median that we adopted 
does not allow eliminating differences between sides due to 
electrode placement. Moreover, we compared muscle activ-
ity of the two sides by looking at the distribution of the RMS 
across the different directions. The activity of the PECT was 
remarkably different between the two arms also in our study, 
but only in the IF task, while we did not observe significant 
differences between sides in the elbow flexors. This might 
be due to the arm support.

Therefore, with respect to the analysis of single-muscle 
activity, our findings enrich the previous literature, suggest-
ing that upper limb muscle activity in right-handed adults 
might differ between sides in few muscles acting in specific 
directions, and the adoption of the isometric task helps to 
highlight this aspect.

In addition to muscle activity and synergies, our results 
also clarify which features of movement execution are sensi-
tive to laterality for right-handed adults. We found that the 
metrics underlying accuracy were sensitive to handedness as 
also reported in other studies (Sainburg 2002; Sainburg and 
Schaefer 2004; Sainburg 2005; Wang and Sainburg 2007). 
The left non-dominant arm had higher errors with respect to 
the right dominant arm in all tasks; in particular, the behav-
ioral performance of the isometric task provided strong evi-
dence that the L arm was less accurate then the R arm.

Previous studies already showed that movements of the 
dominant hand are more accurate than those performed by 
the other hand during repetitive line-drawing tasks (Wood-
worth 1899), suggesting that movement planning is more 
effective and consistent for the dominant arm. Dominant arm 
advantages are also evident during handwriting (Blank et al. 
2000) and when aiming at static targets (Sainburg 2002). 
Movement time tends to be shorter in the dominant arm 
relative to the non-dominant arm during rapid aiming move-
ments and unimanual reaching tasks (Annett et al. 1979; Roy 
et al. 1994; van Doorn 2008). During time-measured aiming, 
reaching and pointing tasks, the dominant arm shows higher 
peak velocities (Annett et al. 1979; Heath and Roy 2000; 
Boulinguez et al. 2001), shorter movement time and better 
accuracy (Elliott et al. 1993), and reaction time is lower in 
the non-dominant arm during planar reaching movements 
(Carson et al. 1992; Elliott et al. 1993; Carson et al. 1995). 
The average speed of cursor movements remained rela-
tively similar between the arms in our experiments, while 
according to the literature we would have expected also 
differences in speed between the two sides. Other studies, 
indeed, showed that movement durations were shorter in the 
dominant arm during rapid aiming movements (Annett et al. 
1979; Roy et al. 1994; van Doorn 2008) and the reaction 
times were shorter in the non-dominant arm (Carson et al. 
1992; Elliott et al. 1993). However, in these studies, sub-
jects were required to perform fast movements. In our study, 
instead, subjects performed the reaching movements at a 
self-selected speed, with the goal to be as accurate as pos-
sible. Therefore, in our population of right-handed adults, 
the neural control might be optimized for reaching a specific 
goal, i.e., in our case accuracy, and consequently laterality, 
might affect mainly the metrics related to this goal, having 
lower or no effects on the other motor performance, such 
as speed.

Note that to deepen how handedness influences muscle 
synergies would require enrolling left-handed individuals. 
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This however, would be beyond the scope of this study. Our 
goal was to reveal the influence of neural control on mus-
cle synergies extracted from EMG signals by eliminating 
confounding factors. Thus, we enrolled only right-handed 
adults, i.e., a homogeneous group of subjects whose domi-
nant hand was primarily controlled by the left hemisphere of 
the brain. We focused on arm reaching movements instead 
of fine motor tasks to minimize the impact of minor biome-
chanical differences between upper limbs in favor of neural 
control differences that would become apparent on larger 
scale movements.

Finally, our results provide suggestions for clinical 
applications. Indeed, the analysis of the muscle activation 
patterns in terms of muscle synergies and behavioral per-
formance have been proposed as a basis for the develop-
ment of customized therapeutic strategies for people with 
reduced motor coordination, such as people affected by 
stroke (Cheung et al. 2009b, 2012), multiple sclerosis (Pel-
legrino et al. 2018) and spinal cord injury (Ting et al. 2015; 
Torricelli et al. 2016; Coscia et al. 2018). Our study provides 
sensitive markers of motor control abilities for healthy indi-
viduals, such as movement accuracy and the activations of 
muscle synergies, confirming their utility in quantitatively 
assessing motor performance and modified motor control 
strategies. There is evidence that abnormal kinematic syn-
ergies can be modified by targeted motor training (Dipietro 
et al. 2007). We observed that in healthy adults the organiza-
tion of muscle synergies was preserved across tasks, but the 
direction-dependent modulation of muscle synergy activa-
tions might be dependent on the mechanical proprieties of 
the environment. It may be possible to design studies to track 
the changes of the abnormal muscle synergies during the 
recovery process, e.g., in acute stroke survivors, or as results 
of a rehabilitation treatment. When combined with func-
tional brain imaging, these studies may provide new insight 
into the neural reorganization after brain damage and may 
help to define the nature and the timing of the therapeutic 
interventions. Further investigations with different popula-
tions suffering from neurological diseases are necessary to 
understand how precisely it is possible to tune muscle syn-
ergy components by modifying the mechanical proprieties of 
the environment. This would open the possibility to develop 
training protocols that focus more directly on abnormal mus-
cle synergy structure and/or recruitment patterns.

Limitations

This work is based on the underlying assumption that 
our results are robust with respect to the variability of 
EMG signals, i.e., that any difference between sides is 
purely neural and not due to the variability of EMG sig-
nals. EMG signals are robust enough to identify similar 

and robust features across healthy individuals (Zardoshti-
Kermani et al. 1995; Muceli et al. 2014; Batzianoulis et al. 
2017) including muscle synergies (Roh et al. 2012; Ison 
and Artemiadis 2014), and to achieve sufficient accuracy 
for myoelectric prosthetics control (Cipriani et al. 2011), 
However, variability in EMG signals is unavoidable due to 
the intrinsic limitation of superficial surface EMG record-
ing, for example including the not identical electrodes 
placements or presence of adipose tissue between the arms 
(Kuiken et al. 2003).

For this reason, the results were based on many subjects 
and we included in this work also single EMG analysis of 
many muscles to complement muscle synergies analysis. 
Moreover, we carefully verified that the difference we found 
between arms was above the variability of the EMG sig-
nals that affects the same measures when computed across 
subjects for a same side, either the left or the right arm. 
The same person placed the electrodes in the right and left 
side of all subjects following the same procedures for both 
arms, the same analysis was applied to all the recordings, 
thus the variability of the measure of EMG signals due to 
limitations in their recordings should be accounted in the 
standard deviation across individuals and the differences we 
found between arms were significant taking into account this 
inter-subjects variability. In addition to muscle activity and 
synergies, our results show also a difference in task execu-
tion between the right and left arm as reported by some of 
the metrics that we measured (aspect ratio, end-point error 
and 100 ms aiming error). This difference in task execution 
reflects different control strategies, consequent to the differ-
ent neural control between sides, as previous literature on the 
effect on handedness on motor performance also suggested 
(Sainburg 2002; Sainburg and Schaefer 2004; Sainburg 
2005; Wang and Sainburg 2007). While finding different 
activations in correspondence of different performance was 
expected, it was surprising that in a well-controlled task and 
with the difference in performance being rather small, two 
muscle synergies had opposite activations. Different muscle 
synergies when task performance is different could reveal 
different control strategies, but it cannot be excluded that 
different muscle activity and coordination can be a conse-
quence of the different task execution. The neural origin can 
be attributed as the main cause of different muscle synergies 
and task performance in a task where the two arms have the 
same performance. Therefore, to further prove the neural 
origin of differences in muscle synergies activations, we 
repeated the synergies analysis considering only the steady 
state of the force production in the IF task. By definition of 
this task, the final steady-state forces have to be similar, for 
both limbs and for all healthy participants, to reach a target 
in isometric conditions. Finding in this latter case that simi-
lar limbs, produced the same forces with different muscle 
synergies activations provided further-convincing evidence 
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for our main hypothesis related to the neural origin of the 
muscle synergies.
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