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INTRODUCTION

To generate a force at the hand in a given spatial direction and with a given magnitude
the central nervous system (CNS) has to coordinate the recruitment of many muscles.
Because of the redundancy in the musculoskeletal system, the CNS can choose one
of infinitely many possible muscle activation patterns which generate the same force.
What strategies and constraints underlie such selection is an open issue. The CNS
might optimize a performance criterion, such as accuracy or effort. Moreover, the CNS
might simplify the solution by constraining it to be a combination of a few muscle
synergies, coordinated recruitment of groups of muscles. We tested whether the CNS
generates forces by minimum effort recruitment of either individual muscles or muscle
synergies. We compared the activation of arm muscles observed during the generation
of isometric forces at the hand across multiple three-dimensional force targets with the
activation predicted by either minimizing the sum of squared muscle activations or the
sum of squared synergy activations. Muscle synergies were identified from the recorded
muscle pattern using non-negative matrix factorization. To perform both optimizations we
assumed a linear relationship between rectified and filtered electromyographic (EMG)
signal which we estimated using multiple linear regressions. We found that the minimum
effort recruitment of synergies predicted the observed muscle patterns better than the
minimum effort recruitment of individual muscles. However, both predictions had errors
much larger than the reconstruction error obtained by the synergies, suggesting that the
CNS generates three-dimensional forces by sub-optimal recruitment of muscle synergies.

Keywords: muscle synergies, isometric force, directional tuning, effort minimization, non-negative matrix
factorization
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Object manipulation and tool use require accurate control of the
three-dimensional force generated at the hand by the contrac-
tion of arm muscles. To generate a force at the hand in a given
spatial direction and with a given magnitude, the central ner-
vous system (CNS) has to coordinate the recruitment of many
muscles. A desired force vector must results from the sum of
the force vectors generated by the contraction of each individual
muscle. Thus, the control policy implemented by the CNS must
select an appropriate muscle activation pattern for each desired
force vector output. Such a mapping from force targets to mus-
cle patterns is the inverse of the biomechanical transformation
of muscle contraction into output force. However, because of the
redundancy of the muscular apparatus, the solution is not unique
and infinitely many muscle patterns can generate the same force
output. These patterns only differ with respect to the amount
of muscle co-contraction, i.e., the part of the muscle contrac-
tion which generates force components that cancel each other
(Valero-Cuevas, 2009).

How the CNS coordinates many redundant muscles is a long
standing question in motor neuroscience (Bernstein, 1967). One
possibility is that CNS selects the muscle pattern for a specific
goal by minimizing some cost, such as effort or inaccuracy (Harris

Franklin et al., 2008; Kutch et al., 2008). Such minimization may
be performed searching among all possible muscle patterns and
potentially achieving the global minimum of the cost function.
As optimization becomes computationally challenging when it
involves a large number of variables, the CNS might search for a
solution only within the subset of all possible patterns generated
by the combination of a small number of muscle synergies, coor-
dinated recruitment of groups of muscles with specific activation
balances or profiles (Tresch et al., 1999; Saltiel et al., 2001; d’Avella
et al., 2003; Ting and McKay, 2007; Bizzi et al., 2008; Lacquaniti
et al., 2012; d’Avella and Lacquaniti, 2013). However, by reduc-
ing the number of variables, i.e., constraining the solution to
combinations of muscle synergies, only a value of the cost func-
tion generally larger than the global minimum can be achieved.
Thus, there is a trade-off between optimality and computational
complexity in the solution of the coordination problem.
Whether muscle synergies are a simplifying control strategy
actually implemented by the CNS or they represent a parsi-
monious description of the regularities in the motor output
generated by a non-synergistic controller and due to specific task
constraints is a debated issue (Kutch et al., 2008; Tresch and Jarc,
2009; Valero-Cuevas et al., 2009; d’Avella and Pai, 2010; Kutch
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FIGURE 3 | Example of directional tuning of muscle activations. Polar
plots representing the average EMG activity (hold phase, normalized to MVC)
for targets on three horizontal planes at different elevations (light gray: —29°,
targets 6-12, medium gray: 0°, targets 13-20, dark gray: 29°, targets 21-27)
recorded in subject 8. Numerical value at the bottom right of each plot
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represents the fraction of mean MVC across all directions for each muscle
and corresponds to the radius of the dashed circle. The direction of each
marker represents the direction of the horizontal force components, its radius
the average EMG activity when holding the target in that direction. Markers
are interpolated by splines in polar coordinates.

total data variation explained by the synergies (R?) or in the
mean squared error of a linear fit of the final portion of the R?
curve (see Materials and Methods) ranged from 6 to 7 (6.4 & 0.5,
mean + SD). The corresponding R? values ranged from 0.90
to 0.95 (0.93 £0.01). Thus, a small number of synergies cap-
tured the modulation of activity in many arm muscles across
directions and magnitudes of isometric force generated at the
hand. Figure 5A shows the six synergies identified in the mus-
cle patterns of subject 8. Each synergy has a different balance
of activation across muscles, with some muscles more strongly
active than others (TrapMid, DeltM, and DeltP in Wi, TerMaj,
LatDors, Traplnf, TrapMid, TriLong, DeltP, and PectMajStern in

W), TriLat, TriLong, TriMed, DeltM and DeltP in W3, InfraSp and
TrapSup in Wy, BicLong and BicShort in W5, TerMaj, PectStern,
and PectClav in Wg) and with many muscles recruited in multiple
synergies.

Synergy activation coefficients were in most cases also well
captured by a spatial cosine function. The directional tuning
of the activation coefficients of the six synergies of subject 8
(Figure 5B) was always significant (p < 0.0001) and well recon-
structed by a cosine fit (R? > 0.5). Across subjects, only subject 6
had 4 out of 7 synergy activation coefficients not well fitted by a
cosine functions (p = 0.40, 0.22, 0.05, 0.05) while all other sub-
jects had a significant (p < 0.05) spatial cosine tuning. Across all
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FIGURE 4 | Selection of number of synergies. The number of synergies (N)
is chosen for each subject as (i) the smallest N for which the R? value (blue
markers and line) was larger than 0.9 (red dashed line) or (ii) the point at
which the RZ vs. N curve had a change in slope IMSE of linear fit from N to
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max(N) below 104, green dashed linel. In case of mismatch between the
two criteria, the set of synergies with smallest number of similar preferred
directions was selected (red/green marker, smallest number of synergy pairs
with an angular difference between preferred direction below 20°).
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FIGURE 5 | Example of muscle synergies and directional tuning of
activation coefficients. (A) Six synergies (W7-Wg) identified by NMF
from the filtered and time-averaged EMGs of subject 8 recorded during
the hold phase of all trials. The bar plot in each column (color coded)
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shows the components of one synergy vector, normalized to its
maximum. (B) Directional tuning (polar plot as in Figure 3) of the
synergy activation coefficients for force targets on three horizontal
planes.
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subjects, only 1.2 & 1.7 synergy activation coefficients had a poor
fit (R* < 0.5).

EMG-TO-FORCE MATRIX AND SYNERGY DIRECTIONAL TUNING

As in previous studies of muscle activation during isometric force
production (Osu and Gomi, 1999; Valero-Cuevas et al., 2009),
we modeled the mapping between EMGs and sub-maximal mag-
nitude (20% MVF) end-point force linearly. An EMG-to-force
matrix (H) was estimated with multiple linear regressions of the
mean EMG and forces recorded in the hold phase for each sub-
ject. Figure 6A illustrates force vectors associated to the activation
of each muscle (columns of H) for subject 8. These force vec-
tors in most cases matched the pulling directions of the muscles
expected from their anatomical configuration. For example, on
the horizontal plane (left), BracRad (elbow flexors) and TeresMaj
(shoulder internal rotator and adductor) were associated to dor-
sally directed (negative Fy) forces, TriMed (elbow extensors) to
a ventrally directed (positive Fy) force, PectClav and PectStern
(shoulder flexors) to medially directed (negative Fy) forces, and
DeltM (shoulder abductor) to a laterally directed (positive Fy)
force. On the sagittal plane (middle), DeltA (shoulder adductor),
InfraSp (shoulder external rotator), and PectClav showed a large
rostral (positive F,) and ventral force, BracRad a large rostral
and dorsal force, TeresMaj a large caudal (negative F,) and dorsal

force, and TriMed a large caudal and frontal force. In the frontal
plane (right) the two portions of pectoralis major showed dis-
tinct rostro-caudal (F,) components. Across subjects, the forces
recorded during the hold phase were reconstructed accurately by
the product of the EMG-to-force matrix times the recorded EMGs
(R? = 0.89 £ 0.02, mean + SD, n = 8, for the reconstruction of
the individual force samples in all trials; R?> = 0.97 4 0.01 for the
reconstruction of the force averaged across time and trials to the
same target by averaged EMGs).

We also estimated the force associated to the activation of indi-
vidual muscle synergies by multiplying the EMG-to-force matrix
with the synergy matrix (columns of the HW matrix, Figure 6B).
Each synergy had a distinct force direction in space. W was asso-
ciated to a lateral force, W, to a dorso-caudal force, W3 to a
ventro-caudal force, W4 to a ventro-rostral-lateral force, W5 to
dorso-rostral force, and Wy to a medial force. However, with
respect to individual muscle forces, there were larger angular
differences between individual synergy force directions.

MUSCLE ACTIVATIONS PREDICTED BY MINIMUM EFFORT CRITERIA

We compared the muscle activation observed in all force direc-
tions with those predicted by minimizing either muscle effort
or synergy effort. Examples of the directional tuning curves on
the horizontal force plane (polar plot, left) and for all directions
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FIGURE 6 | Example of spatial forces associated to muscle and synergies.
(A) The EMG-to-force matrix H (left: projections of the columns of H on the
F, = 0 plane, middle: projection on the Fx = 0 plane, right: projection on the
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Fy = 0 plane) estimated by linear regression of EMG and force data for subject
8. (B) Forces associated to the synergies (columns of the matrix obtained by
multiplying the EMG-to-force matrix H by the synergy matrix W) of subject 8.
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(right) of three muscles (InfraSp, TrapMid, and DeltM) of sub-
ject 8 are illustrated in Figure 7. In all three cases the predicted
tuning curves peak in same directions as the observed curves
but in some cases they do not fit well the whole curve. For
InfraSp (first row), the minimum muscle effort curve underesti-
mates the observed curve and the minimum synergy effort curve

overestimates it. For TrapMid (second row), muscle effort min-
imization predicts a very weak activation while the minimum
synergy effort prediction closely matches the observed data. For
DeltM (third row), the minimum synergy effort prediction again
matches the observed data while the minimum muscle effort pre-
diction overestimates them. These differences between the two
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FIGURE 7 | Examples of directional tuning of muscle activation observed
and predicted by minimum effort criteria. Muscle activations for three
muscles of subject 8 are illustrated. Left: Polar plots of the directional tuning
on the horizontal force plane (F, = 0, targets 13-20). EMG activity,
normalized to the MVC value of each muscle, is averaged during the hold
phase. Dashed circles represent the normalized activity indicated by the

e Experimental data
e Minimum muscle effort prediction
e  Minimum synery effort prediction

10 15 20 25 30
Target

label. Right: Average EMG activity for all 32 targets. Blue markers and lines
(interpolating the markers with spline curves in polar coordinates) represent
experimental data, green markers and lines (interpolating the markers with
spline curves with negative values set to zero) represent predictions
according to the linear EMG-to-force model with the minimum muscle effort
criterion, red markers and lines with the minimum synergy effort criterion.
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predictions depend on how the forces associated to the mus-
cles (the columns of the H matrix, Figure 6A) and the synergies
(Figure 6B) can be combined to minimize effort. For example,
the minimum muscle effort criterion predicts an activation of
TrapMid much weaker than the minimum synergy effort crite-
rion because the minimum muscle norm solution is achieved
by recruiting more strongly other muscles with a pulling direc-
tion close to that of TrapMid but with a larger forcer magnitude
(in particular BracRad, see Figure 6A). In contrast, TrapMid has
a stronger activation with the minimum synergy norm solution
because it is recruited within W; (see Figure 5) and no other
synergies can generate forces in the medial-dorsal direction with
small activations.

Across subjects, we noticed that the mean residual of the min-
imum muscle effort prediction over all muscles and targets was
always negative (sign test, p < 0.0001 for all subjects, see green
bars in Figure 8A) and that the mean residual of the minimum
synergy effort prediction was always positive (p < 0.01 for all
subjects except subject 6, red bars in Figure 8A). Thus, the mini-
mum muscle effort criterion underestimated the observed muscle
activations and the minimum synergy effort criterion overesti-
mated them. The minimum muscle effort underestimation corre-
sponds to a larger than minimal amount of co-contraction in the
observed muscle patterns. Indeed, the amount of co-contraction,
quantified by the mean Euclidian norm of the projection of
the muscle patterns onto the null space of the EMG-to-force
matrix, was significantly higher for the observed data than for the
minimum muscle effort prediction (sign test, p < 0.0001 for all
subjects; mean £ SD across subjects: 0.16 % 0.04 for the data and
0.09 £ 0.02 for the prediction). The mean null space norm for the
minimum synergy effort criterion (mean & SD across subjects:
0.19 £ 0.04) was higher than the mean norm for the minimum
muscle effort criterion but also slightly higher than the mean
norm for observed data (sign test, p < 0.05 for subjects 2, 4, 5, 7,
and 8) possibly due to inaccuracies in the estimation of the EMG-
to-force matrix. Finally, we found that the residuals for many
muscles were not normally distributed. Across subjects, the resid-
uals of the minimum muscle effort prediction of the activation
of individual muscles had a distribution over different targets sig-
nificantly different from the normal distribution (Lilliefors test,
p < 0.05) in 62% of cases (84 cases over 17 muscles in 8 subjects)
for the minimum muscle effort model and in 31% of cases for the
minimum synergy effort model. However, we could not discern
any clear pattern in the residuals.

We then compared the prediction error magnitudes. We found
that the mean squared residual of the minimum synergy effort
prediction was lower than the mean squared residual of the
minimum muscle effort prediction (Figure 8B). The difference
of the squared residual, averaged across muscles and targets,
between the two criteria was significant (Wilcoxon rank-sum test,
p < 0.0001, n=38). To assess the significance of these results
we compared, for each subject, the mean squared residual of
the minimum synergy effort prediction with the distribution
of the mean squared residual obtained applying the minimum
effort criterion on random synergies. We performed a Monte
Carlo simulation, generating, for each subject, random synergies
either randomly shuffling the EMG data or performing NMF on
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FIGURE 8 | Model prediction error. (A) Mean + SE of the residual, over
muscles and force targets, of the minimum muscle effort prediction (green
bars) and the minimum synergy effort prediction (red bars) for all subjects.
(B) Mean =+ SE of the squared residual, over muscles and force targets, of
the minimum muscle effort prediction (green bars) and the minimum
synergy effort prediction (red bars) for all subjects. (C) Comparison of the
R? values for the synergy reconstruction (black bars) and the model
predictions.
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