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Torres-Oviedo, Gelsy, Jane M. Macpherson, and Lena H. Ting.
Muscle synergy organization is robust across a variety of postural
perturbations. J Neurophysiol 96: 1530–1546, 2006. First published
June 14, 2006; doi:10.1152/jn.00810.2005. We recently showed that
four muscle synergies can reproduce multiple muscle activation pat-
terns in cats during postural responses to support surface translations.
We now test the robustness of functional muscle synergies, which
specify muscle groupings and the active force vectors produced
during postural responses under several biomechanically distinct con-
ditions. We aimed to determine whether such synergies represent a
generalized control strategy for postural control or if they are merely
specific to each postural task. Postural responses to multidirectional
translations at different fore-hind paw distances and to multidirec-
tional rotations at the preferred stance distance were analyzed. Five
synergies were required to adequately reconstruct responses to trans-
lation at the preferred stance distance—four were similar to our
previous analysis of translation, whereas the fifth accounted for the
newly added background activity during quiet stance. These five
control synergies could account for �80% total variability or r2 � 0.6
of the electromyographic and force tuning curves for all other exper-
imental conditions. Forces were successfully reconstructed but only
when they were referenced to a coordinate system that rotated with the
limb axis as stance distance changed. Finally, most of the functional
muscle synergies were similar across all of the six cats in terms of
muscle synergy number, synergy activation patterns, and synergy
force vectors. The robustness of synergy organization across pertur-
bation types, postures, and animals suggests that muscle synergies
controlling task-variables are a general construct used by the CNS for
balance control.

I N T R O D U C T I O N

Recent findings suggest that the CNS simplifies motor con-
trol by constraining muscles to be activated in fixed groups, or
synergies, where each synergy is defined as a set of muscles
recruited by a single neural command signal. Complex muscle
activation patterns in a wide range of motor tasks including
locomotion, finger spelling, and postural tasks, can be decom-
posed into the summed activation of just a few muscle syner-
gies (d’Avella and Bizzi 2005; d’Avella et al. 2003; Ivanenko
et al. 2003, 2004; Krishnamoorthy et al. 2003; Poppele and
Bosco 2003; Poppele et al. 2002; Ting and Macpherson 2005;
Tresch et al. 1999; Weiss and Flanders 2004). A muscle
synergy control structure provides an attractive simplifying
strategy for the control of complex movements because it
reduces the number of output patterns that the nervous system

must specify for a large number of muscles yet allows flexi-
bility in the final expression of muscle activation.

A synergy control structure not only simplifies the motor
output pattern for muscle activation but may also be function-
ally related to high-level control parameters—global biome-
chanical variables that are important for movement control. For
example, Ting and Macpherson (2005) demonstrated in cats
that four muscle synergies could account for the spatial tuning
patterns of the automatic postural response elicited by support
surface translations in multiple directions in the horizontal
plane. These synergies appear to specify the appropriate end-
point forces at the ground that are required to maintain balance
(Ting and Macpherson 2005). Muscle synergy recruitment has
also been correlated to center of mass shifts in standing
(Krishnamoorthy et al. 2003), foot and limb kinematics in
walking (Ivanenko et al. 2003, 2004), foot acceleration in
pedaling (Ting et al. 1999), and hand kinematics in finger
spelling (Weiss and Flanders 2004). Muscle synergies may
therefore reflect a neural control strategy at the level of func-
tional variables specific to the particular motor task at hand.

For a muscle synergy structure to be useful in reducing the
degrees of freedom to be controlled during movement, the
observed synergies must be limited in number and robust
across behavioral tasks and subjects. Only a few studies have
directly examined these features of robustness and generality.
Studies in frogs demonstrate synergies that are shared for
walking, jumping, and swimming and those that are unique to
each locomotor mode (d’Avella and Bizzi 2005). In addition,
simulations and experiments in human pedaling show that the
same functional muscle groups can be used to perform varia-
tions within the task such as fast or slow, smooth or jerky,
forward, backward, or one-legged pedaling (Raasch and Zajac
1999; Raasch et al. 1997; Ting et al. 1998–2000). On the other
hand, Krishnamoorty et al. (2004) showed that postural syner-
gies are specific to the task since they change with changes in
stability conditions during standing, and new muscle synergies
(M-modes) emerge to account for changes in the postural
responses.

The current study explicitly addresses both robustness and
generality by examining the extent to which muscle synergies
and their biomechanical functions described for postural re-
sponses in the cat (Ting and Macpherson 2005) generalize
across tasks and subjects. We chose to modify the conditions
under which postural responses were elicited in two ways:
altering the configuration of the limbs during support surface
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translations by varying the stance distance between the fore-
and hind-paws and changing the perturbation characteristics
such that the support surface was rotated in combinations of
pitch and roll rather than horizontal plane translations.

Because these experimental manipulations induce variability
in the automatic postural response, the tolerance of synergies to
this variability is a reasonable test of their robustness. First, in
both humans and cats, changing the stance distance has been
shown to modify the forces and electromyograms (EMGs)
produced during postural responses and quiet stance (Fung and
Macpherson 1999; Henry et al. 2001; Macpherson 1994). In
particular, the force responses in the horizontal plane change
from being constrained to two directions (force constraint
strategy) at long stance distances to a more uniform distribu-
tion at short distances (Henry et al. 2001; Macpherson 1994).
Second, translations and rotations of the support surface pro-
duce similar EMG responses in extensors but not flexors (Ting
and Macpherson 2004). Moreover, extensor responses during
rotations and translations are elicited during disparate kinetic
and kinematic conditions. For example, extensors are activated
when the hindlimb is initially loaded in translations but also
when it is unloaded in rotations. Thus the extensors are acti-
vated when joint angles undergo flexion in translation versus
extension in rotation, and the extensors are stretched in trans-
lation versus shortened in rotation.

We hypothesized that the synergy organization for postural
control is robust such that a single set of functional muscle
synergies underlies a variety of automatic postural responses
under differing conditions. Our results show that for all limb
postures and perturbation types, the same set of muscle syner-
gies and endpoint force vectors could reproduce the entire
range of muscle and force responses observed during quiet
stance and during multidirectional balance perturbations. We
also hypothesized that the synergy organization is generalized

across subjects. Our results show considerable similarity in
both synergy composition and endpoint force across animals.
Our findings of robustness and generality suggest that muscle
synergies controlling endpoint forces represent a general con-
trol structure used for maintaining balance, independent of the
particular postural conditions.

M E T H O D S

Experimental setup

To investigate the effect of limb configuration and perturbation type
on muscle synergies used during postural control in the cat, we
analyzed previously collected postural responses to multidirectional
support surface translations at different fore-hindlimb stance distances
(Macpherson 1994) and multidirectional platform rotations and trans-
lations (Ting and Macpherson 2004). Functional muscle synergies
were extracted from the control condition of multidirectional transla-
tion at the preferred stance distance and used to reconstruct all of
the other test conditions. Detailed experimental and training proce-
dures were described previously (Macpherson et al. 1987). A brief
overview of the experimental setup and data collection procedures is
presented here.

Cats were trained to stand freely with one foot on each of four
triaxial force plates. Each plate was mounted on the perturbation
platform using a magnet and double-sided tape, thus allowing the
position of each plate to be easily manipulated between experimental
sessions to effect a change in stance distance. Translation perturba-
tions consisted of ramp-and-hold displacements of 5-cm amplitude,
370-ms duration, and 15-cm/s mean peak velocity in 12 or 16
directions evenly spaced in the horizontal plane. Rotation perturba-
tions consisted of ramp-and-hold platform tilts in 16 combinations of
pitch and roll of 6° amplitude, 200-ms duration and 40°/s mean peak
velocity. Platform rotation amplitude was chosen to produce similar
rotation about the metacarpophalangeal (MCP) and metatarsophalan-
geal (MTP) joints as was observed during translation. The coordinate
systems used to describe rotation and translation directions were
defined such that the direction of the horizontal displacement of the
cat’s center of mass (CoM) relative to the feet was the same at the end
of each translation or rotation (Fig. 1).

After training was completed, muscles in each cat were implanted
with indwelling bipolar wire electrodes (Teflon-coated multi-stranded
stainless steel, Cooner AS632) under general anesthesia using aseptic
technique (see Macpherson 1988b). Electrode wires were accessed
through two connectors mounted on the cat’s head. EMG activity was
recorded from a subset of 8–15 left hindlimb muscles in each of six
cats. Table 1 contains an inclusive list of all the recorded muscles.
Cats were allowed to recover fully from the surgery before partici-
pating in experiments.

FIG. 1. Coordinate system for support surface translations and rotations in
16 evenly spaced directions around the horizontal plane. The coordinate
systems used to describe rotation and translation directions were defined such
that the horizontal displacement of the cat’s center of mass (CoM) relative to
the feet was in the same direction at the end of each translation or rotation. For
example, a backward platform translation and a head down rotation are defined
as perturbations in same 0° direction because both displace the cat’s CoM
forward, relative to the feet. The coordinate system of force plate recordings is
also shown.

TABLE 1. Inclusive list of the muscles recorded from the left
hindlimb across cats

Label Muscle Name Label Muscle Name

GLUT Gluteus medius
GLUP Posterior gluteus medius SRTM Medial sartorius
GLUA Anterior gluteus medius STEN Semitendinosus
VLAT Vastus lateralis BFMA Anterior biceps femoris
VMED Vastus medialis BFMM Medial biceps femoris
SOL Soleus BFMP Posterior biceps femoris
PLAN Plantaris REFM Rectus femoris
EDL Extensor digitorum longus SEMA Anterior semimembranosus
ILPS Iliopsoas SEMP Posterior semimembranosus
TFL Tensor fasciae latae GRAA Anterior gracilis
FDL Flexor digitorum longus GRAP Posterior gracilis
TIBA Tibialis anterior MGAS Medial gastrocnemius
SRTA Anterior sartorius LGAS Lateral gastrocnemius
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