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SUMMARY AND CONCLUSIONS 

1. We studied the extent to which auto- 
matic postural actions in standing human 
subjects are organized by a limited repertoire 
of central motor programs. Subjects stood on 
support surfaces of various lengths, which 
forced them to adopt different postural move- 
ment strategies to compensate for the same 
external perturbations. We assessed whether a 
continuum or a limited set of muscle activa- 
tion patterns was used to produce different 
movement patterns and the extent to which 
movement patterns were influenced by prior 
experience. 

2. Exposing subjects standing on a normal 
support surface to brief forward and backward 
horizontal surface perturbations elicited rela- 
tively stereotyped patterns of leg and trunk 
muscle activation with 73- to 1 IO-ms latencies. 
Activity began in the ankle joint muscles and 
then radiated in sequence to thigh and then 
trunk muscles on the same dorsal or ventral 
aspect of the body. This activation pattern ex- 
erted compensatory torques about the ankle 
joints, which restored equilibrium by moving 
the body center of mass forward or backward. 
This pattern has been termed the ankle strat- 
egy because it restores equilibrium by moving 
the body primarily around the ankle joints. 

3. To successfully maintain balance while 
standing on a support surface short in relation 
to foot length, subjects activated leg and trunk 
muscles at similar latencies but organized the 
activity differently. The trunk and thigh mus- 
cles antagonistic to those used in the ankle 
strategy were activated in the opposite proxi- 
mal-to-distal sequence, whereas the ankle 

muscles were generally unresponsive. This ac- 
tivation pattern produced a compensatory 
horizontal shear force against the support sur- 
face but little, if any, ankle torque. This pattern 
has been termed the hip strategy, because the 
resulting motion is focused primarily about 
the hip joints. 

4. Exposing subjects to horizontal surface 
perturbations while standing on support sur- 
faces intermediate in length between the 
shortest and longest elicited more complex 
postural movements and associated muscle 
activation patterns that resembled ankle and 
hip strategies combined in different temporal 
relations. These complex postural movements 
were executed with combinations of torque 
and horizontal shear forces and motions of 
ankle and hip joints. 

5. During the first 5-20 practice trials im- 
mediately following changes from one support 
surface length to another, response latencies 
were unchanged. The activation patterns, 
however, were complex and resembled the 
patterns observed during well-practiced stance 
on surfaces of intermediate lengths. During 
the course of practice, the relative amplitudes 
and timing of the ankle and hip strategy com- 
ponents changed progressively. 

6. Our results have demonstrated that sub- 
jects can synthesize a continuum of different 
postural movements by combining two dis- 
tinct strategies in different magnitudes and 
temporal relations. The combination of strat- 
egies used in a particular instance is influenced 
not only by the current support-surface con- 
ditions but also by the subject’s recent expe- 
riences. These observations are consistent with 
the hypothesis that postural actions are orga- 
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surface (first line in Fig. 5A), an activation 
pattern consistent with the ankle strategy 
(hamstrings component shown) is followed 
closely by a second pattern consistent with the 
hip strategy (quadriceps component shown). 
During the third and fifth trials, the quadriceps 
component of the hip strategy pattern oc- 
curred both before and after the hamstring 
component of the ankle strategy. By the eighth 
trial, all traces of the hamstrings activation was 
gone, and a single quadriceps activation oc- 
curred 55 ms earlier than it did in the first two 
trials. 

Following shift to the normal surfaces, the 
progression of activation pattern changes dur- 
ing transition from pure hip to pure ankle 
strategy following shift to the normal surface 
had a similar course (Fig. 5B). During the first, 
third, and fifth trials the quadriceps compo- 
nent of the hip strategy pattern became pro- 
gressively smaller. By the eighth trial, all traces 
of hip strategy components were absent, and 
the hamstrings components of the ankle strat- 
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egy pattern occurred 60 ms earlier than it did 
during the first trial. 

In general, we found that sequential practice 
trials involved gradual changes in EMG mag- 
nitude (18). Furthermore, the magnitudes of 
individual muscle components within a pure 
strategy pattern tended to change in propor- 
tion. In contrast, the relative timing of indi- 
vidual muscle responses within complex pat- 
terns tended to change abruptly between in- 
terdigitated and sequential combinations, 
constraining the complex patterns seen to a 
limited number of distinct combinations (see 
Figs. 3 and 4). 

To illustrate the abrupt nature of timing 
changes, we measured the interval between 
gastrocnemius and hamstrings onset while ex- 
posing subject B to a long series of trials (n = 
8 1) with support surface length varying in four 
increments between 4.5 cm and normal. Fig- 
ure 6 shows a distinctly bimodal distribution 
of intersegmental delays between 0 and 200 
ms. The two characterizations above the his- 
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FIG. 5. Adaptation of muscle patterns during practice trials after change of support surface configuration. Hamstring 
and quadriceps EMG activity from individual responses to forward sway with schematic pattern of all recorded muscles 
at left from subject A. A: transition from complex ankle/hip strategy in early trials (2,3,5) on short surface to pure 
hip strategy (trial 8). B: transition from complex hip/ankle strategy in early trails (1-5) on normal length surface to 
pure ankle strategy (trial 8). 
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togram illustrate the distinct interdigitated and 
sequential combinations giving rise to the bi- 
modal distribution. In both versions of the 
complex pattern, magnitudes of muscle com- 
ponents of the pure ankle and pure hip strategy 
patterns tended to vary as a unit. 

Mechanics of pure and complex strategies 
A continuum of different body movement 

trajectories can be generated by combining 
pure ankle and hip strategies. To illustrate this 
principle, movement trajectories associated 
with pure and complex strategies are analyzed 
in ankle (vertical axis) and hip (horizontal axis) 
position space (Fig. 7). The origin of the po- 
sition space is the erect equilibrium position. 
The heavy diagonal line passing through the 
origin shows the locus of nonerect equilibrium 
positions of the body, i.e., those positions in 
which the center of body mass is vertically 
above the center of foot support. 

The movement trajectories generated by 
pure ankle strategies (filled circles) curve 
slightly to the right while moving toward the 
origin on a path closely paralleling the ankle 
joint a .xis. Rightward curvatu re is caused bY a 
subtle antiphase rotation of hip joints. Hip 

FIG. 6. Frequency histogram illustrating bimodal distribution of time delay between 
EMG onsets from 81 trials in subject B on normal, 13.5, 9-, and 4.5-cm surfaces. 

t 

joint rotations in trajectories associated with 
pure hip strategies (filled triangles) are ap- 
proximately .five times larger than ankle joint 
rotations. These hip strategy trajectories ter- 
minate at nonerect equilibrium positions re- 
mote from the origin. Despite the large differ- 
ences in trajectory orientation and length, 
however, the transit times required to reach 
equilibrium positions using the two strategies 
were approximately the same ( 1 OO- 125 ms for 
the ankle and 105- 145 ms for the hip). 

Successful complex movements executed 
on normal and short support surfaces were 
confined to regions of position space bounded 
by the pure ankle and pure hip strategy tra- 
jectories. For example, the approximately 
equal combination of ankle and hip strategies 
(EMG records in Fig. 3) produced a trajectory 
(filled squares) comprised of hip rotation twice 
the amplitude of the ankle joint rotation. The 
nonerect equilibrium position reached in this 
instance was approximately one-third of the 
way between the origin and the position 
reached by the pure hip strategy movement. 
In other instances, complex patterns com- 
posed predominantly of one strategy produced 
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