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In three experiments we show that articulatory patterns in response to jaw
perturbations are specific to the utterance produced. In Experiments 1 and 2, an
unexpected constant force load (5.88 N) applied during upward jaw motion for
final /b/ closure in the utterance /b&b/ revealed nearly immediate compensation
in upper and lower lips, but not the tongue, on the first perturbation trial. The
same perturbation applied during the utterance /b&z/ evoked rapid and increased
tongue-muscle activity for /z/ frication, but no active lip compensation. Although
jaw perturbation represented a threat to. both utterances, no perceptible distortion
of ‘speech occurred. In Experiment 3, the phase of the jaw perturbation was
varied during the production of bilabial consonants. Remote reactions in the
upper lip were observed only when the jaw was perturbed during the closing
phase of motion. These findings provide ev1dence for flexibly assembled coordinative
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structures in speech production.

The bewildering complexity of human
speech is readily apparent when one attempts
to track the spatiotemporal activities of the

This article is a more complete version of a paper
entitled “The Functional Specificity of Articulatory Con-
trol and Coordination,” presented at the 104th meeting
of the Acoustical Society of America, Orlando, Florida,
November 1982 (Journal of the Acoustical Society of
America, 1982, 72, S103 [Abstract]). Experiment 3 was
presented at the 107th meeting of the Acoustical Society
of America, Norfolk, Virginia, May 1984, under the title
“Remote and Autogenic Articulatory Adaptation to Jaw
Perturbations During Speech: More on Functional Syner-
gies” (Journal of the Acoustical Society of America, 1984,
75, S23-824 [Abstract]).
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many anatomical structures involved. One
needs little persuasion that talking constitutes
an extraordinary feat of motor control, par-
ticularly if each degree of freedom were to
be individually controlied. A notion that has
gained some limited recognition in neurosci-

-ence (e.g., Evarts, 1982; Nashner, Wollacott,

& Tuma, 1979; Soechting & Lacquaniti, 1981)
and behavior research (e.g., Bernstein, 1967,
Fowler, Rubin, Remez, & Turvey, 1980;
Kelso, Southard, & Goodman, 1979; Turvey,
1977) is that the degrees of freedom of any
articulator system (however one counts them)
are not individually regulated during purpo-
sive activity. Rather, in many actions, ranging,
for example, from locomotion to handwriting,
ensembles of muscles and joints exhibit a
unitary structuring—a preservation of inter-
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COOPERATIVE PROCESSES IN SPEECH PRODUCTION

nal relations among muscles and kinematic
components that is stable across scalar
changes in such parameters as rate and force
(see Grillner, 1982, and Kelso, 1981, for
reviews). Thus, significant units of control
and coordination appear to be functional
groupings of muscles and joints (referred to
as functional synergies or coordinative struc-
tures) that act as a unit to accomplish a task
(Bernstein, 1967; Boylls, 1975; Gelfand, Gur-
finkel, Tsetlin, & Shik, 1971; Greene, 1972,
1982; Turvey, 1977). Insights into the coop-
erative behavior among articulators during
speech are therefore likely to lie in the iden-
tification and analysis of coordinative struc-
tures. : .

The behavior of complex systems possess-
ing active, interacting components and large
numbers of degrees of freedom can be studied
by perturbing the system dynamically during
‘an activity and examining how the free vari-
ables reconfigure themselves. Thus, a group
of potentially independent muscles could be
said to constitute a single functional unit if
it were shown that a challenge experienced
by one (or more) members of the group was
responded to by other members of the group
at a site remote from the challenge. For the
concept of coordinative structure, the re-
sponse of the neuromuscular ensemble would
not be stereotypic; rather, it would be adapted
quickly and precisely to accomplish the task.
In the case of speech, the components of the
articulatory apparatus would cooperate in
such a way as to preserve the linguistic intent
of the speaker.

Although the speech literature contains a
number of observations that suggest a coor-
dinative-structure mode of articulatory or-
ganization, few experiments have employed
dynamic perturbation analysis. By and large,
the perturbations introduced to the system
have been of a static nature. Thus, patterns
of cooperation have been observed in various
articulators following immobilization of the
jaw (as in bite-block experiments, e.g., Fowler
& Turvey, 1980; Kelso & Tuller, 1983; Lind-
blom & Sundberg, 1971), restrictions on lip
movements (e.g., Riordan, 1977; Tuller &
Fitch, 1980), surgical removal of the alveolar
plate or reconstruction of the mandible (e.g.,
Zimmermann, Kelso, & Lander, 1980), and
the insertion of palatal prostheses (e.g., Ham-
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let & Stone, 1978). Generally, the ability of
the speech system to compensate for these
disturbances is quite remarkable. However,
in many of these studies, various kinds of
adjustments could have occurred before the
test utterances were actually produced. Thus,
a more illuminating method may be to per-
turb the articulators during the speech act
and then observe consequent movement pat-
terns, if any, and the speed with which they
are achieved. :

A pioneering experiment by Folkins and
Abbs (1975) did precisely this by occasionally
loading the jaw during the closure movement
for the first /p/ in the utterance “a /h& pep/
again.” Lip closure was attained in all cases,
apparently by exaggerated displacements and
velocities of the lip-closing gestures, particu-
larly by the upper lip.! Similarly, Folkins and
Zimmermann (1982) used electrical stimu-
lation to produce unexpected depression of
the lower lip prior to and during bilabial
closure. It was observed that compensatory
changes in jaw and upperlip movements
effected the bilabial gesture. Although these
findings are consistent with the coordinative-
structure concept, it is not clear from existing
data whether the patterns of articulator cou-
pling following jaw perturbations are in any
sense standardized (as one might predict if
they were completely preprogrammed or a
result of fixed input-output loops) or whether
they are “functional,” that is, directed to the
stable production of the intended utterance.
If the former, the pattern of response to a.
given jaw perturbation should be the same
regardless of utterance. If the latter, different
patterns of articulator cooperation (coordi-
native structures) should occur, tailored to
the particular phonetic requirements.?

! Initially, Folkins and Abbs (1975) interpreted their
data as support for on-line feedback processing, that is,
“a lip control system that is adjusted on the basis of
feedback information about the relative position of the
lips and jaw” (p. 218). A more recent interpretation, or
perhaps a redescription by Abbs and Cole (1982), is that
the data support “a feedforward, open-loop control pro-
cess” in which “information is fed forward for making
adjustments in motor commands to structures having
parallel involvements” (p. [71). Suprabulbar pathways
were hypothesized to play a mediating role.

2 Anecdotal evidence for such tailoring is reported by
Abbs and Gracco (1983), who note that upperlip com-
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In the first two experiments reported here,

we examined the effects of jaw perturbation
on production of two phonetic segments, /b/
and /z/. For /b/, the primary vocal-tract
constriction is created normally by bilabial
closure. For /z/, the main constriction is
produced by positioning the tongue in close
approximation to the palate or teeth. Note
that from a low-vowel environment, (such as
/a/) jaw and lips cooperate for production of
/b/, whereas jaw and tongue cooperate in the
raising gesture for /z/. Thus, if the jaw is
perturbed during the transition into the final
/b/ in /bzb/, then the primary response
should occur in the lips, rather than, say, in
the tongue. In contrast, if the same pertur-
bation is applied during the raising of the
jaw to produce the final /z/ in /bez/, the
primary response should occur in the tongue,
not the lips. Experiment 1 presents an initial
exploration of this idea. Experiment 2 pro-
vides more detailed electromyographic (EMG)
and kinematic evidence for task-specific ar-
ticulator cooperation. In Experiment 3, we
attempted to converge on the interpretation
of the first two experiments by examining
remote reactions to jaw perturbation as a
function of the phase of jaw motion at which
loads are applied. For example, upper-lip
responses should be observed only when the
Jaw is perturbed during the closing gestures
for bilabial consonant production, that is,
when the upper lip contributes to vocal-tract
occlusion.

Experiment 1
Method

Subject, materials, and procedures. One adult male
(one of the authors) participated in the first two experi-
ments reported here.’ The speech sample contained two
utterance types, “a /bzb/ again” and “a /baz/ again.”
In the first part of the experiment, 30 trials of each
* utterance were performed in a single block. On 20% of

pensation to a lowerlip perturbation occurs in the utter-
ance /aba/ but not in /afa/. Similarly, Folkins and
Zimmermann (1982) concluded their article on electrical
stimulation of the lower lip with the suggestion that “it
may be [italics added] that interactions between the lips
and jaw may be [italics added] different for bilabial
closing, bilabial opening, labiodental closing, and lip
rounding gestures” (p. 1232). Again, a direct test of this
hypothesis, which we conduct here, has not been made.
In fact, all the dynamic perturbation studies conducted
thus far have involved bilabial gestures.
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the trials (6 randomly selected trials out of 30 for each
utterance), a load perturbation was applied to the jaw
during the closing gesture for the second consonant, /b/
or /z/. The perturbation was triggered during /beb/ and
/bxz/ utterances when the jaw reached the same prede-
termined point approximately midway through its upward
trajectory. The experiment was performed with a constant
force load of 1.5-s duration. The same procedure was
repeated in the second part of the experiment, but with
a 50-ms load. It is important to note the subject did not
know on which trials his jaw would be perturbed. More-
over, until the first perturbed trial, the subject was
unaware of the specific locus of the perturbation during
the raising trajectory and the magnitude of the applied
load.

Apparatus and data recording. Figure 1 illustrates
the experimental setup. The subject sat in a dental chair
with his head fixed in a specially designed cephalostat
(basically a plaster cast mold constructed for the subject’s
head and a clamp that fitted onto the bridge of the
subject’s nose—all enclosed in a wooden box; see Figure
{, Panels A and B). A custom-made titanium dental
prosthesis was fitted onto the subject’s lower teeth (Figure
1, Panel C). Two small rods of the prosthesis protruded
from the sides of the mouth and were coupled by a thin
wire to a Brushless DC torque motor that was situated
perpendicular to the subject’s chin. A load cell placed in
series with the coupling wire monitored applied torque.
This enabled us to control the torque motor under force
feedback and made it possible to couple the motor to .
the jaw with a very small tracking load of approximately
30 g. Jaw movements were monitored by a rotary voltage
displacement transducer placed at the axis of rotation of
the sector arm (see Figure |, Panel B). The existence of

3 Some explanation is necessary about the small number
of subjects and the chronological aspects of the research.
Since these experiments started in late 1978 we tried to
prepare four subjects for participation. For each subject,
special dental casts were made of the upper and lower
teeth, prior to constructing a titanium prosthesis for the
lower jaw. Only with two subjects, however, was it possible
to proceed according to plan for the following reasons.

" First, to seat the prosthesis in the mouth firmly so that

it did not come out or reverberate when a load was
applied, it was necessary that the subject have at least
one (preferably several) of the rear molars missing (see
Figure 1, Panel C). Second, and relatedly, it was crucial
that there be sufficient clearance at the sides of the
subject’s mouth so that the protruding rods to the torque
motor did not interfere in any way with the subject’s
speech. Two subjects met these criteria, although the
second subject did not become available until early 1983.
We tried to test him in the larger version of Experiment
1, but he was unable to withstand the insertion of fine
wire electrodes into the tongue and hence could not be
used to study fricative production. Because of these
difficulties, we can report only our efforts to provide a
within-subject replication of the experiment (Experiment
2). The second subject, however, participated in Experi-
ment 3, which did not require invasive procedures. We
did not have the subject in Experiments 1 and 2 participate
in Experiment 3 because we were concerned that possible
experiential factors might influence the results.
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Figure 1. Panel- A. The general experimental setup. Panel B. A schematic of the subject in the head
apparatus, showing placement of light-emitting diodes for movement tracking and electrodes for monitoring
EMG activity. (OOS and OOI are orbicularis oris superior and inferior, respectively. GG is the genioglossus,
a major tongue muscle.) Panel C. A specially designed jaw prosthesis. (Note gaps for missing teeth that
afford a unique capability for setting the prosthesis firmly in the mouth of the subject {see Footnote 3}.)
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Table |
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‘Mean Articulator Positions and Standard Deviations in mm for Control and Loaded Trials

At onset of closure for /beb/ utterances

At onset of frication for /b®z/ utterances

Control Load Control Load
Articulator M SD M SD M SD M SD
1.5-s load

Jaw 414 41 354 35 42.3 01 34.6 O1**

Lower lip 233 01 23.0 46 233 01 22.8 46*

Upper lip 23 .39 1.6 AT7* 6.1 24 5.8 41
50-ms load

Jaw 41.2 41 40.5 .81 42.2 .01 41.9 42

Lower lip 23.1 23 23.0 23 233 .23 23.3 01

Upper lip 2.6 .18 2.1 36* 5.5 44 5.6 .39

Note. Mean articulator position was measured from an arbitrary reference position. The lower the number for a given

articulator, the lower is its spatial position.
*p < .05 % p< .00l

the tracking force had no perceptible effects on the
subject’s speech, nor on observed movement and EMG
activity. The experiments were completely controlled by
a programmable microcomputer that specified on which
trials the load was to be added and the magnitude of the
Joad. In each experiment the load was the same (5.88
N), and the rise time to peak load was smail, 2 ms-
3 ms.

Infrared light-emitting diodes (LEDs) were attached at
the vermilion border of the subject’s upper and lower
lips at the midline and were sensed by an optical tracking
system (a modified SELSPOT system). The displacements
of the articulators and the acoustic speech signal were
stored on FM tape for computer analysis. A set of
software routines was used to differentiate the movement
signals and display the audio output along with movement
information in a time-synchronized format. The acoustic
recordings were inspected to determine the first evidence
of bilabial closure for the final /b/ in /bab/ trials (defined
here as the point when the high-frequency components
of the periodic wave disappear) and of frication onset for
/z/ in the /bzz/ trials (defined as the onset of high-
frequency, low-amplitude noise).

Results and Discussion

In this experiment, we evaluated the effect
of the jaw perturbation on upper- and lower-
lip movement and whether the effect was
context sensitive. We first established that the
1.5-s load prevented the jaw from reaching
its usual position, by measuring jaw height
at the earliest acoustic evidence of lip closure
or frication. The results are presented in
Table 1, which shows the mean articulator
positions for the jaw, lower lip (including the

jaw contribution), and upper lip, obtained
from an arbitrary reference point. For both
phonetic contexts, the jaw was significantly
lower during 1.5-s load trials than it was for
the immediately preceding unloaded (control)
trials, #(10) = 26.99, p < .001, and #10) =
3.18, p < .05, for /bxb/ and /bxz/, respec-
tively. , .
The coordinative-structure concept predicts
one consequence of this difference in jaw
height, namely, that when the jaw load is
applied, upper-lip displacement downward
should increase when the speaker produces
/b/, but not when he produces /z/. The
displacement of the upper lip downward in
each trial was measured at the time of acoustic
onset of final /b/ closure or final /z/ frication.
As predicted, the position of the upper lip at
final /b/ closure was lower for the perturbed
trials than it was for the immediately preced-
ing unperturbed trials, #(10) = 2.64, p < .05.
In contrast, there was no difference in upper-
lip position for the production of /z/ with
and without a load, #(10) = 144, p> .. In
addition, the position of the lower lip in space
at the point of closure for the production of
/b/ was unaffected by the 1.5-s load, indicating
a considerable adjustment for the lower jaw
position, #10) = 1.65, p > .01. Similarly, for
the production of /z/, although the lower lip
was lower in space, {(10) = 2.68, p < .05, the
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difference was small in comparison with the
much lower jaw position. These lower-lip
reactions are considered in more detail in
Experiment 2.

When the applied load was of 50-ms dura-
tion, no effect of perturbation on jaw position
was apparent by the time closure or frication
was achieved, #10) = 2.02 for /ba&b/ utterances
and /10) = 1.57 for /baz/ utterances, ps > .035.
Lower-lip position also showed no effect of
the 50-ms load, for /beb/, (10) = 1.05, and
for /bez/ ((10) = .42, ps > .1. Although the
upper-lip position for /z/ production was sim-
ilarly unaffected by the short-duration load,
110)=0.26, p> .1, the upper lip in the
production of /b/ did increase its downward
deflection in loaded trials relative to unloaded
trials, #(10) = 2.96, p < .05. The change in
upper-lip displacement, but not lower-lip dis-
placement is probably a function of an increase
in compression of the upper lip.*

To summarize, these preliminary obser-
vations suggest that a disruption in movement
of one articulator (the jaw) is responded to
by another, remote articulator (the upper li
when the phonetic context is one for which
that reaction is functionally appropriate.
However, the experiment has three shortcom-
ings. First, although we provided evidence of
a coordinative structure during /b/ produc-
tion, we did not provide direct evidence for
its presence in /z/ production. Second, to
understand the articulatory system’s response
to perturbation, both detailed kinematic and
electromyographic (EMG) information are
desirable. Third, and relatedly, to evaluate
the reliability of the effects described in Ex-
periment 1, a greater number of trials is
warranted. For example, in Experiment [ it
may be that the 50-ms load had a slight effect
on articulatory. movements (as suggested by
the increase in upper-lip displacement for
/b/ production), but six loaded trials do not
constitute a sensitive enough test. For these
reasons, we performed a second experiment,
similar in many respects to Experiment 1. In
Experiment 2, the total number of trials was
increased and, in addition to monitoring jaw
and lip movements, we obtained EMG po-
tentials from tongue and lip muscles. We
were especially interested in evaluating
tongue-muscle activity during /z/ production.
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Experiment 2
Method

Subject, materials, and procedures. The same subject
who participated in Experiment 1 took part in Experiment
2. The speech sample contained the same two utterances
as those in Experiment 1, “a /bzb/ again” and “a /bzz/
again.” In each part of the experiment, 40 trials of each
utterance were performed in two 20-trial blocks. At least
5 s separated individual trials. On 25% of the trials (10
randomly selected trials out of 40 for each utterance), a
load (5.88 N) was applied to the jaw during the closing
gesture for production of the second consonant, /b/ or
/z/. The load was triggered during /bab/ and /bzz/ when
the jaw reached the same predetermined point approxi-
‘mately midway through its upward trajectory. Once
again, the subject knew that some of the trials would be
perturbed but not which ones. The subject did not
experience any form of loading (except the tracking load)
until the experiment proper. The first part of the exper-
iment was performed with a constant force load of 1.5-s
duration, the second part with a 50-ms load. The utterance
order was counterbalanced across loading conditions.

Apparatus and data recording. The jaw loading device
and the methods of tracking movements of the jaw, upper
lip, and lower lip were identical to those used in Experi-
ment 1. Paint-on electrodes were used to obtain EMG
potentials from a muscle in the upper lip (orbicularis
oris superior, OOS) and a muscle in the lower lip

trodes, inserted by a laryngologist, Dr. Kiyoshi Honda,
were used to obtain EMG potentials from a tongue
muscle (the posterior portion of genioglossus, GG). The
genioglossus recordings were used as an index of tongue
activity during /z/ production. The displacements of the
articulators, the EMG signals from tongue and lip muscles,
and the acoustic speech signal were stored on FM tape
for later computer analysis. Software routines were used
to differentiate the movement signals, ensemble average
the rectified EMG signals, and display the audio output
synchronized with movement and EMG information.

Results and Discussion

The results of Experiment 2 established
once more that the upward jaw trajectory
differed in loaded and unloaded trials. The
position of the jaw in each trial was measured
at the earliest acoustic evidence of final /b/
closure or /z/ frication. The position of the
jaw in loaded trials was then compared with
that in normal conditions and was found to
be significantly lower for both /bzb/, #(18) =
10.20, p < .001, and /baz/, 1(18) = 22.45,

4 Peak lip displacement can occur after closure is
attained because of the elastic nature of the lips. Once
the upper and lower lips touch, achieving closure, they
can and usually do compress further as closure proceeds.
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p < .001. In Figure 2, a sample of the jaw
velocities is shown for the first eight perturbed
trials of both /b&b/ and /bxz/ utterances.
The effect of the load perturbation was to
alter the direction of jaw movement almost
immediately -in a very consistent manner.
That is, the jaw velocity became sharply
negative just after torque onset. Loaded trials
showed very small trial-to-trial variability in
the jaw-velocity profiles for both utterances.

The displacements and velocities of the
upper lip, the lower lip (with the contribution
of jaw subtracted), and the jaw itself. are
shown for perturbed and unperturbed (con-
trol) trials in Figures 3 and 4. Each trace
represents the average of 10 tokens; the dotted
trace indicates the control utterances and the
solid trace, the perturbed utterances. The
vertical line in each window of the figures
marks the onset of torque to the jaw. Even
though the torque prevented normal upward
jaw motion, lip closure for /b/ production
and frication for /z/ production were attained
on all trials. In /bab/, for example, peak
lower-lip displacement and upperlip dis-
placement occurred, on the average, 5 ms
before and 5 ms after acoustic closure (sec
Footnote 4), respectively, on control trials,
and 11 ms and 7 ms, respectively, after
acoustic closure on perturbed trials. Thus,
the differences in timing among articulators
between perturbed and unperturbed utter-
ances were small, and we were not able to
hear any obvious differences between per-
turbed and control conditions.

Examination of the kinematics in Figures
3 and 4 and corresponding rectified and
averaged EMG activity in Figure 5 reveals
interesting adjustments in response to jaw
perturbation. Figure 3, Panel A shows that
in the perturbed trials, the downward dis-

- placement of the upper lip in /b&b/ is greater

than it is in the control trials. Measured at
the acoustic onset of /b/ closure for final /b/
production, this difference is highly signifi-
cant, #18) = 3.19, p < .01, two-tailed. In
contrast, for /bez/ (Figure 3, Panel B) the
upper lip shows no differences in displacement
for perturbed and control conditions, #18) =
.001, p > .1, when measured at the onset of
/z/ frication.

One anomalous result is that OOS (Figure
5, top) shows an active increase in EMG

KELSO, TULLER, BATESON, AND FOWLER

activity with an average latency of 20 ms in
response to the added load for both /bab/
and /bzz/ utterances (SD = 18 ms). Thus,
even though there are differential movement
effects for /baeb/ and /bez/ as a function of
perturbation, the EMG response, at least in
terms of its timing, is similar in both utter-
ances. Although this result is puzzling, several,
perhaps related, interpretations are possible.
One is that although in /b®z/ utterances
there was little vertical upper-lip displacement,

JAW VELOCITY
A, /baeb/

/ TORQUE
- ONSET

1 t 1 1 ¢ t 1

'H OQms4
I

Figure 2. The consistent reaction of the jaw to a constant
force load (5.88 N, 1.5 s) applied during closing for the
final consonant in /beb/ and /bzz/ utterances. (Velocity
changes direction abruptly in response to torque. The
traces are raw data and represent the first 8 of a set of
10 perturbation trials presented randomly in a sequence
of 40 trials. The remaining two traces were very similar
but are not shown because of a graphics display limita-
tion.) )
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A /baeb/ B. /baez/
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10 mm
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J i L i . i L .
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F200ms+ L 200ms-
158
DISPLACEMENT

Figure 3. Upper lip, lower lip (with jaw movement contribution subtracted), and jaw displacement for the
utterances /bab/ and /bzz/. (Each trace represents the average of 10 tokens for perturbed [solid line] and
control [dotted line] conditions. The vertical line in each window marks the onset of torque to the jaw.
For illustration purposes, the two conditions have been overlaid by temporally sliding the control condition,
which does not have a torque line-up point, relative to the perturbed condition, which does, taking the
Jjaw as a reference point.)
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Figure 4. The articulatory velocity profiles for the same data shown in Figure 3 with the same plotting
conventions.

819



820

KELSO, TULLER, BATESON, AND FOWLER

A. /baeb/ B. - [baez/
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L 1.5s. 15 s.
EMG

Figure 5. Average rectified electromyographic (EMG) activity of upper lip (00S), lower lip (OOI), and
tongue (GG) muscles for perturbed (solid trace) and control (dotted line) conditions.

we observed that the subject protruded the
lips slightly, a maneuver that could be revealed
by measuring horizontal displacement. The
present study, however, does not allow us to
evaluate this possibility. Relatedly, the data
shown in Figures 4 and 5 suggest that the
jaw and upper lip may be functionally coupled
in /bez/ as well as in /b&b/. The increase in
EMG activity that is time locked to jaw
perturbation, combined with a small increase
in upperlip downward velocity (Figure 4,

Panel B), renders this interpretation viable.

Alternatively, the EMG response to pertur-
bation in both /ba&b/ and /b®z/ may only
reflect a general stiffening in the upper lip
rather than active trajectory control. Further

research is needed to evaluate these possibil-

ities.

In contrast to the upper-lip kinematics, the
lower lip exhibits compensatory movement
behavior in both /bzb/ and /b&z/ utterances
(Figures 3 and 4). Examination of displace-
ment and velocity profiles reveals a rapid
increase in lip kinematic values when the jaw
is perturbed. The nearly immediate and highly

consistent response of the lower lip to pertur- -

bation is shown for individual tokens in
Figure 6. The onset delay of the increase in
lower-lip velocity—seen as an inflection point
in the closing gesture for /b&b/ and as a
sharp velocity spike in /b&z/—is on the order

of 5 ms to 10 ms. As an interesting aside,
the difference between the trajectory of the
lower lip in /b&b/ and that in /b&z/ before
perturbation suggests that the lower lip is not
ordinarily involved in producing /z/ but is
involved in /b/ production (see also averaged
data in Figures 3 and 4).

The almost immediate response of the
lower lip to jaw loading and the finding that
there were no significant increases in OOl
activity (Figure 5, middle row) for either
utterance indicate that the lower-lip pertur-
bation response is a passive mechanical effect
that arises when jaw motion is abruptly
halted. In addition, the highly stereotypic
lower-lip reaction to jaw perturbation con-

_trasts with the findings of other perturbation

studies in speech that show considerable trial-
to-trial variability in articulator movements.
For example, Abbs and Gracco (1983; in
press) found that in response to a brief per-
turbation applied to the lower lip, there were
reciprocal trade-offs in amplitude between
upper- and lower-lip movements as well as in
associated muscle activity. In “active com-
pensation,” different (but systematic) magni-
tudes of movement and EMG activity in
coupled articulators are apparent (see also
Hughes & Abbs, 1976). The stereotypy evident
in the present data on lower-lip movements,
however, is more indicative of a passive shear-
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ing of the lower lip from the jaw, arising as a
consequence of the momentum created by
halting jaw motion.

One important feature of the lip closure
response to perturbation should not be over-
looked, namely, that the lips do not meet at
the same point in space as they do in control
conditions. In Figure 3, Panel A, for example,
the amplified response of the lower lip alone
(solid line) does not mean that the lower lip
is more elevated in perturbed conditions than
it is in control conditions. In fact, the opposite
is true because the increase in lowerlip dis-
placement is smaller than the decrease in jaw

LOWER LIP VELOCITY

A /baeb/

+100ms-

TORQUE
ONSET o {-100Ims4]
I ] 1 1 1

Figure 6. The very rapid and consistent lower lip reaction,
seen as an inflection in the velocity trace, to perturbations
of the jaw for /bab/ and /bez/ utterances. (The plotting
convention is identical to that shown in Figure 2.)
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height created by loading. Thus, not only is
the upper lip lower in space in perturbed
conditions relative to control conditions, but
the lower lip is also, #18) = 3.20, p < .0l.
What seems important here is that closure,

not some spatial target, is achieved (cf.

MacNeilage, 1970, 1980, for a discussion of
the status of target theories in speech).

The passive reaction of the lower lip con-
trasts with the active compensation to jaw
loading evident in tongue-muscle activity for
/bzz/. When EMG responses from genioglos-
sus are aligned and averaged with respect to
the onset of /z/ frication, the increased am-
plitude in perturbed trials relative to control
trials is highly significant, #(18) = 7.76, p <
.001. Again, as it is for the lips in /bab/,
the EMG response in /b&z/ is time locked to

- the application of torque (see Figure 5, Panel

B) and occurs remarkably quickly (range: 20
ms-30 ms). No such differences in tongue-
muscle activity occur for /beb/, 1(18) = .88,
p>.107° .

The pattern of reactions to perturbations
of the same.magnitude but of much shorter
duration (50 ms) was similar in some respects
to those discussed earlier but with some
marked differences. Figures 7 and 8 present
the kinematic variables of displacement and
velocity for each articulator, and Figure 9
shows corresponding EMG data. One differ-
ence that is immediately apparent is that the
articulators for both /bab/ and /baz/ utter-
ances quickly return to their normal trajec-
tories following the offset of the perturbation
(compare Figures 3 and 4 with Figures 7 and
8). In fact, by the time closure is achieved,
there are no significant differences between
perturbed and control conditions in displace-
ment of the upper lip for /bab/, #(18) = 0.1,
p> .1. Differences in the amplitude of muscle
activity in the tongue for /b®z/ come close
to, but miss, significance, 1(18) = 1.84,
p > .05,

5 The large burst of genioglossus activity evident in

v /bb/ utterances and the second peak in /bz/ utterances

are related to production of the /g/ in the carrier phrase
“again.” Examination of the acoustics revealed that the
torque occurred closer to the onset of /b/ closure than
to the onset of /z/ frication. This is reflected in the
proximity of genioglossus activity to torque onset in
/b&b/ utterances relative to /b&z/ utterances.
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Figure 7. Upper lip, lower lip (with jaw movement contribution subtracted), and jaw displacement for the
utterances /beb/ and /bez/. (Each trace represents the average of 10 tokens for perturbed [solid line] and
control [dotted line] conditions. The vertical line in each window marks the onset of torque to the jaw. In
this case a torque of 5.88 N is applied for only 50 ms.)

This homeorhetic property of the articu- before in studies of human finger movements
latory trajectories (i.e., a tendency to return (e.g., Kelso & Holt, 1980) and monkey arm
to a “preferred” trajectory) has been observed movements (cf. Bizzi, Chapple, & Hogan,
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Figure 8. Corresponding articulatory velocity profiles for the displacement data shown in Figure 7.
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Figure 9. Electromyographic (EMG) profiles corresponding to kinematic data for briefly perturbed (solid
lines) and control (dotted lines) trials. (Each trace is the average of 10 tokens.)

1982) and has led to the proposal that trajec-
tory is an actively controlled variable (Bizzi
et al,, 1982). However, the present data display
lightly damped springlike behavior; the return
to a normal jaw trajectory, for example, is
preceded by an overshoot response. Thus,
homeorhesis may arise as a consequence of
the behavior of a dynamic system and need
not require the assumption of active trajectory
control.

In summary, although the present findings
are preliminary, they are consistent with co-
ordinative-structure theory, particularly when
recent work on speech and other motor ac-
tivities is also considered. For example, the
highly flexible character of the EMG and
kinematic patterns observed in Experiments
1 and 2 is similar to the adaptive reactions
found in recent studies of cat locomotion {cf.
Forssberg, 1982, for review). When light touch
or a weak electrical shock is applied to a
cat’s paw during the flexion phase of the step
cycle, an abrupt withdrawal response occurs
as if the cat were trying to lift its leg over an
obstacle. When the same stimulus is applied
during the stance phase of the cycle, the
flexion response (which would make the an-
imal fall over) is inhibited, and the cat re-
sponds with added extension (cf. Forssberg,
Grillner, & Rossignol, 1975). The “stumble

corrective reaction” is present in intact and
spinal animals and, like the forms of inter-
articulator cooperation we observed, occurs
remarkably quickly. The earliest flexor burst
in response to a tactile stimulus applied during
the swing phase, for example, occurs with a
latency of 10 ms. Just as these reactions are
not stereotypic and are functionally suited to
the requirements of locomotion, so the pat-
terns obtained in our experiments appear to
be flexibly tailored to meet phonetic require-
ments. ’

In Experiment 3 we attempted to converge
on the task-specific nature of coordinative
structures by determining, in a manner akin
to that used in the research discussed earlier,
whether the cooperative behavior among ar-
ticulators is sensitive to the phase of motion
during which an unexpected perturbation is
applied. For example, does perturbing the
Jjaw during the opening phase of the utterance
/beb/ induce a remote reaction in the upper
lip? Since the upper lip is minimally (if at
all) involved in the opening, vowel-producing
phase, we would not expect to see a remote
response in that phase unless the system were
rigidly coupled. However, in the closing phase
(i.e., the transition out of the vowel into the
final consonant), in which the upper lip is
actively involved in the closing gesture, the
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upper lip should respond to a sudden lowering
of the jaw and lower lip. In addition to
examining remote reactions, we evaluated
possible phase-dependent responses in the
structures local to the perturbation, namely,
the lower lip and the jaw itself.

v Experiment 3
Method

Subject, materials, and procedures. One subject, an
adult male who was not one of the authors and who
had never participated in a perturbation study, took part
in this experiment (see Footnote 3). The speech sample
contained two utterances, “/bab/ again” and “/bep/
again.” -Eighty trials of each utterance were performed
in a single block, for a total of 160 trials. In each block,
12.5% of the trials were perturbed during the opening

phase of jaw motion, and 12.5% were perturbed during
the closing phase. The jaw was perturbed at the same
predetermined position in both phases of the motion. As
in Experiments 1 and 2, a constant force load of 5.88 N
of 1.5-s duration was delivered to the jaw via a torque
motor attached to a custom-made dental prosthesis.
Between perturbations, the motor exerted a 30-g tracking
force that did not perceptibly impede or alter normal
articulation.

As in Experiments 1 and 2, jaw and upper- and lower-

lip movements were optically tracked by a modified
SELSPOT system. In addition, EMG potentials from OOS
and OOI were obtained from noninvasive surface (paint-
on) electrodes. It is important to note that the subject
knew neither which trials would be perturbed nor the
phase of jaw motion that would be loaded. Therefore, an
additional level of uncertainty was present in this exper-
iment. Movement and EMG data and the audio signal
were recorded for later off-line processing.

Results and Discussion

The following analysis of the movement
-trajectories is based largely on differences
between perturbed and control trials in peak
articulator positions for opening and closing
phases of the respective gestures. Once again,
the load systematically influenced jaw motion
as intended. Figure 10 shows four pairs of
Jjaw-movement trajectories, corresponding to
the four conditions examined. Each pair rep-
resents the averaged trajectories for all the
perturbed and control trials in that loading
phase and for that phonetic context. During
the opening phase of jaw movement, the
perturbed trajectories (denoted by the heavier
line in Figure 10) rapidly diverge downward
after load onset. At the point of maximum
opening for the vowel, they are much lower,

KELSO, TULLER, BATESON, AND FOWLER

JAW
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/ /\ﬁ
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Figure 10. Four pairs of jaw-movement trajectories cor-
responding to the four experimental conditions examined.
(The thin lines are the average unperturbed, control
trials. Thick lines represent the mean perturbed trajec-
tories.)

for /beb/ utterances, #(14) = 4.63, and for
/bep/ utterances, 1(17) = 4.59, ps < .001.6
Note also that the jaw trajectories are still
lower at the point of peak raising for produc-
tion of the final consonant; for /b&b/ utter-
ances, #(14) = 5.21, and for /bap/ utterances,
K17) = 4.26, ps < .01. This is perhaps not
surprising, because the load remains on for
1.5 s. When the load is applied during the
closing phase of motion, the jaw trajectories,
as expected, are not different at peak jaw

¢ In the following analyses, there are always 10 control
trials to compare with the perturbed trajectories. However,
because of technical difficulties (e.g., the subject’s making
nonspeech jaw movements that triggered the perturbation),
there are not always 10 perturbed trials. Therefore, we
present the pooled degrees of freedom (N-2) for statistical
tests, although we have performed all the tests using the
adjusted degrees of freedom as well. Pooled and adjusted
results are very similar; however, where they diverge, we
report both. .
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Figure 11. Average lower lip plus jaw (LLJ) and lower lip alone (LL) trajectories for the utterance /bab/
under perturbed (thick line) and control (thin line) conditions. (OOl is the rectified 'and ‘averaged, but
unsmoothed electromyographic response of a lower lip raising muscle, orbicularis oris inferior.)

lowering for either /bab/, (12) = —.20, or
/bep/, 18) = —1.73, ps > .10. Following
load onset, however, the trajectories again
diverge, and the loaded jaw remains much
lower at stop closure in both phonetic con-
texts, for /bab/, #(12) = 8.69, p < .01, and
for /bep/, t(18) = 5.23, p < .01. It is clear,
therefore, that load application in both phases
of the motion had the intended effect on the
Jaw trajectories.

In Figures 11 and 12, we show the extent
to which “local” reactions occur in the lower
lip in response to jaw perturbation for the
utterances /bab/ (Figure 11) and /bap/ (Fig-
ure 12). In the figures, the lower-lip position
is shown in absolute space as it rides the jaw
(the LLJ traces) and without the jaw motion
contribution (the LL traces). The traces along
the bottom of the figures are averaged, but
unsmoothed, signals for a lower-lip muscle
(OOI), which is active for bilabial closure.
Stippled portions in the figures denote in-
creased muscle activity in perturbed trials
(the thicker line) relative to control trials.

As the jaw does, the lower-lip-jaw complex
shows a reaction to the jaw load during the

opening phase of motion. Measured at max-
imum lowering, LLJ is perturbed downward
in both /bxb/, #(14) = 6.03, and /bap/,
H(17) = 5.96, ps <.0l. Again, because the
load remains on, the lower-lip—jaw complex
remains lower at the point of peak closure
on perturbed trials, for /beb/, ((14) = 3.71,
p < .01, and for /bp/, t(17) = 4.75, p < .01.
When the jaw is loaded during the closing
phase of motion, there is a difference between
perturbed and control LLJ traces only at the
point of peak closure, for /beb/, t(12) =
6.08, p < .01, and for /bep/, #18) = 5.38,
p < .01. As expected, the trajectories are not
significantly different at peak lowering, that
is, before the load is applied, for /bab/ utter-
ances, #(12) = —.47, and for /bap/ utterances,
H18) = —1.55, ps > .10. ‘

Figures 11 and 12 also show the responses
of the lower lip alone (LL) to perturbation in
the opening phase. Independently of jaw low-
ering, the lip traces diverge rapidly after load
onset and are reliably lower at peak opening
for the vowel after jaw loading in both /b&b/
utterances, #(14) = 5.55, and /bep/ utterances,
w17) = 6.00, ps < .01. A marked increase in
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Figure 12. Average lower lip plus jaw (LLJ) and lower lip alone (LL) trajectories for the utterance /bep/
under perturbed (thick line) and control (thin line) conditions. (OOI is the rectified and averaged, but
unsmoothed electromyographic response of a lower lip raising muscle, orbicularis oris inferior.)

OOI activity accompanies the lowerlip re-
sponse. A conservative estimate of the mean
latency in OOI is 20 ms, with a range of 15
ms-35 ms. Although the mean lower-lip po-
sition is not as high at closure in conditions
when the jaw is loaded during the opening
phase as it is in control conditions, the effect
is highly variable and nonsignificant, for
/bzb/, «(14) = —1.06, p > .10, and for
/bzp/, (17) = —1.31, p > .10.

The right side of Figures 11 and 12 shows
the average lower-lip response to perturbations
applied during the closing phase of jaw mo-
tion. The peak closure displacements of per-
turbed trials are not different from those of
control trials for either /b&b/, #(12) = —1.24,
p > .10, or /bep/, t(17) = .53, p > .10, which
suggests that the lower lip has completely
compensated for the lower jaw position.
Again, there is a noticeable QOI reaction
some 30 ms on the average after load onset,
although this may in part reflect overall stiff-
ening of the lower lip (note the generally
elevated posture of the lower lip after peak
closure has occurred). As expected, the lip
trajectories are not different prior to load

onset, that is, at peak lower-lip depression,
(12) = =79, p > .10 for /bxb/ and #(18) =
.86, p > .10 for /bap/.

Local movement and EMG reactions occur
in response to jaw perturbations that are
introduced in both opening and closing phases
of the gestures. The very pronounced OOI
acitivity when the load occurs during the
opening phase of jaw motion may be indica-
tive of the upcoming requirement of lip clo-
sure. Because the mean lower-lip position
(independent of jaw movement) is lower as a
result of the perturbation, it must move fur-
ther and more rapidly to contribute to bilabial
closure. Hence, an increase in muscle activity
is not surprising. The active changes in lower-
lip muscle activity in this subject contrast
with the passive “shearing” effects exhibited
by a different subject in Experiment 2 (and
possibly in Experiment | as well). Note that
the form of the jaw trajectories in the same
phonetic context (/beby/) is also dramatically
different for the two subjects. For the first
subject, the jaw was essentially halted by a
load applied during the raising trajectory (see
Figure 3). For the subject in this experiment,
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Figure 13. Average upper lip (UL) and lower lip plus jaw (LLJ) trajectories for the utterance /bab/ under
" perturbed (thick line) and control (thin line) conditions. (OOS is the rectified and avéraged, but
unsmoothed, electromyographic response of an upper lip lowering muscle, orbicularis oris superior.)

the load did not have such an effect on the
jaw trajectory. These between-subject differ-
ences in jaw trajectory in reaction to a load
may influence the extent to which a structure
linked to the jaw (the lower lip) actively
participates. A sudden halting of the jaw may
cause a shearing response in the lower lip,
whereas a reduction in the magnitude of the
load or a stronger jaw reaction to the load
may be associated with a more active neu-
romuscular response in locally linked articu-
lators. A systematic manipulation of load
magnitude could help resolve this question.
Although we did not expect the patterns
of cooperation among articulators to be iden-
tical among subjects, we did predict (provided
anatomical limitations have not been violated)
that the integrity of the phonetic act would
be preserved. What then of phase-dependent
remote effects? In Figures 13 and 14 we
display the upper-lip movement and EMG
traces for perturbed and control trials of
/bxeb/ utterances (Figure 13) and /b&p/ ut-
terances (Figure 14). To aid comparison, the
trajectories for the lower lip plus jaw are also

shown. When the perturbation was applied
during the opening phase, the upper-lip tra- .
jectories were variable and no different from
those for control trials when measured at the
peak raising point, for /beb/, #(14) = 1.45,
p> .10, and for /bep/, ((17) = 1.70, p> 1.0.
However, in opening-phase perturbation trials,
the upper lip did lower further on perturbed
trials that it did on control trials when lip
position was measured at peak closure, for
/bxeb/, t(14) = 3.65, p < .01, and for /bep/,
H17) = 3.51, p < .0l. Presumably this low-
ering occurs to accommodate the reduction
in lower lip—jaw height. '

When the load was applied during closure,
there was again a significant lowering of the
upper lip for both /b&b/ utterances, #(12) =
2.77, p < .01, and /bep/ utterances, H(18) =
2.68, p < .02, but no differences earlier in
the trajectory at the point of the peak raising
movement, for /bab/, £(12) = 1.22 and «(18) =
—1.32 for /bzp/, ps > .10.

In general, although the upper-lip muscle
recordings are good, clear differences between
perturbed and control trials in either timing
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Figure 14. Average upper lip (UL) and lower lip plus jaw (LLJ) trajectories for the utterance /bzp/ under
perturbed (thick line) and control (thin line) conditions. (OOS is the rectified and averaged, but
unsmoothed, electromyographic response of an upper lip lowering muscle, orbicularis oris superior.)

or magnitude were not readily discernible.
For this subject, at least, OOS muscle acti-
vation may be sufficient to generate upper-lip
motion until a collision with the lower lip
occurs. In short, there may be no necessary
requirement for a finely modulated EMG
. response in the upper lip because bilabial
consonants are characterized by fixed bound-
ary conditions.

General Discussion

Even simple speech gestures involve co-
operation among many degrees of freedom
operating at respiratory, laryngeal, and supra-
laryngeal levels. Bernstein (1967) hypothesized
that rather than controlling each degree of
freedom separately, the central nervous system
collects multiple degrees of freedom together
into functional synergies or coordinative
structures that then behave, from the per-
spective of control, as a single unit. The
present research addresses Bernstein’s hy-
pothesis in an effort to identify and analyze
coordinative structures in speech. In this
regard, it contrasts with much other work on

motor control whose focus is restricted to
actions of a single joint (see Stein, 1982 for
many examples).

The hallmark of a coordinative structure
as we define it (see also Boylls, 1975; Fowler,
1977; Kelso & Holt, 1980; Kelso & Saltzman,
1982; Kelso et al.,, 1979; Kugler, Kelso, &
Turvey, 1980; Nashner et al., 1979; Turvey,
1977) is the temporary marshaling of many
degrees of freedom into a task-specific, func-
tional unit. This definition should not be

"confused with the traditional, reflex-based
use of the term synergy elaborated, for ex-
ample, by Easton (1972). As Szentagothai
and Arbib (1974) have pointed out, such use
of the term “is too restrictive to capture the
concepts” (p. 165). Partly in response to these
authors’ request for “a redefinition of syner-
gies to revitalize motor systems research”
(Szentagothai & Arbib, 1974, p. 165), we
have provided a recent elaboration of coor-
dinative structures in terms of their neuro-
physiological and behavioral manifestations
(Kelso & Tuller, 1983/1984; Kelso, Tuller, &
Harris, 1981/1983).
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The task specificity hypothesized by coor-
dinative structure theory is supported by the
findings in the present experiments. For the
production of both /b/ and /z/, rapid and
highly distinctive patterns of the upper lip,
lower lip, and tongue occurred in response
to unexpected jaw loadings so that the desired
sound was produced. In all cases, the adjust-
ments, though varied, were such as to preserve
the integrity of the phonetic act. For example,
for /z/ frication in Experiments 1 and 2,
there was no detectable upper-lip movement.
However, because the jaw was much lower
than usual, highly amplified tongue-muscle
activity, necessary to obtain an appropriate
alveolar position for fricative production, was
observed. As the lips did in /b&b/, the tongue
in /baz/ responded remarkably quickly on
the first perturbation trial and again with no’
slurring or distortion perceptible to a listener.
As in recent studies of bite-block speech
(akin to speaking with a pipe in one’s mouth),
in which sensory information was drastically
reduced by anesthetization of oral structures
combined with auditory masking, we found
no evidence of any short-term “learning” (cf.
Kelso & Tuller, 1983). Articulatory “compen-
sation” was achieved, therefore, with little or
no practice.

The coordinative-structure account applies
equally well to disruptions that are static and
anticipated (like the bite-block experiments)
and those that are time varying and unantic-
ipated. Adjustment to either type of pertur-
bation is a predictable outcome of an ensem-
ble whose constituent muscles function co-
operatively as a single unit. If the operation
of certain variables is fixed, as it is in bite-
block speech, or unexpectedly disturbed as a
result of on-line perturbation, functionally
linked variables will preserve the synergistic
constraint. As we have emphasized before
(Kelso & Tuller, 1983; see also Abbs &
Gracco, 1983), “compensation” is character-
istic of the speech system’s normal mode of
operation. For example, in a study of respi-
ratory function during speech, Hixon, Mead,
and Goldman (1976) found that the relative
contributions of thorax and abdomen move-
ments adjust in order to preserve subglottal
pressure level across large postural changes
(e.g., lying versus standing). Similarly, Suss-
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man, MacNeilage, and Hanson (1973), in a
study of lip and jaw movements in a variety
of vowel-consonant-vowel triads, observed
that jaw elevation ‘at consonant closure was
directly proportional to the height of the
following vowel. Thus, to occlude the vocal
tract for /p/ production in /®p=®/ versus
/®pi/, the lips must “compensate” differen-
tially to accommodate different jaw positions.
Both of these studies suggest task-specific
cooperation in naturally occurring situations.

One account of multimovement adjust-
ments to unanticipated disruptions posits a
closed-loop peripheral feedback mechanism
(cf. Abbs, 1979; Folkins & Abbs, 1975). As
we have pointed out, however (Fowler &
Turvey, 1978, 1980; Kelso, 1981: Kelso &
Tuller, 1983), a closed-loop system, though
capable in theory of detecting and correcting
“errors” in the perturbed structure, has no
mechanism for producing adaptive move-
ments in remote and nonbiomechanically
linked articulators. Because of this limitation,
Abbs and Gracco (1983) have recently pro-
posed an “open-loop adjustment process” to
account for upper-lip changes that occur as a
result of lower-lip perturbations “based upon
a pre-established sensorimotor translation be-
tween lower-lip afferent signals and upper lip
motor actions” (p. 393). This notion is similar
to the predictive, feedforward processes hy-
pothesized by Ito (1975) for vestibular-ocular
interactions during eye-head movement and
elaborated more recently by Houk and Rymer
(1981). Viable though feedforward may. be,
it is nevertheless difficult to envisage how—
without the concept of coordinative struc-
ture—all the computation could be preestab-
lished in such a way that the lips, jaw, and
tongue (not to mention other possible artic-
ulators not observed in these experiments)
perform precisely those movements that meet
the speaker’s objective. The problem is ex-
acerbated when unexpected challenges are
introduced whose dimensions (e.g., magni-.
tude, duration, site) are potentially manifold.
However, although the particular neural pro-
cesses involved await clarification, a central
conclusion of Abbs (in press), that the “ner-
vous system prioritizes acoustically and aero-
dynamically significant multiaction gestures
over individual movements and muscle ac-
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tions” and that “these sensorimotor capabil-
ities relieve the nervous system of having to
prespecify the motor details” has much in
common with the concept of coordinative
structure.

The results of Experiment 3 provide further
evidence for task-specific, coordinative-struc-
tures in speech production. Remote responses

_in upper lip were found to be phase depen-
dent; that is, they occurred only when they
were functionally appropriate. Similar func-
tionally-based forms of neuromuscular co-
operation have been observed in recent studies
of posture in humans (e.g., Cordo & Nashner,
1982; Marsden, Merton, & Morton, 1981,
1983). For example, Marsden et al. (1983)
applied a small perturbation to the thumb of
a standing subject as he was performing a
thumb tracking task, and observed reactions
in muscles remote from the prime mover
(e.g., in pectoralis major, in the triceps of the
opposite limb when it gripped a table top,
and in the opposite thumb when it served to
stabilize motion). These distant reactions were
very rapid (e.g., 40 ms in pectoralis), some-
times faster than the local autogenetic re-
sponse in the structure perturbed. Although
exquisitely sensitive, these reactions are not
caused by length changes in the postural
muscles themselves. Perturbations of only 7.5
g to the thumb or wrist, often not even
detected by the subject, were associated with
brisk, distant reactions. :

As predicted by coordinative structure the-
ory, distant reactions occur only when they
perform a useful function and they are flexibly
tuned to that function. Marsden et al. (1983)
found that postural responses in triceps dis-
appeared if the hand was not exerting a firm
grip on the object. If, instead of holding a
table top, the nontracking hand held a cup
of tea, the responses in triceps reversed, which
is exactly what they have to do to prevent

the tea from spilling. Marsden et al. (1983).

concluded that these rapid, remote effects
“constitute a distinct and apparently new,
class of motor reaction” (p. 645) that has led
them to abandon an account based on stretch
reflexes.

In the present experiments, although the
adaptive reactions could be described as re-
flexive because of their speed, their mutability
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speaks against any fixed reflex connections
or rigidly constructed servomechanisms.
Similarly, it is extremely doubtful that the
articulatory patterns we observed in response
to jaw loading at different phases of motion’
and in different phonetic contexts are com-
pletely preprogrammed. Rather, the system
we are dealing with appears to be “softly”
assembled and flexible in function, not ma-
chinelike and rigid (Iberall, 1978). The present
data, preliminary though they are, suggest
that the mode of operation of the speech
system is intrinsically task oriented and that
both rapid local and remote articulatory con-
tributions are involved in the implementation
of cooperative action. Most important, how-
ever, the adjustments appear to reflect a
synergistic organization among articulators
that is tailored to the requirements of the
spoken act.
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