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The hypothesis that speech goals are defined acoustically and
maintained by auditory feedback is a central idea in speech
production research1–6. An alternative proposal is that speech
production is organized in terms of control signals that subserve
movements and associated vocal-tract configurations7–9. Indeed,
the capacity for intelligible speech by deaf speakers suggests that
somatosensory inputs related to movement play a role in speech
production—but studies that might have documented a somato-
sensory component have been equivocal. For example, mechani-
cal perturbations that have altered somatosensory feedback have
simultaneously altered acoustics10–14. Hence, any adaptation
observed under these conditions may have been a consequence
of acoustic change. Here we show that somatosensory infor-
mation on its own is fundamental to the achievement of speech
movements. This demonstration involves a dissociation of soma-
tosensory and auditory feedback during speech production. Over
time, subjects correct for the effects of a complex mechanical load
that alters jaw movements (and hence somatosensory feedback),
but which has no measurable or perceptible effect on acoustic
output. The findings indicate that the positions of speech articu-
lators and associated somatosensory inputs constitute a goal of
speech movements that is wholly separate from the sounds
produced.

We have adapted a technique used in studies of limb motor
control to apply velocity dependent mechanical perturbations to the
jaw. The perturbation was designed to be of sufficient strength to
alter systematically the motion path of the jaw, and hence somato-
sensory feedback, without affecting the associated acoustic output.
As in work on limb movement, adaptation to an artificial mechan-
ical force field indicates the adjustment of control signals to take
account of loads on the basis of sensory input15–19.

We have altered somatosensory feedback in three different tasks—
one involving normal vocalized speech, another during ‘silent
speech’ (speech without vocalization), and a third that involves a
non-speech jaw movement that is matched in amplitude and
duration to that observed in speech. In the vocalized speech
condition, subjects were required to repeatedly produce the utter-
ance siat (pronounced ‘see-at’) at a subject-chosen rate and volume.

This condition was tested to assess the extent to which adaptation to
a somatosensory perturbation might occur in the presence of
unaltered acoustic feedback. The silent speech condition explicitly
removed auditory feedback, and hence examined the ability of
subjects to adapt in the total absence of auditory input. Subjects in
this group were asked to articulate the utterance siat without
producing any sound. The non-speech condition addressed the
issue of whether adaptation would occur in a cyclical jaw movement
task that is matched only in amplitude and duration to that
observed in speech. There was no reference whatsoever to speech
production in the description of the task for the non-speech group.

A robotic device was connected to the mandibular teeth, and was
used to deliver mechanical perturbations to the jaw (Fig. 1a).
Sagittal plane forces were applied along a horizontal axis (parallel
to the occlusal plane), in the direction of jaw protrusion. The forces
were proportional to the instantaneous vertical velocity of the jaw
(measured at the incisors) such that the magnitude of the pertur-
bation increased with the velocity of movement (Fig. 1b). Perform-
ance was quantified for each subject by measuring on a trial-by-trial
basis the maximum horizontal distance between the movement
path under force-field conditions and the average movement path
with the field off (null field). A decrease in the horizontal distance
over trials reflects sensorimotor adaptation in which the effect of the
force field is reduced.

Analyses of kinematic data revealed a systematic pattern of force-
field adaptation in speech production. Figure 2 illustrates move-
ments for individual subjects in the vocalized speech condition
(Fig. 2a), the silent speech condition (Fig. 2b) and the non-speech
condition (Fig. 2c). A baseline phase of 20 null-field trials provided
a reference movement path under unperturbed conditions (black
lines). As shown in blue, the jaw path deviated in the direction of
protrusion with the introduction of the force field. Following
training, adaptation (shown in red) was observed in the vocalized
speech and the silent speech conditions, but not in the non-speech
condition. The green paths illustrate an after-effect in which the jaw
was retracted in comparison to the baseline following the unex-
pected removal of the force field (vocalized speech and silent speech
conditions).

Figure 3 gives mean values of maximum horizontal deviation in
each of these conditions on a per-subject basis. It can be seen that
the force field had a similar initial effect for subjects in all
experimental conditions: compared to the baseline, movements at
the start of training in the force field deviated significantly in the
protrusion direction (P , 0.001 for all subjects). Although there

Figure 1 Experimental set-up and representative data. a, Diagram showing subject

attached to the robotic device. b, Jaw opening movement with the force field off (black)

and on initial exposure to the field (grey). Vectors depict the magnitude and direction of

force applied by the robot over the course of the movement. The double-headed arrow

shows the maximum horizontal deviation between null-field and force-field movements

that served as a performance index.

Figure 2 Sagittal plane jaw motion paths. Data were acquired during the baseline

condition (black trace), on initial exposure to the force field (blue), at the end of training

(red), and following unexpected removal of the field (green). The figure shows individual

trials for single subjects. a, During vocalized speech, adaptation to the force field and a

subsequent after-effect are observed. b, During silent speech, the pattern of adaptation

and after-effect observed in vocalized speech are unaltered by removal of acoustic

feedback. c, Matched non-speech movements show neither adaptation nor an after-

effect.
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were individual differences in the initial deviation caused by the
field, there was no overall difference in the magnitude of the
perturbation between the groups (P . 0.05). Somatosensory feed-
back was thus initially altered in a comparable way in each of the
conditions tested. At the end of training (shown in red), adaptation
was observed as indicated by a significant reduction in deviation
from baseline for all but two subjects (S7 and S8) in the vocalized
speech group (P , 0.01), and for all subjects in the silent speech
group (P , 0.001) (Fig. 3a, b). In contrast, adaptation was not
observed in the non-speech group: for two subjects, movements at
the end of training did not differ reliably from those at the beginning
(P . 0.05), for the other two subjects there was an increase in the
deviation (Fig. 3c, left side). A motion-dependent after-effect
(shown in green) following the unexpected removal of the force
field illustrates that adjustments to offset the effects of the force field
were generally as large in magnitude as the initial deviation for the
vocalized speech and the silent speech groups (Fig. 3a, b). None of
the four subjects in the non-speech condition showed an after-effect
in the direction of retraction relative to baseline (Fig. 3c).

Two subjects in the non-speech group were tested over an
extended period of time to see whether the absence of adaptation
in that condition arose simply as a consequence of limited practice.
Both were tested under force-field conditions for four days in a row
(2,100 trials in total for each subject). The right side of Fig. 3c shows
results of the final day of training, labelled 2B and 3B. Neither of the

subjects showed an adaptation or an after-effect. This indicates that
matching jaw movements on duration and amplitude alone is
insufficient for the achievement of the adaptation observed in the
speech groups.

As a further control, we tested a variant of the non-speech
condition in which subjects were required to produce discrete jaw
lowering movements from an initial position with the mouth closed
to a remembered target location. We reasoned that discrete jaw
lowering movements might have absolute spatial goals more com-
parable to those observed in speech. The opening movements were
equal in amplitude and duration to the opening movements in the
vocalized speech condition. Subjects were instructed to briefly hold
the target position and then to return slowly to the starting position.
Subjects were trained in the same force field as in the previous
conditions. A pattern similar to that observed in cyclical non-speech
movements was obtained (Fig. 3d). For all subjects, initial exposure
to the force field resulted in a reliable deviation from baseline
conditions (P , 0.01). Training did not produce a reduction in the
deviation (P . 0.05). The sudden removal of the force field did not
result in an after-effect comparable to that observed in Fig. 3a, b
(P . 0.05).

To verify that the perturbations produced by the force field did
not systematically alter the speech acoustics, the first and second
formant frequencies were examined during the transition between i
and a in the test utterance siat. Figure 4a gives an example of the
acoustic spectrogram for a single utterance. The spectrogram
depicts F1 and F2 frequencies during the voiced portion of the
utterance. The white rectangle highlights the transition between
vowels. Figure 4b shows transitions in formant frequencies between
vowels (time-normalized) at different phases of the experiment for a
single subject. It may be seen that the formant frequency transitions
were similar throughout the experiment. Statistical tests were
carried out across subjects in order to compare the acoustic signals
in the baseline, the first and the last 20% of training, and in the final
null-field trials in which the load to the jaw had been unexpectedly
removed. Differences in average F1 and F2 frequency were assessed
at the midpoint of the vowel transition as well as at its start and end

Figure 3 Jaw position during force-field adaptation shown on a per-subject basis.

Average values of maximum horizontal deviation are presented for initial exposure to the

force field (blue), at the end of the training (red), and following the unexpected removal of

the field (green). Connecting lines are provided for visualization purposes only, and do not

imply correlations across subjects. a, In vocalized speech, six out of eight subjects

showed adaptation (reduction of deviation and an after-effect). b, All subjects in the silent

speech condition showed adaptation. c, None of the subjects in the cyclical non-speech

condition showed either a reduction in deviation or an after-effect (S1–S4). S2 and S3

were tested for an extended period of time and showed no adaptation (2B and 3B).

d, Subjects in the discrete non-speech condition showed a pattern similar to those in the

cyclical non-speech condition.

Figure 4 Acoustic data. a, Spectrogram of the acoustic signal during a single repetition of

the utterance siat. The dark bands show the frequency composition of acoustical energy.

F1 and F2 formant tracks are indicated by yellow lines. The white rectangle indicates the

region of acoustical transition between vowels i and a. b, First and second formant

frequencies during the transition from i to a: baseline (black), initial exposure (blue), end of

training (red), and following unexpected removal of the field (green). Formant frequency

trajectories for a single subject are shown. The curves give average values for individual

blocks. c, No systematic acoustic effect is observed when F1 and F2 frequencies are

examined on a per-subject basis.
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(25% of the peak velocity of the transition). These points were
chosen to ensure that the velocity of the vertical movement was
sufficiently high to induce a significant mechanical perturbation
due to the field. No significant difference was found between the
four phases of the experiment at the three measurement points in F1
(P . 0.05) or in F2 (P . 0.05). Thus, the perturbation did not
measurably alter the acoustic signals.

Figure 4c shows the pattern of acoustic effects for each subject
separately. The individual data points give the formant frequencies
at the peak velocity of the transition between vowels. It may be seen
that there is no systematic pattern of acoustic changes associated
with the force field. Significant differences in formant frequencies
between the four phases of the experiment were observed in a small
number of subjects (subject 6 for F1 frequency, and subjects 6 and 8
for F2, P , 0.01). In all but one case (F2 frequency for subject 8),
values for baseline and initial exposure to the force field were
comparable. An examination of formant frequencies on a per-
subject basis was also undertaken at the start and end of the acoustic
transition between vowels. As in the case of the peak velocity
measure, no systematic acoustic effect was observed.

An additional acoustic analysis was carried out to examine the
possibility of an acoustic effect on the very first trial in which the
force field was applied. No difference was observed in F1 frequency
(P . 0.05) or in F2 frequency (P . 0.05) between the first force-
field trial and the remaining three experimental phases (baseline,
end of training and after effect). These results further support the
idea that the mechanical perturbation created by the force field was
not large enough to alter measurably the acoustic signals.

Possible perceptible differences in the acoustics due to the
presence of the force field were assessed using a perceptual dis-
crimination task adapted from ref. 20. The results of these percep-
tual tests showed no ability of listeners to distinguish utterances
produced in the force-field condition from those in the baseline
condition. The average proportion of correct identification of
utterances produced in the force-field condition was 0.54 (99%
confidence interval, CI, ^0.064). These tests were repeated by
having the subjects of the vocalized speech condition make percep-
tual discrimination judgments on their own utterances. For these
subjects, the average proportion correct was 0.49 (99% CI ^ 0.063).
There was thus no perceptible auditory cue that would distinguish
utterances produced in force-field and null-field conditions.

In summary, we have examined the role of somatosensory
information in speech production by applying velocity-dependent
mechanical loads to the jaw that altered the movement path, and
hence somatosensory feedback, without affecting the speech acous-
tics. We found that when speech acoustics were unaltered, or even
absent altogether, subjects nevertheless adapted to the perturbation
such that the motion path of the jaw approached that observed in
the absence of load. The observation that adaptation in jaw move-
ments occurs when speech acoustics are unaltered by the pertur-
bation indicates that somatosensory information on its own is a
principal component of the speech target. Changes to somatosen-
sory input result in modifications to speech movements that restore
the normal path of the jaw even when the acoustic goal is achieved.
The similarity of movements following adaptation to those
observed in the absence of load suggests that a precise pattern of
somatosensory feedback related to the entire course of the move-
ment is used to update the control signals underlying jaw motion in
speech. Moreover, the non-speech conditions demonstrate that
adaptation is not an inevitable consequence of training in a force
field, that is, it is neither due to reflexes nor a consequence of the
active force-generating properties of jaw muscles. Our findings
indicate that in speech, a somatosensory goal is pursued indepen-
dent of the acoustics. A

Methods
Experimental procedures
Mechanical perturbations were delivered to the jaw using a robotic device (Phantom 1.0,
Sensable Technologies). The coupling between the robot and the jaw involved (1) an
acrylic and metal dental appliance that was glued to the buccal surface of the teeth, and (2)
a magnesium and titanium rotary connector that permitted motion of the jaw in all six
translational and rotational degrees of freedom. The head was immobilized by connecting
a second dental appliance, which was attached to the maxillary teeth, to a rigid metal frame
that consisted of two articulated metal arms, one on each side of the head, that were locked
in place during data collection.

The force vector, f, produced by the robot depended on the velocity vector of the jaw at
the incisors, v, according to the following linear equation:f ¼ B·jvj; where B is a constant
matrix representing viscosity in N s m21. Specifically, we used a force field defined by:

B¼
Bxx Bxy

Byx Byy

24 35¼ 0 20

0 0

" #
where B xx represents force in the horizontal direction in proportion to horizontal velocity,
and B xy represents horizontal force in proportion to vertical velocity. Peak forces ranged
from 4 to 5 N.

Twenty subjects were divided into two groups, a voicing group (8 subjects) and a non-
voicing group (12 subjects). The non-voicing group was further separated into three
conditions: a silent speech condition (4 subjects), a non-speech cyclical movement
condition (4 subjects), and a non-speech discrete movement condition (4 subjects).
Subjects in all conditions were instructed to keep movement amplitude and duration
constant. The experimenter monitored a real-time display of movement parameters, and
provided verbal feedback when amplitude or duration deviated from their initial values by
more than ,20%. Subjects in the voicing group were also instructed to keep volume
constant by monitoring values on a sound pressure level meter.

The experiment began with a familiarization phase with the field off (null field), in
which subjects produced 30 repetitions (trials) of the utterance siat or the non-speech
movement that was to be subsequently tested in the experiment. A baseline phase of 20
further null-field trials provided a reference movement path under unperturbed
conditions. This was followed by a field-on training phase of 525 trials, after which the
force field was unexpectedly removed and 30 further trials were collected. These final trials
under null-field conditions assessed the possible presence of movement after-effects.
Data analyses focused on jaw lowering alone, as this phase of movement was associated
with potential acoustic effects in the vowel-to-vowel transition (i-a) due to the
perturbation.

Subject performance was quantified by measuring maximum horizontal distance
between perturbed movements and the average baseline path. The analyses were
repeated using the horizontal distance between the perturbed movement at maximum
lowering velocity and the baseline. The two yielded similar results. Statistical analyses
using analysis of variance (ANOVA) were conducted for each subject separately. The
analyses compared the maximum deviation from baseline movements in the first 20% of
the training trials, the last 20% of the training trials, and the null-field trials following
training (after-effect). Pair-wise comparisons of means were carried out using Tukey’s
method, where appropriate.

Acoustical analyses
The acoustic signal associated with the production of utterances in the vocalized speech
condition was analogue low-pass-filtered at 10 kHz and sampled at 22.5 kHz. Acoustic
formant tracking was carried out on the transition between the vowels i and a. For the
purpose of subsequent analyses, values for the first and second formants (F1 and F2,
respectively) were taken at 25% of the peak velocity of each formant transition (at the
beginning and the end of the transition) and also at the point of peak velocity. Note that
the acoustics associated with the vowel-to-vowel transitions were of particular interest as
the force field depended on movement velocity and hence would have had the greatest
effect during the transition between vowels. Statistical tests of potential acoustic effects due
to the force field were conducted on a per-subject basis for the first and second formant
frequencies separately using ANOVA.

Perceptual task
Six listeners were presented with randomly selected individual utterances recorded from
null-field and initial force-field trials. Each test sequence comprised four utterances. The
sequences were either of the form AABA or ABAA, where A represents an utterance
randomly chosen from null-field trials in the baseline condition and B is an utterance
randomly selected from initial force-field trials. The listeners were told that they would
hear utterances that were recorded in two different conditions, and were required to
indicate whether the second or the third differed from the other three. Listeners were
presented with three blocks of 50 such sequences. Each block contained utterances selected
from a single speaker.

The test was repeated using four subjects in the vocalized speech condition who were
required to make perceptual judgments on their own utterances. In this case, two blocks of
50 sequences composed entirely of the listeners’ own productions were used as stimuli. All
other aspects of the procedure were identical to those described above.
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One of the most important functions of vision is to direct actions
to objects1. However, every time that vision is used to guide an
action, retinal motion signals are produced by the movement of
the eye and head as the person looks at the object or by the
motion of other objects in the scene. To reach for the object
accurately, the visuomotor system must separate information
about the position of the stationary target from background
retinal motion signals—a long-standing problem that is poorly
understood2–7. Here we show that the visuomotor system does
not distinguish between these two information sources: when
observers made fast reaching movements to a briefly presented

stationary target, their hand shifted in a direction consistent with
the motion of a distant and unrelated stimulus, a result contrary
to most other findings8,9. This can be seen early in the hand’s
trajectory (,120 ms) and occurs continuously from program-
ming of the movement through to its execution. The visuomotor
system might make use of the motion signals arising from eye and
head movements to update the positions of targets rapidly and
redirect the hand to compensate for body movements.

In the first experiment we investigated the role of distant motion
signals in the updating of reaching movements to a stationary
target. We briefly presented a stationary object while subjects fixated
on a bull’s-eye at the centre of a screen (see Fig. 1a and Methods).
Subjects hit the position of the flashed object as quickly as possible
with their index finger. A vertically drifting pattern was presented on
the screen throughout the trial. Initially the pattern drifted in one
direction, but, at an unpredictable moment, the direction of the
drifting pattern was reversed.

Figure 1 Stimulus and results for the first experiment. a, Two patterns were presented

that drifted vertically in opposite directions. The two patterns reversed direction after a

randomly determined interval. Before or after this reversal, a stationary target was briefly

presented near the pattern on the right. The target was stationary, rather than moving,

because this allows a measurement of position without the confounding effects of target

speed. b, Results of the first experiment for four subjects. The abscissa shows the ISA

between the flashed target and the motion reversal. (Negative ISA indicates that the target

was presented before the motion reversal.) The motion reversal is depicted by the vertical

line at 0 ISA. Data have been merged so that the motion nearest the target was upwards,

then downwards, as indicated along the abscissa. The ordinate represents the magnitude

of the hand’s endpoint deviation, which was calculated as the average endpoint of the

hand for initially upward motion trials minus initially downward motion trials (see

Methods). Each data point shows the time at which the target was physically presented

and the hand’s endpoint deviation (although the data points show the time at which the

targets were presented, reaching movements were completed ,500 ms later). The

influence of motion on the endpoint position of the hand varied systematically over time for

each subject; the least significant effect was for subject J.A.D. (F (6,77) ¼ 3.14,

P ¼ 0.008). The solid line is a sigmoid fit to the average of the four subjects’ data. Results

are means ^ s.e.m.
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