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orientation angles and three positions that characterize the motion of the jaw as a
rigid body. The analysis focused on the identification of the jaw’s independent
movement dimensions, and was based on an examination of jaw motion paths
that were plotted in various combinations of linear and angular coordinate
frames. Overall, both behaviors were characterized by independent motion in
four degrees of freedom. In general, when jaw movements were plotted to show
. orientation in the sagittal plane as a function of horizontal position, relatively
Paul L. Gribble straight paths were observed. In speech, the slopes and intercepts of these paths
McGill University  varied depending on the phonetic material. The vertical position of the jaw was
Montreal, Quebec, Canada  observed to shift up or down so as to displace the overall form of the sagittal
plane motion path of the jaw. Yaw movements were small but independent of
pitch, and vertical and horizontal position. In mastication, the slope and intercept
of the relationship between pitch and horizontal position were affected by the
type of food and its size. However, the range of variation was less than that
observed in speech. When vertical jow position was plotted as a function of
horizontal position, the basic form of the path of the jaw was maintained but
could be shifted vertically. In general, larger bolus diameters were associated with
lower jaw positions throughout the movement. The timing of pitch and yaw
motion differed. The most common pattern involved changes in pitch angle during
jow opening followed by a phase predominated by lateral motion (yaw). Thus, in
both behaviors there was evidence of independent motion in pitch, yaw, horizon-
tal position, and vertical position. This is consistent with the idea that motions in
these degrees of freedom are independently controlled.
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n this paper, we examine human jaw movements in speech and mas-

tication in terms of the three orientation angles and three positions

that fully characterize the motion of the jaw. Our aim is to provide
both a comparative study of mastication and speech and to determine
the independent dimensions of jaw motion control. By systematically
manipulating the phonetic composition of the speech task and the char-
acteristics of the bolus in mastication we will provide evidence of the
independent control of jaw motion in four degrees of freedom in both
speech and mastication—sagittal plane orientation (pitch), horizontal
position, vertical position, and coronal plane orientation (yaw).

In both speech and mastication, jaw motion involves a combination
of rotation and translation. During jaw opening, the jaw rotates down-
ward and translates both forward and downward (see Figure 1). During
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Figure 1. The coordinate frame for jaw motion. The horizontal axis
is aligned with the occlusal plane. The lateral axis passes through
the condyle centers at occlusion. The origin is at the intersection of
this axis and the mid-sagittal plane. The three angular motions are
defined as follows: pitch is rotation in the midsagittal plane about
a lateral axis; roll is rotation in a frontal plane about a horizontal
(protrusion/retroction) axis; yaw is rotation in a coronal p|one
about a vertical axis.
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closing, the pattern is reversed. Significant lateral mo-
tions are observed, primarily in jaw closing movements
during mastication. The mapping between jaw muscle
actions and the mechanical degrees of freedom of jaw
motion is complex. All muscles contribute essentially to
both rotation and translation (Laboissiére, Ostry, &
Feldman, 1996; McDevitt, 1989, for review). Thus, in
order to produce movements involving rotation or trans-
lation either alone or in combination, the control sig-
nals to jaw muscles must be coordinated.

We have previously presented empirical evidence
on the organization of sagittal plane jaw motions in
mastication and speech (Ostry & Munhall, 1994,
Vatikiotis-Bateson & Ostry, 1995). We have shown that
in speech, the sagittal plane orientation and the hori-
zontal position of the jaw may vary independently (see
Edwards & Harris, 1990; Westbury, 1988, for related
findings). In mastication, no comparable independence
of the constituent jaw motions has been reported.

We have also explored how control signals to indi-
vidual muscles might be coordinated in the context of a
model of jaw and hyoid motion based on the lambda ver-
sion of the equilibrium point hypothesis (Laboissiére et
al., 1996). We have shown that independent motion in
each of the model’s kinematic degrees of freedom may
be produced using a linear combination of commands to
individual muscles. In order to extend this work either
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to a three-dimensional model of jaw motion or to incorpo-
rate the motions of other articulators, as well as to yield,
in the context of the model, testable hypotheses about the
organization of control signals to muscles, all indepen-
dently controlled motions of the jaw must be identified.

A number of differences in mastication and speech
have been documented that are consistent with the idea
that control signals to muscles may be coordinated dif-
ferently in these two behaviors. Mastication is a stereo-
typed behavior. The possibility in a number of species
including nonhuman primates of a subcortical central
pattern generator (CPG) for mastication (see Luschei &
Goldberg, 1981, for review) is consistent with the idea
that the central control of mastication and speech is dif-
ferently organized. The kinematics themselves differ.
Jaw motions in speech are more or less confined to the
sagittal plane. The amplitude of motion is typically less
in speech than in mastication. Moreover, jaw movements
are faster in speech (Bishop, Plesh, & McCall, 1987;
Folkins, 1981; Gibbs & Messerman, 1972; Luschei &
Goldberg, 1981; Ostry & Munhall, 1994). The patterns of
muscle activity also differ in mastication and speech
(Moore, Smith, & Ringel, 1988). Mastication is character-
ized by distinetly reciprocal patterns of activity in jaw
closer and jaw opener muscles (masseter and temporal
vs. anterior digastric)—a characteristic of CPG patterned
output (Lund, 1991)—whereas speech movements tend
to involve patterns of coactivation of closers and openers.

Our aim in the present paper is to determine the di-
mensions of the control of jaw motion by identifying the
primary sources of independent variation in movements.
We should clarify the usage of a number of terms that
will be employed to describe jaw motions. The movement
ofthe jaw as a rigid skeletal structure can be decomposed
into six orthogonal dimensions or degrees of freedom.
These six dimensions provide a complete mechanical de-
scription of jaw motion. The goal is to identify which of
these dimensions are kinematically independent and
hence presumably independently controlled.

We will report on the decomposition of jaw motion
into its six component rotations and translations. In or-
der to identify the jaw’s independent motions, the data
are assessed over the course of jaw opening and closing
movements by plotting the motion paths in speech and
mastication. By examining sets of paths recorded under
different experimental conditions it is possible to iden-
tify movement dimensions that may vary independently.
In the simplest case in which motion paths are linear
(for example, Figure 2), the independence of the move-
ment dimensions that define the paths may be deter-
mined by examining each path’s slope and intercept. The
kinematic variables that define the paths are indepen-
dent if different treatment conditions are characterized
by motion paths in which differences in the value of slope

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ostry et al.: Degrees of Freedom of Jaw Motion

1343

Figure 2. Jaw motion paths showing pitch angle versus horizontal jaw position. Panels A and B give data
for the same subject (EB) recorded in two sessions 18 months apart. The paths show loud volume speech for
all combinations involving the vowel i. Panel C (subject EB) shows trials involving the consonant-vowel
sequences so, ro, lo, and fo. The paths involving pure rotation are for to. Panel D (subject MT) is for trials
involving sh. The two sets of paths involving almost pure rotation are for sho in normal (shorter paths) and
loud conditions. The remaining set of paths are for loud volume trials with sha.
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and/or intercept are observed. Differences in slopes indi-
cate that the relative magnitudes of movements in the
two dimensions may vary with treatment condition. Dif-
ferences in intercept indicate that the initial (or final value)
in one movement dimension is independent of the corre-
sponding value in the other dimension. Thus, the entire
function may be shifted, either horizontally or vertically.

It should be noted that previous research on jaw
motion in mastication and speech has focused on either
rotation of the jaw in the mid-sagittal or frontal planes
or upon the motion of individual tissue points. Since the
position in space of individual points on the jaw can be
achieved by infinite combinations of jaw orientation
angles and positions, determination of the jaw’s inde-
pendent movement dimensions requires a full six-dimen-
sional analysis of the motion of the jaw as a rigid body.

Methods

Jaw motion kinematics were recorded in both speech
and mastication. In the speech condition, the utterances

were composed of the vowels (V) q, 0, i (as in large, sew,
and see) and consonants (C) s, sh, [, r, t, k, p, f. Partici-
pants produced repetitive speech-like sequences of the
form VCVCa, for example, ososa, ikika for 15-20 sec-
onds. All combinations of the three vowels and eight
consonants were tested in loud and normal volume con-
ditions. Loud speech was included in order to obtain
movement amplitudes throughout the full functional
range of the jaw in speech. (In the loud volume condi-
tion participants were instructed to speak very loudly.)
At least 10 utterances of each type were recorded. We
have used nonspeech sequences rather than continuous
speech for several reasons. These sequences enabled the
examination of a relatively large corpus. They permit-
ted systematic variation of the phonetic material and
they enabled us to minimize changes to the contextual
environment. The test sequences also enabled us to ex-
amine movements throughout the workspace of the jaw.

In the mastication experiment, participants chewed
repetitively on the following foods: carrot, celery, octo-
pus, peanuts, bread, steak. Bolus size was manipulated
(normal vs. large). Participants were tested both under
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bilateral chewing conditions and during unilateral
chewing on the participant’s preferred side. Participants
were instructed to chew repetitively at a normal rate.
Between 10 and 15 chewing cycles were collected in each
condition.

The jaw movements were recorded at 200 Hz using
Optotrak, an optoelectronic position-measuring system,
and the time courses of the three orientation angles and
three positions that characterize the motion of the jaw
as a rigid body were computed. The Optotrak system
records the time-varying three-dimensional positions of
infra-red emitting diodes (IREDs) that are attached to
the jaw and the head. The IREDs on the head (6) en-
abled the correction of the data for head movement ki-
nematics. The IREDs for measuring head motion were
mounted on a lightweight bamboo frame that was at-
tached to the head with a head band (Nagashima model
1861). The jaw IREDs (5) were glued to an acrylic and
metal dental appliance that was attached to the man-
dibular teeth using an adhesive. The acrylic part of the
appliance, which was used to secure it to the teeth, was
seated bilaterally and was custom-molded for each par-
ticipant to fit the contour of the buccal surface of the
mandibular teeth. Two metal rods were embedded in
the acrylic and bent upward and then forward to pro-
trude from the corners of the mouth. The IREDs for
tracking jaw motion were attached to the free ends of
the metal rods and thus enabled IRED motions to be mea-
sured with Optotrak. Interference due to the appliance
was minimal. The acrylic part was thin and fit closely to
the contour of the teeth; the metallic portion was light in
weight yet rigid. Participants reported little discomfort
and there was minimal audible distortion of speech due
toits use. (No formal acoustical comparison was conducted
of speech with and without the appliance.)

In total, we have examined 3 vowels x 8 consonants
x 2 loudness levels in speech, and 6 varieties of food x 2
bolus sizes x unilateral and bilateral chewing in masti-
cation trials. Five individuals were tested (EB was tested
only on speech and NC was tested only on mastication).
Participants were adult male speakers of English. None
reported a history of facial trauma or surgery, hearing
loss, or neurological deficits.

The three-dimensional raw data for each IRED were
low-pass filtered at 12 Hz using a second-order
Butterworth filter. The cutoff frequency was first selected
on the basis of Fourier analysis of the original data
streams and then by direct comparison of raw and fil-
tered records. The signal power at the cutoff frequency
was 40 dB or more below the peak power. The jaw orien-
tation angles and positions were derived using vendor-
supplied software based on a quaternion method (Horn,
1987). The coordinate system of the reconstructed move-
ments is shown in Figure 1. The origin is specified with
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respect to the position of the condyle center at occlu-
sion. The coordinates of this point were obtained by pal-
pation to locate the condyle center and by measurement
of the horizontal and vertical distances from the condyle
center to a known reference location (the upper margin
of the central mandibular incisor at the midline). Move-
ment start and end were scored on the basis of the tan-
gential velocity of the marker closest to the teeth and
were defined as the point closest in value to 0 cm/s,

The accuracy of measurements of the origin of the
jaw motion coordinate system requires comment. We
have previously assessed the effects on jaw motion paths
of measurement error in the location of the condyle cen-
ter (Ostry & Munhall, 1994). Jaw motion paths were
recomputed after computationally shifting the condyle
center vertically and horizontally (7.5 mm in a vertical
direction and 5 mm horizontally). Our analyses indicated
that although some differences in the shape of the jaw
motion path resulted from shifting the position of the
condyle center, the basic shape of the functions was pre-
served. In general, the magnitude of the error depends
both upon jaw geometry and on the magnitude and di-
rection of error relative to the actual center of rotation.
In the present study, it was possible to record all trials
for a given participant without repositioning the dental
appliance. Hence, the reconstructions of the location of
the origin were typically based on a single measurement
taken at the beginning of the experiment. Thus, there
was no additional trial-to-trial variability due to esti-
mation of the position of the origin.

Results

Jaw motion paths in mastication and speech were
examined in various combinations of linear and angu-
lar coordinate frames. The aim was to identify the inde-
pendent motions of the jaw. Note that the figures pro-
vide selected examples to illustrate the main findings.
The statistical results of all analyses are reported on a
per subject basis.

Sagittal Plane Motion Paths
Pitch and Horizontal Position

Characteristic jaw motion paths in speech and mas-
tication are shown in Figures 2 and 3, respectively. The
figures show jaw motion paths in which the vertical axis
is the jaw orientation in the sagittal plane and the hori-
zontal axis is the horizontal jaw position. The paths give
jaw position/orientation combinations over the course
of individual movements. The paths are shown for open-
ing movements in speech and for jaw closing movements
in mastication. We show different movements in speech
and mastication in order to display, in each case, the
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Figure 3. Jaw motion in mastication. Jaw orientation in the sagittal
plane as a function of horizontal position. The figure shows
bilateral chewing movements and all six types of food used in this
study. The paths are given only for normal bolus size but the
pattern observed with large diameter boluses is the same. Panel A
is DO, B is AL, and C is MT.
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most significant phase. However, for both of these be-
haviors, paths in the sagittal plane are similar for jaw
opening and closing.

Consistent with earlier results (Ostry & Munhall,
1994; Vatikiotis-Bateson & Ostry, 1995), the figures
show that when pitch is plotted as a function of horizon-
tal jaw position, relatively straight paths are obtained
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regardless of the initial position or orientation of the
jaw. In speech, the linear trend accounted for an aver-
age 0f 0.96, 0.97, 0.99, and 0.95 of the variance for DO,
EB, MT, and AL, respectively. In chewing, the average
proportion of variance accounted for by the linear trend
was 0.97,0.99, 0.98, and 0.92 for DO, MT, AL, and NC.
The maximum standard error for these estimates was
0.014.

In speech, the slope of these paths and their initial
orientation angle and horizontal position may vary, sug-
gesting that jaw orientation in the sagittal plane and
horizontal jaw position may be controlled independently
(see statistical analyses below). The paths for mastica-
tion are in general more variable and show less of the
systematic variation between conditions that character-
izes motion paths in speech. Note that all participants
show these same basic relationships.

Figure 2 gives examples of jaw motion in speech that
are consistent with the notion that sagittal plane orien-
tation and horizontal position are controlled indepen-
dently. The upper two panels (A and B) show jaw mo-
tion paths during repetitive utterances of iCiCa
sequences produced at a loud volume. The vertical axis
gives the sagittal plane jaw orientation angle and the
horizontal axis gives the horizontal jaw position. The
paths for jaw opening movements are shown. Panels A
and B were recorded about 18 months apart using the
same speaker and the same speech material but differ-
ent appliances (the B panel is from the second session).
Although differences are apparent in the two sets of
paths, it can be seen that the patterns are basically
stable over this 18-month period and over different ap-
pliances. In both cases the sagittal plane jaw motion
paths form essentially straight lines. Instances of jaw
translation alone are observed. It is also seen that the
initial jaw position in the workspace may be rotated
downward or translated forward without affecting the
slope of the jaw motion path in this coordinate space.
Moreover, the curvature observed in some conditions
indicates that the jaw is not constrained to produce only
straight line sagittal plane motions.

Panels C and D of Figure 2 give other examples of
the independence of pitch and horizontal position in
speech, shown in the same coordinate system as the
panels above. Both panels show instances of jaw rota-
tion alone. In D, rotation movements are observed to
occur from two different initial jaw positions. In C, al-
most pure rotation is observed from a position about 4
mm forward of the origin. Panel C also shows that in
different phonetic contexts the balance of rotation and
translation may change. Hence, movements are also
observed in which the slope of the relationship between
sagittal plane orientation and horizontal jaw position
varies. Note as well that while slopes and intercepts may
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vary for different phonetic distinctions, the paths for par-
ticular consonant-vowel sequences are highly consistent.

The independence of pitch and horizontal jaw posi-
tion was demonstrated quantitatively by computing slope
and intercept estimates for each participant on a trial-by-
trial basis. Statistical differences among slopes and in-
tercepts were assessed by ANOVA—as a function of vowel,
consonant, and volume in speech, and bolus material,
bolus size, and unilateral versus bilateral chewing. The
analyses revealed highly individual patterns of differences
in slope and intercept values. In speech, a number of fac-
tors were found to influence the relationship between pitch
angle and horizontal jaw position. For different individu-
als, slopes were found to differ as a function of consonant
{p < .01, for 3 subjects), vowel (p < .01, for 3 subjects), and
volume (p < .01, for 2 subjects). Intercept estimates in
speech differed for consonant (p < .01, for all 4 subjects),
vowel (p < .01, for 2 subjects), and volume (p < .01, for 3
subjects). In mastication, the slopes and intercepts were

JSLHR, Volume 40, 1341-1351, December 1997

also affected by a variety of different factors in different
individuals. Slopes differed with bilateral versus unilat-
eral chewing (p < .01, for 1 subject), bolus material (p <
.01, for 3 subjects), and bolus size (p < .01, for 2 subjects).
Intercept estimates in mastication differed for bilateral
versus unilateral chewing (p < .01, for 2 subjects), bolus
material (p < .01, for all 4 subjects), bolus size (p < .01, for
1 subject). The data thus demonstrate the independence
of pitch and horizontal position and suggest that in a given
individual, any number of factors may result in indepen-
dent motions in these dimensions.

Although slopes and intercepts of the relationship
between pitch and horizontal jaw position varied with
experimental condition in both speech and chewing, the
range of systematic variation was less in mastication than
in speech (Figure 4). Differences in the range of variation
were assessed quantitatively by computing for each par-
ticipant the estimated variance of both slopes and inter-
cepts in each behavior. Differences in variability between

Figure 4. Distribution of estimated slopes of pitch angle versus horizontal jaw position in speech and
chewing. The range of variation of slope estimates in speech is greater for all subjects. Comparable

patterns are obtained for estimated intercepts.
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speech and mastication were tested with the F statistic.
For all participants, the variability of both slope and in-
tercept estimates was found to be significantly greater in
speech than in mastication (p < .01, in all cases). Note
that the figure includes data for all conditions for the 3
individuals tested in both speech and mastication.

Vertical and Horizontal Position

Vertical and horizontal jaw position were also found
to be independent. The general pattern is given in Fig-
ure 5, where vertical jaw position is shown on the ordi-
nate and horizontal position is on the abscissa. The ba-
sic shape of the paths is similar to that of the articular
eminence of the upper skull. Although the eminence
provides a hard tissue boundary to jaw position, in both
speech and mastication conditions, parallel paths are
observed that differ primarily in terms of the vertical
position of the jaw. In speech, the upper set of paths is
for normal volume movements and the lower set is for
loud speech. In mastication, the three sets of paths are
for different food types and different bolus diameters
(see figure caption). The shift in vertical position, in the
absence of other changes to the sagittal plane motion
path of the jaw, suggests that the vertical and horizon-
tal position are independent.

We tested the possibility that the basic form of the
jaw motion path in the sagittal plane was preserved but
could shift spatially in a vertical direction by fitting a
second order polynomial of the form y = ax? + bx + ¢ to
the relationship between vertical and horizontal jaw
position. The fit was carried out on a trial-by-trial basis
for each participant with y representing vertical jaw
position and x representing horizontal jaw position. The
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parameters ¢ and b correspond to the form and slope of
the polynomial, and ¢ represents the intercept. Changes
to the vertical position of the function are indicated by
changes in the value of c.

Differences among estimates of a, b, and ¢ were as-
sessed by ANOVA as a function of the phonetic composi-
tion of the speech material and the bolus characteris-
tics in mastication. In both speech and mastication, all
participants (excluding one tested in the speech condi-
tion) showed significant differences in ¢, the intercept
of the polynomial, as a function of phonetic context or
bolus characteristics (p < .01 in all cases). For 2 of the 3
individuals who showed significant differences in ¢, loud
speech was associated with significantly lower vertical
Jjaw positions (p < .01). In mastication, 3 out of 4 partici-
pants had lower jaw positions for larger boluses (p <
.01). In addition, 2 participants in speech and 2 in chew-
ing showed small but reliable differences in one or both
of form parameters a and b (p < .01).

Thus, the jaw may be translated downward with-
out affecting the shape of the path of the condyle center.
This is consistent with the idea that jaw vertical posi-
tion may be specified independently of the horizontal
position of the jaw. Note in addition that in the upper
left portion of the paths for speech movements in Fig-
ure 5 a number of short line segments may be seen. These
are for movements in which both vertical and horizon-
tal translation are essentially negligible. Thus, pure jaw
rotation may occur without changes in either vertical or
horizontal jaw position.

The independence of pitch and vertical position was
also tested. Slope and intercept estimates were com-
puted for each participant on a trial-by-trial basis and

Figure 5. Vertical jaw position against horizontal jaw position. Individual jaw motion paths for a single subject (MT). Mastication trials are
for carrot, octopus, and celery (upper set of curves, all normal bolus size), bread (middle set of curves, normal bolus size), and celery and
steak (bottom curves, large bolus size). The speech trials are for normal volume speech (upper set of curves) and loud speech (lower curves).
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statistical differences were assessed by ANOVA. In both
speech and mastication, all participants showed signifi-
cant differences in slopes and intercepts as a function of
bolus properties and phonetic material (p < .01). Thus,
pitch and vertical jaw position may vary independently
in both chewing and speech.

Lateral Jaw Motion Components
Pitch and Yaw

In mastication, the magnitudes of pitch amplitude
and yaw amplitude are generally correlated (Figure 6).
Movements involving greater pitch angles also tend to
have greater amounts of yaw. However, pitch and yaw
motions appear to be controlled independently. Chew-
ing typically involves a jaw opening phase that entails
primarily changes to the pitch angle (dashed lines), fol-
lowed by a phase of lateral motion involving primarily
changes to the yaw angle (solid lines), and finally a jaw
closing phase in which pitch and yaw are linked (solid
lines). The ability to produce motions separately in these
two degrees of freedom is consistent with the idea of
their separate control. (We have also observed a tempo-
ral decoupling of yaw and both vertical and horizontal
Jaw position that is similar to that observed for pitch
and yaw.)

Differences in the timing of pitch and yaw in masti-
cation were assessed by calculating on a trial-by-trial
basis the time difference between the maximum pitch
angle and maximum yaw angle. Systematic differences
in pitch and yaw timing were observed for all experi-
mental participants (p < .05). For 3 individuals, the tim-
ing varied with the type of food—pitch and yaw were
more out of phase for steak than for the other foods that
were tested. For the remaining participant, the timing
of pitch and yaw differed as a function of bolus size. Jaw
movements for larger boluses were more out of phase.
Differences in the timing of pitch and yaw movements
suggest independent kinematic variation and, thus, in-
dependent control.

The covariation of pitch and yaw is rather stereotyped
during the final phase of the jaw closing movement in
which the path in pitch/yaw coordinates converges on a
single trajectory, regardless of the size or nature of the
bolus. Moreover, although the position at closure might
be approached from various directions when plotted in
pitch/yaw coordinates, in fact, individuals tend to use a
single trajectory. As can be seen in Figure 6, the direction
of approach differs for different participants.

In speech, lateral motions of the jaw are far smaller
in amplitude than in mastication. Although yaw move-
ments are small, some systematic differences in these
functions are observed that point to the kinematic inde-
pendence of movements in these dimensions. Figure 7

Journal of Speech, Language, and Hearing Research
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Figure 6. Pitch versus yaw angle in mastication. The figure shows
bilateral chewing, normal bolus size—octopus, celery, steak, and
peanuts. Panel A is DO, B is AL, and C is MT. Opening (dashed
lines) and closing movements (solid lines) are shown.
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shows two examples that suggest that yaw and pitch
orientations in speech may vary independently. The fig-
ure shows sagittal plane jaw orientation (pitch) over the
course of an opening movement plotted as a function of
the yaw angle. The upper panel shows movements in
which the relationship between yaw and pitch angles is
reversed—the jaw rotates laterally in one direction dur-
ing jaw opening for one of the movements shown in the
figure and rotates laterally in the opposite direction
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Figure 7. Jaw pitch angle plotted against yaw angle (subject EB).
Upper panel is for trials involving loud volume fi (vertical paths),
loud volume si (longer oblique paths), normal volume ri (short
oblique paths). The lower panel gives data for trials involving a.
The parallel sets of paths are for sha normal volume (top), la
normal volume (middle), and la loud volume (bottom). The two
remaining sets of paths are for sequences involving fa produced at
a normal volume (shorter paths) and loud volume (longer paths).
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during the opening phase for another. Changes to pitch
angle without yaw are also observed. The lower panel
shows that the slope of the relationship between yaw
and pitch may vary and, as indicated by the three par-
allel sets of paths, the same yaw movements can be made
from different initial pitch angles.

The relationship between yaw and each of pitch,
horizontal position, and vertical position in speech was
examined quantitatively by computing slope and inter-
cept for each participant on a per-trial basis. Tests for
differences among slopes and intercepts were carried
out using ANOVA. In each case, all 4 participants
showed significant differences in slope and intercept
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Figure 8. Roll angle versus yaw angle from the same trials as
Figure 6. Opening movements are shown with dashed lines and
closing movements with solid lines.
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as a function of phonetic context (p < .01 in all cases).
Thus, in speech, yaw can vary independently of pitch,
and horizontal and vertical position.

Roll and Yaw

In mastication, it is typical for the jaw to both yaw
and roll, particularly during the jaw-closing phase. In
speech, both movements are quite small in amplitude.
Figure 8 gives some examples of the relationship be-
tween yaw and roll motions in mastication. The most
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common pattern we have seen, which is shown for 2 of
the 3 individuals in these figures, is for the jaw opening
phase (dashed lines) to involve primarily yaw move-
ments and for the closing phase (solid lines) to entail a
combination of roll and yaw. Roll may be observed pri-
marily in the closing phase as a result of contact with
the bolus.

No attempt has been made to conduct quantitative
tests for the independence of either roll or lateral jaw
motion. In speech, both lateral motion and roll were con-
siderably smaller than the other movement components
and unlike yaw (see Figure 7) showed no clear system-
atic patterning. Lateral movement and roll in mastica-
tion were somewhat larger but both were restricted to
the end of the jaw-closing phase and consequently may
arise from bolus contact.

Discussion

Jaw motion paths were assessed in speech and mas-
tication. The goal was to identify the independently con-
trolled dimensions of jaw motion and to determine
whether these are similar in mastication and speech.
The analysis examined the motion of the jaw as a rigid
body and was based on mathematical reconstruction of
jaw motion into its six component orientations and po-
sitions. The work presented here extends our previous
sagittal plane analyses of jaw movements recorded with
X-ray microbeam (Ostry & Munhall, 1994) and Optotrak
(Vatikiotis-Bateson & Ostry, 1995). In those studies, it
was observed that in speech the sagittal plane jaw ori-
entation and horizontal position may vary indepen-
dently. Qualitative observations were also reported of
non-sagittal plane motions. On the basis of a quantita-
tive three-dimensional analysis of jaw motion, we now
show that sagittal plane jaw orientation (pitch), vertical
jaw position, horizontal jaw position, and coronal plane
jaw orientation (yaw) may be independently controlled.

In speech, we have seen evidence that sagittal plane
orientation and horizontal position may vary indepen-
dently depending on phonetic context. Examples have
been presented of changes in pitch angle alone, changes
in horizontal position alone, and paths involving vari-
ous combinations (Figure 2). The position of the jaw may
also shift vertically, without affecting the overall shape
of its motion path in the sagittal plane (Figure 5). The
magnitude of yaw motions in speech was small, yet sys-
tematic. In plots of pitch and yaw both slopes and inter-
cepts could vary with phonetic context (Figure 7). Thus,
for the phonetic conditions examined in this study, it
appears that four of the six degrees of freedom that char-
acterize jaw motion—pitch angle, yaw angle, horizontal
position, and vertical position—are independent and are
presumably independently controlled during speech.
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Jaw movements in mastication were also charac-
terized by independent motion in four degrees of free-
dom. The slopes and intercepts relating pitch to hori-
zontal position were more restricted in their range than
that observed in speech but nevertheless differed sta-
tistically with factors such as bolus material and size.
Jaw vertical and horizontal position were observed to
vary independently, particularly as a consequence of
changes to the size of the food bolus. The timing of pitch
and yaw movements was also independent with the
phasing of movement involving motion in either one
degree of freedom, the other, or the two combined. Thus,
overall, as in speech, there appear to be four degrees of
freedom of jaw movement in mastication—pitch angle,
yaw angle, horizontal and vertical position. These com-
ponents are not equally prominent in the two behav-
iors. Speech primarily involves movements in the mid-
sagittal plane that consist of changes to the pitch angle,
and horizontal and vertical position. Mastication, on the
other hand, primarily involves pitch, yaw, and vertical
translation.

Jaw motions in mastication displayed a more re-
stricted range of variation than those in speech. In par-
ticular, less variation was observed in mastication in
the relationship between sagittal plane orientation and
horizontal jaw position. We have obtained comparable
results previously for these variables (Ostry & Munhall,
1994) using rubber tubing as a bolus material, but vary-
ing chewing rate, compliance, bolus diameter, and posi-
tion of the bolus in the mouth. Pitch and yaw were also
tightly linked during the closing phase of movement.
The paths that we observed when pitch was plotted as
function of yaw in all cases converged toward a single
trajectory. It was noted that different participants tended
to converge to different final trajectories.

Jaw movement kinematics are determined by
muscle properties and jaw dynamics as well as central
control, and hence care must be taken before drawing
inferences about the control signals that underlie the
observed patterns of kinematic independence (Ostry,
Gribble, & Gracco, 1996). For example, the independence
of pitch, vertical position, horizontal position, and yaw
is observed in the context of a particular coordinate
frame. The total number of degrees of freedom is not
dependent upon this coordinate system—any rotation
and translation of the coordinate space should yield the
same number of degrees of freedom. Hence, our find-
ings are consistent with the idea that the underlying
control is of dimension four.

A number of unresolved issues and sources of ex-
perimental error require consideration. As is typically
observed, the speech kinematics were characterized by
differences in individual behavior. Participants did not
all show the same patterns of kinematic variation. Our
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simulation studies using a model of jaw and hyoid mo-
tion (Laboissiére et al., 1996) suggest that some of the
kinematic variation may arise from individual differ-
ences in the physical characteristics of the vocal tract.
Until differences due to vocal tract morphology are ad-
equately accounted for, it will be difficult to assess the
extent to which variations such as observed here arise
from linguistic factors, speaking style, or biomechanics.

In summary, we have compared jaw motions in
mastication and speech. The movements have been
shown to vary independently in four degrees of freedom
overall, suggesting that the underlying control of both
mastication and speech is of dimension four. In speech,
jaw motions primarily involve the control of pitch angle,
horizontal position, and vertical position. In mastica-
tion, yaw, pitch, and vertical position appear to consti-
tute the dimensions of control.
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