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Abstract
Building on Erickson et al. [9], the current electromagneticarticulography (EMA) experiment proposes that the amount of
jaw displacement—or mandible movement—may reflect the
metrical organization of English sentences. The experiment
also supports F1 as a reliable acoustic correlate of jaw
displacement, hence metrical organization. On the other hand,
the study also demonstrates that F0 does not have a similar
relationship to mandible movement.
Index Terms: metrical organization, jaw movement, EMA, F1,
F0

here, but they present essentially the same pattern as jaw
displacement [9]. For these three speakers, nuclear stress—the
most prominent stress in a sentence [15]—is on “high” of
“highlights”. For the fourth speaker (not shown here), nuclear
stress is on “five”; this difference of nuclear stress placement
is also observed in our current experiment, as discussed in the
Results section.

1. Introduction
Work in Metrical Phonology [1] (et seq.) posits that our
speech exhibits patterns of organization that are akin to the
metrical organization of poetry [2], [3]. Metrical structure
consists of rhythmic categories, within which strong-weak
patterns are assigned. Different theories propose different
levels of rhythmic categories, but they generally include such
units as syllable, (prosodic) word, minor phrase, major phrase
(and utterance), as in Figure 2 [4], [5], [6:384]. Each syllable,
based on its metrical constituency, is assigned a level of stress
or prominence relative to other syllables in the utterance [4],
[5], and overall prominence may be represented as a number
of grid marks [7]. The acoustic prominence of each unit is
often described in terms such as quality, duration, loudness,
and pitch [8].
Recent X-ray Microbeam and electromagneticarticulography (EMA) studies, inspired by Fujimura [10]-[12],
with four American English speakers [9], suggest that an
articulatory correlate of syllable stress in English is the amount
of jaw (mandible) displacement. As a speaker opens and
closes the mouth to produce each syllable, the jaw moves. It
opens more for low vowels than high vowels ceteris paribus
[13], [14]; if all the vowels in an utterance are the same, the
pattern of jaw opening should mirror syllable stress levels and
correspond to the metrical structure of the speaker’s utterance.
The greater the jaw displacement, the higher the level of
syllable stress. Also, the first resonant formant of the vowel
(F1) exhibits a significant correlation with jaw displacement
and metrical structure, suggesting that F1 is an important
acoustic correlate of English metrical structure. Figures 1 and
2, based on [9], illustrate the pattern of jaw displacement for
three American English speakers uttering: “[Yes, I saw] five
bright highlights [in the] sky [to]night”. The greater the jaw
displacement, the greater the syllable stress (syllable
“magnitude” according to [10]), and this magnitude is
displayed vertically in bars, making it easier to visualize how
jaw displacement mirrors the metrical structure of the
utterance, shown in Figure 2. F1 values are not reproduced
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Figure 1: Bar graphs showing the amount of jaw
displacement (mm) for 3 American English speakers, for the
sentence “[Yes, I saw] 5 bright highlights [in the sky tonight].”
Error bars indicate standard error of the mean. Ordinate
scaling is by speaker, to better display individual jaw
displacement patterns.
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Figure 2: Metrical structure of the utterance in Figure 1.
One question addressed in this paper is how robust is the
correlation between metrical prominence and jaw opening and
between F1 and maximum jaw displacement. Additionally, do
these patterns generalize beyond the single sentence tested in
[9]? Is metrical prominence the only factor that affects jaw
movement patterns? Does this correlation generalize to other
vowels or do specific consonantal or vocalic gestures affect
jaw displacement patterns? In addition, we examined F0 in
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order to see what role it plays in implementing metrical stress
patterns in American English.

2. Method
To address these questions, we report on jaw displacement
patterns and corresponding acoustic measurements of data
recorded by 3D-EMA (Carstens AG500 Electromagnetic
Articulograph) at the Japan Advanced Institute for Science and
Technology (JAIST, Ishikawa Prefecture, Japan) for three
English sentences, as produced by two speakers of American
English, one male (Speaker 1, fourth author), and one female,
(Speaker 2, third author, an English-Spanish bilingual).
Custom software (mview, Haskins Laboratories) was used to
analyze the articulatory data. The lowest vertical position
(maximum displacement) of the jaw with respect to the bite
plane was located for each syllable of each utterance using a
velocity-based criterion. For a more detailed description of
EMA, including placement of sensors and recording
procedures, see [9]. The sentences were all presumed to have
the same metrical pattern; in the first and second sentences, the
vowel of interest is /a/ and in the third, /e/, all followed by the
palatal glide. The sentences are shown below, with the target
words in the midsentence underlined.
(1) [Yes, I saw] five bright highlights [in the sky tonight].
(2) [Yes, I saw] nine nice bike fights [on the dyke tonight].
(3) [Yes, I saw] eight great playmates [in the bay today].
Sentence (1) is the same as reported in [9]; Sentence (2)
contains the same diphthong /aJ/ but different words, and
Sentence (3) contains the diphthong /eJ/. The participants
practiced the sentences with pictures illustrating a scenario to
match each sentence. For data recording, each sentence was
presented (without parentheses or underlining) six times in
random order using a PowerPoint display. The underlined
syllables in each sentence were analyzed for jaw displacement,
F1, and peak F0. Acoustic measurements were made using
Praat [16]. Maximum F0 was measured in Hz for the steady
state portion of the vowel, before the transition to the glide,
and F1 was measured at that same point in time. F1
measurements in [9] were taken at the time of maximum jaw
displacement.
However,
sometimes
maximum
jaw
displacement occurred before the onset of voicing, so that F1
was not measurable. Measuring F1 at the time of maximum F0
has its own drawbacks, in that physiologically, lowering jaw
would result in low F0 since the larynx gets lowered as well.
However, this measuring method is at least consistent and
obvious across all the tokens recorded.

3. Results and Discussion
Figure 3 shows a sample jaw tracing of Sentence (1) “[Yes, I
saw] five bright highlights [in the sky tonight].” for the male
speaker. Notice in the bottom panel of Figure 3 that the jaw
opens and closes for each of these four syllables, and even
though the vowel plus glide is always /aJ/, the amount of jaw
opening varies systematically.
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Figure 3: Acoustic waveform (top) and jaw displacement
tracing in mm (bottom) for Speaker 1 saying: “[Yes, I saw] 5
bright highlights [in the sky tonight.]”
The patterns of jaw displacement averaged over 6 repetitions
for Speakers 1 and 2 are displayed in Figure 4 such that the
taller the bar, the larger the jaw displacement/syllable stress.
Speaker 2 (at right in Figure 4) shows patterns similar to those
reported for three of the four speakers in [9] (see Figure 1),
supporting our hypothesis that metrical structure is reflected in
jaw displacement patterns.

Figure 4: Speaker 1 (L) & Speaker 2 (R) “[Yes, I saw] 5
bright highlights [in the sky tonight]” (Sentence 1).
Figure 5 shows jaw displacement measures for Sentence (2)
“[Yes, I saw] nine nice bike fights [on the dyke tonight].” Both
speakers produce patterns similar to those for sentence (1),
except that “nine” (the first syllable of this phrase) receives the
nuclear stress. The pattern of jaw displacement for these
speakers, especially for Speaker 1, is similar to that reported
for the fourth speaker in [9] for “[Yes, I saw] five bright
highlights [in the sky tonight]”, putting nuclear stress on
“five”.
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Speakers 1 and 2 both show stronger jaw displacement for
“eight” compared with “great”, but “mates” is stronger than
“play”. Thus, the first phrase, “eight great”, is similar to the
first phrase of “nine nice bike fights” but the second phrase,
“play mates”, is different. It appears that the speakers treated
"play mates" as a two-word phrase rather than a compound;
i.e., as in the classic "blaˈckboaˌrd" vs. "blaˌck boaˈrd"
minimal pair, where the second element in a phrasal
compound receives more prominence. Thus, this sentence may
have a different metrical structure than the previous two
sentences.

Figure 5: Speaker 1 (L) & Speaker 2 (R) “[Yes, I saw] 9
nice bike fights [on the dyke tonight.]” (Sentence 2).
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Figure 8: Metrical structure for Sentence 3.
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What are the acoustic consequences of a speaker using the
jaw to articulate the metrical structure of an utterance? Figure
9 below is a scatter plot of jaw displacement and F1 for each
target word in the three sentences, produced by Speaker 1,
grouped by the hypothesized stress levels.

Figure 6: Metrical structure of Sentence 2.
It is interesting that each speaker seems to show the jaw
displacement pattern previously reported for Sentence 1, even
though the words in the sentence have changed; i.e., the way
they implement the metrical patterns of utterances is consistent
across different sentences.
Figure 7 shows jaw displacement for a sentence with
seemingly the same stress patterns, but the diphthong is /eJ/:
“[Yes, I saw] eight great playmates [in the bay today.]”
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Figure 9: Jaw Displacement and F1 (Speaker 1) as a
function of stress level.
Note that for Speaker 1, the greater the syllable stress, the
larger the jaw displacement, and within each stress group,
there is a significant correlation between jaw displacement and
F1 for the three highest stress levels; the correlation is also
high for the lowest stress group, but did not reach significance
due to small N (See Table 1 for statistical results).
Figure 7: Speaker 1 (L) & Speaker 2 (R). “[Yes, I saw] 8
great playmates [in the bay today].” (Sentence 3).
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Table 1. Pearson Correlation Analysis of Jaw Displacement
with F1, within stress levels.
stress
level

r

Bartlett
Chi-square
statistic

df

p

N

1

0.737

2.743

1

0.098

6

2

0.433

5.512

1

0.019

29

3

0.694

10.823

1

0.001

19

4

0.600

6.923

1

0.009

18

Figure 10 shows a scatter plot of jaw displacement and peak
F0 for each target word in the three sentences, produced by
Speaker 1, grouped by the hypothesized stress levels.
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Figure 10: Jaw Displacement and F0 (Speaker 1) as a function
of stress level.
The scatter plot does not show a consistent distribution of F0
according to the stress groups, thus suggesting that F0 is not a
good indicator of stress. Stress level 2 shows a bimodal
distribution, which indicates that metrical prominence cannot
be the only factor that determines F0. For instance, sentencefinal lowering may be responsible for the left cluster of stress
level 2 [19]. In addition, F0 overlaps with a cluster of stress
levels 2 and 4; and those of stress level 3 are a subset of stress
level 2. From our data, it appears that F0 is not a reliable
acoustic measure of metrical prominence.
For Speaker 2, we see that patterns of jaw displacement by
F1 and jaw displacement by F0, when grouped by stress level,
are somewhat similar to those of Speaker 1. Speaker 2’s
grouped stress data for jaw displacement by F1 show that the
greater the stress, the larger the amount of jaw displacement
(except for stress level 1); however, there is no correlation
between jaw displacement and F1 within each level, as we saw
for Speaker 1. Additionally, Speaker 2 does not exhibit any
consistent distribution of jaw displacement by F0 according to
stress groups, failing to confirm F0 as a reliable measure of
metrical prominence for English sentences. The data scatter
for Speaker 2 appears somewhat messy and not as clear as that
seen for Speaker 1, which may reflect Speaker 2’s
bilingualism. The effect of bilingualism on the articulation of
metrical stress is an interesting area for future exploration.
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4. Conclusions
This is a preliminary report on an initial research study to
investigate articulatory correlates of metrical structure in
American English. Clearly, more speakers are needed, as well
as more sentences. Further research, including constructing
syllable triangles and boundaries according to the C/D model
[10], [11], [20] will provide additional information on syllable
magnitudes and differences in boundary strengths. Given that
rhythm is often perceived as a pattern of “beats”, the “beats”
of jaw opening/closing may well be related to the
rhythm/metrical structure of spoken language. Obviously, the
listener does not hear jaw movement, but the resulting changes
in formant frequencies, particularly in F1, may cue the listener
to these “jaw beats”. In our analysis of the data, peak F0
patterns fail to distinguish metrical stress levels. The results of
this exploratory articulatory study reinforce the observation
that metrical structure may best be reflected in jaw
displacement patterns [9].
In closing, we address an issue that was raised by a
reviewer -- that both of our subjects are authors. Trained
speakers, including phoneticians and professional speakers,
are probably able to consciously control the “rhythm”
(metrical organization) of their utterances; however, it is
unlikely that even these speakers can manipulate their jaw
displacement patterns, since these are probably “hard-wired”
from infancy [21]. Research is needed to explore this issue.
This process of deriving speech organization from
mandible movement raises many questions for future
investigation and provides a possible method for exploring
metrical structure of language in general as well as specific
languages, as demonstrated here for American English. It is
hoped that this approach may offer a means to mesh the
phonological abstractness of language with the phonetic
instantiation of speech, resulting in new views and insights.
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