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Abstract

This study, using electromagnetic articulography (EMA),
examines the supralaryngeal kinematics of bilabial voiced im-
plosives in Central Vietnamese, focusing on lip aperture trajec-
tories and gestural timing during stop formation and release.
Results indicate that implosives exhibited a higher peak veloc-
ity away from closure, whereas their voiceless plosive counter-
parts were found to have a longer gestural plateau. To inves-
tigate whether these differences are inherently tied to implo-
sivity or simply a consequence of voicing, we analysed voiced
and voiceless bilabial plosives in Taiwanese Southern Min. The
Southern Min data confirmed that voiced plosives did not ex-
hibit the same rapid lip aperture movement, supporting the con-
clusion that, in the Central Vietnamese data, higher peak ve-
locity away from the stop closure is a defining supralaryngeal
feature of implosives.

Index Terms: implosive consonants, supralaryngeal kinemat-
ics, Vietnamese phonetics

1. Introduction and background

Implosive consonants (also termed ‘suction stops’) are typi-
cally described as stops produced with a glottalic ingressive
airstream, where larynx lowering during closure generates a
pressure differential [1, 2]. This mechanism is assumed to re-
duce intraoral pressure, leading to ingressive airflow. However,
the extent to which such airflow is a defining characteristic re-
mains debated. Ladefoged [3] describes the action of the lar-
ynx in implosive production as that of a “leaky piston,” noting
that the leakage is often significant enough that the airstream
is not truly ingressive. Similarly, Clements and Osu [4] argue
that implosives should not be defined by the presence of ingres-
sive airflow or a reduction in intraoral pressure but rather by
the absence of an increase in pressure. This distinction cat-
egorises them as sonorants rather than obstruents phonologi-
cally. A study by Nihalani [5], using a modified pneumotacho-
graphic setup, reported that Sindhi implosives exhibit measur-
able ingressive airflow, whereas Hausa implosives do not, sug-
gesting that the presence of ingressive airflow may vary across
languages.

While implosives are often analysed in terms of their la-
ryngeal mechanisms, larynx lowering is not exclusive to im-
plosives; it is also associated with voiced stops more generally.
This complicates efforts to distinguish implosives from voiced
plosives based solely on laryngeal behaviour. Oh et al. [6] re-
cently proposed that the distinction between voiced plosives and
voiced implosives lies not in the presence of larynx lowering it-
self but in its timing—specifically, that larynx lowering must
occur after oral closure to generate the necessary suction for
implosives.
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If implosives cannot be fully distinguished from voiced plo-
sives based on their laryngeal properties alone, their suprala-
ryngeal articulation must also be considered. However, while
much of the literature on implosives has focused on their aero-
dynamic properties, particularly airflow and pressure differen-
tials, their supralaryngeal kinematics remain underexplored. A
more detailed investigation of supralaryngeal dynamics is there-
fore necessary to provide a fuller understanding of the articula-
tory properties of implosives.

This study examines the spatial and temporal properties of
lip movements associated with bilabial implosives in Central
Vietnamese (CVT). To investigate whether kinematic differ-
ences are inherently tied to implosivity or simply a secondary
effect of voicing, we compare them to those of voiced and
voiceless bilabial plosives in Taiwanese Southern Min (TSM),
which serves as a control. Generalised additive mixed models
(GAMMs) were used to compare lip aperture trajectories over
time, while linear mixed-effects regression models were used to
analyse key temporal variables within a gestural framework, in-
cluding gestural plateau duration, peak velocity toward closure,
peak velocity away from closure, and gesture amplitude.

2. Methods

2.1. Participants, stimuli and recording procedures

Three native speakers of CVT and three speakers of TSM, all in
their early twenties, participated in this study. The Vietnamese
materials included bilabial implosives and voiceless plain ex-
plosive stops in the vowel contexts of /a/, /i/, and /u/. For Tai-
wanese Southern Min, the materials featured the same vowel
contexts, contrasting voiced and voiceless stops. The target
words for the Vietnamese data were embedded in the carrier

phrase . Noi am , meaning ‘°___ . Say the sound g,
and the Taiwanese Southern Min data in the carrier phrase Ka
la, meaning ‘Teach [sentence-final particle]’. Partici-

pants read the target words in randomised order from a screen
in a soundproof room. Taiwanese Southern Min speakers com-
pleted seven repetitions of each word, while Central Vietnamese
speakers completed six repetitions.

Articulatory movements for the Central Vietnamese data
were recorded using the Carstens AG501 electromagnetic ar-
ticulograph at a sampling rate of 2,000 Hz, later down-sampled
to 250 Hz. For the Taiwanese Southern Min data, recordings
were made using the NDI Wave system at a sampling rate of
100 Hz. Sensors were attached to the lips, tongue, and lower
incisor (for tracking jaw movement), as well as to the right and
left mastoid processes and upper incisor (to correct for head
movement). The primary focus of the current study is lip aper-
ture (LA), defined as the Euclidean distance between the upper
and lower lip sensors.
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2.2. Articulatory measurements

For the analysis of lip trajectories over time, each token was
segmented in MVIEW [7] by visually identifying the midpoint
of the vowel preceding and following the bilabial closure. The
vowel midpoints were determined by locating regions of steady
formant activity within the vocalic portions. For the analysis
of temporal variables, articulatory gestures were identified us-
ing the findgest algorithm in MVIEW, which detects gestural
landmarks based on a velocity threshold of 20%.

2.3. Statistical analysis

Dynamic articulatory data were time-normalised, z-scored
within speakers, and analysed using generalised additive mixed
models (GAMMs) in R, based on the recommendations of Wiel-
ing et al. [8]. The GAMMs were fitted using the bam () func-
tion [9] in R to model articulatory trajectories over normalised
time.

For the gestural analysis, outliers were removed using
the interquartile range (IQR) method within each speaker and
vowel group, following a 1.5 x IQR criterion. Linear mixed-
effects models were used to analyse differences in four gestural
variables: peak velocity towards and away from closure, gestu-
ral plateau, and amplitude. Each model included stop type as a
fixed effect and vowel as a random intercept, with the following
model structure applied to all variables:

gestural variable ~ type + (1|vowel) (1)

The inclusion of a random intercept for speaker resulted in a sin-
gular fit, likely due to the data being z-scored within speakers,
which reduced between-speaker variability.

Post hoc pairwise comparisons were performed using the
emmeans package [10], with Tukey-adjusted p-values to con-
trol for multiple comparisons.

3. Results
3.1. GAMM analysis

Figures 1-3 show the GAMM smooth and difference plots for
the upper and lower lips in the Z (vertical) and X (horizontal)
axes across the three syllable pairs (explosive vs. implosive) in
the three vowel contexts (/a/, /i/, and /u/). The smooth plots on
the left display the estimated articulatory trajectories over time,
with shaded confidence intervals. The difference plots on the
right illustrate the pointwise differences between the two mod-
els at each time step, highlighting regions where articulatory
trajectories diverge.

No statistically significant differences were found in the lip
trajectories between implosive and explosive stops. Given the
nature of bilabial closures, where full lip contact constrains ar-
ticulatory variability, this result is not entirely unexpected. Un-
like coronal stops, where the tongue has more flexibility in ar-
ticulation, bilabial stops allow for less spatial variability due to
the fixed nature of lip closure.

The primary motivation for this analysis was to determine
whether differences in the forcefulness of lip closure could be
detected through EMA by examining the distance between up-
per and lower lip sensors. If one stop type involved a tighter or
more forceful closure, this might have been reflected in subtle
differences in lip aperture. However, no such differences were
observed in the present data.
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While GAMMs provide a useful spatial representation of
articulatory movement, they may be less sensitive to fine-
grained temporal distinctions such as velocity differences at
specific points in the movement trajectory. Given this, the
following gestural analysis examines temporal kinematic vari-
ables—gestural plateau, amplitude, and peak velocity—to pro-
vide a more precise investigation of the temporal aspects of im-
plosive production.

A

UL.Z Smooth fa / pa ULX Diff ba / pa

AWM

LL.Z Diff ba / pa

UL.Z Diff fa / pa ULX Smooth fa / pa

LL.Z Smooth ba / pa LL.X Smooth ba / pa LL.X Diff ba / pa

Figure 1: GAMM smooth and difference plots for ba / pa

UL-Z Diff 6i / pi

ULX Smooth i / pi UL-X Diff bi / pi
LL.Z Smooth i / pi LL.Z Diff bi / pi LLX Smooth bi / pi LLX Diff 6i / pi

Figure 2: GAMM smooth and difference plots for bi / pi

3.2. Gestural analysis

Box plots for the variables of interest are shown in Figures 4-7.
Post-hoc pairwise comparisons were conducted using estimated
marginal means (EMMs) with Tukey adjustments for multiple
comparisons, the results of which are presented in Tables 1-4.

3.2.1. Amplitude

No significant differences in amplitude were found between the
three stop types (Table 1), and no clear patterns emerged either
between or within speakers of TSM and CVT or across different
vowel contexts.

3.2.2. Peak velocity towards closure

Again, no significant differences were found in peak velocity
towards closure (Table 2). Similarly, no consistent patterns
emerged either between or within speakers of TSM and CVT
or across different vowel contexts.
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Figure 3: GAMM smooth and difference plots for bu / pu
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Figure 4: Amplitude; x-axis: syllable type, y-axis: within-
speaker z-scored measurement; top three panes: TSM speakers,
bottom three panes: CVT speakers; stop type indicated in leg-
end

TSML TSM2 TSM3

a1} SR 3

24 type

7

E3 pin
ba pa b pi

CvTL

ok

ba pa b pi

cvT2

"4

pu ba pa b p bu pu

voi

@

Figure 5: Peak velocity toward closure; x-axis: syllable type,
y-axis: within-speaker z-scored measurement; top three panes:
TSM speakers, bottom three panes: CVT speakers; stop type
indicated in legend
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Table 1: Pairwise comparisons for amplitude.

Contrast Estimate SE df t-ratio p-value
b-p -0.0120  0.164 176 -0.073  0.9971
6-b -0.0304 0.195 176 -0.156  0.9867
p-b -0.0184  0.174 176  -0.106  0.9939

Table 2: Pairwise comparisons for peak velocity towards clo-
sure.

Contrast Estimate SE df t-ratio p-value
b-p -0.2931  0.168 176 -1.748  0.1906
6-b 0.0196 0.199 176  0.098  0.9947
p-b 0.3127 0.178 176  1.758  0.1869

3.2.3. Peak velocity away from closure

Results indicated that implosives exhibited significantly higher
peak velocity away from closure compared to both voiced and
voiceless plosives (Table 3). This effect appears reduced in the
context of the vowel /u/, which may be due to the articulatory
demands of lip rounding.

Table 3: Pairwise comparisons for peak velocity away from clo-
sure

Contrast Estimate SE df t-ratio p-value
6-p 0.600 0.0758 176  7.922 < 0.0001
6-b 0.431 0.0898 176 4799 < 0.0001
p-b -0.169 0.0804 176 -2.107 0.0913

3.2.4. Gesture plateau duration

The results showed that voiceless plosives had a significantly
longer gestural plateau compared to both implosives and voiced
plosives, while the latter two did not differ significantly (Ta-
ble 4).

3.2.5. Summary of results

A summary of the results is shown in Figure 8, where com-
pact letter displays (CLDs) indicate statistical groupings. This
was generated using the multcomp package [11], with Sidak
adjustments applied to control for multiple comparisons. As
shown in the legend, darker colours represent higher relative Z-
scores for stop type within each variable.

Peak velocity away from closure was significantly higher in
voiced implosives. Voiced plosives had a slightly higher peak
velocity away from closure, though this difference was not sig-
nificant. Voiceless plosives had a slightly higher peak velocity
towards closure than the other stop types, but this also did not
reach significance. Plateau duration was significantly longer in
voiceless plosives than in the other two stop types. Finally, no
significant differences were found between stop types for am-
plitude.
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Figure 6: Peak velocity away from closure; x-axis: syllable type,

y-axis: within-speaker z-scored measurement; top three panes:

TSM speakers, bottom three panes: CVT speakers; stop type

indicated in legend
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Figure 7: Plateau duration; x-axis: syllable type, y-axis:
within-speaker z-scored measurement; top three panes: TSM
speakers, bottom three panes: CVT speakers; stop type indi-
cated in legend
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Figure 8: Summary of results; CLD letters indicate statistically
similar groups based on multiple comparisons
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Table 4: Pairwise comparisons for gestural plateau duration.

Contrast Estimate SE df t-ratio p-value
b-p -0.772 0.128 176  -6.033 < 0.0001
b-b 0.224 0.152 176 1474 0.3060

p-b 0.995 0.136 176  7.337 < 0.0001

4. Discussion

The results of the GAMM analysis indicated no significant dif-
ferences in lip trajectories between implosives and plosives.
Similarly, amplitude did not differ across stop types. Among
the temporal variables analysed, peak velocity towards closure
did not differ significantly across stop types. However, gestural
plateau duration was significantly longer for voiceless plosives
compared to voiced implosives and voiced plosives. Crucially,
the defining difference in the CVT data was that peak velocity
away from closure was significantly higher for implosives.

These findings suggest that implosives in CVT involve a
more rapid articulatory release compared to other stop types.
While this could result from aerodynamic suction effects or lo-
cal muscular adjustments at the lips, the exact mechanism re-
mains an open question.

Future research should expand the speaker sample and in-
clude tongue and jaw movement to provide a more comprehen-
sive articulatory analysis. Additionally, investigating alveolar
implosives could determine whether the increased release ve-
locity observed in bilabial implosives is a general property of
implosives in CVT.
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