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Abstract. In this study the gesture duration and articulator velocity in con-
sonant-vowel-transitions has been analysed using electromagnetic articulogra-
phy (EMA). The receiver coils where placed on the tongue, lips and teeth. We 
found onset and offset durations which are statistically significant for a special 
articulator. The duration of the offset is affected by the degree of opening of the 
following vowel. The acquired data is intended to tune the control model of an 
articulatory speech synthesizer to improve the acoustic quality of plosive-
vowel-transitions.  
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1   Introduction 

The articulators in a human vocal tract are physically affected by inertia, which 
causes a transitional phase between two successive articulatory constellations. All 
these movements are coded in the acoustical signal. In a digital model of the vocal 
tract, velocity and acceleration of articulators must be modelled somehow to provide 
natural transitions from one phone to another. One method to deal with this problem 
is to capture the articulator velocity and the gesture durations in different phone con-
texts from a human speaker. The gesture-based control of an articulatory speech  
synthesizer requires detailed knowledge of the synchronization and the speed of ar-
ticulatory action units [1], [2]. In our recent work, we analysed the synchronization of 
action units based on acoustic observations [3]. Since some articulatory events like 
the begin of a consonantal movement (before the articulator really forms a constric-
tion) are hard to estimate from an acoustic representation of the signal, we decided to 
perform an EMA-study to measure the articulator speed in consonantal stops. 

The control model of Kröger and Birkholz divides the articulatory movement into 
an onset and offset interval [4], [2].  These intervals can also be found in the EMA 
representation of articulatory movements. (For a detailed description of electromag-
netic articulography see [5].) In Figure 1, the onset and offset of an apico-alveolar 
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stop movement in the utterance “ich habe [de:] gesagt” are highlighted. The upper 
two tiers show the oscillogram and spectrogram, the lower two trajectories show 
tongue tip position and tongue tip speed.   

In the onset interval, the tongue tip height is strictly increasing (velocity > 0). After 
a short (quasi-) stationary phase, where the tongue is in contact with the palate (veloc-
ity = 0) the constriction is released. During this offset phase, the tongue height is 
strictly decreasing (velocity < 0). It is easy to see that the onset transition already 
starts when the preceding vowel becomes audible. Similarly, the offset reaches into 
the following vowel. In this study we measured the duration of these intervals in dif-
ferent vowel-contexts to obtain information on consonantal timing for use in articula-
tory speech synthesis control. From our results we expect an advantage in naturalness 
and intelligibility in plosive-vowel transitions in articulatory speech synthesis. 

 

Fig. 1. The German sentence “Ich habe [de:] gesagt.” in an oscillogram, spectrogram and two 
different EMA representations of the tongue tip movements. The upper EMA trajectory repre-
sents the y-position of the corresponding coil, (i.e. the tongue tip height) the lower trajectory 
shows the velocity in y-direction. The onset interval (left box) and the offset interval (right box) 
are marked. X-axis is time in milliseconds. 

2   Method 

The EMA session took place at the EMA lab of the Institute of Phonetics at the 
Ludwig-Maximilians-University Munich using the Carstens AG 500 articulograph 
with one subject. A total of ten receiver coils were used, four of them for the purpose 
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of correcting for head movement. Three coils were glued on the tongue to capture the 
oral constrictions performed by the tongue. To observe labial stops, both lips were also 
equipped with sensor coils. The sensor on the lower incisors was used to observe the 
jaw opening, while the sensor at the upper incisors as well as the sensors behind the 
ears and at the nasal bone are used as fixed points to remove the overlaid head move-
ments from the articulator signals. See Table 1 for a list of coil locations and Fig 2 for 
a schematic view. 

Table 1. List of EMA-receiver-coils used in this study, with their location and function 

No. coil location function 
1 tongue tip tongue tip position 
2 tongue mid tongue mid position 
3 tongue back tongue back position 
4 lower lip lip protrusion 
5 upper lip lip protrusion/position 
6 lower incisors jaw opening 
7 upper incisors calibration 
8 right ear calibration 
9 left ear calibration 
10 nasal bone calibration 

 

Fig. 2. Schematic view of the coil locations. See Table 1 for a description of coil locations and 
functions. (Drawing with permission of Patrick Lynch). 
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During the session we recorded a set of 90 plosive-vowel-syllables. Each syllable 
has been produced in the carrier sentence “Ich habe [xxx] gesagt.” The plosives were 
[p],[b],[t],[d],[k],[g] the vowels were [i],[e],[a],[o],[u]. The 30 different syllables were 
recorded three times in total. The syllables were presented randomly to the speaker on 
a video-screen.  

After normalization for head movement we identified the closure gesture in the ar-
ticulatory trajectories and determined the duration of the onset and the offset using the 
software MVIEW [6]. 

3   Results  

A. Onset Interval 
The descriptive analysis of the consonantal onset showed that the duration ranges 
between 97ms to 166ms for apical plosives, 104ms to 197ms for dorsal plosives and 
95ms to 157ms for labial plosives. Mean onset duration was 165ms for apical plo-
sives, 132ms for dorsal plosives and 118ms for labial plosives (see Fig. 3). In the 
inferential analysis we tested if the factors ‘place’, ‘voicing’ and ‘vowel’ cause sig-
nificant changes in onset and offset durations. ‘Place’ is divided into the specifica-
tions ‘labial’, ‘apical’ and ‘dorsal’, ‘voice’ is divided into “voiced and ‘voiceless’ and 
‘vowel’ can be [i], [e], [a], [o] and [u].  

The ANOVA showed a significant influence of the main factor ‘place’ and the in-
teraction factor ‘place+vowel’ (see Table 2). A post-hoc Tukey-Kramer analysis  
indicated a highly significant difference in onset durations for labial and apical 
movements p<0.0001) and between apical and dorsal onsets (p<0.0001). There was a 
significant difference between dorsal and labial movements (p<0.05). Post hoc tests 
were performed for main effects only. The main factors ‘vowel’ and ‘voice’ were not 
significant in the ANOVA (Table 3).  

Table 2. Results of the ANOVA for onset durations. (Significance levels: 0<***<0,001<**< 
0,01<*<0,05<.<0,1) 

ONSET Df F Pr(>F)  

place 2 39,0265 0,0000 *** 

voice 1 3,1214 0,0824 . 

vowel 4 2,0219 0,1027  

place:voice 2 0,1629 0,8500  

place:vowel 8 2,8809 0,0088 ** 

voice:vowel 4 2,3249 0,0667 . 

place:voice:vowel 8 2,1082 0,0488 * 

 
B. Offset Interval 
There is a strong variation in the offset duration. For the offset interval we observed 
durations between 110 and 285ms. The duration range for the plosive offset was 
157ms to 285ms for apical plosives, 142ms to 265ms for dorsal plosives and 112ms to 
227ms for labial plosives. The mean offset duration was 215ms for apical plosives, 
198ms for dorsal plosives and 184ms for labial plosives (see Fig.4).  
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Fig. 3. Onset durations (in milliseconds) grouped by the factor ‘place’. The dashed lines con-
nect  minimum and maximum values, the boxes represent the interquartile ranges and the hori-
zontal lines inside the boxes represent mean values. Outliers are marked with rings. 

Table 3. Results of the ANOVA for offset durations. (Significance levels: 0<***<0,001<**< 
0,01<*<0,05<.<0,1) 

OFFSET Df F Pr(>F)  

place 2 15,3654 0,0000 *** 

voice 1 0,5189 0,4741  

vowel 4 3,6006 0,0107 * 

place:voice 2 7,9165 0,0009 *** 

place:vowel 8 2,9107 0,0082 ** 

voice:vowel 4 2,7922 0,0341 * 

place:voice:vowel 8 1,5559 0,1576  
 
 

The ANOVA of offset durations showed a significant influence of the main factors 
‘place’ and ‘vowel’ and the interaction factors ‘place+vowel’, ‘place+vowel’ and 
‘voice+vowel’ (see Table 3). A post-hoc Tukey-Kramer analysis indicated a highly 
significant difference in onset durations for labial and apical movements p<0.0001). 
The post hoc analysis also showed statistically significant differences for [a] vs. [i] 
(p<0.01), [a] vs. [e] (p<0.01), [a] vs. [o] (p<0.05) and [a] vs. [u] (p<0.05). All these 
vowel combinations have a highly different degree of opening (see Fig. 5). The post 
hoc tests were performed for main effects only. The main factor ‘voice’ was not sig-
nificant in the ANOVA. 
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Fig. 4. Offset durations (in milliseconds) grouped by the factor ‘place’. The dashed lines con-
nect minimum and maximum values, the boxes represent interquartile ranges and the horizontal 
lines inside the boxes represent mean values. 

 

Fig. 5. Offset durations of consonantal stops in different vowel contexts. The dashed lines 
connect the minimum and the maximum values, the boxes represent the interquartile range and 
the horizontal lines inside the boxes represent the mean value. Outliers are marked with rings. 
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To compare the release velocity with the findings of Löfqvist, we also calculated 
the velocities for the offset interval. We observed a mean articulator speed of 
11,8cm/s for labial movements, 12,5cm/s for tongue tip movements and 8,4cm/s for 
tongue body movements. The fastest labial release that we found was 18,6cm/s in the 
syllable [be:], the fastest tongue tip movement was 24,8cm/s in the release of the 
syllable [da:], the fastest dorsal opening was 18,5cm/s in the syllable [ga:]. The veloc-
ity values for labial movements are consistent with the findings of Löfqvist, where he 
analysed the lip kinematics [7]. 

4   Discussion and Conclusion 

In contrast to other studies on articulator velocity and gesture durations [7],[8] our 
main interest was to make the values applicable in the field of articulatory speech 
synthesis. 

We showed that there is a statistically significant difference in onset durations de-
pending on the active articulator. The creation of synthetic action unit scores, which 
describe the articulatory movements in the vocal tract and serve as the input for an 
articulatory speech synthesizer, can now be enhanced by using different onset dura-
tions for different articulators. As an approximation we will use the mean durations 
we found in this study.  The offset duration was also affected by the vowel [a] that 
increased the duration. This may be a result of the high degree of opening of the 
vowel [a]. 

The values of articulator velocity can be used to establish a plausibility check of the 
gestural scores to avoid speed values which are not natural. Since the speaking rate of 
the analysed speech was in a modal rate, we cannot determine if the articulator speed is 
affected by the global speaking rate.  It is planned to perform an evaluation study after 
implementation of the results found in this study. We expect a higher degree of natu-
ralness in the plosive burst and the aspiration noise in CV and CVC syllables. 
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