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Jaw opening, vowel and pitch 
Johan Sundberg and Jorgen Skoog 

Abstract 
In singing, FO sometimes is much higher than the typicalfiequency value of FI. According to 
previous investigations, sopranos raise FI to a fiequency near FO by widening the jaw 
opening in such cases. In the present study, the jaw opening was measured in 10 professional 
singers of dzflerent categorisations whose task was to sing an ascending two-octave scale at 
dzflerent vowels. Their normal Fl values for these vowels were determined at a low FO. Only 
for the vowels [a:] and [a:] the singers widened the jaw opening when FO approached the FI 
value measured at a low pitch. For the other vowels jaw opening was widened at a higher FO. 
It is assumed that for these vowels the singers used other articulatory means to increase F1. 

Introduction 
Singers are often required to sing at fundamental frequencies higher than the typical 
value of the first formant, as illustrated in Figure 1. For instance, a tenor's or a 
soprano's "high C" (C5 and C6) correspond to the frequencies of 523 Hz and 1046 Hz. 
Under such conditions, the singer's strategy seems to be to raise F1 to a frequency 
somewhat higher than that of the fundamental (Sundberg, 1975). This conclusion was 
based on two experiments. As fundamental frequency is too high to allow formant 
fiequency measurement fiom regular spectrograms, special methods were used. In the 
investigation just quoted, the formant frequencies were estimated from the response to 
a low frequency external vibrator excitation of the vocal tract during silent articulation 
of different vowels sung at different pitches. This experiment was done with one 
professional soprano subject. In the other experiment, lateral vocal tract X-ray profiles 
were obtained from two other professional sopranos singing the vowels [a:], [i:], and 
[u:] at three different pitches covering a two-octave range (Johansson et al., 1985). The 
X-ray images were then converted to area functions and the formant frequencies 
associated with these area functions were determined. The results of these experiments 
both supported the assumption mentioned above that the first formant is raised if 
otherwise it will be lower than the fundamental. As this strategy adds substantially to 
the SPL of the radiated vowel sound without increasing the demands on vocal effort 
this seemed a reasonable result. 

A main articulatory tool for increasing Fl is the jaw opening: the wider the jaw 
opening, the higher the Fl  (Lindblom & Sundberg, 1971). This is illustrated in Figure 
2, showing results fiom an articulatory model of the vocal tract. In the X-ray 
investigation of the two sopranos, mentioned above, it was found that both sopranos 
widened their jaw openings systematically with rising pitch (Johansson et al., 1985). 

In the present investigation we raise two questions: (1) Do singers of all 
classifications apply the principle that Fl  is increased so as to avoid that it is lower 
than FO? (2) Is the jaw opening always used as the articulatory tool in such situations? 
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Figure I. FI & F2-chart with F1 
given in musical notation at the top 
together with typical pitch ranges of 
dzflerent voice classz~cations. 

Figure 2. Example of data recording. The upper trace shows the magnetometer signal, 
reflecting the distance between the magnets fastened to the subject's upper and lower 
incisors. The lower trace is the FO curve as trackedfiom an EGG signal by means of a double 
peak picking strategv. 
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Method 

The dependence of jaw opening on pitch and vowel was studied in ten singers, see 
Table 1. All of them were either earning their living from singing or were top class 
students, just about to start their professional careers as singers. 

Table 1.  Subjects andpitch range of the scales sung in the experiment. 

SM 1 Bass I D2-D4 1 73.4-294 

The jaw opening was measured by means of a magnetometer setup (MOVE- 
TRACK, Branderud & Co, 1995). The subjects wore a plastic helmet to which the 
reference magnet was fastened. Two other magnets, about 2 x 2 mm, were glued onto 
the subject's upper and lower incisors by means of dental glue. Care was taken to 
prevent that the magnets did not intrude on the normal mobility of the lower mandible. 
The subjects did not experience this experimental set-up as overly invasive and felt 
that it did not interfere with their normal singing behavior. The magnetometer signals 
was calibrated such that 1 Volt corresponded to a distance of 1 cm between the 
magnets fastened to the upper and lower incisors. 

To secure a good signal for FO tracking, an electroglottograph was used. This signal 
was recorded together with the calibrated magnetometer signals of separate tracks of a 
TEAC DAT multichannel recorder. On a third track, the audio signal, picked up by a 
microphone in front of the subject's mouth, was recorded. 

At least three times in a sequence the subjects sang ascending two octave scales 
covering the middle part of their pitch ranges on the vowels [a:, a:, o:, u:, i:, e:]. For 
reference, the magnetometer signal was also recorded under conditions of clinched 
teeth. 

Analysis 
Each subject's two lowest formant frequencies were determined under conditions of 
low pitch by means of a Key Elemetrics Sonagraph 5500. Thus data were collected 
from one of the lowest pitches that were sung loudly enough to offer accurate spectral 
information. In the subsequent data analysis, the F1 value observed under these 

1 conditions, henceforth F 1 LowFO, was used as a reference. 
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The magnetometer signal, reflecting the distance between the magnets on the upper 
and lower jaws was digitised and stored in a computer file using the SWELL program. 
On a separate track in the same file the output from the SWELL pitch tracker was 
recorded. The data were then plotted and hard copies were obtained showing parallel 
recordings of FO and jaw opening versus time. Figure 2 shows an example. 

The measured jaw opening data were related to the clinched teeth condition, such that 
the values represented the jaw opening used for the different vowels and pitches. 
Figures 3 , 4  and 5 shows these data for each vowel as produced by all subjects whose 
pitch ranges included FILowFO. In the graphs, the ordinate represents the interval 
between FO and F 1 LowFO. Thus, a zero interval indicates FO = F lLowFO. 

The result shows clear differences between both subjects and vowels. For the 
vowels [a:] and [a:] most subjects start to widen the jaw opening when fundamental 
frequency approaches the first formant frequency. Alto UP reduced her jaw opening 
about 10 semitones below F1 and started to increase it when FO approximately 
equalled F 1 LowFO. 

A similar pattern can be observed at a slightly higher pitch in the case of the vowels 
[e:] and [o:]. Here most subjects started to increase their jaw opening at about 5 
semitones above F lLowFO. Tenor JK, however, started his widening at a lower pitch in 
both vowels, and had a remarkably wide opening in the case of the vowel [e:]. 

The results are more complex for the vowels with low F1, i.e. [u:] and [i:]. In these 
cases, all subjects widened their jaw opening with pitch only in the upper part of their 
pitch ranges. In the case of [u:], the three mezzosopranos start the widening at a pitch 
about 7 semitones above FILowFO. The tenors and the soprano started the widening at a 
pitch close to F lLowFO, while the bass and the baritone start below this frequency. 

Discussion and conclusions 
Our investigation has revealed a great variability among singers with respect to the use 
of the jaw opening. For example, one singer produced the vowels [u:] with a jaw 
opening of about 25 mm, while most other singers had an opening of about 5 rnm. 
These differences may reflect different singing techniques, possibly in repsonse to 
different vocal tract length or morphology. It should also be recalled that the jaw 
opening serves as an anchorpoint for the larynx, so in some cases the jaw opening may 
be quite influential not only on formant frequencies, but also on phonation. Thus, the 
frequency separation between F1 and FlhWFO is certainly not the only factor of 
relevance to the jaw opening in singing. 

Our results are not in perfect agreement with previous findings, which simply 
suggested that the jaw opening was widened as soon as the hndamental frequency 
would otherwise exceed the frequency of the first formant. In earlier investigations few 
subjects, vowels, and pitches were investigated. Here the material was ten subjects 
singing five vowels at 24 pitches. Thus, the present material offers a much more 
detailed picture. Because of the scarcity of the material in previous investigations, it 
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Figure 3. Jaw opening for the vowel [a:] and [a:] plotted as function of the pitch interval in 
semitones to the FI value measured when the subject sang the vowel at apitch located in the 
lower part of the pitch range. Symbols refer to subjects. 
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Figure 4. Jaw opening for the vowel [e:] and [o:] plotted as finction of the pitch interval in 
semitones to the FI value measured when the subject sang the vowel at a pitch located in the 
lower part of the pitch range. Symbols refer to sub~ects. 
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Figure 5. Jaw opening for the vowel [u:] and [i:]plotted as Jirnction of the pitch interval in 
semitones to the Fl value measured when the subject sang the vowel at a pitch located in the 
lower part of the pitch range. Symbols refer to subjects. 




