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VOCAL FOLD ADJUSTMENTS IN DANISH 
VOICELESS OBSTRUENT PRODUCTION1 

BIRGIT HUTTERS 

Vocal fold adjustments in the production of single 
intervocalic voiceless obstruents in Danish were in­
vestigated partly by photo-electric glottography 
combined with fiberoptic stills, and partly by elec­
tromyographic signals obtained from several intrinsic 
laryngeal muscles. The results show that the glottal 
opening-closing gesture, controlled by the laryngeal 
muscles, and its relation to the supraglottal artic­
ulation vary not only according to type of obstruent 
category but also within one and the same category. 
In the discussion I argue that in dealing with aspi­
ration our understanding of the laryngeal mechanism 
involved may be hampered if we focus on the inter­
articulatory timing rather than on the glottal ges­
ture as such. With regard to the glottal gesture 
in the unaspirated stops I assume that the opening 
of the glottis is a consequence of the cessation of 
vocal fold vibrations. However, I tend towards the 
view that devoicing in these stops is not only a pas­
sive process, i.e. due to the changing aerodynamic 
conditions induced by the oral closure, but that 
some additional mechanism is directly involved in 
the devoicing process. I venture the controversial 
hypothesis that the PCA and INT activity actually 
found in these stops is a devoicing action rather 
than a means to open and close the glottis. Finally, 
some problems relating to the interpretation of the 
laryngeal EMG signals with reference to obstruent 
production are pointed out. 
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I I INTRODUCTION 

In speech the vocal folds are sometimes abducted in order to 
satisfy the aerodynamic demands for producing sounds such as 
aspirated stops and fricatives, whereas other sounds such as 
unaspirated stops and sonorants are produced with adducted or 
nearly adducted vocal folds. The demand for different degrees 
of glottal opening necessarily results in movements of the 
vocal folds controlled by the intrinsic muscles of the larynx. 
Thus, during speech we observe an opening and closing of the 
glottis, which in fact may be considered transitions from one 
glottal "state" to another, alternating with periods of a more 
static appearance. This articulatory behaviour may under ade­
quate conditions be overlaid by varying periods of vocal fold 
vibrations. 

The present study deals with vocal fold adjustments in the pro­
duction of Danish unvoiced obstruents occurring as single con­
sonants in intervocalic position before a stressed vowel. 
Besides a short presentation of how the glottographic, fiber­
optic, and electromyographic recordings were performed, sec­
tion II contains a discussion of some more general aspects of 
the delimitation of acoustic signals and gives an account of 
the treatment of the recordings, including a fairly detailed 
description of the delimitation procedure applied to the 
mingographic material. In section III the results are pre­
sented as comparisons between obstruents belonging partly to 
different categories and partly to one and the same category. 
Differences in the glottal gesture itself and in its temporal 
relation to the supraglottal articulation are pointed out and 
related to the laryngeal muscular activity underlying the ar­
ticulatory movements of the vocal folds, and the results are 
discussed in the light of other authors' findings. Section 
III closes with a presentation of the results concerning the 
period of vocal fold vibrations in the unvoiced obstruents 
including a discussion of the factors that may influence the 
offset and onset of voicing of these sounds. In section IV 
the production of (post-)aspiration is discussed from a more 
general aspect with special reference to the common view that 
aspiration is a matter of timing between the glottal and supra­
glottal articulation rather than the result of the glottal 
gesture per se. Then, the glottal gesture in Danish unaspi­
rated stops is discussed from a devoicing point of view, and 
the section ends by pointing out some problems in the inter­
pretation of the electromyographic signals with reference to 
vocal fold behaviour in the production of obstruents. The 
paper closes with some concluding remarks. 

It will be relevant to discuss some results - found in the 
present Danish material as well as in the literature - from 
various points of view and in more contexts. This means that 
the same findings may appear several times here, which dis­
rupts the logical development of the presentation. The main 
reason is that the results on Danish presented in section III 
and the relevant data and suggestions found in other studies 
may also be discussed· in another and often in a more general 
context in the three sub-sections composing section IV. The 
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most obvious example relates to onset and offset of voicing 
in unvoiced obstruents: in section IIIC it is treated from 
the point of view of extent of voicing, in section IVB it ap­
pears in the context of devoicing in Danish bdg, and finally, 
in section IVC it is treated in relation to the discussion on 
interpretation of laryngeal EMG signals. 

II. METHOD 
The present study includes partly fiberoptic and glottographic 
recordings and partly electromyographic recordings (henceforth 
EMG). Unfortunately, the EMG signals were not obtained syn­
chronously with the two other signals, which obviously reduces 
the information that can be extracted from the material. How­
ever, by way of consolation, several of the speakers served as 
s~bjects in both parts of the study. 

A, FIBEROPTIC AND GLOTTOGRAPHIC RECORDINGS 

Still-pictures of the vocal folds were taken through a fiber­
scope inserted through the nose and placed in the subject's 
pharynx. A still was taken during each test obstruent. The 
light guide of the fiberscope served as light source for the 
glottographic recordings, and the light was picked up by a 
photo-transducer placed on the frontal part of the neck - in a 
position approximately between the thyroid and cricoid carti­
lages. In order to synchronize the stills and the photo-elec­
tric glottograms a synchronizing pulse was generated, triggered 
by the synchronizing switch lever of the camera. After ampli­
fication the glottographic signal was fed into a professional 
DC tape ·recorder along with the synchronizing pulse and a micro­
phone signal. The manual processing of the recorded material 
was based on mingographic registrations comprising the glotto­
graphic curve, the synchronizing pulse and various curves ex­
tracted from the microphone signal, intended for the acoustic 
delimitation. A detailed description of the fiberoptic and 
glottographic set-up is found in Andersen (1981). 

B, ELECTROMYOGRAPHIC RECORDINGS 

The EMG recordings were made using hooked-wire electrodes as 
described by Hirose (1979) and Hirose and Sawashima (1981). 2 

EMG signals were obtained from the following four muscles, 
though only from two at a time: the posterior cricoarytenoid 
(PCA) and the interarytenoid (INT) muscles on one hand, and 
the vocalis (VOC) and the cricothyroid (CT) muscles on the 
other. The EMG signals were recorded and computer processed 
with a modified version of the system described by Holtse and 
Stellinger (1976). 3 It should be added, though, that each 
separate EMG signal had been highpass filtered before it was 
fed into the A/0 converter in order to eliminate various dis­
turbances, using a cut-off frequency well above the low range 
normally used, in accordance with the findings of Rischel and 
Hutters (1980). 4 
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C, SUBJECTS 

In the fiberoptic-glottographic study five adult speakers 
served as subjects - three female (HU, MF, FJ),and two male 
(LG, PA). HU (the author), LG, and PA are speakers of Stand­
ard Copenhagen, whereas FJ and MF have a more conJervative 
pronunciation. 

The EMG material presented in this paper includes seven spea­
kers, three female (HU, FJ, BH) and four male (PM, LG, BM, JJ). 
All but FJ are speakers of Standard Copenhagen - except that 
PM is slightly influenced by his Jutland dialect. As it ap­
pears from the abbreviations, three of the speakers occur in 
both parts of the study. 

Table I gives a survey of the distribution of subjects in the 
two parts of the study. It should be recalled that the EMG 
signals in no case were recorded simultaneously with the fiber­
optic stills and the glottographic signal, and that the EMG 
activity was picked up from only two muscles at a time and 
always in the combination PCA + !NT and VOC + CT. 

Table I 

Survey of subjects and muscles recorded in the two 
parts of the study. - means that the signal has 
been omitted due to its unreliable quality in some 
respects. 

Subjects 

fiberoptic/ 
glottography 

laryngeal 
muscles 

PCA 
!NT 

voc 
CT 

PA MF FJ LG HU PM BM BH JJ 

X X X X X 

X X X X 

X X X 

X 

X 

X X X 

X 

D, LINGUISTIC MATERIAL 

The Danish unvoiced obstruents include ptk bdg fsh 5 , all con­
trasting in (absolute) syllable initial position before a full 
vowel. The main difference between the two stop categories is 
one of aspiration, ptk being aspirated and bdg unaspirated 
(see, e.g., Fischer-J0rgensen 1954, 1968b, 1980). The test 
material consisted of meaningful words as follows: -p__ile '!_ine/ 
!_ie ~ilde 'p_ile rj,__ine/r!:_ie g_ilde [ile !!_ile 1:!_ige. Only the!_- and 
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d-words to the left of the slashes were included in the fiber­
optic-glottographic material, whereas in the EMG material one 
or the other of the two words might be included. 6 In the fiber­
optic-glottographic recordings the words were said in the frame 
sentence "Deville sige . .. "('they would say ... ') pronounced 
[di vi si:], whereas in the EMG recordings they were placed in 
a 0 variety of sentences of similar type. Thus, the test materi­
al includes single unvoiced obstruents occurring intervocalic­
ally in word initial position before a stressed vowel. The 
EMG material, however, is somewhat more comprehensive as it in­
cludes also sonorants and v, and the following vowel may be 
either i or a. In some reTevant cases I will refer to this ad­
ditional material. 

Now, it is well-known that disturbances in the transmission be­
tween the light source (i.e. the fiberoptic cable) and the 
photo-transducer pose a problem for the glottographic method. 
The disturbances are caused partly by external factors such as 
coughing and swallowing, partly by the speech conditions them­
selves. These disturbances may cause variations in the level 
of the glottographic signal that are certainly not reflections 
of the variations in the size of the glottal aperture. So, in 
order to minimize the influence from the varying speech con­
ditions, sounds produced with a more or less constricted pharynx 
should be avoided in the test material. Therefore, the test 
sentences for the glottographic recordings were designed so as 
to include only sounds articulated in the oral part of the 
vocal tract. Problems relating to the interpretation of the 
glottographic signal are discussed in Appendix C. 

The test sentences were presented in a list containing two 
randomizations. In the fiberoptic-glottographic part each sen­
tence was read about ten times, whereas in the EMG part the 
number of repetitions varied from six to about ten. In both 
materials, however, some tokens had to be eliminated for some 
reason or another. The exact number of tokens included in the 
statistical treatment of the data extracted from the mingo­
graphic material are found in the tables in Appendix A, where­
as the number of tokens included in each averaged EMG signal 
appears from the figures. 

E. TREATMENT OF THE RECORDINGS 

1. FIBEROPTIC STILLS AND EMG RECORDINGS 

The averaging of the EMG signals is a modified version of the 
processing described by Holtse and Stellinger (1976). 3 In the 
averaging procedure the EMG signals are aligned with reference 
to an acoustic line-up point, which for each averaging can be 
chosen-freely among the time references specified in advance 
during the off-line preparation of the data. The line-up point 
actually used was the onset of the vowel preceding the test 
obstruent. 
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The averaged EMG curves will be described qualitatively only, 
but the description is supplemented by a fairly large number 
of figures which also illustrate the considerable variation 
that there may be between the subjects. 

The treatment of the fiberoptic stills is likewise confined to 
a qualitative description serving to supplement the glotto­
graphic data. 

2. DELIMITATION OF THE MINGOGRAPHIC MATERIAL AND 
EXTRACTION OF PARAMETERS 

On the basis of the mingographic registration including both 
acoustic and glottographic curves a number of parameters have 
been extracted, which may give some additional insight into 
the glottal articulatory behaviour and its temporal relation 
to the supraglottal articulation. However, before going into 
the delimitation procedure actually applied, I want to point 
to some more general aspects of the whole topic. 

It should be considered that statements and results relating 
to the temporal behaviour in speech are, to a certain extent, 
a function of the traces used and the criteria adopted for de­
limitation. As to the first point, delimitation is usually 
undertaken on the basis of acoustic curves. In many cases, 
however, we introduce a more or less implicit interpretation 
in terms of speech production and especially in terms of supra­
glottal articulation. It goes without saying that the temporal 
relations,found on the basis of acoustic curves interpreted in 
terms of production, may deviate from those found on the basis 
of curves directly representing the production. In this con­
nection it should be recalled that since the acoustic signal 
reflects both glottal and supraglottal events, a comparison 
of the timing of acoustic and glottographic signals may lead 
to wrong statements about the temporal relation between glottal 
and supraglottal articulations. 

Relating to the question of criteria applied for the delimita­
tion of the acoustic signal I want to point out that if differ­
ent criteria are applied according to the segments involved, 
this may, of course, also lead to false statements about dif­
ferences and similarities between segment durations or dura­
tions of other sequences in which the acoustic delimitation is 
involved. If, for instance, the delimitation of the onset of 
the stops is taken to be the point in the acoustic signal 
where there is a clear reduction in intensity, whereas the on­
set of fricatives is taken to be the point where fricative 
noise appears, it is obvious that the duration of, say, the 
preceding vowel, or the period from the onset of the obstruent 
up to the maximum glottal aperture, may differ simply as a· 
consequence of the different delimitation procedure. 

It is rather common to use the offset and onset of voicing for 
delimitation of unvoiced obstruents. However, since the timing 
of these events are primarily dependent on the manner of pro-
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duction, rather than on the timing of the articulatory move­
ments as such, temporal findings of this kind are not relevant 
to the question of articulatory timing. 

Particular attention should be given to the possibility that 
discrepancies between the temporal findings of different stud­
ies may be due to the delimitation procedures (choice of curves 
and criteria for delimitation) applied in the individual stud­
ies. This, in fact, may also result in erroneous statements 
about inter-language differences or similarities with regard 
to temporal phenomena. 

The delimitation criteria applied to the present mingographic 
material are as follows (see figure 1): 

a. delimitation of the 
acoustic curves 

V symbolizes the onset of the vowel 
preceding the test obstruent. 

C1 symbolizes the start of the test obstruent. This is - in 
the case of labial and alveolar stops - taken to be the point 
in the intensity curve where it shows an abrupt fall. Theos­
cillogram normally shows weak oscillations after this point. 
In the velar stops and in the fricatives, however, the decrease 
is often more gradual which introduces some uncertainty -
especially in h. It should be underlined that the start of 
the obstruent is defined neither as the offset of periodic 
oscillations, nor.- in the case of fricatives - as the onset 
of fricative noise. 

C2 stands for the offset of the test obstruent. This point is 
by definition identical with the onset of the following vowel. 
In most cases the start of the high i vowel after a voiceless 
obstruent does not pose any problems, since the energy starts 
almost simultaneously and abruptly over the whole spectrum, 
which is seen as an abrupt rise in the intensity curve. The 
delimitation of vowel start after aspirated stops is discussed 
in detail by Fischer-J0rgensen and Hutters (1981). 

Eis the moment of oral explosion of stops. It shows up as a 
clear rise in the intensity curve. 

b. delimitation of the glotto- G stands for the onset of the 
graphic curves glottal gesture and is defined 

as the moment when the glotto­
graphic signal rises at the transition from vowel to obstruent. 
This increase may, though, be rather gradual, which introduces 
some uncertainty. 

Mis the moment. of maximum glottal aperture defined as the 
moment of peak level of the glottogram. 

Z symbolizes the offset of vocal fold vibrations and is taken 
to be the moment when the ripple on the rising glottographic 
signal is no longer visible. 
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c. Extraction of parameters On the basis of these delimi~ 
tations the following dura­
tional parameters are ex-

tracted: 

Acoustic parameters 

( I) 

(II) 

(I I I) 

(IV) 

(V) 

( VI) 

C1C2: 
ClE: 
EC2 : 

VE: 

total duration of the obstruent. 
duration of the oral closure. 

duration of the open interval. 
In the case of aspirated stops the open 
interval includes explosion noise, frica­
tive noise in the case oft and k, and 
aspiration. The term 'aspiration' will 
be used in this wider sense as synonymous 
with 'open interval 1

• • 

duration of the preceding vowel. 
duration of the period including the whole 
obstruent and the preceding vowel. 
duration of the period including the oral 
closure and the preceding vowel. 

Acoustic-glottographic parameters 

(VII) VG: 

(VII I) VM: 

( X) ME: 

duration from the start of the preceding 
vowel to the onset of the glottal gesture. 
duration from the start of the preceding 
vowel to the maximum glottal aperture. 

duration from the onset of the glottal 
gesture to the onset of the obstruent. 
This parameter gives a negative value if 
the onset of the obstruent precedes the 
gesture onset. 
duration from the maximum glottal aperture 
to the explosion of the oral closure. This 
parameter gives a negative value if the 
explosion precedes the maximum glottal 
aperture. 
duration of the time interval with sustained 
vocal fold vibrations after the onset of 
the obstruent, i.e. the extent of physio­
logical voicing. 

Glottographic parameters 

(XII) GM: 

(XIII) A: 

duration of the glottal abduction. 
In addition to the temporal parameters the 
peak level of the glottogram has been meas­
ured with the minimum level in the pre­
ceding vowel as reference.· 



VOCAL FOLD ADJUSTMENTS 301 

Figure 1 

Delimitation of the mingographic material. V = onset of the 
vowel preceding the test obstruent; Ci = onset of the test ob­
struent; E = the moment of oral explosion; c2 = offset of the 
test obstruent (identical with the onset of the following vowel); 
G = onset of the glottal gesture; M = the moment of maximum 
glottal aperture; Z = offset of vocal fold vibrations. 
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The discussion in Appendix C about the interpretation of glot­
tographic signals is relevant for parameter A and for the 
parameters including G (taken as the onset of the glottal 
gesture). It is also explained why no delimitation of gesture 
offset has been made. It should be added that since the onset 
of the preceding vowel V can be considered independent of prop­
erties of the test obstruent it is included in several parame­
ters as an independent reference point for the occurrence of 
later events in the signals. The numbers in brackets refer to 
the numbering of the tables in Appendix A (see below). All 
durations are measured in ms (milliseconds), whereas the peak 
level of the glottogram is stated in mm. 

3. STATISTICAL TREATMENT 

For each subject the mean value and standard deviation has 
been calculated for each of the parameters. The raw data are 
also averaged across speakers, which is called the grand mean. 
The complete set of data is tabulated in Appendix A, but many 
of the mean values are also shown in graphic form in the fig­
ures. Furthermore, a two-way analysis of variance has been 
performed for each of the parameters with the test obstruents 
and the subjects as the two factors (Winer 1970). This was 
followed up by the Scheffe method for multiple comparisons 
using the F-test in order to find the statistically significant 
differences between the test obstruents for a given parameter. 
(Ferguson 1976). The Scheffe procedure does not require an 
equal number of observations in the groups to be compared. 
But the drawback is that the procedure is more rigorous than 
other procedures, which consequently leads to fewer significant 
differences. Therefore - as recommended by Ferguson - a less 
rigorous significance level than normally required for an F­
test may be employed. Thus, significance levels of 10 and 5 
per cent are also considered statistically significant. Acom­
plete list showing which of the relevant differences are sta­
tistically significant, as well as the level of significance, 
is found in Appendix B. In the figures showing the quantified 
mingographic data the statistical findings will also be in­
dicated. Let me add that since the analysis of variance for 
all the parameters did show significant differences between 
subjects, not only the grand mean averaged over subjects but 
also the mean for each of the subjects are shown in the tables 
as well as in the figures. 
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III. RESULTS 
The results will be presented as comparisons partly between 
obstruents belonging to different categories specified as 
aspirated stops versus unaspirated stops, and aspirated stops 
versus fricatives, and partly between obstruents belonging to 
the same category but differing as to place of articulation. 

A. COMPARISONS BETWEEN OBSTRUENTS 
BELONGING TO DIFFERENT CATEGORIES 

1. ASPIRATED VERSUS UNASPIRATED STOPS 

Fiberoptic stills and glottograms of aspirated and unaspirated 
stops - exemplified by p and b - are seen in figure 2, while 
the quantified mingographic data are shown in graphic form in 
figure 3. In figure 4 some typical EMG curves are displayed. 

a. glottal gesture As expected, the glottographic signal 
shows a clear and almost symmetric open­
ing-closing gesture in the aspirated 

stops, and from the fiberoptic stills it is evident that the 
maximum abduction is considerable - although it is substantial­
ly less than during respiration. Contrarily, the maximum glot­
tal aperture is very small in the unaspirated stops, and the 
fiberoptic stills reveal a spindle shaped aperture in the mem­
braneous portion of the glottis, whereas the vocal processes 
are almost adducted. 7 The appreciable difference between the 
two stop categories as to the peak level of the glottogram is 
evidently highly significant (A - figure 3a, table XIII). 
Averaged over subjects and place of articulation the peak level 
of the unaspirated stops is about one fourth of the peak level 
of the aspirated stops. This does not necessarily apply to 
the actual glottal aperture, cf. Appendix C. 

As for the temporal parameters the duration of the vocal fold 
abduction is significantly longer in the aspirated stops; on 
the average it is twice as long as in the unaspirated cognates 
(GM - figure 3b, table XII). The timing between the oral ex­
plosion and the moment of the maximum abduction is also sig­
nificantly different (ME - figure 3c, table X). In the aspi­
rated stops the explosion occurs close to the moment of maximum 
aperture - on the average 20 ms before the maximum - whereas 
in the unaspirated stops the explosion always lags behind the 
moment of maximum abduction - by about 50 ms on the average. 
It appears from the glottograms that in the unaspirated cog­
nates the explosion occurs close to the end of the glottal 
gesture, and shortly after the release - about 30 ms on the 
average - the pressure drop across the glottis is again suffi­
cient for the resumption of vocal fold vibrations. In the 
aspirated stops this open interval - from the explosion and 
until the vocal folds have regained their adducted position -
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Figure 2 

Fiberoptic stills and glottograms of aspirated and unaspirated 
stops exemplified by p and b, respectively. The arrows show 
where in the course of the glottal gesture the still originates. 
The acoustic events are shown below the glottogram (cf. figure 
1). 
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Figure 3 

Mean values for aspirated and unaspirated stops - averaged over place of 
articulation - of the parameters A (peak level of the glottogram), GM 
(duration of the glottal abduction), ME (duration from the maximum glot­
tal aperture to the explosion of the closure), EC2 (duration of the open 
interval), and C1E (duration of the oral closure). The mean values are 
shown for each speaker and averaged across speakers (X - computed from 
raw data). The left column represents the aspirated stop category, the 
right one the unaspirated category, as indicated to the right in each 
graph. _The level of significance for the difference between the grand 
means (X) is indicated as follows: xxx = p<0.01, xx = p<0.05, x = p<0.1, 
0 = p>0.1. 

+++ 
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is about 100 ms on the average (EC2 - figure 3d, table III). 
If we also consider that the oral closure is only slightly 
longer in the unaspirated than in the aspirated stops - the 
difference is about 25 ms on the average (C1E - figure 3e, 
table II) - it is obvious that the difference in the timing 
of the explosion relative to the glottal gesture is primarily 
due to a difference in the glottal gesture rather than to a 
different timing of the supraglottal articulation. Thus, 
aspiration versus non-aspiration in the Danish stops is main­
ly a function of the type of glottal gesture involved. 

It appears from the literature that in languages which dis­
tinguish aspirated and unaspirated stops - at least phonetic­
ally - the glottal gesture is of greater magnitude in the 
former category of stops, and that the maximum glottal aperture 
in these aspirated stops is reached near the oral release, 
whereas in the unaspirated cognates the vocal folds are ad­
ducted at this moment. This is in full agreement with the 
present findings for Danish. See, e.g., for Danish: Fr0kj~r­
Jensen et al. (1971), Fukui and Hirose (1983)8 ; for Fukienese: 
Iwata et al. (1979); for German: Butcher (1977); for Hindi: 
Kagaya and Hirose (1975), Benguerel and Bhatia (1980); for 
Icelandic: Petursson (1976), Lofqvist and Yoshioka (1980); for 
Korean: Kagaya (1974); for Mandarin Chinese: Iwata and Hirose 
(1976). It is also interesting that in several of these stud­
ies it is mentioned that the unaspirated stops are produced 
with a spindle-shaped glottis as observed in Danish. It should 
be added, though, that the glottal gesture and its temporal 
relation to the supraglottal articulation in both stop cate­
gories may vary from language to language to meet the l~nguage 
specific requirements of stop consonant manifestation (cf. 
section IVA dealing with aspiration). 

b. EMG Regarding the motor control of the two different 
glottal gestures it appears from figure 4 that 
the aspirated as well as the unaspirated stops 

have a simple rising-falling PCA activity pattern. On the 
other hand, it is evident that the peak is higher and the dura­
tion of activity longer in the aspirated cognates. Moreover, 
regarding the timing relative to the segmental events, the PCA 
peak activity occurs very close to the onset of the unaspirated 
stops, whereas in the aspirated stops it is attained only 20-
30 ms after the implosion. 9 

Concerning the INT muscle the well-known reciprocity between 
PCA and !NT is also seen in the present material: there is a 
dip in the INT activity, which in two out of three subjects 
descends to a slightly lower level in the aspirated than in 
the unaspirated stops. Furthermore, the clear increase in 
activity and the following maximum occur later in the aspi­
rated stops, which means that in both stop categories the INT 
maximum almost coincides with the onset of the following vowel. 
Consequently, the period of reduced INT activity is longer in 
the aspirated stops than in their unaspirated cognates. It is 
also worthy of notice that two subjects show a somewhat higher 
INT maximum after aspirated than after unaspirated stops, even 



VOCAL FOLD ADJUSTMENTS 307 

80 [ _ • • l 
cm,···•·/•··r\ .... / •• i'\ __ /i 

15~11111Jt 

LEGEND SPEAKER CHAN 
HU PCA 
HU PCA 

t TOKENS TEXT 
9 PILE 
8 BILE 

-20 0 20 

105[ /\ J /~ iA ;f\. 
cm~~] 

-~ ...... _~20~~~0~.>.L,..~20'='"""".>.L,..~L.L.,o .................... L.o...uu..J.... ......... ....__ 

LEGEND SPEAKER CHAN 

HU fNT 
HU !NT 

I TOKENS TEXT 
9 PILE 
8 BILE 

90 [ 
. .. 

c~: l LEGEND SPEAKER CHAN 
LG PCA 

tT0KENS TEXT 
9 KILOE 

LG PCA 9 GILOE 
-20 0 20 

LEGEr-o SPEAKER CHAN ITOKENS TEXT 
LG !NT 10 ,(!LOE 
LG !NT 9 GILDE 

c:[~·~··· .... · ··· ... __ -~i\ .. ;' \] LEGE.NO SPEAKER CHAN 
PM PCA 
PM PCA 

tTOKENS TEXT 
10 TIE 

10 DIE 
0 20 

. ] LEGEND SPEAKER CHAN 

PM !NT 
PM !NT 

ITOKENS TEXT 

10 TIE 
10 OIE 

0 20 

10 

cm~[~] LEGEND SPEAKER CHAN 
FJ PCA 
FJ PCA 

tTOKENS TEXT 

11 TINE 
10 DINE 

-20 0 20 

Figure 4 

Averaged EMG curves of aspirated and unaspirated stops. The 
speaker, muscle, number of tokens, and place of articulation 
are indicated to the right of the curves. The line-up point 
indicated by the vertical line is the onset of the vowel pre-

(continued) 
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ceding the stop ( "V" in figure 1). The small dots seen in each 
EMG curve indicate the acoustic events as follows: first dot= 
onset of the oral closure ( "Ci" in figure 1), second dot = ex­
plosion of the oral closure ( "E" in figure 1), third dot = the 
offset of the stop alias the onset of the following vowel ( "C 2 " 

in figure 1). 
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though the difference is not very stable in subject LG. Thus, 
generally it seems that the timing and amplitude differences 
in PCA and INT between the aspirated and the unaspirated stops 
reflect differences in the glottal gesture involved in the 
production of the two stop categories. 

Turning now to the VOC muscle, there is a dip of activity in 
the aspirated as well as in the unaspirated stops, even though 
the dip is more pronounced in the aspirated ones. After the 
dip - almost at the explosion of the oral closure - the VOC 
activity starts to rise and reaches a peak at the transition 
from stop to the following vowel, nearly coinciding with the 
vowel onset in both stop categories, this pattern resulting 
in a longer period of reduced activity in the aspirated stops. 
The VOC peak is higher at the transition from aspirated stops, 
a difference that may continue into the vowel. 

It appears from figure 4 that speaker BM deviates 
in several respects from this description. Further­
more, only JJ shows no dip in the unaspirated cog­
nates, but of cours there still remains a differ­
ence in minimum VOC level between his two stop cate­
gories. 

A differentiated pattern seems also to be present in the CT 
muscle which tends to have slightly higher activity during the 
aspirated stops, but it must be taken into account that the 
amount of data is very limited. Apart from this difference it 
is worthy of notice that the overall pattern of CT activity, 
with a clear rise in the following vowel correlating with a 
clear rise in the fundamental frequency, is almost identical 
in space and time, irrespective of stop category. This means 
that the level of CT activity in the following vowel - for any 
specific point in time reckoned from the vowel onset - is 
higher after aspirated stops due to the longer segment dura­
tion of these stops. This may be part of the explanation for 
the higher fundamental frequency found after aspirated than 
after unaspirated stops in Danish, and especially for the 
puzzling finding that the difference extends far into the 
vowel ( Reinholt Petersen 1983) . It shou 1 d be added that a 1 so 
the tendency to a higher VOC activity in the vowel following 
aspirated stops may be relevant from the point of view of seg­
mentally conditioned F

0 
variation. 

The EMG data presented above are in all essentials in good 
agreement with those found for Danish stops in Fischer-J0rgen­
sen and Hirose (1974) and for stops in other languages. That 
is, the glottal gesture in aspirated and unaspirated stops 
seems to be primarily controlled by the reciprocal activity 
pattern of the PCA and INT muscles. A survey is found in, e.g. 
Hirose et al. (1978), Hirose and Sawashima (1981), and Sawashima 
and Hirose (1983). 
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In this context, I would like to take up one point 
in Fischer-J~rgensen and Hirose (1974). For one of 
two subjects they find a longer aspiration and con­
sequently a later occurrence of the maximum INT 
level at the transition from stop to vowel. The 
authors wonder why this same subject also has an 
earlier start of his INT relaxation if it is for the 
purpose of aspiration. Indeed, this earlier relaxa­
tion does not reflect the aspiration, since the first 
part of the decreasing INT activity has to do with 
the preceding unvoiced obstruent in the frame sen­
tence. This is obvious from the fact that in the 
test sentences with the sonorants 1 and m in the 
present material a similar INT reduction is seen 
during the preceding frame sentence. The difference 
in timing of the INT relaxation between Fischer­
J~rgensen and Hirose's two subjects must therefore 
result from a difference in the duration of the vowel 
preceding the test obstruent. But since the first 
part of the INT relaxation in a sequence where the 
unvoiced obstruent under study is preceded by an­
other unvoiced obstruent and a vowel, is in fact re­
lated to the preceding obstruent, we may conclude 
that the INT dip directly related to each unvoiced 
obstruent is much smaller than it appears at first. 
It should be added that, similar to the INT pattern, 
the first part of the VOC relaxation is a consequence 
of the last unvoiced obstruent in the preceding frame 
sentence. Thus, also the VOC dip relating to the 
production of obstruents may be smaller than it seems 
to be. 

c. conclusion In conclusion, it is obvious that the pro-
duction of aspiration versus non-aspiration 
in Danish stops is first of all a matter of 

the glottal gesture type that is produced, to satisfy the de­
mand of an open versus a nearly closed glottis at the moment 
when the oral closure is released. Nor does there seem to be 
any doubt that the articulatory differences between the glottal 
gestures are reflected in the muscular activity pattern, pri­
marily in the reciprocal pattern of the PCA and INT muscles. 
However, not even in the case of these two muscles does the 
relationship between muscle activity and articulatory behaviour 
appear to be quite simple; and the matter is still more com­
plicated where the VOC and CT muscles are concerned, as wi11 be 
discussed in section IVB and IVC dealing with the glottal 
gesture in Danish unaspirated stops and with the interpretation 
of laryngeal EMG signals, respectively. 

2. ASPIRATED STOPS VERSUS FRICATIVES 

The aspirated stops as well as the fricatives demand a high 
rate of air flow in order to generate the required aspiration 
and friction noise, which means that both categories must be 
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de viUe sige piZ.e.[bhi:la] 
0 

de viUe_ sige fiZ.e[fi:la] 

Figure 5 

Fiberoptic stills and glottogr~ms of aspirated stops and frica­
tives exemplified by p and f, respectively. The arrows indi­
cate where in the course of-the glottal gesture the still orig­
inates. The acoustic events are shown below the glottogram 
(cf. figure "1). 
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pr~duced ~ith a cl:ar glottal opening-closing gesture. The 
point_of i~terest is whether the gesture and/or its temporal 
relationship to the supraglottal articulation differ(s) between 
the two categories. F~ber~ptic stills and glottograms of aspi­
ra!ed stops are_s~own in figure 5 - exemplified by p and f -
w~ile the quan~1fied data and some EMG curves are displayed in 
figure 6 and figure 7, respectively. 

a. glottal gesture From the glottograms it is obvious that 
the dynamic patterns of the glottal ges­
tures are very much alike, i.e. they 

both show an almost symmetric opening-closing gestur~ with a 
la~ge maximum_aperture as it also appears from the fiberoptic 
stills. But in fact the glottographic data show some differ­
ences that deserve to be commented upon. 

~

s regards th: d:gree of v?cal fold abduction the glottographic 
ata seem to 1nd1cate a slightly larger maximum aperture in the 
~pirated stops: averaged over subjects and places of articula­

tion, the peak level of the fricative is 90% of that of the 
stop and the difference is significant (A - figure 6a, table 
XIII). 10 It may well be, however, that the small differences 
in peak level of the glottogram are due to a difference in 
larynx height, since Reinholt Petersen (1983) has shown that 
the larynx tends to be lower in Danish f than in p before i. 

Concerning the temporal pattern of the glottal gesture, my 
data show that the maximum glottal aperture is reached slight-
ly but significantly earlier in the fricatives relative to the 
onset of the preceding vowel - 20 ms on the average (VM -
figure 6b, table VIII). The earlier occurrence of the maximum 
aperture may be accounted for by two factors, namely an earlier 
onset of the opening gesture (VG - figure 6c, table VII) and a 
shorter duration of this gesture (GM - figure 6d, table XII), 
but it seems that the significantly earlier gesture onset is 
the main factor, accounting for 15 ms of the difference. 

Proceeding with the findings mentioned in the literature they 
differ with respect to the maximum glottal aperture. Butcher 
(1977) suggests for German that the maximum aperture is larger 
in the aspirated stops, whereas for Swedish (Lindqvist 1972; 
Lofqvist and Yoshioka 1979) and Icelandic (Lofqvist and Yoshi­
oka 1980) it is stated that the aperture is larger in the frica­
tives. In American English, however, Sawashima (1970) does not 
observe any difference between the two types of obstruent. 
The same observation has been made in a preliminary study of 
British English undertaken at our institute. 11 If the dis­
crepancy between these observations cannot be related to dif­
ferent experimental conditions, it may be due to language 
specific differences in the production of the sounds in question. 
It is, however, noteworthy that from the tables in Fr0kj~r-
Jensen et al. (1971) dealing with Danish like the present study, 
it can be deduced that only one of the three subjects shows a 
higher peak level of the glottogram in p than in f. Also in 
the present material inter-subjective differences are seen: 
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Mean values for aspirated stops and fricatives - averaged over place of 
articulation - of the parameters A (peak level of the glottogram), VM 
(duration from the start of the preceding vowel to the maximum glottal 
aperture), VG (duration from the start of the preceding vowel to the on­
set of the glottal gesture), GM (duration of the glottal abduction), and 
vc 1 (duration of the preceding vowel). (~ and !2_ are omitted, see note 9.) 
The left column represents the aspirated stop category, the right one the 
fricative categor_y, as indicated above the rightmost columns. For further 
explanation, see the legend to figure 3. 
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for p and f only three out of five speakers show the peak level 
difference in question (table XIII). More data may decide 
whether we are in fact dealing with individual differences in 
the glottal gesture. 

As regards the timing of the glottal gesture relative to the 
supraglottal articulation it is mentioned in the literature 
that the duration of-the interval between the onset of the ob­
struent and the maximum glottal aperture is shorter in frica­
tives than in aspirated stops (Fr0kj~r-Jensen et al. 1971; 
Lofqvist and Yoshioka 1979, 1980, 1981), and the present data 
clearly show the same difference, averaging 35 ms. 12 The fact 
that vowel duration is normally found to be longer before 
fricatives than before stops means that the onset of the ob­
struent occurs later (in relation to the onset of the preceding 
vowel) in fricatives than in stops, which could explain the 
difference in question. According to my data, however, the 
difference in timing of the maximum aperture itself (VM) should 
also be taken into account: since the difference in vowel 
duration is only 15 ms on the average (VC1 - figure 6e, table 
IV), the remainder of the 35 ms must result from this other 
factor. 13 

Another difference between fricatives and aspirated stops as 
to the timing relationship between the glottal gesture and the 
onset of the obstruent is mentioned by Butcher (1977), Lofqvist 
and Yoshioka (1980, 1981), and Hoole et al. (1983), namely that 
the glottal opening gesture starts earlier in fricatives re­
lative to the onset of the obstruent. This interarticulatory 
difference is clearly seen also in the present material (GC1 
- table IX). Again, the longer vowel before fricatives, i.e. 
the later onset of the obstruent, may be the obvious explana­
tion. However, since the studies mentioned above are based on 
glottographic material like the present study, the apparently 
earlier onset of the glottal opening gesture itself, as it is 
found in my glottographic data (VG), may also be part of the 
explanation. 

b. EMG Turning now to the present EMG data it is obvious 
that the overall activity patterns in the two 
types of obstruents are very much alike with a 

clear r1s1ng and decline in the PCA activity and a reciprocal 
pattern of the INT muscles. Also the dip in the VOC activity 
and the small rising in CT resemble each other closely. There 
are indeed also some obvious differences, but only few of them 
show any noticeable degree of inter-speaker consistency. 

Regarding the PCA muscle, the summit tends to be broader in the 
aspirated stops, whereas the peak activity may be higher or 
lower than in the fricatives. The INT dip also tends to be 
broader in the aspirated stops, whereas the minimum level may 
be higher or lower. It is not clear how these differences 
should be interpreted in terms of degree of glottal aperture, 
but it seems reasonable that not only the maximum and minimum 
levels but also the duration of increasing PCA activity and de-
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creasing INT activity should be taken into account. If. so, 
the data seem to indicate that the maximum aperture may be 
higher in the aspirated stops than in the fricatives. More­
over, the PCA maximum is attained slightly earlier in the 
fricatives in relation to the onset of the preceding vowel, 
due to an earlier onset of the rise and/or a shorter rise time. 
It seems very reasonable to suggest that this difference in 
timing of the PCA maximum is responsible for the earlier maxi­
mum glottal aperture in the fricatives as it was observed in 
the glottograms. 

However, it is the VOC muscle that shows the most consistent 
temporal difference: the reduction of activity in the frica­
tives leads that of the aspirated stops - relative to the pre­
ceding vowel onset - due to a higher reduction rate and/or an 
earlier start of the reduction. Supposing that the reduction 
in the VOC activity during vocal fold vibrations results in a 
looser and shorter contact of the vibrating vocal folds, this 
will imply that the glottographic signal rises sooner in the 
case of fricatives. If this interpretation is true, then the 
different timing of the rising glottographic signal is a con­
sequence of the vibratory pattern of the vocal folds and does 
not reflect a difference in the onset of the glottal opening 
gesture - provided that the glottal gesture is defined in 
terms of the movements of arytenoid cartilages. This inter­
pretation should be considered in the light of the fact that 
the PCA and INT patterns do not seem to indicate an earlier 
onset of the abduction of the arytenoids - except with PM. 

Only very few observations on laryngeal muscle activity com-
paring aspirated stops and fricatives are available in the 
literature. Lofqvist and Yoshioka (1979) find for their 
Swedish subject that the PCA peak is higher and the decrease 
in the INT activity is deeper and more rapid ins than in p 
resulting in a larger maximum glottal aperture and a higher 
abduction velocity in the fricative. It is worth of notice 
that these differences in the PCA and INT patterns may also 
be observed in the Danish subjects, whereas the glottographic 
data show the reverse relationship between aspirated stops and 
fricatives. This discrepancy may be due to methodological 
differences including comparisons between homorganic versus 
non-homorganic obstruents (see below). On the other hand, 
since the Swedish stops in general are produced with a shorter 
aspiration than the Danish ones, a slightly different glottal 
behaviour would not be surprising - a difference that may lead 
to deviating results when we compare aspirated stops and 
fricatives. 

Regarding the VOC muscle Hirose and Gay (1972) find no differ­
ence in the degree of relaxation between English unvoiced 
fricatives and stops, as I did not in the Danish material 
either. Collier et al. (1979), however, consider Hirose and 
Gay's observation in contradiction with their own findings 
for Dutch. But taking into account that the stops in Dutch 
are unaspirated whereas the English ones are aspirated - in 
the position in question - and thus produced with a glottal 
gesture almost similar to the gesture in the fricatives, there 
may not be any discrepancy between the two findings. 
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Figure 7 

Averaged EMG curves of aspirated stops and fricatives. The 
small dots seen in each EMG curve indicate the acoustic events 
as follows: first dot = onset of the obstruent ( "Ci" in figure 
1), second dot= offset of the obstruent alias the onset of the 
following vowel ( "C 2 " in figure 1). For further explanation, 
see the legend to figure 4. 



VOCAL FOLD ADJUSTMENTS 

30 [ • • .. .......... l 
CHVl , /•. :·. :~.- .. .-.. ·•"·_,:-. ·. (~' •. '.,_:·,/ •••• '\.:-: ,, 

,' . ·\: ._... • . : .. 

15 __. ........ ~ ................................. ~ ........................................................................ ~ ................... ~, 
0 20 

.: [. , -~)~~~,~-~\ ?d / l .. ~~ 
0 20 

·=[ l . . ... -· .. ·. _..... -. . .. . .. . . 
30 • •• 

0 20 

LEGEND SPEAKER CHAN 
HU VOC. 
HU VOC 

LECENO SPEAKER CHAN 
BH VOC 
BH VOC 

LECENO SPEAKER CHAN 
JJ VOC 
JJ VOC 

t.ECENO SPEAKER CHAN 
6H VOC 
BH VOC 

I.EGENO SPEAKER CHAN 
BH VOC 
BH VOC 

tTOKENS 

6 
8 

TEXT 
rre 
SILE 

tTOKENS TEXT 
6 PJI.E 
6 ~!LE 

I TOKENS TEXT 
10 TIE 
10 S11.E 

I TOKENS rEXT 
10 PILE 
10 FILE 

tTOKENS TEXT 
10 TIE 
10 SILE 

LEGEND SPEAKER CHAN REF I TOKENS TEXT 
PILE 
FILE 

BH CT 10 
BH CT 10 

317 

Figure 7 (continued) 



318 

I have ventured the hypothesis that the different 
timing in aspirated stops and fricatives of the on-

HUTTERS 

set of the rising glottographic signal may be a con­
sequence of the vibratory pattern of the vocal folds 
rather than a consequence of a difference in the on­
set of the glottal opening gesture - defined in terms 
of the movements of arytenoid cartilages. This would 
implicate that the true glottal open_ing gesture is 
longer in the aspirated stops since no clear differ­
ence was found in parameter GM (figure 6d - table XII). 
The longer abduction could result from a larger max­
imum aperture and/or a lower abduction velocity. 
As it appears above, an influence from the former 
factor seems possible. Regarding the abduction ve­
locity, Lofqvist and Yoshioka (1979, 1980, 1981) 14 

dealing with several languages find that the maximum 
abduction velocity is higher in fricatives than in 
aspirated stops as it appears from their glottograph­
ic material. For the sake of comparison I have cal­
culated (manually) for one subject the maximum slope 
of the (LP-filtered) rising glottographic curve for 
pt and fs. When the data are averaged over place of 
articulation, it is evident that the maximum slope 
is certainly not higher in the fricatives. This 
discrepancy may be due to language specific differ­
ences. On the other hand, if the data are averaged 
over manner of articulation, it appears that the 
maximum slope is significantly higher in alveolars 
than in labials. Now, since the comparisons made 
by Lofqvist and Yoshioka do not seem to include 
homorganic obstruents, one cannot preclude that their 
observations are partly due to a difference in place 
of articulation. But it should be added that even 
though the present data do not show any difference 
in maximum slope as a function of manner of articula­
tion, it does seem that the~ slope of_the 
rising curve is higher in fricatives than in aspi­
rated stops. The crucial point, then, is to what 
extent the slope of the glottographic curve actually 
reflects the abduction - and adduction - velocity 
of the vocal folds. 

c. conclusion In short, the glottal behaviour in Danish 
aspirated stops and fricatives is very 
much alike. On the other hand, there seems 

to be differences in the interarticulatory timing not only re­
sulting from a different supraglottal behaviour but also from 
the timing of the glottal gesture itself. Thus, it is probably 
safe to state that the maximum aperture is reached slightly 
earlier in fricatives than in stops. It is hypothesized that 
the main factor accounting for this earlier maximum is a shorter 
abduction duration rather than an earlier gesture onset - on 
condition that the glottal gesture is defined in terms of ary­
tenoid movements. The earlier onset of the rising glottographic 
signal in fricatives is tentatively explained as resulting from 
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a change in the vibratory pattern of the vocal folds due to 
the fact that the state of complete relaxation of the VOC 
muscle is reached sooner. Apropos of the EMG data, the inter­
pretation of the amplitude differences is somewhat doubtful, 
whereas the temporal course of the activity patterns seems in 
general to reflect the temporal differences in the glottal 
gesture. 

B. COMPARISONS BETWEEN OBSTRUENTS 
BELONGING TO THE SAME CATEGORY 

It goes without saying that obstruents classified - in a tra­
ditional phonetic sense - as belonging to the same category, 
differing only as to place of articulation, are produced in 
the same way by definition. But it is a well-known fact that 
different places of articulation involve differences in how 
exactly the supraglottal articulation is performed, depending 
on the articulators involved and on the speech habits of a 
given speech community. The following sub-sections deal with 
how such differences in the supraglottal articulation may re­
sult in a slightly different timing between the glottal and 
supraglottal articulation. Moreover, it will be shown that 
minor differences in the glottal behaviour itself seem to be 
involved. 

1. ASPIRATED STOPS 

Fiberoptic stills and glottograms of the aspirated stops ptk 
are seen in figure 8, while the quantitative data and some 
EMG curves are displayed in figure 10 and figure 11, respect­
ively. 

a. glottal gesture In several studies based on fiber-
optics and glottography it has been 
observed (or it can be deduced from 

the figures) that there seems to be a larger maximum aperture 
in the glottal gesture of the velar stop than in stops with a 
more advanced place of articulation, this being true of aspi­
rated as well as unaspirated stops (see Sawashima and Miyazaki 
1973; Sawashima and Niimi 1974; Hirose 1975, fig. 7; Petursson 
1976; Hirose and Ushijima 1978, fig. 3). Also in my glotto­
graphic data is the peak level significantly higher ink than 
in p, whereas in t the peak level - relative to that of p and 
k - varies considerably from subject to subject showing no sig­
nificant difference from either pork (A - figure 10a, table 
XIII). Contrarily, Lofqvist (1976) in his glottographic 
material fails to observe a higher peak in velar than in 
labial aspirated stops. Laterf however L6fqvist and Yoshi~ 
oka (1979) report spuriously high levels in velar stops and ex­
plain that these are probably due to ~n artifactual influence 
from vertical movements of the larynx. They recommend that 
the transducer should be placed below the cricoid cartilage 
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de ville sige pile[bhi:la] 
0 

de ville sige Tine[dhi:na] 
0 

de ville sige kilde[ghila] 

Figure 8 

Fiberoptic stills and glottograms of the aspirated stops ptk. 
The arrows indicate where in the course of the glottal gesture• 
the still originates. The acoustic events are shown below the 
glottogram ( see also figure ·1). 
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Glottograms of p and k recorded with the photo~transducer po­
sitioned just below the thyr_oid cartilage (a.) and well below 
the cricoid cartilage (b). 
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as indicated above the rightmost columns in each 
graph. The symbols for the level of significance 
should be interpreted as follows: the upper row 
shows the level of significance for p__ versus!._, the 
row in the middle p__ versus !E._, and the lowest one!._ 
versus~- For further explanation, see the legend 
to figure 3. 
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rather than between the thyroid and cricoid cartilages - in 
order to avoid this undesirable effect. 

~owever, it is my experience that the peak level dif­
ference between labial and velar aspirated stops 
shows up whether the transducer ( and/or the light 
source for that matter) is placed in a lower or in 
a higher position. 15 This is shown in figure 9. 
Thus, it may be concluded that the lower position 
of the transducer need not reflect the influence from 
the vertical movement of the larynx. Another impli­
cation may be that the observed peak level differ­
ence does not reflect a difference in larynx height, 
which for the Danish data is supported by the find­
ing that no consistent difference in larynx height 
between p, t, and k can be observed (Reinholt Peter­
sen 1983). -It is noteworthy, however, that it is 
only for the Swedish material that spuriously high 
peak in velar stops is reported, whereas in other 
studies a much more moderate increase has been ob­
served. Thus, the substantially higher level in the 
Swedish material is very likely due to artifactual 
disturbances. But it still remains to be proved 
that the higher glottographic peak level in~ is in 
general really due to a larger glottal aperture 
rather than to some artifactual influence. 

Regarding the timing between the glottal and supraglottal artic­
ulation it has been stated above that the oral explosion in 
the aspirated stops occurs close to the moment of maximum aper­
ture of the vocal folds. But in fact the three stops differ 
in this respect (ME - figure 1Ob, table X): in p the onset of 
the explosion leads the maximum aperture with 10 ms on the 
average - the same order of magnitude as found for p by Fr0-
kj~r-Jensen et al. (1971) - whereas fork and t the leading 
averages 20 ms and 36 ms, respectively, and the differences are 
significant. This difference in the interarticulatory behaviour 
is explained partly by the timing of the oral explosion, which 
occurs significantly earlier in t than in p and k (VE - figure 
1Oc, table VI), and partly by small differences in the timing 
of the maximum ·glottal aperture itself, which occurs earliest 
in p and latest ink , even though only p vs. k is significant 
(VM - figure 1Od, table VIII). It should be added that the 
differences in timing of the glottal maximum aperture itself 
seem to be accounted for by a combined influence from the ges­
ture onset (VG - table VII) and from the duration of the ges­
ture opening (GM - table XII), even though substantial indi­
vidual differences are seen regarding the degree of influence 
from each of the two factors.16 But the fact remains that not 
only the timing of the oral explosion but also the timing of 
the maximum glottal aperture as such has to be taken into con­
sideration in accounting for the time lag between these two 
articulatory events and their variation according to place of 
articulation. 
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Unfortunately, only a few studies include data on the glottal 
gesture and its temporal relation to the oral explosion ac­
cording to place of articulation. One is Petursson (1976) 
who states that in Icelandic (post-)aspirated stops the maxi­
mum aperture always leads the explosion, but he does not dif­
ferentiate according to place of articulation. From his fig­
ures, however, it appears that the leading of the maximum aper­
ture is shorter in o - due to a shorter oral closure - and in 
k - due to a later maximum - than in p and t. 17 Also in German 
it has been observed that the leading of the maximum aperture 
is longer in p than in t, which is suggested to be an effect 
mainly of the longer closure in p (Hoole et al. 1983). In 
Kagaya (1974) it is mentioned that in the Korean aspirated stops 
the explosion occurs around the moment of maximum glottal aper­
ture, but it appears from his figures that the explosion ink 
may occur slightly earlier than in p and t. Furthermore, it 
can be deduced from his figures that in the aspirated affricate 
the explosion leads the maximum aperture considerably, which 
has also been observed in the Mandarin affricates (Iwata and 
Hirose 1976). These last findings seem very consistent with 
the clearly leading explosion relative to the glottal maximum 
aperture seen in the Danish affricated t. 

Thus, it can be maintained that the temporal relationship be­
tween the oral explosion and the maximum aperture of the glot­
tal gesture is definitely related to the place of articulation 
- whether it is the explosion that leads the maximum aperture 
or vice versa - although it seems that not only the timing of 
the oral explosion but also the timing of the maximum glottal 
aperture itself play a role. 

The relations normally found for the duration of the 
oral closure in Danish aspirated stops is E._>~>! (see, 
e.g., Fischer-J0rgensen 1954, 1980), which also ap­
pears in the present material, even though only! dif­
fers significantly from the two other stops due to 
the very deviating relations seen with one of the 
subjects (MF) (C1E - figure 10f, table IV). The ear­
lier explosion in Danish! resulting in a shorter 
closure is evidently connected with the fact that! 
is strongly affricated, which is i·n agreement with 
the general observation that affricated stops have a 
shorter closure than aspirated ones (see, e.g., 
Fischer-J0rgensen 1976). On the other hand, the ten­
dency to an earlier implosion in E. resulting in a 
slightly longer closure may be explained by the fact 
that the labial articulation is independent of the 
articulation of the preceding vowel (Fischer-J0rgen­
sen 1980). This last explanation, however, is in 
fact somewhat dubious, at least if applied to the 
present data, taking into consideration the reserva­
tions that have to be made regarding the acoustic 
delimitation and its interpretation in terms of ar­
ticulation. 



326 HUTTERS 

Proceding with the open interval, or aspiration, it 
is well documented that in Danish this interval is 
shortest in E_, longer in~, and longest in!_, i.e. 
the opposite relationships from those found for the. 
closure (see again Fischer-J0rgensen 1954, 1980). 
Not surprisingly, these relations are also seen in 
the present data and the differences are highly sig­
nificant (EC2 - figure 10g, table III). It should 
be noted, however, that not only the moment of ex­
plosion relative to the glottal gesture but also the 
start of the following vowel may influence the dura­
tion of the open interval. Based on the observation 
that no clear systematic differences between the 
three stops as to the gesture onset (VG - table VII) 
seem to be present, it can be concluded that the 
longer open interval in!_ compared to~ is primarily 
a function of the significantly earlier explosion, 
since no significant difference can be shown in the 
onset of the following vowel relative to the onset 
of the preceding vowel (VC 2 - table V). On the con­
trary, the shorter open interval in p_ compared to~ 
is first of all the result of a slightly but signif­
icantly earlier onset of the following vowel (VC2), 
since no significant difference could be proved for 
the timing of the explosion (VE). From these facts 
it can be deduced that the difference betw.en p__ and 
!_ in the open interval is caused by both factors, as 
also appears from the relevant figures and tables. 

The delay in the vowel onset after~ and!_ compared 
top__ seems to be most readily accounted for in terms 
of a difference in the voicing conditions: the slow­
er release in~ and especially in!_ leads to a slower 
decay in the intra-oral pressure which delays the 
attainment of the appropriate pressure drop across 
the glottis. But it may also be that the offset of 
the glottal gesture comes slightly earlier in p_, 
taking into consideration the earlier timing of the 
maximum aperture, and if so, this factor should also 
be included in the voicing conditions. 

b. EMG I shall turn now to the EMG curves. It is not 
surprising that the overall patterns are very much 
alike, irrespective of place of articulation. Par­

ticular attention should be given to the observation that only 
the muscular pattern for one subject (HU) supports the assump­
tion that the glottal maximum aperture is slightly larger in 
k than in p, provided that a higher and broader PCA peak re­
flects such a difference in the gesture. Nor does the slight­
ly later occurrence of the maximum aperture observed ink com­
pared top seem to be reflected in the EMG signals except in 
that same subject. 

As regards the VOC muscle it seems that the differences in 
duration of the activity dip correspond to the differences in 
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Figure 11 

Averaged EMG curves of the aspirated stops ptk. For 
further explanation, see the legend to figure 4. 
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segment duration. Furthermore, the maximum level at the tran­
sition to the following vowel may be higher in p than in the 
two other stops. 

Finally, as far as the problem of the supposedly larger glottal 
aperture in velar stops is concerned and its reflection in the 
activity of the laryngeal muscles, I can only refer to some 
data on Japanese published in several papers, among them Hirose 
(1975). From the figures it appears that the stops are pro­
duced with a substantial glottal aperture and that the larger 
glottal aperture ink than in t is accompanied by a higher PCA 
peak, which may support the assumption that the maximum glottal 
aperture is larger in the velar stops - provided that there is 
a simple relationship between the PCA peak and the maximum glot­
tal aperture, which certainly cannot be taken for granted. 

c. conclusion In conclusion, it should be claimed that 
the course of the glottal opening-closing 
gesture in the Danish aspirated stops is 

almost unaffected by their place of articulation. The maximum 
glottal aperture, however, occurs slightly later ink than in 
p, whereas t does not differ significantly from any of the 
other two. It is argued that the small delay in the timing of 
the maximum aperture ink may be combined with a slightly 
larger glottal aperture, although further investigations are 
necessary in order to verify - or reject - this interpretation 
of the glottographic data. The EMG data do not seem to reflect 
these differences consistently among speakers. As regards the 
temporal relationship between the glottal and supraglottal 
articulation, it is evident that the oral explosion leads the 
maximum glottal aperture and that this interval is longest in 
t and shortest in p. It seems that this difference in inter­
articulatory timing results not only from a different occurrence 
of the oral explosion (t vs. p and k), but also from the slight­
ly different timing of the maximum glottal aperture itself 
(k vs. p). 

2. UNASPIRATED STOPS 

Fiberoptic stills and glottograms of the unaspirated stops bdg 
are seen in figure 12, while the quantitative mingographic data 
are shown in figure 13. In figure 14 various EMG curves are 
displayed. 

a. glottal gesture As previously mentioned, the assump-
tion that the maximum glottal aperture 
is larger in velar stops applies to 

aspirated as well as to unaspirated stops (Sawashirna and Miya-
zaki 1973; Sawashima and Niimi 1974; Petursson 1976). The pres­
ent glottographic data also seem to indicate a slightly larger 
glottal aperture in Danish g than in the two other unaspirated 
stops, even though only g vs. bis significant (A - figure 13a, 
table XIII). 
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de ville sige bile[bi:la] 
0 

de ville sige dine[di:na] 
0 

Figure 12 

_J 
l 
j 

-··1 
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329 

Fiberoptic stills and glottograms of the unaspirated stops 
bdg. The arrows indicate where in the course of the glottal 
gesture the still originates. The acoustic events are shown 
below the glottogram (cf. figure 1). 
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Regarding the timing of the glottal gesture itself, i.e. re­
lative to the onset of the preceding vowel, the maximum aper­
ture occurs slightly but significantly later in b than in d 
and g (VM - table VIII), primarily resulting from a signific­
antly delayed onset of the opening gesture (VG - table VII). 

Concerning the duration of the oral closure the order 
is !:__>:1._>~, but only!:__ differs significantly from the 
two other stops (C1 E - figure 13b, table II). For 
the open interval the order is !:__<9_<:1._, and the differ­
ences are significant (EC 2 - figure 13c, table III). 
The order of the open interval - corresponding to 
the universal tendency - is on the whole in agreement 
with previous findings for Danish, whereas the order 
of the oral closure deviates as regards the tendency 
to a longer closure in<]_ than in 9-1 rather than vice 
versa (cf. Fischer-J~rgensen 1954, 1980). This de­
viation is again primarily due to the atypical rela­
tions seen with speaker MF. 

Many years ago already, it was shown that with the vocal folds 
in bdg-position voicing starts immediately after the intro­
duction of an externally implemented leakage to the closed 
vocal tract (Fischer-J0rgensen 1963). This means that the dif­
ferences in duration of the open interval normally found in 
Danish bdg result from differences in the voicing conditions. 
Or to put it differently, after the explosion of the oral clo­
sure the vocal folds are waiting for the occurrence of the ap­
propriate conditions for voicing. These conditions vary pri­
marily according to inherent properties of the main articulator 
involved and by the degree of restriction as to coarticulation 
imposed by this same articulator. Thus, contrary to the aspi­
rated stops, the duration of the open interval according to 
place of articulation in the unaspirated cognates cannot be a 
consequence of the temporal interplay between the oral explo­
sion and the course of the glottal gesture. 

b. EMG It is not evident from the present EMG data how 
the muscular activity patterns could cause the 
gesture onset to be slightly delayed in band the 

glottal aperture to be slightly larger in g, as the glotto­
graphic data seem to indicate. Of course, one hypothesis may 
be that the differences are genuine differences of glottal ges­
ture but caused by non-muscular forces, granted that there may 
be some such forces acting on the glottal gesture and influenc­
ing its size. On the other hand, regarding the slightly higher 
peak level of the glottogram for g, it is tempting to assume 
that it should be accounted for by a difference in larynx 
height, since Reinholt Petersen (1983), contrary to the aspi­
rated stops, finds a tendency to a higher larynx in g before 
i than in the other two unaspirated stops. 
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Figure 13 

Mean values for the unaspirated stops.bdg of the 
parameters A (peak level of the glottogram), C1E 
(duration of the oral closure), and EC2 (duration 
of the open interval). The left column represents 
E._, the column in the middle£, and the right one 'J_, 
as indicated above the rightmost columns in each 
graph. The symbols for the level of significance 
should be interpreted as follows: the upper row 
shows the level of significance for b versus d, the 
row in the middle!!._ versus~, and the lowest one 9-_ 
versus~- For further explanation, see the legend 
to figure 3. 
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de ville sige fiZe[fi:la] 

de ville sige siZe[si:la] 

Figure 15 

Fiberoptic stills and glottograms of the fricatives. 
fsh. The arrows indicate where in the course of the 
glottal gesture the still originates. The acoustic 
events are shown below the glottogram (cf. figure 1). 
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c. conclusion The glottographic data seem to indicate 
slight differences in the glottal gesture 
in the Danish unaspirated stops, but it is 

not clear whether we are dealing with artifactual influences 
on the glottographic signal or whether the slightly higher peak 
level in g and the slightly later onset of the rising glotto­
graphic signal in b actually reflect genuine differences in the 
glottal gesture. But it seems safe to state that the muscular 
patterns do not reflect the differences in question. Further­
more, it is argued that the duration of the open interval vary­
ing according to place of articulation cannot result from the 
temporal interplay between the oral explosion and the course 
of the glottal gesture as in the aspirated stops, assuming that 
the duration of this interval is a consequence of the voicing 
conditions at the transition to the following vowel. In sec­
tion IVB the glottal behaviour in Danish unaspirated stops is 
discussed from a devoicing point of view. 

3. FRICATIVES 

Contrary to the stops, the sounds classified as fricatives may 
differ a good deal in their supraglottal articulation. This 
obviously applies to h versus other fricatives, produced as it 
is without any real constriction in the supraglottal cavities. 
Therefore, the point of interest in this case relates in par­
ticular to the glottal articulation in h compared to f and s. 

Fiberoptic stills and glottograms are seen in figure 15, while 
the quantified data 18 and some typical EMG curves are shown in 
figure 16 and figure 17, respectively. 

a. glottal gesture Like f and s, his produced with a 
clear opening-closing gesture, but it 
differs in several respects from the 

gesture seen in the other two fricatives. One obvious differ­
ence is the substantially lower peak level of the glottogram 
(A - figure 16a, table XIII), corresponding to a real differ­
ence in the vocal fold abduction as it appears from the fiber­
optic stills. 

(Legend to figure 16) 

Mean values for the fricatives fsh of the parameters A (peak 
level of the glottogram), VG (duration from the start of the 
preceding vowel to the onset of the glottal gesture), VC1 (du­
ration of the preceding vowel), and C1C2 (total duration of the 
obstruent). The left column represents!_, the column in the 
middle!?._, and the right one!::, as indicated above the right­
most columns in each graph. Notice that his omitted for some 
of the parameters with speaker MF (see note 18 ). The symbols 
for the level of significance should be interpreted as follows: 
the upper row shows the level of significance for f versus s, 
the row in the middle f versus h, and the lowest r~w s vers;;s 
h. For further explanation, see the legend to figure-3. 
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Regarding the temporal course of the gesture, the onset of the 
gesture in relation to the preceding vowel comes significantly 
later in h (VG - figure 16b, table VII). Now, in the case of 
h, the glottal aperture is the main factor accounting for the 
energy reduction seen in the intensity curves, this reduction 
occurring because of the absence of a narrow supraglottal con­
striction such as that off ors. Since it is the energy re­
duction that defines the segmental onset, the delayed onset of 
h may be considered a direct consequence of the timing of the 
glottal gesture, which results in a significantly longer pre­
ceding vowel (VC1 - figure 16c, table IV). Contrarily, the 
segmental offset of h, i.e. the onset of the following vowel, 
occurs earlier in h than in f and s (VC2 - table V), which re­
flects the earlier offset of the glottal gesture. Thus, owing 
to the shorter glottal gesture, the segment duration of his 
shorter than that of the other two fricatives (C1C2 - figure 
16d, table I). 

As to f_ versus!!._, the peak level of the glottogram 
is slightly but significantly higher ins (A - fig­
ure 16a, table XIII). Again this peak level d.iffer­
ence may be explained by a difference in larynx 
height as it appears from my unpublished measure­
ments of larynx height made for this very purpose 
(two subjects). If we look at the segment dura-

tion it appears that it is slightly but significant­
ly longer in!!.. than in f_ - about 15 ms on the aver­
age (C

1
C

2 
- figure 16d, table I). It seems as if 

the longer sis due to a (significantly) later on­
set of the following vowel (VC 2 - table V) since 
no difference can be demonstrated in the onset of 
the two fricatives (VC 1 - table IV). In the case 
of i, which we are dealing with here, the onset of 
the-following vowel is identical with the onset of 
voicing, and consequently the longer~ must be due 
to differences in the voicing conditions, this being 
most readily accounted for in terms of the degree 
of anticipatory coarticulation of i· Since the 
front of the tongue is involved in the !!._-articula­
tion the anticipatory articulation of i will be 
more limited in!!.. than in f_, and it will thus delay 
the moment in time when the pressure drop across 
the glottis is suitable for the initiation of vocal 
fold vibrations. 

It should be noted that in h the vocal fold vibrations normally 
continue without interruption all through the gesture, whereas 
in f and s the weak vibrations die away during the opening 
phase of the gesture. In section IIIC voicing in unvoiced ob­
struents will be treated in some detail. 
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b. EMG It is obvious that the three Danish unvoiced 
fricatives are produced with the same type of 
overall muscular pattern: a pronounced PCA peak 

and a dip in INT and VOC with the PCA maximum and the INT and 
VOC minima in most cases positioned in the neighbourhood of 
the fricative onset, whereas the INT and VOC maxima after the 
dip occur in the vicinity of the offset of the fricatives. 
Thus, the timing of the muscular patterns differs more or less 
among the three fricatives in accordance with the differences 
in the timing of the segmental on- and offsets. 

One clear difference is seen in the timing of the PCA peak 
which is earliest in f and latest in h with three of the four 
subjects with the onset of the preceding vowel as line-up point. 
Since it is normally supposed that the timing of the PCA peak 
corresponds to the timing of the maximum glottal aperture, it 
is somewhat surprising that no such difference can be observed 
in the averaged glottographic data (VM - table VIII). But if 
we look at the individual subjects included in both of the two 
materials, i.e. HU, FJ, LG, it appears that HU and LG do show 
the same timing differences in the glottographic data, f< s< h. 
FJ shows only a slight but significantly earlier maximum glot­
tal aperture in h which corresponds fairly well with her PCA 
pattern. 

Furthermore, it seems that the significantly later gesture on­
set found in his reflected in the later rise in PCA, combined 
with a later reduction in INT. Also the general tendency to a 
later onset of the VOC reduction may reflect the later gesture 
onset in h, no matter how it actually influences the state of 
the vocal folds. 

Regarding the EMG amplitude, two subjects, HU and PM, show a 
clearly lower PCA peak in h combined with a less pronounced 
dip in INT. It is tempting to assume that these muscular dif­
ferences reflect the smaller and shorter glottal opening in 
h. On the other hand, FJ and LG do not show such a difference 
in the PCA peak. Provided, however, that it is the total amount 
of activity rather than the maximum activity of PCA that re­
flects the degree of the glottal opening, the somewhat more 
narrow peak in h may account for the smaller glottal aperture 
in h, probably combined with a less pronounced valley in INT. 
But also with regard to the INT valley individual deviations 
may be exemplified by LG, who shows a substantially more pro­
nounced valley in~ opposed to has well as to f. 

Other muscles may of course take part in the control of the 
difference in glottal aperture between hand fs. One such 
muscle could be VOC, even though the VOC differences also vary 
more or less from subject to subject, as it appears from the 
present material. 

Only a few vocal fold studies have been reported in which his 
compared with other unvoiced fricatives. In Fr0kj~r-Jensen et 
al. (1971) dealing with Danish, it is stated that the glotto­
graphic amplitude of his similar in shape to that off, but 
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that the aperture is generally smaller, and that this applies 
to intervocalic h, whether the vocal fold vibrations are inter­
rupted or not. The authors advance the hypothesis that this 
difference may be explained by the aerodynamic conditions -
applying to voiced as well as to unvoiced tokens. They find 
that the air flow is greater in h than in f and hence the les­
ser aperture could be explained as a Bernouilli effect. There­
fore, they do not assume a difference in the motor control be­
tween hand the other fricatives. However, on the basis of 
the EMG material presented above, their hypothesis can hardly 
be maintained. 

Opposed to the findings for Danish, it appears from figure 3 
in Hirose and Ushijima (1978) that in Japanese the maximum 
glottal aperture is only slightly larger ins than in h, where­
as the peak activity of PCA is slightly higher in h (in word 
initial position). Also from Yoshioka (1981) it appears that 
Japanese h tends to be produced with a glottal gesture that is 
only slightly smaller in time and space than ins, and also 
the EMG pattern is very similar. Therefore, the author sup­
poses that the glottal adjustments may be almost identical in 
terms of the gross opening-closing gesture and of the muscular 
control as well. Thus, it seems that the physiological corre­
lates to the well-known differences between the Japanese h, 
and the h found in the Germanic languages, should be looked 
for, not only in the supraglottal behaviour but also in the 
adjustments of the vocal folds. Or, put differently, Japanese 
h being produced with a substantial supraglottal constriction, 
i.e. produced as a supraglottal fricative, the glottal gesture 
and its motor control will also show a pattern very similar to 
the pattern of other fricatives. I would like to add that in 
the few cases seen in my material in which his produced with 
interrupted vibrations, the values of the various parameters -
including the peak level of the glottogram - are all somewhere 
between those for h with uninterrupted vibrations and those 
for f and s. Unfortunately, the present EMG material cannot 
tell us whether the muscle patterns also come closer to f and 
s, as it does not include any tokens with clearly unvoiced h. 

c. conclusion Concerning the Danish fricatives, it can 
be summarized that h, like f and s, has a 
clear glottal opening-closing gesture, but 

it is obviously produced with a smaller maximum aperture, a 
shorter duration, and a later onset of the opening gesture -
all differences that seem to be reflected in the muscular ac­
tivity pattern. One important question is why the gesture on­
set in his delayed compared to the other two fricatives, if 
we are dealing with two independent systems with a high degree 
of synchronization in the control of glottal and supraglottal 
articulations. But maybe the question should rather be re­
versed, as follows: does the supraglottal constriction in 
fricatives like f and s somehow induce an earlier gesture on­
set? The question should be seen in the light of the finding 
in Lofqvist et al. (1981) that the control of the glottal 
opening is tightly coupled to activities in other parts of the 
speech apparatus. 
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One difference that should be kept in mind is that the vocal 
fold vibrations in intervocalic h normally continue through­
out the glottal gesture, whereas in f and s they die away 
during the abduction of the vocal folds. This difference will 
be treated in detail in the following section which deals with 
the degree of voicing in unvoiced obstruents. 

C. THE DEGREE OF VOICING IN THE 
UNVOICED OBSTRUENTS 

It is obvious from the glottographic and fiberoptic material 
that the two obstruent categories with a large maximum aperture 
of the glottis, i.e. the aspirated stops and the fricatives, 
differ between them as to the degree of voicing, or more cor­
rectly stated: they differ as to the size of glottal aperture 
at the moment at which vocal fold vibrations can no longer be 
sustained and, conversely, are initiated. Such differences in 
voicing have also been observed by, among others, Fr0kj~r­
Jensen et al. (1971). 

In the intervocalic aspirated stops the vibrations cease short­
ly after the onset of the glottal opening gesture, whereas in 
the fricatives they continue into the opening phase of the ges­
ture before they die away; in h, though, they are normally un­
interrupted. These differences are obviously seen in the glot­
tograms shown in figure 5, figure 8, and figure 15. 

It is a well-known fact that the vocal folds only vibrate under 
adequate aerodynamic conditions combined with a suitable ad­
justment of the vocal fold tension and position. As it appears 
from figure 18 - showing glottograms and intraoral pressure of 
p and f - the glottal opening gesture in the fricative leads 
the glottal opening in the aspirated stop relative to the in­
creasing intraoral pressure. Consequently, the glottis aperture 
is larger in the fricative when the pressure drop is no longer 
able to keep the vibrations going. Two factors seem to account 
for this difference. First, the rise of the intraoral pressure 
occurs later in the fricative than in the stop (in relation to 
a neutral line-up point such as the onset of the preceding 
vowel) due to the different manner of production. This ex-
plains the later acoustic onset of the fricatives resulting in 
the longer duration of the preceding vowel discussed in the 
section dealing with aspirated stops versus fricatives. The 
other factor is the difference in completion of the vocal fold 
abduction (also in relation to the onset of the preceding vowel). 
which occurs earlier in the fricative than in the stop as also 
discussed in the section dealing with aspirated stops compared 
with fricatives. In other words, the difference as to the size 
of the glottal aperture at the moment of offset of vocal fold 
vibrations can be accounted for in part by the different aero­
dynamic conditions induced by the supraglottal articulation -
as suggested by Fr0kj~r-Jensen et al. (1971) - in part by a 
different timing of the glottal abduction itself. As a conse­
quence, no difference in voicing duration relative to the 
acoustic onset of the obstruents should necessarily be expected 
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- other things being equal. And sure enough, the measurements 
do not show a longer voicing period in the fricatives than in 
the stops (C1 Z - figure 19a, table XI). 19 On the contrary, 
the tendency is toward a slightly longer voicing period in the 
stops, although no significant difference can be shown. 

Turning now to the voicing onset in aspirated stops and frica­
tives, Fr0kj~r-Jensen et al. (1971) found the reverse relation­
ship: in the fricatives (apart from h) vibrations did not re­
sume until the closing of the vocal folds was almost completed, 
whereas in the aspirated stops they started well in advance of 
the completion of the closing gesture. In the present material, 
however, the difference in voicing onset is almost negligible. 
This discrepancy is due to a different quality of the following 
vowel: in the material used by Fr0kj~r-Jensen et al. the ob­
struents were followed bye or£, i.e. by a non-high vowel. 
And as it appears from figure 18, the onset of vibrations in 
the aspirated stops - relative to the closing of the glottis -
is correlated with vowel height: the lower the vowel the earlier 
do the vibrations resume. The influence from the height of the 
following vowel may also be seen in the fricatives, though to 
a much lesser degree. Consequently, the difference between 
aspirated stops and fricatives as to voicing onset is clearly 
greater before low than before high vowels. The authors ex-
plain the earlier onset of voicing in aspirated stops versus 
fricatives by the almost unimpeded oral passage, i.e. less 
resistance to the airstream after the explosion. This is also 
reflected in the intraoral pressure curves shown in figure 18: 
before a non-high vowel it takes less time in the aspirated 
stops than in the fricatives - reckoned from the maximum - to 
attain a level suitable for voicing. On the other hand, it is 
also clear why the voicing difference is almost negligible be­
fore the very high and narrow Danish i: due to coarticulation 
and to the slow release of the oral closure - especially in t -
the pressure reduction takes almost as long time in the aspi­
rated stops as in fricatives. Finally, within the fricatives 
the intraoral pressure is almost independent of the following 
vowel which explains why the influence from the quality of this 
vowel on the voicing onset is much less than in the aspirated 
stops: the airstream must be substantially impeded during most 
of the glottal closing gesture, irrespectively of the following 
vowel, in order to generate the fricative noise (cf. the dis­
cussion dealing with voicing condition accounting for the longer 
segment duration ins than in f, which closes section IIIB 3a). 

The uninterrupted vocal fold vibrations in intervocalic h seem 
also to be most readily accounted for in terms of the aerodynamic 
conditions as supposed by Fr0kj~r-Jensen et al. (1971): the 
fact that h, as opposed to the other fricatives, is produced 
with an almost unconstricted vocal tract means that throughout 
this consonant a pressure drop across the glottis is maintained 
which is sufficiently great to keep the vibrations going in 
spite of a rather open glottis. Or, as stated by Sawashima and 
Hi rose ( 1981): "It is apparent that the crucial factor in the 
voicing distinction for these consonants [E.~~ is the aero­
dynamic condition at the glottis rather than the extent of the 
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a. Mean values of voicing duration (C 1Z) in aspirated stops 
(pt) and fricatives (fs) - averaged over place of articula­
tion. The mean valuesare shown for each speaker and aver­
aged across speakers (X - computed from raw data). The left· 
column represents the aspirated stop category, the right one 
the fricative category, as indicated above the rightmost col­
umns. The difference is not significant (cf. the legend to 
figure 3). 
b. Mean values of voicing duration for each single speaker, 
averaged over test obstruents. The grand mean averaged across 
speakers (X - computed from raw data) is shown in the right­
most column. 
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glottal abduction" (p. 339). But even if the crucial factor 
for the different voicing behaviour in these consonants is the 
aerodynamic conditions at the glottis, it seems plausible that 
the smaller glottal aperture in the Germanic h-type facilitates 
voicing. It should be added that the maximum intraoral pres­
sure in h followed by i and the pressure level at which the 
vibrations die away in the other fricatives is much higher than 
the pressure level at which the voicing resumes in these other 
fricatives. Or put differently: the smaller pressure drop 
across the glottis required in order to sustain vocal fold 
vibrations is smaller than that required to bring the vocal 
folds into vibrations, which fits nicely in with the general 
principle that more energy is required in order to change a 
given state of behaviour than to maintain it. 

Regarding the two stop categories, it appears that the physio­
logical voicing phase is longer in the unaspirated stops than 
in their aspirated cognates, and that in both categories the 
tendency is towards a longer voiced interval the more the place 
of articulation is fronted (table XI). The former difference 
is most readily accounted for by the different glottal gesture, 
whereas the latter tendency normally is explained in terms of 
the aerodynamic conditions induced by the different supraglot­
tal behaviour. In a recent paper, however, Keating (1984) as­
sumes that the varying extent of voicing being sustained after 
the onset of the implosion in aspirated stops should be ac­
counted for by a difference in velocity of the glottal opening, 
the velocity being highest in the velar stop. 

Her evidence, however, for a varying velocity accord­
ing to place of articulation is indirectly deduced 
from the assumptions that in aspirated stops the 
time to maximum glottal aperture reckoned from the 
onset of the oral closure is proportional to the 
duration of the closure, and that the maximum aper­
ture does not vary across place of articulation 
(cf. the discussion in section IIIBl above). Thus, 
the shorter the oral closure the higher the velocity 
of the glottal opening. But at least with regard 
to the first assumption, it is obviously not tenable 
for the present Danish data. This can be deduced 
from the fact that the time from explosion to maxi­
mum glottal aperture varies according to place of 
articulation, owing partly to the varying duration 
of the oral closure and partly to a small difference 
in the timing of the glottal maximum itself (cf. 
section IIIBl). 20 This, of course, does not imply 
that there may not be differences in the velocity 
of the glottal opening but only that we need other 
evidence (cf. the comments on abduction velocity at 
the end of section IIIA2). 
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It should be added that for the Danish aspirated 
stops the data tend to show a trade-off between du­
ration of the preceding vowel (VC 1 - table IV) and 
the voicing period (C 1 Z - table XI). Thus, the very 
small and non-significant differences in voicing 
period may simply reflect the problems in delimi­
tating c 1 , i.e. the onset of the oral closure. 
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Finally, it should be observed that the duration of voicing -
averaged over test sounds (except h) - is longer with the two 
male subjects than with two of the female subjects. In the 
third female subject (FJ), however, the voicing is even slight­
ly longer than in the male subjects (figure 19b). Granted 
that substantial individual differences may occur, it never­
theless seems very likely that there is a clear tendency to­
wards better voicing conditions in men's than in women's speech 
production, which has also been observed by others. Thorsen 
(1962), for instance, finds in his French material that the 
female subject has a smaller degree of voicing than the four 
male subjects, and that this is true of the voiced as well as 
the unvoiced obstruents. Smith (1977) also notices this tend­
ency in phonologically voiced stops in American English. This 
effect of speaker's sex on the degree of voicing is normally 
explained by the sex conditioned difference in the volume of 
the supraglottal cavity which affects the aerodynamic con­
ditions. 

IV. DISCUSSION 
The results presented above show that the glottal opening ges­
ture and its motor control varies with obstruent category, and 
that even within the same category the glottal behaviour may 
vary more or less according to place of articulation. Many of 
the observations have already been discussed in relation to 
the findings of others. Thus, in this section I will take up 
some more general aspects concerning the glottal behaviour in 
obstruent production, primarily in relation to aspiration and 
voicing - or devoicing, rather - in stops. Finally, some prob­
lems relating to the interpretation of the electromyographic 
signals with reference to obstruents are pointed out. 

A, ON ASPIRATION 

The concept of aspiration associated with stop production has 
attracted the interest of phoneticians for many years. Today 
this interest is even intensified, partly due to the develop­
ment of methods more suitable for examination of the laryngeal 
behaviour in normal speech, partly because of the focus in 
contemporary research on temporal phenomena in speech, includ­
ing interarticulatory timing. There seems to be general agree­
ment that aspiration is a matter of the glottal gesture and 
its temporal relationship to the supraglottal articulation. 
The discussion, however, of the phenomenon of aspiration and 
how it is produced can profitably be divided in two: 
1. aspiration versus non-aspiration, and 2. varying duration 
of aspiration. 
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1. ASPIRATION VERSUS NON-ASPIRATION 

As to the first point, it is well-established that aspirated 
and unaspirated stops are produced with different glottal ges­
tures: the aspirated stops are produced with an almost sym­
metric opening-closing gesture with a relatively large glottal 
aperture at the moment of explosion - otherwise no aspiration 
would be produced - whereas the unaspirated stops are produced 
with a gesture which is of a smaller size in time as well as 
in space, being almost completed at the moment of explosion 
(references are given on p. 306). Thus, the difference between 
aspirated and unaspirated stops in the timing of the explosion 
relative to the glottal gesture is primarily due to a differ­
ence in the temporal course of the glottal gesture rather than 
to a different timing of the supraglottal articulation. In 
this connection it should be recalled that in Danish - as in 
several other languages - the oral closure has been found to 
be shorter in the aspirated than in the unaspirated stops (e.g. 
for Icelandic: Petursson 1976; for Fukienese: Iwata et al. 
1979; for Hindi: Kagaya and Hirose 1975; Benguerel and Bhatia 
1980). In Danish the difference is very small, and I agree 
with Fischer-J0rgensen (1980) that this shorter closure "is 
mainly due to weakness of articulation" (p. 253). In any case 
it has obviously nothing to do with the control of the presence 
or absence of aspiration. It should be added that for Swedish 
it has been argued that the loss of aspiration in certain posi­
tions is due to an increase in the duration of the oral closure 
rather than to a change in the type of glottal gesture (Lof­
qvist 1976). 

In papers dealing with aspiration it is very common to focus 
on the tim~ng between the glottal and supraglottal articula­
tions as t e controlling factor of aspiration - rather than on 
the glottal gesture as such (see e.g. Lofqvist and Yoshioka 
1980). But this emphasis on timing may hamper our understand­
ing of the laryngeal mechanisms involved. In order to produce 
aspirated as opposed to unaspirated stops, we have to produce 
two basically different gestures to satisfy the demand of an 
open and a nearly closed glottis, respectively, at the moment 
when the oral closure is released. By emphasizing the inter­
articulatory timing we may get the impression, rather, that 
the number of degrees of freedom existing between the glottal 
and supraglottal articulatory systems is less restricted than 
it actually is. The focusing on timing may even lead to for­
mulations like: " ... we have shown evidence that the timing 
of peak glottal opening important as it is for distinguishing 
between aspirated and unaspirated stops ... " (Al-Bamerni and 
Bladon 1981, p. 8). 

With regard to force of articulation, the unaspirated stops 
in Danish are evidently less fortis than those unaspirated 
stops of other languages which are normally labelled fortis, 
as it appears from the shorter oral closure in the Danish 
stops (Fischer-J0rgensen 1968a), even though they are probably 
more fortis than their aspirated cognates. However, not only 
the supraglottal but also the glottal articulation seems to 
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be different for the two types of unaspirated stops. Unfor­
tunately, the glottal data available in the literature on 
fortis type stops are fairly scanty. Nevertheless, on the 
basis of the data on the glottal gesture in unaspirated fortis 
stops in Hindi (Kagaya and Hirose 1975; Dixit and MacNeilage 
1980; Benguerel and Bhatia 1980) and in French (Benguerel et 
al. 1978), compared to the gesture observed in Danish unaspi­
rated stops, I would speculate that the fortis type is pro­
duced with a more symmetric and somewhat larger glottal ges­
ture than the lenis type. The more open glottis may be con­
sidered a sort of by-product from a general tensening of the 
speech organs, including the larynx. A difference as to 
fortisness in the glottal gesture of unaspirated stops is also 
proposed by Caisse (1982 - mentioned in Ohala 1982) as an ex­
planation for the disagreement about effects of unaspirated 
stops on the fundamental frequency in the following vowel, 
the fortis type inducing a higher fundamental frequency than 
does the lenis type. 

In this context it seems relevant to recall that Stevens and 
Halle (1971) in their paper dealing with laryngeal features 
suggest that voiceless, unaspirated stops normally are pro­
duced with stiff vocal folds opposed to the Danish type of un­
aspirated stops, which are supposed to be produced with neither 
stiff nor slack vocal folds. They assume that the different 
degrees of stiffness of the vocal folds are performed through 
adjustments of the VOC and the CT muscles. Data on Hindi com­
pared with the present data on Danish seem to fit in nicely 
with their hypothesis inasmuch as a pronounced CT activity 
has been observed in Hindi unvoiced, unaspirated stops, where­
as in the Danish cognates no such CT activity is present 
(cf. section IVC dealing with interpretation of laryngeal EMG 
signals). 

A third type of unvoiced, unaspirated stop is the Korean 
forced stops which show a small glottal opening during the 
first part of the oral closure, whereas no opening is normally 
seen in the last part (Kagaya 1974). This constriction of the 
glottis results from an increased activity in the lateral 
cricoarytenoid muscle and in particular in the vocalis muscle, 
a muscular pattern that is specific to this type of stop 
(Hirose et al. 1974). 

2. VARYING DURATION OF ASPIRATION 

Let us now turn to the control of the varying duration of 
aspiration which may be induced by various linguistic and 
para-linguistic factors. It should be noticed that the term 
duration is used here instead of degree of aspiration, since 
the latter may in fact refer to time as well as to intensity. 
Very often, however, "strong" and 11weak11 are used synonymously 
with "long" and "short". This can normally be done without 
any confusion, because - as is stated by Lofqvist (1976): 
"The role of the respiratory system in the control of aspira­
tion seems to be limited or none whatsoever, perhaps with the 
exception of Korean stops" ( p. 17) . 
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One of the factors that may result in varying duration of aspi­
ration is the languaae specific requirements for the manifesta­
tion of the aspirate stops. Even though it may be difficult 
to compare measurements derived from different languages if 
they are not based on the same methods and procedures, there 
is no doubt that aspiration is longer in some languages than 
in others. This is exemplified in table III, which includes 
data from aspirated pin comparable environments. It is seen 
that the aspiration is longer in Danish and Hindi than it is 
in Swedish, English, and Icelandic, and vice versa for the 
closure. The closure is about 55% of the total segment dura­
tion in the former group and about 75% in the latter. 

Table III 

Data on aspirated p_ in comparable environ­
ments derived from several languages. 

language 

Danish 
(Hutters, 
Appendix A) 

Hindi 
(Kagaya and 
Hirose 1975) 

Swedish 
(Lofqvist 
1976) 

English 11 

(Quinlan 
1978) 

Icelandic 
(Petursson 

1976) 

closure aspir. 
ms ms 

98 86 

90 70 

115 32 

128 50 

129 36 

total closure from max. glot. 
ms % aperture to 

184 53 

160 56 

147 78 

178 72 

165 78 

oral explosion 
ms 

-10 

0 

14 

18 

49 

Furthermore, the data in table III indicate that in languages 
with the longer aspiration the explosion slightly leads or co­
incides with the maximum glottal aperture, whereas in the 
others it comes after this maximum. Provided that these ex­
amples are representative of what is going on in languages with 
aspirated stops in general, it would appear that one important 
factor responsible for the inter-language differences is the 
duration of the oral closure. But the varying duration of 
aspiration may also be influenced by different voicing condi­
tions, causing a difference in voicing onset, at the transition 
from the stops to the following vowel. Nevertheless, if in 
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general a shorter closure in aspirated stops is due to a weaker 
articulation, as it seems to be the case in Danish, then it 
may be concluded that in aspirated stops a more lenis mani­
festation is followed by a longer aspiration compared to aspi­
rated stops with a more fortis manifestation. This would be 
an argument against including aspiration in the fortis feature 
as most recently proposed by Kohler (1983). This topic is 
discussed at greater length by Fischer-J0rgens2!1 (1968b). 
From a comparison of table III with the data for Danish bdg (cf. 
figure 13c - table III) it also appears that in slightly aspi­
rated stops the duration of the open interval may be of the 
same order of magnitude as the duration of this interval in 
unaspirated, voiceless stops. This supports the assumption 
that the gesture in unaspirated stops differs in nature from 
the gesture in aspirated stops. Moreover, it implies the well 
known fact that a temporal parameter like the 'open interval 1 

or VOT may not necessarily reveal a difference in aspiration 
versus non-aspiration. The fact that two unvoiced stops with 
the same delay in voice onset time can be categorized as aspi­
rated and unaspirated, respectively, presupposes that aspira­
tion is not simply conceived of as a delay in voice onset time. 

In this context I want to point to the fact that the disagree­
ment regarding aspiration as it is discussed in the literature 
is due to some extent to a conceptual confusion of defining 
and explanatory descriptions. Aspiration has been defined as, 
for instance, 11a puff of air 11 (e.g. in Jespersen 1897-99), as 
"a large delay in voice onset time 11 (e.g. in Lisker and 
Abramson 1964), as 11a period of voicelessness 11 (in Ladefoged 
1975), and as 11a glottal friction 11 (Dixit 1979) - following 
the oral explosion. But since defining aspiration is a matter 
of purpose or of point of view - within certain limits - it may 
not be very relevant to discuss which of the definitions are 
right or wrong, and they certainly should not be compared to 
explanatory descriptions. On the other hand, it is very rele­
vant to discuss various views on the physiological explanations 
of aspiration. 

In relation to the language specific requirements for the pro­
duction of aspirated stops it should be recalled that the dura­
tion of aspiration varies according to place of articulation, 
the normal ordering being k>t>p for the three most common 
places of articulation. As mentioned above, these differences 
can be accounted for by the inherent characteristics of the 
main articulator involved in performing thP. oral closure and by 
the degree of restriction as to coarticulation imposed by this 
same articulator. Both are factors which may influence the 
closure duration and the voicing onset. Other explanations 
are discussed in Fischer-J0rgensen (1980). However, as men­
tioned above, the relations may deviate from the more usual 
ones due to language specific manifestation requirements like 
in Danish. 

Other factors that may influence the duration of aspiration 
are those which influence segment duration in general, namely 
factors such as speaking rate and linguistic stress. In 
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Andersen (1981) it is shown that in Danish aspirated stops an 
increase in speaking rate results in a decreased duration of 
both oral closure anq aspiration, accompanied by a reduction -
in time and space - of the glottal gesture. Furthermore, it 
was found that the temporal relationship between the glottal 
opening and closing was almost preserved. Therefore, it seems 
very likely that the timing of the oral explosion relative to 
the glottal gesture is preserved, even though no information 
on this point is given by Andersen. A similar change in the 
glottal and supraglottal articulatory events - with preserva­
tion of the interarticulatory timing - probably takes place in 
case there is a stress conditioned variation in the duration 
of aspiration. This assumption is based on a glottographic 
pilot study including test material with aspirated stops placed 
under main stress, reduced stress, and weak stress. 

Thus, it seems that the physiological behaviour resulting in 
varying duration of aspiration - including no aspiration -
cannot always be described as a matter of interarticulatory 
timing. And in cases where it may be appropriate to describe 
the variation as a matter of timing, it does not necessarily 
explain the actual physiological processes involved. A very 
we11-kn6wn spatial parameter supposed to explain the variation 
in duration of aspiration has been suggested by Kim in his 
widely quoted article on aspiration claiming that ttit seems 
safe to assume that aspiration is nothing but a function of 
the glottal opening at the time of release of the oral closure" 
(Kim 1970, p. 109). To put it differently, he states that it 
is only the degree of glottal opening at the oral release that 
determines the onset of the vocal fold vibrations - alias the 
onset of the following segment. Now, as pointed out by Kim 
himself and later by others (e.g. by Lisker and Abramson 1971) 
this implies that the rate of the glottal closure is constant, 
which probably cannot be taken for granted. Furthermore, it 
seems appropriate also to take into consideration not only the 
glottal aperture as such, but also the point at which, in the 
temporal course of the glottal gesture, the explosion takes 
place, inasmuch as the oral release may precede the maximum 
glottal aperture. But there is a more important point to be 
made, viz. that it is not only the time it takes after the 
oral release to close the glottis but also the aerodynamic 
conditions at this point in time that determine the onset of 
vocal fold vibrations, and thus the duration of aspiration as 
it is defined by Kim - and as it is normally defined. In the 
following section the glottal gesture in Danish unaspirated 
stops will be discussed in more detail. 

B, ON THE GLOTTAL GESTURE IN 
DANISH UNASPIRATED STOPS 

According to the myoelastic-aerodynamic theory of phonation, 
the vocal folds will vibrate when they are properly adducted 
and tensed and when a sufficient airflow passes between them. 
Based on an electrical model it was shown by Rothenberg (1968) 
that if the vocal folds are vibrating, these vibrations will 
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cease shortly after a total blocking of the flow of air is 
performed somewhere in the vocal tract. This is due to a de­
crease in the pressure drop across the glottis and thus in the 
airflow through it. This seems to agree with the fact that 
in the Danish unaspirated stops the vibrations - as they appear 
from the acoustic signal 19 - die away shortly after the onset 
of the oral closure. It is generally accepted that in order 
to keep the vibrations going in spite of the oral closure 
the vocal tract must be expanded - actively or passively. 
In other words, some mechanism(s) must be added in order to 
produce a voiced stop. 

It is therefore quite understandable that Fr0kjrer-Jensen et 
al. (1971) propose the· interesting hypothesis that the glottal 
opening gesture in Danish unaspirated stops may be a consequence 
of the offset of the vocal fold vibrations, i.e. of the change 
in the aerodynamic conditions induced by the oral closure, 
rather than the result of muscular activity such as normally 
controls the abduction and adduction of the vocal folds. This 
seems even more evident from the fact that with the arytenoids 
in adducted position the muscular part of the vocal folds will 
form a spindle-shaped glottis (see, e.g., Zemlin 1982; 
Sawashima and Hirose 1983) - very similar to the glottis shape 
in Danish bd~. Thus, the new idea proposed by Fr0kjrer-Jensen 
et al. (1971) is that the glottal gesture in the unaspirated 
stops is a passive process in the sense that it is a conse­
quence of the aerodynamic conditions introduced by the oral 
closure, whereas the glottal gesture in the aspirated stops 
is considered an active process, i.e. controlled by the abduc­
tor and adductor muscles of the vocal folds. Later, this idea 
has been accepted by others as explaining the slight glottal 
slit seen in devoiced and partially devoiced stops as found in 
English and German (Kohler 1977). However, the passive gesture 
hypothesis was later rejected as a consequence of EMG record­
ings showing activity in the abductor and adductor muscles in 
the Danish aspirated as well as in the unaspirated stops 
(Fischer-J0rgensen and Hirose 1974), a finding that is fully 
confirmed in the present EMG material . 21 

Some years ago I carried out a small experiment in which a 
total blocking of the airflow was externally implemented. 
While the subject was phonating a sustained i into an airtight 
mask with a small aperture, the phonation was momentarily 
interrupted, at unexpected points in time, by closing the ex­
ternal orifice of the mask. Fiberoptic stills and glottograms 
were recorded, and it appeared that the state of the glottis 
and the surrounding structures - after the cessation of voicing 
- were very similar in the externally implemented stop and in 
the natural unaspirated stop. But it also appeared that in 
the mask-condition the period of voicing was much longer, 
implying that it took much more time after the onset of the 
closure before the spindle-shaped glottis appeared. This 
longer voicing period can only to some extent be accounted 
for by the· extension of the vocal tract induced by the mask. 
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Later, EMG recordings of the PCA muscle have been made during 
the production of externally implemented closures, in order 
to throw light on the question whether the laryngeal muscle 
activity found in the natural Danish unaspirated stops might 
result from a change in the aerodynamic conditions, by means 
of some reflex mechanisms sensitive to such changes. The idea 
was not pure imagination, considering that such reflex mecha­
nisms seemed to be present in the VOC muscle (Wyke 1976). But 
already from the start of the experiment it seemed rather un­
likely that the hypothesis would be confirmed, taking into 
account that in the unaspirated stops the onset of the rising 
PCA activity precedes the oral implosion, which initiates the 
changes in the aerodynamic conditions. And sure enough, the 
PCA muscle did not show a pattern that could have any relation 
to the opening of the glottis in the externally implemented 
stops. 

Consequently, on the basis of the finding that the much longer 
period of voicing in the externally implemented closure implies 
that it takes much more time before the spindle-shaped glottis 
appears after the blocking of the vocal tract, it is tempting 
to assume that the abduction of the vocal folds in the natural 
unaspirated stops is a consequence of the cessation of vocal 
fold vibrations, and that this cessation of vibrations is not 
exclusively a passive process but that some additional mecha­
nism is directly involved in the devoicing process. Thus, 
considering that the glottal opening was performed without any 
PCA activity when the closure of the vocal tract was externally 
implemented, I venture the controversial hypothesis that the 
activity in the PCA and INT muscles is a devoicing mechanism 
rather than a means to open and close the glottis. This im­
plies that the slight abduction of the arytenoid cartilages 
that may be seen in the Danish bdg is considered a by-product 
of the vocal fold adjustment that causes the vocal fold vibra­
tions to die, rather than an end in itself. 

In this connection, it seems relevant to mention that 
in speech produced by children suffering from a pro­
nounced velopharyngeal insufficiency, the Danish un­
aspirated stops may be produced with a nasal puff of 
air. This indicates another state of the glottis 
than in normal production, since with the vocal folds 
in "bdg-position ", the voicing starts immediately 
after the introduction of an externally implemented 
leakage to the closed vocal tract (cf. Fischer-J~rgen­
sen 1963 and the mask experiment presented above). 
Thus, it appears that it is not possible to produce 
the bdg-gesture without a complete blockage of the 
airflow. This may of course suggest that the de­
voicing in normal Danish bdg is after all due to the 
change in the aerodynamic conditions induced by the 
oral closure as originally proposed. But it may also 
be concluded that the PCA and INT muscles cannot 
work as they do in Danish unaspirated stops with a 
leakage in the vocal tract - no matter whether their 
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function is to produce the spindle-shaped glottis 
or to terminate the vocal fold vibrations. 

355 

The general problem as to whether some devoicing mechanism is 
involved in the production of unvoiced obstruents - and in 
particular of unvoiced stops - is not unknown. Lisker (1977) 
claims in his paper dealing with factors in the maintenance 
and cessation of voicing that "it has not been generally agreed 
that voiceless closure intervals require no devoicing maneuvre 
other than the articulatory closure itself" (p. 306). In sup­
port of the hypothesis that some additional active devoicing 
mechanism may be needed in order to produce unvoiced unaspi­
rated stops, like those found in Danish, I refer to Westbury 
(1983). He suggests, on the basis of his electrical model, 
that voicing in intervocalic stops may continue considerably 
longer after the oral implosion than supposed by Rothenberg 
(1968), due to the compliance of tissues surrounding the supra­
glottal cavity, a factor that has not been taken into account 
in Rothenberg's model. On the basis of the same electrical 
model as used by Westbury, Keating (1984) has shown that the 
more lax the cheeks the longer the voicing continues after the 
onset of the oral closure. The present data on the total 
(physiological) voicing interval (table XI) with which the 
simulations shown in Keating's paper can be compared, suggest 
that Danish bdg should be produced with moderately tensed 
cheeks. This seems plausible taking into account that Danish 
bdg are considered more tense than voiced stops and less tense 
than fortis stops. On the other hand, it appears from her 
paper that the simulated data should rather be compared with 
the shorter voicing intervals deduced from acoustic curves, 
and in that case (cf. note 19 j her data suggest that Danish 
bdg should be produced with very tensed cheeks, which is not 
very likely, indeed. Another devoicing action could be a 
decrease in the supraglottal volume, but according to Keating 
"the contribution of this parameter is quite small compared to 
the contribution of the surface area of the cavity walls" 
(p. 30). Thus, I maintain the more controversial hypothesis 
that the PCA and INT activity seen in Danish bdg is a devoicing 
action. 

The devoicing mechanism originally proposed by Halle and 
Stevens (1971) should be mentioned in this context. They 
claimed that "an increased stiffness of the vocal folds tends 
to narrow the range of the transglottal pressure and glottal 
apertures over which the vocal fold vibration occurs" ( p. 202). 
The empiric foundation, however, is not very solid except that 
the very consistent relaxation of the VOC muscle in unvoiced 
obstruents may be considered a devoicing mechanism. This will 
be discussed in the following section dealing with interpre­
tation of laryngeal EMG signals. It should be added that in 
Stevens ( 1977) it is suggested that the theory on the 11hori -
zontal" stiffness of the vocal folds should be changed into 
one of 11vertical II stiffness of the folds - a theory which is 
even more lacking on empirical verification. 
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I also want to refer to the general observation that phono­
logically unvoiced unaspirated stops tend to be weakly voiced 
in non-strong positions, as it is the case for Danish inter­
vocalic bdg. This may support the active devoicing theory, 
supposing that a general reduction in articulatory effort takes 
place in non-strong positions (Kohler 1983): when the articul­
atory effort is reduced the devoicing mechanism - whatever its 
nature may be - is consequently less effective or not effective 
at a 11. 

Finally, I want to add a comment on the widespread assumption 
that the glottal opening in unvoiced fricatives and aspirated 
stops is a devoicing mechanism rather than a mechanism permit­
ting the production of the required airflow. In Weismar 
(1980), for instance, the glottal gesture in English unvoiced 
obs truents is ea 11 ed II a devoicing gesture 11

• The same view 
also appears - directly or indirectly - from descriptions of 
the articulatory behaviour of the glottis as it is found in 
various textbooks (e.g. Daniloff et al. 1982, Ladefoged 1971). 
But as the vocal folds may vibrate in spite of a considerable 
degree of gl otta 1 opening, " ... the extent of the glottal open­
ing itself is not necessarily a crucial condition for the 
cessation of vocal fold vibration" (Sawashima and Hirose 1983, 
p. 17). On the face of it the concept of a devoicing gesture 
in unvoiced fricatives and aspirated stops may lead to the 
impression that voicelessness and aspiration - even if it may 
only be a matter of terminology - should also be avoided in 
the feature description, provided that features are intended 
to reflect the physiological behaviour in speech production. 

In summary, there are indications in favour of the assumption 
that the opening of the vocal folds seen in the Danish unaspi­
rated tops is a consequence of the cessation of the vocal fold 
vibration as originally proposed by Fr0kj~r-Jensen et al. 
(1971). Accepting that the offset of the gesture is equivalent 
to the resumption of the vocal fold vibrations, the glottal 
gesture as such may be considered a consequence of the voicing 
conditions. The keystone is to find out whether the cessation 
of vibrations is simply a passive process, in the sense that 
it is only due to the changing aerodynamic conditions induced 
by the oral closure, or an active process performed for instance 
by a change in the vocal fold adjustment or by a change in the 
supraglottal conditions such as in the compliance of tissues 
- or both. I have ventured the controversial hypothesis that 
the PCA and INT activity seen in the Danish unaspirated stops 
is a devoicing action rather than a means to open and close 
the glottis. "What is most certain in all this is that stop 
voicing will continue to provide problems to exercise us ... " 
- to quote the final remarks in Lisker (1977, p. 306). 
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C, ON THE INTERPRETATION OF LARYNGEAL 
ELECTROMYOGRAPHIC SIGNALS 

The last discussion leads to the final topic which deals with 
some problems relating to the interpretation of laryngeal EMG 
signals in terms of vocal fold behaviour in the production of 
obstruents. Some of these problems have already been touched 
upon in previous sections, but in the following a more coherent 
account will be given. 

The articulatory behaviour of the vocal folds is normally con­
sidered as being controlled by the intrinsic laryngeal muscles 
(for a recent survey I refer to Sawashima and Hirose 1983). 
But it is obviously not possible to deduce the influence of one 
particular pattern of muscle activity on vocal fold behaviour, 
due primarily to the fact that the influence of too many factors 
are still not known. 

It is generally recognized that the reciprocal pattern between 
the PCA and INT activity is the muscular behaviour primarily 
responsible for the abduction and adduction of the vocal folds 
in speech production, and that the PCA peak and the INT suppres­
sion tend to be more marked with a larger glottal aperture. 
From a visual impression and based on the observation that 
there is a positive correlation between the maximum glottal 
aperture and the PCA peak, a very direct relationship has been 
suggested between the glottal opening and the PCA muscle, in 
time as well as in space (Hirose 1975; Hirose and Ushijima 
1978). However, as pointed out by Lofqvist and Yoshioka (1979) 
such a simple positive relation applies only to pooled data, 
whereas many exceptions can be observed if only single data 
points are taken into consideration. Lofqvist and Yoshioka 
find that "within one and the same utterance type the temporal 
changes of glottal opening area and PCA activity levels are 
monotonically related" (p. 119), and from their material in­
cluding obstruent clusters they conclude that "PCA activity 
thus seems more directly related to changes in glottal area 
than to glottal area per se" (p. 121). The authors also sug­
gest that the clear reciprocal relation between the PCA and INT 
muscle activity applies only to single voiceless obstruents, 
whereas in consonant clusters the relation is not that simple. 

Concerning the INT muscle, I question whether it can be taken 
for granted that the increasing activity that follows the 
suppression is more pronounced when the obstruent has a larger 
glottal aperture, as suggested by Fischer-J0rgensen and Hirose 
(1974): " ... the activity of the closing muscle [INT] is more 
pronounced when th preceding consonant has a larger glottal 
opening" (p. 250). My reservation is due to the fact that 
in the present material this relation is not very consistent 
across speakers and in particular to the finding that the 
relation seems to be highly influenced by the.following vowel: 
the difference is diminished or may even be absent before a, 
due to a reduction of the INT peak level in the aspirated stops. 
In Fischer-J0rgensen and Hirose's material including also i 
and a (and u) no such influence from vowel type is observed. 
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Furthermore, results from other languages are apparently some­
what inconsistent. I am referring to Hirose et al. (1974) who 
observe a higher INT peak level in the Korean aspirated stops 
than in the unaspirated cognates, whereas Kagaya and Hirose 
(1975) find no such difference. 

If these - and maybe other - uncertain factors are taken into 
account, though, it seems safe to state that for single ob­
struents there is a strong tendency toward a reciprocal rela­
tionship between the activity in the PCA and INT muscles. 
Furthermore, it appears that their activity patterns are some­
what differentiated according to the degree of glottal opening 
- if the spatial as well as the temporal dimensions of their 
activity patterns are taken into account. In this context I 
refer to the very hypothetical suggestion presented above, name­
ly that the PCA and INT activity in Danish unaspirated stops 
has to do with the cessation of vocal fold vibrations rather 
than serving to open and close the glottis. If this idea is 
proved to be correct, then it must be realized that the function 
of these two muscles may not only be related directly to the 
abduction and adduction of the vocal folds but also to some 
other kind of adjustment of the vocal folds. In support of 
this assumption it should be mentioned that according to the 
present EMG material also i and v may be produced with in­
creased PCA activity. 

As regards the VOC muscle it is normally reported that the 
activity is somewhat reduced in unvoiced as well as in voiced 
obstruents, but the findings are somewhat fluctuating inasmuch 
as the reduced activity may not always differ in the degree of 
reduction (Kagaya and Hirose 1975; Hirose and Ushijima 1978; 
Collier et al. 1979). Furthermore, it generally appears -
whether explicitly or implicitly - that in unvoiced obstruents 
the glottis tends to be more open the more the VOC activity is 
suppressed. From the present material, however, it appears 
that the difference in suppression may be very small in spite 
of a considerable difference in glottal aperture. On the other 
hand, unvoiced obstruents always differ in the duration of 
the period of suppression according to differences in segment 
duration. It should be kept in mind that the suppression of 
VOC - and INT - directly related to unvoiced obstruents may 
be smaller than it appears at first, when the obstruent is 
preceded by another obstruent followed by a vowel. 

The point of interest is the influence that this reduction in 
VOC activity may have on vocal fold behaviour. It has been 
supposed to reflect the cessation of voicing (Hirose et al. 
1974, 1981). This may seem reasonable according to the cover­
body theory originally proposed by Hirano (1977), implying 
that the lower VOC activity results in a reduced slackness 
of the cover which should hamper the vocal fold vibrations -
ceteris paribus. Consequently, the reduction in voiced ob­
struents may serve other purposes - if it is not secondary 
to some primary articulatory behaviour. Furthermore, if the 
reduced activity is crucial for the devoicing process in all 
unvoiced obstruents, it has to be admitted that the mechanism 
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is, paradoxically, more pronounced in obstruents produced with 
a large glottal aperture than in stops produced with the vocal 
folds in voicing position like in Danish unaspirated stops. 
Conversely, a contraction of VOC may result in a slackening 
of the cover, facilitating vocal fold vibrations (Fujimura 
1977), provided that the CT activity is not increased. 

In relation to the theory of reduced VOC activity as a de­
voicing factor it is worthy of notice that when the obstruent 
is followed by a instead of i the present Danish material in­
dicates no difference in the VOC activity pattern between the 
unaspirated stops and the sonorants. This means that the small 
dip seen in the unaspirated stops before i is no longer present 
before a. If this observation turns out to be a general 
phenomenon, it seems reasonable to conclude that the devoicing 
interpretation is less probable than otherwise assumed. 

But it has also been suggested that the differentiated degree 
of VOC suppression in unvoiced obstruents corresponds to dif­
ferences in the glottal opening-closing gesture (Hirose et al. 
1974, 1981). This interpretation is also assumed in Collier 
et al. ( 1979), who c 1 aim that the unaspi rated "stops [in Dutch] 
show less relaxation than fricatives suggesting that the vocal 
folds are slacker in the latter case. Probably the slackening 
of the vocal folds in the fricatives also contributes to their 
abduction" (p. 364). The last interpretation apparently sticks 
to the older theory about the influence of VOC on the stiff­
ness of the vocal folds. 

Concerning the interpretation that the reduced VOC activity 
somehow reflects the opening-closing gesture of the glottis, 
Sonesson (1982) claims that in adducted position the VOC muscle 
has but little influence on the cricoarytenoid joint, whereas 
with the vocal folds in abducted position the VOC muscle may 
assist in moving the vocal folds from abducted to adducted 
position. This might explain the higher VOC activity that 
can be observed after fricatives and aspirated stops than after 
unaspirated stops (see Hirose et al. 1974 - figure 4 and fig­
ure 5; Collier et al. 1979). But again, the situation seems 
more complex inasmuch as in the present material the increased 
VOC level in obstruents with a large glottal aperture is in 
fact substantially reduced when followed by a versus i. 
Fujimura (1977) has suggested that this "momentary activity" 
in VOC after the 'forced' Korean stops (Hirose et al. 1974) 
and after aspirated stops "function as a relatively fast­
response voicing trigger mechanism which may be available for 
vocal fold vibration under otherwise unfavourable conditions" 
(p. 286). It may be tempting to see the higher VOC level be­
fore i than before a in the light of this interpretation, since 
the aerodynamic conditions are in fact less favourable for 
voicing onset before the very narrow Danish i than before the 
low vowels. This interpretation, however, is obviously weaken­
ed by the fact that in aspirated stops followed by i the vocal 
fold vibrations are not resumed until the completion of the 
glottal gesture, whereas if followed by a they may be resumed 
very early in the closing gesture. In this context it should 
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be recalled that contrary to the present findings no influence 
from the following vowel on the INT and VOC patterns in ob­
struents has been observed in other studies including more than 
one vowel (Fischer-J0rgensen and Hirose 1974; Sawashima and 
Hirose 1981; Sawashima and Hirose 1983). 

Finally, even if the INT and VOC activity patterns in obstruents 
may look fairly much alike, their functions are indeed different 
not only with reference to prosody but also to the production 
of segments. This is clear from the fact that in sonorants the 
INT muscle never shows any increasing activity at the transition 
to the following vowel, whereas the VOC muscle always show such 
increasing activity. The VOC peak in Danish 1 st0d 1

, in glottal 
stops, and in the 1forced 1 Korean stops also indicate that the 
two muscles serve different purposes, since no such peak is 
seen in the INT muscle. It is tempting to take this to mean 
that INT is basically an adductor muscle, whereas VOC primarily 
serves other purposes. 

Even though the lateral cricoarytenoid muscle (LCA) tradition­
ally is classified as an adductor muscle it is evident from 
EMG studies that its function with reference to segmental 
events is more complex. Studies which include LCA report that 
this muscle behaves almost like the VOC muscle, i.e. it may 
be involved in the control of the adduction of the vocal folds 
as well as of the voicing distinction (Hirose et al. 1974; 
Kagaya and Hirose 1975; Collier et al. 1979). On the other 
hand, it can hardly be stated from the data available in the 
literature whether VOC and LCA can be functionally differenti­
ated in the production of obstruents. 

It appears from studies dealing with the segmental aspect of 
the CT muscle that there may be differences partly between 
voiced versus unvoiced stops, and partly between aspirated 
versus unaspirated stops. As regards the CT activity related 
to voiced opposed to unvoiced stops the findings are rather 
contradictory (Kagaya and Hirose 1975; Hirose 1977; Collier 
et al. 1979; Sawashima 1979; Dixit and MacNeilage 1980). But 
if there is a difference the level is higher in the unvoiced 
cognates - a difference that has been supposed to facilitate 
voicelessness. 

It should be added that the difference may appear 
as a difference within an overall decrease or in­
crease in activity probably due to non-segmental 
differences in the test utterances. 

As regards the CT activity related to aspirated versus unaspi­
rated stops a higher level has been found in Hindi unaspirated 
stops, a difference that seems to be more pronounced at the 
onset of the stops than later in the closure (Kagaya and Hirose 
1975; Dixit and MacNeilage 1980). It seems reasonable, as 
suggested by Dixit and MacNeilage.(1980), that it is the un­
aspirated cognates with the smaller aperture that need a de~ 
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vo1c1ng mechanism - in the form of a higher CT activity - in 
addition to the elimination of the pressure drop across the 
glottis due to the oral closure. However, since the tendency 
in the present very limited amount of data is rather toward 
a slightly increased CT level in the Danish aspirated stops 
(and not especially marked at the onset of the closure) with­
out any change in the unaspirated ones, increased CT activity 
can hardly serve the same purpose in Danish as in Hindi - if 
it serves a purpose at all. But purposeful or not, the in­
creasing CT activity may of course influence the state of the 
vocal folds. 

Sawashima and Hirose (1983) observe - in their Danish material 
- that also in physiologically voiced intervocalic h, a rela­
tively high CT activity is present, serving as an argument 
against as being very important for the devoicing process. 
In the present Danish h-material, however, no such clear CT 
activity is present, which is another case of contradictory 
EMG findings. 

As it appears, it is not very clear how the CT and VOC activity 
patterns actually observed may function as devoicing mechanism, 
but more data are called for, of course. Or in more general 
terms, as Lisker ( 1977) puts it: " ... if the voicelessness of 
particular consonants is said to involve, necessarily or even 
optionally, some action to stiffen the folds, we are so far 
without observational data to support it" (p. 305). 

Finally, I want to point to the considerable inter-speaker 
variation that can be observed in the present EMG material, 
and which emphasizes that it may be hazardous to generalize 
on the basis of very few subjects - not to mention statements 
on the basis of one single speaker. Very often our claims and 
statements about laryngeal muscle activity in speech are based 
on very few speakers due to the fact that subjects do not 
exactly queue up for laryngeal EMG recordings. One obvious 
risk is, however, that differences which are in fact speaker 
specific are taken to be language specific - and vice versa -
when we compare findings relating to different languages. 
Another problem that arises is that we cannot always be sure 
whether differences regarded as inter-subject are due to some 
specific experimental conditions such as placement of the 
electrodes within a given muscle, or whether they in fact re­
flect individual variation in the laryngeal control in speech. 
The first interpretation can of course be ruled out if the 
findings with a given speaker can be reproduced with reinserted 
electrodes. In case the inter-speaker differences actually 
reflect individual variation the problem is whether such a 
variation in muscular activity results in the same or in a 
slightly different overt articulatory behaviour. Last, it 
should be pointed out that for obvious reasons it is normally 
only some of the laryngeal muscles that are successfully re­
gistered synchronously, which is an evident draw-back in light 
of the fact that the muscular system is supposed to work as 
a whole. 
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V. FINAL CONCLUDING REMARKS 
Considering the very inaccessible placement of the larynx it 
is somewhat surprising that it is one of the more well de­
scribed parts of the speech production apparatus. However, 
as regards the unvoiced obstruents, most studies deal with 
single sounds in intervocalic, stressed position-at normal 
speech rate, even though some studies on obstruents under 
various other linguistic and para-linguistic conditions have 
been carried out. It is evident that the glottal gesture in 
single unvoiced obstruents differs according to the aerodynamic 
demands, i.e. primarily setting of aspirated stops and frica­
tives as against unaspirated stops, and that the different 
gesture types are reflected in the motor control. But it 
seems reasonable to put the question whether the EMG activity 
patterns actually found in the laryngeal muscles in unaspi­
rated stops such as Danish bdg should in fact be considered 
an action causing devoicing rather than serving to perform a 
slight opening gesture. The clear opening-closing gesture 
produced in aspirated stops and fricatives is often considered 
ballistic in nature. If, however, it were a true ballistic 
movement, i.e. not controlled for duration and extent, the 
gesture and its motor control should be almost similar across 
the two types of obstruents. The tendency, however, is rather 
toward a more or less differentiated course of the gesture, 
specific not only to each category but also, to a certain 
extent, to each particular speech sound. Likewise, it has 
become very clear that each muscle seems to show a very deli­
cate pattern of activity almost specific to each particular 
cond·tion, including the phonetic context in which the ob­
struent is produced. On the other hand, it is so far impos­
sible to give a detailed interpretation of the muscular ac­
tivity patterns in terms of vocal fold behaviour as it appears 
from glottographic data. This can mainly be accounted for by 
two factors, viz. by the problems related to the interpreta­
tion of the glottographic signal and by the fact that the motor 
patterns may not always be interpreted in terms of movements. 
It is crucial for our progress in this field that we still 
increase the amount of data in order to determine to what ex­
tent our results are speaker specific and to what extent they 
are specific to a given language or rather to the speech 
habits of a given speech community. In this context I want 
to point out that most studies are based on averaged data 
which highlight the invariance in speech production. However, 
even though invariance in the production of speech is very 
important from a linguistic point of view, it is mandatory to 
focus also on the variability that occurs, i.e. to consider 
speech production from a more biological point of view, in 
order to better understand the basic behaviour not only of 
the larynx but of the speech production system in general. 
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VI I NOTES 

1. This project is part of a larger framework titled: 
"The glottal behaviour in Danish consonants, stress, 

and st0d 11
• 
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2. The insertation of electrodes was performed by Dr. Hajime 
Hirose, Institute of Logopedics and Phoniatrics, Uni­

versity of Tokyo. With subject FJ, however, the insertation 
was performed by Seiji Niimi, also of the Institute of Logo­
pedics and Phoniatrics, University of Tokyo. 

3. The modification has been performed by Preben D0mler and 
Peter Holtse. 

4. The planning of the EMG project and the preparation of the 
material for computer processing were carried out primari­

ly by Eli Fischer-J0rgensen. 

5. /sj/, pronounced[~] or [J], has not been included in 
the test material. 

6. With PA all the test words were of the structure [Ci:la] 
including some nonsense words. 

7. It should be pointed out that the speaker shown on the 
fiberoptic stills has a small leakage between the vocal 

processes in voiced sounds. 

8. In Fukui and Hirose (1983), which also includes subject 
FJ (= their EFJ), it is shown that her p-explosion occurs 

after the maximum abduction of the vocal folds, whereas in 
the present study it slightly leads the maximum as also ob­
served in other subjects. Furthermore, the difference between 
p and bas regards the maximum glottal aperture is apparently 
less in Fukui-and Hirose's fiberoptic material than in mine. 
These discrepancies may be due to methodological differences. 

9. PM's bdg, however, deviate from the general pattern by 
having a very low-level activity without a clear rising­

falling pattern. It is tempting to relate this deviating pat­
tern to the fact that voicing in his unaspirated stops con­
tinues for a longer period of time after the implosion than is 
normally seen, i.e. these stops are partially - though weakly 
- voiced, probably due to his dialect background. But it 
cannot be ruled out that the reason is the fairly bad quality 
of his EMG signals. 

10. k and hare omitted in the comparisons between aspirated 
stops and fricatives, since they have no counterpart with 

identical place of articulation in the other category. From 
section IIIB it wiil appear that place of articulation is a 
factor that has to be taken into account. 
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11. Unpublished essay by Glenn Quinlan (1978). 

12. The difference averaging 35 ms can be deduced from VM -
VC1 (figure 6b - table VIII and figure 6e - table IV). 

13. The delay in the onset of the fricatives - resulting in 
longer vowel before fricatives than before stops - has 

been explained in terms of a slower rate of movements of the 
speech organs "related to the precision required for fricative 
production" (MacNeilage 1972, p. 27) or because, as Kohler (1983) 
puts it, "the fricative requires a greater muscular coordina-
tion than stops" (p. 276). The slower rate of movements of 
the speech organs in fricative production seems to be reflected 
in the delayed rise of the intraoral pressure (see section 
IIIBc dealing with voicing), but I also refer to the discussion 
in section II and particularly to the fact that our statements 
and results about temporal relations may be influenced by the 
curves and criteria used for delimitation. 

14. It is not explicitly stated in Lofqvist and Yoshioka 
(1981) that the difference concerns aspirated stops and 

fricatives. But it appears that the stops are produced with 
a considerable opening of·the glottis, and apart from Japanese 
the languages included are all considered as containing aspi­
rated stops. 

15. By increasing the distance between the glottis and the 
transducer the signal is considerably modified in sounds 

produced with a small glottal aperture primarily positioned in 
the muscular part of the vocal folds, and the increasing­
decreasing appearance of the signal may even disappear. 

16. The substantial inter-subject variation may be explained 
by uncertainty in the delimitation of G. 

17. In the Icelandic material published by Lofqvist and 
Yoshioka (1980) the explosion in p coincides with maximum 

aperture of the glottis. 

18. C1 , C2, G, and Minh could not be delimitated with sub­
ject MF. 

19. It should be noted that the parameter C1Z shows higher 
values than normally given for the period of voicing after 

the onset of the oral closure in stops. However, in the pre­
sent material we are dealing with physiological rather than 
acoustic voicing. Furthermore, C1 is probably leading the 
moment of total blockage of the vocal tract. 

20. It also appears directly that in the present data a 
shorter closure is not followed by a corresponding re­

duction in duration from the onset of the oral closure to the 
maximum glottal aperture. The oral closure duration (C1 E) is 
seen in figure 10e - table II, while the time from the maximum 
glottal aperture reckoned from the onset of the oral closure 
(C1M) can be deduced from VM - VC1 (figure 6b - table VIII 
and figure 6e - table IV). 
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21. In the reprint from 1973 these later findings are men­
tioned by Fr0kj~r-Jensen, Carl Ludvigsen, and J0rgen 

Rischel. 
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APPENDIX C 
It is widely recognized that interpretation of the level of the 
glottogram in terms of glottal aperture is a crucial point in 
the glottographic method (see also Fr0kj~r-Jensen et al. 1971). 
If the glottographic signal was simply a function of the glot­
tal aperture, the relation between these two variables should 
be positively linear, since the input-output characteristics 
of our glottographic set-up are linear except in the very lowest 
end of the voltage range (Hutters 1976). But the signal is 
influenced by external and internal disturbances in the trans­
mission between the light source and the photo-transducer, which 
induce variation in the level of the glottogram that do 
not reflect variations in the size of the glottal aperture. 

The influence from external factors such as coughing and swal­
lowing can be reduced by attending to the subject's well-being 
- physically and psychologically - and by an appropriate extern­
al fixation of the fiberoptic cable. As regards the influence 
from the internal factors, i.e. from the speech conditions in­
volved, it is normally recommended to have the test material 
comprise sounds that are produced in the oral part of the vocal 
tract only, since the signal is very sensitive to even slight 
retractions of the tongue root. But other articulatory events 
have to be taken into account such as vertical movements of 
the larynx and movements of the velum. 

When fiberoptic stills and films are recorded synchronously 
with the glottographic signal the correlation coefficient is 
very often calculated in order to control the degree of linear 
positive correlation between the level of the glottogram 
and. the size of the glottal aperture. Since data normally 
includes measurements in the whole range from small to large 
glottal apertures, the two variables will in general be highly 
correlated for pooled data. If, however, we look at single 
data points many exceptions from the overall trend can be ob­
served, and the present material is no exception to this. 
Therefore, the correlation coefficient is not a very appropri­
ate means to expose influences from sources of error. The 
slope of the regression line may serve better to reveal these 
influences, as mentioned by Andersen (1981). With regard to 
the present material, for instance, it seems that for some sub­
jects the different obstruent categories are better described 
by their different regression lines. 

It has to be considered, however, that the control procedure 
itself may also be influenced by sources of error. In most 
cases the distance between the vocal processes, which in 
general are clearly discernible, can be taken to represent the 
glottis aperture, but in fact the relative distance between 
the vocal processes is only approximately proportional to the 
area. Since the level of the glottogram ideally reflects the 
glottal area (provided that the photo-transducer does not 
selectively pick up light from some dominant part of the glot­
tis, which was not the case in the present study), some excep­
tions to a simple, positively linear relationship should be 
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expected. A fluctuating distance between the glottis and the 
light source/fiberoptic object, which influences the glotto­
graphic signal and the size of the glottal aperture as it ap­
pears from the stills, should also be mentioned as a potential 
artifact. 

In this context I want to suggest that the light should rather 
be picked up from the cartilagenous part of the glottis if we 
are interested in the glottal aperture as a function of the 
movements of the arytenoid cartilages, since this kind of glot­
tographic signal probably is a better representation of the 
arytenoid movements. If so, another implication would be that 
the onset and offset of the glottal gesture in terms of these 
arytenoid movements can be unambiguously defined from the glot­
tographic curves. Contrarily, with the light and the photo­
transducer positioned as in the present study - and in many 
others - these glottal events cannot be identified in the 
glottographic signal, since it indiscriminately reflects varia­
tions in glottal aperture whether they result from movements 
of the arytenoids or not. Therefore, the onset and offset of 
the gesture as identified from the gross movements of the 
glottographic trace do not necessarily reflect the physio­
logically well-defined gesture interval. Furthermore, voicing 
onset at the transition from an unvoiced obstruent to the 
following vowel may occur not only before but also after the 
offset of the falling slope of the glottogram. Since this 
different behaviour influences the appearance of the signal, 
it is difficult to provide a consistent delimitation of the 
offset even if we define the glottal gesture period in terms 
of the rise of the signal from the minimum level and the re­
attainment of this level. The problem relates to aspirated 
stops compared with fricatives and to comparisons within the 
two categories when the voicing conditions differ considerably 
at the transition to the following vowel. Also in case of 
aspirated stops versus unaspirated stops like the Danish ones, 
a comparison of their gesture offsets, identified in terms of 
the glottographic signal, does not seem very meaningful from 
a physiological point of view, since in the latter category 
the "gesture offset" simply equals onset of voicing. There­
fore, no such offset point has been defined for the obstruents 
in the present study. Contrarily, the offset of voicing in 
single (intervocalic) obstruents normally never leads the onset 
of the rising amplitude reflecting the beginning of the opening­
closing gesture, and thus a more consistent delimitation of 
the latter can be performed here, whatever its physiological 
interpretation might be. 

Finally, a problem relating to the zero-line should be men­
tioned. The photo-glottographic signal has no physiologically 
well-defined zero-line due to the translucent vocal folds, 
which means that even with a closed glottis the light will be 
picked up whose intensity varies with the degree of compression 
and with the area of contact between the vocal folds. Inci­
dentally, this not only influences the DC-level of the signal 
but also makes the interpretation of the signal in terms of 
glottal area somewhat dubious at small signal levels such as 
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those encountered during vocal fold vibration~ In the present 
study the minimum level attained in the vowel preceding the 
test obstruent has been used as reference line. An arbitrary 
reference line might also have been used, but it seems inappro­
priate to add a constant representing DC-offset to the-peak level 
measurements .• The DC-level of the glottographic signpl depends 
on the relation between the light source, the glottis~ and the 
photo-transducer. Therefore, the degree of fluctuation of this 
level may - as a rule of thumb - indicate the influence from 
external sources of error during a given recording session. 
As regards the speech internal factors due to the articulator~ 
behaviour _in consonant production, these are naturally much . 
less reflected in the DC-levels of the surrounding vowels. • 
Needless to say, artifactual influences from ·the speech con­
dition itself will decrease the more the phonetic.content of 
the test material is restricted, but ~t the same time the number 
of.phenomena that can be studied will also be reduced. Thus, 
interpretation of the glottogram amplitude in terms of glottal 
aperture is still a crucial problem in _the application of the. 
photo-glottographic method. 




