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ABSTRACT

This study focuses on the acoustic patterns of stop
consonants and adjacent vowels as they develop in
young children (ages 2;6-3;3).  One theory of speech
development holds that children initially learn to
recognize an entire word or syllable as an approximate
pattern, and try to reproduce this pattern by a series of
gestures during speech.  As a child’s speech develops,
the gestures become more precise and coordinated, and
these patterns are refined.  The acoustic properties that
are being measured for stop consonants include spectra
of bursts, frication noise and aspiration noise, formant
movements, labeling of acoustic landmarks, and
durations of events determined by these landmarks.
These acoustic measurements are being interpreted in
terms of the supraglottal, laryngeal, and respiratory
actions that give rise to them. Preliminary data on one
2;6-year-old child show that some details of the child’s
gestures are still far from achieving the adult pattern.

1. INTRODUCTION

Children first begin producing stop consonant-like
sounds during babbling in their first year of life.  Over
the next few years, these babbled sounds evolve into
recognizable bilabial, alveolar, and velar stop consonants.
Although these productions are perceived as acceptable
stops by age three in most children, it is possible that
they are still developing—that gestural and temporal
modifications in the articulatory pattern are being made
as the production continues to approach the adult target.

This idea is supported by current research, which
indicates that children’s speech production is much more 
variable than that of adults [1,2,3], possibly because they 
are still constantly adjusting their articulators attempting 
to fine-tune articulatory placement. Nittrouer [2]
proposes that this variability is related to immaturity of
articulatory neuromotor control.  It has been suggested
that the inconsistency in children’s productions arises
from lack of temporal coordination [4].  Additionally,
evidence from a pilot study indicates that children at this 
age are still learning to coordinate articulation, phonation,
and respiration.
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ose of this study is to examine in more depth the 
of the development of stop consonants over a
period beginning at the age of 2;6-3;3.  This age 
s chosen because children are fairly consistent
e in using the same phonemes across multiple
s of the same word, but the details of

ntation of the various phonemic categories are
g to be refined.  At the present stage in the study,

efining the methods of recording, the acoustic
procedures, and the interpretation of the
data in terms of the child’s control of

on, phonation, and respiration. 

2. METHODS
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ts, a 16 kHz sampling rate was used with

 filtering at 8 kHz.   All spectrograms were
 using a 6.4 ms Hamming window.
rams and spectra were then analyzed as
 in the results. 



3. RESULTS

3.1. Vowel space

In the analysis and interpretation of acoustic data on
consonant and vowels, it is first necessary to calibrate the
child according to vocal tract size.  This is done by
examining several vowels produced by the child.

The vowel space was calculated based on the child’s
production of the vowels /i/, /ae/, /a/, and /u/ in the words 
‘bee’, ‘cat’, ‘dog’, and ‘goose’, respectively.  The first
and second formant frequencies as measured in the
middle of the vowel were averaged across six tokens of 
each word.  The spectrograms of the vowels produced by 
the child often exhibit extra prominences and
questionable formants.  In an attempt to eliminate the
problem of inexplicable extra formants, and show nice
clean peaks, averaged spectra were produced with a 3-ms
window.  Formant data from these spectra were used to
create the F1 vs. F2 plot in Figure 1.

Figure 1: Vowel space of an adult female(triangles) [5] versus that of
the 2;6-year-old child (squares).

The formant values correlate with the length of the vocal 
tract, so using the values measured above, vocal tract
length can be estimated.  Calculations of vocal tract
length are usually made using the third formant, since it 
tends to be approximately the same across all vowels.
The third formant measurement was averaged across six 
tokens each of the vowels /i/, /ae/, and /a/, and a neutral 
vowel (from the word ‘bug’) to yield the value 4030 Hz, 
with a standard deviation of 380 Hz.

 l = (5*c)/(4*f) = (5*35400 cm/s)/(4*4030 Hz) ~ 11.0 cm

where c = velocity of sound.

This approximation correlates well with previous data
[6], using magnetic resonance images, showing that for
2-4-year-old children, the mean length of the vocal tract 
is ~10 cm, with a minimum length of 9.1 cm, and a
maximum length of 11 cm.

3.2. Stop Consonants

All six stop consonants were analyzed in word-initial
position using three different acoustic measures: burst
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(including the transient at the release and the
noise, and measured from the release of the first 
he end of the last burst), voice onset time (VOT), 
otal number of bursts present.  Additionally, for 
lar and velar stops, a measure of the frequency
ajor spectrum prominence of the burst was
  All acoustic measurements were averaged
n tokens of each word, except for the voiceless 
n ‘tub’, for which only seven tokens of the word 
lected. Table 1 lists the averages for each
ent, with the standard deviation in parentheses.

burst duration VOT prominence # bursts

6.2 (2.2) 36.7 (20.8) 1.3

5.2 (1.7) 8 (4.8) 1

10.1 (4.8) 29.7 (15.7) 8203 (183) 1.3

9.1 (4.7) 14.2 (5.7) 8222 (335) 1.25

13.6 (4.7) 83.2 (31.8) 2189 (170) 1.6

7.8 (4.9) 21.5 (8.6) 2423 (408) 1.3

easurements of burst duration (ms), voice onset time (ms),
prominence (Hz), and total number of bursts, as averaged
okens each of the words ‘puppy’, ‘bug’, ‘duck’, ‘cup’, and 
 seven tokens of the word ‘tub’.  Standard deviation is in
s.

tral prominence frequencies for the alveolar
 in the fifth or sixth formant frequency range, as 
ed.  For the velar stops, the burst frequencies are 
cond formant frequency excitation.

lues for burst duration and voice onset time
ents from Klatt [7] are given in Table 2.

burst duration VOT

p - 47

b 11 11

t 24 65

d 17 17

k 37 70

g 27 27

2:  Measurements of burst duration (ms) and voice
ime (ms) averaged across three adult males (Klatt [7]).

t for the adult data, burst duration equals VOT.
se tables, it is apparent that the child’s burst
 and voice onset times are all on average much 
an those of adults.  The short burst duration
ents, along with the overall high average

f bursts, indicate that the child is probably  still 
to coordinate the release of the stop.  Most likely,
 uses a very high subglottal pressure to push the 
 constriction.  This causes the constriction to
y rapidly, resulting in a short release burst.
ally, the decrease in pressure resulting from
rflow after the initial burst may pull the
on back together again—Bernoulli’s Principle, 
 in multiple bursts.  Furthermore, for the voiced 
sonants, the high subglottal pressure, may

immediate vocal fold vibration following the



release, resulting in the difference between burst
duration and VOT in the child, which is not present in the 
adult values.  Another  possible cause for the short burst 
durations is a difference in the physical characteristics of 
the surface that is contacting the palate (for alveolars and 
velars) or upper lip (for labials).

Bilabial Stops

Two words with initial bilabial stops were analyzed: the 
voiceless /p/ in ‘puppy’, and the voiced /b/ in ‘bug’.  In 
adult productions of stop consonants, the length of the
bilabial stop burst is typically ~11 ms, as it involves a
relatively short constriction, which is released quickly.
The length of the burst for the child’s production of both 
bilabial stops is slightly less, with the voiced stop burst 
averaging 5.2 ms, and the voiceless stop burst averaging 
6.2 ms.  For the voiceless stop, the time from the initial 
stop release to phonation onset is 37 ms on average,
slightly less than the adult average of 47 ms.  The VOT 
for the voiced stop is much shorter, but there is still
evidence of a break between the burst and the onset of
voicing, which is not present in adult speech. 

Formant movements indicate a rapid increase in F1
immediately following the release, as is expected
following a bilabial stop (see Figures 2,3).

Alveolar Stops

In the child’s production of the word-initial stop
consonants /t/ and /d/, the burst appears to be extremely
short (9-10 ms), while the transition into the vowel takes 
14 ms following the /d/ and 30 ms following the /t/.  In
adult production of alveolar stops, the constriction is
slightly longer than in bilabial stops, and the burst
release therefore takes more time—typically ~17 ms for 
voiced alveolar stops, and 24 ms for voiceless alveolar
stops.  For the child, the alveolar burst release is longer
than the bilabial release, but these values fall short of
adult averages.  One explanation, that the aerodynamic
pressure pushes the constriction apart, is discussed above.
The long voice onset time for the voiced alveolar stop
(14 ms) could be because the vocal folds are not yet in
position at the release of the consonant, or it could be
because the pressure in the mouth has not yet dropped.

Inspection of formant movements shows a slow and
continuous rise in F1 over at least half of the vowel in
~70% of the utterances (see Figure 4)  This is
presumably caused by the mouth opening and jaw
lowering, and indicates that the overall movement is
slower than typical adult values.  The burst spectra
contain high frequency energy corresponding to the fifth 
or sixth formant frequency, which correlates with adult
data except that it is of higher frequency (8203 Hz for /t/ 
and 8222 Hz for /d/) (see Figure 5).  Using the equation l
= c/(4*f), this spectral prominence correlates to front
cavity length anterior to the constriction of 1.1 cm.  This 
is expected given that the cavity anterior to the
constriction is shorter in a child than in an adult.
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duration is ~37 ms and the voiced velar burst duration is 
~27ms, longer than that of the alveolar or bilabial bursts 
because the constriction is longer.  Again, the difference 
between the child and adult burst durations is likely
caused by pressure posterior to the constriction pushing 
it open.  The VOTs for the velar stops are similar to adult 
values, although, as discussed above,  there is a large
difference between burst duration and VOT for the
voiced stop in the child that is not present in adult data.

Formant movement examination reveals evidence of the 
‘velar pinch’ in the formants for /k/ production in ‘cup’
and the /g/ production in ‘Gus’, as seen in the burst
spectrum prominence of Figure 6, and the spectrograms 
in Figures 7 and 8.  F2 and F3 diverge after the velar stop 
production.  Given the average burst prominences in
Table 1,  and the equation l = c/(4*f), the cavity anterior 
to the constriction is ~4.0 cm for the voiceless velar stop 
and ~3.6 cm for the voiced velar stop.

4. CONCLUSIONS

Preliminary data on the speech of young children
indicates that the stop consonants are still developing at 
the age of 2;6.  The speech gestures for stop consonant
production have not yet reached adult target values, and 
the child continues to make gestural and temporal
modifications in the articulatory pattern.  The burst of
frication noise at the release tends to be shorter than adult
values, which could be due to the physical characteristics 
of the surface that is contacting the palate (or upper lip
for labials) or to higher subglottal pressure.  There is a
slower rise in F1 following the release of alveolars and
velars, indicating that the lowering of the jaw or tongue 
body after the release may be slower.  From the burst
spectrum, the place of articulation appears to be normal: 
F2 is excited for velars, F5 or F6 is excited for alveolars, 
and no major spectral peaks were noted for the labials.
Finally, coordination of closure of the glottis and release 
of the primary articulator (lips, tongue blade, or tongue
body) is still quite variable, as is apparent from the large 
standard deviation in VOT.  Analysis of longitudinal data 
on young children will result in a better understanding of 
the development of the coordination of articulation,
phonation, and respiration for motor speech production.

Figure 6. Spectra of the /k/ in ‘cup’ using a 3 ms window averaged
across the duration of the burst.
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igure 7.  Spectrogram of the child saying “a cup.”

igure 8.  Spectrogram of the child saying “Gus.”
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